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Introduction

1 Introduction

1.1 Hematopoiesis

1.1.1 Hematopoietic hierarchy

To ensure multiple functions of the blood system (tissue remodeling, defense of pathogens or
the supply with oxygen) mature blood cells separate into functionally distinct red- (erythrocytes)
white blood cells (myeloid and lymphoid cells) and platelets. As these mature blood cells have
an average half live time of only six to eight hours, over 10" blood cells have to be generated
every day (Rufer et al., 1999; Summers et al., 2010). These newly produced cells form from
single hematopoietic stem cells (HSCs) in the bone marrow (BM) to populate different
hematopoietic organs such as the spleen, liver, lymph nodes or thymus, and the blood
(Summers et al., 2010). Ter119" erythrocytes are the dominant circulating blood cell type. The
white blood cells (leukocytes) form a much smaller population in the circulation and can be
divided into the lymphoid B- and T- cells, positive for the surface marker B220 or CD3e,
respectively (Doutlatov et al., 2012), myeloid Gr1*CD11b* granulocytes (neutrophils,

eosinophils, mast cells and basophils) and Gr1™°CD11b* monocytes (Doutlatov et al., 2012).

These specialized mature hematopoietic cells emerge from lineage-restricted progenitor cells
in a hierarchically organized process: collectively called hematopoiesis. The most immature
cells of the hierarchy lack the expression of lineage (LIN") markers (B220, CD3e, CD11b, Gr1),
and they express the cytokine receptor CD117 (cKIT) (Akashi et al., 2000; Kondo et al., 1997).
However, further expression of different cell surface markers distinguishes different cell types.
The origin of lymphoid cells is common lymphoid progenitors (CLPs) that are distinguishable
as Lymphocyte antigen 6A-2/6E-1 lo (Ly-6A/E", SCA1), fetal liver kinase 2/Fms-like tyrosine
kinase3 positive (FLK-2/FLT-3%) and IL7-R* (Shizuru et al., 2005; Weissman et al., 2001;
Renstréom et al., 2010). Myeloid cell types emerge from two different progenitors the SCA1"
CD16/34" CD34" granulocyte-monocyte progenitors (GMPs) or SCA1- CD16/34"° CD34"
megakaryocyte-erythroid progenitors (MEPs) (Doulatov et al., 2012; Shizuru et al., 2005;
Weissman et al., 2001). Both GMPs as well as MEPs share the same origin the SCA1"
CD16/34"° CD34™ common myeloid progenitor cells (CMPs). Interestingly, CLPs and CMPs
emerge from the same cell type the multipotent cells (MPs) that are CD34"CD150" and FLK-
2/FLT-3" (Seita and Weissman, 2010; Shizuru et al., 2005; Weissman et al., 2001). MPs
however, still lack the self-renewal and multipotent characteristics of stem cells but gain their
ability for lineage commitment (Adolfsson et al., 2001; Morrison et al., 1997; Seita and
Weissman, 2010).
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Upstream of the MPs are multipotent progenitor cells (MPPs), as well as the cells able to
replenish the whole blood cell system by engraftment in the BM, differentiation, proliferation,
and self-renewal: the HSCs (Orkin and Zon, 2008). These HSCs are a rare population with a
frequency of only 0.05% of all BM cells (Uchida and Weissman, 1992). The HSCs were first
defined as part of a heterogenic population of LIN" cKIT® SCA1" or LSK cells (lkuta and
Weissman, 1992; Spangrude et al., 1988). The LSK HSCs separate into cells with a life cycle
of only eight till twelve weeks, - the so called the short-term- (ST) HSCs, which express CD34,
and FLK-2/FLT-3 (= CD135), and the long-term- (LT) HSCs which lack the expression of CD34,
CD135, or the CD48 (SLAMF-2) antigen, but express CD150 and the EPC-receptor
(Benveniste et al., 2010; Kent et al., 2009; Kiel et al., 2005; Osawa et al., 1996; Schreck et al.,
2014). Within the LT-HSC population Morita and colleagues showed in 2010, that only the
CD150"" expressing cells reconstituted multilineage hematopoiesis in secondary mice,

whereas the CD150™%°" |ack this secondary repopulation potential (Morita et al., 2010).
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Figure 1. Mouse hematopoietic hierarchy model. On top of the hematopoietic system are long-term
HSCs (LT-HSCs) that downstream give rise to intermediate-term-HSCs (IT-HSCs) that further
differentiate into short-term-HSCs(ST-HSCs). ST-HSCs produce multipotent progenitors (MPPs).

MPPs further give rise to common myeloid progenitors (CMPs) and lymphoid primed multipotent
progenitors (LMPPs). Through further differentiation the mature hematopoietic cells are formed at the

end. Different surface marker expression of cells from the hematopoietic hierarchy allows the

analyzation by flow cytometry methods (scheme modified based on Doulatov et al., 2012).

1.1.2 Hematopoietic stem cell characteristics and regulation of behavior

HSCs are multipotent somatic cells that give rise to different cells of the hematopoietic lineage.
Additionally, stem cells are defined as cells able to home to their appropriate habitat and
remain to harbor the ability to self-renew — the ability for stem cells to build an identically
daughter cell (Inaba and Yamashita, 2012). Self-renewal either takes place through
symmetrically-, resulting in two identical cells (increasing the stem cell number), or
asymmetrically cell division, in which one identical twin and one differentiated cell is generated

(maintaining the stem cell number; Inaba and Yamashita, 2012; Molofsky et al., 2004).
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Besides self-renewal HSCs also differentiate symmetrically (resulting in a reduced stem cell
number, Molofsky et al., 2004). Therefore, self-renewal is thought to prevent the HSC
exhaustion (Boulais and Frenette, 2015; Schreck et al., 2014).

Another way to prevent the exhaustion is the ability of HSCs to restrain in a non-dividing cell
cycle state (GO) the quiescent or dormant state. During hematopoietic homeostasis most of
the HSCs with about 75% persist in this dormant state. Interestingly, it was discovered, that
99% of the most primitive HSCs (long term (LT) HSCs) enter the cell cycle on average every
57 days and afterward return to quiescence (Bradford et al, 1997; Cheshier et al., 1999; Wilson
et al., 2008). The quiescent phenotype is maintained by decreased expression of genes known
to progress the cell cycle, DNA replication or mitochondrial function (Cabezas-Wallscheid et
al., 2017; Cheung and Rando, 2013; Fukushima et al., 2019; Schonberger et al., 2022).
Additionally, the presence of cell cycle inhibitors, such as Cyclin D Kinase inhibitors (p21Cip1,
p27, p57, p53) or the presence of H3K27 methyltransferase EZH2 or PB family maintain the
GO state of quiescent cells (Cheung and Rando, 2013, Cheng et al., 2000). Other important
molecules regulating the maintenance of quiescence are members of the Foxo family by
reducing the reactive oxygen species (ROS) accumulation in quiescent HSCs during
environmental stress (Tothova et al., 2007).

In the case of telomere shortening (due to excessive cell cycling) or irreparable DNA damage
(cycling, irradiation eg.) the cells may enter another non-dividing cell behavior — the senescent
state. Cellular senescent cells do not respond to hematopoietic stress but remain their
metabolism and stay alive (Chotinantakul and Leeanansaksiri, 2012; Krizhanovsky et al.,
2008). Senescent cells additionally fulfill several characteristics such as up-regulation of p53
and p16™4 (product of the Cdkn2a gene) as well as the condensation of chromatin into
senescence-associated heterochromatin foci (SAHF), down regulation of Laminin B, or the up-
regulation of senescence-associated secretory phenotype (SASP; van Deursen 2014). The
SASPs include molecules involved in different biological processes such as the insulin growth
factor (IGF), IGF-binding proteins (IGFBPs), interleukin 6 (IL-6), the cysteine-rich angiogenic
inducer 61 (CYR61) or WNT16B which are biologically active and secreted to influence their
microenvironment (Coppé et al., 2010; Jun and Lau, 2010; van Deursen, 2014).

However, HSC behavior such as self-renewal and differentiation are regulated by their
microenvironmental cells (Schreck et al., 2014; Wilson and Trumpp, 2006) and will be

discussed in further detail in the next chapters.
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1.2 Niche cells in the bone marrow supporting hematopoietic stem cells

1.21 Bone marrow niche

The BM niche is a heterogenous composition of different hematopoietic and non-hematopoietic
types of cells. Recent analyzations of different single cell RNA-seq studies (Baryawno et al.,
2019; Tikhonova et al., 2019; Baccin et al., 2020; Zhong et al., 2020) revealed 14 different
non-hematopoietic cell clusters and their frequency in the BM niche. The most frequent cells
with 32% are endothelial cells (ECs, sinusoidal, arterial, arteriolar), followed by 27%
mesenchymal stem cells (MSCs) and adipogenic as well as osteogenic progenitor cells, 18%
fibroblasts, 16% chondrocytes, 5% osteoblastic cells (OBCs), 1% pericytes 0.3% Schwann
cells and 0.1% smooth muscle cells (Dolgalev and Tikhonova, 2021). All these different cell
types communicate with each other through regulatory molecules such as growth factors and
cytokines. This communication may be caused through autocrine or paracrine signaling
pathways as well as through direct cell contact using adhesion molecules (Boulais and
Frenette 2015; Chamberlain et al., 2007; Scheck et al., 2014; Frobel et al., 2021).

The first idea of a stable microenvironment, extrinsically regulating HSCs self-renewal was
proposed by Schofield, which he termed the “niche” (Schofield 1978). The following decades,
studies on the niche revealed an exclusive role in the maintenance of HSC homeostasis,
through the regulation of its activation, return to dormancy, reducing the accumulation of ROS,
as well as its decision between differentiation and renewal capacities or the survival of the cells
(Crippa and Bernardo, 2018; Morrison and Spradling, 2008; Fuchs et al., 2004; Renstrom et
al., 2009, Wilson et al., 2008).

Today two functionally and anatomical distinct niches can be separated: the inner BM which
is called the central niche, and the side close to the bone surface, the endosteal niche
(Massalha and Ferrer 2022).

1.2.1.1 Central niche

The area proximally to the arteriolar and sinusoid endothelia was found to harbor the majority
of lymphoid cells as well as hematopoietic progenitor and stem cells in the BM (Kiel et al.,
2005; Sipkins et al., 2005; Winkler et al., 2010).

Generally, most of the anatomical compartment of HSCs localizes close to the vasculature.
The original idea was that this localization ensures a fast entrance in the blood stream after
hematopoietic stress. Therefore, it was assumed that stem cells in this niche are more active
compared to the bone lining area (Kiel and Morrison, 2008). In accordance with this is the
finding that deletion of E-selectin exclusively expressed by vascular endothelial cells, leads to
an enhanced number of dormant HSCs (Kiel et al., 2007; 2009, Winkler et al., 2012).

5
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However, this original hypothesis has developed as Li and colleges discovered that
transplantation of liver or brain isolated microvascular ECs expressing CD31, increase the
recovery of host lethally irradiated HSCs (Li et al., 2010) indicating a role for ECs in the
maintenance of LT-HSCs. Additionally, it was described that ECs regulate the renewal
capacities of activated HSCs through paracrine signaling (Butler et al., 2010; Sugiyama et al.,
2006). Besides ECs the perivascular CXCL12-abundant reticular cells (CAR) were found to
maintain the dormancy of HSCs (Butler et al., 2010; Sugiyama et al., 2006). Besides the CAR
cells also leptin receptor (LEP-R) and Nestin expressing MSCs secrete factors named stroma
derived factor 1 (SDF-1) or CXCL12 known to be essential for HSC homeostasis (Ding et al.,
2012; Frenette et al., 2013; Schreck et al., 2014; Sugiyama et al., 2006; Yamazaki et al., 2011).
However, another secreted factor the stem cell factor (SCF) revealed the importance of ECs
and LEP-R" cells in the maintenance of HSCs as its deletion in these cell types reduced the
number of HSCs, whereas its deletion in Nestin®, OBCs and hematopoietic cells did not alter
the frequency of HSCs (Ding et al., 2012; Visnjic et al., 2004). Adjacent to sinusoid endothelial
cells are megakaryocytes which were shown to co-regulate HSC quiescence through the
secretion of different factors such as platelet factor-4, thrombopoietin and transforming growth
factor-B (Nakamura-Ishizu et al., 2014; Bruns et al., 2014).

1.2.1.2 Endosteal niche

The endosteal niche is the area between the marrow space and bone and is mainly composed
of bone lining osteoblastic cells (Calvi et al., 2003; Schreck et al., 2014; Zhang et al., 2003;
Wang and Wagers, 2011). In comparison to the arteriolar and sinusoid endothelia area the
endosteal niche is thought to be a hypoxic area harboring most of the dormant HSCs (Schreck
et al., 2014; Winkler et al., 2012).

Already in the year 1975 Lord and colleges analyzed the trabecular bones and found HSCs
next to the endosteal cells (Lord et al., 1975). This niche was discovered to be highly
chemoattractive for HSCs as the real-time imaging showed HSCs close to osteoblastic cells
shortly after BM transplantation (Lo Celso et al., 2009, Xie et al., 2009). Besides osteoblastic

cells the endosteal niche also harbors MSCs (Mendez-Ferrer et al., 2010).

