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INTRODUCTION

1. Introduction

1.1. Hematopoiesis

Blood is a fundamental organ for the human body that has several important tasks, such as
delivering nutrients and oxygen to tissues, evenly distributing body heat, transporting of
hormones and other messenger substances. Furthermore, blood cells defend organisms
against pathogens and initiate the first phases of wound healing. The blood system consists
of different cells, including erythrocytes, platelets, T and B lymphocytes, natural killer cells,
granulocytes, monocytes and dendritic cells (Orkin & Zon, 2008). The development of the
cellular components of the blood is called hematopoiesis (Boulais & Frenette, 2015;
Jagannathan-Bogdan & Zon, 2013). This developmental process is structured as a
hierarchy, atop are hematopoietic stem cells (HSCs), from which all other blood cells
develop (Orkin & Zon, 2008).

Historically, hematopoiesis was already found to mainly take place in the bone marrow (BM)
in 1868 (Neumann, 1868). The stem cell concept was proposed a few years later by Ernst
Haeckel (Haeckel, 1877), who stated that: "The name ‘stem cell’ seems to me the most
simple and appropriate one, because all other cells stem from it ..." (Haeckel, 1877;
Maehle, 2011). The developmental division of the cellular components of the blood from
embryo to adult into primitive and definitive was described first in erythropoiesis (Rifkind,

Chui, & Epler 1969), and later for hematopoiesis (reviewed by (Galloway & Zon, 2003)).

1.1.1 Embryonic hematopoiesis

In the mouse embryo, the hematopoiesis starts with the formation of primitive red blood
cells, this includes an erythroid progenitor. The erythroid progenitor cells occur for the first
time in blood islands in the extra-embryonic yolk sac on day 7.5 of embryonic development
(E7.5) (Medvinsky, Rybtsov, & Taoudi, 2011; Orkin & Zon, 2008; Palis et al., 1999; Palis &
Yoder, 2001). The primitive erythrocytes have a nucleus and are large compared to the
definitive erythrocytes. In primitive hematopoiesis, a few white blood cells are also
produced, like the first macrophages and megakaryocytes. Erythromyeloid progenitors
(EMPs) also emerge in the yolk sac, but can also be found to differentiate in the fetal liver
(Cumano & Godin, 2007; Frame, McGrath, & Palis, 2013). The circulation of the cells
between intra- and extra-embryonic tissues starts at E8.5. At this time point, progenitors

from all lineages can already be identified in the blood (Palis et al., 1999).
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Definitive hematopoiesis takes place in different regions of the embryo, which contains
HSCs which differentiated into all mature lineages (McGrath et al., 2015). The first definitive
HSCs, which have the ability to engraft in irradiated WT-recipients and regenerate the whole
hematopoiesis can be isolated on day E10.5 from the aorta-gonadal mesonephros (AGM)
region as well as the placenta and the yolk sac (McGrath et al., 2015; Miller et al., 1994).
From day E11.5 - 12.5, the HSCs migrate into the fetal liver (FL), expand and differentiate
into progenitor cells until birth via the bloodstream (de Bruijn et al., 2002; Medvinsky et al.,
2011). From day E16.5 to the first two weeks after birth, the HSCs migrate from the liver
into the bone marrow (Cumano & Godin, 2007; Dzierzak & Speck, 2008; Ma et al., 1998;
Pietras, Warr, & Passegué, 2011). After colonization, using various cytokines and
chemokines, such as the chemokine signaling pathway of CXCR4-CXCL12, HSCs switch
their cell division and proliferation activity to a quiescent cellular state (Bowie et al., 2007;
Kim, Saunders & Morrison, 2007; Laird, von Andrian, & Wagers, 2008; McGrath et al., 2011;
Wilson et al., 2008).

1.1.2 Adult hematopoiesis

HSCs are a heterogeneous and at the same time rare population of functionally
undifferentiated cells. The bone marrow provides a suitable growth environment in which
the HSCs can self-renew and differentiate themselves. This is important for maintaining
blood cell homeostasis in the blood of adults. Moreover, HSCs self-renew or self-maintain
to fully regenerate the functional tissue after injury, inflammation, cancer and during aging
(Boulais & Frenette, 2015; Geiger, de Haan, & Florian, 2013; Loeffler & Roeder, 2002;
Schreck et al., 2014). HSCs reside in the bone marrow surrounded by other cells within the
microenvironment, also called niche. In the niche, most HSCs are in a dormant state, also
known as GO state. Normally, the dormant HSCs are recruited slowly to prevent premature
stem cell exhaustion. HSCs can be rapidly activated and enter the cell cycle by extrinsic
signals (Boulais & Frenette, 2015; Essers et al., 2009; Schofield, 1978; Takizawa & Manz,
2017; Wilson et al., 2008).

1.1.3 Stem cell hierarchy

The process of differentiation from HSC population to mature lineages can be tracked by
subsequent patterns of acquisition or loss of surface markers by flow cytometry and
fluorescently labelled monoclonal antibodies. In each hierarchical step, like differentiation,
proliferation and self-renewal, the HSCs express specific proteins or carbohydrates on their
cell surface (cell surface markers; Figure 1) (Doulatov et al., 2012; Galloway & Zon, 2003;
Schreck et al., 2014).
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Figure 1. Hematopoietic hierarchy model in the mouse. In the hematopoietic system, long-term HSCs (LT-
HSCs) give rise to intermediate-term HSCs (IT-HSCs) and short-term HSCs (ST-HSCs). The differentiation of
HSCs gives rise to multipotent progenitors (MPPs) which differentiate into common myeloid progenitors (CMPs)
and lymphoid primed multipotent progenitors (LMPPs). Cell differentiation continues into mature lineages. The
differentiation from HSC population to mature lineages can be analyzed by cell surface markers (scheme
modified based on (Doulatov et al., 2012)).

Mouse HSCs can be sub-classified into multipotent long-term repopulating (LT-) HSCs,
intermediate-term repopulating (IT-) HSCs, and pluripotent short-term repopulating (ST-)
HSCs. The LT-HSCs are lineage-negative (Lin"), c-Kit*, Sca-1* (LSK), CD48", CD34,
CD150" (Doulatov et al., 2012; lkuta & Weissman, 1992; Kiel et al., 2005; Osawa et al.,
1996; Schreck et al., 2014). LT-HSCs form an identical copy of themselves, with all their
stem cell properties, and the more differentiated ST-HSC (Morrison & Kimble, 2006;
Shizuru, Negrin, & Weissman, 2005; Weissman, Anderson, & Gage, 2001). The ST-HSC
has a shorter life span, increasingly loses its ability of self-renewal and can differentiate into
multipotent progenitor cells (MPP). The further differentiation into common lymphoid (CLP)
or common myeloid progenitor cells (CMP), through different transcription factor activity,
leads to all mature blood cell types (Seita & Weissman, 2010; Shizuru et al., 2005;
Weissman et al., 2001). T and B lymphocytes, natural killer cells and the antigen-presenting
dendritic cells arise from the CLP. The CMP differentiate either to granulocyte-monocyte
precursor (GMP) cells or to megakaryocyte-erythrocyte precursor (MEP) cells. The GMP
differentiate into granulocytes, monocytes and dendritic cells and the MEP into erythrocytes
and platelets (Shizuru et al., 2005; Weissman et al., 2001).
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1.2. Microenvironment of hematopoietic stem cells

The majority of the HSCs are located in "the bone marrow niche", first termed by Schofield
in 1978 (Schofield, 1978). The adult bone marrow niche is a heterogeneous structure which
contains different cell types like the hematopoietic lineage, neural and vascular cells, as
well as endothelial cells (ECs) and non-hematopoietic multipotent bone marrow stromal
cells (BMSCs). Different investigators demonstrated that HSCs are in cell-cell interaction
with BMSCs (Crippa & Bernardo, 2018; Méndez-Ferrer et al., 2010), ECs (Li et al., 2003;
Mendelson & Frenette, 2014; Ohneda et al., 1998), endosteal arterioles (Kunisaki et al.,
2013) and osteoblasts (OBCs) (Calvi et al., 2003; Taichman & Emerson, 1998; Taichman,
Reilly, & Emerson, 2000; Zhang et al., 2003). The cell-cell interaction of the HSCs and the
niche cell populations regulate the balance of self-renewal and differentiation of the stem
cells, along with signaling molecules and the extracellular matrix (Boulais & Frenette, 2015;
Frobel et al., 2021; Lo Celso & Scadden, 2011; Ohlstein et al., 2004; Schofield, 1978;
Schreck et al., 2014; Wilson & Trumpp, 2006).

Consequently, it was shown that HSCs are supported by primary endothelial cells, which
promote the maintenance and differentiation of HSCs in vitro (Li et al., 2003; Ohneda et al.,
1998). Different investigators demonstrated that OBCs promote the expansion of primitive
human hematopoietic cells in vitro (Taichman & Emerson, 1998; Taichman et al., 2000), as

well as promoting the engraftment of HSCs in vivo (El-Badri et al., 1998).

Furthermore, it was demonstrated that BMSCs have the potential to differentiate into
multiple lineages, like osteogenic- and chondrogenic-, as well as adipogenic-lineages
(Chamberlain et al., 2007; Gazit et al., 2008; Morrison & Scadden, 2014) and support the
homeostasis of the HSCs (Crippa & Bernardo, 2018). BMSCs can derive from both
mesenchymal and neuroectoderm sources (Isern et al., 2014) and in the adults, they are a

part of the bone marrow stroma (Pittenger et al., 1999).

The “International Society for Cellular Therapy” defined human BMSCs as “plastic-adherent
when maintained in standard culture conditions, [...] express CD105, CD73 and CD90, and
lack of expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR surface
molecules” and “must differentiate to osteoblasts, adipocytes and chondroblasts in vitro”
(Dominici et al., 2006). Furthermore, it was shown that BMSCs express the vascular cell
adhesion protein 1 (VCAM-1) (Short et al., 2001), platelet-derived growth factor subunit A
receptor (PDGFRA) (Houlihan et al., 2012; Morikawa et al., 2009), activated leukocyte cell
adhesion molecule (ALCAM or CD166) (Bowen et al., 1997) and SCA-1 (Houlihan et al.,
2012). The BM endosteal cell subpopulations can be identified by expression of ALCAM
and SCA-1 (Nakamura et al., 2010).
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OBCs are enriched in the CD45CD31Ter119°ALCAM'SCA-1" population. However,
immature mesenchymal cells are enriched in the CD45CD31Ter119°ALCAM SCA-1*
segment. These SCA-1" cells maintain the long-term repopulating activity and dormant
phase of the HSCs (Nakamura et al., 2010).

Studying BMSCs has been shown to be a perilous undertaking. The term BMSCs in itself
is already controversial (Bianco, Robey, & Simmons, 2008). Furthermore, Stagg et al.
demonstrated that the BMSC surface maker expression changes in different in vitro
conditions (Stagg et al., 2006). Also, the transcriptome of in vitro cultured BMSCs differs
from freshly isolated BMSCs (Chen et al., 2016). Therefore, the functions of BMSCs in vitro
are not necessarily the same as those cells in vivo. To characterize BMSCs, meticulous
analyses must therefore be performed to couple their in vitro and in vivo behavior. In
addition, BMSCs are heterogeneous in vivo, as was recently demonstrated in several single

cell RNA sequencing (scRNA-seq) analyses.

Dolgalev & Tikhonova reanalyzed and combined recent studies of scRNA-seq of non-
hematopoietic compartments of the niche from Baccin et al. (Baccin et al., 2020), Baryawno
et al. (Baryawno et al., 2019), Tikhonova et al. (Tikhonova et al., 2019), Wolock et al.
(Wolock et al., 2019) and Zhong et al. (Zhong et al., 2020) (Dolgalev & Tikhonova, 2021).
All things considered, they reanalyzed over 30.000 cells and defined 14 clusters of
subpopulations including arteriolar, arterial and sinusoidal endothelial cells (ECs), adipo-
and osteo-mesenchymal stem and progenitor cells (MSPCs), mature and immature
osteoblasts (OBCs), chondrocytes, fibroblasts, myofibroblasts, pericytes, smooth muscle
cells, Schwann cells and cycling cells (Dolgalev & Tikhonova, 2021). The subpopulations

in the niche contribute differently to the regulation of the HSC function.

HSCs are activated by hematological stress and ensure a faster entering of MPPs to the
blood stream (Kiel et al., 2005; Morrison & Scadden, 2014; Sugiyama et al., 2006; Wilson
et al., 2007). An alteration in the niche cell population could lead to alternated HSCs
behavior (Birbrair & Frenette, 2016; Ho & Méndez-Ferrer, 2020), as well as to the
development of leukemic stem cells (LSCs). During disease development, HSCs
accumulate transforming mutations, undergo clonal selection and finally become LSCs.
LSCs interact and modulate niche cells by generating a leukemic niche that supports the
rapid developing disease. Consequently, the modified niche co-evolves with the malignant
cells (Barcellos-Hoff, Lyden, & Wang, 2013; Baryawno et al., 2019; Geyh et al., 2013;
Medyouf et al., 2014; Waclawiczek et al., 2020).
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1.2.1 Regulatory signals from the components of the BM microenvironment

In a lifecycle, HSCs divide about five times as a reaction to hematopoietic stress (Wilson et
al., 2008). The numerous regulatory signals from the microenvironment, like growth factors
and cytokines, interact with HSCs to maintain the balance between dormancy and activation
of HSCs.

BMSCs express granulocyte colony-stimulating factor (G-CSF), interleukin 6 (IL-6),
interleukin 11 (IL-11), FMS-related tyrosine kinase 3 ligand (FLT3L) and stem cell factor
(SCF) (Audet et al., 2002; Ding et al., 2012; Negahdaripour, Nezafat, & Ghasemi, 2016;
Paul et al., 1990; Rafii et al., 1997; Yang et al., 2020). Furthermore, scRNA-seq studies
confirmed the expression of the chemokine (C-X-C motif) ligand 12 (Cxc/12) in a subset of
BMSCs, designated CXCL12-abundant reticulocytes (CAR cells) (Baccin et al., 2020;
Baryawno et al., 2019; Tikhonova et al., 2019). However, Scf is also expressed by OBCs
and BMSCs and maintain the long-term repopulation activity of HSCs (Ding et al., 2012;
McCarthy, Ledney, & Mitchell, 1977; Mercier, Ragu, & Scadden, 2011). Furthermore, OBCs
express osteopontin (OPN), thrombopoietin (TPO), angiopoietin 1 (ANGPT1) and CXCL12
to maintain the repopulation activity of HSCs (Mosteo et al., 2021). However, ANGPT1 and
CXCL12 are also expressed by BMSC (Baryawno et al., 2019).

The niche factors SCF, as well as CXCL12 are essential for the maintenance of HSCs. The
loss of CXCL12 and SCF in OBCs and BMSCs by a conditional mouse model showed no
effect on HSCs. However, the depletion of these two cytokines in the ECs by a conditional
mouse model demonstrated an impairment of the HSC maintenance (Ding & Morrison,
2013; Ding et al., 2012).

Oostendorp et al. generated two HSC supportive murine cells lines, UG26-1B6 and EL08-
1D2. These cell lines support the maintenance of murine adult BM and human cord blood
HSCs. UG26-1B6 support HSCs in co-cultures for four weeks, which successfully engrafted
in recipient animals (Oostendorp et al., 2002; Oostendorp et al., 2005). Further studies
showed that in a non-contact setting UG26-1B6 maintain HSCs (Buckley et al., 2011;
Oostendorp et al., 2005). Furthermore, the secreted factors nerve growth factor (NGF) and
collagen 1 (Col1) was identified to stimulate the HSC survival in a serum free medium (SFM)
in vitro (Wohrer et al., 2014).

Ledran et al. identified secreted frizzled-related protein 1 (SFRP1), SFRP2, pleiotrophin
(PTN) and wingless-type MMTV integration site family member (WNT5A), as well as
Cathepsin K (CTSK) to be overexpressed in HSC supportive murine stromal cells, EL08-

1D2 and UG26-1B6, in comparison to non-supportive cells (Ledran et al., 2008).
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Hausinger et al. demonstrated that CTSK is important to maintain HSCs and the
lymphopoiesis in both, in vitro and in vivo (Hausinger et al., 2021). SFRP1 is required for
the cycling activity and maintenance of HSCs and hematopoietic progenitor cells (Renstrém
et al., 2009). SFRP2, PTN and WNT5A are also necessary for the maintenance of HSCs
(Istvanffy et al., 2011; Ruf et al., 2016; Schreck et al., 2017). The four proteins, SFRP1,
SFRP2, PTN and WNT5A, are essential in the WNT signaling pathway. However, they keep
HSCs dormant, limit their activation and prevent the HSCs from becoming exhausted
(Istvanffy et al., 2011; Renstrom et al., 2009; Ruf et al., 2016; Schreck et al., 2017).

1.3.WNT signaling pathway

The bone marrow microenvironment secrete molecules like WNT4, WNTS5A, WNT10B,
which are members of the WNT signaling pathway. In addition, the microenvironment
expresses WNT-factor-binding antagonists such as the Dickkopf-related protein family
(DKK) and the secreted frizzled-related proteins (SFRPs) (Schreck et al., 2014). Of these
families, DKK1 and SFRP1 were reported to regulate cycling activity and maintenance of
HSCs (Fleming et al., 2008; Renstrom et al., 2009). Importantly, the promotor activity of the
Sfrp1 gene, and to a lesser extent of other WNT antagonists, is inhibited by
hypermethylation in several types of leukemia and cancer (Jost et al., 2008; Seeliger et al.,
2009; Wang et al., 2010). WNT5A was identified to indirectly regulate the hematopoietic
cells by the regulation of osteoblast differentiation (Baksh, Boland, & Tuan, 2007; Sesler &
Zayzafoon, 2013), as well as regulating the actin cytoskeleton of HSCs (Schreck et al.,
2017).

The members of the WNT signaling pathway regulate several processes of preventing
senescence, survival, differentiation, proliferation and quiescence of the HSCs and
embryonic development (Boulais & Frenette, 2015; Dijksterhuis, Petersen, & Schulte, 2014;
Reya & Clevers, 2005; Schreck et al., 2014; Willert et al., 2003). During embryogenesis,
the WNT signal induces the formation of stem cells to mature blood cells (Woll et al., 2008).
The WNT signaling pathway and its signals can affect the hematopoiesis and lymphopoiesis
(Jrid et al., 2020; Luis et al., 2012; Reya & Clevers, 2005; Reya et al., 2003; Staal, Luis, &
Tiemessen, 2008) and is essential for the self-renewal of hematopoietic stem cells, as well
as neoplastic stem cells (Reya et al., 2003; Zhao et al., 2007). Alterations of the WNT
signaling pathway can have strong oncogenic outcomes (Peifer & Polakis, 2000; Zhao et
al., 2007) such as multiple solid cancers (Reya & Clevers, 2005; Zhao et al., 2007).
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The WNT family involves 19 different secreted cysteine-rich glycoproteins known in
vertebrates (Reya & Clevers, 2005; Staal et al., 2008) which bind to frizzled (FZD) receptors
of the target cell and induce either the canonical or the non-canonical WNT pathway (Staal
et al., 2008). The difference is that the canonical pathway contains the protein B- and y-
catenin, while a non-canonical pathway works independently through other key
intermediates depending on calcium ion release, protein kinase activity and small Rho
family GTPases (Rao & Kuhl, 2010). Furthermore, it was described that the non-canonical

pathway antagonizes the canonical pathway (Ishitani et al., 2003; Topol et al., 2003).

1.3.1 Canonical WNT signaling pathway

The most important factor in the canonical WNT signaling pathway is the accumulation of
B-catenin in the cytoplasm and the subsequent translocation into the cell nucleus. Nuclear
B-catenin acts as a transcriptional coactivator in different transcription complexes, also
called the WNT enhanceosome (Fiedler et al., 2015), which governs transcription of WNT
signaling gene targets (Komiya & Habas, 2008; Nygren et al., 2007; Patel et al., 2019; Reya
& Clevers, 2005).

In the presence of WNT family agonists like the WNT family (WNT1, WNT3A, WNT6, WNT8
or WNT10A) (Greenbaum et al., 2013; James, 2013), the WNT transmembrane receptor
Frizzled (FZD) and its co-receptors, low-density lipoprotein receptor-related protein 5 or 6
(LRP5/6) are activated.

The B-catenin destruction complex, which “includes the tumour suppressors AXIN and
adenomatous polyposis coli (APC), the Ser/Thr kinases GSK-3 and CK1, protein
phosphatase 2A (PP2A), and the E3-ubiquitin ligase b-TrCP” (Stamos & Weis, 2013)
regulates the level of transcriptional co-activator B-catenin in the cytoplasm of a cell. It has
been shown that there are mutations in the complex associated with the development of
malignant disease (Stamos & Weis, 2013). First, AXIN binds to CK1 and GSK3. Afterwards,
B-catenin joins the complex by binding to AXIN or APC (Kimelman & Xu, 2006). Then, B-
catenin is phosphorylated by CK1 at position serine 45 and thereby prepares the
phosphorylation of B-catenin by GSK3 at position threonine 41. As a result, B-catenin is
phosphorylated at positions serine 33 and serine 37 by the GSK3, which generates a
binding site for B-TRCP. Afterwards, the phosphorylated p-catenin (Serine 33, Serine 37,
Serine 45 and Threonine 41) is recognized by B-TRCP and catalyzed by the SCF*™R¢ or the
SCF™" ubiquitin ligase complexes. The degradation of polyubiquitylated B-catenin is done
by the 26S proteasome (Anthony et al., 2020; Hwang et al., 2005; Kimelman & Xu, 2006;
Stamos & Weis, 2013).
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Thus, the destruction complex mediates the destabilizing process of B-catenin and inhibits
the expression of the WNT target genes (Figure 2, left) (Anthony et al., 2020; MacDonald,
Tamai, & He, 2009; Patel et al., 2019; Rao & Kuhl, 2010).
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Figure 2. Model of canonical WNT pathway. (left) Scheme for the absence of a WNT ligand in the canonical
WNT pathway. The B-catenin destruction complex (dashed line) regulates the level of B-catenin in the cytoplasm
of a cell. (right) Scheme for the presence of a WNT ligand in the canonical WNT pathway. The B-catenin
destruction complex is disrupted by binding of a WNT ligand to the LRP5/6 receptor. B-catenin can enter the
nucleus and promotes the transcription of target genes (scheme adapted from (Patel et al., 2019)).

The activation, by binding of a WNT ligand to FZD, LRP5/6 and the cytoplasmic protein
Disheveled (DVL) leads to the generation of a signalosome, which suppresses the function
of the B-catenin destruction complex (Anthony et al., 2020; Parker & Neufeld, 2020). AXIN
binds to DVL, which is the cytoplasmic tail of LRP5/6, and prevents the phosphorylation of
B-catenin by GSKS3. As a result, B-catenin accumulates in the cytoplasm (Anthony et al.,
2020). In addition, B-catenin stabilization is amplified through other pathways, most notably
the R-spondin (Rspo) pathway. In this pathway, Rspo activate the LGR receptors and their
Znf3/Rnf43 ubiquitin ligase co-receptors. Rspo2 and Rspo3 are both expressed by the
microenvironment (Desterke et al., 2020). The precise mechanism of canonical WNT
signaling amplification still needs to be unraveled, but it is thought that activation of the
Znf3/Rnf43 ubiquitin ligase activity enhances proteolytic degradation of components of the

destruction complex.
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The mechanism by which B-catenin gets from the cytoplasm to the nucleus is still unclear
(Anthony et al., 2020). However, in the nucleus B-catenin binds to the DNA-bound T cell
factor/lymphoid enhancer factor (TCF/LEF) and activate the expression of the WNT/TCF
target genes (Hua et al., 2018; MacDonald et al., 2009; Nygren et al., 2007; Reya & Clevers,
2005; Staal & Clevers, 2000) (Figure 2, right), by recruiting the transcriptional coactivator
proteins (CREB)-binding protein (CREBBP or CBP) or the closely related binding protein
p300 (EP300) (Anthony et al., 2020; Hecht et al., 2000; Takemaru & Moon, 2000; Teo et
al., 2005).

It was demonstrated that the canonical signaling through WNT3A, GSK3p, and B-catenin is
required for the differentiation (Zechner et al., 2003), as well as maintaining the pluripotency
in embryonic stem cells (ESCs) (Sato et al., 2004) and HSCs in a dose-dependent manner
(Luis et al., 2011). The canonical WNT signaling pathway and B-catenin, as well as the
transcriptional coactivator proteins CBP or p300 are essential for the regulation of
proliferation and the maintenance, as well as differentiation of stem cells (Fleming et al.,
2008; Giles, Peters, & Breuning, 1998; Muroyama, Kondoh, & Takada, 2004; Otero et al.,
2004; Peng et al., 2014; Teo et al., 2005; van de Wetering et al., 2002).

1.3.2 Cross signaling with non-canonical WNT signaling pathway

The non-canonical WNT signaling pathway is p-catenin independent and can be separated
into two pathways, “the planar cell polarity (PCP) pathway and the Ca*-dependent
pathway” (Lutze et al., 2019). Both pathways can be activated in the presence of WNT
ligands like WNT4, WNT5A, WNT5B and WNT11 which binds to non-canonical FZDs and
their co-receptors, tyrosine kinase-like orphan receptor (ROR), receptor tyrosine kinase
(RYK), or to the protein tyrosine kinase 7 (PTK7) receptor (Figure 3) (Patel et al., 2019;
Staal et al., 2008).

The PCP pathway regulates the cell polarity through controlling the asymmetric cell division
and asymmetric distribution of proteins within the cell (Sugimura & Li, 2010). The non-
canonical WNT/calcium pathway controls the intracellular calcium levels in the cytoplasm
and affects the gene transcription by the nuclear factor of activated T-cells (NFAT) (Ackers
& Malgor, 2018; Staal et al., 2008; Wong et al., 2003).

The main stimulant for the non-canonical PCP pathway is WNT5A. WNT5A is expressed in
stromal cells (Buckley et al., 2011), osteoblast-lineage cells (Maeda et al., 2012), as well as
B220" lymphocytes (Liang et al., 2003). Our studies showed that WNT5A is upregulated in
the HSC supportive stromal cell line UG26-1B6 (Buckley et al., 2011).

10
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In young HSCs, WNT5A stimulates the non-canonical signaling pathway and thereby
regulates the quiescence by controlling the small Rho GTPase Cdc42 activity. Due to the
increased expression of WNT5A with increasing age, HSCs shift from canonical to non-
canonical WNT signaling pathway (Florian et al., 2013). WNT5A promotes the maintenance
of HSCs in the non-canonical pathway but can also inhibit the canonical pathway by
promoting B-catenin degradation (Mikels & Nusse, 2006; Nemeth et al., 2007; Topol et al.,
2003). Therefore, WNT5A interacts with ROR2 and leads to the activation or repression of
the transcription of WNT target genes. Furthermore, the expression of WNT5A increased
the level of ROR2. Yuan et al. demonstrated the WNT5A/ROR2 signaling inhibits the

canonical pathway (Yuan et al., 2011).
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Figure 3. Non - Canonical WNT pathway. (left) Scheme for the non-canonical planar cell polarity (PCP)
pathway. (right) Scheme for the non-canonical WNT/calcium pathway (scheme adapted from (Patel et al.,
2019)).

1.3.3 Transcriptional coactivator proteins p300, CBP and the WNT enhanceosome
Eckner et al. identified the histone acetyltransferase (HAT) p300 as a transcriptional
coactivator protein using protein-interaction assays with the adenoviral E1A oncoprotein
(Eckner et al., 1994). p300 has a 63 % homology at the amino acid sequence and is closely
related to the cAMP-response element-binding protein (CREB)-binding protein (CBP),
which was identified as a protein interacting with CREB (Chrivia et al., 1993; lyer, Ozdag,

& Caldas, 2004; Partanen, Motoyama, & Hui, 1999).
11
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The two proteins are particularly homologous in their HAT domain and bromodomain
(Anthony et al., 2020; Liu et al., 2008; Zeng et al., 2008). Both proteins are involved in
biological processes such as proliferation, differentiation, cell cycle, apoptosis, and DNA
damage response (Anthony et al., 2020; Chan & La Thangue, 2001; Giles et al., 1998;
Giordano & Avantaggiati, 1999; Goodman & Smolik, 2000; lyer et al., 2004; Zhong & Jin,
2009).

The main function of a transcriptional co-regulator, such as p300 and CBP, is the interaction
with an activator (transcription factor), such as E1A (Bannister & Kouzarides, 1995), E2F
(Marzio et al., 2000), Jun (Bannister et al. , 1995), p53 (Avantaggiati et al., 1997; Chan &
La Thangue, 2001; Lill et al., 1997), Smads (Pouponnot, Jayaraman, & Massagué, 1998),
E6 (Patel et al., 1999) and BRCA1 (Pao et al., 2000) to increase the transcription of a target

gene.

Several investigators identified different functions in the regulation of canonical WNT/B-
catenin signaling in both, in vitro and in vivo, for CBP and p300 (Kahn, 2014; Kawasaki et
al., 1998; Kung et al., 2000; Ma et al., 2005; Roth et al., 2003; Yao et al., 1998). Rebel et
al. identified that CBP is crucial for HSC self-renewal, while p300 is important for the
differentiation of hematopoietic cells (Rebel et al., 2002). Teo et al. proposed that in the
WNT/B-catenin signaling pathway the balanced complex formation between B-catenin and
either CBP or p300 regulates the differentiation and proliferation. The WNT/B-catenin/CBP
complex promotes cell differentiation, whereas the WNT/B-catenin/p300 complex promotes
cell proliferation (Figure 4) (Teo & Kahn, 2010; Teo et al., 2005).

CBP and p300 are transcriptional co-regulators and interact with a variety of transcription
factors. Because of this, they play an important role in many cellular processes, such as
proliferation, differentiation and apoptosis. Both, CBP and p300, show a tumor-suppressing
effect in hematopoietic cells (Roth et al., 2003). CBP and p300 are part of what is called the
WNT enhanceosome, which drives WNT target gene expression (Anthony et al., 2020). The
enhanceosome is recruited by Pygo or -catenin, which bind to LIM and SSDP core proteins
and bridge to BCL9 and TCF/LEF. The complex is stabilized through ubiquitin-regulated
Gro/TLE. Within this transcriptional complex, CBP or p300 target specific sequences,
allowing their transcription (Anthony et al., 2020). Since CBP and p300 share their HAT
domain and bromodomain which binds to the enhanceosome, there is a balance between

CBP- and p300-directed transcription.

12
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Mutations in these genes and a misbalance of the complex formations are the cause of
deregulated WNT target gene transcription, which promote hematopoietic disorders and
epithelial tumors (Emami et al., 2004; Gayther et al., 2000; Goodman & Smolik, 2000; Kung
et al., 2000; Ma et al., 2005; Oike et al., 1999; Teo & Kahn, 2010; Teo et al., 2005; Yao et
al., 1998).
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Figure 4. Regulation of proliferation versus differentiation. The WNT/B-catenin/CBP complex promotes
differentiation, whereas the WNT/B-catenin/p300 complex promotes proliferation (scheme adapted from (Teo &
Kahn, 2010)).

1.3.4 CBP/p300 pathway modulators

Therapeutics that specially target the canonical B-catenin co-activators CBP and p300 is an
active field of investigation. Several molecules have been identified that target either CBP
or p300, directly or indirectly, even if the two molecules have a homology of 63 % at the

amino acid sequence.

Emami et al. identified ICG-001 that direct inhibits the interaction the TCF/B-catenin reporter
and CBP, but not the p300/B-catenin interaction. ICG-001 thereby leads to differentiation of
the cells (Emami et al., 2004). The potential for a therapeutic usage of CBP—f3-catenin
antagonist ICG-001 has been analyzed in several preclinical models of leukemia (Gang et

al., 2014; He et al., 2014; Wend et al., 2013).

13
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Another direct CBP and B-catenin antagonist is PRI-724, which increases the p300/ -
catenin usage and promotes stem cell differentiation. PRI-724 (C-82), a derivative of ICG-
001, generated by Prism Pharma and Eisai Pharmaceuticals (Hirakawa et al., 2019), was
previously used in a clinical study (phase I) in patients with solid tumors (El-Khoueiry et al.,
2013). Both inhibitors have shown promise in studies aimed at unlocking their therapeutic
potential as a drug for targeting cancer stem cells (Chan et al., 2015) for the treatment of

endometriosis in preclinical models (Hirakawa et al., 2019).

Higuchi et al. identified YH249/250, the first direct p300/B-catenin antagonists, which has
the ability to maintain pluripotency in ESCs (Higuchi et al., 2016) and stimulates the
proliferation and survival of HSCs (Zhao et al.,, 2017). Furthermore, small-molecule
antagonists of kinases (ID-8) and phosphatases (1Q-1) were identified to indirectly prevent
the interaction of p300 and 3-catenin, which tips the balance in favor of CBP to B-catenin in
the enhanceosome (Hasegawa et al., 2012; Miyabayashi et al., 2007; Miyabayashi et al.,
2008; Schenke-Layland et al., 2011).

The inhibitor ID-8 was identified to maintain human ESCs and promote expansion of long-
term pluripotent cells by inhibiting the dual specificity YAK1-related kinases (DYRKSs). ID-8
decreases the p300/ B-catenin interaction and indirectly increases the CBP/ p-catenin

complex in human ESCs (Hasegawa et al., 2012).

1.3.5 PP2A-mediated modulation of the WNT enhanceosome

With regard to the involvement of p300 in cell proliferation and differentiation, Miyabayashi
et al. have demonstrated that specific Q-1 inhibitors indirectly prevent the interaction of j3-
catenin with p300, by binding the subunit PR72/130 of the serine/threonine phosphatase
PP2A (He et al.,, 2014; Miyabayashi et al., 2007; Schenke-Layland et al., 2011). The
molecule 1Q-1 was identified to maintain murine ESCs and provide long-term pluripotent
cell expansion by regulating the affinity of p300 for p-catenin and increase B-catenin/CBP
usage through regulating the phosphorylation of p300 Ser-89 (Miyabayashi et al., 2007).
Other studies demonstrated the increased expansion of murine cardiovascular progenitor
cells (Schenke-Layland et al., 2011), as well as the lung epithelium of mouse embryos
(Sasaki & Kahn, 2014). He et al. showed that the treatment with 1Q-1 promotes the
development of cancer cells into a cancer cell subpopulation with a drug resistance and

highly tumorigenicity by increasing the CBP/ 3-catenin complex (He et al., 2014).

IQ-1 inhibits the protein phosphatase PP2A, which regulates several processes, like
intracellular signaling, gene expression, cell proliferation, cell death, and cell cycle activity
(Janssens & Goris, 2001; Mumby & Walter, 1993).

14
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The PP2A core enzyme contains a scaffold subunit (A or PR65 subunit) and a catalytic
subunit (C subunit). Regulatory subunits, which include four types: B (B55 or PR55), B’ (B56
or PR61), B" (PR48/PR72/PR130), and B" (PR93/PR110), binding to the PP2A core
enzyme to form a complex (Figure 5A) (Dzulko et al., 2020; Shi, 2009).
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Figure 5. Serine/Threonine phosphatase PP2A and the B-type subunits PR72/PR130. (A) Structure of
PP2A contains a scaffold subunit (A or PR65 subunit) and a catalytic subunit (C subunit), as well as a regulatory
subunit, like B (B55 or PR55), B' (B56 or PR61), B" (PR48/PR72/PR130), and B" (PR93/PR110). (B) Structure
of the subunit PR72 and PR130, which share the same C-terminus that includes two A subunit binding domains
(ASBD1/2), two Ca2'-binding EF-hand motifs (EF1/2), and a hydrophobic motif (HM; scheme adapted from
(Dzulko et al., 2020)).

The subunit PR72/130 (Figure 5B) interact with the protein naked cuticle (Nkd) (Creyghton
et al., 2005; Creyghton et al., 2006; Dzulko et al., 2020; Zeng et al., 2000). The subunit
PR72/130 controls phosphorylation of p300 (Ser-89), which is important to increase the p-
catenin/p300 interaction, in a protein kinase (PKC)-depended manner. The binding of 1Q-1
with the subunit PR72/130 disrupts the PP2A/PR72/130/Nkd complex and prevents the
interaction of B-catenin with p300 by decreasing the content of phospho-p300 (Ser89) and
reduces the p300 complex-mediated differentiation (Figure 6) (Miyabayashi et al., 2007;
Rieger et al., 2016).
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Figure 6. 1Q-1 promotes maintenance of embryonic stem cells. Overview of the Wnt/3-catenin coactivator
usage model. The B-catenin/CBP interaction is required for the cell proliferation, while the 3-catenin/p300-is
required for the differentiation of cells. 1Q-1 inhibits the interactions of B-catenin with p300 (scheme modified
based on (Miyabayashi et al., 2007)).
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1.4.WNT signaling inhibitors

To guide HSC behavior, the WNT signaling pathways contains (co) receptors, ligands, and
inhibitors to generate a balance (Kawano & Kypta, 2003; Luis et al., 2012). Some inhibitors
bind directly to WNT ligands like WNT inhibitory factor-1 (WIF-1), some inhibitors bind to
FZD receptors like secreted frizzle related proteins (SFRP) and some inhibitors bind WNT
co-receptor LRP-5/6 such as Dickkopf homologues (DKK), a member of the Dickkopf (Dkk)
family, as well as some inhibitors that interrupt the Frizzled signalosome assembly such as
connective tissue growth factor (CTGF) (Hsieh et al., 1999; Kawano & Kypta, 2003). Since
the focus of this thesis lies on SFRP1, its role as a WNT signaling mediator will be discussed

in more detail.

1.4.1 Secreted frizzled-related protein 1

Secreted frizzled-related protein 1 (SFRP1) is a secreted glycoprotein member of SFRP
family of WNT inhibitors in human and mouse. The SFRP family also includes SFRP-2, -3,
-4 and -5 (Baharudin et al., 2020; Bovolenta et al., 2008; Kawano & Kypta, 2003). Much like
the WNT family members, SFRP1 consists of a carboxy-terminal netrin (NTR) domain and
an amino-terminal cysteine-rich (CRD) domain. As mentioned above, WNT ligands like
WNT3A bind to FZD receptors and stimulate WNT signaling. In presence of a WNT inhibitor
like SFRP1, SFRP1 can modulate WNT signaling pathway through binding to the WNT
ligand (Figure 7A), by interact with cytoplasmic B-catenin (Figure 7B), or through binding to
the FZD receptors (Figure 7C).
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In the absence of SFRP1, the WNT ligand binds to the FZD receptor and promotes the
cytoplasmic B-catenin accumulation followed by B-catenin translocation (Figure 7D). SFRP1
can bind directly to the WNT ligand by its NTR domain and prevent the binding of the WNT
ligand to the FZD receptor (Figure 7A) (Baharudin et al., 2020; Chong et al., 2002; Lopez-
Rios et al., 2008; Renstrom et al., 2009). Liang et al. showed that SFRP1 can also control
WNT signaling by binding to cytoplasmic B-catenin, thereby interfering with binding of B-
catenin with T-cell factor (TCF) in the nucleus. Additionally, this inhibition would block further
WNT signaling activation (Figure 7B) (Liang et al., 2019). SFRP1 can also bind to the FZD
receptor through its CRD domain, which is homologous to the WNT-binding site of FZD
receptors, and thereby inhibit the WNT ligand/FZD receptor interaction (Figure 7C)
(Agostino & Pohl, 2019; Agostino, Pohl, & Dharmarajan, 2017).
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Figure 7. Involvement of SFRP1 in the WNT signaling pathway. (A) In the presence of SFRP1, it binds to
the WNT ligand. (B) In the presence of SFRP1, it interacts with the cytoplasmic B-catenin. (C) In the presence
of SFRP1, it binds to the FZD receptor. (D) In the absence of SFRP1, the WNT ligand binds to the FZD receptor
(scheme adapted from (Baharudin et al., 2020)).

17



INTRODUCTION

1.4.1.1 SFRP1 in bone marrow cells

The WNT inhibitor SFRP1 is expressed in the kidney (Leimeister, Bach, & Gessler, 1998;
Yoshino et al., 2001), brain and skeleton (Hausler et al., 2004; Trevant et al., 2008), as well
as bone marrow stromal cells (Dufourcq et al., 2008; Nakajima et al., 2009; Renstrém et al.,
2009). SFRP1 stimulates neovessel formation (Goodwin & D'Amore, 2002), plays a role in
the eye field (Kim et al., 2007), is important during cardiomyogenesis and hematopoiesis
(Kwon et al., 2007; Naito et al., 2006) and in the adult skeleton (Bodine et al., 2004; Gaur
et al., 2005; Gaur et al., 2006). Interestingly, Sfrp1 expression is regulated by estrogen, and
SFRP1 levels vary during the menstrual cycle and pregnancy (Yokota et al., 2008). For this

reason, in my experimental work | mostly use male Sfrp71 mutant mice.

Our group identified SFRP1 as a possible mediator of HSC regulation. We generated
murine stromal cell lines which either supported or did not support hematopoiesis in culture
(Oostendorp et al., 2002; Oostendorp et al., 2002a). The two most supportive stromal cells:
EL08-1D2 and UG26-1B6 supported the long-term maintenance of HSCs from both murine
adult bone marrow and human cord blood HSCs (Kunisaki et al., 2013; Oostendorp et al.,
2002; Oostendorp et al., 2005). Gene expression comparison of these two HSC supportive
stromal cell lines with non-supporting stromal cells, demonstrated that both Sfrp1 (Ledran
et al., 2008; Renstrom et al., 2009) and its related family member Sfrp2 (Oostendorp et al.,
2005) were over-represented in supportive stromal cells. In the bone marrow
microenvironment, SFRP1 is expressed by mesenchymal stromal cells (MSCs) (Dufourcq
et al., 2008) and osteoblasts (Dolgalev & Tikhonova, 2021; Nakajima et al., 2009). More
recent single cell expression studies confirm that Sfrp7 expression is mostly restricted to

multipotent CXCL12-abundant reticulocytes (CAR cells).

SFRP1 is well known for its role in skeletal maintenance and it stimulates Runx2 for
chondrocyte hypertrophy, differentiation of osteoblast and apoptosis of osteocytes (Bodine
et al., 2004; Gaur et al., 2005; Gaur et al., 2006).

In hematopoiesis, it was demonstrated that microenvironmental expression of Sfrp1
regulates cell cycling activity and maintenance of HSCs but decreases the number of MPPs
in vitro (Nakajima et al., 2009; Renstrém et al., 2009). Yokota et al. identified SFRP1 in
stromal cells as an estrogen inducible gene, which prevents lymphopoiesis. Furthermore,

SFRP1 stabilized B-catenin in hematopoietic progenitors (Yokota et al., 2008).
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1.5.Leukemia and the bone marrow microenvironment

In the hematopoietic system, HSCs that are mainly in quiescent state reside in the
hematopoietic bone marrow microenvironment, which consists of several cell types. The
extrinsic signals such as adhesion molecules, cytokines or growth factors from niche cells
are critical to control the balance between HSC activation and quiescence. The niche also
contributes to the maintenance of leukemic stem cells (LSCs). In the presence of leukemic
cells, niche cells show an activated phenotype with a pro-inflammatory signature (Frébel et
al.,, 2021; Lutzny et al., 2013; Zambetti et al., 2016). However, the molecular events
promoting this gene expression signature and how these expressed genes modulate the
niche to support leukemic cells and protect leukemic cells against established therapies still

have to be elucidated in detail.

HSCs exhaust after repeated stress and over time by enter into the cell cycle which is
associated with DNA damage and mutations (Bakker & Passegué, 2013). After each cycle,
replication stress persists (Flach et al., 2014; Walter et al., 2015). The accumulation of
replication-stress-damaged HSCs can result in increased clonal hematopoiesis (Heyde et

al., 2021) and malignant transformation over time (Welch et al., 2012).

Genetic changes in HSCs involving mutations in signaling molecules such as JAK2, RAS,
FLT3 or KIT leading to human myeloid malignancies such as acute myeloid leukemia (AML)
or chronic myelogenous leukemia (CML) and myelodysplastic syndrome (MDS) (Huntly &
Gilliland, 2005; Milosevic & Kralovics, 2013; Rosnet et al., 1996; Woll et al., 2014). LSCs
show similarities in regulating mechanisms like normal HSCs, such as self-renewal and
differentiation (Kreso & Dick, 2014; Passegué et al., 2003; Reya et al., 2001). Aberrant
function of disease-initiating LSCs expel the normal HSCs from their microenvironment
(Colmone et al.,, 2008), which leads to remodeling the niche to a LSC supporting
microenvironment (Asada, Takeishi, & Frenette, 2017; Korn & Méndez-Ferrer, 2017;

Schepers, Campbell, & Passegué, 2015).