Mesenchymal stem cells

MSCs are multipotent cells located in the BM niche. MSCs have the capacity to differentiate
into fibroblasts, chondrocytes osteoblasts and adipocytes (Friedenstein et al., 1976; Mendez-
Ferrer et al., 2010; Oswald et al., 2004; Wang et al., 2006). Besides their differentiation
capacity MSCs are defined as cells expressing specific surface markers, show plastic

adherence and a characteristic spindle-shaped growth in culture (Friedenstein et al., 1974,

6
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1987; Pittenger et al., 1999). Different surface markers were found to define different MSC
populations maintaining HSCs in the endosteal niche. For example, besides the Nestin® MSCs,
Nakamura et al., postulated that CD31", TER119", CD45, ALCAM, SCA-1" MSCs in the
endosteal niche increase the expression of cytokines and homing genes in HSCs that are
associate with the reconstitution of the HSC LT-status (Nakamura et al., 2010). Interestingly,
Mende et al., discovered a strong interaction between MSCs and HSCs through extracellular
matrix proteins such as ItgB1 and Tenascin-C and substantiates the importance for MSCs in
the regulation of HSCs (Mende et al., 2019).

Osteoblastic cells

As mentioned earlier osteoblastic cells build the majority of cells in the endosteal niche and
are defined as CD45CD31 Ter119°ALCAM*SCA-1" cells (Caplan, 1991; Prockop, 1997;
Nakamura et al., 2010). The osteoblastic lineage is derived from MSCs and its primary role is
bone formation (Caplan, 1991; Prockop, 1997). Formation of the endosteal niche is thought to
require endochondral ossification, a process of bone formation, and therefore the presence of
osteoblastic cells and other stromal cells such as reticular cells, fibroblasts, and adipocytes
(Chan et al., 2009). The differentiation of MSCs into osteoblastic lineage is a stepwise process
resulting in osteoblastic precursors that give rise to mature osteoblastic cells able to mineralize
their microenvironment and secrete matrix proteins such as osteocalcin, and type | collagen
(Askmyr et al., 2009; Maes et al., 2010). The maturation is regulated through the expression
of Runx2 also known as core binding factor 1 (Cbfa1) that downstream activates Osterix which
is essential for the progression of osteogenesis (Komori et al., 1997; Nakashima et al., 2002).
Different osteoblastic cell types were found in the endosteal niche including CD31" TER119
CD45 ALCAM® SCA-1- OBCs, immature early B-cell factor 2+ (EBF-2+) osteoblasts (IEO) or
Spindle-shaped N-cadherin® CD45- osteoblasts (SNO) (Kieslinger et al., 2010; Nakamura et
al., 2010; Zhang et al., 2003).

A first evidence for the importance of osteoblasts in the regulation of HSCs was published
already in the year 1994 by Taichman and Emerson that revealed that the HSC regulating
cytokine granulocyte colony-stimulating factor (G-CSF) was secreted from human osteoblasts
(Taichman and Emerson, 1994). Furthermore, studies on the involvement of osteoblastic cells
in HSC regulation discovered a correlation between the OBCs and HSCs number (Calvi et al.,
2003; Taichman et al., 1996). For CD31" TER119° CD45° ALCAM* SCA-1" OBCs an influence
on the behavior of HSCs through adhesion in the endosteal niche could be investigated
(Nakamura et al., 2010). Additionally, IEO and SNO were found to secrete high levels CXCL12,
explaining the chemoattractive capacity of the endosteal niche (Schreck et al., 2014),

suggesting these cells are the same as the CAR cells (Sugiyama et al., 2006).

7
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However, another study in which the gene for CXCL12 was deleted in osteoblastic cells could
not show alterations in the behavior or number of HSCs (Greenbaum et al., 2013; Kiel and
Morrison, 2008). Additionally, deletion of N-Cadherin, which is known to be expressed
exclusively on cells of the endosteal surface, did not change the hematopoietic composition or
HSCs (Kiel et al., 2007). In another study, Ma and colleges deleted osteoblastic cells in mice
and analyzed the HSC behavior. Interestingly they did not find changes in the cell cycle state
of LT-HSCs nor in their functionality (Ma et al., 2009).

These publications clearly show that the precise role of osteoblastic cells in the maintenance
of HSCs is still unclear and suggests that the osteoblastic differentiation state may be relevant
in HSC regulation. Observations that mature osteoblastic cells were less potent in the
maintenance of HSCs than their precursor cells support this view (Ding and Morrison, 2013;
Ding et al., 2012; Greenbaum et al., 2013; Raaijmakers et al., 2010).

Besides the positive contribution of the niche on HSCs, more and more studies reveal that
alterations in the niche composition or the release of signaling molecules result in a varied
HSC actions (Birbrair and Frenette, 2016; Ho and Méndez-Ferrer, 2020; Raajimakers et al.,
2010) underlining the importance of an intact microenvironment and the understanding of this

interaction.
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Figure 2. The central niche and the endosteal niche. The niche is a composition of various types of
hematopoietic and non-hematopoietic cells. The area on the inner side of the bone marrow is an oxygen
enriched area with arteriolar and sinusoid endothelia cells but also CAR-cells and megakaryocytes. The
area next to the bone is hypoxic and harbors osteoblasts and osteoclasts as well as mesenchymal stem

cells and is called the endosteal niche (Reagan and Rosen et al., 2015).

1.2.1.3 Extrinsic molecules influencing HSCs

Many decades on the study of HSCs revealed different mechanisms of how the cells are
extrinsically regulated by their microenvironment. Besides direct physical interaction through
binding of adhesion molecules between cells and/or cells and their extracellular matrix, it is
known that cells interact with each other through the secretion of proteins such as growth

factors, chemokines, cytokines, or hormones (Jeong et al., 2009). Additionally, the field of
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extracellular vesicles or the importance of mMiRNAs was recently discovered to be involved in

cell-cell communication (O’Connell et al., 2010; Raposo et al., 2019; Grabher et al., 2011).

1.2.1.3.1 Cell-adhesion molecules

There are many different adhesion molecules known to have an impact on HSC behavior. One
of the main cellular regulations in which the cell-adhesion is considered to be important is their
influence in the cell cycling. Cell-adhesion, however, might have a positive as well as negative
impact on HSC proliferation and number. For the binding of HSCs on Osteospontin (OPN) a
reduced proliferation of HSCs was discovered (Nilsson et al., 2005; Stier et al., 2005). OPN is
mainly expressed by osteoblasts in the endosteal niche (Haylock and Nilsson, 2006). In OPN
knockout mice as well as in an extrinsic transplantation model in which wild type HSCs were
regenerated in an OPN deficient niche, increased HSC numbers were detected (Nilsson et al.,
2005; Stier et al., 2005), demonstrating the negative impact of OPN on HSC cycling in the BM.
N-cadherin however, was shown to have a positive impact on the HSC number resulting in
increased HSCs in the BM (Wilson et al., 2004; Zhang et al., 2003). Spindle shaped N-
cadherin® Osteoblasts (SNO) represent on their surface the receptor N-Cadherin. A direct
correlation between SNO and LT-HSCs was found as the enhanced number of SNO
additionally resulted in enhanced LT-HSCs (Zhang et al., 2003). The expression of N-Cadherin
was reported to be regulated by Tie-2 and myc both products of HSCs (Arai et al., 2004; Wilson
etal., 2004). The secretion of Angiopoietin-1 by osteoblasts results in the binding to its receptor
Tie-2 which then enhances the adhesion of HSCs through N-cadherin and also B1-integrin
(Arai et al., 2004). However, the Myc inactivation or loss in HSCs leads to overexpression of
N-cadherin and integrins resulting in a proliferation and detachment failure of HSCs (Wilson et
al., 2004).

Another important cell-adhesion molecule is VCAM-1. VCAM-1 is expressed by endothelial
cells and binds VLA-4 which was found on the surface of HSCs (Chan and Watt, 2001;
Oostendorp and Dérmer, 1997). An impaired VLA-4/VCAM-1 pathway results in an enhanced
mobilization of HSCs shown by studies using anti-VLA-4 and anti-VCAM-1 antibodies or the
inhibition using an VLA-4 inhibitor (Papayannopoulou et al., 1995; Papayannopoulou and
Nakamoto, 1993; Ramirez et al., 2009).

1.2.1.3.2 Secreted proteins

Different niche cells were found to produce various types of secreted proteins regulating HSCs
in a paracrine manner. Endothelial cells secrete jagged-1, steam cell factor (SCF) and

developmental endothelial locus (DEL)-1, mesenchymal stem cells produce interleukin 6 and
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11, CCL-2, CXCL-12, SCF growth and granulocyte colony-stimulating factor (G-CSF) (Audet
etal., 2002; Baccin et al., 2020; Ding et al., 2012; Negahdaripour, Nezafat and Ghasemi, 2016;
Paul et al., 1990; Rafii et al., 1997; Yang et al., 2020) and osteoblastic cells were found to
secrete thrombopoietin (TPO), osteopontin (OPN), angiopoietin 1 (ANGPT1) but also CXCL-
12 (Arai et al., 2004; Mosteo et al., 2021).

CXCL-12 is the ligand of the CXC chemokine receptor 4 (CXCR4) which was found to be
expressed on the surface of HSCs (Sugiyama et al., 2006). Together with VLA-4/VCAM-1 the
combination of CXCL-12 with CXCR4 is thought to guide HSCs to their prospective niche
(Lapidot and Kollet, 2002; Mazo et al., 2011; Nagasawa et al., 1996). The knockout of either
CXCR4 or its ligand CXCL-12 is embryonical lethal (Ma et al., 1998; Tachibana et al., 1998;
Zou et al., 1998). However, the transplantation of CXCR4 knockout HSCs isolated from the
fetal liver did not reveal an engraftment failure in lethally irradiated recipient mice but showed
an impaired potential for LT myeloid reconstitution (Kawabata et al., 1999; Ma et al., 1998).
The conditional deletion of CXCR4 in adult mice by activation of Cre recombinase which was
under the control of an Mx promotor led to decreased HSC numbers (Sugiyama et al., 2006).
Further investigations showed that the loss of CXCL-12 in osterix expressing cells had no
effects on the maintenance of HSCs, however the concentration of blood circulating HSCs
increased (Greenbaum et al., 2013; Wang and Wagers, 2011). Although, no changes in the
HSCs could be found in mice when CXCL-12 was removed from osteoblasts housing in the
endosteal niche using Col-2.3-Cre, decreased mature lymphoid hematopoietic cell numbers

were detected (Ding and Morrison, 2013; Wang and Wagers, 2011).

During injury, different proinflammatory cytokines such as CCL2, Tumor necrosis factor-alpha
(TNF-a) and interleukin-6 (IL-6) are secreted and extrinsically regulate hematopoietic mature
but also stem cells (Aggarwal et al., 2003; Bernard et al., 1994; Ishibashi et al., 1989; Kimura
and Kishimoto, 2010; Moxey-Mims et al., 1991; Pearl-Yafe et al., 2010; Serbina and Pamer et
al., 2006; Si et al., 2010; Tsou et al., 2007).

CCL2 also known as monocyte chemoattractant protein-1 (MCP-1) is a strong chemoattractant
that guides mature monocytes into the circulation and to the side of wounding through a
CCL2/CCR2 signaling (Serbina and Pamer et al., 2006; Tsou et al., 2007). However, CCL2 is
not only secreted by hematopoietic cells such as myeloid cells or T cells but also from
endothelial cells, smooth muscle cells, epithelial cells, fibroblasts, astrocytes, and mesangial
cells (Brown et al., 1992; Cushing et al.,1990; Strieter et al., 1989; Standiford et al., 1991).
Interestingly, MSCs were found to produce 10-fold more CCL-2 when stimulated with an

inflammatory cytokine such as TNF-a (Ren et al., 2012).
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However, besides monocytes, HSCs and progenitor cells were also found to express CCR2
and be attracted through CCL2/CCR2 axis to the side of injury (Si et al., 2010).

TNF-a binds to different membrane bound receptors TNF-R1 and TNF-R2 and induces
intracellular signaling (Aggarwal et al., 2003). TNF-a modulates the up-regulation of many
other cytokines, including IL-3, IL-6 and GM-CSF (Bonavida, 1991; Brouckaert et al., 1993;
Caux et al., 1990).

Furthermore, TNF-a attracts neutrophils to the side of inflammation. It additionally enhances
neutrophile cytotoxicity and phagocytic activity (Moxey-Mims et al., 1991).

The effect of TNF-a signaling on HSC was demonstrated when TNF-a receptor- HSC were
transplanted into wild-type mice. These mice showed defects at the early stage of engraftment
and failure of lasting hematopoietic contribution upon host hematopoietic recovery (Pearl-Yafe
et al., 2010).

IL-6 is a cytokine secreted by monocytes but also endothelial cells and adipocytes as a
response to tissue injuries or infections (Rattazi et al., 2003; Tanaka et al., 2018). IL-6 mainly
binds type 1 cytokine, a-receptor subunit (IL6R) to fulfil its action on acute-phase
hematopoiesis but also immune responses (Akira et al., 1992; Tanaka et al., 2018; Kishimoto,
1989). Further IL-6 signaling is explained downstream at chapter GP130/STAT3 signaling
(1.3.2).

Besides megakaryocyte maturation, IL-6 promotes differentiation of B-cells and naive CD4" T-
cells. In combination with TGF- f it is essential for T-helper (Th) 17 cell differentiation while at
the same time, it inhibits regulatory-T cell (T-reg) differentiation (Ishibashi et al., 1989; Kimura
and Kishimoto, 2010).

Already in 1989, Ishibashi and colleges discovered that IL-6 stimulates the differentiation of
hematopoietic stem cells (Ishibashi et al., 1989).

IL-6 in combination with IL-3, shorten the GO period of HSCs and stimulate colony formation
(Leary at al., 1988). In vivo cultivation of bone marrow cells together with IL-6 and stem cell
factor (SCF) increases the survival of bone marrow transplanted mice (Luskey et al., 1992).
In accordance with that, the loss of IL-6 resulted in defective proliferation and self-renewal
capacity of HSCs (Bernard et al., 1994).

Another important secreted or membrane-bound molecule from the niche is SCF. SCF binding
to its receptor Kit tyrosine kinase on the surface of HSCs was found to maintain the renewal
capacity of HSCs and therefore protects from HSC exhaustion (Lyman and Jacobsen 1998).
The importance of SCF/KIT binding in HSC regulation was demonstrated in SCF as well as

KIT deficient mice. While the loss of the ligand SCF resulted in an impaired maintenance the
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mice harboring a deficient KIT receptor showed significantly decreased HSC numbers and
function (Waskow et al., 2002; Waskow et al., 2009).

Interestingly, both the LepR+ cells perivascular and endothelial cells seem to be an essential
source for SCF from the niche as its deletion in these cells resulted in a significant reduction
of HSCs in the BM (Zhao and Li 2015; Ding et al., 2012).

Furthermore, the niche is known to secrete molecules involved in different signaling pathways
important for HSC regulation. As so cellular communication network factor 2 (CCN2) was
shown to be secreted by the niche and activates the transforming growth factor g (TGF-8)
signaling in HSCs (Istvanffy et al., 2015). Further the niche secretes molecules involved in the
Whnt signaling as for example Dickkopf-related protein 1 (DKK1), Wingless-type MMTV
integration site family members (Wnt) 5a or classical Wnt inhibitors such as Secreted frizzle-
related proteins (SFRP) 1 and 2 (Fleming et al., 2008; Renstrom et al., 2009; Ruf et al., 2016,
Baksh et al., 2007; Sesler and Zayzafoon, 2013), which were shown to have an impact on

steady state as well as stress induced hematopoiesis.

These extrinsic molecules activate different intrinsic signaling pathways which will be

discussed in the next chapter.

1.3 Signaling pathways involved in HSC regulation

Here we will focus on Wnt/B-catenin, Gp130/JAK/STAT, NF-kB and TGF- 3 signaling as these
pathways are known to be important for HSC regulation (Austin et al., 1997; Blank and
Karlsson, 2015; Heinrich et al., 1998; Holyoake et al., 1996; Miller et al., 1997; Reya et al.,
2003; Renstrom et al.,2009; Yamane et al., 2001; Yamazaki et al., 2011; Yonemura et al.,
1997; Zhao et al., 2012; 2014).

1.3.1  Wnt/beta-catenin signaling

Besides its fundamental role during development several publications have proofed that the
Whnt/B-catenin signaling is essential for hematopoietic homeostasis at steady state as well as
during different stress conditions (Austin et al., 1997; Reya et al., 2003; Renstrom et al.,2009;
Yamane et al., 2001).

Whnt/B-catenin signaling is activated by the binding of WNT proteins on LRPs that downstream
disrupts the multiprotein destruction complex which then further is not able to phosphorylate
B-catenin for ubiquitination and degradation. This leads to an accumulation of B-CATENIN in

the nucleus that further binds TCF and therefore leads to the expression of the target genes.
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However, in the regulation of hematopoiesis Wnt/B-catenin signaling was found to be
controlled by both intrinsic as well as extrinsic mechanisms (Reya et al., 2003; Renstrom et
al., 2009). Although conditional deletion of B-catenin and the double deletion of B-catenin a
gamma-catenin did not affect the behavior of HSCs (Cobas et al., 2004; Jeannet et al., 2008),
other studies revealed the importance of 3-catenin regulation in the HSCs. For example, an
expansion of HSCs and hematopoietic progenitor cells in vivo was detected when the activated
form of B-catenin was overexpressed (Reya et al., 2013). In accordance with that Wnt3a
deficient embryos showed reduced numbers of HSCs and hematopoietic progenitor cells (Luis
et al., 2009). The importance of extrinsic regulation of the 3-catenin amount in the HSCs was
demonstrated by our group by using an extrinsic transplantation model which showed a
reduced maintenance and self-renewal potential of the HSCs regenerated in a Sfrp1 deficient

microenvironment (Renstrom et al., 2009).

1.3.2 Gp130/JAK/STAT signaling

Another important pathway during regeneration and inflammation is the GP130/JAK/STAT.
Interestingly, there are different cytokines binding to the receptor subunit gp130 which all share
a similar structural four-a-helix-bundle. This structural similarity defines the IL-6-type cytokine
family and includes the cardiotrophin (CT)-1, ciliary neurotrophic factor (CNTF), interleukin
(IL)-6 and -11 as well as leukemia inhibitory factor (LIF) and oncostatin M (OSM) (Heinrich et
al., 1998). However, each IL-6 type cytokine binds to its specific receptors which trigger either
a gp130-homodimerization or a gp130-LIFR or gp130-OSMR heterodimerization upon ligand
binding (Heinrich et al., 1998). Dimerization then leads to the phosphorylation and activation
of the gp130 associated janus kinase (JAK) which further phosphorylates gp130 at the
cytoplasmic site of the receptor. The phosphorylated sites then serve as a docking site for
different types of STAT proteins (Heinrich et al., 1998; Silver and Hunter, 2010), which enables
JAK to phosphorylate STAT leading to homo- or heterologous dimerization and translocation
to the nucleus. The STAT dimers then serve as transcription factors (Heinrich et al., 1998)
targeting genes involved in cell division, cell-death, and proliferation (Hirano et al., 2000). In
accordance with the biological role of the gp130/JAK/STAT signaling it was found to be

involved in the regulation of the cell cycle status of hematopoietic primitive cells.
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Gene expression change

Figure 3. Gp130/JAK/STAT signaling. Binding of IL-6, IL-11,LIF or OSM, to their specific receptors
leads to gp130 activation. Gp130 activation leads to STAT3 phosphorylation by JAK and its
dimerization. Dimerized STAT3, promotes gene transcription (scheme modified based on Junk et al.,
2014).

First evidence for gp130 in regulating hematopoietic stem cells was discovered when knockout
mice for gp130 showed fewer early hematopoietic cells then control mice (Yoshida et al.,
1996). Additionally, IL-11 which is one ligand of gp130 is important for in vitro expansion of
hematopoietic stem cells (Heinrich et al., 1998; Holyoake et al., 1996; Miller et al., 1997,
Yonemura et al., 1997). Audet et al., discovered that in vitro cultivation of HSCs required beside
steel factor and flt3-ligand which stimulate stem cell proliferation, the activation of gp130 for
the retention of stem cell activity (Audet et al., 2001). Mice overexpressing IL-6 and soluble
ligand-binding alpha subunit (sIL-6Ra) or LIF alone showed splenomegaly and thrombocytosis
(Shen et al., 1994; Peters et al., 1997). Furthermore, the hyperactivation of STAT1/3 using a
knock-in mutation of gp-130 results in severe hematopoietic abnormalities such as
lymphadenopathy, thrombocytosis and splenomegaly (Jenkins et al., 2005). Additionally, these
mice show expanded numbers of immature as well as committed hematopoietic progenitor
cells in the spleen and bone marrow (Jenkins et al., 2005). The altered hematopoiesis in the
spleen and bone marrow, as well as splenomegaly and thrombocytosis could be rescued when
the knock-in mutation of gp130 was generated in mice heterozygous for STAT3, indicating that
the altered STATS3 signaling rather than STAT1 is the cause for the hematopoietic defects in
the gp130 hyperactivated signaling (Jenkins et al., 2005).
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The transplantation of Stat3 knockout BM cells resulted in an engraftment failure with myeloid-
skewed hematopoiesis in the BM and accumulation of myeloid cells in the peripheral blood
(Zhang et al., 2018). Additionally, the loss of Stat3 in endothelial cells and hematopoietic cells
revealed an additional impact of the STAT3 signaling during the regulation of HSC
homeostasis as these mice revealed fewer LT-HSCs (CD34°LSK cells) and more LSK cells in
G1 phase of cell cycle with concomitant more gamma H2AX staining (Zhang et al., 2018),
indicating the importance of a correct gp130/JAK/STAT signaling in the regulation of
hematopoiesis. Interestingly STAT3 was found to have an anti-inflammatory activity in mature
myeloid cells which could be linked to a repression of Ube2n gene transcription resulting in
reduced proinflammatory enzyme Ubc13 (Zhang et al., 2014; Deng et al., 2000). The double
knockout of Stat3 and Ube2n rescued the phenotype of Stat3 mice supporting the idea of an

excessive inflammation caused by enhanced Ubc13 signaling (Zhang et al., 2018).

1.3.3 NF-«B signaling

The NF-kB signaling plays an important role during the inflammatory response of the
hematopoietic system. Inflammatory cytokines and genes involved in the NF-kB signaling can
be detected during regeneration for example after injury or irradiation, but especially as a result
of an infection (Sun, 2017). The application of lipopolysaccharide (LPS), or elevated levels of
IL-1B or TNF-a leads to a binding on their specific receptors and downstream to the activation
of the canonical NF-kB pathway whereas CD40L, BAFF, TGFB and Ilymphotoxin-f3
heterotrimers (LTs) stimulate the non-canonical NF-kB pathway (Wu et al., 2015; Iwai et al.,
2012; Yamashita et al., 2008).

Canonical activation through IL-18 or TNF-a and their specific membrane bound receptors
differ in further signaling but downstream both lead to phosphorylation of IkB components (3,
g, or y (NEMO)) by IkB kinase (IKK). Subsequently Lys48 is ubiquitinated and IKB degraded
(Wu et al., 2015). The NF-kB factors (dimerized from combinations of Nfkb1 (p50), Nfkb2 (p52),
(c) Rel, RelA (p65), or RelB) are then freed and translocate from the cytoplasm to the nucleus
to stimulate target gene expression (Hoesel and Schmid 2013).

Activation of the non-canonical pathway downstream leads to p52/RelB (NF-kB) or JNK, p38
or additional TAK1 activation (Wu et al., 2015; Yamashita et al., 2008).

Interestingly, both canonical and non-canonical NF-kB signaling involve Ubc13-dependent
ubiquitination that then leads to NF-kB activation or in the case of TNFa either NF-kB activation

or activation of apoptosis (Hodge et al., 2016).
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Figure 4. Canonical and noncanonical NF-kB. IL-13 or TNF-a bind specific receptors and activate
the canonical pathway through phosphorylation of IkB components (B, ¢, or y (NEMO)) by IkB kinase
(IKK). Subsequent IKB degradation and release of p65/p50 complex takes place that further stimulate
gene transcription. CD40L, BAFF, TGF and lymphotoxin-f heterotrimers (LTs) bind specific receptors
and activate non-canonical signaling that activate p52/RelB (NF-«kB), JNK, p38 or additional TAK1.
Canonical and non-canonical NF-kB signaling involve Ubc13-dependent ubiquitination that then further

leads to NF-kB activation (Hodge et al., 2016).

The importance of Ubc13 in hematopoiesis was demonstrated as conditional Ubc13 knockout
mice die within days after deletion with concomitant loss of multilineage blood cells including
B-cells and myeloid cells and hematopoietic progenitor cells in the BM. In this study however,
the effect of Ubc13 loss was linked to an aberrant Wnt signaling with a role for Ubc13 as a
negative regulator for Wnt, rather than an impaired NF-kB signaling (Wu et al., 2009).
However, in knockout mouse models of RelA, RelB, or p50/NF-kB2 it was demonstrated that
the canonical as well as the non-canonical NF-kB pathway is necessary for the differentiation
of lymphoid, myeloid as well as dendritic and osteoclast cells (Beg et al., 1995; Burkly et al.,
1995; Weih et al., 1995; Franzoso et al., 1997; Horwitz et al., 1997; lotsova et al., 1997).
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Moreover, in RelB/NF-kB2 double knockout mice it was shown that the non-canonical NF-kB
signaling is essential for HSC self-renewal capacity with resulting impaired engraftment
potential (Zhao et al., 2012). Loss of niche NF-kB signaling resulted in a transient but potent
phenotype of wild-type (WT) transplanted HSCs with enhanced cycling and altered
differentiation (Zhao et al., 2012). The stromal compartment of the RelB/NF-kB2 double
knockout mice was impaired with a reduced number of stromal cells, CFU-F forming cells as
well as an enhanced osteogenic differentiation. Furthermore, bone lining cells demonstrated
an impaired niche expression of Cxcl-12, Thpo, SCF, and OPN but increased inflammatory
cytokines such as G-CSF, GM-CSF and IL-6 (Zhao et al., 2012).

Inhibition of NF-kB signaling in endothelial cells using Tie2::IkB-SS mice resulted in enhanced
HSC self-renewal, activity and recovery after myelosuppression (Poulos et al., 2016). These
mice revealed a protective BM microenvironment in terms of stress such as chemotherapeutics
or irradiation which may support HSC recovery. Moreover, IkB-SS BMEC transplantation
protects BM cells from myeloablative irradiation as discovered by enhanced monocytes,
macrophages neutrophils, and eosinophils in the BM with increased cellularity in the BM and
Spleen 10 days after irradiation (Poulos et al., 2016).

Another study demonstrated the importance for the NF-kB pathway in the formation of the
bone as Rela’ mice developed osteopenia caused by an impaired bone formation (Mise-
Omata et al., 2014). Moreover, this impaired bone formation was linked to reduced numbers
of F4/80" macrophages in NF-kB Rela” mice as the transplantation of wild-type F4/80"
macrophages were able to rescue the impaired bone (Mise-Omata et al., 2014).

Interestingly, constitutive active NF-kB signaling using a conditional mouse model in which
Ikbkb (IKK2) is expressed as an active form in HSCs showed decreased LT-HSC numbers,
with an impaired ability to engraft successfully into lethally irradiated mice. Furthermore, the
numbers of HSCs in the dormancy state were reduced with concomitant increased proliferative
active HSCs (Nakagawa et al., 2018). This study indicates the importance of a correctly

regulated NF-kB signaling especially in the HSCs.