Raaijmakers et al. showed that the deficiency of Dicer? in the osteoprogenitors results in
MDS initiation (Raaijmakers et al., 2010). In solid tumors, pre-tumorigenic alterations are
connected to inflammation and inflammatory myeloid cell recruitment (Mishra et al., 2008).
The microenvironment-mediated protection of LSCs contains cell growth signals from
cytokines, chemokines, and adhesion molecules to leukemic cells (Ladikou et al., 2020). As
a result, the microenvironment protects the LSCs from exposure to chemotherapeutic
agents, which can lead to a renewed outbreak of leukemia after effective treatment
(Houshmand et al., 2019). One obstacle to treat AML is chemotherapy resistance, which

can be triggered by various factors (Kempf et al., 2021).
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Kempf et al. demonstrated that the deficiency of the histone methyltransferase enhancer of
zeste homolog 2 (EZH2) leads to an upregulation of target genes, whereby an advantage
in cell growth occurs, which leads to a resistance against chemotherapy (Kempf et al.,
2021). Furthermore, it was shown that samples from human B-cell lymphoma with
simultaneous overexpression of USP9X and XIAP have increased chemotherapy
resistance, which is rescued by inhibition of either USP9X or XIAP (Engel et al., 2016).

Leukemic cells might arise from genetically altered HSCs or transformed progenitors
(Goardon et al., 2011; Reya et al., 2001). Furthermore, HSCs are more dependent than
LSCs on signals from the niche for their survival and proliferation (Schepers et al., 2015).
The WNT signaling pathway in hematopoietic cells and non-hematopoietic cells is important
for the self-renewal of normal and malignant stem cells (Mangolini et al., 2018; Zhao et al.,
2007). Indeed, the stimulation of B-catenin by BCR-ABL fusion oncogene was found to
modulate both the blastic and the acute phase of CML in vitro and in vivo (Hu et al., 2016;
Zhao et al., 2007). Additionally, Kode et al. demonstrated that AML and MDS patient also
showed an accumulation of B-catenin in the nucleus of osteoblasts which results into an
increased Notch signaling (Kode et al., 2014). Moreover, it was shown that the Notch2
activity in the MSCs is stimulated by tumor cells, activate the transcription of the
complement factor C1q, which thereby inhibits the degradation of -catenin by Gsk3 in CLL
cells (Mangolini et al., 2018).

The transcriptional cofactors p300 and CBP are involved in the WNT signaling pathway.
Alternations which leads to a loss of function mutation in these two factors can result in
tumorigenesis (lyer et al., 2004). Therefore, the role of p300 and CBP in hematopoiesis and
the development of leukemia was investigated in mouse models. Yao et al. showed that the
complete knockout of p300 and CBP in mice leads to an embryonic lethality (Yao et al.,
1998), whereas, only the heterozygous CBP knockout mice develop hematopoietic
malignancies (Kung et al., 2000). Cheng et al. demonstrated that only p300 acts as a tumor
suppressor in the transformation of MDS to AML (Cheng et al., 2017). However, it was
demonstrated in mouse models for CML and AML, LSCs become insensitive to both Notch-
and TGF-f signaling (Krause et al., 2013; Santaguida et al., 2009). Lane et al. demonstrated
in a MLL-AF9 AML transplantation model of a mouse that LSCs were independent of the
WNT-derived signaling for localization within the bone marrow compared to healthy HSCs
(Lane et al., 2011). Bhatia et al. investigated that the bone marrow stroma of CML patients
has reduced ability to support the growth of normal long-term culture-initiating cells (LTC-

IC) which is induced by malignant stromal macrophages (Bhatia et al., 1995).
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Shirasaki et al. demonstrated that the irradiated NOD/SCID murine bone marrow
microenvironment transplanted with CML cell-derived BCR-ABL-carrying myofibroblasts
form a LSC environment for the proliferation of CML cells in vivo (Shirasaki et al., 2012).
Schepers et al. showed that the interaction of LSCs with MSCs remodeled the osteoblastic
lineage cells (OBCs) by modification of cytokine signaling pathways, which maintain LSCs
in inducible BCR-ABL transgenic CML mice (Schepers et al., 2015). During disease
development HSCs that accumulate transforming mutations undergo clonal selection and
finally become LSCs. LSCs interact and modulate niche cells by generating leukemic
microenvironment that supports the rapid developing disease (Figure 8A). On the other
hand, it is also possible that mutations in the bone marrow microenvironment promote
hematological malignancies (Figure 8B) (Asada et al., 2017). This statement is supported
by the fact that leukemia develops in donor cells after allogeneic stem cell transplantation

in patients (Hertenstein et al., 2005; Wiseman, 2011).
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Figure 8. Interaction of leukemic stem cells and the microenvironment. (A) Interaction of leukemic stem
cells with the HSC bone marrow microenvironment lead to alternations in the HSC niche and support of LSCs.
(B) Alternations in the microenvironment initiate hematologic malignancies (scheme adapted from (Asada et al.,
2017)).
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1.5.1 SFRP1 and cancer

SFRP1 has been identified in many types of cancer as a tumor suppressor gene (Finch et
al., 1997; Huang et al.,, 2007). In numerous human cancers, SFRP1 expression is
downregulated or prone to gene deletions (Figure 9) by either epigenetic silencing or
chromosome deletions (Gumz et al., 2007; Takada et al., 2004). Deregulation of SFRP1
expression leads to downmodulation of the WNT-associated pathways like cell proliferation,
migration, fate determination, differentiation, and polarity (Baharudin et al., 2020; Vincent &
Postovit, 2017).
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Figure 9. Expression levels of SFRP1 in normal and cancerous tissues in patients. Black data point
represents the SFRP1 expression levels of patient samples. Blue bars show median expression for normal
samples. Red bars show median expression for tumor samples (scheme adapted from (Vincent & Postovit,
2017)).

Downregulation or loss of the expression of SFRP1 was found particularly in invasive
carcinomas, such as in gastric cancer (To et al., 2001), cervical cancer (Ko et al., 2002),
hepatocellular carcinoma (Huang et al., 2007), prostate cancer (Zi et al., 2005), renal cell
carcinoma (Dahl et al., 2007; Gumz et al., 2007; Huang et al., 2007) and breast cancer
(Bovolenta et al., 2008; Turashvili et al., 2006; Zhou et al., 1998). Ugolini et al. demonstrated
that the SFRP1 expression was lost in 78 % of 90 breast cancers samples and 16 % of

benign tumor samples (Ugolini et al., 1999).
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Additionally, SFRP1 gene expression also contributes to leukemogenesis, as it is also found
to be epigenetically hypermethylated in acute myeloid leukemia (AML) (Jost et al., 2008;
Reins et al., 2010), chronic lymphocytic leukemia (CLL) (Liu et al., 2006) and acute
lymphocytic leukemia (ALL) (Reins et al., 2010; Roman-Gémez et al., 2007), as well as
myelodysplastic syndrome (MDS) (Reins et al., 2010). Other studies showed that the stable
re-expression of SFRP1 could be a new therapeutic treatment strategy for cancers with

downregulation or loss of the expression of SFRP1 (Cooper et al., 2012; Gumz et al., 2007).

1.5.2 BCR-ABL fusion oncogene

As mentioned above, the BCR-ABL fusion oncogene is a good model to study WNT-
dependent oncogenesis through the stimulation of B-catenin by BCR-ABL (1.5 Leukemia
and the bone marrow microenvironment). CML is characterized by the observation that over

90 % of all leukemic cells bear the BCR-ABL fusion oncogene.

In normal cells, the Abelson tyrosine kinase (ABL) protein can be found in the nucleus and
the cytoplasm of cells. The ABL protein stimulated proliferation, differentiation, survival,
death, and migration in response to stress or other signals (Figure 10A) (Ren, 2005; Wang,
2014). ABL-deficient mice showed an increased rate of perinatal mortality, lymphopenia,
and osteoporosis, as well as a decreased body size with abnormal development of spleen,
head, and eye (Ren, 2005; Schwartzberg et al., 1991; Tybulewicz et al., 1991).

The B cell antigen receptor (BCR) protein is normally found as part of the B-cell receptor
complex. BCR contains several modular domains and is involved in signaling pathway for
B-cell development and survival through activation, proliferation, and differentiation as well
as a proper immune response (Figure 10B) (Dal Porto et al., 2004; Liu et al., 2020). BCR-
deficient mice showed a normal development, while the neutrophil respiratory was

increased (Voncken et al., 1995).

1

Figure 10. The Abelson tyrosine kinase (ABL) protein and B cell antigen receptor (BCR) protein. (A)
Abelson tyrosine kinase (ABL) protein has two isoforms (1a and 1b), five domains (SH3, SH2, Y-kinase, DBD,
ABD), four binding sites (PPs), three nuclear localization signals (NLSs) and one nuclear exporting signal (NES).
The point at which ABL fuses with BCR is indicated. (B) The B cell antigen receptor (BCR) protein contains five
domains (CC, S/T, DH, PH, RAC-GAP) and one binding site (CalB). The point in BCR that fuses with ABL is
indicated (p185, p210, p230; scheme adapted from (Ren, 2005)).
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The fusion protein BCR-ABL, is coded by the Philadelphia chromosome (Ph), which was
first described in 1960 by Peter C. Nowell in Philadelphia. He described the Philadelphia
chromosome as a minute chromosome present in malignant cells from chronic
myelogenous leukemia (CML) patients, which was not found in normal leukocytes (Nowell
& Hungerford, 1960a, 1960b). Rowley showed 1973, that the minute chromosome is a result
of reciprocal translocation between the long arms of chromosomes 9 and 22
(Rowley, 1973). The exact breakpoints in the reciprocal translocation and RNA splicing
generates BCR-ABL proteins with various molecular weights like p185%°R#8- p21(QBCRABL
and p230°°**B- (Ren, 2005). The p2105“"**8 protein is characteristic for CML. In B-cell
acute lymphoblastic leukemia (B-ALL), 33.3 % of the patients express p2105°**E- protein,
SBCR-ABL

whereas 66,6 % of the patients express p18
2000).

protein (Deininger, Goldman, & Melo,

Studies suggest that the developing of CML has two sides, including the effect of BCR-ABL
in the cells and the interaction of these cells with the bone marrow microenvironment (Ren,
2005). To analyze the effect of BCR-ABL positive cells in vivo several mouse models were
developed. The expression of BCR-ABL in murine bone marrow cells through a retroviral
transfection and afterwards transplantation into mice stimulated a myeloproliferative
disorder (MPD) (Daley, Van Etten, & Baltimore, 1990; Elefanty, Hariharan, & Cory, 1990;
Kelliher et al., 1990). It was identified that the retroviral transduction of bone marrow cells
with p1858°R*B established a B-cell acute lymphoblastic leukemia (B-ALL) with a shorter
latency. However, the retroviral transduction of bone marrow cells with p210%°RA8-
established chronic myelogenous leukemia, which verifies the oncogenic activity of BCR-
ABL (Li et al., 1999; Reckel et al., 2017).

1.6. Aim of the thesis

Our group has previously shown that HSC supportive murine stromal cells, EL08-1D2 and
UG26-1B6, over represent the expression of Sfrp1 in comparison to non-supportive cells
(Ledran et al., 2008; Renstrom et al., 2009). The summary above states that the extrinsic
expression of SFRP1 in the hematopoietic microenvironment is required for the cycling
activity and maintenance of HSCs and hematopoietic progenitor cells (Renstrém et al.,
2009). While Sfrp1 is expressed at a low level by HSCs, high expression levels were
described in osteogenic mesenchymal stromal cells within the bone marrow. Unpublished
work from our group also shows that Sfrp71 is expressed in some mature hematopoietic

populations.
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It is therefore likely that SFRP1 expressed by the osteogenic microenvironment or mature
myeloid populations in the bone marrow are involved in the regulation of HSCs. In addition,
since epigenetic downregulation and deletion of SFRP1 has been described, including
human leukemia, it is likely that downregulation of SFRP1 levels in niche cells promotes the

development or the maintenance of leukemia, or both.

The aim of this thesis was to shed more light on how SFRP1 expression in specific
osteogenic mesenchymal cells affects single HSCs and their function in vitro and in vivo. In
addition, it was explored how deletion of Sfrp1 in osteogenic mesenchymal cells promotes

the development of leukemia.

To initiate these studies, Sfrp7"" mice were developed to study cell lineage-specific Sfrp1
deletion using Cre deletor strain (Osx-GFP::Cre). In these mice, stem cells were studied
under steady state and under stress conditions, such as LPS stimulation. Furthermore, to
study proliferation, differentiation, and self-renewal on the single cell level, a novel
supportive culture system was developed for single HSCs. As a model of leukemogenesis,
the development of BCR-ABL" leukemia was studied in newborn mice with Sfrp7 gene

deletion in stromal cells.
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2. Materials

2.1.Consumptions and utensils

Table 1. List of used consumption and utensils.

Utensils

Manufacturers

Aluminum foil for cold storage

VWR life science (USA)

Cell Culture Dish, 10 mm, growth-enhanced
treated

TPP Techno Plastic Products AG (CH)

Cell Culture Flasks Cellstar 125 ml/250
ml/550 ml

Greiner Bio-One GmbH (DE)

Cell Culture Plates Cellstar 6, 12, 24, 48, 96

well

Greiner Bio-One GmbH (DE)

CL-Xposure film

Thermo Fisher Scientific Inc. (USA)

Cryogenic vial, 2 ml

Corning Inc. (USA)

Disposable bags

Carl Roth (DE)

Disposable UV cuvettes

Brand GmbH & Co KG (DE)

Eppendorf™ twin.tec™ LoBind 96-Well-
PCR-Plate

Eppendorf AG (DE)

Filter Vacuum driven disposable bottle top
filter Steritop

Millipore Co. (USA)

Filter 22 ym, 30 ym, 45 ym, 70 pm, 100 pm

BD™ Filcon, BD Bioscience (DE)

Filter tips TipOne 1-10 pl, 20 - 200 pl, 200 -
1000 pl

Starlab (DE)

Freezing container

Mr Frosty "™ - Thermo Fisher Scientific Inc.

Cool Cell ® - Bio Cision (USA)

MACS LS cell separation columns

Miltenyi Biotec (DE)

MicroAmp® Fast 96-Well Reaction Plate

Applied Biosystems (USA)

Microcentrifuge safe-lock tubes, 1.5, 2 mi

Eppendorf AG (DE)

4-15 % Mini Protean® TGX Stain-Free™

Protein Gel

Bio Rad Laboratories GmbH (DE)

Monoject, blunt cannula needles

Kendall Healthcare (USA)
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Mortar

Thermo Fisher Scientific Inc. (USA)

Needles, 100 Sterican, 27 Gauge

B. Braun Melsungen AG (DE)

Parafilm

Pechiney Plastic Packaging (USA)

Pestle

Thermo Fisher Scientific Inc. (USA)

Polylysine® Slides

Thermo Fisher Scientific Inc. (USA)

Polypropylene centrifuge tubes 15, 50 mli

Greiner Bio-One GmbH (DE)

PVDF-Membrane

Bio Rad Laboratories GmbH (DE)

Round-bottom 96 well plate

Nunc A/S (DK)

Serological Pipettes, 2, 5, 10, 25, 50 m|

Greiner Bio-One GmbH (DE)

S-Monovette Blood Collection System

Sarstedt AG & Co. (DE)

Superfrost Plus™ Adhesion Microscope
Slides

Thermo Fisher Scientific Inc. (USA)

Super PAP PEN

Thermo Fisher Scientific Inc. (USA)

Syringes, U-40 Insulin, Omnifix, 1 ml

B. Braun Melsungen AG (DE)

Syringes single-use Omnifix 3/5/10 ml

B. Braun Melsungen AG (DE)

2.2. Machines and equipment

Table 2. List of used machines and equipment.

Machines and equipment Name

Manufacturers

Animal Blood Counter

Counter Scil Vet Abc™

Scil vet academy (DE)

Autoradiography cassettes

Hypercassette™

GE Healthcare (USA)

Cell Incubator

Hera Cell 240

Heraeus Instruments (DE)

Cell sorter

MoFlo High Speed
Astrios S1

ARIA lllu

Beckman Coulter (DE)
Beckman Coulter (DE)

BD Bioscience (USA)

Centrifuges

Megafuge 3.0RS,
Multifuge 3S

Biofuge fresco

Heraeus Instruments (DE)
Heraeus Instruments (DE)

Heraeus Instruments (DE)
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Sigma 1-14

Sigma Laborzentrifugen
GmbH (DE)

Counting chamber

Neubauer-improved

Paul Marienfeld GmbH (DE)

Developing machine

OTIMAX X-Ray Film

PROTECT GmbH & Co. KG

Processor (DE)

Fine Science Tools GmbH
Dissecting instruments -

(DE)

Thermo Fisher Scientific Inc.
ELISA Reader Multiscan FC

(USA)
Fluorescence Microscope Leica DM RBE Leica, Wetzlar (DE)

Flow cytometer

CyAn ADP LxP8

Beckman Coulter (DE)

Gel Electrophoresis

chamber

Biometra Minigel-Twin

Biometra GmbH (DE)

Hamilton Needle

KF 726S Needle (26S/51/2)
6pk 90139

Hamilton (CH)

Hamilton Syringe

type 710N, volume 100 pl,

cannula size 22s ga

Hamilton (CH)

Homogenisator

SONOPLUS (HD 2070)

Bandelin electronic (DE)

Ice machine

S.-No:061244

Ziegra Eismaschinen (DE)

Laminar flow hood

ANTAES 48/72

BIOHIT (DE)

Linear accelerator

Mevatron KD2

Siemens (DE)

CKX41 Olympus Corporation (Japan)
Microscope

Axiovert 25 microscope Carl Zeiss (DE)

NanoDrop™ 2000/c Thermo Fisher Scientific Inc.
NanoDrop

Spectrophotometer (USA)

SmartSpec™ Plus
Photometer Bio-Rad (USA)

Spectrophotometer
Precision scales PLJ 2100-2M Kern & Sohn GmbH (DE)
QuadroMACS Separator MACS Miltenyi Biotec (DE)

Radiation Unit

Gulmay (Typ RS225)

Buchler (Typ OB29/902-1)

Gulmay (USA)

Buchler GmbH (DE)
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Real-Time PCR System

StepOne Plus Real-Time PCR

Applied Biosystems (USA)

Stereomicroscope

Olympus SZ61 Modeel SZ2-
ST

Olympus Corporation (Japan)

Stereomicroscope light

Olympus: SCHOTT KL200
S/N 015767

Olympus Corporation (Japan)

Thermal Cycler

PTC 100 Peltier

Bio-Rad (USA)

Thermomixer

comfort

Eppendorf AG (DE)

UV-light Gel-Doc

XR Imaging System

R&D Systems (DE)

Vortex

IKA MS1 minishaker

Werke & Co. (DE)

Water bath

Grant Instruments™ SUB
Aqua Pro Water Bath

Fisher Scientific (UK)

2.3.Software

Table 3. List of used software.

Software

Company

AxioVision

Carl Zeiss Microlmaging GmbH

FlowJo, Version 8.8.6.

TreeStar Inc.

FlowJo™ Software (for Mac), Ashland, OR:

Becton, Dickinson and Company; 2019.

GraphPad Prism, Version 7.0e

Graphpad Software Inc.

Image J, Version: 2.0.0-rc-43/1.50e

Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018.

Microsoft Excel, Version 2010

Microsoft Inc.

Microsoft Power Point, Version 2010

Microsoft Inc.

Microsoft Word, Version 2010

Microsoft Inc.

Photoshop, Version CS5 Extended 12.0x32

Adobe Inc.

Python, Version 3.8.0

Van Rossum, G. & Drake Jr, F.L., 1995.
Python reference manual, Centrum voor
Wiskunde en Informatica Amsterdam.

Available at http://www.python.org
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R Development Core Team (2008). R: A
language and environment for statistical
computing. R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-
07-0, Available at http://www.R-project.org.

Step One Software, Version v.2.3

Thermo Fisher Scientific/ Applied Biosystems

2.4.Chemicals

Table 4. List of used chemicals.

Chemicals

Company

Agarose Neo Ultra-Qualitat

Carl Roth (DE)

Alizarin Red S

Sigma-Aldrich (DE)

Calcein

Sigma-Aldrich (DE)

Dimethylformamid (DMF)

Sigma-Aldrich (DE)

Dimethyl sulfoxide (DMSO)

SERVA Electrophoresis GmbH (DE)

Diphtheria toxin

Merck Group (DE)

Di-Sodium-tartrate

AppliChem (DE)

Ethanol, 99.8 %

AppliChem (DE)

Ethidium bromide, 1 % solution

Carl Roth (DE)

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth (DE)

Fast Red Violett LB Salt

Sigma-Aldrich (DE)

Glycerol

Sigma-Aldrich (DE)

Hygromycin B

Clontech (FRA)

Isofluran 100 %

CP-Pharma (DE)

Isopropanol

Sigma-Aldrich (DE)

Naphthol-AS-Bl-Phospate

Sigma-Aldrich (DE)

Methanol

Sigma-Aldrich (DE)

Oil Red O

Sigma-Aldrich (DE)

Paraformaldehyde (PFA),

neutral buffered, 10 %

Sigma-Aldrich (DE)
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Polybrene

Sigma-Aldrich (DE)

Propidium-Jodid (PI)

Invitrogen (DE)

SlowFade Gold Antifade Reagent with DAPI

Invitrogen (DE)

Sodium Acetat

Sigma-Aldrich (DE)

Sodium tetraborate derahydrate

Sigma-Aldrich (DE)

SuperSignal® West Pico/Dura/Femto

Extended Duration Substrate

Pierce Biotechnology (USA)

Triton X 100 Sigma-Aldrich (DE)
Trypan blue Invitrogen (DE)
Tween 20 Carl Roth (DE)

UltraPure Dnase/Rnase-Free Distilled Water

Invitrogen (DE)

B-Mercaptoethanol

Invitrogen (DE)

2.5.Biological reagents

Table 5. List of used biological reagents.

Biological reagents

Company

Adipogenic Supplement

R&D Systems (DE)

Albumin Fraction V, 2 98 %, bovine (BSA)

Carl Roth (DE)

Borgal solution, 24 %

Virbac (DE)

Bradford Protein Assay

Bio Rad Laboratories GmbH (DE)

Cell Adhere™ Type | Collagene

Stemcell Technologies (DE)

Collagenase Type 1

Worthington Biochemical (USA)

Convenia®

Zoetis (DE)

Deoxyribonuclease | (DNase)

Sigma-Aldrich (DE)

Fetal calf serum (FCS)

PAA (DE)

Gelatin from bovine skin

Sigma-Aldrich (DE)

Gene RulerTM 1 kb Plus Ladder

Invitrogen (DE)

Horse serum (HS)

BioWhittaker (DK)

Human LDL

Stemcell Technologies (DE)
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1Q-1 Inhibitor Selleckchem (USA)
LB Agar Carl Roth (DE)
LB medium Carl Roth (DE)

Lipofectamine®2000

Invitrogen (DE)

Lipopolysaccharides (LPS) from E. Coli

Sigma-Aldrich (DE)

Metacam®

Boehringer Ingelheim(DE)

miL-3, mIL-6, mIL-11

R&D Systems (DE)

mSCF

R&D Systems (DE)

Nerve Growth Factor (NGF)

R&D Systems (DE)

Osteogenic Supplement

R&D Systems (DE)

Penicillin/Streptomycin

Invitrogen (DE)

Precision Plus Protein Standards
(Dual Color)

Bio Rad Laboratories GmbH (DE)

Protease Inhibitor

Thermo Fisher Scientific Inc. (USA)

Proteinase K

Thermo Fisher Scientific Inc. (USA)

Puromycin

Invitrogen (DE)

Ringer-Lactat-Solution

B. Braun Melsungen AG (DE)

Sodium Orthovanadate

Merck Group (DE)

Trypsin 10x

Invitrogen (DE)

Vista Green DNA Dye

Cell Biolabs (USA)

2.6. Buffers, medium and solutions

2.6.1 Purchased buffers, medium and solutions

Table 6. List of ordered buffer, medium and solutions.

Ordered buffer, media and solutions

Company

Adipogenic/Osteogenic Base medium

R&D Systems (DE)

ACK Lysing Buffer

Thermo Fisher Scientific Inc. (USA)

o-MEM plus GlutaMAX

Invitrogen (DE)

Ampicillin

Sigma-Aldrich (DE)
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BIT 9500 Serum Substitute

Stemcell Technologies (DE)

Dulbecco’s Modified Eagle Medium (DMEM)

Invitrogen (DE)

Dulbecco’s phosphate buffered saline
(DPBS)

PAA (DE)

Hank’s Buffered Salt Solution, 10x (HBSS)

Invitrogen (DE)

HEPES

Invitrogen (DE)

Iscorve’s Modified Dulbecco’s Medium
(IMDM)

Thermo Fisher Scientific Inc. (USA)

Minimum Essential Medium Eagle

Sigma-Aldrich (DE)

MethoCult™ GF M3434

Stemcell Technologies (DE)

Opti-Mem | Reduced Serum Medium

Invitrogen (DE)

Penicillin/Streptomycin (P/S)

Invitrogen (DE)

RIPA buffer

Pierce Biotechnology (USA)

SOC Medium

Sigma-Aldrich (DE)

2x TCL buffer

Quiagen Inc. (DE)

0.5 % Trypsin-EDTA (10x)

Invitrogen (DE)

2.6.2 Prepared buffers, medium and solutions

Table 7. List of self-made buffer, medium and solutions.

Self-made buffer, media and solutions

Composition

Alizarin Red solution

1mg/ml in deionized H,O

Alkaline Solution (Comet Assay)

1.2 g NaOH

0.2 ml EDTA Solution

—>adjust volumne to 100 ml with deionized H,O

BBMM medium

325 ml IMDM + Glutamax

150 ml FCS (not heat-inactivated)

2,59 BSA

5 ml L-Glutamin

2,5 ml Penicillin/Streptavidine (100x)

1 ml B-Mercaptoethanol

Blocking Buffer (IF)

10 % FCS (heat-inactivated)

0.1 % Triton-X

89.9 % PBS

33



MATERIALS

Blocking Buffer (WB)

1xTBS

0.1 % Tween 20

5 % BSA or milk powder

Collagenase digestion buffer

2 ml DMEM with 10% FCS

200 pl HBSS (10x)

20 yl Collagenase Type |l

6 pl Dnase | (5mg/ml)

Destain solution

10 % Cetylpyridiumchloride

10mM Sodiumphosphate

2>atpH 7.0

EDTA solution

0.5 M in deionized H,O

—>atpH 8.0

Electrophoresis Running Solution

(Comet Assay)

12 g NaOH

2 ml EDTA solution

—>adjust volumne to 1 L with deionized H,O

FACS buffer (500 ml)

500 ml DPBS

0.5 % BSA

Freezing medium

10 % DMSO

FCS (heat-inactivated)

Gelatin solution (1%, 500 ml)

5 g Gelatin powder

500 ml deionized H,O

HF2+ buffer (1 1)

10 % HBSS (10x)

2 % FCS (heat-inactivated)

0.1 % ml HEPES

100 U/ml penicillin

100 mg/ml streptomycin

86 % deionized H,O

Lysis Buffer (Comet Assay)

14.6 g NaCl

20 ml EDTA Solution

10 ml Lysis Solution (10x)

10 mI DMSO

—>adjust volumne to 100 ml with deionized H,O

—>at pH 10.0

MEF, NIH, Phoenix medium (500 ml)

445 m| DMEM (+L-glutamine)

10 % FCS (heat-inactivated)

100 U/ml penicillin

100 mg/ml streptomycin

34



MATERIALS

MSC media (500 ml)

a-MEM plus GlutaMAX

10 % FCS (heat-inactivated)

100 U/ml penicillin

100 mg/ml streptomycin

10 mM B-Mercaptoethanol

NaB buffer

0.01 M disodium tetraborate

deionized H,O

Oil Red O Stock solution

0.5g0ilRed O

100 ml Isopropanol

Phoenix media for transfection (500 ml)

445 m| DMEM (+L-glutamine)

10 % FCS hi

10x Running Buffer

288 g Glycine

60 g Tris

20 g SDS pellets

2L H20

Stroma media (500 ml)

a-MEM plus GlutaMAX

15 % FCS (heat-inactivated)

5 % HS (heat-inactivated)

100 U/ml penicillin

100 mg/ml streptomycin

10 mM B-Mercaptoethanol

10x TBS

500 mM Tris

1500 mM NacCl

—adjust to pH 8 with HCI

Transfer buffer

500 ml 10x Running buffer

1 L Methanol

3.5LH20

TRAP buffer

1.64 g Sodium acetate

23 g Di-Sodium-tartrate

—>adjust volume to 500 ml with deionized H,0O

2atpH 5.0

TRAP-staining solution

40 mg Naphthol-AS-BI-Phosphate

4 ml Dimethylformacid

200 ml TRAP buffer

240 mg Fast Red Violett LB Salt

2 ml Triton X 100

—>first mix Naphthol-AS-BI-Phosphate and

DMF, afterwards add the other reagents
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2.7.Preparation and detection kits

Table 8. List of used kits.

Kits

Company

Annexin V Kit

BD Pharming (USA)

APC/FITC BrdU Flow Kit

BD Pharming (USA)

Cytometric Bead Array (CBA) KiT

BD Pharming (USA)

Comet Assay KiT

Cell Biolabs (USA)

Lineage cell depletion Kit (mouse)

Miltenyi Biotec (DE)

pHrodo™ E.coli Green BioParticles®

Phagocytosis Kit

Thermo Fisher Scientific Inc. (USA)

Power SYBR Green PCR Master Mix

Applied Biosystems (USA)

Quanti Tect Reverse Transcription Kit

Quiagen Inc. (DE)

Qiagen® HiSpeed® Plasmid Maxi Kit

Quiagen Inc. (DE)

Qiagen® Spin Miniprep Kit

Quiagen Inc. (DE)

VWR Red Taq DNA Polymerase Master Mix

VWR life science (USA)

RNeasy Micro Kit

Quiagen Inc. (DE)

Senescence Cells Histochemical Staining
Kit

Cell Signaling (USA)

Wizard® Genomic DNA Purification Kit

Promega (USA)

2.8.Primary and secondary antibodies

2.8.1 Primary antibodies flow cytometry

Table 9. List of used primary antibodies for flow cytometry.

Volume/1*10°
Antigens Clone Fluorochrome Company
cells
Anti-mouse
145-2C11 PE-Cy5.5 0.1 ul ebioscience (USA)
CD3e
Anti-mouse
cD4 30-F11 PE-Cy5.5 0.1 pl ebioscience (USA)
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Anti-mouse
53-6.7 PE-Cy5.5 0.1 ul ebioscience (USA)
CD8a
Anti-mouse APC
M1/70 0.1 pl ebioscience (USA)
CD11b APC-eFluor®780
Anti-mouse
390 APC 0.1 ul ebioscience (USA)
CD31 (PECAM-1)
Anti-mouse
RAM34 FITC 0.1 pl ebioscience (USA)
CD34
FITC
PE
PE-Cy5.5.
Anti-mouse
30-F11 PE-Cy7 0.1 ul ebioscience (USA)
CD45
eFluor®450
APC
APC-eFluor®780
Anti-mouse
PE-Cy7
CD45R RA3-6B2 0.1 pl ebioscience (USA)
PE-Cy5.5
(B220)
Anti-mouse APC
2B8 0.1 pl ebioscience (USA)
CD117 (KIT) PE
Anti-mouse APC
9D1 0.1 pl ebioscience (USA)
CD150 PE
Anti-mouse
eBioALC48 PE 0.1 pl ebioscience (USA)
CD166
Anti-mouse
RB6-8C5 eFlour450® 0.1 pl ebioscience (USA)
Gr-1 (Ly-6G)
Anti-mouse PE
D7 0.1 pl ebioscience (USA)
SCA-1 PE-Cy7
Anti-mouse L
67 SolA15 PE-Cy7 1l ebioscience (USA)
Anti-mouse PE .
TER119 0.1 pl ebioscience (USA)
TER119 eFlour450®
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Biotinylated
anti-mouse
CD3e

145-2C11

0.1 pl

ebioscience (USA)

Biotinylated
anti-mouse
CD11b

M1/70

0.1 pl

ebioscience (USA)

Biotinylated
anti-mouse
CD48

HM48-1

0.1 pl

ebioscience (USA)

Biotinylated
anti-mouse
B220

RA3-6B2

0.1 pl

ebioscience (USA)

Biotinylated
anti-mouse
Gr1 (Ly-6G)

RB6-8C5

0.1 pl

ebioscience (USA)

Biotinylated
anti-mouse
TER-119

TER-119

0.1 pl

ebioscience (USA)

2.8.2 Primary antibodies immunofluorescence and western blot

Table 10. List of used primary antibodies for immunofluorescence.

Antibody
Antigens Catalog Nr. . Conc. Company

species
Beta catenin (L54E2) 2677s mouse 1:100 Cell Signaling (USA)
cBP 7389s rabbit 1:50 Cell Signaling (USA)
gamma H2AX 05-636 mouse 1:50 Upstate/Millipore (USA)
p300 CT 05-257 mouse 1:100 Upstate/Millipore (USA)
phospho-p300 (Ser89) | PA5-12652 rabbit 1:100 Invitrogen (DE)
p-Beta Catenin

9561s rabbit 1:50 Cell Signaling (USA)

(S33/37/T41)
SFRP1 4690S rabbit 1:100 Cell Signaling (USA)
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2.8.3 Secondary antibodies flow cytometry

Table 11. List of used secondary antibodies for flow cytometry.

Reagents

Conjugate

Volume/1x10° cells

Company

Streptavidin

eFluor4d50®

0.1 pl

Invitrogen (DE)

2.8.4 Secondary antibodies immunoflourescence and western blot

Table 12. List of used secondary antibodies for immunofluorescence and western blot.

Catalog | Antibody
Antigens . Fluorochrome | Conc. | Company

Nr. species
Mouse A10036 | Donkey Alexa-Fluor 546 | 1:500 | Thermo Fisher Scientific (USA)
Rabbit A11010 | Goat Alexa-Fluor 546 | 1:500 | Thermo Fisher Scientific (USA)
Mouse A11001 | Goat Alexa-Fluor 488 | 1:500 | Thermo Fisher Scientific (USA)
Rabbit A32731 | Goat Alexa-Fluor 488 | 1:500 | Thermo Fisher Scientific (USA)

2.9.Primer

2.9.1 PCR primer

Table 13. List of PCR primers for genotyping.

Name Sequence 5" > 3’

S5HA_left GGAGTCCCTATGGCACTTCA
CCE_right3 AGCTGCTGTGAGTACCTGAA
CE3_left AAGACGAAGTTCCAGCCTCA
CE3_right CTCCACAAGGTCACAGCTCA
Sfrp1 del left 4 GGAGTCCCTATGGCACTTCA
Sfrp1 del right 4 GCAGCAGGTGAAGAGAACTG
OSX CRE L AGGCAGGTGCCTGGACAT

OSX CRER CTCTTCATGAGGAGGACCCT

OSX CRE Internal F CTAGGCCACAGAATTGAAAGATCT
OSX CRE Internal R GTAGGTGGAAATTCTAGCATCATCC
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2.9.2 qPCR primer
Table 14. List of qPCR primers.

Name

Sequence 5" > 3°

human Sfrp1-F

AATCCAGTCGGCTTGTTCTT

human Sfrp1-R

CTAATCTAAATGGCCCTTGCTTTAC

RT-qPCR EIF3-F TGTCGGACAGCCAGCTAAAG
RT-qPCR EIF3-R CCATGATGCTGGACACACTG
Gorasp2 Forward CACTGGGTTCCCTGTACCAC
Gorasp2 Reverse GATGCGACTCACAGAGACCA

RplI39 Forward

ATTCCTCCGCCATCGTGCGCG

RplI39 Reverse

TCCGGATCCACTGAGGAATAGGGCG

2.9.3 Universal RNA for gPCR
Table 15. List of universal RNA for qPCR.

Name

Company

Human Universal Reference Total RNA

Takara Bio Inc. (Japan)

Mouse Universal Reference Total RNA

Takara Bio Inc. (Japan)

2.10. Vectors

Table 16. List of used vectors.

Name Factory

pLKO.1 (Renstrom et al., 2009)
shSfrp1 (Renstrom et al., 2009)
MIG (Miething et al., 2003)
pMIG-p185 (BCR-ABL) (Miething et al., 2003)

2.11. Bacteria

Table 17. List of used bacteria.

Name

Factory

DH5-a chemisch kompetente E. coli

Invitrogen (DE)
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2.12. Cell lines

Table 18. List of used cell lines.

Name

Factory

NIH-3T3

(Littlefield, 1982)

NX (Phoenix) Eco 293T

(Pear et al., 1993)

UG26-1B6 pLKO.1

(Oostendorp et al., 20023;
Renstrom et al., 2009)

UG26-1B6 shSfrp1

(Renstrom et al., 2009)

2.13. Mice strains

Table 19. List of used mice strains.

Name

Factory

C57BL/6.J

Harlan Laboratories, Rossdorf, Germany

BL/6/SJL (Ly5.1)

Taconic Europe, Ry, Denmark

129S2/SvHsd Harlan Laboratories, Rossdorf, Germany
129xBL/6 Breeding in ZPF: 129S2/SvHsd x C57BL6.J
129xLy5.1 Breeding in ZPF: 129S2/SvHsd x B6/SJL

129B6 Sfrp1”

Breeding in ZPF: (Satoh et al., 2006)

C57BL/6.J Sfrp1°™"™*

Breeding in ZPF

B6.Cg-Tg(Sp7-tTA,tetO-EGFP/cre)1Amc/J

Breeding in ZPF: (Rodda & McMahon, 2006)

C57BL/6.J Sfrp1Y*

Breeding in ZPF

C57BL/6.J Sfrp1**

Breeding in ZPF

2.14. Human healthy and leukemic donor

Table 20. List of human healthy and leukemic donors.

Date of donation
Name Diagnosis Date of birth Sex
(Age)
Healthy 1 Healthy 2015/04 (31) 1983/09 male
Healthy 2 Healthy 2015/04 (35) 1980 male
Healthy 3 Healthy 2015/04 (26) 1989/03 male
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Healthy 4 Healthy 2015/04 (47) 1967/12 male
Healthy 5 Healthy 2015/04 (35) 1979/06 male
Healthy 6 Healthy 2015/06 (41) 1973/12 male
Healthy 7 Healthy 2015/07 (26) 1989 male
Healthy 8 Healthy 2020/11 (40) 1980 female
Healthy 9 Healthy 2020/10 (26) 1994 female
Healthy 10 Healthy 2020/10 (53) 1967 female
Patient 1 AML from MDS 2006/07 (69) 1936/08 female
Patient 2 AML 2006/11 (71) 1935/02 male
Patient 5 AML 2007/09 (76) 1931/09 male
Patient 6 AML 2007/11 (69) 1938/06 female
Patient 7 AML 2008/01 (25) 1982/03 male
Patient 8 AML 2004/08 (64) 1940/05 male
Patient 9 CML 2004/11 (55) 1949/07 female
Patient 10 CML 2005/03 (57) 1947/07 female
Patient 14 AML 2011/06 (37) 1973/12 female
Patient 15 AML 2011/07 (54) 1957/07 female
Patient 17 AML 2011/10 (33) 1978/08 male
Patient 18 AML 2020/11 (40) 1980/02 male
Patient 19 AML 2020/08 (26) 1993/09 male
Patient 20 AML 2019/12 (35) 1984/04 male
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3. Methods

3.1. Experimental procedure of mice

3.1.1 Generation of Sfrp1 conditional knockout strain

For the analysis of the impact of stromal cell-secreted SFRP1 on the hematopoiesis we

used a conditional knockout model where the Sfrp? gene is flanked by loxP sides (Sfrp1™

1" conditional mouse with

mouse strain: "KO first") and crossed the newly generated Sfrp
a mouse line expressing CRE recombinase (CRE) under control of the Sp7 (also known as
Osterix 1, Osx1) promoter, which additionally harbors a reporter IRES GFP as a selectable
marker (Osx1-GFP::Cre transgenic mouse line (B6.Cg-Tg(Sp7-tTA,tetO-

EGFP/cre)1Amc/J)) (Rodda & McMahon, 2006).

In brief, the Sfrp1™@ mouse line Sfro1™ was generated using EUCOMM Sfrp1 targeting
vector (HTGRO03001_Z 2 AO0) in C57BL/6N embryonic stem cells (JM8A3.N1, clone
HEPDO0593_1_CO09) (Pettitt et al., 2009) in collaboration with Dr. R. Naumann (Max Planck
Institute of Molecular Cell Biology and Genetics (MPI-CBG), Dresden).

This mouse line contains an IRES:/acZ trapping cassette and a floxed promoter-driven
targeting neo cassettes for the generation of a 'Knockout-first allele’, when crossed with a
FLP-FRT mouse (flippase (FLP) recombinase) (Sadowski, 1995) or Cre-lox mouse (Araki
etal., 1997; Sauer & Henderson, 1988; Sternberg & Hamilton, 1981). This strategy is based
on the identification of a 'critical' exon common to all transcript variants that, when deleted
by CRE, induce a frame-shift mutation. The KO-first allele is flexible and offers wide
reusability options like reporter knockouts, conditional knockouts, and null alleles (Skarnes
etal., 2011) (Figure 11).

tm1a FRT loxP ™  FRTloxP loxP

1 Cre recombinase

tm1b FRT loxP

Figure 11. Knockout - first (KO-First) conditional allele strategy. The KO-First allele tm1a containing FRT
(green), loxP side (red) flanked IRES:/acZ trapping cassette (blue) and a floxed promoter driven neo cassettes
(grey) additional to the loxP side flanked critical exon 2. Production of reporter knockout by exposure to site
specific Cre recombinase (tm1b) (Scheme adapted from (Skarnes et al., 2011)). The LacZ and Neo cassettes
were deleted using crosses with the Flp mouse by our collaborators in Dresden. We then received the Sfrp1trn1a
KO first (Sfrp1ﬂ/ﬂ), which were crossed with C57/BL6.J mice for use in Munich. These mice were then crossed
with appropriate cell lineage-specific Cre deleter strains (Osx1-GFP::Cre).
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3.1.2 Mouse strains used in this thesis

The activity of the transcription factor Osx-Cre (Osx7-GFP::Cre) is limited to osteoblast
lineage cells, bone marrow stromal cells, osteocytes, hypertrophic chondrocytes,
perivascular cells and adipocytes in the bone marrow (Chen et al., 2014; Rodda &
McMahon, 20086). In all experiments, age- and sex- matched Sfrp1** (wildtype (WT)),
Sfrp 1"/ (WT), and Osx1-GFP::Cre (WT) mice were used as controls.

For the generation of fetal liver (FL) cells and mouse embryonic fibroblasts (MEFs)
C57BL/B6.JCrl (BL6; CD45.2) mice were used. Additionally, 129B6 Sfrp1™ (Satoh et al.,
2006) were used for the generation of MEFs. For the repopulation assays, the F1 crosses
of 12982/SvPasCrl (129; CD45.2) and either B6.SJL-Ptprca Pepcb/BoyJCrl (Ly5.1;
CD45.1) (129xLy5.1) or C57BL/B6.JCrl (BL6; CD45.2) (129xB6) were used as donor or
recipient mice unless otherwise specified. These mice were ordered from Charles River

Laboratories (Lyon, France, https://www.criver.com) at the age of 6 weeks.

All mice were kept in the Center of Preclinical Research (Zentrum fir praklinische
Forschung (ZPF)) under specific-pathogen-free (SPF) conditions in micro-isolators in
individually ventilated cages (IVC), corresponding to Federation of European Laboratory
Animal Science Associations (FELASA) recommendations. All experiments were approved

by the Government of Upper Bavaria.

3.1.3 Genomic DNA isolation

The mice were marked at the age of three to four weeks using markings in the ears. The
genomic deoxyribonucleic acid (QDNA) was isolated from small tissue samples of the
mouse ear using Wizard® Genomic DNA Purification Kit (Table 8). In brief, the tissue was
digested overnight in 300 pl of Nuclei Lysis Solution with 60 pl of a 0.5 M EDTA solution
and 2 pl Proteinase K (200 ug/ml) at 55 °C and 800 rpm.

The following day, 100 ul of the Protein Precipitation Solution was added, followed by 20 sec
of vortexing thoroughly and an incubation step on ice for 5 min. Afterwards the sample was
centrifuged at 13,000 x g for 10 min. In the next step, the supernatant containing DNA was
transferred to a new 1.5 ml microcentrifuge tube filled with 300 ul of 100 % isopropanol.
After inverting the tube and centrifugation at 13,000 x g for 10 min, the isopropanol was
carefully aspirated and the pellet was resuspended in 600 ul of 70 % ethanol, inverted and
centrifuged again. The ethanol was removed followed by air-drying of the pellet for 60 min.
Subsequently, the DNA was resolved with 100 pl DNA Rehydration Solution and stored at
4 °C.
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3.1.4 Mouse genotyping for Sfrp1 conditional mice

The mouse genotyping is based on polymerase chain reaction (PCR). For all PCRs, we
used VWR Red Taq DNA Polymerase Master Mix (Table 8) containing Tris-HCI pH 8.5,
(NH4)2S04, 1.5 mM MgCl,, 0.11 % Tween®20, 0.22 mM of each dNTP, 0.11 units/ul VWR
Taq DNA polymerase and stabilizer. The genotypes were determined by resulting PCR
products. In order to determine the genotype of the mice as Sfrp1 conditional (Cre negative
but floxed) or deleted allele (Cre positive and Sfrp1 knockout in stromal cells) of the critical

exon 2 (CE), the following three PCR reactions are needed (Table 21).