1.3.4 TGF beta signaling

The TGF-B signaling is another important signaling pathway involved in the regulation of
hematopoiesis. Two main factors including to this superfamily were shown to have a major
effect on HSCs, the bone morphogenetic proteins (BMPs) and TGF-B. While the action of
BMPs, especially BMP4 was mainly documented during embryonical development in the
hemangioblast, the role of TGF-B especially TGF-1 was mainly found in in vitro cell culture
(Capron et al.,2010; Marshall et al.,2000; Johansson and Wiles 1995). In general, TGF-( binds
the TGF-( type Il receptor resulting in a dimerization of the heterotetrametric complex of TGF-
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B type | and type Il receptor and the phosphorylation of the TGF-B type | receptor. Further
downstream in the canonical TGF-B pathway Smad2 and 3 are phosphorylated, build a
heterodimer together with Smad4, translocate from the cytoplasm into the nucleus where they
at the end regulate gene expression (Fabregat and Caballero-Diaz et al, 2018). Interestingly,
different in vitro studies showed that this active signaling pathway reduces the transcription of
c-Myc and Cdk4 and increase the amount of cell cycle inhibitors such as p57K*? and p21°P
(Kim and Letterio, 2003; Ewen et al.,1993; Keller et al.,1991; Ohta et al.,1987; Scandura et
al.,2004). Interestingly, two different cell types known to be present in the BM were found to
be a source for TGF-B. Yamazaki and colleges revealed the TGF-B secreted by non-
myelinating Schwann cells is important for the induction of HSC GO state of the cell cycle
(Yamazaki et al., 2011). In accordance with that the loss of TGF-1 in Megakaryocytes lead to
an entrance of the HSCs into the cell cycle, demonstrating the role for TGF-B in the
maintenance of HSCs (Zhao et al., 2014; Blank and Karlsson, 2015)

1.4 Hematopoietic stress and HSC regulation by the niche

HSC activation especially takes place during wounding (blood loss, irradiation, 5-FU) or the
application of arsenic trioxide (As(2)O(3)), G-CSF and IFN alpha, resulting in accumulation of
reversible gH2AX-dependent DNA damage response (DDR) (Essers et al., 2009; Essers and
Trumpp 2010; Trumpp et al., 2010).

1.4.1 5-Fluorouracil treatment

The chemotherapeutic compound 5-Fluorouracil (5-FU) is known to be intercalated into the
DNA during S-phase instead of thymidine and therefore disrupts the RNA synthesis with the
result of the apoptosis (Longley et al., 2003). As 5-FU acts during the S-phase, only cells with
an active cell cycle are disrupted by this metabolite. This especially concerns hematopoietic
progenitor and mature cells resulting in an imbalanced homeostasis of hematopoietic cells. As
a result, dormant HSCs get activated and enter the cell cycle to restore the whole
hematopoietic system. Besides HSC activation 5-FU enhances the frequency of hematopoietic
niche cells such as AdipoCAR cells and Col16a1*Tnn" osteoblasts (Tikhonova et al., 2019;
Wolock et al., 2019)

1.4.2 Lipopolysaccharide treatment

Bacterial lipopolysaccharide (LPS) is the major outer surface membrane components present
in almost all gram-negative bacteria. LPS acts as a strong stimulator of innate or natural
immunity in mammals (Sweet et al., 1996). Interestingly, LPS was found to mimic different
inflammatory effects such as induced by IL-6, TNF-a, or IL-13 (Wright et al., 1999; Poltorak et
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al., 1998; Qureshi et al., 1999). LPS binds the TLR4 receptor at the outer membrane of a cell,
starts a signaling cascade through MyD88, IRAK, TRAF-6, as well as NADPH oxidase (Nox)
to finally activate NF-kB which further induces the gene expression of pro-inflammatory
cytokines (Akira et al., 2001; 2003; Park et al., 2004).

In hematopoiesis, LPS treatment rapidly activates dormant HSCs into the cycling through the
binding of LPS on TLR4 receptor on the surface of HSCs (Nagai et al., 2006; Takizawa et al.,
2017). It was documented that FIk2™ as well as IL7R™ LSK cells start to proliferate and
differentiate into myeloid lineage (Nagai et al., 2006). Furthermore, a chronic treatment with a
daily injection of 6 ug LPS for four till six weeks lead to increased cycling and HSC expansion
with the result of a myeloid skewing and impaired self-renewal capacity of HSCs (Esplin et al.,
2011). These results were in accordance to that of Zhao et al., who treated the mice every day
with 1 pg LPS for a duration of 30 days. Additionally, to that, he found an association of
enhanced protein levels of the inhibitor of differentiation 1 (Id1). Loss of Id1in HSCs was shown
to reduce the effects of chronic LPS treatment in HSC behavior (Zhao et al., 2013).

However, the effect of LPS on HSC behavior might be dependent on the dosage and/or
duration (Schuettpelz and Link, 2013) as other studies revealed a decreased proliferation
(Rodriguez et al., 2009) or enhanced ability of HSCs for multilineage repopulation (Takizawa
et al.,, 2011).

Interestingly, beside the known proliferative action of HSCs during LPS treatment and a depart
of neutrophils from the BM, Vandoorne and colleges found a remodeling of the sinusoidal
vasculature (Vandoorne et al., 2018). Also, BM mesenchymal stem cells express the TLR4
receptor and TLR4 activation results in an altered proliferation, differentiation, migration,
survival and secretion of pro-inflammatory cytokines (Fiedler et al., 2013; Liotta et al., 2008;
Raicevic et al., 2010; 2012). Upon LPS treatment MSCs enhance their proliferation through
activated signaling of TLR4 and PI3K/Akt and Wnt signaling through Wnt3a and Wnt5a (He et
al., 2016; Wang et al., 2009).

LPS treatment in mice activated a pro-inflammatory signature in CAR cells up-regulating IL-6,
CXCL10 and CCL5 as well as in sinusoidal endothelial cells increasing CCN1 as well as CCN2,
CCL2/7 and IL-15 (Helbling et al., 2019).

An indirect effect of LPS treatment was found when nestin-GFP+ stromal cells as well as CAR
cells were shown to enhance their CCL2 expression after LPS treatment (Shi et al., 2011).
Interestingly, as described earlier in the chapter secreted proteins (1.2.1.3.2), not only

monocytes were found to express CCR2 (which is the receptor for CCL2) also HSCs express
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CCR2 and were discovered to migrate to sites of inflammation in a CCR2 dependent manner

as discovered in Ccr2” mice (Si et a., 2010).

1.4.3 Total body irradiation

Myeloablation using total body irradiation (TBI) and subsequent BM transplantation is a
powerful method to treat leukemia (Barriga, 2012). Besides myeloablation, irradiation causes
severe injury not only in the hematopoietic compartment but also in organs, different tissues
and the hematopoietic microenvironment (Costa and Reagan, 2019). Therefore, a detailed
knowledge about the effects of irradiation on cell behavior is necessary to increase the life
span and survival of TBI BM transplanted patients (Li et al., 2021).

In cases of DNA damage caused by irradiation the intrinsic apoptosis pathway is activated
through binding of BH-3 only proteins to proteins of the Bcl-2 family which downstream
activates Bax and Bak that further at the end lead to the activation of the apoptosome
(Czabotar et al., 2014).

Chemotherapy/radiation
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Figure 5. DNA damage induced apoptosis. DNA damage leads to activation of p53 and the Bcl-2
family members. Bcl-2 family members stimulate Bax and Bak regulating the apoptosome, which

further lead to cell apoptosis (Placzek et al., 2010).

Irradiated HSCs show reduced LT repopulation with decreased self-renewal and myeloid
skewing (Shao et al., 2014). Already a view days after irradiation apoptosis of the

hematopoietic progenitor cells causes acute BM suppression (Mohrin et al., 2010). HSC

21



Introduction

radiosensitivity is highly dependent on irradiation dosage with a drop of colony formation
potential in methylcellulose already at an irradiation dose of 4Gy (Mohrin et al., 2010). In
addition, while HSCs displayed a high radioresistance at 2Gy irradiation, MMPs (CMP and
GMPs) lost their colony-forming ability to almost 50%. Interestingly, in case of radiation
induced double strand breaks (DSB) of the DNA, the resistance of HSCs through different DNA
repair mechanisms was observed. While quiescent HSCs induce the non-homologous end
joining (NHEJ), active HSCs use the high-fidelity (HR) pathway to repair the DNA (Mohrin et
al., 2010). NHEJ DNA reparation mechanism includes genomic rearrangements which may
result in DNA abnormalities (Mohrin et al., 2010). Additionally, Mohrin discovered enhanced
levels of antiapoptotic Bcl-2 proteins (Bcl-xL, and Mcl-1) with concomitant decreased levels
proapoptotic proteins such as Bax, Bak, Bid and Noxa (Mohrin et al., 2010). In this study the
Bcl-2 overexpression, however, did not lead to a protection from irradiation-induced apoptosis
of CMPs or GMPs (Mohrin et al., 2010). This is in contrast to other investigations were
overexpressed Bcl-2 in mice protect hematopoietic subtypes including HSCs (Domen et al.,
1998; Ogilvy et al., 1999; Orelio et al., 2004).

In another study it was shown that already a low dosage of 20 mGy irradiation impairs the
ability of HSC reconstitution while their differentiation potential was uneffaced (Henry et al.,
2021). Low dosage irradiation (20 mGy) was not shown to induce DSB of the DNA but
increases ROS levels with activation of the p38 MAPK pathway (Henry et al., 2021).

Furthermore, low-dose irradiation does not affect HSC cell numbers or their apoptosis. But, an
HSCs from low-dose TBI mice show increased senescence with no detectable changes in
telomeres but enhanced ROS, SA-B-gal, p16 and Arf (Shao et al., 2014). Interestingly, HSC
senescence caused by TBI seems to be independent of p16 and/or Arf expression as their
deletion did not show significant differences compared to WT HSCs after TBI (Shao et al.,
2014). Long term effects of sublethal irradiation (5Gy) resulted in an excessive loss of
functional hematopoietic progenitor and stem cells resulting in impaired leukemogenesis 15
weeks post TBI (Batey et al., 2022). Additionally, 62 weeks after TBI an impaired LSK, MPP,
MP, CLP and CD45R B cell recovery was detectable. Furthermore, the BM cells from mice, 49
weeks post TBI, were transplanted into lethally irradiated mice which underlined their inability

of HSCs for stem and progenitor cell recovery as well as CD45R B cells (Batey et al., 2022).

Besides, the effects on the hematopoiesis, TBI dramatically changes the bone structure with
reduced osteoblasts and increased adipocytes (Green et al., 2014). Already ten days after
sublethal (5Gy) as well as lethal (12Gy) TBI, mice enhanced adipocytes in the marrow. It was

assumed that MSCs after irradiation favorably differentiate into the adipogenic instead of
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osteogenic lineage, leading to an impaired bone formation with impaired bone homeostasis
(Green et al., 2014).

Additionally, to that Dominici et al., discovered besides the typical hematopoietic depletion a
strong disruption of the niche cells after high-dose (1125 cGy) TBI of eight weak old mice
(Dominici et al., 2009). Already 48 hrs after irradiation the endosteal niche, mainly of the
trabecular bone, showed an excessive expansion of osteoblastic cells resulting in multiple cell
layers as confirmed by osteocalcin and collagen | staining and RT-PCR (Dominici et al., 2009).
Interestingly, osteoblasts increase their SDF-1 expression after irradiation (Dominici et al.,
2009; Ponomaryov et al., 2000). SDF-1 promotes megakaryocytes of homing and survival
(Hodohara et al., 2000; Hamada et al., 1998). Additionally, osteoblasts secrete thrombopoietin
which is another factor known to induce megakaryocyte migration (Olson et al., 2013). This
together with the findings that megakaryocytes are radioresistant up to 7-10 days after
irradiation (Tanum 1984; Ebbe et al., 1986) may explain the major number of megakaryocytes
48 hrs after irradiation on the site of endosteal niche of the trabecular bone (Dominici et al.,
2009). Furthermore, irradiated megakaryocytes increase their expression of basic fibroblast
growth factor (bFGF) and platelet-derived growth factor (PDGF-B), both factors known to
enhance the proliferation of N-cadherin-/osteopontin-positive osteoblasts (Dominici et al.,
2009; Olson et al., 2013). After the hematopoietic homeostasis has been restored, also the
niche cells revert their expanded numbers to homeostasis (Dominici et al., 2009).

However, MSCs were reported to show radioresistance as a result of decreased ROS and
reduced DNA damage (Chen et al., 2006). As HSCs, MSCs are able to repair DSB of DNA by
homologous as well as NHEJ DNA repair mechanisms after irradiation (Chen et al., 2006).

A in vivo study documented a radiosensitivity of MSCs with an immense impact on survival
even at the non-irradiated neighboring site (Cao et al., 2011). Local 4Gy irradiation of the left
distal femur resulted in decreased numbers of osteoclasts, osteoblasts with increased
adipogenesis one and four weeks after irradiation when compared to the left non-irradiated
proximal femora (Cao et al., 2011). Interestingly, no CFU-F formation was detectable from BM
MSCs isolated from the left distal irradiated as well as from the left proximal non-irradiated
femur one week after irradiation, whereas the non-irradiated right femur showed CFU-F and
CFU-OB formation. After four weeks MSC numbers were enhanced in the left proximal femur
with additional CFU-Fs and CFU-OB formation (Cao et al., 2011). One and four weeks after
irradiation MSCs were detected in the peripheral blood (doubled after one week, fourfold after
four weeks), indicating the mobilization of MSCs into the circulation after injury (irradiation).
Increased levels of free radicals were detected in the irradiated distal femur one and four weeks

and in the proximal femur one week after irradiation. Cao assumed that MSC survival was

23



Introduction

affected by these free radicals diffusing ipsilaterally through the bone medullary canal from the
irradiated site of the bone into the non-irradiated femora (Cao et al., 2011).