Table 21. Content of PCR scheme for genotyping of Sfrp1 conditional mice.

5HAL - CCER CE3 DEL
Master Mix 17.5 ul 14 pl 17 pl
Primer - F 1ul 1.5 ul 1ul
Primer -R 1ul 1.5 ul 1ul
Intern Control - F - 1ul -
Intern Control - R - 1ul -
gDNA 0.5 pl 1ul 1ul
Total Volume 20 yl 20 ul 20 yl

The CE3 PCR was performed to confirm Cre gene insertion. Furthermore, the 5HAL-
CCE3R PCR as well as the Sfrp1_del PCR were performed to determine successful
deletion of critical exon 2. All primers are listed in the Table 11. PCRs were run in a PTC
100 Peltier Thermal Cycler corresponding to the melting temperatures of each primer pair
(Table 22).

Table 22. PCR program for genotyping of Sfrp1 conditional mice.

5HAL - CCER

CE3

DEL

Denaturation

94 °C for 3 min
94 °C for 20 sec

94 °C for 3 min
94 °C for 30 sec

94 °C for 3 min
94 °C for 20 sec

(from step 2 - 4)

Annealing 57 °C for 1 min 64 °C for 1 min 59 °C for 20 sec
72 °C for 1 min 72 °C for 1 min 72 °C for 2 min
Extension
72 °C for 2 min 72 °C for 10 min 72 °C for 10 min
Hold 4 °C forever 4 °C forever 4 °C forever
Cycles 35 x 35 x 35 x
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The PCR products were analyzed by an agarose gel electrophoresis (4.4 Generation and
analysis of Sfrp1 conditional mice). Therefore, the PCR products were loaded on a 1.5 %
agarose gel containing ethidium bromide (0.5 pg/ml) and the gel was run in 0.01 M di-
sodium tetraborate (NaB buffer). The electrophoresis was performed at 180 V for 60 min

and the DNA fragments were visualized using the BioRad Gel-Doc XR Imaging System.

3.1.5 In vivo lipopolysaccharide treatment

For the study of hematopoietic stress, the mice were stimulated in vivo with
lipopolysaccharide (LPS, Table 5), a component of gram-negative bacteria, whose
recognition by blood cells induces immune reactions (Farhana & Khan, 2021). Eight- to ten-
week-old Sfrp1 conditional mice and control mice were intraperitoneally (i.p) injected with
1000 ng LPS. The control group was treated with HF2+ buffer. 24 h after treatment the
peripheral blood (PB), bone marrow (BM), spleen (SP) and stromal cells were isolated and
analyzed by flow cytometry. In some experiments, the primitive BM cells were studied in a
repopulation assay and for colony formation with MethoCult™ methylcellulose-based
medium (M3434).

3.1.6 In vivo 1Q-1 inhibitor assay

In order to rescue the functionality of LT-HSCs and obviate spontaneous differentiation in
Sfrp1 conditional mice we inhibited catenin beta 1 (CTNNB1)-p300 binding with the specific
inhibitor 1Q-1 (Table 5) in vivo. Eight- to ten-week-old control and Sfrp71 conditional mice
were i.p injected with 14 pg (stock concentration 10 mg/ml) of the IQ-1 inhibitor for five days
and analyzed 24 h after the last treatment. The control group was treated with HF2+ buffer.
The PB, BM, SP and stromal cells were isolated and analyzed by flow cytometry. In some
experiments, the primitive BM cells were studied in a repopulation assay and for colony

tTM

formation with MethoCult'™ methylcellulose-based medium (M3434).

3.1.7 Murine tissue extraction and preparation

In this study, we analyzed the mouse embryonic fibroblast (MEF), fetal liver (FL), peripheral

blood (PB), bone marrow (BM), spleen (SP), lymph node (LN) and stromal niche cells.

3.1.7.1 Mouse embryonic fibroblast and fetal liver

MEFs were generated from embryos (E11.5 or E13.5) using a generic protocol (Durkin et
al., 2013; Qiu et al., 2016) without trypsin digestion of the embryonic tissue. FL cells were
isolated from embryos at E13.5. In brief, adult female mice (8 weeks) were bred with adult
male mice (8 weeks) in the evening. The female mice were checked on the next morning

for the appearance of a vaginal plug.
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For isolation of MEFs and FLs the pregnant females were sacrificed with isoflurane (Table
4) and cervical dislocation. The uterus was isolated by careful opening the abdomen with
forceps and scissors. The embryos within the uterine horns were placed into a new dish

containing HF2+ buffer (Table 7), separated by using scissors and maternal tissues were

removed. For the isolation of the FLs and the MEFs a stereomicroscope was used (Figure
12).

Figure 12. Process for isolation of FLs and MEFs. Left to right: embryos within the uterine horns; removing
the yolk sac and placenta; removing head, FL and internal organs; moving the body to a new cell dish; cutting
body into small pieces. PL - placenta; YS - yolk sac; UC - umbilical cord; IO - internal organs (scheme adapted
from (Qiu et al., 2016)).

The bodies of the embryos (without the top of the head) were placed into a new dish
containing HF2+ buffer. The FL from each fetus was removed using sterile forceps.
Afterwards, the FL was squeezed, filtered through 30 pym cell strainer, digested with 1 %
DNAse | (6 mg/ml, Table 5) for 30 min, washed with HF2+ buffer and used immediately for
retroviral infection or stored for long-term storage in liquid nitrogen in freezing medium
(Table 7). Subsequently, all internal organs of the embryo were removed. The body of the
embryo was placed in a well of a 6-well plate and cut into small pieces using two 1 ml
syringes (Table 1). During the procedure, a few scratches were cut into the plastic of the
well, the embryo was covered with 2 ml MEF medium (Table 7) and cultured at 37 °C and

5 % CO; in a tissue culture incubator until MEF colonies were visible (after 3-4 days).

For passage, MEFs were counted and 1/3 was seeded together with 20 % of the cell and
debris-free supernatant of the previous passage (3.2.1 Culture of adherent cells). For
experiments, MEFs were collected between 80 % till 90 % confluence, cultured and used
immediately for the generation of conditioned medium (CM) or stored for long-term storage

in liquid nitrogen in freezing medium.

3.1.7.2 Peripheral blood

PB was obtained by the facial vein (during regeneration experiment) or taken directly from
the heart (end of experiment) with a 1 ml syringe (Table 1). At the end of the experiment
mice were sacrificed with isoflurane. The facial vein blood or heart blood were collected in
a S-Monovette Blood Collection System (silicate-treated collecting tube) and the blood

compositions were analyzed with an animal blood counter Scil Vet Abc™.
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If serum was needed the collected blood samples were centrifuged by 2000 x g for 10 min
at 4 °C. Afterwards the supernatant was collected and stored at -80 °C until further

Cytometric Bead Array (CBA) analysis.

In order to analyze the composition of the white blood cells by flow cytometry, the red blood
cells were lysed by the Ammonium-Chloride-Potassium (ACK) Lysing Buffer from Gibco™.
In brief, either the remaining pellet after serum collection or the whole blood was transferred
into a 15 ml polypropylene centrifuge tube containing 5 ml Gibco™ ACK Lysing Buffer and
incubated on ice for 15 min. Afterwards, 5 ml HF2+ buffer was added to dilute the lysing
buffer. The samples were centrifuged at 500 x g for 5 min to collect the white blood cells.
The pellet was resuspended in 1 ml HF2+ buffer and stored at 4 °C for further flow cytometry

analysis.

3.1.7.3 Bone and bone marrow

For characterization of the bone homeostasis and of the hematopoietic cells in the BM, the
mice were sacrificed with isoflurane and cervical dislocation and the femurs and tibia of both
hind legs, as well as the spinal column (only for the bone homeostasis analysis) were
isolated. For bone homeostasis analysis, the femurs and tibia of both hind legs, as well as
the spinal column were fixed with 4 % PFA for 48 hours. Afterwards the bones were washed
three times with 1 x DPBS and stored in 50 % EtOH at room temperature. The bones were
analyzed by Heike Weidner (Bone Lab, Dresden). To analyze the degree of bone
mineralization, we injected mice with a calcium-binding fluorescent dye (Calcein, 6 mg/ml)

five and two days before sacrifice.

For the hematopoietic cell analysis, the BM was flushed out the bones with HF2+ buffer.
The flushed BM was resuspended by using Monoject™ Blunt Cannula Needle (16 G x 1-
1/2", Covidien) and afterwards filtered through a 30 um filter. Then the BM was pelleted at
500 x g for 5 min and resuspended in 1 ml HF2+ buffer. The BM cells were counted with a
Neubauer improved cell counting chamber and stored at 4 °C. Unless otherwise described,
these cells were used for flow cytometry and sorting analysis. The sorted cell compartments
were used for real-time quantitative PCR (RT-gPCR), mouse colony-forming unit (CFU)
assay, single cell culture (SCC) assay, cell cycle assay, apoptosis assay, DNA damage

assay, repopulation assay and immunocytofluorescence staining.
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3.1.7.4 Spleen and lymph node

For the analysis of the hematopoietic cells in the SP and LN, the mice were sacrificed with
isoflurane and cervical dislocation. The SP and the LN were isolated, the size of the organs
were measured, and the organs were weighed on a precision scale. Afterwards the SP and
the LN were pressed and filtered through a 70 ym filter. The cells were homogenized using
Monoject™ Blunt Cannula Needle (16 G x 1-1/2", Covidien) and again passed through a
30 ym filter with HF2+ buffer. Then the SP- and LN cells were spun down at 500 x g for
5 min and resuspended in 1 ml HF2+ buffer, counted with a Neubauer improved cell
counting chamber and stored at 4 °C. Unless otherwise described, these cells were used

for flow cytometry analysis.

3.1.7.5 Stromal niche cells

For the isolation of stromal niche cells, the flushed femur and tibia were cut into small pieces
and ground with mortar and pestle. The resulting bone chips were washed in 1 x DPBS to
remove loosely cells. The bone chips were incubated with 3 mg/ml type | collagenase and
15 pg/ml DNAse | (5 mg/ml, Table 5) dissolved in DMEM with 10 % FCS and 1 x HBSS for
90 min at 37 °C and 5 % CO, and carefully shaken from time to time. Afterwards, the
digested bones were washed three times with HF2+ buffer. The stroma niche cells were
filtered through a 30 um filter, centrifuged at 500 x g for 5 min and resuspended in HF2+
buffer. The stromal niche cells were counted with a Neubauer improved cell counting
chamber and stored at 4 °C. Unless otherwise described, these cells were used for flow
cytometry and sorting analysis. The sorted cell compartments were used for RT-qPCR,

CFUs, differentiations and immunocytofluorescence staining.

Additionally, the remaining mesenchymal stromal cells (MSCs) in the digested mouse
compact bone were isolated as described previously (Zhu et al., 2010). In brief, the
remaining bone chips were plated on a 0.1 % gelatin coated 10 cm? dish with MSC medium
and cultured at 37 °C and 5 % CO; in a tissue culture incubator until colonies were visible
(after 7-10 days). Adherent stroma colonies were washed with 1 x DPBS. For passage,
cells were treated with 1 x Trypsin for 5 to 10 min at 37 °C when a 70 % - 80 % confluency
(every 3-4 days) was reached and reseeded at a 1:3 ratio together with 20 % of the cell and
debris-free supernatant of the previous passage (3.2.1 Culture of adherent cells). The cells
were used immediately or stored for long-term storage in liquid nitrogen in freezing medium.
For experiments, such as long-time culture, scratch assay, senescence, differentiation,
cultured MSCs were used at passage 4. The remaining cells were frozen as pellets at -80

°C for further analysis such as western blot.
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3.1.8 In vivo repopulation assay

In order to study alterations in hematopoietic stem cell behavior caused by the loss of Sfrp1
in the bone marrow microenvironment, the repopulation assay is required to measure
donor-derived blood cell regeneration in vivo in irradiated transplant recipient mice under

controlled conditions.

For the adult in vivo repopulation assay, the CD45 congenic system (CD45.1 and CD45.2)
was used to differentiate donor-derived cells and recipient cells and was performed as
described previously (Marquez Romero et al., 2020; Renstrém et al., 2009; Schreck et al.,
2017). For transplantations eight-to ten-week-old lethally irradiated recipient mice (8.5 Gy)
received donor cells via intravenous (i.v.) injection in the tail vein. The transplanted adult
mice received 8 mg of the long-term antibiotic Convenia® (80 mg/ml, Table 5) per kilo of
bodyweight via subcutaneous (s.c.) injection. Furthermore, the mice were administered
1 mg/ml Borgal® solution (24 %, Table 5) for a total of three weeks post transplantation in

drinking water.

For the MEF project, 20 harvested clones with at least one division from 129xLy5.1 (F1,
CD45.1xCD45.2) donor cells were transplanted into 129xB6 (F1; CD45.2) recipients,
together with 1 x10° BM cells and 5 x 10° spleen helper cells of 129xB6 mice. The analysis
of the PB was performed five-, ten- and 16-weeks post transplantation by flow cytometry.
16 weeks post transplantation, mice were sacrificed (3.1.7 Murine tissue extraction and
preparation) and BM was analyzed by flow cytometry. Mice were counted positive with = 1

% donor engraftment in the myeloid and lymphoid lineage.

For the Sfrp1 project, 100 sorted Lin"Sca-1"Kit"CD34'CD150" donor BM cells of Sfrp1
conditional mice and control mice (CD45.2) were transplanted into 129xLy5.1 (F1;
CD45.1xCD45.2), together with 1 x 10° BM cells and 5 x 10° spleen helper cells from
129Ly5.1 mice. The PB was analyzed in week four, eight, 12, 16, and 20 post
transplantation by flow cytometry. 20 or 24 weeks after transplantation, mice were sacrificed
and BM, SP, and PB were analyzed by flow cytometry. Mice were counted positive with
= 1 % donor engraftment in the myeloid and lymphoid lineage. Sorted BM cells were used

for further analysis like immunocytofluorescence staining.

The newborn in vivo repopulation assay was used for the model of primary leukemia. In
leukemia model of B6, 0.5 x 10°, 2 x 10° and 4 x 10° BCR/ABL" FL cells, expressing green
fluorescent protein (GFP) and in the Sfrp7 conditional mice 0.5 x 10° BCR/ABL" FL cells

were transplanted into newborn recipients.
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The newborn recipient animals (first to fourth day after birth) from the Sfrp7 conditional mice
and B6 were irradiated lethally with 4.5 Gy (without mother) one day before the transplant.
Therefore, the pups were separated from the parents. After radiation, newborn recipients
receive oral pain treatment with 1 mg/kg Metacam® (1.5 mg/ml, Table 5). Since the
newborn animals have no body hair in the first four days, the liver is clearly visible. The
newborn recipients received the GFP* donor cells via intra-hepatic (i.h.) injection in 20 pl
HF2+ buffer with Hamilton® syringes (Table 2).

After transplantation, the newborn recipients received again an oral pain treatment with
1 mg/kg Metacam® (1.5 mg/ml, Table 5). In addition, the newborn mice were given
antibiotics (1 mg/ml Borgal) in breast milk for a total of three weeks. In the case of a
complicated disease pattern and severe symptoms the animals were sacrificed and

analyzed by flow cytometry.

3.1.8.1 Monitoring of transplanted mice

The irradiation of the animals represented a moderate stress (stress level 2), due to the
fixation of the animals, injections and antibiotic administration as well as bleeding. The
development of leukemia was expected about 8 to 10 weeks after transplantation in the
BCR-ABL leukemia model with newborn recipient animal. This resulted in an infiltration of
the GFP* leukemic cells in the BM, SP, LN and PB. If symptoms appear, the mice were
sacrificed according to the criteria (stress level 3) in the score sheet of the application for

animal experiments (Table 23 and Table 24).

Table 23. Criteria for the scoring of the mice in an experiment.

Monitoring Score
Weight loss <5 % 0
Weight loss 5-10 % 5
Body weight
Weight loss 11-19 % 10
Weight loss > 19 % 20
Leucocytes in PB< 15 x 10°/pl 0
Leucocytes in PB 15-30 x 10°/ul 5
Blood check '
Leucocytes in PB 30-50 x 10°/pl 10
Leucocytes in PB 30-50 x 10°/pl 20
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No visible effects 0

Diarrhea, mild dehydration (grade |, 3-6 % of body

mass), paleness of skin and mucosa (due to anemia) 5
Side effect Diarrhea (1-3 days), dehydration (grade I, 6-8 % of
irradiation body mass) 10

Diarrhea sustained (> 3 days), dehydration (grade I,
6-8 % of body mass, petechial bleeding, difficulty in | 5q

breathing (due to anemia/ thrombocytopenia)

Normal behavior (sleeping habits, reaction to 0

contact, social contacts, curiosity)

Arched back, slightly limited movements or 5
Behavior and hyperkinetic, aberrant posture
posture Strongly arched back, lethargy, separation from the 10
group, coordination disorder
Auto aggression, lateral position 20
Visual evidence of Leucocytes in PB 20
an infection Strong ascites, open abscess
Table 24. Level of stress in an animal experiment.
Stress level Valuation, consequence Score
Stress level 0 No distress 0
Stress level 1 mild distress, careful surveillance 1-9
Stress level 2 Moderate distress, consult of person in charge 10-19
Stress level 3 serve distress, end of experiment 20
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3.2. Experimental procedure of cell culture

3.2.1 Culture of adherent cells

The UG26-1B6 stromal cell line (Oostendorp et al., 2002; Oostendorp et al., 2005), the
sorted MSCs and OBCs as well as the cells from the bone chips were cultured on 0.1 %
gelatin-coated cell culture dishes. Therefore, the cell culture dishes were covered with 0.1 %
gelatin and cultured for 30 min at 37 °C. The NIH/3T3 cells, Phoenix Eco cells and MEFs

were cultured without 0.1 % gelatin-coated culture dishes.

The deep-frozen cryogenic vials containing cells in freezing medium (FCS, 10 % DMSO)
were thawed with 5 ml suitable culture medium to dilute the cell toxic DMSO. The thawed
or fresh isolated cells (3.1.7 Murine tissue extraction and preparation) were centrifuged for
5 min at 500 x g and cultured on the cell culture dishes containing a suitable culture medium
and incubated at 37 °C (UG26-1B6 stromal cell line was cultured at 33 °C) with 5 % COs,.

The culture confluence was checked by phase-contrast microscopy. If the cells reached an
80 % confluence, the culture supernatant was collected and centrifuged for 5 min at 500 x g
at room temperature to pellet floating cells and debris. In the meantime, the adherent cells
were washed two times with 1 x DPBS. Afterwards 1 x Trypsin was added for 5 to 10 min
to detach adherent cells from the bottom of the culture dishes. The reaction was stopped
by adding two volumes of culture medium containing fetal calf serum (FCS). The FCS in
the medium contains a trypsin inhibitor, particularly a1-antitrypsin (protease inhibitor), and
also a high concentration of other proteins, which attenuate the effect of trypsin on the
cellular proteins. Then the cells were centrifuged for 5 min at 500 x g. For passage, cells
were counted and cultured in fresh medium together with 20 % of the cell and debris-free
supernatant of the previous passage. To freeze the pellet, it was resuspended in freezing
medium and transferred into a labeled cryogenic vial with a maximum of 0.5 x 10° cells and
frozen in a freezing container to ensure standardized controlled -1 °C/min cell freezing in a

-80 °C freezer. The following day, cells were stored in liquid nitrogen.

3.2.2 Determination of cell number and cell vitality

To determine the number of living cells a Neubauer improved cell counting chamber and a
0.5 % trypan blue solution was used. The cells were resuspended in 1000 yl HF2+ buffer.
Depending on the expected number of cells, the cells were diluted 1:100 (BM, SP, LN) or
1:10 (stromal cells). 20 pl of the cell suspension was diluted with the trypan blue solution in
a ratio of 1:1. Around 20 pl of the cell/trypan blue mixture was introduced into the counting

chamber by capillary force.
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Living cells have an intact cell membrane, which prevents the trypan blue from entering the
cytosol. Dead cells absorb the trypan blue and the cells appear blue under the microscope.
To calculate the total number of cells per microliter of a sample, the four large squares

placed at the corners are counted.

Counted cells

Particles per pl volume =

Counted surface (mm2)-Chamber depth (mm)-Dilution

3.2.3 Colony-forming unit fibroblasts

In order to evaluate the potential of MSCs to develop colony-forming unit fibroblasts (CFU-
Fs), 500 to 1000 sorted (p0) or cultured (p3) cells were plated in a well of a 6-well plate
covered with 2 ml MSC medium (Table 7). After three days (cultured MSCs) and ten days

(sorted MSCs), the colonies were counted under the microscope.

3.2.4 Long term culture

The MSC long term culture (growth curve), was done as described previously
(Stenderup et al., 2003). In brief, 10,000 cells/well were cultured on 0.1 % gelatin coated 6-
well plate with MSC medium (Table 7) at 37 °C and 5 % CO; in a tissue culture incubator.
The cultures were split when at least one of the wells was 80 % confluent. The cell numbers
were determined with a Neubauer improved cell counting chamber. Cells were continuously
reseeded at a density of 10,000 cells/well. If cell counts decreased below 10,000 cells, all
cells were reseeded. Cell growth rate was determined by using the formula log N/log 2. N
is the counted cell number divided by the number of cells which were initially seeded. A
representative growth curve was generated by adding the cell growth rates at each
passage. The cells were cultured as long as a statistical statement for the long-term culture

could be made (at least two samples per genotype).

3.2.5 Scratch assay

The scratch assay is a method which mimics cell migration during wound healing and gives
information about the behavior and potency of cells. The in vitro scratch assay was
performed as described previously (Liang, Park, & Guan, 2007). In brief, 100,000 cells/well
were seeded on 0.1 % gelatin coated 6-well plate in MSC medium (Table 7) at 37 °C and
5 % COz in a tissue culture incubator in the late afternoon. The assay started at 100 %
confluency the next morning. The cell monolayer was evenly scraped two times with the top
of a 10 pl pipet tip in order to form a cross in the cell monolayer. Representative pictures
were taken from the artificial scratch intersection after 0 h, 6 h, 12 h and 24 h by an Axiovert
25 microscope and an AxioVision software (Carl Zeiss). The area of the scratch was

analyzed to calculate the migration rate by the software ImageJ.
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3.2.6 Senescence assay

The senescence detection was performed with the Senescence 3-Galactosidase Staining
Kit (Cell Signaling Technology) which is based on an increase of (-galactosidase in
lysosomes that cleave the 5-bromo-4-chloro-3-indolyl 3 D-galactopyranoside (X-Gal),
resulting in a blue staining. Therefore, we used sorted MSC and OBCs at passage 1 or
cultured MSCs from the bone chips at passage 4 and cultured 10,000 cells in a 12-well
plate in MSC medium (Table 7) at 37 °C and 5 % CO, for one week without medium change.
The staining of the cellular senescence was performed following the manufacturer’s
recommendation. In brief, the cells were washed twice with 1 ml 1 x DPBS and fixed for
6 to 7 min at room temperature using 1.5 ml 1 x Fixation Buffer. Meanwhile the staining
mixture was prepared. The cells were washed with 1 x DPBS for three times, covered with
500 pl staining mixture per well and incubated overnight at 37 °C without CO, to ensure a
pH 6. The cells were analyzed by calculating the percentage of blue stained cells expression
B-galactosidase (senescent cells) against the non-blue (not senescent cells) under an

Axiovert 25 microscope and an AxioVision software (Carl Zeiss).

3.2.7 Mesenchymal differentiation assays

Mesenchymal stromal cells (MSCs) are multipotent stem cells and have the potential to
self-renew, and differentiate into adipogenic-, osteogenic-, and chondrogenic-lineages in
vitro (Kfoury & Scadden, 2015; Méndez-Ferrer et al., 2010; Robert et al., 2020;
Visweswaran et al., 2015). During this study, differences in spontaneously (only adipogenic
differentiation) or induced adipogenic and osteogenic differentiation were observed in
sorted (p1) and cultured (p4) confluent grown mesenchymal populations. For the induced
adipogenic and osteogenic differentiation the StemXVivo Osteogenic/Adipogenic Base

Media with supplements was used.

3.2.7.1 Adipogenic differentiation

For the spontaneous adipogenic differentiation, sorted MSCs were cultured till confluency
up to passage 1 in MSC medium (Table 7) at 37 °C with 5 % CO,. For the induced
adipogenic differentiation, 10,000 MSCs were cultured in a 24-well plate with 1 ml MSC
medium at 37 °C with 5 % CO,. The following day, the cells were washed three times with
1 x DPBS and incubated with 500 pl of the 0.2 pm filtered StemXVivo®
Osteogenic/Adipogenic Base Media containing the StemXVivo® Adipogenic Supplement
(1:100) and Penicillin- Streptomycin (1:100). An Oil Red O staining was performed to
illustrate the adipogenic differentiation, if characteristic lipid droplet formations occurred

after 4 to 7 days.
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3.2.7.1.1 Oil red O staining of adipogenic differentiated cells and measurement

The adipogenic differentiated cells were washed twice with 1 x DPBS and fixed with 10 %
paraformaldehyde (PFA) at room temperature for 15 min. Afterwards, the fixed cells were
washed again twice with 1 x DPBS and either stored in 1 x DPBS at 4 °C sealed with
Parafim® or immediately stained with the Oil Red O staining solution. Therefore, the
concentrated Oil Red O stock solution was prepared by dissolving 0.5 g of the Oil Red O in
100 ml of 100 % isopropanol. The solution was incubated for 60 min at 56 °C in a water
bath. Afterwards, the solution was diluted with distilled water to a 60 % isopropanol solution
and passed through a 45 pm filter. The fixed and washed cells were covered with the 60 %
Oil Red O solution for 10 min at room temperature under gently shaking conditions. The
cells were washed three times with 1 x DPBS followed by a microscopically observation of
the red stained vesicles. The staining was usable for a few days. Representative pictures
were taken by using an Axiovert 25 microscope and an AxioVision software (Carl Zeiss).
Afterwards, the absorbance was measured at 520 nm OD in a multiplate reader by
extracting the Oil Red O solution from the red stained vesicles by adding 100 ul of 100 %

isopropanol.

3.2.7.2 Osteogenic differentiation

For the induced osteogenic differentiation, 10,000 MSCs were cultured in a 24-well plate
with 1 ml MSC medium at 37 °C with 5 % CO.. The following day, the cells were washed
three times with 1 x DPBS and incubated with 500 pl of the 0.2 ym filtered StemXVivo®
Osteogenic/Adipogenic Base Media containing the StemXVivo® Osteogenic Supplement
(1:20) and Penicillin- Streptomycin (1:100). The differentiation medium was changed once
a week and after two weeks morphological changes and calcium depositions became
visible. An Alizarin Red S staining was executed to illustrate the calcium deposition of the

cuboidal formic osteogenic differentiated cells.

3.2.7.2.1 Alizarin red staining of osteogenic differentiated cells and measurement

The osteogenic differentiated cells were washed twice with 1 x DPBS and fixed with 10 %
PFA at room temperature for 15 min. Afterwards, the fixed cells were washed twice with
1 x DPBS and either stored with 1 x DPBS at 4 °C sealed with Parafiim® or immediately
stained with 40 mM Alizarin Red (pH = 4.2, Sigma-Aldrich) staining solution for 10 min at
room temperature under gently shaking conditions. Afterwards, the cells were washed for
three times with 1 x DPBS followed by microscopic observation of the red stained calcium
deposition. The staining was stable for a few days. Representative pictures were taken by

using an Axiovert 25 microscope and an AxioVision software (Carl Zeiss).
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Afterwards, the absorbance was measured at 562 nm OD in a multiplate reader (Thermo
Fisher Scientific) by extracting the Alizarin Red S solution from the calcium depositions by
adding 100 pl of a destain solution (10 % cetylpyridinium chloride in 10 mM sodium

phosphate, pH 7.0).

3.2.8 Generation of conditioned medium for culture of HSCs

Conditioned medium (CM) was prepared as described previously (Marquez Romero et al.,
2020; Wohrer et al., 2014). In brief, 700,000 MEFs (passage 4) or 1,200,000 UG26-1B6
cells (passages 12-15) were cultured on a 10 cm? dish. For the UG26-1B6 stromal cell line
the dish was coated with 0.1 % gelatin for 30 min at 37 °C. Twelve hours after culturing the
cells in 8 ml MEF medium (MEFs, Table 7) or Stroma medium (UG26-1B6, Table 7) at 37 °C
and 5 % CO; in a tissue culture incubator, the mitosis was inactivated with X-Ray-irradiation
(Table 2). Subsequently, the cells were washed twice with 1 x DPBS and cultured in 12 ml
serum-free medium from Stemcell Technologies containing 1:100 penicillin- streptomycin
and 1:1000 B-mercaptoethanol at 37 °C (MEFs) or 33 °C (UG26-1B6). 40 pg/ml of low-
density lipoprotein (LDL) was added where indicated. CM was harvested after 72 h, filtered

through a 0.22 ym filter and either used immediately or stored at -20 °C.

3.2.9 Phoenix helper free retrovirus producer cell line cultivation

For the retrovirus infection experiments, the phoenix helper free ecotropic retrovirus
producer line (Phoenix E cell line), which only infect mouse or rat cells, was used. The highly
transfectable Phoenix E cell line is based on the 293T cell line with the ability to produce
gag-pol and envelope proteins, which are essential for ecotropic virus production.
Therefore, the 293T packaging cell line was co-transfected with three types of plasmids
(envelope (env), packaging (gag-pol) and transfer (Murine Stem Cell Virus)) with selection
markers. For the selection of the Phoenix E cell line, the drugs hygromycin B (gag-pol

genes) and diphtheria toxin (env genes) were used (Pear et al., 1993).

The cells were treated for 7 days at the same time with 300 pg/ml hygromycin B (50 mg/ml,
Invitrogen) for the gag-pol packaging genes and 2 ug/ml diphtheria toxin (1 mg, Sigma-
Aldrich) for the envelope genes. For one week, the treated cells were split daily into 5 x 10°
cells per 75 cm? cell culture flask in 10 ml selective medium including DMEM, 10 % FCS,
0.3 mg/ml hygromycin B and 2 pg/ml diphtheria toxin. Afterwards the cells (passage 0) were
regrown in Phoenix medium, expanded to passage 3 and then stored for long-term storage
in liquid nitrogen in freezing medium (FCS, 10 % DMSO). For virus production, the cells

between passages 5 and 10 were used.
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After thawing, Phoenix E cells were cultured in a 175 cm? cell culture flask. Phoenix E cells
are very sensitive. Therefore, cells were treated with 1 x Trypsin for only 1 min at 37 °C
when a 70 % to 80 % confluency (every 2-3 days) was reached and reseeded at a 1:4 ratio

in Phoenix medium.

3.2.9.1 Retroviral transfection and infection of fetal liver cells

Transfection is the process of introducing foreign DNA into eukaryotic cells by chemical and
physical methods. In the experiments, the cationic lipid-based reagents Lipofectamin™2000
(Life Technologies) were used to introduce the DNA into the fetal liver cells (E 13.5, B6).
The cationic lipids form a complex with the negatively charged phosphates of the DNA
(Kabanov & Kabanov, 1995; Labat-Moleur et al., 1996). Due to their positive charge and
lipophilic structure, these complexes interact with the negatively charged and hydrophobic

cell membrane by endocytosis (Gao & Huang, 1995).

For the transfection, 4 x 10° Phoenix cells were cultured on a 10 cm? dish in the late
afternoon. The next morning, the cells were 70 % confluent. This is important to ensure the
process of proliferation, the prerequisite for retroviral infection (Miller, Adam, & Miller, 1990).

For each 10 cm?dish, two solutions were prepared (Table 25) and gently mixed.

Table 25. Composition of the solutions required for retroviral infection.

Solution 1 Solution 2
Medium 500 pl OptiMem 1000 pl OptiMem
Supplements 20 uyg DNA 40 pl Lipofectamin

After the incubation of 10 min at room temperature, both solutions were gently mixed and
incubated for 40 min at room temperature. The phoenix cells were supplemented with 3.5 ml
fresh phoenix medium without antibiotic (penicillin, streptomycin) per 10 cm? dish and 1.5 m
of the lipofectamin/DNA mixture was carefully added to the phoenix cells. After the
incubation of 4 h at 37 °C and 5 % CO,, the medium was exchanged with BBMM (Table 7)
and the Phoenix E cells were cultured at 33 °C and 5 % CO,. The retroviral supernatant
was harvested after 24 h, 36 h, 48 h and filtered through a cell filter (0.45 uym) in order to
remove any detached Phoenix E cells. Afterwards 8 ug/ml of the cationic polymer polybrene
was added to the filtered viral supernatant to increase the infection efficiency (Davis et al.,
2002). Additionally, rmIL-3 (10 ng/ml), rmIL-6 (10 ng/ml), rmSCF (50 ng/ml) were added to
promote the retroviral-mediated gene transfer and to stimulate and regulate the migration

and proliferation of the cells (Luskey et al., 1992).
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3.2.9.2 Fetal liver infection

The murine FL cells were prestimulated for 24 h in BBMM medium (Table 7) containing
growth factors (10 ng/ml rmlIL-3, 10 ng/ml rmIL-6, 50 ng/ml rmSCF) at 37 °C and 5 % CO..
Therefore, the cells were cultured in a very small density (4.5 x 10° cells/well) on 0.1 %
gelatin coated 12-well plate. FL cells were infected with viral supernatants in a 12-well plate
by spin infection (60 min, 33 °C, 1500 rpm) three to four times every 12 h. Therefore, the
supernatant of the FL cells was collected separately from each approach and centrifuged
for 5 min at 500 x g. The resulting pellet contains floating FL cells that were in the collected
supernatant. The pellet was resuspended in the fresh filtered viral supernatant containing
rmlIL-3 (10 ng/ml), rmIL-6 (10 ng/ml), rmSCF (50 ng/ml) and polybrene (8ug/ml). The FL
cells and the virus supernatant were evenly distributed on the 12-well plate. After each spin
infection, the FL cells were incubated for 12 h at 37 °C and 5 % CO,. 12 h after the last spin
infection, the FL cells were harvested, resuspended in BBMM medium with 1 % DNAse |
(5 mg/ml, Table 5) and incubated for 15 min at room temperature to prevent agglutination
of FL cells. Afterwards the cells were washed with HF2+ buffer, centrifuged for 5 min at
500 x g, resuspended in HF2+ buffer, counted with a Neubauer improved cell counting
chamber and stored at 4 °C. The infection efficiency of the cells was determined by flow
cytometry, using green fluorescent protein (GFP) as a selectable marker. Then, the cells

were prepared for the repopulation assay.
3.3.Experimental procedure of cell-based assays

3.3.1 Single cell culture assay

CD34" SLAM cells were sorted into the inner 60 wells of a round-bottomed 96-well plates
preloaded with 100 pl of 0.25 nm filtered conditioned media (CM) and supplemented with
two growth factors: rmSCF (100 ng/ml) and/or rmIL-11 (20 ng/ml), both from R&D Systems,
additionally in some experiments supplemented with Collagen 1 (300 pg/ml) and nerve
growth factor (NGF, 250 ng/ml). Immediately after sorting, the round-bottomed 96-well
plates were centrifuged for 5 min at 200 x g and microscopically inspected for the presence
of single cells. Every 24 h each well was inspected and cells were counted for clonal growth.
After 5 days, the number of clone size was determined. The cells that had divided at least
once (> 2 cells/well) were harvested and stained with antibodies for lineage markers, KIT
and SCA-1 (Table 9). The cells were analyzed on a CyAn ADP Lx P8 and evaluated with
FlowdJo software (TreeStar). In some experiments, the harvested clones were studied in a
repopulation assay and for colony formation with MethoCult™ methylcellulose-based
medium (M3434).
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3.3.2 Mouse colony-forming unit assay
The functional colony forming unit (CFU) assay quantifies multi-potential and lineage-
restricted progenitors of the erythroid, granulocytic, monocyte/macrophage, and platelets

using MethoCult™ methylcellulose-based medium (Stemcell Technologies).

In brief, MethoCult™ GF M3434 (Stemcell Technologies) is a semi-solid matrix and contains
cytokines (rm SCF, rm IL-3, rh IL-6, rh EPO, rh insulin, human transferrin (iron-saturated))
for the support of optimal growth of BFU-E (burst-forming unit-erythroid), CFU-GM (CFU-
granulocyte, macrophage), CFU-GEMM (CFU-granulocyte, erythrocyte, macrophage,
megakaryocyte) of primitive mouse hematopoietic cells. The whole BM cells (2.5 x 10%),
sorted Lin" cells (1 x 10*) and sorted CD34" SLAM (1 x 10°) were added to the
methylcellulose, vortexed and cultured at 37 °C and 5 % CO, in a 35-mm dish. After an
incubation time of 10 to 14 days, formed colonies were classified into CFU-GM, CFU-GEMM
and BFU-E, and counted by an Axiovert 25 microscope and an AxioVision software (Carl
Zeiss) at 100-fold magnification. After the colonies had been determined, the cells were
removed from the semi-solid matrix using HF2+ buffer, stained for mature populations
(Table 9) and analyzed using CyAn ADP Lx P8.

3.3.3 Cell cycle assay

To study differences in cell cycling (G0/G1, S, G2 and M phases) a PI/Ki-67 staining
followed by flow cytometry analysis was performed. Therefore, the collagenase type |
treated cells of the bone chips were used. The cells were fixed and the plasma membrane
was permeabilized using the Cytofix/Cytoperm buffer of BrdU Flow Kit (Table 8) containing
PFA and saponin (Jacob, Favre, & Bensa, 1991). The cells were washed twice with
1 x DPBS and stained with the anti-Ki-67 antibody for 16 h at 4 °C. Before flow cytometry
analysis on CyAn ADP Lx P8, 1 ug/ml propidium iodide (PI) was added.

3.3.4 Apoptose assay

The loss of plasma membrane asymmetry is an early indication of apoptosis. In the case of
apoptosis, the membrane phospholipid phosphatidylserine (PS) residues become visible.
The FITC Annexin V Apoptosis Detection Kit | from BD-Biosciences was used to detect
apoptosis by staining phosphatidylserine (PS) molecules which have translocated to the
outside of the cell membrane. Therefore, 3000 Lin"Sca1*Kit" (LSK) cells were sorted and
cultured for 48 h in a 12-well plate, prefilled with 2 ml medium. For the MEF project the cells
were cultured in SFM 4GFs, MEF-CM 2GFs or MEF-CM 4GFs. For the Sfrp1 project the

cells from Sfrp1 conditional mice and control mice were cultured in HF2+ buffer.
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After culture, LSK cells were harvested with HF2+ buffer. Each sample was stained with
500 pl Annexin buffer containing 0.1 pg/ml Pl and 2 pl Annexin V - FITC for 15 min at 4 °C

in the dark. Fluorescence staining of cells was analyzed on CyAn ADP Lx P8.

3.3.5 DNA damage assay

One reason for DNA damage can be cellular stress. For the study of various types of nucleic
acid damage, the single cell gel electrophoresis (Comet Assay) from Cell Biolabs was used.
Therefore, mature populations (GR1*CD11b*, GR1™‘CD11b*, B220*) and primitive
populations (LT-HCS) were sorted out of two to three pools of eight- to ten-week-old mice
per experiment. In the beginning, the Lysis Buffer, Alkaline Solution and the Electrophoresis
Running Solution was prepared. The OxiSelect™Comet Agarose was heated to 90°C for
20 min in a water bath and then cooled at 37°C for 20 min. Afterwards, 75 ul of the Comet
Agarose was added to the OxiSelect™Comet Slide to generate a base layer. After 15 min
at 4°C, the suspension cells were prepared with a total of 1 x 10° cells/ml. The cells and the
Comet Agarose were mixed in a 1:10 ratio and 75 pl of the mixture was spotted onto the
top of the base layer. After an incubation of 15 min at 4°C in the dark an alkaline
electrophoresis was performed for 30 min at 1 volt/cm. Immediately, the slides were washed
three times in cold H,O for 2 min and one time in cold 70% ethanol for 5 min. The ethanol
was removed by air-drying the slide, followed by adding 100 pl/well of (1:10,000 in
TE Buffer) diluted Vista Green DNA Dye. After 15 min of incubation at room temperature,
fluorescence images were recorded with constant settings on a Leica DM RBE fluorescent
microscope (AxioVision software; Carl Zeiss). For each genotype and each condition,
30 - 40 random cells were recorded at 100-fold magnification. The DNA damage of the cells
was then analyzed by measuring the shift between the comet head (nucleus) and the

resulting tail (DNA damage).

3.3.6 Cytometric bead array

The BD™ Cytometric Bead Array (CBA) Mouse Inflammation Kit from BD-Biosciences is a
bead-based immunoassay and was used to analyze Interleukin-6 (IL-6), Interleukin-10 (IL-
10), Monocyte Chemoattractant Protein-1 (MCP-1), Interferon-y (IFN-y), Tumor Necrosis
Factor (TNF), and Interleukin-12p70 (IL-12p70) protein levels by flow cytometry in the blood
serum. The CBA was performed according to the manufacturer’s instructions. In brief, a
serial dilution of the mouse inflammation standards from 1:2 to 1:256 (9 standards) was
performed. The capture beads were mixed after determination of the number of assay
tubes. For each assay tube, 3 pl of each capture bead was added to a single tube.

Afterwards, 50 ul of the serum from each sample was added to the assay tube.
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Immediately 18 pyl of the capture beads and 18 ul of the PE detection reagent was added to
each assay tube. The assay tubes were incubated at 4 °C overnight in the dark. The
following day, the samples were washed with 300 ul Wash Buffer and centrifuged at 200 x g
for 5 min. The supernatant was removed by aspiration and the pellet was resuspended with

300 pl Wash Buffer. The samples were analyzed by flow cytometry on CyAn ADP Lx P8.

3.3.7 Phagocytose assay

For the detection of phagocytosis, the retroviral infected GFP® FL cells and the
pHrodo™E.coli GreenBioParticles® Phagocytosis Kit for flow cytometry from Invitrogen was
used. The Escherichia coli particles are inactivated and not opsonized. The fluorescent

labelled particles are highly sensitive for the detection of phagocytosis.

For the assay, the instructions of the manufacturer were followed. As a comparison, the
retroviral infected GFP™ FL cells were used. Therefore, mature populations (GR1°CD11b"
and GR1™°CD11b*) were sorted out of two to three pools of eight- to ten-week-old mice
per experiment. 100,000 cells of the sorted cell populations were pipetted to a 96 well round
bottom plate (triple determination) and the samples were treated with 50 pg/ml pHrodo™
Green dye-labeled E. coli or 50,000 retroviral infected GFP* FL cells in 50 yl HF2+ buffer,
mixed by pipetting and incubated for 3 h at 37 °C and 5 % CO,. After the 3 h the samples
were placed on ice to stop the reaction, washed with HF2+ buffer and centrifuged for 5 min
at 500 x g. As a negative control the sorted cells were cultured without the pHrodo™ Green
dye—labeled E. coli’s or GFP* FL cells. The samples were analyzed by flow cytometry on
CyAn ADP Lx P8 and on a Leica DM RBE fluorescent microscope with an AxioVision

software (Carl Zeiss).
3.4. Experimental procedure of flow cytometry and cell sorting

3.4.1 Lineage depletion

For the isolation of lineage negative cells from murine BM, the Lineage Cell Depletion Kit
from Miltenyi Biotec was used following to the manufacturer’s instructions. In brief, the BM
cells were incubated with the Biotin-Antibody-Cocktail for 10 min at 4 °C. The Biotin-
Antibody-Cocktail labels lineage positive antigens like CD5, CD45R (B220), CD11b, Anti-
GR1 (Ly6G/C), and Terr-119 indirectly with a magnetic labeling system. Subsequently, the
cells were washed with HF2+ buffer and the lineage positive cells were secondarily labeled
with an anti-biotin Micro Beads antibody for 15 min at 4 °C. Afterwards, the cells were
washed with HF2+ buffer, centrifuged at 500 x g for 5 min and the pellet was resuspended

in 500 yl of HF2+ buffer. The separation was performed using a MACS Separator.
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The MACS Column was placed in the MACS Separator. In the resulting magnetic field, the
non-labeled lineage negative cell population could be passed through the column. In order
to elute the lineage positive cell population, the MACS Columns were separated from the

MACS Separator to remove the magnetic field.

3.4.2 Flow cytometry staining

The flow cytometry analysis of hematopoietic cells was performed in the PB, BM, SP and
LN. For the mature population staining of BM, SP and LN, 2 x 10° cells were generally used.
5 x 10° cells of the whole BM cells were used to stain progenitors and HSCs. The
analyzation of the blood cell composition and the collagenase-treated stromal cells was
performed by using the whole cell pellet. For flow cytometry sorting of BM cells, lineage

depleted BM cells (3.4.1 Lineage depletion) were used.

For the staining of surface markers, the resuspended cells were centrifuged at 500 x g for
5 min and incubated in 100 yl HF2+ buffer with primary (Table 7) and secondary antibodies
(Table 11) for 60 min at 4 °C. Afterwards, the cells were washed with HF2+ buffer and
centrifuged at 500 x g for 5 min. The cells then were resuspended in HF2+ buffer with
1 pg/ml propidium iodide (Pl) and analyzed using flow cytometry on CyAn ADP Lx P8
(Beckman Coulter). For sorting of several cell populations, the cells were stained as
described above, and sorted on MoFlo High Speed cell sorter and on an Astrios high speed

cell sorter (Beckman Coulter).

3.4.3 Immunocytofluorescence staining

For immunocytofluorescence staining, LT-HSCs, LSK and MSC populations were sorted
out a minimum of two eight- to ten-week-old mice per experiment. A total of 500 to 1,500
cells were spotted on poly-L-Lysin-coated slides. The cells were fixed with 4 % PFA for 5
min, after 30 min of incubation at 4°C. Then the cells were washed three to four times with
1 x DPBS and blocked with blocking buffer (Table 7) for 60 min at room temperature. In the
meantime, the primary antibodies (Table 10) were diluted in blocking buffer. The cells were
stained overnight at 4 °C in a humid chamber. The following day, the cells were washed
three to four times for 10 min with blocking buffer. Meanwhile, the secondary antibodies
(Table 12) were diluted in blocking buffer and the cells were stained at 4 °C in humid
chamber overnight again. The following day, the cells were washed three times for 10 min
with blocking buffer and one time for 10 min with 1 x DPBS. Further, SlowFade Gold
Antifade Reagent with 4.6-diamino-2-phenylindole dihydrochloride (DAPI) from Invitrogen

was added and slides were fully covered with coverslips.
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Fluorescence images were recorded with constant settings on a Leica DM RBE fluorescent
microscope (AxioVision software; Carl Zeiss). For each genotype and each condition 30 to
40 random cells were recorded at 100-fold magnification. The mean fluorescence intensity

of the cells was then analyzed by using the digital image processing software Imaged (NIH).

3.5.Protein detection via western blot

For the detection of a conditional knockout of Sfrp1 in the Osx-Cre targets we used cultured

MSCs (p4). Cultured MEF (p4) were used for the verification of antibodies from Sfrp7” mice.

3.5.1 Protein extraction

For the lysis of the cells, the pellets of the cells were resuspended in RIPA buffer (Pierce
Biotechnology) supplemented with 1:100 proteinase inhibitor and 1:1000 sodium
orthovanadate, a phosphatase inhibitor. The cells were incubated for 20 min on ice and
vortexed every 5 min. Afterwards, the samples were sonicated two times for 10 sec,
40 cycles at 30 % power and then centrifuged for 20 min at 14,000 rpm at 4 °C. The
supernatant of the sample (containing the protein) was transferred to new microcentrifuge

safe-lock tube and the pellets were discarded.

3.5.2 Determination of protein content

The colorimetric determination of the protein content was measured by using Bio-Rad
Bradford Protein Assay. 999 ul of the 1:5 in distilled water diluted Bio-Rad Protein Assay
solution was transferred to a UV non-permeable cuvette and 1 pl of the extracted protein
supernatant was added to the solution. The absorption was measured by a photometer at
a wavelength of 595 nm, and a final concentration of 50 pg was calculated by means of a

standard curve.

3.5.3 Protein separation via SDS-PAGE

The samples were prepared for the separation via sodium dodecyl sulfate (SDS) protein gel
electrophoresis (SDS-PAGE). Therefore, the protein was diluted with a 4 x loading dye and
buffer to reach a final volume of 50 ug in 40 pl per sample. The components were incubated
for 10 min at 95 °C and then loaded on a 4 - 15% Mini Protean® TGX Stain-Free™ Precast
gel placed in an electrophoresis chamber which was filled with 1 x running buffer. The gel
was run at the beginning at 60 V for 10 min and then at 120 V for about 50 min until the

sample reached the bottom of the gel.
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3.5.4 Electro blotting

The separated proteins were blotted by a wet transfer onto polyvinylidene difluoride (PVDF)
membranes (0.45 ym, Millipore). The methanol activated PVDF membrane was placed
towards the anode so that the migrating negatively charged proteins can be transferred to
it. The transfer takes place under constant cooling at a constant current of 1000 mA in
Transfer Buffer. The duration of the transfer depends on the molar mass of the proteins to

be transferred (about 1 min per kDa).

3.5.5 Protein detection

After the protein was successfully blotted to the membrane, it was washed three times with
1 x Tris - buffered saline - Tween 20 for 5 min. Afterwards the membrane was blocked,
depending on further used antibody, with 5 % bovine serum albumin (BSA) or 5 % skim
milk powder in 1 x TBS-T for 60 min at room temperature. The primary antibody was diluted
(Table 10) in the block solution and incubated over night at 4 °C on a shaker. The following
day, the membrane was washed three times with 1 x TBS-T for 5 min and then the
membrane was incubated with the horseradish peroxidase (HRP)-coupled secondary
antibody (Table 12) in block solution for 60 min. Before detection solution was added to the
membrane, it was washed twice with 1 x TBS-T and once with TBS. The developer solutions
Super Signal West (Pico, Dura and Femto) from Pierce were used to visualize the proteins.
The luminescence was visualized via X-ray films and an OPTIMAX X-Ray Film Processor
developing machine. In order to visualize more than one protein on a blot, the antibodies
were stripped from the membrane. Therefore, the membrane was incubated with a
destaining solution for 10 min. Then, the protein detection procedure was started from the
beginning (blocking of the membrane). Comparison of protein content (visualized on X-ray
films) from the different genotypes was determined by using the digital image processing

software ImageJ.

3.6.Gene expression analysis via real time quantitative PCR

Real time quantitative PCR (RT-qPCR) was performed to detect differences of the gene
expression in stroma cell populations of the Sfrp7 conditional mice compared to the

controls. Therefore, MSC populations were sorted out of eight- to ten-week-old mice.
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3.6.1 RNA isolation
For the RT-gPCR the MSC cells were sorted in HF2+ buffer and the RNA were either

directly isolated or the cell pellet was frozen at -80 °C. The total RNA purification from the
small samples was performed using the RNeasy Micro Kit (for cell numbers < 5 x 10°, Table
8) and RNeasy Mini Kit (for cell numbers > 5 x 10°, Table 8) from Quiagen according to the
manufacturer’s instructions. In brief, sorted and pelleted cell populations were lysed in 300
pl RLT buffer (RNeasy Mini Kit) or 350 yl RLT Plus buffer (RNeasy Micro Kit) containing
guanidine-thiocyanate and 1:100 B-mercaptoethanol. To ensure effective disruption, the
cells were resuspended several times, homogenized by vortexing and passing the
QlAshredder spin column. The homogenized samples were diluted with one volume of 70
% ethanol and mixed well by pipetting to optimize the binding conditions to the silica-based
membrane of the RNeasy spin column (RNeasy Mini Kit) or RNeasy MinElute spin column
(RNeasy Micro Kit). The spin columns were placed in a 2 ml collection tube and centrifuged
for 15 sec at 8000 x g. The flow-through was discarded and the columns were washed by
using 700 ul RW1 buffer, either two times with 500 yl RPE buffer (RNeasy Mini Kit) or in
addition to the 500 yl RPE buffer, one time with 500 pl 80 % ethanol (RNeasy Micro Kit).
Afterwards, the columns were air dried with open lids by centrifugation for 5 min at full speed
since remaining ethanol might interfere the last step. Finally, the total RNA was eluted in 30
pl (RNeasy Mini Kit) or 14 pl (RNeasy Micro Kit) H,O under low-salt conditions and

immediately stored on ice or at -80 °C for further processing.

3.6.2 Reverse transcription

After total RNA purification, the reverse transcription into cDNA, with additional elimination
of genomic DNA was processed using QuantiTect® Reverse Transcription Kit from Qiagen.
All steps were performed on ice. In brief, the prepared components for the genomic DNA
elimination as well as for the reverse-transcription were prepared as described in Table 26.
RNA concentration was determined with NanoDrop™ 2000/c spectrophotometer (Thermo

Fisher Scientific).

Table 26. Pipette scheme for genomic DNA elimination reaction and reverse-transcription master mix.

Genomic DNA elimination mixture Reverse - transcription master mix

1 pl gDNA Wipeout Buffer (7x) 1 pl Quantiscript Reverse Transcriptase
1 ug RNA sample 4 yl Quantiscript RT Buffer (5x)
Variable RNase free water 1 pl RT Primer Mix

14 pl total volume 6 ul total volume
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For the genomic DNA elimination, the gDNA elimination mixture was incubated for 2 min at
42 °C. Afterwards the reverse-transcription master mix was added to the template RNA and
the mixture was incubated for 15 min at 42 °C, followed by 3 min at 95 °C to inactivate the
Quantiscript Reverse Transcriptase. The cDNA was used immediately for RT-gPCR or
stored at -20 °C.

3.6.3 Real time quantitative PCR

In the RT-qPCR, the amplification of the cDNA and at the same time the quantification of
the PCR progress was recorded in real time using fluorescent labeling. Therefore, the
Power SYBR Green PCR Master Mix from Applied Biosystems was used, following the
manufacturer’s instructions. The SYBR Green dye binds to double-stranded (ds) DNA. The
components for the RT-gPCR master mix are10 yl Power SYBR Green PCR Master Mix,
0.1 pl Primer (forward and reverse each), 8.77 ul H,O and 0.3 yl ROX RefDye (1:50). 19 pl
of the master mix were pipetted to a 96-well plate and 1 pl of each sample was added to a
well (triple determination). The fluorescent signal was detected by Applied Biosystem Step
One Plus Real-Time PCR System and reflects the amount of dsDNA product generated
during PCR.

Table 27. PCR program for gene expression analysis via qPCR.

Phase Temperature & Time

50 °C for 2 min
95 °C for 5 min

Denaturation

Annealing 95 °C for 15 sec

58 °C for 20 sec
72 °C for 30 sec

Extension

Hold 4 °C forever

Cycles (from step 3-5) 40 x

To normalize the resulting data of the gene expression, housekeeping genes are used as
reference genes. These genes have a constant expression level independent from the cell
type and condition (Kouadjo et al., 2007; Thorrez et al., 2008). The gene expression in
mouse tissue was analyzed by calculating the ACT value relative to the housekeeping
genes golgi reassembly stacking protein 2 (Gorasp2) and ribosomal protein L39 (RPL39).
For the gene expression in human tissue, the housekeeping gene eukaryotic initiation

factor 3 (elF3) was used.
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Additionally, to compare the results of different plates of RT-qPCRs among each other, the
data were normalized by mouse or human universal reference cDNA and the AACT value

was calculated.
3.7.Gene expression analysis via RNA sequencing

3.7.1 RNA isolation

For the RNA sequencing (RNAseq) 800 to 1000 MSCs were sorted in a well of a 96-well
PCR plate (Eppendorf), prefilled with 5 pyl 1 x TCL buffer (Quiagen) containing 1:100 -
mercaptoethanol. After sorting, the 96-well PCR plate was covered with an aluminum foil
for cold storage (VWR) and centrifuged for 1 min at 50 x g. Immediately after centrifugation,

the cells were placed on dry ice and then stored at -80 °C until further usage.

The total RNA purification from the MSCs and the reverse transcription into cDNA were

performed by Rupert Oellinger (TUM, AG Rad) as described previously (Picelli et al., 2013).

3.7.2 Library preparation and RNAseq from niche cell populations

The library preparation for bulk 3’-sequencing of poly(A)-RNA from niche cell populations
was done as described previously (Parekh et al., 2016). Briefly, barcoded cDNA of each
sample was generated with a Maxima RT polymerase (Thermo Fisher) using oligo-
dT primer containing barcodes, unique molecular identifiers (UMIs) and an adapter. 5’ ends
of the cDNAs were extended by a template switch oligo (TSO). All samples were pooled,
and the cDNA was amplified with primers binding to the TSO-site and the adapter. cDNA
was tagmented with the Nextera XT kit (lllumina) and 3’-end-fragments finally amplified
using primers with lllumina P5 and P7 overhangs. In comparison to Parekh et al. the P5
and P7 sites were exchanged to allow sequencing of the cDNA in read1 and barcodes and
UMIs in read2 to achieve a better cluster recognition. The library was sequenced on a
NextSeq 500 (lllumina) with 65 cycles for the cDNA in read1 and 16 cycles for the barcodes
and UMIs in read2. RNA sequencing has been performed in a collaboration with Rupert
Oellinger (TUM, AG Rad).

3.8. Experimental procedure of bacterial techniques

3.8.1 Transformation

In the experiments, heat shock competent E. coli bacteria (DH5a, Invitrogen) were used,
which have the ability to absorb free extracellular genetic material. In the first step of the
procedure, the competent bacteria and the MIG empty vector control and MIG-
p185BCR/ABL vector (Miething et al., 2003) were slowly thawed on ice.

68



METHODS

The two vectors carry both an ampicillin resistance gene (Amp) and a gene encoding green
fluorescence protein (GFP) for use as a selectable marker. After 2 ul of the vector was
added to the competent cells, the competent cellssDNA mixture was incubated on ice for
30 min. For the heat shock, the competent cells/DNA mixture was incubated for 30 sec at
42 °C and placed on ice. After 250 pl of the microbial growth SOC medium was added to
increase the transformation efficiency of E. coli (Hanahan, 1983), the mixture was incubated
at 37 °C for 1 h by 225 rpm. In the following step, 50 pl and 100 pl of the mixture was spread
on two separated preheated 10 cm? LB agar (Carl Roth) plates with appropriate antibiotic

(100 pg/ml ampicillin) and subsequently incubated at 37 °C without CO, overnight.

3.8.2 Isolation of the plasmid

For the plasmid isolation, single bacterial clones were picked from a LB agar plate or a
glycerol stock. Then, the LB medium containing ampicillin (100 pg/ml) was inoculated with
resistant clones. The liquid cultures were incubated over night for 12 h to 16 h at 37 °C
without CO, by 700 rpm to produce the necessary bacterial clones (cell mass) for the
isolation of sufficient amounts of DNA. Depending on the required amount of DNA, 5 ml
(Qiagen® Spin Miniprep Kit) or 250 ml (Qiagen® HiSpeed® Plasmid Maxi Kit) of the LB
medium were used according to the Qiagen manufacturer's instructions. After the bacterial
cells were harvested by centrifugation at 2000 x g for 10 min at 4 °C and purification of
DNA, the DNA was eluted with distilled water. The concentration of the DNA was
photometrically determined by NanoDrop™ 2000/c spectrophotometer and stored at -20 °C.
The resulting DNA was analyzed by sequencing. The glycerol stocks were prepared from
600 pl of the liquid bacterial culture with 400 ul 85 % glycerol and stored at -80 °C.

3.8.3 Sequencing

Sequence analyses of the plasmid was carried out by Eurofins Genomics in Ebersberg.

3.9. Experimental procedure of histological methods

For the histological examinations, the tumors from Sfrp1 conditional mice treated with MIG-
p1858CRABL were fixed for 2 days in 4 % PFA and afterwards stored in 1 x DPBS. The
histological analysis was carried out in the pathology department by Dr. Katja Steiger. For
the analysis, the tumor was first embedded in paraffin and the finished paraffin block was
then cut with a rotary microtome. The sections were then deparaffinized, stained with

hematoxylin and eosin. The histological slices were evaluated at a 40-fold magnification.
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3.10. Computational methods and data

3.10.1 RNA sequencing analysis

The minor murine reference genome release GRCm38.p6 including all haplotypes and
patches was used as reference for mapping the raw read data with Dropseq tools v1.13
(Macosko et al., 2015). Gencode annotation release M19 was used to determine read

counts per gene resulting in a genes x samples count matrix.

To start bioinformatic analysis, we developed a pipeline for filtering of these RNAseq results
in python. Initially, we combined the count table, which we received from our collaborators
AG Rad, according to the cell count, fused both Run1 and Run2 to a mean Run by
calculating the mean (average) of the given data set and built an integer. Afterwards, we
sorted the table of the read counts according to genotypes and split the samples (columns)
in respect to the culture flag (primary, culture). We only used primary samples for the
subsequent steps. Next, we removed all transcripts with a low gene count. Namely those

with a read count under 10.

After removing features with consistently low counts (median <10), we normalized the raw
count data using the trimmed mean of M-values (TMM) (Robinson & Oshlack, 2010)
normalization method, as implemented in the edgeR (Robinson, McCarthy, & Smyth, 2010)
package. DESeq2 (Love, Huber, & Anders, 2014) approaches with Benjamini-Hochberg
multiple testing correction (BH or the false discovery rate (FDR)) (Benjamini & Hochberg,
1995) was used to select the differentially expressed genes (DEGs) from the normalized
gene expression data. Genes were defined as differentially expressed if demonstrating a -
1.0 £ log2FC = 1.0 and a p-value < 0.05 between the respective comparison groups. The
final list of DEGs was derived from DESeq2 by calculating the mean log2FC and combining

the respective p-Values using Fisher's method (Fisher, 1948).

Functional enrichment analysis of the DEGs was performed using enrichGO from the
clusterProfiler (Yu et al., 2012), which identify overrepresented biological GO categories.
Furthermore, PANTHER classification system version 10.0 (Mi et al., 2016) was used,
based on the GO database (version 1.2), with default settings for mice using the annotation

dataset ‘GO biological process complete’.
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3.10.2 Statistical analysis

In each experiment, the statistical tests were performed by using GraphPad Prism
(GraphPad Software, La Jolla, CA). The statistical tests are indicated in the figure legends.
A p value less than or equal to 0.05 was considered to be statistically significant. Data are
presented as mean * SD. Grubbs' test was used to determine significant outlier
(significance level < 0.01). All analyses for the RNAseq were performed in python and the

R statistical environment.
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4. Results

Hematopoietic stem cells (HSCs) reside in the microenvironment of the bone marrow, also
called the niche. A large portion of HSCs are quiescent and can be rapidly activated by
acute or chronic extrinsic stress signals (Boulais & Frenette, 2015; Schofield, 1978;
Takizawa & Manz, 2017; A. Wilson et al., 2008), like injury, inflammation, cancer and during
aging (Gnani et al., 2019; Morrison & Spradling, 2008). Not only HSCs, but also the niche
responds to these stress factors and it has been reported that the niche stress response is
required for a normal regeneration, and may also contribute to malignant transformation
(Batsivari et al., 2020; Bhagat et al., 2017; Takubo, Morikawa, & Kobayashi, 2017).

Prior to this thesis, SFRP1, secreted by the microenvironment, was identified as a niche
factor regulating the cycling activity and maintenance of HSCs (Renstrém et al., 2009). In
this thesis, the function of SFRP1 was analyzed by specific deletion the Sfrp1 gene in
osteogenic lineage stromal cells. For this purpose, we crossed newly generated Sfrp 1/
mice with transgenic OSX-GFP::CRE mice (Osx-Cre), which express GFP and the CRE
recombinase under the SP7 (Osterix1) promotor. To study the extrinsic role of Sfrp7 and to
unravel the signals elicited by niche cells, the cells of Sfrp71 conditional mice were analyzed
in vitro and in vivo under steady-state conditions as well as under different stress conditions,
such as lipopolysaccharide (LPS) treatment, bone marrow transplantation, and the

presence of BCR-ABL1" leukemia.

4.1. Stromal cells support the maintenance of hematopoietic stem cells in non-
contact setting

An important goal of experimental and clinical hematology is the identification of
mechanisms of stem cell self-renewal and maintenance, and to identify conditions that

support the expansion of transplantable hematopoietic stem cells.

A problem for stem cell maintenance is that stem cells exhaust after repeated stress and
over time. Entry of stem cells into cell cycle is by default associated with increased DNA
damage (and mitochondrial/metabolic activation) (Walter et al., 2015). In vivo, different
niche cell populations interact with stem cells to limit their activation and prevent the stem
cells from becoming exhausted during stress responses (Ruf et al., 2016). Knowledge about

the niche factors involved in limiting stem cell exhaustion, is, however, limited.
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To self-renew, HSCs must divide and retain their LTR ability. We previously identified the
murine stromal cell line UG26-1B6 which maintains HSCs in non-contact setting (Buckley
etal., 2011; Oostendorp et al., 2005). We further showed that secreted factors produced by
UG26-1B6 cells in combination with cytokines KITL (also known as Stem Cell Factor, or
SCF) plus IL-11 (2GF) produce a significant expansion of serially transplantable HSCs in
vitro and identified nerve growth factor (NGF) and collagen 1 (Col1) to be the most effective
substitute for UG26-1B6 conditioned medium (CM) (Wohrer et al., 2014).

Since the UG26-1B6 stromal clone transforms over time, and only low passage cells can
be used (Oostendorp et al., 2002a; 2002b), we sought to establish a culture system with
similar characteristics using stromal cells from a primary cell source. For this purpose, we
studied mouse embryonic fibroblasts (MEFs) to act as a robust and versatile alternative
source of CM from midgestation stromal cells to maintain and expand mouse HSCs (Figure
13).

Single WT
CD34- SLAM cells
Filtered CM g%g%%gg% Clonesize _ flow cytometry
+2GFs or 4GFs g%%%éggg Day1-5 analysis

Figure 13. Experimental design of the single cell cultures in SFM and MEF conditioned medium. Single
CD34°CD150" LSK cells were sorted into 96-round-bottomed plate prefilled with SFM or WT MEF-CM. WT
MEF-CM was either supplemented with mSCF (100 ng/ml) and IL-11 (20 ng/ml) (2GFs) or additionally with NGF
(10 ng/ml) and Col1 (100 ng/ml) (4GFs). SFM was supplemented with 4GFs. Cells were microscopically
inspected and counted every 24 h for five days.

Our experiments showed that CM from WT MEFs (MEF-CM) supports survival (Figure 14A)
and phenotypical identity of HSCs, as well as cell cycle entry (Figure 14B) in single cell
cultures of CD34" CD48 CD150" Lineage” SCA-1" KIT" (CD34" SLAM) cells supplemented
with SCF and IL-11 (2GFs) in single cell cultures. Strikingly, in comparison with cultures in
serum-free medium with four growth factors (4GFs: SCF, IL-11, NGF, and Col1), WT MEF-
CM increases the numbers of proliferating clones (Figure 14D) and the number of LSKs
(Figure 14E), both with two and four growth factors. It does not improve time to first division
(Figure 14C) (Marquez Romero et al., 2020).
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Figure 14. Single cell cultures in SFM and MEF conditioned medium. (A) Percentage of wells with cells
(survival) at day 5 for each plate cultured in SFM 2GFs (n = 23) or WT MEF-CM 2 GFs (n = 12) and
4GFs (n = 15). (B) Percentage of wells with divided cells per day at each plate cultured in SFM 2GFs (n = 10)
or WT MEF-CM 2 GFs (n = 10) and 4GFs (n = 11). (C) Mean hours of time to first division of cells cultured in
SFM 2GFs (n = 11) or WT MEF-CM 2 GFs (n = 11) and 4GFs (n = 15). (D) Mean of clone size per day at each
plate cultured in SFM 2GFs (n = 10) or WT MEF-CM 2 GFs (n = 10) and 4GFs (n = 11). (E) Representative flow
cytometry plots of LSKs (Lineage'SCA-1"KIT"), 5 days after culture in certain conditions. Black dots represent
SFM 4GFs; Blue dots represent MEF-CM 4GFs; Red dots represent MEF-CM 2GFs. Each dot represents one
plate. Figure A and C: Represented values are illustrated as Mean + SD; Figure B and D: Represented values
are illustrated as Mean. * p-value <0.05 show significant differences in the comparison between SFM 4GFs and
either MEF-CM 4GFs or MEF-CM 2GFs determined by ANOVA, Tukey's post hoc test (scheme adapted from
(Marquez Romero et al., 2020)). [Data were generated in cooperation with S. Romero Marquez (Stem Cell
Physiology Lab, Munich)].

Most importantly, WT MEF-CM supports division of HSCs in culture with retention of both
short- and long-term hematopoiesis-repopulating ability in vivo (Figure 15) (Marquez
Romero et al., 2020).
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Figure 15. Self-renewal of repopulating HSCs in single cell cultures. (A) Experimental design: single
CD347°CD150" LSK cells were sorted into 96-round-bottomed plate prefilled with SFM and WT MEF-CM. WT
MEF-CM was either supplemented with mSCF (100 ng/ml) and IL-11 (20 ng/ml) (2GFs) or additionally with NGF
(10 ng/ml) and Col1 (100 ng/ml) (4GFs). SFM was supplemented with 4GFs. After 5 days of culture, 20 wells
with at least one cell division were harvested and transplanted into lethally irradiated primary recipients (CD45.2)
together with competitor cells (CD45.2) as described in the section: 3.71.8 In vivo repopulation assay. (B) Above:
Representative flow cytometry plots of donor and recipient cells from the BM, 16 weeks after transplantation
(Tx). Below: Representative flow cytometry plots of donor-derived lineage™ fraction, showing myeloid progenitors
(MPs; SCA-1" KIT") cells and LSKs (Lineage'SCA-1*KIT"), 16 weeks after Tx. (C) Percentage of donor cell
engraftment in PB of cells cultured in SFM 2GFs (n = 11) or WT MEF-CM 2 GFs (n = 8) and 4GFs (n = 13), 16
weeks after Tx. (D) Percentage of donor cell engraftment in BM, of cells cultured in SFM 2GFs (n = 11) or WT
MEF-CM 2 GFs (n = 8) and 4GFs (n = 13), 16 weeks after Tx. Black dots represent SFM 4GFs; Blue dots
represent MEF-CM 4GFs; Red dots represent MEF-CM 2GFs. Each dot represents one animal. Represented
values are illustrated as Mean + SD. * p-value <0.05 show significant differences in the comparison between
SFM 4GFs and either MEF-CM 4GFs or MEF-CM 2GFs determined by ANOVA, Tukey's post hoc test (scheme
adapted from (Marquez Romero et al., 2020)). [Data were generated in cooperation with S. Romero Marquez
(Stem Cell Physiology Lab, Munich)].
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Since previous studied had shown that the Sfrp1 deficient microenvironment do not
efficiently maintain HSCs (Renstrém et al., 2009). We further wondered whether CM
collected from MEFs grown from embryos at day E13.5 of Sfrp1” mice supports proliferation

and maintenance of murine WT HSCs (Marquez Romero et al., 2020).

In our previous paper (Renstrom et al.,, 2009), we were unable to determine whether
deletion of Sfrp1 in the microenvironment influenced HSC behavior through direct contact,
or through secreted factors. Thus, we used the single cell technology, mentioned in the
previous paragraphs, and performed single-cell cultures by using WT MEF-CM with either
2GFs or 4GFs and compared this CM with the CM prepared from Sfrp1”- MEFs with 2GFs.
As in the above experiments, we counted the presence and number of cells per well (Figure
16). The results with WT MEF-CM were reported as part of a larger study, which was
published separately (Marquez Romero et al., 2020) (Figures 14, 15), but only the results

of parallel experiments with Sfrp7”~ MEF-CM are shown below.

Generally, the percentage of wells with cells were significantly decreased on all five days
when using Sfrp1"-CM 2GFs compared to WT MEF-CM 4GFs and on the first three days
when using Sfrp1”-CM 2GFs compared to WT MEF-CM 2GFs. In addition, the survival on
day five was significant decreased when using Sfrp7""-CM 2GFs compared to WT MEF-CM
4GFs (Figure 16A, B), suggesting that Sfrp71 regulates secreted factors important for HSC
survival. When evaluating proliferation, it was found that wells with dividing cells were
significantly decreased on day two, four and five when using Sfro1”-CM 2GFs compared
to WT MEF-CM 4GFs (Figure 16C). Overall, Sfrp1"-CM 2GFs stimulated cell cycle almost
in the same way compared to WT MEF-CM 2GFs or 4GFs (Figure 16C). We found that the
time to first division of murine CD34 SLAM cells cultured in Sfro7"-CM 2GFs was similar
compared to the WT MEF-CM with 2GFs or 4GFs (Figure 16D). Interestingly, the cultures
with Sfrp1”-CM 2GF showed similar clone sizes at day one to five of culture compared to
WT MEF-CM 2GFs and 4GFs (Figure 16A, E), suggesting Sfrp 1-regulated secreted factors

do not affect proliferation.

In summary, our results show that cultures of murine WT HSCs in WT MEF-CM 2GFs or
4GFs support induction and propagation of cell division, as well as survival. More
importantly, our results show that Sfrp7 expression in MEFs is required to promote early
stem cell survival as well as recruitment into cell cycle. However, since clone sizes in
cultures with Sfrp7”-CM do not differ from those with WT MEF-CM, Sfrp1 expression is not

necessary for HSC proliferation.
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Figure 16. Single cell cultures in Sfrp1 -MEF and WT-MEF conditioned medium. (A) Heat maps of the
clone size per well for each CD34"CD150" LSK cell at each day of culture (left heat map culture in WT MEF-
CM with 4GFs, middle heat map culture in WT MEF-CM with 2GFs, right heat map culture in Sfrp1 with 2GFs).
(B) Percentage of wells with cells (survival) at each plate cultured in WT MEF-CM 2 GFs (n = 4) and 4GFs (n =4)
or Sfrp1 2GFs (n = 4), 16 weeks after Tx. (C) Percentage of wells with divided cells at each plate cultured in
WT MEF-CM 2 GFs (n =4) and 4GFs (n = 4) or Sfrp1 2GFs (n = 4). (D) Mean hours of time to first division of
cells and wells with cells cultured in WT MEF-CM 2 GFs (n = 4) and 4GFs (n = 4) or Sfrp1 2GFs (n = 4).
’E) Mean of clone size per day at each plate cultured in WT MEF-CM 2 GFs (n = 4) and 4GFs (n = 4) or Sfrp1

2GFs (n=4).In A, arepresentative example is shown. Black dots represent WT MEF-CM 4GFs; Black triangle
represent WT MEF-CM 2GFs; Red dots represent Sfrp1 2GFs. Each dot represents one plate. Figure B, C, E:
Represented values are illustrated as Mean; Figure D: Represented values are illustrated as Mean = SD. * p-
value <0.05 show significant differences in the comparison of Sfrp1 and WT MEF-CM with 2GFs or 4GFs
determined by ANOVA, Tukey's post hoc test.
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4.2. Human SFRP1 gene expression in bone marrow cells from leukemic and

healthy donors

To assess whether SFRP1 expression is of relevance in human clinical conditions, we then
made a brief exploration in human samples. It has been reported that in cells from patients,
with various malignant conditions, an increased promoter methylation of the SFRP1 gene
and expression of SFRP1-targeting miRNAs can be observed in tumor samples, which both
decrease expression of SFRP1 (Baharudin et al., 2020). Similarly, in peripheral blood (PB)
and bone marrow (BM), SFRP1 promotor methylation is associated with malignant
hematological diseases, such as acute myeloid leukemia (AML) (Jost et al., 2008), chronic
myeloid leukemia (CML) (Seeliger et al., 2009) and myelodysplastic syndromes (MDS)
(Reins et al., 2010).

Since SFRP1 promotor methylation associates with mMRNA downregulation, we determined
SFRP1 gene expression in cryopreserved cell suspensions of whole bone marrow (BM)
samples of healthy donors and leukemic donors (AML and CML) between 24 and 55 years.
For this, we thawed and prepared the cells for the analyzation of the RNA expression profile
of SFRP1. The gene expression was analyzed by calculating the AACt value relative to the

housekeeping gene eukaryotic initiation factor-3 (E/F-3) and a human universal cDNA.
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Figure 17. SFRP1 expression profiles in whole BM samples of healthy and leukemic donors between 24
and 55 years. (A) SFRP1 expression of individual healthy (H1 — H10) donors, AML (P7, P14, P15, P17, P18,
P19) and CML (P9) patients. (B) Grouped SFRP1 content of healthy and leukemic (AML and CML) patients
(determined by unpaired t test p = 0.09). The data represent the relative AACt value to the housekeeping gene
EIF-3 and a human universal cDNA. Figure A and B show healthy donors (n = 10) in white, AML donors (n = 6)
in black and CML donor (n = 1) in grey. Represented values are illustrated as Mean + SD. [Data were generated
in cooperation with S. Romero Marquez (Stem Cell Physiology Lab, Munich)].

These experiments showed that RNA expression levels of human SFRP1 is lower in the
leukemic patient samples when compared to the healthy samples (Figure 17A, B),

confirming observations also made by other groups (Vincent & Postovit, 2017).
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4.3. Sfrp1 expression in stromal cells and hematopoietic cells from wild-type

mice

The above and previously published experiments show expression of SFRP1 expression in
whole BM samples, but do not distinguish expression in different BM subpopulations. For
the analysis of the SFRP1 protein content and further study of the relevance of Sfrp1 gene

expression in different cell compartments we decided to switch back to the mouse system.

To determine Sfrp1 and SFRP1 expression in cells of the BM, we sorted the stromal cells
of the niche (CD45Ter119°CD31°CD166'SCA-1" mesenchymal stromal cells (MSCs),
CD45Ter119°CD31°CD166"SCA-1" osteoblastic lineage cells (OBCs) and CD45Ter119
CD31" SCA-1" endothelial cells (ECs), Figure 18) and of mature hematopoietic cells
(GR1*CD11b* granulocytes, GR1™‘CD11b* monocytes and B220* B cells; Figure 19) of
wild-type (Sfro1™*, WT) mice. For antibody verification of the SFRP1 antibody (2.8.2
Primary antibodies immunofluorescence and western blot), we used cultured mouse
embryonic fibroblasts (MEFs) from WT and Sfrp71”" mice (Satoh et al., 2006) (Figure 18B).

The immunofluorescence staining of sorted cell populations indicated that SFRP1 protein
is expressed in stromal cells and there were no significant differences detectable between
the MSCs, OBCs and ECs; (Figure 18A, D). However, the highest mRNA expression level
of Sfrp1 was found in SCA-1" mesenchymal stromal cells (MSCs) and both OBCs and ECs
showed a significant lower expression level of Sfrp1 compared to the MSCs (Figure 18C).
Considering similar detection of SFRP1 protein, we hypothesize that SFRP1 produced by
MSCs may be taken up by OBCs and ECs. To test this hypothesis, we attempted uptake
experiments using biotinylated recombinant murine SFRP1. Unfortunately, these

experiments were not successful and the question remains to be answered.

Dolgalev and Tikhonova, performed an integrated analysis of the niche heterogeneity
incorporating several published single BM niche cell datasets (Dolgalev & Tikhonova,
2021). A searchable website can be found under the Single Cell Portal
https://singlecell.broadinstitute.org/single_cell/study/SCP1248 from the Broad Institute. In
their analysis, it can be found, that Sfrp7 is mainly expressed in CXCL12-abundant
mesenchymal stem/progenitor cells (MSPCs), at the interface of the two MSPC populations
defined as MSPC-Adipo and -Osteo (Figure 18E). Based on their analysis, these two MSPC
populations correspond best to the ALCAM™™** SCA-1* MSCs used in this thesis.
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Figure 18. Sfrp1 expression in stromal cells from wild-type mice. (A) Representative pictures of single-cell
stains showing the expression of SFRP1 protein in stromal cell compartments. (B) Representative pictures of
the antibody verification using cultured MEFs from the WT and SFRP1” mice. Tubulin Beta 1 Class VI (TUBB1)
was used as housekeeping gene. (C) Sfro1 mMRNA content of sorted MSCs (n =4), OBCs (n =4)and ECs (n =4).
The data represent the relative ACt value to the housekeeping gene Rpl9. (D) Relative fluorescence pixel
intensity measurements to the ECs of SFRP1 in sorted MSCs (n = 15), OBCs (n = 13) and ECs (n = 7).
(E) Overview of the published single cell sequencing datasets of Sfrp1 expression in the bone marrow niche
(https://singlecell.broadinstitute.org/single_cell/study/SCP1248). Figure A show staining for the SFRP1 protein
in green, the nuclei staining with DAPI in blue. For quantification of the proteins, cells were snapped on Leica
fluorescent microscope, 100-fold enlarged. For Figure C, each dot represents one animal. Figure D the total
pixels were quantified by ImageJ; each dot represents one cell. Represented values are illustrated as
Mean + SD; * p-value <0.05 show significant differences in the comparison of the different cell compartments
determined by ANOVA, Tukey's post hoc test.

We further analyzed hematopoietic cell compartments of the BM, including GR1°CD11b*
granulocytes, GR1™“CD11b* monocytes, and B220" B cells. These experiments showed a
significantly higher protein levels of SFRP1 in mature GR1"CD11b* granulocytes (Figure
19A, C) compared to GR1™“CD11b* monocytes and CD45R" B cells. Similarly, these latter
two populations showed a significantly lower mRNA expression of Sfro1 compared to the
granulocytes (Figure 19B).
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Figure 19. Sfrp1 expression in hematopoietic cells from wild-type mice. (A) Representative pictures of
single-cell stains showing the expression of SFRP1 protein in hematopoietic cell compartments. (B) Relative
Sfrp1 mRNA content of sorted GR1°CD11b" (n = 3), GR1™‘CD11b* (n = 3) and B220" (n = 3) to the
GR1™CD11b* monocytes. The data represent the relative ACt value to the housekeeping gene Gorasp.
(C) Relative fluorescence pixel intensity measurements to the GR1™CD11b* monocytes of SFRP1 in sorted
GR1°CD11b" (n = 42 cells), GR1™’CD11b" (n = 14 cells) and B220" (n = 15 cells). Figure A show staining for
the SFRP1 protein in green, the nuclei staining with DAPI in blue. For quantification of the proteins, cells were
snapped on Leica fluorescent microscope, 100-fold enlarged. For Figure B, each dot represents one animal.
Figure C the total pixels were quantified by Imaged; each dot represents one cell. Represented values are
illustrated as Mean + SD; * p-value <0.05 show significant differences in the comparison of the different cell
compartments determined by ANOVA, Tukey's post hoc test.

Taken together, we identified Sfrp71 expression in MSCs and mature granulocytes. In
addition, we also found SFRP1 protein in OBCs and ECs with low levels of mMRNA,
suggesting uptake of extrinsic SFRP1.

4.4.Generation and analysis of Sfrp7 conditional mice

In order to study the function of Sfrp7 and SFRP1 in stromal MSPCs, we deleted the Sfrp1
gene in stromal cells, by crossing newly generated Sfrp1 conditional mice
(SFRP1"™" mouse line KO first, see 3.1.1 Generation of Sfrp7 conditional knockout strain)
with transgenic mice expressing CRE recombinase under the Sp7 (=Osterix, or Osx)

promotor (Figure 20A).

The loxP sites are on either side of the critical exon 2 of the Sfrp71 gene. The activity of the
CRE recombinase deletes the critical exon 2 and induced a frame shift mutation (Figure
20A). The promotor activity of Osx is limited to bone marrow osteolineage cells, like pre-

osteoblasts, osteocytes, and hypertrophic chondrocytes (Rodda & McMahon, 2006).
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In addition, progeny of Osx-GFP cells is found in perivascular cells and adipocytes in the
bone marrow (Chen et al., 2014; Mizoguchi et al., 2014). Consequently, the deletion of
Sfrp1 in the Osx-Cre conditional mice is limited to the mesenchymal stromal cell
compartments of the bone marrow, and does not affect gene expression in ECs and

hematopoietic cells.

After crossing Sfrp1/°* mice with OSX71-GFP::Cre (Osx-Cre; B6.Cg-Tg(Sp7-tTA,tetO-
EGFP/cre)1Amc/J; Jackson Labs Stock Nr.: 006361) transgenic mice, which express CRE
and eGFP under the control of a tetO responsive Osx1 promotor (Rodda & McMahon,
2006). Without Doxycyclin to regulate the tetO-responsive element, Cre is constitutively
active in Osx” cells, allowing expression of the CRE recombinase, which cuts the “floxed”
critical exon 2 (CE) of the Sfrp1 target gene, resulting in deletion of the expression of Sfrp1

gene in stromal cells.

The one Frt site is located on the 5’end of the exon from previFlp recombinase. Further
crossing with Cre recombinase transgenic mice results into deleted allele. CRE gene

insertion in the offspring was validated by CRE PCR (Figure 20B).

To validate deletion of the Sfrp1 gene, we performed a Sfrp7-del PCR, as well as a HA5L-
CCE3R PCR. The PCRs were performed to guarantee succeeded deletion of exon 2. The
sizes of the resulting fragments after the specific PCRs are shown in Figure 20B. It is
important to note, that the Sfrp7 del PCR shows all expected genotypes. For the genotyping
of Sfrp1 conditional mouse model, the HA5L-CCE3R PCR, Sfrp1 del PCR and CRE PCR

are used.
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Figure 20. Genotyping of the Sfrp1 conditional mice. (A) Generation and analyzation of Sfrp7 conditional
mice. In order to study Sfrp1 function we knock out Sfrp7 gene in stromal compartment by using newly generated
Sfrp1 conditional mouse crossed with mice expressing CRE recombinase under Osx1 promoter. The used
primer of the PCRs indicated in the scheme. (B) left: The expected PCR results (cKO 543bp; wt 347bp) are
shown for the HA5L-CCE3R PCR; middle: The expected PCR results (internal control 150bp; CRE 100bp) are
shown for the CRE PCR; right: The expected PCR results (cKO 1306bp; wt 1147bp; A 466bp) are shown for
the Sfrp1 del PCR.

After successful deletion of the Sfrp7 gene in Osx-Cre stromal cells (Sfrp1 conditional

/A NA
1" 1

deletion (A) mutants (Sfrp1™" and Sfrp mice)), the resulting phenotypic alterations were
analyzed. When observing the offspring, we found that the loss of Sfrp7 does not lead to
gross external abnormalities: the Sfrp71 conditional mice reveal a normal embryonic,
prenatal development and both males and females are fertile. However, the Sfrp7"* and
Sfrp1** mice showed decreased weight and size compared to their Cre littermates
independently of their gender (Figure 21A). The Sfrp1 conditional mice have a significant
additional reduction in body weight at the age of 8 weeks compared to the controls, as

measured by weighing at weekly intervals (Figure 21B, C).

In general, males are heavier than females, except for the age range between 3 and 5
weeks. The weight difference between males and females is approx. 5 - 6 g. The Sfrp1
deletion mutants have a significant decreased body weight. The weight difference between
Sfrp1°°*and Osx-Cre controls, as well as for the Sfrp7 conditional mice is approx. 4 g for

both males and females.
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Figure 21. Alterations in the body weight of the Sfrp1 conditional mice. (A) Representative pictures of
Sfrp1 conditional mice (Sfrp1™*: n = 1; Sfip1**: n = 2) and the controls (Sfrp1°"™*: n = 2, Osx-Cre: n = 1).
(B) Decreased body weight of Sfrp1 conditional mice (Sfrp1+’A: n=19; Sfrp1A/A: n = 34) compared to the controls
(n = 75) in week 8. * p-value <0.05 show significant differences in the comparison of Sfrp1 conditional mice
(Sfrp1™"*; Sfrp1**) to each other or to controls (Sfrp7°"; Osx-Cre) determined by ANOVA, Tukey's post hoc
test. (C) left: Growth curve of the male mice; right: Growth curve of the female mice. Black dots represent
controls (Sfrp1°"°); Black triangles represent controls (Osx-Cre); Blue dots represent Sfrp7™; Red dots
represent Sfrp 172 Each dot represents one animal. Represented values are illustrated as Mean + SD; * p-value
<0.05 show significant differences in the comparison of Sfrp1NA to Sfrp1'°X"°X; # p-value <0.05 show significant

.t

differences in the comparison of Sfip1™* to Sfrp1'™/*; * p-value <0.05 show significant differences in the
comparison of Sfrp1*™ to Sfrp1*'*; determined by ANOVA, Tukey's post hoc test.

4.4.1 Characterization of the bone homeostasis in Sfrp7 conditional mice

SFRP1 is expressed by osteoblasts and inhibits osteoclast- and bone formation (Hausler et
al., 2004; Yao et al., 2010), and Sfrp1 is strongly expressed in multipotent MSCs and single
MSPCs (Figure 18). Since these cells are also responsible for maintaining skeletal integrity
(de Girolamo et al., 2013; Hayashi et al., 2008; Li et al., 2007; Otsuru et al., 2007; Pitchford
et al., 2009), we analyzed the bone homeostasis in the Sfrp7 conditional mice (Sfrp1*'%;
Sfrp1**) and control mice (Sfrp 1'%, Osx-Cre) at the age of 8 weeks from male and female
mice. As described before, there are gender-specific differences in the bone volume (BV)
of the femur and vertebra (Sode et al., 2010). We described the gender-related differences

where appropriate.
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4.4.1.1 Gender specific alterations in bone volume of femur

The mean BV of the control male mice was 7.12%, whereas the mean BV of the control

+/A

females was 1.95%. The mean BV of the Sfrp1™" male animals was 4.47% (a reduction of
37%), whereas the mean BV of the females was 1.31% (a reduction of 33%). The mean BV
of the Sfrp1* male mice was 5.30% (a reduction of 25%), whereas the mean BV of the

A male

females was 1.53% (a reduction of 22%). Thus, the bone volume of the Sfrp1
animals was significantly decreased compared to the control mice (Figure 22A). In studying
bone homeostasis, bone volume was the only parameter showing significant gender-
specific differences with the control animals (combined results of Sfrp1°'*and Osx-Cre

animals, both WT for Sfrp1).