Contrary to these studies, stromal cells were documented to show typical irradiation effects as
they enhance the expression of p16™K*/p19°RF as well as SA-B-gal., Moreover, the reduced
stromal cell number in BM aspirates eight weeks after irradiation was correlated with the
Ink*?/Arf-signaling and indicates long term effects on the behavior of the stromal cells
(Carbonneau et al., 2012). Additionally, 2 Gy irradiated MSCs displayed a delayed stromal cell
proliferation with reduced CFU as well as differentiation potential in culture (lwasa et al., 2021).
These MSCs did not lack their ability to support hematopoietic stem and progenitor expansion
or their differentiation into CD11b* myeloid cells. Irradiation however affects IL-7 and CXCL12

expression resulting in impaired CD19* B cell numbers (Iwasa et al., 2021).

The importance of healthy MSCs in the relation to HSC recovery after irradiation was
discovered as the transplantation of MSCs into sublethal irradiated (6 Gy) mice resulted in an
enhanced proliferation of the hematopoietic cells and recovery of myeloid as well as lymphoid
cells in the peripheral blood (Kim et al., 2018). In vitro studies furthermore revealed that
irradiated HSCs cultured on MSCs showed reduced apoptosis and DNA damage indicating a
potential of MSCs to protect HSC damage caused by irradiation. Kim et al.,

found that this effect was caused by secreted Jagged1 from MSCs which activated the Notch2
signaling in HSCs and prevented them from cytotoxicity (Kim et al., 2018). Additionally, it was
shown that an irradiation induced impaired niche increases radiation-induced bystander effects
(RIBE) on transplanted human HSCs indicating a major role of the irradiated niche on the
recovery of healthy HSCs (Hu et al., 2021). Human HSCs were transplanted in non-irradiated
and irradiated murine recipience. Likewise, murine HSCs also human HSCs showed a reduced
ability to engraft in the irradiated microenvironment compared to the non-irradiated control (Hu
et al.,, 2021). Hu and colleges found an enhanced oxidative stress of the HSCs and
hematopoietic progenitor recovered in an IR-niche. This oxidative stress resulted in elevated
DNA damage response, p53-dependent apoptosis, and cell cycle arrest (Hu et al., 2021).
Nevertheless, stromal cells were also reported to enhance HSCs during irradiation recovery
by expressing different molecules (Dominici et al., 2009; Himburg et al., 2017). Osterix (Osx)
expressing mesenchymal progenitor cells express enhanced dickkopf-1 (Dkk1) protein levels
during HSC regeneration (Himburg et al., 2017). The cultivation of irradiated HSCs in culture
media containing Dkk1 enhanced the recovery of both LT-HSCs as well as progenitor cells.
Extrinsic Dkk1 further was found to decrease reactive oxygen species (ROS) in the
mitochondria as well as HSC senescence. Besides the direct role for Dkk1 in the HSC recovery
an additional indirect role could be discovered as Dkk1 enhanced epidermal growth factor
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(EGF) secretion of the BM endothelial cells and its deletion reduced HSC recovery (Himburg
et al., 2017). EGF was increased after sublethal (750cGy) TBI in the BM serum of Tie2-Cre;
Bak17"; Baxf®~ mice. TBI of these mice resulted in 100% survival and radioprotection of HSCs
(Doan et al., 2013) supporting the importance of EC secreted EGF. Another study underlines
the importance of EC after TBI induced hematopoietic recovery as VEGFR2 conditional
knockout mice showed sinusoidal endothelial cell (SEC) regression with the result of an
impaired HSC engraftment (Hooper et al., 2009). Recently a single cell RNAseq analyzation
from irradiated mice discovered a high sensitivity of stromal cells with the result of a strong
reduction in stromal cell numbers (Severe et al., 2019). Among these cells were AdipoCAR
cells and osteoblastic cells which are known to support HSCs (Severe et al., 2019). In this
study CD73*NGFR* chondrocytic cells showed radioresistance and CD73™ mice displayed
that CD73" cells are important for hematopoietic stress response by expressing different
cytokines known to support hematopoietic cells such as CXCL12, IL7, KITL, SPP1, and TGF-
B (Severe et al., 2019).

Beside the regulation of HSCs by the niche it was also discovered that HSCs regulate their
microenvironment after irradiation. Together with LepR+ stromal cells, hematopoietic stem and
progenitor cells express Angiopoietin-1 which was shown to be necessary for hematopoietic

recovery as well as the vascular recovery after irradiation (Zhou et al., 2015).

However, irradiation stress was found to increase the expression of the CCN2, a molecule
known to be important for the regulation of stromal cell as well as hematopoietic cell behavior
during stress (Zhang et al., 2015; Leask and Abraham, 2006, Ivkovic et al., 2003, Battula et
al., 2013; 2017; Cheung et al., 2014, Istvanffy et al., 2015).

1.5 Cellular communication network factors

The family of cellular communication network factor (CCN) proteins contains six cysteine-rich
members sharing a similar modular structure (Moussad and Brigstock 2000). These
matricellular proteins include the founding members CCN1/CYR61, CCN2/CTGF, CCN3/NOV
which were all described between 1990 and 1992 (Bradham et al., 1991; Joliot et al., 1992;
O'Brien et al.,, 1990), and the Wnt induced secreted proteins (WISP), CCN4/WISP1,
CCN5/WISP2, and CCN6/WISP3 (Pennica et al., 1998).

All six known family members contain N-terminal and C-terminal fragments that are connected
through a cleavable hinge region (Perbal, 2004). In the N-terminal fragment, the CCN proteins

share a signaling module necessary for secretion. Additionally, the N-terminal site harbors two
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highly conserved domains, the insulin-like growth factor (IGFBP)-binding module and a von
Willebrand factor type C (VWFC)-binding domain. The C-terminal fragment is composed of a
thrombospondin type | (TSP-1)-binding module and a carboxyl-terminal cystine knot motif
(Bork, 1993; Perbal, 2004). This cysteine knot motif is lacking in CCN5/WISP2, but present in
the other five CCNs (Bork, 1993; Chen and Lau, 2009).

Beside their cleavable hinge region, the four different modules of the CCNs also contain
additional proteolytic cleavage sites (Holbourn et al., 2008). Furthermore, CCN isoforms were
found in different tissues and are (beside of the proteolytically cleaving) the result of alternative

splice variants or post-translational processing (Perbal, 2004).
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Figure 6. CCN family members. CCN family members with CCN1/Cyr61, CCN2/CTGF, CCN3/Nov,
CCN4/Wisp-1 and CCN6/Wisp-3 sharing the same structural domains | (with signal peptide (Sp) and
IGF binding domain (IGFBP)), 1l (von Willebrand type C domain (VWC)), Il (thrombospondin-1 domain
(TSP1)), and IV (cystine knot domain (CT)). CCN5/Wisp-2 sharing same structural modules I, Il and IlI

but lacks module V. Domain Il and Ill are linked with a hinge region (Jia et al., 2016).

Although the CCN proteins share highly similar structure and are mainly found in the
extracellular microenvironment, the interplay between the different modules account for their
diverse biological functions (Perbal and Takigawa, 2005). Moreover, an inhibitory effect of
CCNB3/NQV on the action of CCN2/CTGF was found in rat mesangial cells as well as in human
dermal fibroblasts (Riser et al., 2009; Peidl et al., 2019).
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1.5.1 Cellular communication network factor 2 (CCN2)

CCN2 is the most investigated member of all CCNs and specifically located in the extracellular
matrix (Leask and Abraham, 2006; Moussad and Brigstock, 2000). This heparin binding
pleiotropic growth factor is also known as Ctgf, Fist12, Hcs24 and Ecogenin (Leask and
Abraham, 2006; Planque and Perbal, 2003). CCN2 was first described in a study identifying
immediate early genes in the response to serum-stimulated NIH3T3 cells (Almendral et al.,
1988). In further studies CCN2 was isolated from supernatant of human umbilical vascular
endothelial cells (HUVECs) and found to be a protein with chemotactic as well as mitogenic
characteristics (Bradham et al., 1991). Total deletion of Ccn2 gene in mice resulted in severe
skeletal and vascular malformations indicating a major role for CCN2 in cell differentiation and
vascularization (lvkovic et al., 2003).

Furthermore, CCN2 was found to be up-regulated after irradiation (Zhang et al., 2015),
important for normal stromal cell behavior (Battula et al., 2013; 2017; Ivkovic et al., 2003;
Safadi et al., 2003; Schutze et al., 2005; Wang et al., 2009), as well as involved in
hematopoietic homeostasis (Cheung et al., 2014; Istvanffy et al., 2015). In this thesis, the
molecular mechanisms of CCN2 and its mediators in stress responses of HSCs and niche

cells will be studied in more detail.

‘Small’ C-terminal
fragTent

N-lerminallfragment C~lermmallfragmenl

P

./ /
IGF 1/2 BMP 2/4/7 i Aggrecan
Fibronectin O /aﬁm integrin \
o, Bs integrin TGFps 1/2 0B integrin Paracan: ] z‘:ga ::::g:: \ HsPG
i c . 3
oyypP3 integrin o, B, integrin OQMB:, integrin O

Fibronectin BMP 2

Figure 7. CCN2 and its binding partners. CCN2 protein contains four different domains. The N-
terminal fragment includes an insulin-like growth factor-binding (IGFBP) domain and the von Willebrand
factor type C (VWFC) domain. The C-terminal fragment contains a thrombospondin type | (TSP-1)
domain and the carboxyl-terminal cystine knot (CTCK) domain. The N-terminal and the C-terminal
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fragment are connected by a protease cleavable hinge region. Every CCN2 domain binds with different
ligands and favors or minors their actions resulting in different cellular responses (Dendooven et al.,
2011).

The Ccn2 gene is located at Chromosome 6 with 1 splice variant in human (Ensembil:
ENSG00000118523) and on Chromosome 10 with three different splice variants in mice
(Ensembl: ENSMUSG00000019997). The Ccn2 gene contains five exons encoding for a 38-
40 kDa protein (Planque and Perbal, 2003). Different binding partners were found to bind to
the four different domains of CCN2 described above. The IGFBP domain binds mainly to
IGF1/2, the VWFC binds several cytokines, including BMP2/4/7 as well as TGF- 1 and 2.
Furthermore, the TSP-1-module was found to attach to LRP1, VEGF and integrins and the
cysteine knot motif binds to LRP6, Integrin, Fibronectin, BMP2, HSPG and VEGF (Dendooven
et al., 2011).

With this variety of binding partners, CCN2 is involved in various biological functions and
cellular processes of possible importance in hematopoiesis and the BM niche, such as the
formation of bone and cartilage during development, the synthesis of ECM, wound healing,
angiogenesis as well as the survival, adhesion, migration, proliferation, and differentiation of
different cell types (Igarashi et al., 1993; Takigawa, 2018). Therefore, CCN2 action is not only
dependent on the cell type but also on their belonging microenvironment (Cicha and Goppelt-
Struebe 2009).

1.5.1.1 Ccn2 regulation

While during embryonal development Ccn2 was reported to be expressed by various cell types
in the bone (Ivkovic et al., 2003), its expression after birth reduces with age and was found to
be highly expressed at the age of four-weeks in the trabecular bone (Wang et al., 2015).
However, Ccn2 promotor contains specific response elements such as: Hypoxia inducible
factor-1, Smad, basal control element-1; transcription enhancer factor; specificity protein 1,
cis-acting element of structure-anchored repression (Leask et al., 2009). Through these
elements, Ccn2 gene expression is induced/regulated by various factors such as growth
factors (TGF-3 or endothelin1) and hormones, but also coagulation factors, bioactive lipids,
mechanical stretch or hypoxia (Bai et al., 2013, Chambers et al., 2000, Chowdhury and
Chaqgour, 2004, Grotendorst et al., 1996; Gu et al., 2012, Guo et al., 2011, Holmes et al., 2001,
2003; Honjo et al., 2012, Valley-Tenney et al., 2020). Beside this, the application of lethal TBI
induces Ccn2 expression in multiple organs including hematopoietic organs such as kidney,
liver and the spleen (Zhang et al., 2015). Also, during wound healing Ccn2 expression is
induced and is related to proliferation of fibroblasts, their migration and the production of ECM
(Kapoor et al., 2008; Shi-Wen et al., 2008).
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Gene expression of Ccn2 is mainly regulated by a TGF- response as well as SMAD-binding
elements (Grotendorst, 1997, Arnott et al., 2008). Increased CCN2 is essential for the
progression in many different fibrotic diseases including kidney, lung, liver, skin and heart
(Abdel-Wahab et al., 2002; Ahmed et al., 2004; Charrier and Brigstock, 2010; Igarashi et al.,
1993; 1996; Lasky et al., 1998; Liu et al., 2011; Murphy et al., 1999; Paradis et al., 1999).
During fibrotic diseases, TGF-f is thought to be necessary to initiate the fibrotic response while
CcnZ2 is important to maintain this response (Mori et al., 1999). Interestingly, radiation induces
tissue fibrosis through the initiation of the TGF-B/CCN2 axis and the ECM molecule deposition.
Irradiation of NIH-3T3 as well as mouse embryonic fibroblast cells increased the expression of
Ccn2. Treatment of irradiated cells with TGF-B inhibitor as well as overexpression of the
microRNA miR-26a reduced Ccn2 expression after irradiation and implies a novel role for Ccn2
regulation (Yano et al., 2021).

CCN2 does also regulate TGF-B action as it binds to TGF-B with its VWFC domain and
increase TGF-f activity (Abreu et al., 2002).

Another factor observed in Ccn2 regulation is LPS, which significantly up-regulates Ccn2
MRNA expression in cultured human bronchial epithelial cells, through interaction with NFkB
(Nishioka et al., 2010). NFkB was also found to be involved in the regulation of Ccn2, as it can
either activate the expression of the Ccn2 gene or be activated by CCN2 (Blom,
Goldschmeding, and Leask, 2002; Hall-Glenn et al., 2013). The Ccn2 promotor contains a
NFkB responsive element, that activates Ccn2 expression either through tumor necrosis
factor-a (TNF-a) or though VEGF signaling (Hall-Glenn et al., 2013). CCN2 itself activates
NFkB through phosphorylation and degradation of the inhibitor IkBa, which in turn leads to
translocation of NFkB into the nucleus. There, NFKB promotes survival of hepatic stellate cells,
by preventing apoptosis (Gao and Brigstock, 2005).

Interestingly, Ccn2 appears to regulate itself through a positive feedback loop using an, as yet,
undiscovered mechanism, by auto-inducing its own expression (Riser et al., 2000; Shimo et
al., 2001).

However, Ccn2 mRNA has been reported to be posttranscriptional as well as posttranslational
regulated by different factors including microRNAs (Charrier et al., 2014; Che et al., 2020;
Chen et al., 2019), as well as different cytokines (interferon gamma (IFN-y), TNF-a), hypoxia
and VEGF (Kondo et al., 2002 and 2006; Cooker et al., 2007; Laug et al., 2012).

1.5.1.2 CCN2 signaling
As mentioned earlier, due to its broad spectrum of binding partners, CCN2 binds to different
surface receptors (TGF-( receptor, IGF2 receptor, LRP6, and the integrins ITGAV; Istvanffy et

al., 2015), which are involved in many different signaling pathways. It is of note, that CCN2
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signaling is not only elicited by full-length CCN2, but also by truncated protein, like N-terminal
or C-terminal fragments or even splice variants (Abd El Kader et al., 2014; Brigstock et al.,
1997; Holbourn et al., 2009; Kaasbgll et al., 2018; Welch et al., 2015;). Therefore, CCN2 does
not act as a typical growth factor with one particular receptor. Moreover, CCN2 was reported
to regulate several different biological processes in different ways: through direct binding on
receptor or co-receptors and activating cell signaling, or its binding on growth factors that
inhibits or enhances their actions. Furthermore, CCN2 is defined as a matricellular protein,
which modifies the extracellular matrix (ECM) and its turnover through direct binding to
aggrecan, fibronectin, heparin, perlecan, etc. (Aoyama et al., 2009; Bork 1993; Chen and Lau
2009; Frazier et al., 1996; Hoshijima et al., 2006, Istvanffy et al., 2015, Nishida et al., 2003; Pi
et al., 2008). Besides its extrinsic role, CCN2 was reported to act intrinsically by its endocytic
uptake and might affect gene transcription (Escolar et al., 2008; Kawata et al., 2006; 2012;
Sumiyoshi et al., 2010).

Ccn2 plays a role in different signaling pathways. For example, in Xenopus embryos CCN2
was associated with the Wnt pathway, according to its ability to bind to the Wnt co-receptor
LDL receptor-related protein 6 (LRP6) (Mercurio et al., 2004). In mesangial cells, CCN2 was
observed to stimulate the phosphorylation of LRP6 and GSK-3(B, which results in an
accumulation and nuclear localization of 3-catenin, TCF/LEF activity and expression of Wnt
targets (Rooney et al., 2011). Inhibition of DKK-1 and LRP6, proteins that are also involved in
hematopoietic regeneration, can reverse those effects (Himburg et al., 2017; Rooney et al.,
2011). Additionally, a connection between CCN2, BMP-4 and TGF-( was identified. CCN2 was
found to bind both molecules through its VWTC domain and exerts an activating effect on TGF-
B, while it inhibits BMP-4 activity (Abreu et al., 2002). Both TGF-beta and BMP-4 regulate HSC
maintenance (Blank and Karlsson 2015; Goldman et al., 2009).

Downstream of CCN2, an increase in EGF, PDGF and FGF, all factors known to be involved
in the regulation of hematopoiesis or BM stromal cells, was observable in fibroblasts (Doan et
al., 2013; Luft, 2008; Pinho and Frenette, 2019; Zhao et al., 2012; Xue et al., 2012).

1.5.1.2.1 Ccn2 signaling in hematopoiesis

That Ccn2 might play a role during hematopoiesis first became into the focus of researchers
when an increased expression of CCN2 was detected in childhood and adult patients of acute
lymphoblastic leukemia (ALL) (Sala-Torra et al., 2007; Vorwerk et al., 2000). By separating
different types of ALL and analyzing CCN2 mRNA expression Boag and colleagues revealed

that the overexpression of CCN2 in ALL is exclusively for B-lineage ALL (pediatric and adult)
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and high expression was associated with a poor outcome of the disease (Boag et al., 2007;
Kang et al., 2010, Sala-Torra et al., 2007; Vorwerk et al., 2000).

The role of CCN2 during normal hematopoiesis still needs to be elucidated. As the Ccn2
knockout mice die within the first minutes after birth due to a respiratory failure, which is the
result of an impaired skeletal development (lvkovic et al., 2003), the study of Ccn2 during adult
hematopoiesis was difficult. Cheung and colleges analyzed the impact of Ccn2 during
embryogenesis and found a reduced percentage of B-cells in the Ccn2-deficient embryos.
Furthermore, in vitro experiments showed that recombinant human CTGF/CCN2 together with
IL-7 enhanced B-cell proliferation and increased the B-cell maturation as increased pro-B to

pre-B differentiation was detectable (Cheung et al., 2014).

Cheung and colleges transplanted Ccn2”- HSCs into the fetal liver of neonatal mice and found
no differences compared to WT HSCs (Cheung et al., 2014). Consistent to that no Ccn2
expression was detectable in the hematopoietic cells of the BM. However, Cheung found a
strong expression in stromal cells (MSCs, CAR cells, ECs and VCAM-1" cells) with the highest
expression in CAR cells. This together with the results that the addition of rhCTGF/CCN2 in
vitro showed an impact on B-cell maturation led to the postulation that, extrinsic CCN2, mostly
secreted by stromal cells, affects hematopoiesis more strongly than intrinsically generated
CCN2 (Cheung et al., 2014).

Our own group showed previously, that Ccn2 is strongly upregulated in both LSK cells and in
UG26-1B6 stromal cells during 24 hour-co-cultures. Further studies using co-culture
experiments on shCcn2 and control pLKO.1 stromal cells, revealed that extrinsic CCN2
regulates the progression of the cell cycle of the earliest HSCs from GO to G1 by regulating
WNT and TGF- signaling. In accordance to that, a decline in donor engraftment of WT HSCs
cultured on shCtgf compared with pLKO.1 was noted at week 10 and 16 post-transplant
(Istvanffy et al., 2015). This decline was caused by reduced regeneration of donor MPs and
LSK cells as well as reduced myeloid and B-cells in mice receiving HSC co-cultured on shCtgf
stroma (Istvanffy et al., 2015). In single cell cultures, addition of recombinant CCN2 restored
HSC proliferation, showing a direct effect of extrinsic CCN2 on HSC proliferation (Istvanffy et
al., 2015).
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1.5.1.2.2 CCN2 signaling in niche cells

Besides the direct role of CCN2 on the hematopoietic cells, the loss of Ccn2 might result in an
altered hematopoietic niche function, which might impair its ability to maintain HSCs. Indeed,
increased levels of Ccn2 were detectable in MSCs from acute myeloid leukemia (AML)-bearing
mice when compared their controls (Battula et al., 2017). However, extrinsic CCN2 was
reported to favor or as well as reduce the engraftment of AML in murine hosts, showing the
exact role of CCN2 is unclear (Battula et al., 2017; Battula et al., 2013).

Nevertheless, Ccn2 was shown to have a major impact on endothelial cells as well as
endosteal niche cells (Arnott et al., 2011; Battula et al., 2013; 2017; Cheung et al.,2014; Cicha
and Goppelt-Struebe, 2009; Luo et al., 2004; Inoki et al., 2002; Ivkovic et al., 2003; Muehlich
et al., 2004; Xu et al., 2000). For instance, Ccn2 expression is required in BM skeletal stromal
cells, since Ccn2” mice exhibit several developmental skeletal defects, including a lethal
malformation of the ribcage (Ivkovic et al., 2003). Ivkovic and colleges found evidence that this
malformation is due to altered chondrogenic differentiation. In addition, the Ccn2” mice
showed decreased vascular endothelial growth factor (VEGF) expression and an enlarged
hypertrophic zone, probably impairing endochondral ossification (lvkovic et al., 2003).

The consequences of the decreased VEGF expression in Ccn2” mice is not entirely clear.
Indeed, it was reported that CCN2 exerts an anti-angiogenic effect in vitro as well as in vivo.
Here, CCN2 inhibited the action of VEGF by preventing its binding to endothelial cells and
therefore blocking the activation of angiogenesis (Inoki et al., 2002). Thus, the role of CCN2
during angiogenesis remains controversial, and has been attributed to developmental stage,
the type of cells and the CCN2-binding receptors they express (Arnott et al., 2011; Cicha and
Goppelt-Struebe, 2009).

In most cell types, steady state levels of Ccn2 are rather low. But, as an early stress response,
such as in wound healing, CCN2 is upregulated, and it serves a pro-reparative role (Alfaro et
al., 2013). An increased Ccn2 mRNA expression was also detectable in vitro when endothelial
cells were cultured with sphingosine-1-phosphate, lysophosphatidic acid or platelets (Muehlich
et al., 2004). Additionally, high expression of Ccn2 was detectable during development in
different BM stromal cells such as Sca-1"PDGFRa*” MSCs, VCAM-1" reticular cells with the
highest expression in CAR cells. In the Ccn2” mice, however, the endothelial and CAR cell
number and proportions were unchanged compared to controls (Cheung et al., 2014).
Additionally, Ccn2 was shown to be increased in MSCs during new bone formation and
promotes bone and cartilage regeneration (Abd El Kader et al., 2014; Arnott et al., 2011;

Kikuch et al., 2008). Recently, an in vitro study revealed the role for Ccn2 in different events
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necessary for bone regeneration such as migration, osteogenesis, and vascularization
(Fahmy-Garcia et al., 2021). In a Boyden chamber assay, CCN2 was shown to be
chemoattractive for MSCs and ECs and the treatment with CCN2 on HUVEC cells resulted in
increased tube formations in Matrigel indicating a role of CCN2 in angiogenesis (Fahmy-Garcia
et al., 2021). In contrast to other studies, this study did not reveal any alteration of osteogenic
differentiation when MSCs and SV-HFO cells were treated with CCN2 (Fahmy-Garcia et al.,
2021).

How these results can be reconciled with in vitro loss of Ccn2 is unclear. Here, CCN2 loss
resulted in decreased proliferation rate with concomitant decreased S-phase cells of human
MSCs (Battula et al., 2013). Also, the in vitro experiments point to a decisive effect on the
balance between osteo- and adipogenesis, where the loss of CCN2 increases adipogenesis
with simultaneously reduction of osteogenesis (Battula et al., 2013). In line with this finding, a
decreased CCN2 mRNA level was additionally found in MSCs gaining adipogenic lineage
(Schutze et al., 2005). In accordance to that, overexpression of CCN2 in human MSCs lead to
increased osteoblasts (Wang et al., 2009). Interestingly, MSCs showed an excessive Ccn2
expression, during BMP and Wnt3a induced osteogenic differentiation. The role for CCN2
during osteogenesis appears only to play a role in the early stages of osteogenic differentiation,
as increased expression was observed in pre-osteoblasts but not in committed osteoblasts
(Luo et al., 2004; Xu et al., 2000). Interestingly, the expression of Ccn2 correlated with the
confluence of the osteoblastic cells: the higher the confluence, the lower Ccn2 mRNA levels
(Safadi et al., 2003). In addition to differentiation osteoblastic cells increased their proliferative

and mineralization behavior when cultured with rCCN2 (Safadi et al., 2003).

1.6 Aim of the thesis

Ccn2is known as an early response gene to stress (Alfaro et al., 2013; Aimendral et al., 1988;
Cicha and Goppelt-Struebe, 2009) and is involved in different regenerative processes in a
variety of cell types and contexts (Leask and Abraham, 2006; Kapoor et al., 2008; Shi-Wen et
al., 2008). Previously our group showed in in vitro experiments that extrinsic CCN2 is essential
for the progression of cell cycling in HSCs by reducing senescence, pPSMAD2/3, and CDKN1B
while enhancing Cyclin D1 (Istvanffy et al., 2015). Furthermore, the introduction states that
Ccn2 is important not only for hematopoietic cells (Istvanffy et al., 2015; Cheung et al., 2014),
but also for cells of the hematopoietic microenvironment (Abd El Kader et al., 2014; Arnott et
al., 2011; Fahmy-Garcia et al., 2021; Kikuch et al., 2008; Luo et al., 2004; Safadi et al., 2003;
Schutze et al., 2005; Xu et al., 2000). The studies reveal Ccn2 to be involved in a variety of

signaling pathways known to be necessary for hematopoietic and/or stromal cell behavior
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(Inoki et al., 2002; Istvanffy et al., 2015; Luo et al., 2004; Xu et al., 2000). While Ccn2 levels
are low during steady state conditions in adult mice (Wang et al., 2015), high Ccn2 levels are
reported during stress conditions in cells of the stromal compartment (Muehlich et al., 2004;
Battula et al., 2013; 2017; Fahmy-Garcia et al., 2021).

Therefore, we expected that Ccn2 expressed by stromal cells is involved in regulating HSCs

and progenitor cells in vivo during hematopoietic stress conditions in adult mice.