4.4.1.2 Alterations in bone homeostasis parameters (not specific for gender) of
femur

When studying the femur lengths, we found a significant reduction in Sfrp7 conditional mice
(Sfrp1** mean: 14.08 [1/mm] (a reduction of 4.7%); Sfrp1** 14.29 [1/mm] (a reduction of
3.3%)) compared to controls (14.78 [1/mm], Figure 22B). But, the trabecular number (Figure
22C), trabecular thickness (Figure 22D) and trabecular separation (Figure 22E) in the

+/A

Sfrp1~* compared to the Sfrp7*"* and the control mice was unchanged in the femora.

Furthermore, the cortical thickness was reduced in Sfrp7 conditional mice (Sfrp1"* mean:
0.14 [1/mm] (a reduction of 12.5%); Sfro1** 0.13 [1/mm] (a reduction of 18.8%)) compared

to controls (0.16 [1/mm], Figure 22F).
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Figure 22. Trabecular bone phenotype of femur in Sfrp7 conditional mice. Micro-computed tomography
was used for the analysis of the trabecular bone from the femora of Sfrp1 conditional mice and controls.
(A) Percentage of bone volume of the femur in Sfrp1+/A (male n = 8; female n = 4), Sfrp1A/A (male n =7; female
n = 9) compared to the controls (male n = 13; female n = 11). (B) Femur length in Sfrp1+’A (n = 6), Sfrp1A/A
(n=10) compared to the controls (n = 13). (C) Trabecular number in Sfrp1+/A (n=11), Sfrp1NA(n = 16) compared
to the controls (n = 25). (D) Trabecular thickness and (E) separation in Sfrp1+’A &n =12), Sfrp7A’A (n = 16)
compared to the controls (n = 25). (F) Cortical thickness in Sfrp1”A (n =14), Sfrp1A’ (n =17) compared to the
controls (n = 25). Black dots represent controls (Sfrp1'°"/'°x); Black triangles represent controls (Osx-Cre); Blue
dots represent Sfrp1+/A; Red dots represent Sfrp1NA. Each dot represents one animal. Represented values are
illustrated as Mean + SD; * p-value <0.05 show significant differences in the comparison of Sfrp1 conditional
mice (Sfrp1™; Sfrp1**) to each other or to controls (Sfrp1°'°%; Osx-Cre) determined by ANOVA, Tukey's post
hoc test. [Data were generated in cooperation with H. Weidner (Bone Lab, Dresden)].

4.4.1.3 Gender specific alterations in bone volume of vertebra

The mean BV of the control male mice was 12.58%, whereas the mean BV of the control
females was 8.75%. The mean BV of the Sfrp7** male animals was 10.10% (a reduction of
19.7%), whereas the mean BV of the females was 5.90% (a reduction of 32.6%). The mean
BV of the Sfrp7** male mice was 9.88% (a reduction of 21.5%), whereas the mean BV of
the females was 6.91% (a reduction of 21%). The bone volume of the Sfrp7** of both
genders were significantly decreased compared to the control mice (Figure 23A). Also, the
bone volume of the Sfrp71** of both genders also show a trend to decrease (Figure 23A),

indicating the importance of Sfrp1 expression for bone volume.
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There were no significantly gender-specific differences in the other bone parameters. The
trabecular number (Figure 23B), trabecular thickness (Figure 23C) and trabecular
separation (Figure 23D) in the Sfrp7** and Sfrp1** mice were unchanged in the vertebra

compared to the control animals.
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Figure 23. Trabecular bone phenotype of vertebra in Sfrp7 conditional mice. Micro-computed tomography
was used for the analysis of the trabecular bone from the vertebra of Sfrp7 conditional mice and controls.
(A) Percentage of bone volume of the vertebra in Sfrp1+/A (male n =7; female n = 5), Sfrp1A’A (male n=7; female
n = 8) compared to the controls (male n = 14; female n = 10). (B) Trabecular number and (C) thickness in
Sfrp1™™ (n = 13), Sfip1*™ (n = 16) compared to the controls (n = 25). (D) Trabecular separation in Sfrp1™* (n =
14), Sfrp1A/A (n =15) compared to the controls (n = 24). Black dots represent controls (SfArf)1'°X"°X); Black triangles
represent controls (Osx-Cre); Blue dots represent Sfrp1+/A; Red dots represent Sfrp1**. Each dot represents
one animal. Represented values are illustrated as Mean + SD; * p-value <0.05 show significant differences in
the comparison of Sfrp71** and Sfrp1** to each other or to controls (Sfrp 1'%, Osx-Cre) determined by ANOVA,
Tukey's post hoc test. [Data were generated in cooperation with H. Weidner (Bone Lab, Dresden)].

To assess bone turnover, we analyzed sera for C-terminal telopeptide of type | collagen
(CTX-I) and procollagen type | propeptide (P1NP) by ELISA (Szulc et al., 2018). We found
that the bone formation marker P1NP was increased in the serum by 15.02% in Sfrp1*
compared to Sfrp7** mice. Similar to the uCT bone volume parameter, there are gender-
specific differences in the P1NP serum levels in the control group. The control male mice
had an average of 36.67 ng/mL, whereas the control females had a higher average of
50.9 ng/mL (increase of 28%, Figure 24A). The bone resorption marker CTX-l was

decreased by 26,79 % (Figure 24B) in the male Sfrp1** compared to the male controls.
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Figure 24. Sfrp1 conditional mice show an altered bone turnover. (AZ The functionality of osteoblasts
(control: male n = 13, female n = 11; Sfrp1+/A male n = 8, female n=23; Sfrp1" " malen=7, female n=10) and
(B) osteoclasts (control: male n = 14, female n = 12; Sfrp1 : male n =9, female n = 5; Sfrp1 male n =7,
female n = 11) were measured in serum by ELISA. Black dots represent controls (Sfrp1'°X"°X) Black triangles
represent controls (Osx-Cre); Blue dots represent Sfrp1 ; Red dots represent Sfrp1 . Each dot represents
one animal. Represented values are illustrated as Mean % SD p-value <0.05 show S|gn|f|cant differences in
the comparison of Sfrp7** and Sfrp 1™ to each other or to controls (Sfrp7'”"**; Osx- Cre) determined by ANOVA,
Tukey's post hoc test. [Data were generated in cooperation with H. Weidner (Bone Lab, Dresden)].

Since expression of CTX-| suggested a possibly lower bone resorption, we determined the
osteoclast number per bone perimeter, we measured staining for the osteoclast-specific
enzyme tartrate-resistant acid phosphatase (TRAP; Figure 25A). In addition, this staining
also allowed for assessment of the number of osteoblasts. Here, we only used the male
animals for this histological analysis because the Sfrp7 knockout showed a stronger effect

in the bone phenotype in male mice. These experiments showed, that both numbers of

TRAP-positive osteoclasts and osteoblasts were very similar in Sfrp7** and Sfrp1** mice

compared to the controls in femora (Figure 25B) and vertebra (Figure 25C).
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Figure 25. Sfrp1 conditional mice show normal osteoclast and osteoblast number. (A) Representative
images of tartrate-resistant acid phosphatase—stained (TRAP-stained) vertebra of 8-week-old control are
depicted using the CellSens program and Microscope Axio Imager M1 (Carl Zeiss). In the TRAP-staining,
osteoclasts are stained in red, while arrows indicate osteoblasts. Magnification: zoom of trabeculae 20x (scale
bars: 50 ym). (B) top: osteoclasts number in Sfrpf"A (n=9), Sfrp1A’A(n = 7) compared to the controls (n = 12);
bottom: osteoblasts number in Sfrp1+/A (n=9), Sfrp1A/A gn = 8) compared to the controls (n = 14) per bone
perimeter in femora. (C) top: osteoclasts number in Sfip1™* (n = 7), Sfrp1A’A (n = 6) compared to the controls (n
= 14); bottom: osteoblasts number in Sfrpf"A (n=9), Sfrp1A/A ?n = 8) compared to the controls (n = 14) per bone
perimeter in vertebra. Black dots represent controls (Sfrp1'°X’°X); Black triangles represent controls (Osx-Cre);
Blue dots represent Sfrp1+/A; Red dots represent Sfrp1A/A. Each dot represents one animal. Represented values
are illustrated as Mean + SD; * p-value <0.05 show significant differences in the comparison of Sfrp1+/A and
Sfrp1* to each other or to controls (Sfrp 7%, Osx-Cre) determined by ANOVA, Tukey's post hoc test. [Data
were generated in cooperation with H. Weidner (Bone Lab, Dresden)].

To determine the degree of bone mineralization, we injected mice with calcein (a calcium-
binding fluorescent dye) five and two days before sacrifice. Calcein "is incorporated into the
mineralization fronts, and the distance between the labeling lines (mineral apposition rate,
MAR) multiplied by the mineral surface per bone surface (MS/BS) provides the bone
formation rate per bone surface (BFR/BS)" (Weidner et al., 2020) (Figure 26A). Our
measurements show that the MAR and BFR/BS in the femur (Figure 26C, D) were similar

in the Sfrp1**, Sfrp1~’* compared to the control mice. Interestingly, the MS/BS showed a

AA +/A
1

slightly increased trend in the Sfrp compared to the Sfrp1™" (increase of 19.7%) and

control animals (increase of 20.7%, Figure 26B).
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Figure 26. Sfrp1 conditional mice show unchanged bone formation. (A) Representative images of calcein
double labelling of trabecular bone (bar, 100 ym) of 8-week-old control. (B) Mineral surface/Bone surface in
Sfrp1*™* (n = 9), Sfrp1** (n = 6) compared to the controls (n = 14). (C) Mineral apposition rate in Sfrp1"* (n = 7),
Sfrp1** (n = 6) compared to the controls (n = 13). (D) Bone formation rate in Sfrp1*™* (n = 7), Sfrp1* (n = 6)

compared to the controls (n = 13). Black dots represent controls (Sfrp1'°X/'°X); Black triangles represent controls
(Osx-Cre); Blue dots represent Sfrp1+’A; Red dots represent Sfrp1A’A. Each dot represents one animal.

Represented values are illustrated as Mean + SD; * p-value <0.05 show significant differences in the comparison
of Sfip1** and Sfip1** to each other or to controls (Sfrp 1'%, Osx-Cre) determined by ANOVA, Tukey's post
hoc test. [Data were generated in cooperation with H. Weidner (Bone Lab, Dresden)].

In summary, Sfrp7** mice show a loss of 22-35% of the bone volume in the cortical bone

1A/A

compared to control mice, and the male Sfrp mice additionally show reduction of about

20% of CTX-I serum levels. However, Sfrp1*

mice have an altered bone phenotype in the
trabecular and cortical bone. Since we found that trabecular parameters, as well as the
numbers of both osteoclasts and osteoblasts as well as the serum marker PINP were
normal in Sfrp1*, these do not serve to explain the differences found in bone volume and
serum CTX-l. Bodine et al. showed that in adult mice with a knock-out of Sfro7, WNT
signaling in osteoblasts is activated, which leads to increased trabecular bone formation
(Bodine et al., 2004). Our results show there are changes in the cortical bone in both
heterogeneous and homogenous conditional knockout mice and higher bone mineralized

surface in Sfrp1**

mice, suggesting this part of the bone may have an altered quality of
bone stiffness. Thus, our results confirm earlier results with Sfro7” mice, which suggests

that these changes are at least partly dependent on Osterix-GFP::Cre expressing cells.
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4.5. Characterization of Sfrp7 loss in bone marrow niche cells

The reciprocal interaction between the bone marrow niche and HSCs is essential for proper
homeostasis (Morrison & Scadden, 2014; Morrison & Spradling, 2008). Since molecular
events involved in these interactions still have to be elucidated, we further studied the
deletion of Sfrp1 specifically in osteolineage cells in Sfrp1 conditional deletion mutants to
determine whether these cells are responsible for the loss of HSC self-renewal previously

noted in Sfrp7”" mice (Renstrém et al., 2009).

4.5.1 SFRP1 expression in the MSCs of the Sfrp7 conditional mice

Analysis of SFRP1 protein expression in different cell types (paragraph 4.3) shows that the
main expression was found in SCA-1" mesenchymal stromal cells (MSCs) and
GR1"" hematopoietic cells (granulocytes). Since the complete knock out of Sfrp7 in mice
changes HSCs behavior in a cell non-autonomous manner (Renstréom et al., 2009), an
extrinsic regulation of stromal cells onto HSCs is assumed (Nakajima et al., 2009). This
statement is supported by the fact that extrinsic SFRP1 regulates the behavior of
hematopoietic cells (Oostendorp et al., 2002; Oostendorp et al., 2005; Renstrém et al.,
2009). Since expression in MSCs is the highest, we specifically knocked out the expression
of the gene in MSCs and OBCs to study the bone marrow stromal cells and their
hematopoietic niche function of Sfrp1 conditional mice. First, we validated deletion of
SFRP1 in stromal cells. Consequently, the bone marrow stromal cells were isolated from
collagenase-treated bones and separated by sorting based on the expression of specific

surface markers.

The cell populations (ECs, OBCs and MSCs) were gated as CD45Ter119" cells out of the
live cell (PI) population. The ECs were gated as CD45Ter119°CD31"Sca1” cells.
Afterwards, OBCs were sorted as CD45Ter119°CD31°CD166"SCA-1" cells and the MSCs
were gated as CD45Ter119°CD31°CD166'SCA-1" cells (Figure 27A) (Nakamura et al.,
2010) and immediately used for immunofluorescent staining or cultured for western blot.
We verified SFRP1 deletion by immunofluorescent staining of sorted MSCs with the reporter
IRES GFP as a selectable marker (Figure 27B) and a western blot of cultured MSCs (Figure

27C) from control animals and Sfrp7*™ mice.
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Figure 27. SFRP1 expression in MSCs from control (GFP’) mice and Sfrp1A’A (GFP") mice. (A) Gating
strategy for cell sorting of bone marrow mesenchymal stem cell population. The mesenchymal stromal cells
were gated as CD45 Ter119°CD31°CD166'SCA™1" cells. (B) Representative fluorescence microscopy images
of sorted MSCs with the reporter IRES GFP as a selectable marker from control (GFP") mice and Sfrp 744 (GFP)
mice. (C) Western blot analysis of SFRP1 (37kDa) of control (GFP’) mice and Sfrp1A/A (GFP") mice.
TUBB1 (50kDa) was used as housekeeping gene.

4.5.2 Functional analysis of the MSCs in Sfrp1 conditional mice

For the functional analysis of the MSCs in Sfrp1 conditional mice, at first the ability to form
colony-forming unit fibroblasts (CFU-Fs) was analyzed. Therefore, sorted MSCs of Sfrp1
conditional mice and controls were cultured in stroma medium and counted after 10 days.
The analysis of Sfrp1 deficient MSCs showed a decrease in total numbers of sorted MSCs
(Figure 28A), but an increased proportion of colony forming units (CFU-F) after culture
(Figure 28B). Furthermore, the MSCs from Sfrp1** mice compared to their controls and
Sfrp1** showed a significant increased number of small CFU-Fs while the number of large
CFU-Fs is not significantly changed. In general, these results point out a remodeling of the
BM, suggesting that the loss of Sfrp7 in the microenvironment could have an impact on the
function of the MSCs.
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Figure 28. Ability to form CFU-Fs of the MSCs from Sfrp7 conditional mice. (A) Total cell number of sorted
MSCs from Sfrp1** (n = 8), Sfrip1** (n = 13) compared to the controls (n = 19). (B) Total number of CFU-Fs of
sorted MSCs. Left: Total number of small CFU-Fs SSfrpf"A: n = 3; Sfip1¥*: n = 9; controls: n = 9); Right: Total
number of large CFU-Fs (Sfrp1+’A: n = 3; Sfrp1™: n = 8; controls: n = 8). Black dots represent controls
(Sfrp1'°X"°x); Black triangles represent controls (Osx-Cre); Blue dots represent Sfrp1+/A; Red dots represent
Sfrp1A/A. Each dot represents one animal. Represented values are illustrated as Mean + SD; * p-value <0.05
show significant differences in the comparison of Sfrp1+/A and Sfrp1A/A to each other or to controls (Sfrp1'°X"°X;
Osx-Cre) determined by ANOVA, Tukey's post hoc test. [Data were generated in cooperation with S. Romero

Marquez (Stem Cell Physiology Lab, Munich)].

MSCs have the ability to differentiate into adipogenic, osteogenic and chondrogenic
lineages (Kfoury & Scadden, 2015; Méndez-Ferrer et al., 2010; Robert et al., 2020;
Visweswaran et al., 2015). To study the hypothesis that the loss of Sfrp7 in niche of Sfrp1
conditional mice has an effect on the cellular function of the MSCs in more detail, we
performed differentiation assays in vitro. Therefore, the functional analysis of induced
differentiation into adipogenic and osteogenic lineages was performed from sorted MSCs

(passage 2 or p2) of Sfrp1 conditional mice and their controls. The induced differentiation

+/A 1A/A

of MSCs from Sfrp1 conditional mice showed that the MSCs from Sfrp71™" and Sfrp mice

differentiated faster into adipogenic lineages (Figure 29B, Oil red stain). The osteogenic

1A/A

differentiation of Sfrp mice showed an enhanced mineralized matrix (red stain) and

*A cells were similar to the controls

therefore an enhanced differentiation too, whereas Sfrp1
(Figure 29A, Alizarin red stain). In addition, the CFU-F-derived stromal cells from Sfrp1A’A

mice differentiated spontaneously into adipocytes at passage 2 (data not shown).
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Figure 29. Differentiation potential of the MSCs from Sfrp71 conditional mice. (A) Left: Quantification of
Alizarin red content at OD 562 nm of Sfrpf"A (n =6), Sfrp1A’A (n = 6) compared to the controls (n = 6) from
osteogenic differentiated MSCs. Right: Microscopy of Alizarin red stained osteogenic differentiation of Sfrp1
conditional mice compared to the controls. (B) Left: Quantification of Oil red content at OD 520 nm of
Sfrp1+/A (n=7), Sfrp1A/A (n = 8) compared to the controls (n = 15) from adipogenic differentiated MSCs.
Right: Microscopy of Qil red stained adipogenic differentiation Sfrp7 conditional mice compared to the controls.
Black dots represent controls (Sfrp1'°X"°X); Blue dots represent Sfrp1+/A; Red dots represent Sfrp1NA. Each dot
represents one animal. Represented values are illustrated as Mean + SD; * p-value <0.05 show significant
differences in the comparison of Sfrp1** and Sfrp1** to each other or to controls (Sfrp1'”“**) determined by
ANOVA, Tukey's post hoc test. [Data were generated in cooperation with S. Romero Marquez (Stem Cell
Physiology Lab, Munich)].

To analyze the increased proliferation of the Sfrp7 conditional cells, the functional analysis
of cell cycle status of the MSCs was performed by PI/Ki-67 staining and analyzed by flow
cytometry. The Ki-67 protein is a specific marker for cellular proliferation. The marker is
present during proliferative phases of the cell cycle (G1, S, G2 and M phases), but is absent
in quiescent cells (GO) (Gerdes et al., 1984; Gerdes, Schwab, Lemke, & Stein, 1983;
Schwarting et al., 1986). Pl was included in the staining to allow further analysis between
G1-phase and S-phase, because cells in the S-phase have a higher level of PI. Therefore,
endosteal cells (from collagenase treated bones) from controls and Sfrp7 conditional mice
were stained for surface marker and analyzed in bulk. The analysis of the cell cycle showed
a decrease of MSCs from Sfrp 1~ mice in GO phase compared to the controls. Furthermore,
the MSCs of Sfrp7*" mice are increased in the G1 and S phase of the cell cycle compared
to the controls (Figure 30A). An increase of cells in the S-phase is associated with G2/M
phase entrance in senescence, a state in which cells are metabolically active but do not

divide.
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To find out whether indeed, the number of senescent cells increases in MSCs of Sfrp1
conditional mice and their controls, we sorted and cultured MSCs up to p1 to confluence. It
was previously shown that senescent cells enhance their SA 3-Galactosidase activity due
to increased lysosome content (Dimri et al., 1995). The stromal cells (p1) of Sfrp1

conditional cells grown ex vivo show increased senescence-associated -galactosidase

+/A 1A/A

staining supporting the idea of increased senescence in Sfrp1™" and Sfrp mice
compared to the controls (Figure 30B).
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Figure 30. Functional analysis of the MSCs in Sfrp7 conditional mice. (A) Left: Bar graph of cell cycle
analysis of Sfrp1+/A (n =5), Sfrp1NA (n = 5) compared to the controls (n = 5) in percentage. Right: Percentage
of control and Sfrp1 conditional MSCs lacking Ki67 and Pl (in GO of the cell cycle), positive for Ki67 and lacking
PI (in G1 of the cell cycle), positive for Ki67 and PI (in S-phase of cell cycle). (B) Left: Total number of SA-B-gal
(blue stained) positive colonies of Sfrpf"A (n=7), Sfrp1A/A (n = 6) compared to the controls (n = 9).
Right: Microscopk/ of SA-B-gal staining in Sfrp1 conditional MSCs compared to the controls. Black dots represent
controls (Sfrp1'°X ); Blue dots represent Sfrp1+/A; Red dots represent Sfrp 12 Each dot represents one animal.
Represented values are illustrated as Mean + SD; * p-value <0.05 show significant differences in the comparison
of Sfrp1+/A and Sfrp 1% to each other or to controls (Sfrp1'°x"°X) determined by ANOVA, Tukey's post hoc test.
[Data were generated in cooperation with S. Romero Marquez (Stem Cell Physiology Lab, Munich)].

In summary, Sfrp1 deficient mice show a loss in total humber of MSCs, increased
generation of small CFU-Fs, strong differentiation into adipogenic and osteogenic lineages
of MSCs, increased proliferative activity in endosteal cells and cellular senescence of
MSCs, which indicates an altered functionality of stromal cells from Sfrp1** and Sfrp1*

mice.
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4.6. Characterization of hematopoietic compartments by Sfrp71 loss in bone

marrow niche cells

We previously showed that Sfrp 1 expressed by the microenvironment is required to regulate
the cycling activity and maintain functional HSCs (Renstrém et al., 2009). For the analysis
of the influence on the hematopoietic system by loss of extrinsic SFRP1, BM cells of Sfrp1
conditional mice (Sfrp1**, Sfrp1**) and control mice were isolated and analyzed by flow

cytometry.

4.6.1 Deletion of Sfrp1 in osteoprogenitors does not affect hematopoiesis under
steady-state conditions, except for a decrease in BM progenitors

After analyzing the effect of the Sfrp1 deletion in niche stromal cells, we wondered how the
loss of Sfrp1 influence the hematopoietic compartment. To study this, we analyzed the
mature and primary cell subpopulations in the peripheral blood (PB) and bone marrow (BM)

of the Sfrp1 conditional mice (Sfrp 1™, Sfrp1**) and control animals.

In Figure 31A, representative flow cytometry plots of mature cell populations in PB, isolated
from the Sfrp1**, Sfrp1** mice and control animals, are shown. Out of the live cells and
Ter119" gate, the lymphoid cell populations (B220" B cells and CD4*CD8a" T cells) and the
myeloid cell populations (GR1*CD11b* granulocytes and GR1™“CD11b* monocytes) were
gated (Figure 31A).

The white blood cells (WBC) are unchanged in cell number in 10%ul (Figure 31B), as well
as the lymphoid cell populations (B220"* B cells and CD4°CD8a" T cells) and myeloid cell
populations (GR1™“CD11b* monocytes and GR1°CD11b" granulocytes) in percentage of
the Sfrp1*"*, Sfrp 1" mice and control animals (Figure 31C-F). Thus, the loss of Sfrp7 in the
microenvironment has no strong effects on the number of mature cell subpopulations in the
PB.

In Figure 32A, representative flow cytometry plots of mature cell populations in BM, isolated
from the Sfrp1™, Sfrp1~* mice and control animals, are shown. When comparing
Sfrp1*'*, Sfrp1*™ and control mice (Sfrp 1 or Osx-Cre), we found an unchanged total cell
number of BM hematopoietic cells in the tibia and femur (Figure 32B), as well as the
lymphoid cell populations (B220" B cells and CD4°CD8a" T cells) and myeloid cell
populations (GR1™°CD11b* monocytes and GR1*CD11b* granulocytes) in absolute
numbers of the Sfrp1*'*; Sfrp1** mice compared with control animals (Figure 32C-F). This
shows that, as already found in the periphery, the loss of Sfrp1 in the niche does not affect

the number of mature hematopoietic cell subpopulations in the BM.
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Figure 31. The influence on the mature hematopoietic compartment in the PB by Sfrp1 loss in bone
marrow niche cells. (A) Representative flow cytometry plots of the gating strategy for mature cell populations
in PB. (B) Cell number of WBC in 103/pl of Sfrp1+/A (n=10), Sfrp1A/A (n =12) compared to the controls (n = 18).
(C) Percentage of the B220" B cells of Sfrp1+/A (n =10), Sfrp1A’A (n = 18) compared to the controls (n = 27).
(D) Percentage of CD3e" T cells of Sfip1™ (n = 10), Sfrp1** (n = 17) compared to the controls (n = 27).
(E) Percentage of GR1™‘CD11b" monocytes of Sfrp1+/A (n= 10), Sfrp1A’A (n = 18) compared to the controls
(n = 27). (F) Percentage of GR1*CD11b" granulocytes of Sfrp1*'* (n = 9), Sfrp1** (n = 17) compared to the
controls (n = 27). Black dots represent controls (Sfrp1'°X/'°X); Black triangles represent controls (Osx-Cre); Blue
dots represent Sfrp1+/A; Red dots represent Sfrp1NA. Each dot represents one animal. Represented values are
illustrated as Mean + SD.
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Figure 32. The influence on the mature hematopoietic compartment in the BM by Sfrp71 loss in bone
marrow niche cells. (A) Representative flow cytometry plots of the gating strategy for mature cell populations
in BM. (B) Total number of BM of Sfrp1+/A (n = 14), Sfrp1A/A (n = 16) compared to the controls (n = 22).
(C) Absolute number of the B220" B cells of Sfrp1"’A (n=10), Sfrp1A’A (n =12) compared to the controls (n = 18).
(D) Absolute number of CD4*CD8a" T cells of Sfrp1™ (n = 10), Sfip1*® (n = 11) compared to the controls
(n = 18). (E) Absolute number of GR1™“CD11b* monocytes of Sfrp7™* (n = 10), Sfrp1** (n = 12) compared to
the controls (n = 18). (F) Absolute number of GR1*CD11b* granulocytes of Sfrp1™ (n = 9), Sfrp1** (n = 12)
compared to the controls (n = 17). Black dots represent controls (Sfrp1'°x”°x); Black triangles represent controls
(Osx-Cre); Blue dots represent Sfrp1+’A; Red dots represent Sfrp1NA. Each dot represents one animal.
Represented values are illustrated as Mean + SD.
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To determine changes in the number of HSC-enriched CD34" SLAM (Long-Term HSCs (LT-
HSCs)) in Sfrp1* mice, we performed flow cytometry on freshly isolated BM cells using a
combination of surface markers described in the literature (Kiel et al., 2005; Osawa et al.,
1996) and as our group described previously (Marquez Romero et al., 2020; Schreck et al.,
2017). For assessment of live CD34" SLAM cells, we first gated out doublets, cell debris
and possible cell clumps setting a gate in the dotplot of forward scatter (FS) against pulse
width (PW). More cell debris was then gated out using a gate in the sideward scatter (SS)
against FW dotplot. This was followed by gating on living cells using staining with the cell-
impermeable DNA dye PI°" against FS"". Out of the live cells (PI'), the cells devoid of
lineage markers (lineage’) were chosen out by excluding CD45", Ter119" and CD48" cells
(Figure 33A, first gate (left)).

In several experiments, we enriched for these lineage™ cells using lineage cell separation
before staining, as described in the Methods section (3.4.1 Lineage depletion), to more
easily discern different subpopulations within the lineage cells. To zoom into the HSC-
enriched fractions of cells, Lin"Sca-17Kit" cells (LSKs) were gated as KIT" and SCA-1" cells
(Figure 33A, second gate (middle)). Within this LSK cell fraction, cells were further
subdivided into CD34" SLAM cells (LT-HSCs) and CD34" cells (short-term HSCs (ST-
HSCs), using the markers CD34 and CD150"" cells (Figure 33A, third gate (right)).

As we notice before, there was an unchanged total cell number of BM hematopoietic cells
in the tibia and femur of the Sfrp1™*, Sfrp1** mice compared with control animals (Figure
32B). However, we observed that the LSK compartment was similar in both Sfrp1*™* and
Sfrp1** mice compared to control animals (Figure 33B). We found an unchanged absolute

A and

number of the LT-HSCs subpopulation, as well as in the ST-HSCs in the Sfrp1
Sfrp1** mice compared to control animals (Figure 33C, D). However, there was a significant

decreased in absolute cell number of myeloid progenitor cells (MPs, Figure 33E).

In conclusion, in the hematopoietic compartment, LT-HSCs (LinCD48 Sca-1"CD117*CD34
CD150") were unchanged, while MPs (LinCD48Sca-1"CD117") were significantly
decreased. This suggests that under steady-state conditions the LT-HSC produce less
MPs, which could be caused by reduced differentiation, proliferation or increased MP cell
death.
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Figure 33. The influence on the primitive hematopoietic compartment by Sfrp7 loss in bone marrow
niche cells. (A) Representative flow cytometry plots of lineage depleted BM cells of the gating strategy for the
primitive hematopoietic compartment. (B) Absolute number of LSKs isolated from tibia and femur of Sfrp1+/A
(n=6), Sfrp1A/A (n = 14) compared to the controls (n = 16). (C) Absolute number of LT-HSCs of Sfrp1+’A (n=16),
Sfrp1** (n = 14) compared to the controls (n = 16). (D) Absolute number of ST-HSCs of Sfrp1™* (n = 6), Sfip1 A
(n = 14) compared to the controls (n = 16). (E) Absolute number of MPs of Sfrp1+’A (n =6), Sfrp1A’ (n = 14)
compared to the controls (n = 16). Black dots represent controls (Sfrp7'”"**); Blue dots represent Sfrp1™*;
Red dots represent Sfrp1A’A. Each dot represents one animal. Represented values are illustrated as Mean + SD.
* p-value <0.05 show significant differences in the comparison of Sfrp7** to controls Sfrp7°'** determined by

ANOVA, Tukey's post hoc test.
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4.6.2 Limiting number of LT-HSCs from Sfrp1 deficient mice failed to repopulated in
WT recipients

1A/A

To test whether the function of LT-HSCs generated in Sfrp mice is disturbed, we

transplanted limiting number (100 cells) of sorted LT-HSCs from our Sfrp1*', Sfrp 1 mice

1|OX/|0X)

and controls (Sfrp into lethally irradiate WT recipients (Figure 34A).

Since the activity of the transcription factor Osx-Cre is limited to osteoblast lineage cells,
bone marrow stromal cells, osteocytes, hypertrophic chondrocytes, perivascular cells and
adipocytes in the bone marrow (Chen et al., 2014; Rodda & McMahon, 2006) the LT-HSCs
should still normally express the Sfrp1 gene, they are therefore considered wild-type. Any
change in behavior of these cells is caused by the Sfrp7 deficient osterix® stromal

compartment and their progeny.

These experiments showed that peripheral engraftment is severely impaired over the entire
observation period of 24 weeks (Figure 34B, C). To find out whether this is due to an
impairment of the regeneration of the stem cell compartment, we also analyzed the BM

24 weeks after transplantation (Figure 34B, D-G). The engraftment in the BM was

1A/A

significantly decreased in the Sfrp mice compared to the controls (Figure 34D), as well

+/A 1A/A

as a significantly decreased of donor CD34" LSKs of Sfrp1

controls (Figure 34G). The donor LSKs and donor CD34™ LSKs were unchanged of Sfrp1**
1A/A

and Sfrp1™" compared to the

and Sfrp1™" mice compared to the controls, whereby it is noticeable that 6 (donor LSKs) or
7 (donor CD34" LSKs) out of 10 Sfrp 7™ mice showed a complete lack of donor cells (Figure

34E, F).
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Figure 34. Limiting number of LT-HSCs from Sfrp1 deficient mice failed to repopulated in WT recipients.
(A) Experimental design: CD34" SLAM cells (LT-HSCs) of eight- to ten-week old Sfrp1+/A, Sfrp1A’A mice and
control animals were sorted and transplanted into lethally irradiate WT recipients. (B) Representative flow
cytometry plots of the gating strategy of Ly5.2" donor cells or Ly5.1*Ly5.2" recipient cells in PB (left) and BM
(right). (C) Donor cell engraftment in percentage in the PB four, eight, twelve, sixteen, twenty and twentyfour
weeks after transplantation of Sfrpf"A (n=5), Sfrp1NA (n=11) compared to the controls gl =13). (D) Percentage
of the donor engraftment in BM (week 24 after transplantation) of Sfrp1+’A (n=5), Sfrp1”’* (n = 10) compared to
the controls (n = 13). (E) Percentage of the donor LSKs of Sfrp1+/A (n=15), Sfrp1NA (n =10) compared to the
controls (n = 13). (F) Percentage of the donor CD34" LSKs of Sfrp1+/A (n=15), Sfrp1A’A (n =10) compared to the
controls (n = 13). (G) Percentage of the donor CD34" LSKs of Sfrp1+/A (n=5), Sfrp1NA (n =10) compared to the
controls (n = 12). Black dots represent controls (Sfrp1'°"/'°x); Blue dots represent Sfrp1+’A; Red dots represent
Sfrp1A/A. Each dot represents one animal. Represented values are illustrated as Mean + SD. * p-value <0.05
show significant differences in the comparison of Sfrp1+/A, Sfrp1A’A to controls, whereas * p-value <0.05 show
significant differences in the comparison of Sfrp1+/A to Sfrp1A/A determined by ANOVA, Tukey's post hoc test.
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We then studied whether the stem cells we transplanted were perhaps already damaged

before we isolated them from the Sfrp 14/

mice. Because damaged LT-HSCs often present
with accumulated DNA damage. It was published that DNA damage in LT-HSCs influences

their repopulating activity during transplantation (Flach et al., 2014; Walter et al., 2015).

Indeed, in the sorted LT-HSCs from Sfrp1** mice we found an accumulation of DNA-
double-strand breaks as identified with the comet assay (Figure 35A). Similarly, staining for
yH2A X foci is an indication of double-strand break repair, and we found an increase of such
foci, indicating an increased number of DNA double-strand breaks in LT-HSC from Sfrp 14/
mice (Figure 35B). These results strongly suggest an accumulation of DNA damage in
CD34  SLAM cells from Sfrp1** mice.
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Figure 35. DNA double-strand breaks accumulation in CD34" SLAM cells from Sfrp1 deficient mice.
(A) Left: Olive tail moment (Tail DNA/Cell DNA * TML) of LT-HSCs of Sfrp1+’A (n = 61), Sfrp1A/A (n = 200)
compared to the controls (n = 55) calculated after a comet assay; Middle: Immunofluorescence staining of a
negative and positive control (cells treated for 10 min with UV light); Right: Representative immunofluorescence
staining of Sfrp1+/A, Sfrp1A/A compared to the controls. (B) Number of Histone yH2A.X foci content of
CD34 SLAM cells of Sfrp1 *(n=59), Sfrp1“(n 52) compared to the controls (n = 59); Right: Representative
immunofluorescence staining for the nuclei staining with DAPI in blue gleft) histone yH2A.X foci content in green
(middle), and the merged picture (rlght) of CD34" SLAM cells of Sfrp1 Sfrp1AA mice compared to the controls.
Black dots represent controls (Sfrp1°'); Blue dots represent Sfrp1™*; Red dots represent Sfrp1*". Each dot
represents one animal. Represented values are illustrated as Mean + SD. * p-value <0.05 show significant
differences in the comparison of Sfrp1 and Sfrp1AA to each other or to controls determined by ANOVA,
Tukey's post hoc test.
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We then studied whether the damaged CD34" SLAM cells, which harbor accumulation of
DNA damage, present dysfunctional behavior in vitro. For this, we performed single cell
cultures (Figure 36A), since this assay allows the separate assessment of survival,
proliferation, and self-renewal (Marquez Romero et al., 2020; Wohrer et al., 2014). Here,
we found that LT-HSCs from Sfrp7~* mice show decreased clone size after four and five
days of culture of single CD34" SLAM cells compared to the controls (Figure 36B).
Interestingly, when the formed clones were pooled at the end of the culture at day 5 and
assessed for differentiation, we found significantly increased differentiation of the clones
grown from Sfrp1** CD34” SLAM cells into GR1*CD11b* mature myeloid lineages (Figure
36C).

Single 1000
CD34" SLAM cells x
v © 100 S
Iz 5, eis
S50 Clonesize flowcytometry @ 4] TR
£ 333333333350 Day1-5 analysis o i !,t e,
ERR838558553 SR TR |
T
UG261-B6 CM o
IL11, SCF 1 T
C Gated on Gated on * Control
Gated on PF B220- CD3e- GR1-CD11b° . ::rpm
T cells nocyie o Sfrp
5 A 04 A
3 bcytes || 586 369
£ B cells
@ SKs
D11b-
- 0.7
= 590 283
e
g Q)
8.0
0.7
‘g,;_l 3 < = 145
£ o a
N o - (@] O
9 1.5
B220 GR1 LYBA/E

Figure 36. CD34" SLAM cells from Sfrp1 deficient mice are slow-proliferating. (A) Experimental design:
96-round-bottomed plates were prefiled with UG26-1B6 CM, containing mSCF and IL-11. Single
CD34 SLAM cells of Sfrp1+/A, Sfrp1A’A and the controls were sorted into each well. For five days, the clone size
was counted every 24 hours. After five days, the clones (> 2 cells/well) were harvested and analyzed per flow
cytometry. (B) Counted mean clone size over five days of Sfrp1+/A (n =8), Sfrp1A’A (n = 5) and the controls
(n = 8). (C) Representative flow cytometry plots of the gating strategy for lymphoid lineages (left), myeloid
lineages (middle) and the LSK populations (right) after 5 days of culture. Black dots represent controls
(Sfrp1'°X"°X); Blue dots represent Sfrp1+/A; Red dots represent Sfrp1NA. Each dot represents one animal.
Figure B: Represented values are illustrated as Mean. * p-value <0.05 show significant differences in the
comparison of Sfrp1A/A to controls determined by Bartlett’s test.
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So, our results support the view that CD34” SLAM cells from Sfrp1** mice show decreased
engraftment, accumulations of DNA damage and show unbalanced proliferation and

differentiation.

4.6.3 LT-HSCs from Sfrp1 deficient mice show unbalanced proliferation and
differentiation

To understand our findings that CD34™ SLAM cells from Sfrp7** mice proliferate less and
show more myeloid differentiation, we decided to investigate the balance complex formation
between B-catenin (CTNNB1) and either CREBBP (CBP) or EP300 (p300).

In embryonic cells (ES) these two complexes regulate the balance between differentiation
and proliferation (Miyabayashi et al., 2007), where the p-catenin/CBP complex drives ES
self-renewal, and the B-catenin/p300 complex promotes differentiation. Thus, we were
interested whether a disbalance in the activity of B-catenin/CBP or B-catenin/p300 would
explain the increased myeloid differentiation, found in cultures from CD34" SLAM cells from
Sfrp1~* mice (Figure 37A).

To test this hypothesis, we first assessed the expression of these three proteins in sorted
CD34 SLAM cells using immunofluorescence staining (IF) experiments. We found that all

three proteins are expressed. Furthermore, in CD34 SLAM cells from Sfrp1*

mice, the
protein content of B-catenin and p300 was increased, while the CBP content was

unchanged (Figure 37B-D).

This could mean that perhaps due to the increased availability of p300, more of the j-
catenin/p300 complex might be formed. In line with the hypothesis, increased presence of

the B-catenin/p300 complex would promote differentiation of CD34" SLAM cells.
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Figure 37. Protein content of CTNNB1, CBP and p300 in CD34" SLAM cells of Sfrp1 conditional mice and
the controls. (A) Schema of complex formation between CTNNB1 and either CBP or p300 leads to
differentiation or proliferation. (B) Left: CTNNB1 protein content as pixel number of LT-HSCs of Sfrp1+/A (n =63),
Sfrp1A/A (n = 48) and the controls (n = 51); Right: Representative immunofluorescence staining for the nuclei
staining with DAPI in blue (below), CTNNB1 protein in green (middle), and the merged picture (top) of LT-HSCs
of Sfrp1™™, Sfrf1A/A and the controls. (C) Left: CBP protein content as pixel number of LT-HSCs of Sfrp7*
(n=150), Sfrp1 /A (n = 27) and the controls (n = 34); Right: Representative immunofluorescence staining for the
nuclei staining with DAPI in blue (below), CBP protein in green (middle), and the merged picture (top) of LT-
HSCs of Sfrp1*, Sfrp1** and the controls. (D) Left: p300 protein content as pixel number of LT-HSCs of Sfrp1**
(n =60), Sfrp1A’A (n = 60) and the controls (n = 60); Right: Representative immunofluorescence staining for the
nuclei staining with DAPI in blue (below), p300 protein in green (middle), and the merged picture (top) of LT-
HSCs of Sfrp1™*, Sfrp1** and the controls. Black dots represent controls (Sfrp7'”"°*); Blue dots represent
Sfrp1+/A; Red dots represent Sfrp1NA. Each dot represents a cell. Represented values are illustrated as
Mean + SD. * p-value <0.05 show significant differences in the comparison of Sfrp1+/A and Sfrp1A/A to each other
or to controls determined by ANOVA, Tukey's post hoc test.
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4.6.3.1 Impact of the 1Q-1 treatment in vitro

To determine the impact of the B-catenin/p300 complex in CD34" SLAM cells, we treated
these cells with a specific inhibitor of the formation of this complex, 1Q-1. Miyabayashi et al.
have demonstrated that IQ-1 specifically prevents the interaction of B-catenin with p300, by
targeting PR72/130 (PPP2R3A), a subunit of the serine/threonine phosphatase PP2A
complex (Miyabayashi et al., 2007). Thus, Q-1 reduces the interaction between B-catenin
and p300, thus favoring formation of the proliferation-promoting p-catenin/CBP complex
(Figure 38A). We therefore hypothesized that reducing the formation of the CTNNB1/p300
complex by 1Q-1 treatment could, rescue the aberrant balance between differentiation and
proliferation of CD34 SLAM cells from Sfrp1** mice.

To test this hypothesis, we set up a single CD34" SLAM cell culture with and without addition
of 10 uM 1Q-1, a concentration previously used to inhibit formation of the CTNNB1/p300
complex (Miyabayashi et al., 2007). We then determined proliferation and survival and at
the end of culture (day 5) we assessed changes in CFUs and flow cytometry assays (Figure
38B).

In cultures of untreated CD34 SLAM cells of Sfrp1** mice, we again note decreased clone

A and the controls

size formation at day 4 and 5 of culture compared to the untreated Sfrp1
(Sfrp1""°), reproducing the reduced proliferation noted before (Figure 36B, Figure 38C).
Interestingly, 1Q-1 treatment did not increase, but rather decreased proliferation rates
(Figure 38D). At the same time, the number of colony-forming cells (CFCs) was not
significantly changed, suggesting that less cells, produce more colonies per cell. Since CFC
are enriched in LSK cells, we then assessed LSK cell numbers with and without 1Q-1
treatment. Intriguingly, treatment of the cultures with 1Q-1 (inhibitor is present during the
culture) maintained the LSK surface phenotype at higher levels compared to the untreated

cells in all cultures, regardless of the genotype of the CD34" SLAM cells (Figure 38E, F).