Aim of this thesis was to reveal a possible role of Ccn2 during steady state conditions in adult
hematopoietic and/or stromal cells and to shed light on how Ccn2 loss will affect stress induced

hematopoiesis during different stress conditions.

For this purpose, we decided to use an inducible conditional Ccn2 knockout model in which
CcnZ2 is deleted in adult mice in the hematopoietic as well as in the stromal compartment. After
Ccn2 deletion, hematopoietic and stromal composition were investigated under steady state
conditions and compared to different hematopoietic stress conditions such as 5-FU, LPS, bone
marrow transplantation and irradiation studies. Moreover, we used apoptosis and BrDU
studies, as well as immunofluorescence stainings to reveal possible altered intracellular
signaling pathways and to shed light on the Ccn2 involvement in stress induced regulation of
HSCs.
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2 Material and methods

2.1 Material

2.1.1 Consumption-utensils

Utensils Manufacturers
Cell Culture Dish, 10 cm, growth- TPP Techno Plastic Products AG
enhanced treated (Trasadlingen, CH)

Cell Culture Plates Cellstar 6, 12, 24, 48 Greiner Bio-One GmbH (Frickenhausen,

well DE)
Cryogenic vial, 2 mL Corning Inc. (Corning, USA)
Disposable bags Carl Roth (Karlsruhe, DE)

Filter Vacuum driven disposable bottle Millipore Co. (Billerica, USA)
top filter Steritop

Filter 22 pm, 30 pm, 45 pm BD™ Filcon, BD Bioscience (Heidelberg,
DE)

Filter tips TipOne 1-10 pL, 20 - 200 pL, Starlab (Hamburg, DE)

200 - 1000 pL

Freezing container Mr Frosty ™ — Thermo Fisher Scientific

Cool Cell ® - Bio Cision

Hamilton Needle: 6/pk Hamilton (Bonaduz, CH)

MACS LS cell separation collumns Miltenyi Biotec (Bergisch Gladbach, DE)

MicroAmp® Fast 96-Well Reaction Plate | Applied Biosystems (Foster City, U.S.A.)

Microcentrifuge safe-lock tubes, 1.5, 2 Eppendorf AG (Hamburg, DE)

mL

Monoject, blunt cannula needles Kendall Healthcare (Mansfield, USA)

Mortale Thermo Fisher Scientific Inc. (Waltham,
USA)

Needles, 100 Sterican, 27 Gauge B. Braun Melsungen AG (Melsungen, DE)
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Pestle

Thermo Fisher Scientific Inc. (Waltham,
USA)

Polylysine® Slides

Thermo Fisher Scientific Inc. (Waltham,
USA)

Polypropylene centrifuge tubes 15, 50

mL

Greiner Bio-One GmbH (Frickenhausen,
DE)

Round-bottom 96 well plate

Nunc A/S (Roskilde, DK)

Serological Pipettes, 2, 5, 10, 25, 50 mL

Greiner Bio-One GmbH (Frickenhausen,
DE)

S-Monovette Blood Collection System

Sarstedt AG & Co. (NUmbrecht, DE)

Superfrost Plus™ Adhesion Microscope
Slides

Thermo Fisher Scientific Inc. (Waltham,
USA)

Super PAP PEN

Thermo Fisher Scientific Inc. (Waltham,
USA)

Syringes, U-40 Insulin, Omnifix, 1 mL

B. Braun Meslungen AG (Melsungen, DE)

Syringes single-use Omnifix 3/5/10 mL

B. Braun Meslungen AG (Melsungen, DE)

Table 1. List of used consumption-utensils

2.1.2 Machines and equipment

Machines and equipment Name

Manufacturers

Animal Blood Counter

Counter Scil Vet AbcTM

Scil vet academy
(Viernheim, DE)

Astrios S1

ARIA lllu

Incubator Hera Cell 240 Heraeus Instruments
(Hanau, DE)
Cell sorter MoFlo High Speed Beckman (Coulter, US)

Beckman (Coulter, US)

BD Bioscience (New
Jersey, U.S.)

Centrifuges

Megafuge 3.0RS,

Multifuge 3S

Heraeus Instruments
(Hanau, DE)
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Biofuge fresco

Sigma 1-14

Heraeus Instruments
(Hanau, D)

Heraeus Instruments
(Hanau, DE)

Sigma Laborzentrifugen
GmbH (Osterode am
Harz, D)

Counting chamber

Neubauer-improved

Paul Marienfeld GmbH
(Lauda Kdnigshofen, DE)

ELISA Reader Multiscan FC Thermo Fisher Scientific
Inc. (Waltham, USA)
Flouresence Microscope Leica DM RBE Leica, Wetzlar, Germany

Flow cytometer

CyAn ADP LxP8

Beckman (Coulter, US)

Ice machine S.-No:061244 Ziegra Eismaschinen
(Isernhagen, DE)
Laminar flow hood ANTAES 48/72 BIOHIT (Rosbach, DE)

Linear accelerator

Mevatron KD2

Siemens (Erlangen, DE)

Microscope CKX41 Olympus Corporation
(Tokyo, J)
NanoDrop ND-1000 NanoDrop Technologies

UV/Visspectrophotometer

(Wilmington, U.S.A.)

Precision scales PLJ 2100-2M Kern & Sohn GmbH
(Balingen, DE)

QuadroMACS Separator MACS Miltenyi Biotec (Bergisch
Gladbach, DE)

Radiation Unit (Typ RS225) Gulmay Gulmay (Suwanee,
U.S.A)

Radiation Unit (Typ OB29/902-1) | Buchler Buchler GmbH

(Braunschweig,

Germany)
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Real-Time PCR System

StepOne

Applied Biosystems
(Foster City, U.S.A.)

Thermal Cycler

PTC 100 Peltier

Bio-Rad (Philadelphia,
USA)

Thermomixer

comfort

Eppendorf AG (Hamburg,
DE)

UV-light Gel-Doc

XR Imaging System

R&D Systems
(Wiesbaden, DE)

Vortex

IKA MS1 minishaker

Werke & Co. (Staufen im
Breisgau, DE)

Table 2. List of used machines and equipment’s

2.1.3 Softwares

Software

Company

AxioVision

Carl Zeiss Microlmaging GmbH

FlowdJo, 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 Exel, Version 2010

Microsoft Inc.

Microsoft Power Point, Version 2010

Microsoft Inc.

Microsoft Word, Version 2010

Microsoft Inc.

Photoshop, Version CS5 Extented 12.0x32

Adobe Inc.

Step One Software, Version v.2.3

Thermo Fisher Scientific/ Applied

Biosystems

Table 3. List of used Software’s
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2.1.4 Chemicals

Chemicals

Company

Agarose Neo Ultra-Qualitat

Carl Roth (Karlsruhe, DE)

Alizarin Red S

Sigma-Aldrich (Taufkirchen, DE)

Dimethyl sulfoxide (DMSO)

SERVA Electrophoresis GmbH
(Heidelberg, DE)

Diphtheria toxin

Merck Group (Darmstadt, DE)

Ethanol, 99.8%

AppliChem (Darmstadt, DE)

Ethidium bromide, 1% solution

Carl Roth (Karlsruhe, DE)

Ethylendiamintetraessigsaure (EDTA)

Carl Roth (Karlsruhe, DE)

Glycerol

Sigma-Aldrich (Taufkirchen, DE)

Hygromycin B

Clontech (Saint-Germain-en-Laye,
France)

Isofluran 100%

CP-Pharma Handelsgesellschaft mbH
(Burgdorf, DE)

Isopropanol Sigma-Aldrich (Taufkirchen, DE)
Methanol Sigma-Aldrich (Taufkirchen, DE)
Oil Red O

Paraformaldehyde (PFA), neutral buffered, 10%

Sigma-Aldrich (Taufkirchen, DE)

Polybrene

(
(
Sigma-Aldrich (Taufkirchen, DE)
(
(

Sigma-Aldrich (Taufkirchen, DE)

Propidium-Jodid (PI)

Invitrogen (Darmstadt, DE)

SlowFade Gold Antifade Reagent with DAPI

Invitrogen (Darmstadt, DE)

Sodium tetraborate derahydrate

Sigma-Aldrich (Taufkirchen, DE)

SuperSignal® West Pico/Dura/Femto
Extended Duration Substrate

Pierce Biotechnology (IL, USA)

Trypan blue

Invitrogen (Darmstadt, DE)

Tween 20

Carl Roth (Karlsruhe, DE)

UltraPure Dnase/Rnase-Free Distilled Water

Invitrogen (Darmstadt, DE)

B-mercaptoethanol

Invitrogen (Darmstadt, DE)

Table 4. List of used chemicals
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2.1.5 Biological reagents

Biological reagents

Company

Adipogenic Supplement

R&D Systems (Wiesbaden, DE)

Albumin Fraction V, 298 %, bovine (BSA)

Carl Roth (Karlsruhe, DE)

Cell Adhere™ Type | Collagene

Stemcell Technologies (Kéln, DE)

Collagenase Type 1

Worthington Biochemical (Corp, U.S.A)

DNase |

Sigma-Aldrich (Taufkirchen, DE)

Fetal calf serum (FCS)

PAA (Célbe, DE)

Gelatin from bovine skin

Sigma-Aldrich (Taufkirchen, DE)

Horse serum (HS)

BioWhittaker (Vallensbaek, DK)

Human LDL

Stemcell Technologies (Kdln, DE)

Lipofectamine®2000

Invitrogen (Darmstadt, DE)

Lipopolysaccharides (LPS) from

Escerichia Coli 055:B5

Sigma-Aldrich (Taufkirchen, DE)

miL-11 R&D Systems (Wiesbaden, DE)
mSCF R&D Systems (Wiesbaden, DE)
NGF R&D Systems (Wiesbaden, DE)

Osteogenic Supplement

R&D Systems (Wiesbaden, DE)

Penicillin/Streptomycin

Invitrogen (Darmstadt, DE)

PRI724-Inhibitor

Selleckchem (Housten, US)

Proteinase K

Thermo Fisher Scientific Inc. (Waltham,
USA)

Puromycin

Invitrogen (Darmstadt, DE)

SMAD 2/3-Inhibitor

Selleckchem (Housten, US)

Trypsin 10x

Invitrogen (Darmstadt, DE)

Table 5. List of used biological reagents
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2.1.6 Buffer, Medium and Solution

2.1.6.1 Ordered buffer, medium and solution

Ordered buffer, medium and solution

Company

Adipogenic/Osteogenic Base medium

R&D Systems (Wiesbaden, DE)

ACK Lysing Buffer

Thermo Fisher Scientific Inc. (Waltham,
USA)

BIT 9500 Serum Substitute

Stemcell Technologies (Kdln, DE)

a-MEM plus GlutaMAX

Invitrogen (Darmstadt, DE)

DMEM

Invitrogen (Darmstadt, DE)

Dulbecco’s PBS (DPBS)

PAA (Célbe, DE)

IMDM

Thermo Fisher Scientific Inc. (Waltham,
USA)

Minimum Essential Medium Eagle

Sigma-Aldrich (Taufkirchen, DE)

MethoCult M3434

Stemcell Technologies (Kdln, DE)

OptiMEM

Invitrogen (Darmstadt, DE)

0.5% Trypsin-EDTA (10x)

Invitrogen (Darmstadt, DE)

Table 6. List of ordered buffers, medium and solution

2.1.6.2 Self-made buffer, medium and solution

Self-made buffer, medium and solution

Composition

Alizarin Red solution

e 1 mg/mL in deionized H2O

Blocking buffer (IF)

e 10% FCS
e 0.1% Triton-X
e 89.9% PBS

Destain solution

e 10% Cetylpyridiumchloride
¢ 10mM Sodiumphosphate
e —>atpH7.0

EDTA solution

e 0.5 Min deionized H,O (pH=8.0)
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FACS buffer (500 mL)

500 mL PBS
0.5% BSA

Gelatin solution (1%, 500 mL)

5 g Gelatin powder
500 mL deionized H,O

HF2+ buffer (1 1)

10% HBSS (10x)

2% FCS hi

0.1% mL HEPES

100 U/mL penicillin

100 mg/mL streptomycin
86% deionized H20

NaB buffer

0.01 M disodium tetraborate
deionized H.O

MEF and NIH medium (500 mL)

445 mL DMEM (+L-glutamine)
10% FCS hi

100 U/mL penicillin

100 mg/mL streptomycin

MSC medium (500 mL)

a-MEM plus GlutaMAX
10% FCS hi

100 U/mL penicillin

100 mg/mL streptomycin
10 mM B-Mercaptoethanol

Oil Red O Stock solution

0.5 g Oil Red O

100 mL Isopropanol

Stroma medium (500 mL)

a-MEM plus GlutaMAX
15% FCS hi

5% HS hi

100 U/mL penicillin

100 mg/mL streptomycin
10 mM B-Mercaptoethanol
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Collagenase digestion o

2 ml DMEM with 10% FCS
200 pl HBSS (10x)

20 pl Collagenase Type Il
6 pl Dnase | (5mg/mL)

Freezing medium .

10% DMSO

FCS

Table 7. List of self-made buffers, medium and solution

21.7 Kits
Kits Company
Annexin V Kit BD Pharming (San Diego, U.S.A)

APC/FITC BrdU Flow Kit

BD Pharming (San Diego, U.S.A)

CBA Kit

BD Pharming (San Diego, U.S.A)

Comet Assay Kit

BD Pharming (San Diego, U.S.A)

Lineage cell depletion Kit (mouse)

Miltenyi Biotec (Bergisch Gladbach, DE)

Power SYBR Green PCR Master Mix

Applied Biosystems (Foster City, USA)

Quanti Tect Reverse Transcription Kit

Quiagen Inc. (Hilden, DE)

VWR Red Taq DNA Polymerase Master Mix

VWR life science (Pennsylvania, U.S)

RNeasy Micro Kit

Quiagen Inc. (Hilden, DE)

RNeasy Mini Kit

Quiagen Inc. (Hilden, DE)

Senescence Cells Histochemical Staining Kit

Cell Signaling Technology (Danvers,
u.S)

Wizard® Genomic DNA Purification Kit

Promega (Medison, U.S.)