Thus, IQ-1 does not promote proliferation per sé, in fact, IQ-1 treatment reduces the total
number of cells in culture, but it improves retention of early cell types, such as LSK cells
and improve their colony-forming ability, not only in CD34™ SLAM cells from Sfrp 1, but
also in control cells. The increased numbers of LSK cells and the increased potential to
form more colonies/LSK after IQ-1 treatment, strongly suggests that with 1Q-1, CD34" SLAM
cells from Sfrp 1 show less differentiation and more self-renewal activity in the absence of

increased proliferation.
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Figure 38. Single cell culture of LT-HSCs with inhibitor 1Q-1. (A) Regulation of proliferation versus
differentiation in ES cells and inhibited CTNNB1-p300 binding with specific inhibitor 1Q-1 in vitro.
(B) Experimental design: 96-round-bottomed plates were prefilled with UG26-1B6 CM, containing mSCF, IL-11
and HF2+ or 10 uM 1Q-1. Single CD34™ SLAM cells of Sfrp1+/A, Sfrp1A/A and the controls were sorted into each
well. For five days, the clone size was counted every 24 h. After five days, the clones (> 2 cells/well) were
harvested and either analyzed per flow cytometry or further cultured in M3434. (C) Counted mean clone size
over five days of Sfrp1"*, Sfrp1*’ and the controls with and without I1Q-1. (D) Counted total numbers of CFUs
from single-cell cultured cells after five days. (E) Representative plots of the gating strategy for LSK populations
after five days of culture. (F) Bar plots in absolute number of LSK cells after five days of culture of Sfrp1+’A,
Sfrp1*™ and the controls with and without IQ-1. Black dots represent controls (Sfrp 1°'°%); white dots surrounded
by black represents IQ-1 treated controls (Sfrp1'°"/'°x). Blue dots represent Sfrp1+/A; white dots surrounded by
blue represents 1Q-1 treated Sfrp1+’A. Red dots represent Sfrp1A’A; white dots surrounded by red represents 1Q-
1 treated Sfrp1A’A mice. Each dot represents the mean of a plate. Represented values are illustrated as Mean.
* p-value <0.05 show significant differences in the comparison of 1Q-1 treated Sfrp 1% to untreated controls and
Sfrp1+/A; whereas * p-value <0.05 show significant differences in the comparison of untreated controls to Q-1
treated controls and Sfrp7*, as well as 1Q-1 treated Sfrp7** to the untreated Sfip1™™ and Sfrp1*'; whereas * p-
value <0.05 show significant differences in the comparison of untreated Sfrp1+/A to controls, as well as untreated
Sfrp1*™ to 1Q-1 treated Sfrp 1 determined by ANOVA, Tukey's post hoc test.
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4.6.3.2 Impact of the 1Q-1 treatment in vivo

To study whether IQ-1 treatment would similarly antagonize differentiation of LT-HSC
in vivo, we treated control (Sfrp1°'°), Sfrp1** and Sfrp1** for five days with 14 pg 1Q-1
inhibitor via daily i.p. injections (Sasaki & Kahn, 2014). After the treatment, we analysed
several parameters possibly contributing to differentiation, as well as repopulating activity
of LT-HSCs. The parameters of contributing factors included the measurement of
inflammatory cytokines in peripheral blood (PB) using cytokine beads assay, analysis of cell
populations from PB by flow cytometry as well as with an animal blood counter
Scil Vet Abc™. Also, we studied differentiation of BM-derived MSCs and their migratory
behaviour. Finally, we assessed LT-HSCs for the self-renewal, proliferation and

differentiation (Figure 39).

Controls
Sfp1*a, Sfp1a N 5 days PB - CBA

Q1 MSCs — differentiation, migratory potential
Controls + 1Q-1 A treatment HSCs — self renewal, proliferation, differentiation
Sfrp1+/2, Sfrp122 + 1Q-1

Figure 39. Experimental design of the 1Q-1 treatment in vivo. Eight- to ten-week old Sfrp1+/A and Sfrp1A/A
mice and control animals were i.p injected with the IQ-1 inhibitor (14 pg) for 5 days. 24 hours later the PB, BM
and MSC cell compositions were analyzed.

4.6.3.2.1 Impact of the 1Q-1 treatment in vivo in the peripheral blood

We wondered how the five-day in vivo IQ-1 treatment impacts the mature hematopoietic
compartment in the PB of the Sfrp 1", Sfrp1** mice and controls. To study this, we analyzed
the mature cell compartments of the PB by flow cytometry (Figure 40A, C-F) and with an
animal blood counter (Figure 40B), as well as with an inflammatory cytokines assay (Figure
41).

In Figure 40A, representative flow cytometry plots for the gating (explained under 4.6.1 ) of
mature cell populations in PB, isolated from Sfrp1*'*, Sfrp1* mice and control animals, are

shown.

The analysis of the PB with the animal blood counter, as well as flow cytometric analyses
showed an unchanged white blood cell number in 10%/ul (Figure 40B), an unchanged
percentage of B220" B cells (Figure 40C), as well as for the CD3e" T cells (Figure 40D),
GR1™°CD11b* monocytes (Figure 40E) and GR1*CD11b* granulocytes (Figure 40F).
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Figure 40. The impact of in vivo 1Q-1 treatment in PB. (A) Representative flow cytometry plots of the gating
strategy for mature cell populations in PB. (B) Cell number of WBC in 103/pl of Sfrp1 conditional mice (with
HF2+: Sfrp1*™: n = 9; Sfip1: n = 8; with 1Q-1: Sfrp7**: n = 9; Sfip1*’*: n = 9) compared to the controls (with
HF2+: n = 18; with IQ-1: n = 15). (C) Percentage of the B220" B cells, (D) Percentage of CD3e" T cells of Sfrp1
conditional mice (with HF2+: Sfrp1™*: n = 7; Sfip1**: n = 7; with 1Q-1: Sfrp1™: n = 6; Sfrp1~’*: n = 7) compared
to the controls (with HF2+: n = 14; with IQ-1: Sfrp7°"'**: n = 12). (E) Percentage of GR1™°CD11B* monocytes
of Sfrp1 conditional mice (with HF2+: Sfip1™: n =6; Sfip1**: n = 6; with 1Q-1: Sfrp1**: n = 6; SfrpP1**: n = 7)
compared to the controls (with HF2+: n = 14; with IQ-1: n = 12). (F) Percentage of GR1°CD11b" granulocytes
of Sfrp1 conditional mice (with HF2+: Sfrp1™: n = 6; Sfrp1**: n = 7; with 1Q-1: Sfrp1**: n = 6; Sfrp 1 n = 6)
compared to the controls (with HF2+: n = 13; with IQ-1: n = 12). Black dots represent controls (Sfrp1°'); white
dots surrounded by black represents 1Q-1 treated controls (Sfrp1'°X"°X). Black triangles represent controls (Osx-
Cre); white triangles surrounded by black represents 1Q-1 treated controls (Osx-Cre). Blue dots represent
Sfrp1+/A; white dots surrounded by blue represents 1Q-1 treated Sfrp1+/A. Red dots represent Sfrp 122 white dots
surrounded by red represents 1Q-1 treated Sfrp1A/A mice. Each dot represents an animal. Represented values
are illustrated as Mean + SD.
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To find out whether the loss of SFRP1 in the niche has an impact on the inflammatory
response, we analyzed the inflammatory cytokines IL-6, IL-10, MCP-1, IFNy, TNF, and IL-
12p70 in the serum of Sfrp1**, Sfrp1** mice and control animals (Figure 41A, B). The
analyzed inflammatory cytokines were unchanged in the serum of Sfrp7**, Sfrp1** mice

compared to the control animals before and after in vivo 1Q-1 treatment (Figure 41B).

A B
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Figure 41. The inflammatory response after five days of IQ-1 treatment in serum. (A) Standard dilutions
for the inflammatory cytokines (IL-6, IL-10, MCP-1, INFy, TNF, IL-12p70). (B) Representative flow cytometry
plot for the analyzation of the cytokines in the serum, 24 h after the IQ-1 treatment. Left: untreated animals;
Right: 1Q-1 treated animals. In Figure B: Black dots represent controls (Sfrp1'°X"°x); Blue dots represent Sfrp1+’A;
Red dots represent Sfrp1NA. A representative example for each genotype is shown.

4.6.3.2.2 Impact of the 1Q-1 treatment in vivo in the stromal compartment and
functional analysis of the MSCs

Considering that the primary defect in the Sfrp1**, Sfrp1** mice is the lack of Sfrp1
expression in Osx® mesenchymal cells, we then investigated how the stromal cell
compartmnent was affected by in vivo 1Q-1 treatment. These experiments did not reveal
significant changes in the total number of endosteal cells (from collagenase treated bones)
from the 1Q-1 treated Sfrp1™* and Sfrp7~® mice compared to the 1Q-1 treated control
animals. Also, both 1Q-1 and untreated Sfrp71*™* and Sfrp1** mice showed similar numbers

of endosteal cells (from collagenase treated bones) in their BM (Figure 42A).

Despite the lack of effects of IQ-1 on numbers of endosteal cells, we found that the slightly
higher CFU-F colony formation from cultured compact bone-derived MSCs isolated from

untreated Sfrp7** animals is reduced in 1Q-1 treated animals (Figure 42B).

However, although the slightly increased CFU-F frequency in untreated animals, 1Q-1
treatment unexpectedly decreases CFU-F frequencies even below control levels,

suggesting that high CFU-F frequencies do not necessarily correlate with MSC health in

Sfrp1** mice.
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In order to analyze whether the differentiation behavior of cultured compact bone-derived
MSCs from Sfrp1** and Sfrp1** mice is affected after IQ-1 treatment compared to controls,
we characterized the cultured compact bone-derived MSCs grown from the bones for the
differentiation, senescence and migratory behavior in cultures of untreated or |IQ-1-treated

animals.

These experiments show that adipogenic and osteogenic induction in cultures of cultured
compact bone-derived MSCs from Sfrp1**, Sfrp1** and controls showed no significant
differences in adipogenesis or osteogenesis between the untreated and |Q-1-treated mice
(Figure 42C).

In addition, we also do not find that the percentage of senescence-associated (SA)-B-gal
(blue stained) in cultured compact bone-derived MSCs was affected by in vivo 1Q-1
treatment in Sfrp7** animals compared to untreated controls. The mean of 23 % SA-B-gal-
expressing cells of treated Sfrp7** MSCs is comparable to that in cultures with MSCs from
untreated controls. However, we found again that the percentage of SA-B-gal (blue stained)
in cultured compact bone-derived MSCs from untreated Sfrp7** animals was increased

compared to the untreated controls (Figure 42D).
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Figure 42. Functional analysis of cultured compact bone-derived MSCs in Sfrp1 conditional mice after
1Q-1 treatment. (A) Normalized total cell number of endosteal cells (from collagenase treated bones) of Sfrp1
conditional mice (with HF2+: Sfrp1™™: n = 11; Sfrp1*: n = 13; with 1Q-1: Sfrp1**: n = 9; Sfrp1**: n = 12)
compared to the controls (with HF2+: n = 16; with IQ-1: n = 13). (B) Total number of CFU-Fs of cultured compact
bone-derived MSCs of Sfrp7 conditional mice (with HF2+: Sfip1™*: n = 6; Sfip1™: n = 7; with 1Q-1: Sfrp77*: n
=6; Sfrp1A’A: n = 7) compared to the controls (with HF2+: n = 13; with IQ-1: n = 14). (C) Above, left: Quantification
of Alizarin red content at OD 562 nm of Sfrp7 conditional mice (with HF2+: Sfrp1+/A: n=>5; Sfrp1A’A: n =7; with
1Q-1: Sfrp1**: n = 6; Sfrp1*/: n = 7) compared to the controls (with HF2+: n = 15; with 1Q-1: n = 19) of osteogenic
differentiated cultured compact bone-derived MSCs. Above, right: Microscopy of Alizarin red stained osteogenic
differentiation of Sfrp1 conditional mice compared to the controls. Below, left: Quantification of Oil red content
at OD 520 nm of Sfrp7 conditional mice (with HF2+: Sfip1*: n = 5; Sfrp1**: n = 7; with 1Q-1: Sfrp1™: n = 4;
Sfrp1*: n = 8) compared to the controls (with HF2+: n = 11; with 1Q-1: n = 9) from adipogenic differentiated
cultured compact bone-derived MSCs. Below, right: Microscopy of Oil red stained adipogenic differentiation
Sfrp1 conditional mice compared to the controls. (D) Left: Percentage of SA-B-gal (blue stained) positive cells
Sfrp1 conditional cultured compact bone-derived MSCs (with HF2+: Sfrp1™: n = 6; Sfip1™™: n = 7; with 1Q-1:
Sfrp1+/A: n=6; Sfrp1A’A: n = 6) compared to the controls (with HF2+: n = 13; with IQ-1: n = 15). Right: Microscopy
of SA-B-gal staining in Sfrp1 conditional cultured compact bone-derived MSCs compared to the controls. Black
dots represent controls (Sfrp1°”'™); white dots surrounded by black represents IQ-1 treated controls (Sfrp 1°'°%).
Black triangles represent controls (Osx-Cre); white triangles surrounded by black represents 1Q-1 treated
controls (Osx-Cre). Blue dots represent Sfrp1+’A; white dots surrounded by blue represents 1Q-1 treated Sfrp1+’A.
Red dots represent Sfrp1A’A; white dots surrounded by red represents 1Q-1 treated Sfrp1A’A mice. Each dot
represents an animal. Represented values are illustrated as Mean + SD. * p-value <0.05 show significant
differences in the comparison of 1Q-1 treated Sfrp1+’A, Sfrp1A’A and controls to each other or to the untreated
controls determined by ANOVA, Tukey's post hoc test.
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Furthermore, the population doubling potential of cultured compact bone-derived MSCs
from the IQ-1 treated Sfrp1™*, Sfro1** mice and controls (Sfrp7”/°* Osx-Cre) were
analyzed by long-term culture. For this, cultured compact bone-derived MSCs were

continuously counted and reseeded at a fixed density.

Until passage 12, growth potentials of cultured compact bone-derived MSCs from all
genotypes were in the same range (Figure 43). Although, the untreated control animals

show a high variance of data set and reaching a cumulative growth rate at around 11 at

+/A 1A/A

passage 12, followed by the untreated Sfrp1™" and Sfrp1™*" cultured compact bone-derived
MSCs that achieved a value of 10 on average at the passage 12. The growth potential of
the 1Q-1 treated cultured compact bone-derived MSCs was weaker compared to the

1A/A

untreated once. The 1Q-1 treated control animals and Sfrp1™" reaching a cumulative growth

+/A

rate at around 10 at passage 12, followed by the 1Q-1 treated Sfrp7™" cultured compact
bone-derived MSCs that achieved a value of 9. Nevertheless, it was reported that MSCs
cultured from compact bones in vitro lose their capacity for multilineage differentiation after
10 passages (Guo et al., 2006; Zhu et al., 2010). The regular growth exhaustion of the

cultured compact bone-derived MSCs became clear at passage 12.

Furthermore, cultured compact bone-derived MSCs from a 1Q-1-treated and untreated
Sfro1*'*, Sfrp1** mice and control animals were analyzed for migratory potential. For this
purpose, we used the "scratch assay" (Liang et al., 2007). The assay shows the potential
of MSCs to fill a scratched surface, which is oftentimes also used to predict wound healing

potential (Liang et al., 2007).

The cultured compact bone-derived MSCs from untreated controls show slightly higher
migration rates of 4 % captured at 12 hours compared to the cultured compact bone-derived
MSCs from 1Q-1 treated control mice (Figure 44A). Interestingly, the cultured compact bone-

+/A

derived MSCs from untreated Sfrp7™" mice show almost the same, but reduced migration

rates of 13% captured at 12 hours compared to the treated once (Figure 44B). In the
comparison of cultured compact bone-derived MSCs of untreated and 1Q-1-treated Sfrp 7
mice, there was no measurable difference in migration rate (Figure 44C). All in all, no
noticeable alterations in migratory potential were observed between MSCs from either

genotypes or the IQ-1 treatment.

Taken together, we found that IQ-1 treatment did not change the functional characteristics
of these cultured compact bone-derived MSCs overall. The ability to form CFU-Fs is not
changed, as well as the induced multi-lineage differentiation behavior or the number of SA-
B-gal-expressing cells. However, in our dataset, no functional changes in the long-term

culture or wound healing potential could be observed after 1Q-1 treatment.
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Figure 43. Growth potential of cultured compact bone-derived MSCs from a 1Q-1 treated Sfrp1
conditional mice and controls. (A) Left: Long-term culture of control (with HF2+: Sfrip1°"®: n = 7, Osx-Cre:
n = 2; with 1Q-1: Sfrp1™" n = 5, OSX1-GFP::Cre: n = 4) cultured compact bone-derived MSCs over
12 passages; Right: Representative images of cell morphology of cultured control MSCs at passage 4 and 8.
(B) Left: Long-term culture of Sfrp1*™* (with HF2+: Sfrp7**: n = 5; with 1Q-1: Sfrp1*™™: n = 4) cultured compact
bone-derived MSCs over 12 passages; Right: Representative images of cell morphology of cultured Sfrp1*
MSCs at passage 4 and 8. (C) Left: Long-term culture of Sfrp1** (with HF2+: Sfrp1: n = 4; with 1Q-1: Sfrp1*™:
n = 4) cultured compact bone-derived MSCs over 12 passages; Right: Representative images of cell
morphology of cultured Sfrp 1~ MSCs at passage 4 and 8. Black dots represent controls (Sfrp1'°""°", Osx-Cre);
white dots surrounded by black represents IQ-1 treated controls (Sfrp1°"*, Osx-Cre). Blue dots represent
Sfrp1*™; white dots surrounded by blue represents 1Q-1 treated Sfrp7*'*. Red dots represent Sfrp1; white dots
surrounded by red represents Q-1 treated Sfrp1A’A mice. Represented values are illustrated as Mean + SD.
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Figure 44. Wound healing potential of cultured compact bone-derived MSCs from Sfrp7 conditional mice
and controls. (A) Left: Wound healing potential of control (with HF2+: Sfrp7'”/**: n = 11, Osx-Cre: n = 2; with
IQ-1: Sfrp1™/°*: 'n = 10, Osx-Cre: n = 4) cultured compact bone-derived MSCs in passage 4; Right:
Representative images of cell morphology of control cultured compact bone-derived MSCs in the scratch assay
at 0 h and 12 h in passage 4. (B) Left: Long-term culture of Sfrp1™* (with HF2+: Sfrip1™*: n = 6; with 1Q-1:
Sfrp1+’A: n = 6) cultured compact bone-derived MSCs in passage 4; Right: Representative images of cell
morphology of Sfrp7*'* cultured compact bone-derived MSCs in the scratch assay at 0 h and 12 h in passage
4.(C) Left: Long-term culture of Sfrp 1 (with HF2+: Sfrp1**: n = 8; with 1Q-1: Sfip1**: n = 6) cultured compact
bone-derived MSCs in passage 4; Right: Representative images of cell morphology of Sfrp 1™ cultured compact
bone-derived MSCs in the scratch assay at 0 h and 12 h in passage 4. Black dots represent controls (Sfrp 1",
Osx-Cre); white dots surrounded by black represents 1Q-1 treated controls (Sfrp7"'**, Osx-Cre). Blue dots
represent Sfrp1*™; white dots surrounded by blue represents 1Q-1 treated Sfrp7**. Red dots represent Sfrp1*™;
white dots surrounded by red represents 1Q-1 treated Sfrp7* mice. Represented values are illustrated as

Mean + SD.
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4.6.3.3 Rescue of LT-HSCs proliferation with 1Q-1 treatment in vivo

Miyabayashi et al. have demonstrated that the specific IQ-1 inhibitor prevents the interaction
of B-catenin with p300, by targeting the PR72/130 a subunit of the serine/threonine
phosphatase PP2A. They showed that 1Q-1 reduces the B-catenin/p300 complex and
increases the B-catenin/CBP complex (Miyabayashi et al., 2007).

As showed before, in LT-HSCs from Sfrp1~, protein content of p-catenin and p300 was
increased, while CBP content was unchanged (Figure 37). This could mean that perhaps
due to the increased expression of p300, more of its complex with B-catenin is formed and
differentiation is the dominant behavior of LT-HSC. Reducing the p300 complex by 1Q-1

treatment could, therefore, rescue the aberrant behavior of LT-HSC of the Sfrp7*™ mice.

In the first step, we analyzed the influence of the IQ-1 treatment on the mature
hematopoietic compartment in the BM. In our first assessment of the mature hematopoietic
compartment, we found no changes in the total cell number of the BM (Figure 45B) nor of
the absolute number of B220" B cells (Figure 45A, C), CD8a*CD4" T cells (Figure 45A, D),
GR1™9CD11b* monocytes (Figure 45A, E) and GR1*CD11b* granulocytes (Figure 45A, F)
in comparisons to 1Q-1-treated Sfrp1**, Sfrp1** mice compared to the controls with
untreated animals. These results show that Q-1 treatment does not directly affect mature

hematopoietic cell compartments in the BM.

In mouse embryonic stem cells (ESC), IQ-1 supports WNT/B-catenin-driven expansion and
inhibits spontaneous differentiation and maintains ESC pluripotency
(Miyabayashi et al., 2007). To find whether 1Q-1 had comparable effects on LT-HSC from

Sfrp1** mice, we analyzed also the hematopoietic stem cell compartment of treated mice.

There, the absolute number of LSKs, the ST-HSCs as well as the LT-HSCs from the 1Q-1-

+/A 1A/A

treated controls and Sfrp1™°, as well as Sfrp were unchanged (Figure 46A-D). In

contrast, similar to untreated steady-state animals, the absolute number of the
hematopoietic myeloid progenitors (MPs) was significantly decreased before and after 1Q-
1 treatment in Sfrp1**

suggests that the decrease in MPs did not depend on PP2A/PR27 or B-catenin/p300

mice compared to their untreated controls (Figure 46A, E). This

complex activity.
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Figure 45. The impact of the 1Q-1 treatment on the mature hematopoietic compartment of the BM.
(A) Representative flow cytometry plots of BM cells of the gating strategy for mature hematopoietic compartment
with (below) and without (above) 1Q-1 treatment. (B) Total number of BM from Sfrp7 conditional mice (with
HF2+: Sfrp1™: n = 11; Sfip1**: n = 11; with 1Q-1: Sfrp1"*: n = 9; Sfrp1: n = 10) compared to the controls
(with HF2+: n = 18; with 1Q-1: n = 19). (C) Absolute number of B220" B cells from Sfrp1 conditional mice (with
HF2+: Sfrp1**: n = 7; Sfip1~: n = 7; with 1Q-1: Sfrp1"*: n = 6; Sfrp1~: n = 10) compared to the controls (with
HF2+: n = 14; with 1Q-1: n = 9). (D) Absolute number of CD8a*CD4" T cells from Sfrp1 conditional mice (with
HF2+: Sfrp1**: n = 7; Sfip1~: n = 6; with 1Q-1: Sfrp1"*: n = 6; Sfrp1~: n = 10) compared to the controls (with
HF2+: n = 14; with IQ-1: n = 8). (E) Absolute number of GR1™CD11b" monocytes from Sfrp1 conditional mice
(with HF2+: Sfip1™: n = 7; Sfrp1™*: n = 7; with 1Q-1: Sfip1™: n = 6; Sfrp1**: n = 10) compared to the controls
(with HF2+: n = 14; with IQ-1: n = 9). (F) Absolute number of GR1°CD11b" granulocytes from Sfrp conditional
mice (with HF2+: Sfrp1™™: n = 6; Sfrp1**: n = 7; with 1Q-1: Sfrp1™™*: n = 6; Sfrp1*™*: n = 10) compared to the
controls (with HF2+: n = 13; with IQ-1: n = 9). Black dots represent controls (Sfrp7"'*); white dots surrounded
by black represents 1Q-1 treated controls (Sfrp7'®“*). Black triangles represent controls (Osx-Cre); white
triangles surrounded by black represents IQ-1 treated controls (Osx-Cre). Blue dots represent Sfrp1™*; white
dots surrounded by blue represents 1Q-1 treated Sfrp1+’A. Red dots represent Sfrp1NA; white dots surrounded
by red represents IQ-1 treated Sfrp 1% mice. Each dot represents an animal. Represented values are illustrated
as Mean + SD.
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Figure 46. The impact of the 1Q-1 treatment on the primitive hematopoietic compartment of the BM.
(A) Representative flow cytometry plots of the gating strategy for primitive hematopoietic compartment.
(B) Absolute number of LSKs from Sfrp1 conditional mice (with HF2+: Sfrp1+/A: n = 6; Sfrp1A’A: n =6; with 1Q-1:
Sfrp1*™: n = 6; Sfrp1*’*: n = 7) compared to the controls (with HF2+: Sfrp 1" n = 7; with 1Q-1: Sfrp1°/*: n =
9). (C) Absolute number of ST-HSCs from Sfrp1 conditional mice (with HF2+: Sfrp1+’A: n=6; Sfrp1N :n =6; with
1Q-1: Sfrp1*™: n = 6; Sfip1*’*: n = 7) compared to the controls (with HF2+: Sfrp 1" n =7; with 1Q-1: s;;rp1'°x"°x:
n = 9). (D) Absolute number of LT-HSCs from Sfrp1 conditional mice (with HF2+: Sfrp1+/A: n = 6; Sfrp1**: n =6;
with 1Q-1: Sfrp1*™*: n = 5; Sfrp1**: n = 7) compared to the controls (with HF2+: Sfrp7/*%: n = 7; with 1Q-1:
Sfrp1%°%: n = 9). (E) Absolute number of MPs from Sfrp7 conditional mice (with HF2+: Sfip1™: n = 6; Sfrp1*™:
n =6; with 1Q-1: Sfrp7**: n = 6; Sfrp1**: n = 7) compared to the controls (with HF2+: Sfrp 7%/ n = 7; with 1Q-
1: Sfrp1""**: n = 9). Black dots represent controls (Sfrp7'”'**); white dots surrounded by black represents IQ-1
treated controls (Sfrp1'°X"°X). Blue dots represent Sfrp1+’A; white dots surrounded by blue represents 1Q-1 treated
Sfrp1*™*. Red dots represent Sfrp1*™; white dots surrounded by red represents IQ-1 treated Sfrp1* mice. Each
dot represents the mean of a cell. Represented values are illustrated as Mean + SD. * p-value <0.05 show
significant differences in the comparison of 1Q-1 treated Sfrp1+’A, Sfrp1A’A and controls to each other or to the
untreated controls determined by ANOVA, Tukey's post hoc test.
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To study the possible normalization of functional LT-HSC numbers in Sfrp7** mice, we
again performed in vivo treatments for 5 days with IQ-1 inhibitor via daily i.p. injections. After

the treatment, we sorted LT-HSCs and analyzed their cellular functions.

Since phosphorylation of p300 at Serine 89 is required for its association with B-catenin
(Miyabayashi et al., 2007), we first assessed whether pSer89-p300 expressed by LT-HSC
is affected by in vivo 1Q-1 treatment. We found that in LT-HSCs from untreated
Sfrp1** mice, protein content of pSer89-p300 was increased compared to the untreated
controls. Interestingly, pSer89-p300 was decreased after Q-1 treatment in the Sfrp 1" mice
(Figure 47A).

To determine whether 1Q-1 treatment modulated the functional activity of LT-HSCs, we
sorted LT-HSCs from treated Sfrp71** mice, and found that these cells formed colonies,

1*2 mice did not form colonies. Indeed, LT-HSCs

whereas LT-HSCs from untreated Sfrp
from IQ-1-treated Sfrp7** mice were now indistinguishable from cells from treated controls
(Figure 47B, C). Importantly, where LT-HSCs from untreated Sfrp7*“mice could not
maintain the LSK phenotype after 14 days of culture, whereas LT-HSC from 1Q-1 treated
Sfrp1** mice and control animals showed a clear maintenance of LSK cells (Figure 47D).
These in vitro colony cultures showed a change in the treated LT-HSCs of the Sfrp1** mice

as well as in the controls (Figure 47D).
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Figure 47. Cellular functions of LT-HSCs from 1Q-1 treated and untreated Sfrp7 conditional mice and
controls. (A) Left: Phospho-p300 protein content as relative pixel number of LT-HSCs from |1Q-1 treated and
untreated Sfrp7 conditional mice (with HF2+: Sfrp1™: n = 60; Sfrp1**: n = 60; with 1Q-1: Sfip1™: n = 60;
Sfrp1A/A: n = 60) and controls (with HF2+: n = 60; with IQ-1: n = 9); Right: Representative immunofluorescence
staining for the nuclei staining with DAPI in blue (below), phospho-p300 protein in green (middle), and the
merged picture (top) of LT-HSCs from 1Q-1 treated and untreated Sfrp1+/A, Sfrp1A/A mice and controls.
(B) Counted total numbers of CFCs from 1Q-1 treated and untreated Sfrp1 conditional mice (with HF2+: Sfrp1+’A:
n =2; Sfrp1**: n = 2; with 1Q-1: Sfrp1™*: n = 2; Sfrp1**: n = 2) and controls (with HF2+: n = 2; with 1Q-1:n = 2).
(C) Representative colonies of CFCs from 1Q-1 treated and untreated Sfrp71 conditional mice (with HF2+:
Sfrp1*%: n = 1; Sfrp1**: n = 1; with 1Q-1: Sfrp1™*: n = 1; Sfp1**: n = 1) and controls (with HF2+: n = 1; with 1Q-
1:n = 1). (D) Representative flow cytometry plots of LSK cells after methylcellulose from 1Q-1 treated and
untreated Sfrp71**, Sfrp1** and controls. Black dots represent controls (Sfrp7'*); white dots surrounded by
black represents IQ-1 treated controls (Sfrp 7). Blue dots represent Sfrp7*'*; white dots surrounded by blue
represents 1Q-1 treated Sfrp1+’A. Red dots represent Sfrp1A’A; white dots surrounded by red represents 1Q-1
treated Sfrp1A’A mice. Each dot represents a cell. Represented values are illustrated as Mean + SD. * p-value
<0.05 show significant differences in the comparison of IQ-1 treated Sfrp1+/A, Sfrp1A/A and controls to each other
or to the untreated controls determined by ANOVA, Tukey's post hoc test.
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To determine whether 1Q-1 treatment not only restores in vitro hematopoietic activity, but
also repopulating activity in vivo, we isolated and transplanted LT-HSC from 1Q-1 treated
Sfrp1** mice (Figure 48).

Controls

AIA
Sfrp1 5days—>  Sort — Tx (100cells)

[Sfrp15 +1Q1 | CD34-SLAM cells

Figure 48. Experimental design of primary transplantation from 1Q-1 treated LT-HSCs into lethally
irradiate recipients. Eight- to ten-week old Sfrp 7** mice were i.p treated for 5 days with IQ-1 (14 pg). 24 h after
the last treatment the CD34" SLAM cells were sorted and transplanted into lethally irradiate recipients.

AA
1

These experiments showed that LT-HSCs from 1Q-1-treated Sfrp1™" mice engraft to
comparable levels as untreated control donors, whereas LT-HSCs from untreated
Sfrp1** mice do not show donor engraftment (Figure 49A-C). Importantly, the LT-HSCs
from 1Q-1-treated mice now were also capable of efficiently regenerating the LT-HSC
compartments (Figure 49D-G). Interestingly, the absolute number of donor-derived
CD34" LSKs and donor-derived MPs from the transplanted LT-HSCs of 1Q-1-treated
Sfrp1** mice were increased compared to the donor-derived CD34 LSKs and donor-

derived MPs from transplanted untreated controls (Figure 49E, G).
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Figure 49. Functionality of LT-HSCs at steady state and after 1Q-1 treatment. (A) Representative flow
cytometry plots of the gating strategy of Ly5.2" donor cells or Ly5.1°Ly5.2" recipient cells. (B) Donor cell
engraftment in percentage in the PB four, eight, twelve, sixteen, twenty and twentyfour weeks after Tx of
Sfrp1** mice (with HF2+: n = 7; with 1Q-1: n = 8) compared to the controls (with HF2+: n = 9). (C) Percentage
of the donor engraftment in BM, (D) Absolute number of the donor LSKs, (E) Absolute number of the donor
CD34  LSKs, (F) Absolute number of the donor CD34" LSKs and (G) bsolute number of donor MPs of
Sfrp1~* mice (with HF2+: n = 7; with IQ-1: n = 8) compared to the controls (with HF2+: n = 9). Black dots
represent controls (Sfrp1'°X"°x); Red dots represent Sfrp1NA; white dots surrounded by red represents 1Q-1
treated Sfrp1NA mice. Each dot represents an animal. Represented values are illustrated as Mean + SD. * p-
value <0.05 show si%nificant differences in the comparison of 1Q-1 treated Sfrp1A/A and untreated controls
(Sfrp1'°X"°X), whereas " p-value <0.05 show significant differences in the comparison of IQ-1 treated Sfrp1NA and

untreated once determined by ANOVA, Tukey's post hoc test.
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These results show that IQ-1 treatment restores LT-HSC repopulating activity from Sfrp 7
mice. To assess whether in vivo self-renewal activity was similarly restored, we sorted donor
LSK cells from treated and untreated Sfrp7~* animals and control mice 24 weeks after

primary transplantation and determined their secondary repopulation ability (Figure 50).

Controls

Sfrp 142 T~ _ Sort 24 weeks Sort
CD34'SLAM—> Tx (100 cells) —— > LSKcells

Sfrp1 AN 4 |Q-1/ cells

Figure 50. Experimental design of functionality analysis of 1Q-1 treated LT-HSCs repopulated for
24 weeks in WT recipients. Eight- tol ten-week old Sfrp7** mice were i.p treated for 5 days with 1Q-1 (14 pg).
24 h after the last treatment the CD34™ SLAM cells were sorted and transplanted into lethally irradiate recipients.
24 weeks after the transplantation the donor LSK cells were sorted and analyzed for cellular functions.

Due to very low number of sorted donor LSKs from the untreated Sfrp1**

group (only 80
donor cells in total from 5 recipient mice), we only studied their hematopoietic activity in
vitro in semi-solid medium (M3434).

Here, the prior treatment of Sfrp7**

donor mice with Q-1 inhibitor rescued colony-forming
ability of donor LSK cells recovered after 24 weeks from WT recipients (Figure 51A). On
the molecular level, the donor LSK cells from control donors and [Q-1-treated
Sfrp1~* donors showed a similar protein content of phospho-p300 (Ser89), as well as
similar numbers of yYH2A X foci, indicating a rescue of Sfrp7**donor LSK cell signaling by

the 1Q-1 treatment (Figure 51B, C).
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Figure 51. Cellular functions from primary transplantation of 1Q-1 treated and untreated Sfrp7 deficient
mice and the controls. (A) Left: Counted total numbers of CFCs from primary transplantation of IQ-1 treated
and untreated Sfrp7** mice and the controls. Right: Representative colonies of CFCs from 1Q-1 treated and
untreated Sfrp7* mice and the controls. (B) Left: Phospho-p300 protein content as relative pixel number of
LSK cells from IQ-1 treated and untreated Sfrp7* mice (n = 61) and the controls (n = 61); Right: Representative
immunofluorescence staining for the nuclei staining with DAPI in blue (left), phospho-p300 protein in green
(middle), and the merged picture (right) of LSK cells from 1Q-1 treated and untreated Sfrp7*“ mice and the
controls. (C) Left: Relative histone yH2A.X foci content of LSK cells from 1Q-1 treated and untreated
Sfro1** mice (n = 33) and the controls (n = 28); Right: Representative immunofluorescence staining for the
nuclei staining with DAPI in blue (left), histone yH2A.X foci content in green (middle), and the merged picture
(right) of LSK cells from 1Q-1 treated and untreated Sfrp7** mice and the controls. Black bar/dots represent
controls (Sfrp1'”/*); Red bar represent Sfrp1**; White bar/dots surrounded by red represent IQ-1 treated
Sfrp1A/A mice. Each dot represents a cell. Represented values are illustrated as Mean + SD.

In a final experiment, we transplanted the sorted donor LT-HSCs in two different doses of
1000 and 2000 LSKs further in secondary WT recipients (Figure 52A).

Controls

Sfrp14/4 T~ Tx0f100 94 \veeks Sort

CD34'SLAM —— » | SK cells—»
cells

Tx (1000 LSK cells)
Tx (2000 LSK cells)

Figure 52. Experimental design of secondary transplantation of 1Q-1 treated LT-HSCs into lethally
irradiate recipients. Eight- to ten-week old Sfrp 7** mice were i.p treated for 5 days with IQ-1 (14 pg). 24 h after
the last treatment the CD34" SLAM cells were sorted and transplanted into lethally irradiate WT recipients.
24 weeks after the transplantation the donor LSK cells were sorted and transplanted into lethally irradiate WT
recipients.
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Here, we found successful engraftment of the donor cells (1000 and 2000 LSKs) derived
from 1Q-1-treated Sfrp7** donor mice in the PB of secondary recipients, indicating a rescue

of long-term repopulating HSC activity (Figure 53).
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Figure 53. Engraftment of secondary transplanted 1Q-1 treated LSKs. (A) Representative flow cytometry
plots of the gating strategy of Ly5.2" donor cells or Ly5.1"Ly5.2" recipient cells. (B) Donor cell engraftment in
percentage in the PB four, eight, twelve, sixteen, twenty and twentyfour weeks after secondary Tx from
Sfrp1** mice (with I1Q-1: 1000 cells: n = 8, 2000 cells: n = 7) compared to the controls (with HF2+: 1000 cells: n
= 4, 2000 cells: n = 6). Black dots represent controls (Sfrp1"°*). White dots surrounded by red represent IQ-1
treated Sfrp1A’A mice. Each dot represents a cell. Represented values are illustrated as Mean + SD.

We found that in the BMs of the secondary recipients, LT-HSCs from IQ-1-treated Sfrp1**

donor mice repopulated in the same way as the untreated control LT-HSCs (Figure 54A-E).

In conclusion, based on our observation that LT-HSCs from Sfrp7** mice differentiate in
culture, and the published observation that ES cell differentiation is determined by the B-
catenin/p300 complex (Miyabayashi et al., 2007), we hypothesize that in Sfrp7** HSCs, B-
catenin preferably forms a differentiation promoting complex with p300. The treatment with
IQ-1 inhibits the binding of B-catenin with p300 and promotes the formation of the
proliferation-stimulating p-catenin/CBP complex and in this manner, rescues the

AA
1

repopulating cell function of damaged HSCs from Sfrp 7™ mice.
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Figure 54. Secondary transplantation of LSKs at steady state and after IQ-1 treatment. (A) Percentage of
the donor engraftment in BM from Sfrp 7% mice (with IQ-1: 1000 cells: n = 8, 2000 cells: n = 7) compared to the
controls (with HF2+: 1000 cells: n = 4, 2000 cells: n = 6). (B) Absolute number of the donor LSKs, (C) Absolute
number of the donor CD34™ LSKs from Sfrp7** mice (with 1Q-1: 1000 cells: n = 7, 2000 cells: n = 7) compared
to the controls (with HF2+: 1000 cells: n = 4, 2000 cells: n = 6). (D) Absolute number of the donor CD34" LSKs,
(E) Absolute number of the donor MPs from Sfrp7*® mice (with IQ-1: 1000 cells: n = 8, 2000 cells: n = 7)
compared to the controls (with HF2+: 1000 cells: n = 4, 2000 cells: n = 6). Black dots represent controls
(Sfrp1'°X"°X). White dots surrounded by red represents 1Q-1 treated Sfrp1A/A mice. Each dot represents a cell.
Represented values are illustrated as Mean + SD.

4.7.Impact of Sfrp1 loss in bone marrow niche cells during stress conditions

12 mice. In the

Above, we explored the steady-state niche and hematopoiesis of the Sfrp
next few paragraphs, we explored how Sfrp1 in osteoprogenitors is involved in stress
responses, such as inflammation. In relation to inflammation, two major niche functions
have been proposed: forming a hematopoietic microenvironment for immune cell
development (Szade et al., 2018) and modulating the activity of already formed immune
cells (Bernardo & Fibbe, 2013). We here studied the effects of the loss of Sfrp7 in
osteoprogenitors by triggering immune response with a lipopolysaccharides (LPS)

treatment of Sfrp1**, Sfrp1~'* mice and control animals.
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Since inflammation also plays a critical role in the development of tumors, we additionally
analyzed the impact of the Sfrp1 deficient niche on development of malignant cells. As
describe before, an altered promoter methylation of the human SFRP1 gene contributes to
the severity of several hematological diseases (Jost et al., 2008; Reins et al., 2010; Seeliger
et al., 2009).

4.7.1 LPS treatment to stimulate the immune system of Sfrp7 conditional mice

In order to analyze the impact of the microenvironmental loss of Sfrp1 and the altered
immune surveillance during a stress condition, we treated the Sfrp1*, Sfrp1* mice and
control animals (Sfrp7'°°*; Osx-Cre) with LPS to simulate a bacterial infection. A single LPS
treatment suffices to elicit “emergency hematopoiesis” characterized by a rapid increase of
granulocytes and monocytes into the periphery (Boettcher et al., 2012). Thus, we analyzed
the stromal and hematopoietic cell composition in PB and other hematopoietic tissues in

reaction of a single LPS injection.

4.7.1.1 The impact on modulating the activity of immune cells during LPS treatment
in PB

We treated Sfrp1™*, Sfrp1** mice and control animals with 1000 ng of LPS and analyzed
24 hours later the inflammatory molecules in PBs with cytokine beads assay (CBA), the
MSCs for the differentiation and migration property potential, as well as the LT-HSCs in the

context of self-renewal, proliferation and differentiation (Figure 55).

Controls
Sfrp1*/A, Sfrp144 ™ PB - CBA

™ 24h— MSCs — differentiation, migration properties
Controls + LPS HSCs — self renewal, proliferation, differentiation
Sfrp1*2, Sfrp1~2 + LPS

Figure 55. The analysis of the impact after LPS treatment in vivo. Experimental design: eight- to ten-week
old Sfrp1™™, Sfrp1*™ mice and control animals were i.p injected with 1000 ng LPS. 24 h later, the PB, BM and
MSC cell compositions were analyzed.

First, we analyzed the cell populations from PB by flow cytometry and with an animal blood
cell counter Scil Vet Abc™. (Figure 56A-F). The cell number of white blood cells (Figure
56B), the percentage of B220" B cells (Figure 56C), the CD3e" T cells (Figure 56D), as well
as for GR1™“CD11b" monocytes (Figure 56E) and GR1*CD11b* granulocytes (Figure 56F)

1A/A

in the PB were unchanged in Sfrp mice compared to control mice.
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Figure 56. The impact on modulating the activity of immune cells during LPS treatment in PB.
(A) Representative flow cytometry plots of the gating strategy for mature cell populations in PB. (B) Cell number
of WBC in 103/pl, (C) Percentage of the B220" B cells, (D) Percentage of CD3e" T cells, (E) Percentage of
GR1™‘CD11b* monocytes, (F) Percentage of GR1°CD11b" granulocytes from Sfrp? conditional mice (with
HF2+: Sfrp1**: n = 3; Sfip1**: n = 5; with LPS: Sfrp1"*: n = 4; Sfrp1*™®: n = 6) compared to the controls (with
HF2+: n = 4; with LPS: n = 7). Black dots represent controls (Sfrp1'°X"°X); white dots surrounded by black
represents LPS treated controls (Sfrp1'°"/'°x). Blue dots represent Sfrp1™*; white dots surrounded by blue
represents LPS treated Sfrp1+/A. Red dots represent Sfrp1A’A; white dots surrounded by red represents LPS
treated Sfrp1A’A mice. Each dot represents an animal. Represented values are illustrated as Mean + SD.
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To find out whether the loss of SFRP1 in the niche has an impact on modulating the activity
of immune cells and the inflammatory response during acute inflammation, we analyzed the
inflammatory cytokines IL-6, IL-10, MCP-1, IFNy, TNF, and IL-12p70 in the serum of
Sfrp1 conditional mice (Sfrp1**, Sfrp1*"*) and control animals (Figure 57A, B). After LPS
treatment, the analyzed inflammatory cytokines, IL-10, IFNy, TNF, IL-12p70 were

+/A

unchanged in the serum of Sfrp1**, Sfrp1"* mice compared to the control animals (data not

shown, Figure 57B), as well as MCP-1 (Figure 57D). With regard to IL-6, we detected

/A AA
1" 1

increased levels in the serum of LPS-treated Sfrp compared to untreated Sfrp
homozygous animals (Figure 57C), but not in treated Sfrp7** homozygous deletion

mutants.
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Figure 57. The inflammatory response during LPS treatment in PB. (A) Standard dilutions for the
inflammatory cytokines (IL-6, IL-10, MCP-1, INFy, TNF, IL12p70). (B) Representative flow cytometry plot for the
analyzation of the cytokines in the serum, 24 h after LPS treatment. Left: untreated animals. Right: LPS treated
animals. A representative example for each genotype is shown. (Cz Analyzation of the IL-6 protein content in
pg/mL from Sfrp1 conditional mice (with HF2+: Sfrp1**: n = 3; Sfip17: n = 4; with LPS: Sfrp1™*: n = 4; Sfrp1*™:
n = 6) compared to the controls (with HF2+: n = 3; with LPS: n = 6). (D) AnaAIyzation of the MCP-1 protein content
in pg/mL from Sfrp1 conditional mice (with HF2+: Sfrp1*™: n = 2; Sfrp1*™: n = 4; with LPS: Sfrp1"*: n = 4;
Sfrp1A/A: n = 6) compared to the controls (with HF2+: n = 4; with LPS: n = 7). Black dots represent controls
(Sfrp1°”°*); white dots surrounded by black represents LPS treated controls (Sfrp7''**). Blue dots represent
Sfrp1**; white dots surrounded by blue represents LPS treated Sfrp1*™*. Red dots represent Sfrp7*™; white dots
surrounded by red represents LPS treated Sfrp1A/A mice. Each dot represents an animal. Represented values
are illustrated as Mean + SD. * p-value <0.05 show significant differences in the comparison of LPS treated
Sfrp1+/A, Sfrp1A/A and controls to each other or to the untreated controls determined by ANOVA, Tukey's post
hoc test.
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4.7.1.2 The impact on modulating the activity of immune cells during LPS treatment
in stromal compartment

Furthermore, we analysed the stromal compartment by flow cytometry and analysed their
cellular functions. Altogether, the percentages of MSCs, and OBCs from the LPS-treated

Sfrp1*™™ and Sfrp1** mice were unchanged compared to the cells from LPS-treated control

animals. Also, when comparing MSCs and OBCs from LPS-treated and untreated Sfrp1*™*

1A/A

and Sfrp mice there appeared to be no significant changes in these populations after

one day of LPS treatment (Figure 58A-C). We detected decreased percentage in the ECs
of LPS-treated Sfrp7"* and LPS-treated Sfrp7** compared to untreated Sfrp71"* animals,

1A/A

as well as to the untreated Sfrp7™" animals (Figure 58D).

+/A 1A/A

In order to analyze the functional changes of MSCs from the Sfrp7™" and Sfrp mice and

control animals, we characterized the cultured compact bone-derived MSCs for their

differentiation potential and migration properties in a scratch assay.

After LPS treatment, the induced adipogenic differentiation of cultured compact bone-
derived MSCs from Sfrp1**, Sfrp1** and controls was unchanged. However, the cultured

compact bone-derived MSCs from LPS-treated Sfrp1**, Sfrp1** and controls, as well as

the untreated Sfrp71~* were significantly decreased compared to the untreated Sfrp71**

cultured compact bone-derived MSCs (Figure 59A).

Similarly, although the cultured compact bone-derived MSCs from LPS treated and

1A/A

untreated Sfrp migrated slightly slower when evaluated 6 hours and at 12 hours after

scratching, at the 24-hour time point, cultured compact bone-derived MSCs from Sfrp 74/
mice showed similar migration patterns compared to the cultured compact bone-derived
MSCs from LPS-treated and untreated controls. Of interest, none of the cultured compact

1A/A

bone-derived MSCs from untreated or LPS-treated Sfrp or controls closed the scratch

gap completely within 24 hours (Figure 59B).
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Figure 58. The impact from the LPS treatment of cultured compact bone-derived MSCs in Sfrp1
conditional mice in the stromal compartment. (A) Representative flow cytometry plots of the gating strategy
for the stroma populations. (B) Percentage of the MSCs from Sfrp1 conditional mice (with HF2+: Sfrp1+/A: n=3;
Sfrp1*: n = 4; with LPS: Sfrp1*™*: n = 4; Sfrp1**: n = 5) compared to the controls (with HF2+: n = 3; with LPS:
n = 8). (C) Percentage of the OBCs from Sfrp7 conditional mice (with HF2+: Sfro1™*: n = 3; Sfrp1**: n = 4; with
LPS: Sfrp1+/A: n=4; Sfrp1NA: n = 4) compared to the controls (with HF2+: n = 3; with LPS: n = 8). (D) Percentage
of the ECs from Sfrp1 conditional mice (with HF2+: Sfrp1**: n = 3; Sfrp1**: n = 4; with LPS: Sfrp1**: n = 4;
Sfrp1A/A: n = 5) compared to the controls (with HF2+: n = 3; with LPS: n = 8). Black dots represent controls

o) ; white dots surrounded by black represents reated controls (Sfrp . Blue dots represen
Sfrp1'”"**); white d ded by black ts LPS treated controls (Sfrp7°*). Blue d t
Sfrp1**; white dots surrounded by blue represents LPS treated Sfrp1*™*. Red dots represent Sfrp7*™; white dots
surrounded by red represents LPS treated Sfrp1A/A mice. Each dot represents an animal. Represented values
are illustrated as Mean + SD. * p-value <0.05 show significant differences in the comparison of LPS treated
Sfrp1+/A, Sfrp1A/A and controls to each other or to the untreated controls determined by ANOVA, Tukey's post
hoc test.
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Figure 59. Differentiation- and migration potential of cultured compact bone-derived MSCs after LPS
treatment. (A) Above, left: Quantification of Alizarin red content at OD 562 nm of Sfrp7 conditional mice (with
HF2+: Sfip1*%: n = 3; Sfip1¥™: n = 3; with LPS: Sfip1**: n = 4; Sfip1*’: n = 8) compared to the controls (with
HF2+: n = 4; with LPS: n = 6) from osteogenic differentiated cultured compact bone-derived MSCs. Above, right:
Microscopy of Alizarin red stained osteogenic differentiation of Sfrp7 conditional mice compared to the controls.
Below, left: Quantification of Oil red content at OD 520 nm of Sfrp1 conditional mice (with HF2+: Sfrp1+/A: n=23;
Sfrp1*: n = 4; with LPS: Sfrp1**: n = 4; Sfrp1*'*: n = 8) compared to the controls (with HF2+: n = 4; with LPS:
n = 7) from adipogenic differentiated cultured compact bone-derived MSCs. Below, right: Microscopy of Oil red
stained adipogenic differentiation Sfrp1 conditional mice compared to the controls.XSB) Left: Migration rate over
24 h. Right: Representative pictures of the scratch assay at 0 h until 24 h of Sfip 1" control cultured compact
bone-derived MSCs and Sfrp1A’A cultured compact bone-derived MSCs. Black dots represent controls
(Sfrp1%°*); white dots surrounded by black represents LPS treated controls (Sfrp7'”'**). Blue dots represent
Sfrp1**; white dots surrounded by blue represents LPS treated Sfrp1*™*. Red dots represent Sfrp7*™*; white dots
surrounded by red represents LPS treated Sfrp1A’A mice. Each dot represents an animal. Represented values
are illustrated as Mean + SD. * p-value <0.05 show significant differences in the comparison of LPS treated

Sfrp1+’A, Sfrp1A’A and controls to each other or to the untreated controls determined by ANOVA, Tukey's post
hoc test.

50

Relative units

Our results show, that other than increased secretion of IL-6 in the serum from Sfrp1** and
Sfrp1** mice upon in vivo LPS treatment, none of the other niche cell properties were

affected in a different manner than those of control niche cells.
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4.7.1.3 The impact on modulating the activity of immune cells during LPS treatment
in BM
To study whether the LPS treatment affected the regulation of mature hematopoietic cells,

we went on to examine the mature hematopoietic compartment in LPS-treated mice.

These experiments showed, that the total cell number of the BM as well as the absolute
number of CD3e* T cell, GR1™“CD11b* monocytes and GR1*CD11b" granulocytes were
unchanged in Sfrp1™, Sfrp1*® mice and controls (Figure 60A, B, D-F). However, we
observed a significant decrease of absolute B220" B cell numbers in the BM of LPS-treated
Sfrp1** mice (Figure 60C). But, when examining, Sfrp7** mice, no significant changes

could be observed compared to the controls (Figure 60B-F).

We then investigated the earlier cells of the hematopoietic hierarchy and found that in the
BM, the absolute number of LSK cells, as well as LT-HSCs and MPs were unchanged after
LPS treatment (Figure 61A, B, D, E). Interestingly, the absolute number of the ST-HSCs

+/A

were significantly decreased in the treated Sfrp7™ after LPS treatment compared to the BM

1A/A

of untreated Sfrp 1™ mice (Figure 61C).
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Figure 60. The impact of the LPS treatment on the mature hematopoietic compartment.
(A) Representative flow cytometry plots of the gating strategy for mature hematopoietic compartment in BM.
(B) Total number of BM, (C) Absolute number of B220" B cells, (D) Absolute number of CD3e" T cells,
(E) Absolute number of GR1™CD11b* monocytes, (F) Absolute number of GR1*CD11b" granulocytes from
Sfrp1 conditional mice (with HF2+: Sfro7"*: n = 3; Sfrp1**: n = 5; with LPS: Sfrp1*™™: n = 4; Sfip1“*: n = 6)
compared to the controls (with HF2+: n = 4; with LPS: n = 6). Black dots represent controls (Sfrp7°"'*"); white
dots surrounded by black represents LPS treated controls (Sfrp 7). Blue dots represent Sfrp1*'*; white dots
surrounded by blue represents LPS treated Sfrp1+/A. Red dots represent Sfrp1A/A; white dots surrounded by red
represents LPS treated Sfrp1A’A mice. Each dot represents an animal. Represented values are illustrated as
Mean + SD. * p-value <0.05 show significant differences in the comparison LPS treated Sfrp1+’A, Sfrp1NA and
controls to each other or to the untreated controls determined by ANOVA, Tukey's post hoc test.
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Figure 61. The impact of the LPS treatment on the primitive hematopoietic compartment.
(A) Representative flow cytometry plots of the gating strategy for primitive hematopoietic compartment of lineage
depleted BM cells. (B) Absolute number of LSKs from Sfrp1 conditional mice (with HF2+: Sfrp1+/A: n=3; Sfrp1"™:
n = 5; with LPS: Sfrp1+/A: n =4, Sfrp1NA: n = 6) compared to the controls (with HF2+: n = 3; with LPS: n = 7).
(C) Absolute number of ST-HSCs from Sfrp? conditional mice (with HF2+: Sfrp1**: n = 3; Sfrp1**: n = 5; with
LPS: Sfrp1*™: n = 3; Sfrip1~™: n = 6) compared to the controls (with HF2+: n = 3; with LPS: n = 7). (D) Absolute
number of LT-HSCs from Sfrp7 conditional mice (with HF2+: Sfrp1**: n = 3; Sfip1*/*: n = 5; with LPS: Sfrp1™™:
n=4; Sfrp1A’A: n = 6) compared to the controls (with HF2+: n = 3; with LPS: n = 7). (E) Absolute number of MPs
from Sfrp1 conditional mice (with HF2+: Sfrp1*™: n = 3; Sfrp1*™: n = 5; with LPS: Sfrp1**: n = 4; Sfrp1**: n = 6)
compared to the controls (with HF2+: n = 3; with LPS: n = 7). Black dots represent controls (Sfrp7°"'*"); white
dots surrounded by black represents LPS treated controls (Sfrp7'®"®). Blue dots represent Sfrp7*'*; white dots
surrounded by blue represents LPS treated Sfrp1+/A. Red dots represent Sfrp1A/A; white dots surrounded by red
represents LPS treated Sfrp1A’A mice. Each dot represents an animal. Represented values are illustrated as
Mean + SD. * p-value <0.05 show significant differences in the comparison of LPS treated Sfrp1+/A, Sfrp1A’A and
controls to each other or to the untreated controls determined by ANOVA, Tukey's post hoc test.
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4.7.1.4 Functionality of LT-HSCs after LPS treatment

Our results so far suggest that the myeloid differentiation of LT-HSCs towards ST-HSCs
and more mature myeloid lineages could be affected 24 hours after LPS treatment. In
previous experiments, we also found that LT-HSCs from Sfrp7*® mice showed reduced
engraftment. To test whether LT-HSC from LPS-treated mice were similarly reduced in
function, we transplanted limiting numbers (100 cells) of sorted LT-HSC from the LPS-

treated and untreated mice of different Sfrp1 genotypes (Figure 62).

Controls
Sfrp1*, Sfrp144 ™)

24h—> Sort — Tx (100 cells)
Controls + LPS 7 CD34-SLAM cells
Sfrp1*/4, Sfrp124A4 + LPS

Figure 62. Impact of the LPS treatment on the functionality of LT-HSCs. Experimental design: eight- to ten-
week old Sfip1™, Sfrp1™ mice and control animals were i.p injected with1000 ng LPS. 24 h later, the CD34
SLAM cells were sorted and transplanted into lethally irradiate recipients.

Interestingly, LT-HSCs from Sfrp1** display decreased engraftment in PBs over the entire
observation period of 24 weeks independently of LPS treatment (Figure 63A, B).
Examination of the BM stem cell compartment after 24 weeks demonstrated a strongly
decreased BM engraftment, as well as a failed repopulation of HSCs from the Sfrp7**

donors, independently of LPS treatment (Figure 63C-F).

When examining the engraftment of LT-HSCs from control animals, we found that LT-HSCs
from LPS-treated control donors engrafted significantly less than LT-HSCs from untreated
controls (Figure 63A-C). Indeed, engraftment of the LT-HSCs from LPS-treated controls

1A/A

was very similar to that of LT-HSCs from treated or untreated Sfrp7™" donors (Figure 63F).
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Figure 63. Repopulating activity of LT-HSCs after LPS treatment. (A) Representative flow cytometry plots
of the gating strategy of Ly5.2" donor cells or Ly5.1"Ly5.2" recipient cells. (B) Donor cell engraftment in
percentage in the PB four, eight, twelve, sixteen, twenty and twentyfour weeks after Tx, (C) Percentage of the
donor engraftment in BM, (D) Percentage of the donor LSKs, (E) Percentage of the donor CD34" LSKs from
Sfrp1 conditional mice (with HF2+: Sfro7"*: n = 5; Sfrp1**: n = 3; with LPS: Sfrp1*™*: n = 3; Sfip1**: n = 5)
compared to the controls (with HF2+: n = 4; with LPS: n = 4). (F) Percentage of the donor CD34" LSKs from
Sfrp1 conditional mice (with HF2+: Sfro7"*: n = 5; Sfrp1**: n = 3; with LPS: Sfrp1™™: n = 3; Sfip1**: n = 5)
compared to the controls (with HF2+: n = 4; with LPS: n = 3). Black dots represent controls (Sfrp7°"'*"); white
dots surrounded by black represents LPS treated controls (Sfrp7'®"®). Blue dots represent Sfrp7*'*; white dots
surrounded by blue represents LPS treated Sfrp1+/A. Red dots represent Sfrp1A/A; white dots surrounded by red
represents LPS treated Sfrp1A’A mice. Each dot represents an animal. Represented values are illustrated as
Mean + SD. Figure C: * p-value <0.05 show significant differences in the comparison of untreated Sfrp7'®/
with every other untreated sample; “ p-value <0.05 show significant differences in the comparison of untreated
Sfrp1+/A with every other sample; # p-value <0.05 show significant differences in the comparison of treated
Sfrp1+/A with every other sample; Figure D - G: * p-value <0.05 show significant differences in the comparison
of each sample with every other sample determined by ANOVA, Tukey's post hoc test.
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In summary, Sfrp1 deficiency in osteoprogenitors results in increased systemic secretion of

*I* mice, but not in the Sfrp7* mice. In the

the inflammatory cytokine IL-6 in the PB of Sfrp1
BM, Sfrp1 deficient niche cells spontaneously differentiate into adipocytes, and show
increased senescence after passaging. But, the LPS treatment does not further affect niche

cells from Sfrp1** and Sfrp1*“.

The primary Sfrp1 deficiency in niche cells strongly affects hematopoiesis. Indeed, we found
that HSCs from Sfrp1** mice are senescent with evidence of accumulation of DNA-
damage. Furthermore, HSCs from Sfrp 7-deficient mice fail to repopulate recipient mice and
tend to differentiate more towards the myeloid lineage, which can be mitigated by treatment
of the inhibitor 1Q-1.

Moreover, the observed increase of IL-6 response after LPS treatment could be taken as

+/A

evidence of a smoldering inflammation in Sfrp1™" animals. Because of the preferential

A mice,

myeloid differentiation in Sfrp7** mice and the increased expression of IL-6 in Sfrp1
we wondered whether leukemic-initiating cells would develop more easily in mice with an

Sfrp1 deficiency in osteolineage cells of the BM niche.

4.7.2 Transplantation of p1858¢*#8-

conditional microenvironment

expressing fetal liver cells into Sfrp1

Inflammation is a known driver of cancerogenesis (Hanahan & Weinberg, 2011).
Specifically, in Sfrp1** mice, we noted spontaneous MSC differentiation into adipocytes
(Figure 29), which are known supporters of tumorigenesis and producers of IL-6 and also
MCP-1 (Zhao et al.,, 2020). We elevated IL-6 in these mice. In addition, promoter
methylation of the human SFRP1 gene in patients promote propagation of hematological
diseases (Jost et al., 2008; Reins et al., 2010; Seeliger et al., 2009). Thus, we wondered
whether in Sfro1** mice, the niche would facilitate leukemogenesis, and we investigated
development of leukemia propagating cells in mice with Sfrp1 deficient niche.

In order to study the impact of the Sfrp1 deficient inflammatory niche on development of
malignant cells, leukemia was induced by injecting pMIGp185°5°RA8t
liver (FL) cells (E13.5) into lethally irradiated Sfrp7 conditional pups (Sfrp 1™, Sfrp1**) and

control pups. Upon development of lethal leukemia, or after the designated observation

expressing WT fetal

period, the stromal- and hematopoietic cell compositions of the mice were analyzed.

139



RESULTS

4.7.2.1 Establishment of the mouse model with extended exposure of leukemic cells
to the microenvironment

First of all, we established a mouse model were leukemic cells would be longer exposed to
the niche in order to extend leukemia cell- niche interaction. For this purpose, we infected
FL cells in medium containing cytokines (IL-3, IL-6 and mSCF) that supports HSCs in
culture and monitored infection efficiency per flow cytometry. Furthermore, we transplanted
GFP* FL cells into lethally irradiated newborn recipient mice at day 1 to 3 after birth (Figure
64).

FL cells 3 x infected with .
(E13.5) 185 BCR-ABL Transplantation (Tx)

C57/BI6J and pMIG in newborn animals

Figure 64. Transplantation of p1 g5BCR-ABL expressing fetal liver cells into newborn animals. Experimental

design: WT fetal liver cells (E 13.5) were infected three-times with p18580R'ABL or pMIG. GFP" cells were
measured by flow cytometry and cells were injected into lethally irradiated newborn animals (Tx).

From our previous findings, when we transplanted p1855¢R8"

positive cells into newborn
and adult WT mice, we observed a prolonged survival of new born recipients as compared
to adult recipient mice with a median survival of new born mice of 47 days as compared to

20 days in 8 weeks old mice transplanted with 400.000 leukemic cells (Figure 65C).

Therefore, we decided to use new born animals as recipients. As donor cells, we used FL
cells from embryonic day 13.5 (E13.5) that are highly enriched for LT-HSCs (Figure 65A, B).
Furthermore, these cells show high levels of engraftment in the newborn mice (Garcia-
Ortega et al., 2010; Sands & Barker, 1999; West, Morris, & Wood, 1994; Yoder et al., 1996)

and the cell number is sufficient to potently generate leukemia-inducing cells (LIC).

To determine the optimal cell dose for an extended latency of leukemia, we transplanted
three different numbers of cells (50,000 cells, 200,000 cells and 400,000 cells) of the
p1858°RBL transduced GFP* FL cells into sublethally irradiated WT new born recipient
mice. It is important to note that transplantation of 200,000 or 400,000 p1858CR*ABL
expressing FL cells induced disease in WT animals with almost same median survival

BCR-ABL
5

(74 days or 72 days, respectively). New born recipients receiving 50,000 p18 cells

succumb to leukemic disease significantly later (Figure 65D).
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Figure 65. Establishment of the mouse model with extended exposure of leukemic cells to the niche.
(A) FL cells from embryo day 13.5 are enriched for LT-HSCs. (B) Representative flow cytometry plots of
CD150°CD34°CD48 LSKs from fetal liver cells (E13.5). (C) Kaé)lan-Meier survival plot visualizing the
percentage of survival over time (days after transplantation) of p185 CRABL cells transplanted in WT new born
mice (n = 10, blue), WT 8 weeks old mice (n = 7, green) and of pMIG cells transplanted in WT new born mice
(n =11, pink), WT 8 weeks old mice (n = 3, orange). (D) Kaglan-Meier survival plot visualizing the percentage
of survival over time (days after transplantation) of 8185B RABL cells transplanted in WT new born mice to
determine the dose, in three groups: 50,000 p185 CRABL cells (black, n= 11), 200,000 p185°°FA8L cells
(pink, n= 5), 400,000 p185°°F**- cells (blue, n = 9). Figure C: * p-value <0.05 show significant differences in
the comparison of pMIG adult vs. p185B RABL adult and p185BCR'A " hew born; * g-value <0.05 show significant
differences in the comparison of pMIG new born vs. p185'3CR'ABL adultand p1853c "B hew born; * p-value <0.05
show significant differences in the comparison of p185BCR'ABL adult vs. p1 85°°RBL new born determined by log-
rank (Mantel-Cox) test. Figure D: * p-value <0.05 show significant differences in the comparison of 50,000 GFP*
FL cells vs. 200,000 GFP" FL cells and 400,000 GFP" FL cells determined by log-rank (Mantel-Cox) test. [Data
from (C) provided/generated by S. Grziwok (Stem Cell Physiology Lab, Munich)].

4.7.2.2 BCR-ABL give interleukin-7 independence to pre-B cells

To characterize FL donor cells after IL-3, IL-6 and mSCF-facilitated infection, we analyzed
some of their hematopoietic functions. First, we determined donor cell clonogenic capacity
and differential potential. For this purpose, we sorted 1000 GFP* FL cells and cultured the
cells for 14 days in methylcellulose (M3434) supplemented with growth factors (3.3.2 Mouse
colony-forming unit assay). In addition, we added IL-7 cytokine, that was shown to support
formation of pro-B colonies and induces myelopoiesis and erythropoiesis (Figure 66A)
(Aiello et al., 2007; Wei, Zeff, & Goldschneider, 2000). Williams et al. demonstrated that the
fusion oncogene BCR-ABL can give “interleukin-7 (IL-7) independence to pre-B cells”

(Williams & Sherr, 2007).
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In contrast to control pMIG expressing FL cells, p185°°**E- cells generated more colonies
without IL-7 cytokine (Figure 66B). Furthermore, we introduced cells differentiated in

5BCRABL ells differentiated in all

methylcellulose to flow cytometry. We found that p18
lineages independently of IL-7, excluding GR1™‘CD11b* monocytes (Figure 66C-E), as
described by other investigators (Raitano, Whang, & Sawyers, 1997; Williams & Sherr,
2007). In contrast pMIG expressing cells generated more B220" B cells and CD3e" T cells

in the presence of IL-7, excluding GR1™“CD11b* monocytes (Figure 66E).
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Figure 66. BCR-ABL expressing FL cells differentiated in all cell types indecpendently of IL-7.
(A) Experimental design: WT fetal liver cells (E 13.5) were infected three-times with p185°“%*B- or pMIG. GFP"
cells were sorted by FACS and 1000 GFP" FL cells cultured in M3434 with or without IL-7. After 14 days, we
analyzed the cells. (B) Total number of CFCs of sorted GFP" cells from WT FL cells in M3434 with or without
IL-7. (C) Percentage of the B220" and B220"9" B cells of cultured GFP* FL cells in M3434 with or without IL-7.
(D) Percentage of the CD3e" T cells of cultured GFP* fetal liver cells in M3434 with or without IL-7.
(E) Percentage of the GR1°CD11b" granulocytes and GR1™“CD11b* monocytes of cultured GFP* FL cells in
M3434 with or without IL-7. Figure B show CFU-GM (>1000) in dark grey, CFU-GM (50-1000) in grey, BFU-E
in white and pre-B cells in black. Figure C, D and E show FL cells infected with p185°“%**8" (red, n = 1) or pMIG
(white, n = 1) and afterwards cultured in M3434 with (with strips, n = 1) or without IL-7 (without strips, n = 1).

142



RESULTS

4.7.2.3 Sfrp1 deletion in the niche resulted into accelerated propagation of leukemic
cells

Considering the long leukemia latency time when 50,000 GFP* FL cells were transplanted,
and our hypothesis that deletion of Sfrp7 in osteoprogenitors would facilitate

leukemogenesis, we transplanted 50,000 GFP* p1855°R**8- FL cells and pMIG FL cells into

Sfrp1*™, Sfrp1** control pups (Sfrp 1'%

. Since BCR-ABL expressing cells differentiate in
all cell lineages independently of IL-7, we decided to infect the FL cells only with IL-3, IL-6

and mSCF (Figure 67).

FL (E13.5)
C57BLIGY mice 4.5 Gy
retroviral infection é

4
o (IL-3, IL-6, SCF) _Sx107¢cells | oy _p3pups
p185BCR-ABL 3 daysin37°C

pMIG-R1

Figure 67. Transplantation of 50,000 p185'3°R'AB" expressing FL cells into newborn pubs. Experimental
design: WT fetal liver cells were infected three times with p‘I85BCR'ABL or pMIG and 50,000 GFP" cells were
injected intra-hepatically into sublethally irradiated newborn pubs (1° Tx). After severe disease symptoms, mice
were sacrificed and analyzed by flow cytometry for hematopoietic stem cells, their progenitor cells and mature
cells.

We observed a clear difference in survival of the mice. None of the animals transplanted
with 5 x 10* pMIG-GFP" cells became diseased within the observation period of 342 days
post-transplantation, as well as the Sfrp 1" animals transplanted with 5 x 10* p1855CR-8L

** animals transplanted with 5 x 10* p185%°R*B- FL cells showed

However, 3 out of 8 Sfrp1
lethal leukemia (median survival: 321 days) and 2 animals additionally developed a tumor.
Importantly, all Sfro7** mice transplanted with 5 x 10* p1852°F**B- FL cells died of leukemia
(median survival: 65 days) and 6 out of 11 animals developed additional tumors (Figure

68A, B).

Interestingly, we found that the frequency of leukemic stem cells (LSCs) was 10-fold lower
in the controls (Sfrp7'™/°*, 1/224000), and 3-fold less frequent in the Sfrp7** (1/72000)
compared to the Sfrp1**
analysis (Figure 68C) (Hu & Smyth, 2009), clearly showing that the lack of Sfrp7 in

osteoprogenitors increases the chance of leukemia development.

mice (1/21000), which we analyzed with the limiting dilution

To study the effects of p185%°R*BL activation in the Sfrp7* mice on normal and leukemic
hematopoiesis, PB cell counts were determined. These showed that the white blood cell
(WBC) numbers were significantly increased in the Sfrp1** mice compared to the Sfrp7*
mice and control animals (Figure 68D). The peripheral blood smear showed an abundance

of damaged cells which indicate the presence of a disease (Figure 68E).
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Figure 68. BCR-ABL expressing FL cells in Sfrp1 deficient microenvironment. (Ag Ka[)lan-Meier survival
plot visualizing the percentage of survival over time (daxs after transplantation) of p1 85°CRABL calls transplanted
in Sfrp1 conditional pups (Sfrp7™*: n = 8 (blue); Sfrp1”*: n = 11 (red)) and control animals (Sfrp 7" n = 12
(black)), as well as pMIG cells transPIanted in Sfrp1 conditional pups (Sfrp1+/A: n = 4 (black); Sfrp1NA: n=4
(black)) and control animals (Sfrp 7" n = 5 (black)). (B) Table of mice transplanted with p185°“**8" positive
cells (left) and with pMIG positive cells (right). (C) Limiting dilution analysis of p185°°FE- cells transplanted in
Sfrp1™™ (blue), Sfrp1*™ (red) and control animals (Sfrp7'®"**, black). (D) Cell number of WBC in 10°/ul of the
PB. (E) Blood smear of a diseased Sfrp1A/A mice transplanted with 50,000 BCR-ABL cells compared to a control.
Represented values are illustrated as Mean + SD. Figure A: * p-value <0.05 show significant differences in the
comparison of p1855°RBL Sfrp 1'% s p1855°RABE Sfp1*2 and p185°°F*8- Sfrp1*: * p-value <0.05 show
significant_differences in the comparison of pMIG Sfip1°"™* Sfrp1**, Sfrp1** vs. p185°°""B- Sfrp1** and
p185E’CR'ABL Sfrp1NA; * p-value <0.05 show significant differences in the comparison of p‘ISSBCR'ABL Sfrpf"A VS.
p185E’CR'ABL Sfrp1A’A determined by log-rank (Mantel-Cox) test. Figure D: Each dot represents an animal. * p-
value <0.05 show significant differences in the comparison of each sample with every other sample determined
by ANOVA, Tukey's post hoc test. [Data from (A-D) generated with F. Koller (Stem Cell Physiology Lab,
Munich)]. [Data from (E) generated by K. Steiger (Comparative experimental Pathology (CeP), Munich)].
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Moreover, Sfrp1 deletion in the niche resulted in increased numbers of GFP* leukemic cells
(Figure 69), which invaded all hematological organs, like PB, BM and SP, as well as the
LN.
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Figure 69. GFP® leukemic cells invaded all hematological organs of Sfrp71 conditional mice.
(A) Representative flow cytometry plots of GFP* leukemic cells in PB, BM, SP and LN from Sfrp1+/A, Sfrp1A’A
and controls, gated on PI” cells. (B) Percentage of GFP" leukemic cells gated on live cells of PB, (Cg BM, (D)
SP from Sfrp1 conditional animals transplanted with p185BCR'ABL positive cells (Sfrp1+/A: n = 4; Sfrp1 A= 7)
and control animals (n = 6) and transplanted with pMIG positive cells (Sfrp1+’A: n=3; Sfrp1A’A: n = 4) and control
animals (n = 5). (E) Percentage of GFP" leukemic cells gated on live cells of Tumor LN from Sfrp7 conditional
animals transplanted with p1858°R'ABL positive cells (Sfrp1+/A: n=4; Sfrp1A’A: n = 5) and control animals (n = 6)
and transplanted with pMIG positive cells (Sfrp1+’A: n=3; Sfrp1A’A: n= 42 and control animals (n = 5). Black dots
represent controls (Sfrp1'°X/'°X); Blue dots represent not diseased Sfrp1+’ ; Pink dots represent diseased Sfrp1+’A;
Red dots represent Sfrp1A’A. Each dot represents an animal. Represented values are illustrated as Mean + SD.
* p-value <0.05 show significant differences in the comparison of each sample with every other sample
determined by ANOVA, Tukey's post hoc test. [Data generated with F. Koller (Stem Cell Physiology Lab,
Munich)].
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Furthermore, we analyzed expression of lineage markers and found that GFP* p1858¢R#8t
cells differentiated into B220" B cells in all animals and all analyzed tissues (PB, BM, SP
and LN; Figure 70).
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Figure 70. GFP* p185°°R“BL cells differentiated into B220" B cells in Sfrp7 conditional mice.
(A) Representative flow cytometry plots of B220" GFP* leukemic cells in PB, BM, SP and LN from Sfrp7**,
Sfrp1A/ and control animals, gated on GFP” cells. (B) PercentaRge of B220" GFP" leukemic cells of PB, (C) BM,
(D) SP from Sfrp1 conditional animals transplanted with p185BC ABL positive cells (Sfrp1+/A: n=4; Sfrp1A/ n=7)
and control animals (n = 6) and transplanted with pMIG positive cells (Sfrp1+’A: n=3; Sfrp1A’A: n = 4) and control
animals (n = 5). (E) Percentact;e of B220" GFP" leukemic cells gated of tumor LN from Sfrp? conditional animals
transplanted with p185E’CR'AB positive cells (Sfrp1+’A: n = 4; Sfrp1A’A: n = 5) and control animals (n = 6) and
transplanted with pMIG positive cells (Sfrp1+’A: n=3; Sfrp1NA: n = 4) and control animals (n = 5). Black dots
represent controls (Sfrp1'°X/'°X); Blue dots represent not diseased Sfrp1+’A; Pink dots represent diseased Sfrp1+’A;
Red dots represent Sfrp1NA. Each dot represents an animal. Represented values are illustrated as Mean + SD.
* p-value <0.05 show significant differences in the comparison of each sample with every other sample
determined by ANOVA, Tukey's post hoc test. [Data generated with F. Koller (Stem Cell Physiology Lab,
Munich)].
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Consistent with murine leukemia data, all leukemic animals developed splenomegaly with
increase in weight and cell number compared to the non-diseased controls (Figure 71A-C)
(Schreck et al., 2017).

1A/A

Also, the spleen anatomy in diseased Sfrp mice was completely modified due to

infiltrations of leukemic cells compared to not sick control animals (Figure 71E). We found
infiltration of leukemic cells in the liver and thymus (Figure 71D, F). In 6 out of 11 Sfrp1**
mice we found a tumor-like infiltration of the lymph nodes and neighboring organs like the

kidney (Figure 71G, H).
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Figure 71. Altered spleen, liver, thymus and lymph node anatomy in diseased animals. (A) ReFPresentative
pictures of spleens of Sfrp7"*, Sfrp1** and control animals (Sfrp 7' transplanted with p185°°~*B- positive
cells. (B) Wei?ht of the spleens in g from Sfrp1 conditional animals and control animals with p1 8SBCR'ABLEositive
cells (Sfrp 1™ n = 6, Sfrip1™: n = 4; Sfrp1**: n = 9) and pMIG positive cells (Sfip 1™ n =5, Sfrp1"'*: n = 4;
Sfrp1A’A: n = 3). (C) Total cell number of the spleen cells from Sfrp1 conditional animals and control animals with
p185°°FBL positive cells (Sfrp 7' n = 6, Sfrp1**: n = 4; Sfrp1**: n = 9) and pMIG positive cells (Sfrp1";
n =5, Sfrp1”* n = 4; Sfrp1”*: n = 3). (D) Altered thymus anatomy in diseased animals. (E) Altered spleen
anatomy in diseased animals (right) compared to the control (left). Marginal zone (MZ), marginal sinus region
(MS), follicle (F), PALS (P), red pulp (RP), central artery (A), trabeculus (T) and hilus (H) are shown. (F) Altered
liver anatomy in diseased animals (Igight) compared to the control (left). (G) Representative pictures of tumors
of mouse transplanted with p185°“F”®- positive cells. (H) Altered lymph node anatomy in diseased animals.
Figure B and C: Black dots represent controls (Sfrp7'®“°*); Blue dots represent not diseased Sfrp7**; Pink dots
represent diseased Sfrp1+'A; Red dots represent Sfrp1A’A. Each dot represents an animal. Figure D, E, F and H:
on the left side, a 4-fold magnification (white bar = 250 ym) and on the right side, a 40-fold magnification (white
bar = 25 pym). Represented values are illustrated as Mean + SD. * p-value <0.05 show significant differences in
the comparison of each sample with every other sample determined by ANOVA, Tukey's post hoc test. [Data
(A —C, G) generated with F. Koller (Stem Cell Physiology Lab, Munich)]. [Data (D —F, H) generated with K.
Steiger (Comparative experimental Pathology (CeP), Munich)].
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In summary, we can say that BCR-ABL expressing cells propagated disease only in animals
with Sfrp1 deletion in the niche compartment. First analysis characterizes the disease as a

precursor B cell lymphoblastic disease.

In order to analyze the contribution of inflammatory cytokines in the PB serum, we
determined IL-6, IL-10, MCP-1, IFNy, TNF, and IL-12p70 in the PB serum using a cytokine

bead assay (Figure 72A). The secretion of IL-6 was increased in Sfrp714*

mice (Figure
72B, C), as we could also see in previous experiments after LPS exposure (Figure 57).
Interestingly, in p185%°**E- leukemic Sfrp7** mice, we additionally found an increase in
MCP-1 and TNF in the serum compared to the non-leukemic control recipients (Figure

72B, D, E).
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Figure 72. The inflammatory response after transplantation of 50,000 p185 leukemic FL cells.
(A) Standard dilutions for the analyzed cytokines (IL-6, IL-10, MCP-1, INFy, TNF, IL-12p70) in pg/mL.
(B) Representative flow cytometry plot for the analyzation of the cytokines in the serum of the PB from Sfr 18
mice (red, diseased, n = 2) and control mice (black, not diseased, n = 2) transplanted with 50,000 p185 RABL
leukemic FL cells. (C) Anal)/zatlon of the protein content in pg/mL from IL 6, (D) MCP-1 and (E) TNF. Black dots
represent controls Sfrp1'° *); Blue dots represent not diseased Sfrp1 ; Pink dots represent diseased Sfrp1
Red dots represent Sfrp1 . Each dot represents an animal. Represented values are illustrated as Mean * SD

* p-value <0.05 show significant differences in the comparison of each sample with every other sample
determined by Bartlett’s test.
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In summary, Sfrp1 deficiency in the niche accelerates leukemia formed from 50,000 BCR-
ABL-expressing cells, whereas control animals do not develop disease. The control animals
do also develop leukemia if at least 4-times more cells are being transplanted. The median
survival of diseased animals transplanted with different cell number (WT: 200,000 cells;
Sfrp1** mice: 50,000 cells) was almost identical (WT: 72 days; Sfrp7** mice: 65 days). In
Sfrp1NA mice, the secretion of inflammatory cytokines, like IL-6, MCP-1 and TNF, is
increased compared to the control animals. These findings indicate that leukemia in mice
with a Sfrp1-deficient osteogenic niche is associated with systemic inflammation. Since one
of these cytokines (IL-6) is already elevated without leukemia, our results suggest that in
general, Sfrp1** mice show a tendency towards systemic inflammation. These findings hint
to the possibility that the function of mature inflammatory cells is altered in Sfrp7** mice.
Early in tumorigenesis, tumor cells may persist because of reduced immune surveillance of

immune cells in the Sfrp1** mice.

Immune surveillance includes the process of phagocytosis (Moxey-Mims et al., 1991).
Neutrophils specialize in phagocytizing invading microorganisms, but are also able to take
up other particles, such as E.coli - FITC particles. A reduced or defective function of the
neutrophil granulocytes can be the cause of excessive inflammation and thus tissue
damage.

To test this hypothesis that cancer cells evade the immune system by disrupting the effect

1A/A

of phagocytosis on induction of antitumor immune responses in the Sfip mice, we

analyzed phagocytosis of mature granulocytes.

In these experiments, we used sorted GR1°CD11b" cells from adult control mice and their
littermates with Sfrp1 deletion in the niche and cultured these cells with and without E.coli
membrane particles coupled with FITC. After 3 hours of culture at 37 °C we analyzed cells
by flow cytometry (Figure 73A). The histograms show that the granulocytes from the Sfrp1
deficient animals (red line) as well as the controls (black line, Figure 73B) are able to
phagocyte the E.coli particles (green line). The experiment performed with FL cells
transfected with GFP and the BCR-ABL oncogene did not reveal major differences in the

phagocytic activity of the GR1°CD11b" cells between the groups (Figure 73C).
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Figure 73. Unchanged phagocytosis activity of GR1°'CD11b" cells from Sfrp1 deficient animals.
(A) Experimental design: Sorted GR1°CD11b" cells from control mice, Sfrp1+/A and Sfrp1A/A were cultured for 3
h with and without E.coli membrane particles coupled with FITC or FL GFP" cells and analyzed by flow
cytometry. (B) Left: Representative histogram plot for the analyzation of the phagocytosis activity from Sfrp1
deficient mice (red) and control mice (black) with and without E.coli membrane particles (green). Right:
Percentage of E.coli - FITC positve GR1°CD11b" cells. (C) Left: Representative histogram plot for the
analyzation of the phagocytosis activity from Sfrp1A/A mice (red) and control mice (black) with and without FL -
GFP" cells. Right: Percentage of FL - GFP" positive GR1°CD11b" cells. Black dots or lines represent controls
(Sfrp1'°X"°x); Black triangles represent controls (Osx-Cre); Blue dots represent Sfrp1+’A; Red dots or lines
represent Sfrp1A/A; Grey lines represent untreated GR1°CD11b"; Green line represent E.coli - FITC particle only.
Each dot represents an animal. Represented values are illustrated as Mean + SD.

4.8. Changes in gene expression in MSCs of Sfrp1 conditional mice

The above results indicate that deletion of Sfrp7 in osteoprogenitors reduces the functional
quality of LT-HSCs, increases systemic IL-6, and promotes formation of LSCs from BCR-
ABL" cells. Since in all of these studies, deletion of Sfrp7 in osteoprogenitors was the
primary event, we analyzed and compared the whole transcriptome of MSC populations
isolated from mice bones of Sfrp7** and Sfrp1** to controls (Sfrp1°"°*; Osx-Cre) to
determine the impact of primary Sfrp1 loss in the niche cells on secondary effects in

hematopoiesis. The goal of the gene expression analysis is to connect the two.
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Furthermore, by studying the transcriptomes of niche cells from Sfrp7** and control
animals, we hope to gain a deeper understanding of the molecular mechanisms underlying

the observed changes in biology (3.10.1 RNA sequencing analysis).

After sequencing of sorted primary (CD45/Ter119) CD31" ALCAM”™¢ SCA-1* MSCs and
normalization of the transcriptomes, the samples were clustered according to the genotype

in the principle component analysis (PCA). It is noticeable, that only the global

+/A 1A/A

transcriptional profiles of Osx-Cre revealed clear cluster, but the Sfrp1™" and Sfrp

samples were not clearly separated (Figure 74A, B).

Nevertheless, pairwise comparison of Sfrp7** and Sfrp1** to controls (Sfrp1°*"**; Osx-Cre)
and between each other led to the identification of 535 differently expressed genes (DEGSs)
with an adjusted p-value < 0.05 and logFoldChange (logFC) > 1 (327 genes), as well as
logFC < -1 (208 genes, Figure 74C).

It is important to note, that the aberrant functional behaviors of the Sfrp1** MSCs, like
increased generation of small CFU-Fs, strong differentiation into adipogenic and osteogenic
lineages, increased proliferative activity in endosteal cells and cellular senescence occur in
culture. Therefore, it is possible that the primary sorted MSCs are not activated after sorting

and show no aberrant phenotype.
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Figure 74. Global /(r;ene expression analysis. (A) PCA of gene expression of Sfrp1+/A and Sfrp1A’A compared
to controls (Sfrp1'”“™; Osx-Cre). (B) Heatmap of the top 500 DEGs in Sfrp1** and Sfrp1** compared to controls
(Sfrp 1'%, Osx-Cre). Orange dots represent controls (S);r/ﬂ'“/"’x); Purple dots represent controls (Osx-Cre);

Green dots represent Sfrp1+/A; Blue dots represent Sfro7**. Each dot represents one animal. (C) Number of

DEGs of Sfrp1+/A and Sfrp1NA compared to controls (Sfrp1'°X/'°X; Osx-Cre) and between each other. Numbers in
blue rectangles indicate down-regulated genes (logFC < -1); numbers in red rectangles indicate up-regulated
genes (logFC > 1).

In order to gain a better understand whether the DEGs represented specifically deregulated
molecular functions or pathways, GO enrichment analysis (enrichGO, clusterProfiler) (Yu
et al., 2012) of the DEGs between Sfrp1** compared to controls (Osx-Cre) was performed.
We found that DEGs were enriched in 20 GO categories including “endoplasmic reticulum
(ER) to cytosol transport’, ‘retrograde protein transport - ER to cytosol’, and ‘response to
endoplasmic reticulum stress” (Figure 75A). In addition, PANTHER was used to perform
functional analyses of the gene set. There, the DEGs were dysregulated in the "TERAD
pathway’, ‘response to endoplasmic reticulum stress’, "with endoplasmic reticulum to
cytosol transport’, ‘regulation of retrograde protein transport — ER to cytosol” and the
‘ubiquitin-dependent ERAD pathway” (GeneMANIA, Figure 75B) (Warde-Farley et al.,
2010). Interestingly, a combination of these DEGs which were expressed in 2 out of 5

1~ MSCs compared to the

biological functions revealed 14 genes down-regulated in Sfrp
controls (Figure 75B, C). We decided to take a closer look to four key DEGs categorized as

essential in the ER and the ERAD pathway (Sel1l, Ubxn4, Syvn1, Derl1).
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Figure 75. The endoplasmic retlculum pathway is dysregulated in Sfrp1A’A MSCs. (A) The 20 enriched
terms of the DEGs between Sfrp1 “ compared to controls (Osx-Cre). The barplot shows the enrichment scores
and ratio as bar height and color. (B) Gene connections of DEGs that are down-regulated in the biological
functions between Sfrp1 * compared to controls. (C) The normalized raw count data usmg the TMM (Robinson
etal, 201 0) normalization method of the 14 differentially down-regulated genes of Sfrp1 * compared to controls
(Sfrp1° " Osx-Cre). Black dots represent controls (Sfro7'*™); black triangles represent controls (Osx-Cre);
Red dots represent Sfrp1A’A Each dot represents one animal. Represented values are illustrated as Mean *
SD. * p-value <0.05 show significant differences in the comparison of Sfrp7** to controls (Sfrp1'”“**; Osx-Cre)
determined by unpaired t test.
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Therefore, we cultured MSCs (p3) and performed IF experiments to analyze the protein
expression for SEL1L, UBXN4, SYVN1 and DERLA1.

We found that all four proteins are expressed. Importantly, in line with the transcriptome

results, MSCs from Sfrp 1/

mice showed decreased protein content of SEL1L, UBXN4 and
SYVN1, while protein content of DERL1 was unchanged. IF also allows assessment of the
protein localization within the cells. However, while DERL1 and UBXN4 proteins were
mainly expressed in the cytoplasm and SEL1L and SYVN1 proteins could be observed in
both cytoplasm and ER (Figure 76A-D), there were no obvious differences between protein

localization within the cells from different genotypes.

In conclusion, since the protein content of SEL1L, UBXN4 and SYVN1 was down-regulated
in the SFRP1-deficient MSCs, it is likely that SFRP1 regulates the ERAD pathway and
proteostasis.
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Figure 76. Protein content of SEL1L, UBXN4, SYVN1 and DERL1 in MSCs of Sfrp1A'A mice and the
controls. (A) Left: SEL1L protein content as relative pixel number of MSCs from Sfrp1A/A (n = 30) and the
controls (n = 30); Right: Representative immunofluorescence staining for the nuclei staining with DAPI in blue
and SEL1L protein in green of MSCs from Sfrp1A/A and the controls. (B) Left: SYVN1 protein content as relative
pixel number of MSCs from Sfrp1A/A (n = 20) and the controls (n = 23); Right: Representative
immunofluorescence staining for the nuclei staining with DAPI in blue and SYVN1 protein in green of MSCs
from Sfrp1A/A and the controls. (C) Left: UBXN4 protein content as relative pixel number of MSCs from Sfrp1A/A
(n = 33) and the controls (n = 30); Right: Representative immunofluorescence staining for the nuclei staining
with DAPI in blue and UBXN4 protein in green of MSCs from Sfrp1A/A and the controls. (D) Left: DERL1 protein
content as relative pixel number of MSCs from Sfrp1A’A (n =22) and the controls (n = 18); Right: Representative
immunofluorescence staining for the nuclei staining with DAPI in blue and DERL1 protein in green of MSCs
from Sfrp1** and the controls. Black dots represent controls (Sfrp1°“'°*); Red dots represent Sfrp7*™. Each dot
represents a cell. Represented values are illustrated as Mean + SD. * p-value <0.05 show significant differences
in the comparison of Sfrp1 deficient mice (Sfrp1**) to controls (Sfrp 1) determined by unpaired t test.
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5. Discussion

In this thesis, | show that deletion of Sfrp1 in Sp7-expressing osteolineage cells has
profound effects on HSC numbers and function during steady-state maintenance as well as
under stress conditions. The effects of Sfrp7 are found in all major cellular behaviors:
proliferation, differentiation, and survival. | found that Sfrp7 expressed by the
microenvironment is required for the repopulating activity and optimal proliferation of single
LT-HSCs, and that without Sfrp7, HSCs are prone to p300-dependent differentiation. Most
importantly, HSC behavior can be rescued by short in vivo treatment with the PP2A/PR72
inhibitor 1Q-1, showing deregulation of PP2A/PR72-mediated regulation of the
CTNNB1/p300 WNT enhanceosome. In addition, | could show that SFRP1 deficiency
induced alterations in the bone marrow niche which enable development of BCR-ABL"
lymphoblastic leukemia in juvenile animals. In gene expression studies aimed at delineating
possible underlying mechanisms of altered hematopoietic support from niche cells, it was
found that osteolineage Sfrp7 expression is required to maintain endoplasmic reticulum

(ER)-associated processes, immune processes, and cytokine production.

5.1. Establishment of a method for studying HSC maintenance and expansion

ex vivo

To study behavior of single HSCs, a first aim of this thesis was to establish single cell
cultures and to identify additional stromal cell sources maintaining HSC number and activity
in culture. Such an experimental model would facilitate the study of mechanisms and
conditions that support the expansion of transplantable HSCs as well as enable targeting

of defective HSCs in therapeutic settings.

In previous work, we found that the UG26-1B6 cell line was able to maintain HSCs under
non-contact conditions (Buckley et al., 2011; Oostendorp et al., 2005; Wohrer et al., 2014).
However, UG26-1B6 bears the tsA58 temperature-sensitive large T antigen and is
transformed in long-term culture. Thus, the cell line is usually not used past passage twelve
(Oostendorp et al., 2002; Oostendorp et al., 2002a). In this thesis, | demonstrated that WT
E13.5 MEF-CM with 2GFs (SCF and IL-11) and WT E13.5 MEF-CM with 4GFs (additionally
NGF and Col1) support induction and propagation of cell division, as well as survival of WT
HSCs (Marquez Romero et al., 2020). Interestingly, CM from Sfrp 1" MEFs show decreased
survival compared to WT-CM 2GFs or 4GFs, which indicates an effect of Sfrp7-regulated

secreted factors on the survival of cells.
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5.2. Sfrp1 loss in osteoprogenitors and bone structure

In this thesis, | find that the loss of Sfrp7 in the osteolineage cells in mice (Sfrp1**) does
not lead to external abnormalities, but Sfrp7 mutant animals tended to show decreased

body weight and size compared to their WT littermates (Sfrp71'°%"°%)

independently of their
gender. Davey et al. showed that Osx-Cre mice had a decreased body weight at 6 weeks
of age, compared to wild type controls. At 12 weeks of age the weight loss is adjusted
(Davey et al., 2012). However, a comparison of the WT littermates at the age of 8 weeks
showed no reduced body weight of the Osx-Cre mice compared to the Sfrp7°°*, The
characterization of the bone homeostasis of the Sfrp1 deficient mice demonstrated a loss
of 22-35 % of the bone volume in the cortical bone compared to control mice. Furthermore,

1A/A

the male Sfrp1™" mice show reduction of about 20 % of CTX-I serum levels. The trabecular

parameters and the numbers of both osteoclasts and osteoblasts as well as the serum

1A/A

marker P1NP were unchanged in Sfrp mice. All in all, the results show changes in the

1A/A

cortical bone in the Sfrp mice, proposing this part of the bone may show alterations of

bone stiffness.

The loss of the expression of SFRP1, as a WNT/ p-catenin signaling inhibitor results into
an increase of the B-catenin level in the cytoplasm (Kawano & Kypta, 2003). B-catenin
supports the self-renewal of embryonic stem cells causing decreased absolute numbers of
progenitor cells (Reya et al., 2003). Therefore, a loss of SFRP1 could result in an increasing
level of B-catenin, which leads to decreased numbers of progenitor cells and thereby has a
negative influence on the bone homeostasis (Bodine et al., 2004; Satoh et al., 2006). The
decreased differentiation of progenitor cells could lead to altered bone quality, which leads

to a deceased body size and weight.

5.3. Sfrp1 loss in osteoprogenitors alters the behavior of MSCs

MSCs are characterized as adherent, fibroblastic cells with the ability of multilineage
differentiation in adipogenic, osteogenic and chondrogenic cells (Friedenstein,
Chailakhyan, & Gerasimov, 1987; Friedenstein, Piatetzky, & Petrakova, 1966;
Pittenger et al., 1999). We found that in Sfro7** mice, the number of MSCs is decreased,
but these cells show an increased fraction of cells in the S-phase of cell cycle and a higher
potential to form colony forming units (CFU-Fs) in culture, which, however, tend to be
smaller than in control MSCs. Furthermore, stromal cells grown ex-vivo show an increased
senescence-associated -galactosidase staining. Importantly, the CFU-F-derived stromal
cells seem to be primed for adipogenic and osteogenic lineages, since both lineages are
more easily formed than in control MSCs. Furthermore, the MSCs show an increased

proliferative activity.
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The smaller size of the CFU-F-derived colonies and the increased differentiation are both
in line with the increased senescence we observed. Since SFRP1 is known as a WNT
inhibitor, its deletion should promote WNT activation. This would be in line with the
observation of increased numbers of MSCs in the S-phase, which could promote replicative
senescence due to DNA damage during genomic replication in the S-phase of cell cycle
(in analogy to HSCs) (Walter et al., 2015). Senescent cells are metabolically active cells but
do not divide (Krizhanovsky et al., 2008). Our finding that Sfrp1-deficient MSCs tend to form
more small CFU-Fs might be explained by Sfrp1 deficient MSCs becoming more easily
senescent. Indeed, our finding that these MSC express more senescence-associated B-
galactosidase activity (Dimri et al., 1995), is in line with this hypothesis.

1A/A

With regard to differentiation, Sfrp MSCs show reduced osteogenesis and increased
adipogenic potential under non-induced conditions, which is similar to observations of
MSCs from aged animals or human individuals (Moerman et al., 2004; Muraglia, Cancedda,
& Quarto, 2000; Ross et al., 2000; Wilson et al., 2010; Zheng et al., 2007). This observation
suggests a curious uncoupling of osteo- and adipogenesis under non-induced and growth
factor-induced differentiation in Sfro7** MSCs. Thus, we hypothesize that Sfrp1** MSCs
adopt an aging phenotype under non-induced conditions. The observation that under
induction, both adipo- and osteogenic differentiation suggests that induction conditions may

override aging-related changes in MSCs. This hypothesis should be tested in the future.

5.4. Sfrp1 loss in MSCs reduces endoplasmic proteostasis

The Sfrp1*® MSCs show alterations in their transcriptome compared to the Osx7-GFP::Cre
controls that leads to the identification of 535 differently expressed genes (DEGSs)
comparing the two groups. The dysregulated expressions of these genes were involved in
the 'ERAD pathway’, ‘response to endoplasmic reticulum stress’, "with endoplasmic
reticulum to cytosol transport’, ‘regulation of retrograde protein transport - ER to cytosol’,
as well as the ‘ubiquitin-dependent and endoplasmic reticulum associated protein
degradation (ERAD) pathway’. The endoplasmic reticulum (ER) is a cellular maintenance
system regulating protein synthesis, protein transport, protein folding, protein quality, as
well as other essential cellular events, like calcium (Ca?") storage and release, in eukaryotic
cells. ER can be found as smooth (SER) and rough (RER) organelles, in which the RER is
mostly involved in proteostasis and the communication with the Golgi apparatus (Meusser
et al., 2005; Phillips & Voeltz, 2016; Rogers, 2020). Once misfolded proteins are detected
in the ER lumen, these proteins are glycosylated and then recognized by the
transmembrane ERAD complex, which eliminates these selected proteins by a
translocation process and targeting by the cytoplasmic ubiquitin-VCP complex and the 26S

proteasome (Ubiquitin-Proteasome System; UPS).
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This process maintains cellular integrity by reducing ER stress (Lemus & Goder, 2014; Neal,
Duttke, & Hampton, 2019). Reduced ERAD has been associated with aging of the brain
(Sekiya et al., 2017), and our observations of Sfrp7** MSCs also suggest a connection

between reduced ERAD and the observed aging-like phenotype.

The effect of Sfrp7-deletion on ERAD pathway opens the intriguing possibility that Sfrp1
regulates ER-dependent cellular processes, such as vesicle transport, endocytosis and
autophagy. The ERAD pathway is part of the unfolded protein response (UPR). Intriguingly,
genes that we validated (Sel1l, Syvn1) are known targets of the UPR (Kaneko et al., 2007).

ERAD pathway consists of four different sub-processes: recognition, retro-translocation,
ubiquitination and degradation (Figure 77). The differentially downregulated ER
Degradation Enhancing a-Mannosidase-like protein (EDEM) removes a mannose from
misfolded glycoproteins, which promotes the binding of membrane associated receptors,
such as OS9 and Derlin (DERL1) (Groisman et al., 2011). The 26S proteasome is located
in the cytosol. Therefore, to be degraded, the misfolded proteins need to be retro-
transported into the cytoplasm. For this purpose, ERAD includes a retro-transport complex,
consisting of the adaptor protein Suppressor/Enhancer of Lin-12-like (SEL1L) and the E3
ligase hydroxymethylglutaryl reductase degradation protein 1 (HRD1 or SYVN1) (Meusser
et al., 2005; Sun et al., 2014). SEL1L is involved in several cellular processes, such as
tumorigenesis of various cancer types (Biunno et al., 2006), stem cell differentiation
(Cardano et al., 2011) and lipid metabolism (Sha et al., 2014). In HSCs, deletion of Sel/1/
led to their displacement from the niche and a complete loss of HSC identity, due to
aggregation of the critical HSC receptor MPL in the ER (Xu et al., 2020). In MSCs, the
adipogenic protein lipoprotein lipase (LPL) is retained in the ER and forms protein
aggregates in the absence of SEL1L, which leads to hypertriglyceridemia (Péterfy et al.,
2007; Sha et al., 2014). Several ERAD genes, including Derl2 and Syvn1, are also involved
in regulating bone homeostasis and bone diseases such as arthritis, due to faulty collagen
matrix secretion (Dougan et al., 2011; Gao et al., 2008). Next, the misfolded proteins are
ubiquitinated and the ubiquitin-binding factors valosin-containing protein (VCP/p97) is
recruited to the misfolded protein by UBXN4 and ensure degradation by the 26S
proteasome in the cytosol (Neuber et al., 2005; Schuberth & Buchberger, 2005).
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Figure 77. Endoplasmic reticulum associated protein degradation pathway. Misfolded proteins are marked
by EDEM and recruited to the ERAD complex. The ERAD complex is formed by proteins like HERPUD1,
SYVN1, DERL1, and SEL1L, which inserted the misfolded proteins across the ER membrane. During
translocation, the misfolded proteins are poly-ubiquitylated. Afterwards, the ubiquitylated misfolded proteins are
transported by the VCP-UBXN4 complex to the 26S proteasome for degradation.

Alternatively, Lee et al. demonstrated that misfolded proteins in the cytoplasm can also be
secreted into the extracellular milieu via the misfolding-associated protein secretion (MAPS)
pathway (Lee et al., 2016). Together, reported findings and findings reported in this thesis
support a role for ERAD downregulation in aging-like skeletal deregulation, possibly by
deregulating proteostasis of critical receptors, secreted WNT factors, and extracellular

matrix proteins.

To further confirm the aberrant ERAD pathway, | would suggest to stain announced
downregulated proteins on bone slices. Furthermore, to further study the involvement of
Sfrp1-deletion and ERAD down-modulation in MSCs in secretory pathways, analysis of
misfolded proteins in the extracellular milieu by secretome protein enrichment would be
helpful. For instance, secretome delineation with click sugars (SPECS) method (Kuhn et

al., 2012) would be a possible confirmatory strategy in this respect.

The RNAseq did not give clues to the mechanism of the transcriptional down-regulation of
Edem1, Sel1l, Syvn1, or Ubxn4 by the loss of Sfrp1. So far, there is no specific knowledge
about the interaction of SFRP1 and ER and/or the ERAD pathway.
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We could speculate, though, since secreted SFRP1 is an inhibitor of the WNT/ B-catenin
signaling pathway and B-catenin levels are controlled through ubiquitination and the
proteasome, that p-catenin might be cross-regulated by ERAD components, particularly
through the cytosolic ubiquitination machinery, including UBE2J1/2 and UBXN4, which are
both modulated by Sfrp7 deletion in MSCs. Indeed, it was reported that GSK3p, and both
o- and B-catenin were regulated through ERAD upon ER stress (thapsigargin and
tunicamycin treatment) in HelLa cells (Fabre et al., 2019). Thus, a potential additional layer
of SFRP1-mediated regulation could be the modulation of canonical WNT signaling in

osteolineage niche cells through ERAD machinery.

It has been reported that ERAD is an important part of the secretory pathway
(Meusser et al., 2005). In the WNT pathway, WNT factors are transported to the plasma
membrane by the WNT receptor EVI (WLS/GPR177) after a posttranslational modification,
such as N-glycosylation and lipidation/acylation at the ER (Azbazdar et al., 2021; Glaeser
etal., 2018; Gradilla et al., 2018). It was further shown that ERAD ubiquitinates EVI through
UBE2J2 in the absence of WNT ligands in a VCP-dependent manner and that EVI is
stabilized in the presence of WNT ligands (Glaeser et al., 2018). Additionally, Wolf et al.
identified the interaction of the VCP-binding proteins FAF2 and UBXN4 with EVI, as well as
the ubiquitination of EVI through ERAD is linked to ERLIN2. They further showed that
SEL1L had a variable or weak effects in the degradation of EVI, but, the knock-down of
ERLIN2, FAF2, UBXN4 increased EVI protein levels, again stressing the importance of the
VCP complex (Wolf et al., 2021).

Therefore, the data presented in this thesis support the hypothesis that when SFRP1 is
present, EVI (WLS) is ubiquitinated and degraded through ERAD. Whereas, in the absence
of SFRP1, UBXN4 is down-modulated, and, as a consequence, EVI is stabilized, possibly
enabling increased transport and secretion of WNT factors. Therefore, the influence of the
SFRP1 loss in the secretome of stromal cells, and on possible protein levels of EVI should
be studied further.

5.5. Sfrp1 loss in stromal cells influence the hematopoietic cell behavior

AA
1

In our Sfrp model, we analyzed whether and how the deletion of Sfrp7 in
osteoprogenitors affected hematopoiesis and the HSCs. Since the gene is only deleted in
the stromal cell compartment, any change in behavior of these cells is a secondary effect
to the primary deletion of Sfrp7 in osterix” stromal cells and their progeny. The BM
microenvironment controls the functional behavior of HSCs, including self-renewal (S),
maturation (M, differentiation), apoptosis (A), resting (R, quiescence), and trafficking (T,

migration), which is also known as “SMART” properties (Cheng, 2008).
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In Sfrp1** mice, we identified no strong effects on the number of mature cell subpopulations
in either PB or BM. This result differs from analyses of the Sfrp1” mice, where both
CD45R/B220 and GR1" populations were significantly affected (Renstrom et al., 2009). The
difference in findings between Sfrp7** and Sfrp1”" mice could be caused by the different
backgrounds in the two mouse models (Sfrp1”: 129S2xC57BL/6.J; Sfrp1**: C57BL/6.J).

AA
1

Alternatively, in the Sfrp mice, the loss of SFRP1 and its deleterious effects on B-cell

and myeloid maturation could be compensated by other Sfrp7-expressing populations.

In the most immature SCA-1" ST-HSCs and LT-HSCs, we found no significant changes in
the BM of Sfrp1NA mice, which was similar to findings in Sfrp1"' animals. But, SCA-1
myeloid progenitors (MP) were decreased in Sfrp7** and Sfrp1” mice (Renstrém et al.,
2009). This result suggests that the deficient transition of LT-HSC to MPs in Sfrp1”" mice,
might depend on loss of Sfrp1 expression in osteolineage cells. This idea is strengthened
by the finding, that LT-HSCs from Sfrp1** mice fail to repopulate WT recipients with
complete loss of the regeneration of the stem cell compartment. Thus, our experiments
suggest that LT-HSCs from Sfrp7 deficient mice are already damaged prior to their
transplantation, which is confirmed by the observation of increased DNA damage, and slow-

proliferation with increased differentiation in the single cell culture assay.

We were intrigued by the latter observation that the LT-HSC from Sfrp1** mice proliferate
less and show more differentiation in vitro. It has previously been reported that the balance
between differentiation and proliferation is governed by the WNT/B-catenin enhanceosome
pairing with either CBP (proliferation) or p300 (differentiation) (Rebel et al., 2002; Teo &
Kahn, 2010; Teo et al., 2005). Interestingly, in LT-HSCs from Sfrp7** mice, the protein
content of both CTNNB1 and p300 was increased, while CBP content was not affected,
suggesting the formation of a p300-containing enhanceosome would be facilitated simply
because more p300 was present. Miyabayashi et al. have demonstrated that specific 1Q-1
inhibitor prevents the interaction of p-catenin with p300, by targeting the PR72/130. Since
PR72/130 is a subunit of the serine/threonine phosphatase PP2A, this phosphatase is an
additional important regulator of the WNT enhanceosome. They further showed that the
PKC-dependent phosphorylation of p300 Ser-89 is important to increase the 3-catenin/p300
interaction, which then increases differentiation not only in ES cells (Miyabayashi et al.,
2007), but also in teratocarcinoma cells (Ugai et al., 1999), alveolar progenitors
(Rieger et al., 2016), and HSCs (Rebel et al., 2002).

We showed that 1Q-1 increased the numbers of LSK cells and the increased potential to
form more colonies in vitro. This leads us to the suggestion that with 1Q-1 treatment, LT-
HSCs from Sfrp1** mice show less production of mature cell types and more retention of

more immature colony-forming activity in the absence of increased proliferation.
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This could mean that perhaps in LT-HSC from Sfrp1** mice the subunit (PR72/130) reduces
the serine/threonine phosphatase activity of PP2A towards p300. Thus, we propose that
the PR72 subunit is a negative regulator of PP2A. Due to the increased expression of p300
and B-catenin, and in line with the observation that high levels of B-catenin induce
differentiation of HSCs (Famili et al., 2016), we believe that more of its complex with p-
catenin is formed and differentiation is the dominant behavior of LT-HSCs (Figure 78A). To
confirm our hypothesis that p300 and B-catenin form more of its complex in vivo, further
analyses are required. Therefore, an immunoprecipitation would be identifying p-catenin

AA
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and differential CBP or p300 coactivator usage in the Sfrp1™" mice.

IQ-1 inhibitor was shown to prevent the interaction of 3-catenin with p300, by binding to the
PR72/130 subunit of the PP2A. Thus, 1Q-1 treatment modulates the activity of the
PP2A/PR72 complex to decrease the content of phospho-p300 Ser-89 in the Sfrp1 deficient
mice. Subsequently, this would then reduce the p300 complex-mediated differentiation, by
means of which the aberrant behavior of LT-HSC might be improved or even rescued

completely (Figure 78B).
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Figure 78. Hypothesis: 1Q-1 treatment reduces the p300 complex-mediated differentiation.
(A) PR72 down-modulates PP2A phosphatase activity towards p300, thereby promoting increasing the level of
pSer89-p300 and its complex formation with B-catenin. The result of this would be increased differentiation.
(B) Treatment with 1Q1 inhibits binding of PR72 to PP2A, thereby increasing dephosphorylation of pSer-p300
and decreasing its binding to -catenin with p300 restoring the balance between proliferation and differentiation
in LT-HSC from the Sfrp1 deficient mice.

We found that the LT-HSCs from Sfrp1** mice, the content of pSer89-p300 was increased
compared to the controls. In line with our hypothesis shown in Figure 78B, pSer-p300 was
decreased after in vivo 1Q1 treatment. Importantly, IQ-1 treatment restored the long-term

A
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repopulating ability of LT-HSCs from Sfrp mice in primary, as well as secondary WT

recipients, which indicates that 1Q-1 restores the function of LT-HSCs.
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To understand how 1Q-1 restores long-term repopulating of the LT-HSCs and how p300
regulation is involved in this process further investigation need to be performed. A first step,
would be assessing the gene expression levels of the Sfrp7** animals compared to the
controls with and without IQ-1 treatment, as well as the additional study of differences in

marrow homing capacity of the transplanted HSCs and localization of the LT-HSCs.

In conclusion, our results support the hypothesis that Sfrp1 deficiency in osterix-positive
stromal cells, indirectly cause HSC dysfunction with increased differentiation. Our results
further support the view that differentiation is controlled at least in part by the
phosphorylation status of p300 at Serine 89. We propose that treatment with Q-1 inhibits
preferred binding of B-catenin with p300 to re-establish the balanced proliferation and
differentiation of LT-HSCs. In this manner, 1Q-1 treatment rescues repopulating cell function

of impaired HSCs from mice showing deletion of Sfrp7 in osterix-positive cells.

5.6.Loss of Sfrp1in the stromal cells in response to LPS stimulation

As described above, in Sfrp14*

mice, a reduction in MSCs was observed. However, these
MSCs show increased S-phase and CFU-F formation, as well as cellular senescence.
These changes in the MSCs could have an impact on two major hematopoietic niche
functions: forming hematopoietic microenvironment for immune cell development (Szade et
al., 2018) and modulating the activity of already formed immune cells (Bernardo & Fibbe,

2013).

In this thesis, the response to bacterial infections was simulated using lipopolysaccharide
(LPS) treatment of Sfrp7** mice and control animals. LPS, a main component of gram-
negative bacteria, can cause septic shock and dysfunctions of the heart (Kawai & Akira,
2010; Yucel et al., 2017) though activation of the Toll-like receptor 4 (TLR4) in innate
immune cells (Farhana & Khan, 2021; Kawai & Akira, 2010). In early hematopoiesis,
prolonged exposure to low doses of LPS, strongly reduces LT-HSC function (Esplin et al.,
2011).

In our experiments, a single LPS treatment did not alter cell populations in the PB and BM
in the Sfrp1** mice and control animals after 24 h. Tak et al. described a decreased number
of monocytes after 1 - 1.5 h of LPS treatment, but an increased after 6 - 8 h of LPS treatment
(Tak et al., 2017). In addition, pro-inflammatory IL-6 and MCP-1 in the peripheral blood of
Sfrp1** mice and controls were unchanged 24 h after LPS, indicating no early deviations in
the immune system reaction to the LPS treatment. These results suggest that deletion of
Sfrp1 from Osterix” cells of the BM does not alter the early systemic response in cytokines

or mature hematopoietic cells to LPS treatment.
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In contrast in the BM, we found a decreasing trend in the numbers of all immature
populations (LSKs, ST-HSCs, LT-HSCs, as well as in the MPs), showing reduced initiation
of emergency hematopoiesis. On a functional level, LT-HSCs isolated 24 h from the BM of
Sfro1** animals after LPS treatment showed a significant additional reduction in PB
engraftment over the entire observation period of 24 weeks. Our results agree with the
results in a sepsis murine mouse model, where the function of the stem cells show also a
change behavior by decreased repopulating activity and decrease in cell cycle activity
(Rodriguez et al., 2009), suggesting reduced self-renewal capacity. However, the reduction
of engraftment activity after LPS treatment was similar in both control and Sfrp7** animals,
indicating the additional reduction by LPS did not depend on Sfrp1 expression.

To sum up our results so far, although the loss of Sfrp7 in the microenvironment strongly
1A/A

affects hematopoiesis and LT-HSCs from Sfrp mice show decreased engraftment
in vivo, our results do not favor the view that the early response to LPS depends on Sfrp1

expression in the BM niche.

5.7.Loss of Sfrp1in the stromal cells enable development of malignant cells

Several investigators have shown that SFRP1 acts as a tumor suppressor (Finch et al.,
1997; Huang et al., 2007). In addition, SFRP1 expression was found to be inactivated by
epigenetic silencing or chromosome deletions in different kinds of leukemic disease, such
as AML, ALL, CLL and MDS (Jost et al., 2008; Liu et al., 2006; Reins et al., 2010; Roman-
Gémez et al., 2007). In previously unpublished studies from our laboratory, we found that
Sfrp1™" recipients suffer from a noticeably more severe leukemia phenotype with lymphoma
characteristics as the WT controls. Additionally, secondary transplantation of malign cells
from diseased primary animals showed a transformation of the leukemic phenotype (Kehr,
2016).

In experiments designed to discern whether Sfrp7 expression in osterix” cells were
responsible for the more severe leukemia/lymphoma phenotype, we found that Sfrp1
deficiency in the recipient niche accelerated the development of leukemia from a low dose
of BCR-ABL-expressing cells, with an almost ten-fold increase in LSC compared to control
recipients as determined by limiting-dilution (Figure 68). A contributing factor in this respect,

1~ recipients show an increased systemic level of the

could be that diseased Sfip
inflammatory cytokines IL-6, MCP-1, and TNF. These findings indicate that hematopoietic
malignancy in mice with a Sfrp7-deficient microenvironment is associated with systemic
inflammation. This observation agrees well with literature reports that inflammation affects

the functions of MSCs (Leimkuhler & Schneider, 2019).
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It has been shown, that inflammatory cytokines secreted by MSCs have an effect on the
differentiation of HSCs and more differentiated cells, like macrophages (Leimkuhler &
Schneider, 2019). Macrophages indirectly support HSCs through the regulation of MSCs
(Ehninger & Trumpp, 2011; Winkler et al., 2010). The loss of macrophages in the bone
marrow causes HSCs to egress their microenvironment (Winkler et al., 2010). Therefore,
studying how BCR-ABL" cells induce systemic inflammation, and how the innate immune
cells, such as macrophages are affected in steady-state conditions and after LPS
stimulation of the Sfrp7*" animals, could provide further insights into how to prevent HSC
exhaustion and development of malignancies.

Interestingly, similar to the Sfrp1”" animals previously studied by our laboratory, the majority
1A/A

of the diseased Sfrp7™" animals not only develop the characteristic leukemic splenomegaly,
but also lymph node tumors, suggestive of lymphoma (Frederiksen et al., 2013; Ward,
2006), which was only rarely observed in control recipients. Although Groffen et al. assumed
that the BCR-ABL fusion oncogene is restricted to the hematopoietic leukemia
(Groffen et al., 1993), Pathak et al. demonstrated that by mechanisms ascribed to BCR-
ABL, cyclin D1 can be upregulated to drive B-cell ymphomagenesis (Mitani et al., 1990;
Pathak et al., 2017). The observation that Sfrp7-deficiency drives a more lymphoma-type
disease from BCR-ABL positive cells is intriguing and suggests that the BM
microenvironment has a role in determining the type of disease developing from already
transformed cells. In the case of SFRP1, it may be of significance that SFRP1 is known to
inhibit lymphopoiesis through the WNT/ p-catenin pathway (Yokota et al., 2008).
Furthermore, the total loss of Sfrp7 in Sfrp1” mice resulted in an increase in CD45R/ B220
positive cells in the peripheral blood and BM in vivo (Renstrém et al., 2009). In contrast, an
overexpression of SFRP1 decrease CD45R/ B220 positive cells in vivo (Yokota et al.,
2015). Therefore, the loss of SFRP1 in the microenvironment could promote B cell
lymphopoiesis and leukemia. It remains to be studied, whether an increase of B-
lymphopoiesis favors the formation of BCR-ABL* B lymphoma in Sfrp7** animals, or
whether increased trafficking of BCR-ABL" B progenitors into lymph nodes is a possibility.
The classification of the immunophenotype of B cell leukemia and lymphoma is challenging
(Loghavi, Kutok, & Jorgensen, 2015; Morse et al., 2002). Therefore, the extended analysis

of lymph nodes, as well as a peripheral blood (PB) smear is required.

All in all, this thesis describes an intriguing switch of leukemia to lymphoma in B-ALL in
Sfrp1** animals. However, to interrogate mechanisms involved, further classification of the
phenotype from the diseased Sfrp7 deficient mice, further analyses of all samples from the
Sfrp1-deficient mice compared to the control groups (pMIG, Sfrp1°*) is required.
Nevertheless, our results confirm the function of a tumor suppressor of SFRP1 as described

before (Finch et al., 1997; Huang et al., 2007).
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Our results further suggest an additional contribution of increased proinflammatory
cytokines IL-6, MCP-1 and TNF in serum from p185°%°**E- leukemic Sfrp7** mice compared
to the non-leukemic control recipients. TNF-a and IL-6 are proinflammatory cytokines that
occur in the first phase of an inflammation. TNF-a is an important attractant for neutrophils
and can increase their phagocytic activity and cytotoxicity (Moxey-Mims et al., 1991). TNFa
modulates the expression of many other proteins, including IL-6 (Bonavida, 1991;
Brouckaert et al., 1993). IL-6 can extend the lifespan of neutrophils (Biffl et al., 1995; Lesur
et al.,, 2000). In other experiments, we observed that neutrophils from Sfrp1~® animals
phagocytize E. coli - FITC particles at a much-reduced efficiency than controls. It remains
to be established how the reduced phagocytic activity of Sfrp7 neutrophils connects to
the increased severity of leukemia and the formation of the lymphoma subtype in these

animals.

All in all, the dysfunction of the BM niche is detected in BCR-ABL® malignancies in a
malignancy-dependent manner (Schepers et al., 2015). Our results strongly support a role
for Sfrp1 expression in osteolineage niche cells by not only increasing disease severity, but
also through a switch to a lymphoma phenotype associated with increased expression of
IL-6, MCP-1, and TNF with an associated decrease in phagocytic function of neutrophils.
The mechanisms tying these observations together still need to be deciphered and will be
studied in future projects. What will be an interesting issue to study in these future studies
is the involvement of the WNT enhanceosome in development of hematopoietic
malignancy. Although He et al. showed that the 1Q-1 treatment supports the development
of cancer cells into a cancer cell subpopulation with a drug resistance and highly
tumorigenicity (He et al., 2014), it may be possible to slow the malignant transformation of

HSCs to leukemic stem cells in the Sfrp1**

animals with a 1Q-1 pretreatment prior to the
development of lethal disease. A dysfunction of HSCs can lead to a malignant
transformation (Yamashita et al., 2020). Our results suggest, that the loss of Sfrp7 in stromal
cells, indirectly cause HSC dysfunction with increased differentiation. Our results thus
indirectly suggest that differentiation may be required for malignancy development, a
principle that was previously reported in models of MLL-AF9" or MOZ-TIF2" leukemia (Ye
et al., 2015). In the latter models, differentiation through C/EBPa was required for the initial
steps in leukemia development. Interestingly, C/EBPa is a direct acetylation substrate of
p300 (Zaini et al., 2018) and acetylation of C/EBPa inhibits granulopoiesis (Bararia et al.,
2016). These results suggest that p300 may increase differentiation while bound to B-
catenin, and suggests that B-catenin may stimulate p300-mediated acetylation of substrates
like C/EBPo. Thus, treatment of the Sfrp7** mice with IQ-1 prior to (overt) leukemia

development (pre-leukemia) could prevent or slow down the transformation into LSCs.
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6. Summary

It is known that hematopoietic stem cells (HSCs) lose their functionality over time. In
parallel, increased DNA damage and differentiation can be observed and also, for example,
self-renewal of stem cells is decreasing. Different niche cell populations keep stem cells
dormant, limit their activation and prevent the stem cells from becoming exhausted. The
interaction between hematopoietic stem cells and their microenvironment have remained

poorly understood.

The previous work of the group of Prof. dr R. A. J. Oostendorp showed that if the niche is
deregulated, HSCs are activated and, for example, Sfrp7 knock-out environment fails to
support the regeneration of hematopoietic stem cells with serial to repopulate secondary
recipients (Renstrém et al., 2009). In this thesis, the role of the secreted molecule SFRP1
from the microenvironment was investigated in terms of the cellular components that are
involved in HSCs regulation under normal and stress conditions like inflammation and

leukemia.

In order to dissect cell specific requirements of the Sfrp1 gene, the Sfrp 7'/ mouse strain
was established and Sfrp7 gene was deleted in Osterix” (Sp7) osteolineage cells. In the
hematopoietic compartment of these mice, a decrease in myeloid progenitors (MPs) in the
bone marrow (BM) was found. Although the number of primitive CD34 CD48 CD150" HSCs
(LT-HSCs) in the BM was unchanged, LT-HSCs from Sfrp7** mice failed to repopulate in
wild type recipients. In single cell cultures, the LT-HSCs from Sfrp7** mice show decreased
proliferation with concomitant increased differentiation into mature myeloid cells, which was
associated with increased DNA damage as shown with comet assay and immunostaining
for yH2A.X.

On a molecular level, it was found that LT-HSCs from Sfrp7** mice show increased pB-
catenin protein levels. B-catenin regulates cell differentiation and proliferation of stem cells
by binding to p300 or CBP respectively (Miyabayashi et al., 2007). Interestingly, CBP
protein level was unchanged in LT-HSCs from Sfrp7** mice while p300 was increased,
suggesting over activation of the B-catenin/p300 complex. Indeed, blocking B-catenin/p300
binding, with specific PP2A inhibitor IQ-1, rescued not only the aberrant behavior of Sfrp1**
LT-HSC in vitro, but also the repopulating activity of these LT-HSCs in vivo was restored.
The results suggest that deletion of stromal SFRP1 diminishes the repopulating activity of
LT-HSCs by increasing differentiation through PP2A-mediated dephosphorylation of the

phospho-p300-binding site with B-catenin (Hettler et al., 2020).
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Since the primary defect in Sfrp7 mice is the deletion of Sfrp1 in osteolineage cells, it is
questionable which changes in niche cells could be responsible for the observed
hematopoietic defects in these mice. First analyses showed that the number of BM
mesenchymal stromal cells (MSCs) is reduced, but these cells show an increased
proportion of colony forming units (CFU-Fs). Furthermore, MSCs grown ex-vivo show
increased senescence-associated B-galactosidase staining and spontaneous differentiation
into adipocytes. These findings indicate altered functionality of MSCs from Sfrp1** mice.
To connect the effect of primary Sfrp1 deletion in niche cells and secondary hematopoietic
decline, the transcriptome was analyzed and compared from primary sorted BM MSC. This
analysis showed 208 genes to be significantly downregulated and 327 upregulated genes.
Gene ontology analyses showed deregulation of endoplasmic reticulum (ER)-associated
processes, immune processes, and cytokine production. Protein expression validation of
some genes showed good correlation between transcriptome and protein expression for
these genes. Thus, the results show deregulated expression of genes in BM MSCs from

Sfrp1~* mice, that could form the basis of the hematopoietic defects found in these mice.

The loss of SFRP1 in the microenvironment resulted in MSC loss, increased proliferation
and differentiation, as well as cellular senescence. This could have an impact on a major
function of niche, namely, modulating the activity of immune cells, which were studied by
triggering immune response with Lipopolysaccharide (LPS) treatment of Sfrp7** mice and
control animals. The control and Sfrp1** mice were treated with 1000 ng of LPS and
24 hours later the inflammatory molecules in peripheral blood (PB) were analyzed with
cytokine beads assay. Sfrp7** mice displayed dramatic increase of the inflammatory
cytokine IL-6. In the BM, Sfrp7* niche cells spontaneously differentiate into adipocytes,
and show increased senescence after passaging. But, short 24 hours after LPS treatment

does not further affect niche cells from Sfrp7** mice.

Since aberrations in the microenvironment might contribute to leukemogenesis, it was
determined how BCR-ABL induced leukemic cells disrupt the function of the niche. A clear
difference in survival was observed. None of control animals became diseased after
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350 days post transplantation, but all Sfrp mice died within 280 days. All diseased
animals developed splenomegaly with an increase in weight and cell number. Infiltrations

were also found in the lymph nodes in 6 out of 11 Sfrp7* mice.

In summary, the results demonstrate that secreted protein SFRP1 in the microenvironment
is essential for the repopulating activity of hematopoietic stem cells via PP2A-mediated
regulation of B-catenin/p300 and it can be shown that SFRP1 deficiency induced alterations

in the bone marrow niche that enable the development of malignant cells.
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7. Zusammenfassung

Es ist bekannt, dass hdmatopoetische Stammzellen (HSZs) mit der Zeit ihre Funktionalitat
verlieren. Parallel dazu sind vermehrt DNA-Schaden und Differenzierungen zu beobachten
und es nimmt auch beispielsweise die Selbsterneuerung von Stammzellen ab.
Verschiedene Nischenzellpopulationen halten Stammzellen ruhend, begrenzen ihre
Aktivierung und verhindern, dass die Stammzellen erschépft sind. Die Interaktion zwischen

hamatopoetischen Stammzellen und ihrer Mikroumgebung ist noch wenig verstanden.

Die bisherige Arbeit der Gruppe von Prof. dr R. A. J. Oostendorp zeigte, dass bei
Deregulierung der Nische HSZs aktiviert werden und beispielsweise die Sfrp7-Knockout-
Umgebung die Regeneration von hamatopoetischen Stammzellen mit seriellen zu
repopulierenden sekundaren Empfangern nicht unterstitzt (Renstréom et al., 2009). In
dieser Arbeit wurde die Rolle des sezernierten Molekils SFRP1 aus der Mikroumgebung
in Bezug auf die zellularen Komponenten untersucht, die an der HSZ-Regulation unter

normalen und Stressbedingungen, wie Entziindungen und Leukamie, beteiligt sind.

Um die zellspezifischen Anforderungen des Sfrp1-Gens zu analysieren, wurde der
Sfrp1°**.Mausstamm etabliert und das Sfrp7-Gen in Osterix" (Sp7) Osteolineage-Zellen
deletiert. Im hamatopoetischen Kompartiment dieser Mause wurde eine Abnahme der
myeloischen Vorlaufer (MVs) im Knochenmark (KM) gefunden. Obwohl die Anzahl der
primitiven CD34°'CD48 CD150"-HSZs (LT-HSZs) im KM unverandert war, konnten sich LT-
HSZs von Sfrp1** Mausen nicht in Wildtyp-Empfangern repopulieren. In Einzelzellkulturen
stellte sich heraus, dass LT-HSZs der Sfrp7““Mause eine verminderte Proliferation mit
gleichzeitig erhohter Differenzierung in reife myeloische Zellen zeigen, was mit einer
erhdhten DNA-Schadigung verbunden war, wie durch einen Kometen-Assay und eine
Immunofarbung fur yH2.AX belegt wurde. Auf molekularer Ebene ergab sich, dass die LT-
HSZs der Sfrp1~*Méausen einen erhdhten p-catenin-Proteingehalt aufwiesen. p-catenin
reguliert die Zelldifferenzierung und Proliferation von Stammzellen durch Bindung an p300
bzw. CBP (Miyabayashi et al., 2007). Interessanterweise war der CBP-Proteingehalt in LT-
HSZs der Sfrp1** Mausen unverandert, wihrend der p300-Proteingehalt erhéht war, was
auf eine Uberaktivierung der B-catenin/p300-Bindung hindeutet. Tatsachlich wurde durch
die Blockierung der p-catenin/p300-Bindung mit dem spezifischen PP2A-Inhibitor IQ-1 nicht

nur das veranderte Verhalten der Sfrp1**

LT-HSZ in vitro gerettet, sondern auch die
Repopulationsaktivitdt dieser LT-HSZs in vivo wiederhergestellt. Die Ergebnisse legen
nahe, dass die Deletion von stromalem SFRP1 die Repopulationsaktivitdt von LT-HSZs
verringert, indem die Differenzierung durch PP2A-vermittelte Dephosphorylierung der

Phospho-p300-Bindungsstelle mit 3-catenin erhéht wird (Hettler et al., 2020a).
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Da der primare Defekt bei den Sfrp7** Mausen die Deletion von Sfrp7 in Osteolineage-
Zellen ist, ist fraglich, welche Veranderungen in den Nischenzellen fur die beobachteten
hamatopoetischen Defekte bei diesen Mausen verantwortlich sein kénnten. Erste Analysen
zeigten, dass die Zahl der KM-MSZs reduziert ist, diese jedoch einen erhdhten Anteil an
koloniebildenden Einheiten (CFU-F) aufweisen. Dartber hinaus zeigen ex-vivo gezlichtete
MSZs eine erhdhte Seneszenz-assoziierte-Galactosidase-Farbung und eine spontane
Differenzierung in Adipozyten. Diese Ergebnisse weisen auf eine veranderte Funktionalitat
von MSCs bei Sfrp1** Mausen hin. Um den Effekt der primédren Sfrp71-Deletion in
Nischenzellen und des sekundaren hamatopoetischen Rickgangs zu verbinden, wurde das
Transkriptom von primar sortierten KM-MSZs analysiert und verglichen. Diese Analyse
zeigte, dass 208 Gene signifikant herunterreguliert und 327 Gene signifikant hochreguliert
waren. Genontologische Analysen zeigten eine Deregulierung von endoplasmatischen
Retikulum (ER)-assoziierten Prozessen, Immunprozessen und der Zytokinproduktion. Die
Validierung der Proteinexpression einiger Gene zeigte eine gute Korrelation zwischen
Transkriptom und Proteinexpression. Somit zeigen die Ergebnisse eine deregulierte
Expression von Genen in KM-MSZs von Sfrp7~* Mausen, die die Grundlage fiir die bei

diesen Mausen gefundenen hamatopoetischen Defekte bilden kénnten.

Der Verlust von SFRP1 in der Mikroumgebung fiihrte zu MSZ-Verlust, erhdhter Proliferation
und Differenzierung sowie zellularer Seneszenz. Dies kénnte einen Einfluss auf eine
wichtige Funktion der Nische haben, namlich die Modulation der Aktivitat von Immunzellen,
die untersucht wurden, indem eine Immunantwort mit Lipopolysaccharide (LPS)-
1A/A

Behandlung von Sfrp
und Sfrp1**Mé&use wurden mit 1000 ng LPS behandelt und 24 Stunden spater die

Mausen und Kontrolltieren ausgeldst werden konnte. Die Kontroll-

Entziindungsmolekule im peripheren Blut (PB) mit dem Cytokine-Bead-Assay analysiert.
Sfro1** Mause zeigten einen dramatischen Anstieg des entziindlichen Zytokins IL-6. Im
KM differenzieren sich Sfrp1** Nischenzellen spontan zu Adipozyten und zeigen eine
erhdhte Seneszenz nach mehreren Passagen. Jedoch beeinflusst die LPS-Behandlung die

Nischenzellen der Sfrp1** Mause nicht weiter.

Da Veranderungen in der Mikroumgebung zur Leukdmogenese beitragen kdnnten, wurde
analysiert, wie BCR-ABL-induzierte Leukdmiezellen die Funktion der Nische stéren. Es
wurde ein deutlicher Unterschied im Uberleben beobachtet. Keines der Kontrolltiere

142 Mause starben innerhalb

erkrankte 350 Tage nach der Transplantation, aber alle Sfrp
von 280 Tagen. Alle erkrankten Tiere entwickelten eine Splenomegalie mit Zunahme des
Gewichts und der Zellzahl. Es wurden auch Infiltrationen in den Lymphknoten bei 6 von 11

Sfrp1~*Mé&usen gefunden.
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Zusammenfassend zeigen die Ergebnisse, dass das sekretierte Protein SFRP1 in der
Mikroumgebung Uber die PP2A-vermittelte Regulation von R-catenin/p300 fur die
Repopulation von hamatopoetischen Stammzellen essentiell ist und es kann aufgezeigt
werden, dass durch den SFRP1-Mangel induzierte Veradnderungen in der

Knochenmarknische die Entwicklung von malignen Zellen erméglicht.
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