Table 8. List of used kits
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2.1.8 Primary and Secondary Antibodies

2.1.8.1 Primary Antibodies

2.1.8.1.1 Primary Antibodies for flow cytometry

Antigens Clone Flourochrome | Volume/1*10® | Company
cells

Anti-mouse 145-2C11 | PE-Cy5.5 0.1l ebioscience
CD3e (San Diego, CA, USA)
Anti-mouse 30-F11 PE-Cy5.5 0.1l ebioscience
CD4 (San Diego, CA, USA)
Anti-mouse 53-6.7 PE-Cy5.5 0.1l ebioscience
CD8a (San Diego, CA, USA)
Anti-mouse M1/70 APC, APC- 0.1 uL ebioscience
CD11b eFluor®780 (San Diego, CA, USA)
Anti-mouse 390 APC 0.1 uL ebioscience
CD31 (PECAM-1) (San Diego, CA, USA)
Anti-mouse RAM34 FITC 0.1 uL ebioscience
CD34 (San Diego, CA, USA)
Anti-mouse 30-F11 FITC, PE, PE- | 0.1 uL ebioscience
CD45 Cy5.5. PE- (San Diego, CA, USA)

Cy7,

eFluor®450,

APC, APC-

eFluor®780
Anti-mouse RA3-6B2 | PE-CY7,PE- | 0.1l ebioscience
CD45R Cy5.5 (San Diego, CA, USA)
(B220)
Anti-mouse 2B8 APC, PE 0.1 uL ebioscience
CD117 (KIT) (San Diego, CA, USA)
Anti-mouse 9D1 APC, PE 0.1 uL ebioscience
CD150 (San Diego, CA, USA)
Anti-mouse PE 0.1 uL ebioscience

eBioALC48 :

CD166 (San Diego, CA, USA)
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Anti-mouse RB6-8c5 | €Flour450® 0.1 uL ebioscience

Gr-1 (Ly-6G) (San Diego, CA, USA)
Anti-mouse D7 PE, PE-Cy7 0.1 uL ebioscience

SCA-1 (San Diego, CA, USA)
Anti-mouse TER119 PE, 0.1 uL ebioscience

TER119 eFlour450® (San Diego, CA, USA)
Biotinylated 145-2C11 0.1 L ebioscience
anti-mouse (San Diego, CA, USA)
CD3e

Biotinylated M1/70 0.1 pL ebioscience
anti-mouse (San Diego, CA, USA)
CD11b

Biotinylated HM48-1 0.1 uL ebioscience
anti-mouse (San Diego, CA, USA)
CD48

Biotinylated RA3-6B2 0.1 uL ebioscience
anti-mouse (San Diego, CA, USA)
B220

Biotinylated RB6-8C5 0.1 uL ebioscience
anti-mouse (San Diego, CA, USA)
Gr1 (Ly-6G)

Biotinylated TER-119 0.1 uL ebioscience
anti-mouse (San Diego, CA, USA)
TER-119

Table 9. List of used primary antibodies for flow cytometry

2.1.8.1.2 Primary Antibodies for Imnmunofluorescence

Antigens Catalo Antibody Conc. Company
g Nr. species
53BP1 NB100- rabbit 1:50 Novus Biologicals (Wiesbaden,
305 DE)
Acetyl-p53 2570 rabbit 1:50 Cell Signaling Techn. (U.S)
AKT 9272s rabbit 1:100 Cell Signaling Techn. (U.S)
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Beta catenin 2677s mouse 1:100 Cell Signaling Techn. (U.S)
(L54E2)

BrdU [Bu1/75 ab6326 rat 1:100 Abcam (U.S)

(ICR1)]

CBP 7389 rabbit 1:50 Cell Signaling Techn. (U.S)
CDC42 07-1466 rabbit 1:100 Upstate/Millipore (U.S)
CDC42-GTP 26905 mouse 1:200 New East (DE)

CDKN1B 610242 mouse 1:100 BD Transduct. Laborat. (U.S)
C/EBPalpha 22959 rabbit 1:50 Cell Signaling Techn. (U.S)
Cyclin D1 2978 rabbit 1:25 Cell Signaling Techn. (U.S)
E2F1 ab179445 | rabbit 1:100 Abcam (U.S)

[EPR3818(3)]

ERK1 sc-94 rabbit 1:50 Santa Cruz Biotechnology (U.S
gamma H2AX | 05-636 mouse 1:50 Upstate/Millipore (U.S)
GP-130 Sc-655 mouse 1:100 Santa Cruz Biotechnology (U.S
GSK-3beta 9315 rabbit 1:100 Cell Signaling Techn. (U.S)
hTGF-beta1 MAB240 mouse 1:100 RnD Systems

Ikk alpha + lkk | ab178870 | rabbit 1:100 Abcam (U.S)

beta

Jak2 3230 rabbit 1:100 Cell Signaling Techn. (U.S)
p16INK4a TA336585 | rabbit 1:100 OriGene (U.S)

p27 [Kip1] 610242 rabbit 1:100 BD Pharmingen

p300 CT 05-257 mouse 1:100 Upstate/Millipore (U.S)

p53 2524S mouse 1:50 Cell Signaling Techn. (U.S)
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p53 AC (K379) | 2570 rabbit 1:50 Cell Signaling Techn. (U.S)
P-AKT (S473) 4060 rabbit 1:100 Cell Signaling Techn. (U.S)
P-AKT (Thr308) | 2965 rabbit 1:100 Cell Signaling Techn. (U.S)
p-Beta Catenin | 9561s rabbit 1:50 Cell Signaling Techn. (U.S)
(S33/37/T41)

p-ERK 4377 rabbit 1:100 Cell Signaling Techn. (U.S)
p-GSK-3beta 5558 rabbit 1:100 Cell Signaling Techn. (U.S)
(S9)

p-LRP6 2568 rabbit 1:100 Cell Signaling Techn. (U.S)
P-SMAD2 9510 rabbit 1:100 Cell Signaling Techn. (U.S)
(S465/467)/

PSMAD3

(S423/425)

p-STAT3 sc-8059 mouse 1:100 Santa Cruz Biotechnology (U.S
p-STAT5 9359 rabbit 1:100 Cell Signaling Techn. (U.S)
(Y694)

PTEN 9559 rabbit 1:100 Cell Signaling Techn. (U.S)
RelA 8242T mouse 1:100 Cell Signaling Techn. (U.S)
RelB 105448 rabbit 1:100 Cell Signaling Techn. (U.S)
SIRT ab110304 | rabbit 1:100 Abcam (U.S)

STAT3 119352 mouse 1:100 Abcam (U.S)

STATS 9363 rabbit 1:100 Cell Signaling Techn. (U.S)
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TAL-1 12831S rabbit 1:100 Cell Signaling Techn. (U.S)
TGFBR1/ALK-5 | AP0145 rabbit 1:100 OriGene (U.S)

7PU-N
TGF-B8 11888 rabbit 1:100 Cell Signaling Techn. (U.S)
Receptor Il
(D3A1)
Ubc13 ab25885 rabbit 1:100 Abcam (U.S)

Table 10. List of used primary antibodies for immunofluorescence

2.1.8.2 Secondary Antibodies

2.1.8.2.1 Secondary Antibodies for flow cytometry

Reagents

Conjugate

Volume/1*106 cells

Company

Streptavidi

n eFluor450®

0.1 uL

Invitrogen (Darmstadt, DE)

Table 11. List of used secondary antibodies for FACS

2.1.8.2.2 Secondary Antibodies for Inmunofluorescence

Antigens | Catalog Nr. | Antibody Conc. | Company
species Flourochrom

Mouse | A10036 Donkey Alexa-Fluor 546 | 1:500 | 1ermo Fisher
Scientific Inc. (U.S)

Rabbit | A11010 Goat Alexa-Fluor 546 | 1:500 | 1ermo Fisher
Scientific Inc. (U.S)

Mouse | A11001 Goat Alexa-Fluor 488 | 1:500 | 1ermo Fisher
Scientific Inc. (U.S)

Rabbit | A32731 Goat Alexa-Fluor 488 | 1:500 | 1ermo Fisher
Scientific Inc. (U.S)

Table 12. List of used secondary antibodies for immunofluorescence
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21.9 Primer

2.1.9.1 PCR Primer

Name

Sequence 5" > 3’

Cre transgen Forward

ATC CGA AAA GAA AAC GT

Cre transgen Reverse

ATC CAG GTT ACG GAT ATAGT

Ccn2 Forward

AAT ACC AAT GCACTT GCC TGG ATG G

Ccn2 Reverse

GAA ACA GCA ATT ACT ACA ACG GGA
GTG G

WT Forward AAA GTC GCT CTG AGT TTG TAT
WT Reverse GGA GCG GGA GAA ATG GAT ATG
ROSA Reverse CCT GAT CCT GGC AATTTCG

Table 13. List of PCR primers

2.1.9.2 RT-PCR Primer

Name

Sequence 5" > 3’

Ccn2 Forward

GCGAGAGCTGAGCATGTGTCCTCC

Ccn2 Reverse ACTTGCCACAAGCTGTCCCT
Gorasp2 Forward CACTGGGTTCCCTGTACCAC
Gorasp2 Reverse GATGCGACTCACAGAGACCA

Rpl39 Forward

ATTCCTCCGCCATCGTGCGCG

Rpl39 Reverse

TCCGGATCCACTGAGGAATAGGGCG

Table 14. List of RT-PCR primers

2.1.10 Vectors

Name Factory

pLKO.1 Open Biosystems, Huntsville, AL, USA
pMD2.G Open Biosystems, Huntsville, AL, USA
psPax2 Open Biosystems, Huntsville, AL, USA
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shCcn2

Open Biosystems, Huntsville, AL, USA

Table 15. List of used vectors

2.1.11 Cell lines

Name

Factory

NIH/3T3

Littlefield, J.W., NIH 3T3 cell line.
Science, 1982.

Phoenix™ ecotropic helper-free

retroviral producer cells

G Nolan, Stanford, USA

UG26-1B6 pLKO.1

Oostendorp et al. 2002;
Renstrom et al. 2009

UG26-1B6 shCcn2

Istvannfy et al., 2015

UG26-1B6 shSfrp1

Renstrom et al. 2009

Table 16. List of used cell lines

2.1.12 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

(Ly5.1)

129B6 Sfrp1*

Laboratory of Akihiko Shimono
(Satoh et al. 2006),
Breeding in ZPF

C57BL/6.J Sfrp1'o/ex

Breeding in ZPF

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

Breeding in ZPF

C57BL/6.J Sfrp1*

Breeding in ZPF

C57BL/6.J Sfrp144

Breeding in ZPF
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ROSA26-CreER™

Laboratory of Anton Berns (Hameyer D,
et al., 2007)
Breeding in ZPF

Ccnzfllﬂ

Laboratory of Andrew Leask (Liu S et al.,
2013)
Breeding in ZPF

ROSA26-CreER™/Ccn2"

Laboratory of Yokoi (Toda et al., 2017)
Breeding in ZPF

Table 17. List of used mice strains
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2.2 Methods

2.2.1 Molecular Biological Methods
2.2.1.1 Genomic DNA Isolation

Genomic DNA (gDNA) isolation was performed using Wizard® Genomic DNA Purification Kit
(Table 8). Therefore, tissues were digested in 300 yL Nuclei Lysis Solution containing
Proteinase K (200 ug/mL, Table 5) and 60 pL of a 0.5 M Ethylenediaminetetraacetic acid
(EDTA, Table 4) solution (pH 8.0) at 55°C with gentle shaking. On the next day, proteins were
isolated by adding 300 uL of Protein Precipitation Solution, following an incubation step on ice
for 5 minutes and a centrifugation at 13,000 x g for 10 minutes. The supernatant containing
deoxyribonucleic acid (DNA) was transferred into a fresh 1.5 mL microcentrifuge tube
containing 600 uL isopropanol, inverted and centrifuged at 13,000 x g for 5 minutes. The
isopropanol was discarded, and pellets were washed with 600 uL 70% ethanol and centrifuged
at 13,000 x g for 5 minutes. Ethanol was carefully aspirated, and the pellets were air-dried for
60 minutes. The DNA was ready to use, after rehydration with 100 uL DNA Rehydration

Solution and an incubation at 65°C for 1 hr.

2.2.1.2 Genotyping Polymerase-Chain-Reactions for Ccn2 Conditional Mice

For genotyping on the basis of Polymerase-Chain-Reactions (PCR) we used VWR Red Taq
DNA Polymerase Master Mix (1.1x Master Mix, 2.2 mM MgCl, Table 8) containing dNTPs,
DNA Tag polymerase dimethyl sulfoxide (DMSO) and a loading buffer. The primers used for
all PCRs are listed in the Table 13.

Two different PCRs (Ccn2, Cre) were performed to determine the genotype of the mice. With
the Ccn2 PCR we distinguished between a floxed and a WT gene. The Cre PCR was used to
confirm the harboring of ROSA26-CreER™. PCRs were prepared according to the following

scheme:
Control (Ccn2 ""*); Ccn2 ™7 Cre
Master Mix 18 pL 18 uL
Each Primer-F and Primer-R 1L 1L
gDNA 1L 1L
Total volume 20 yL 20 yL

Table 18. Content PCR scheme
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The PCR was adapted to the annealing temperatures of each primer pair and executed in a

PTC 100 Peltier Thermal Cycler (Table 2) with following programs:

Control (Ccn2 ")

and Ccn2 "

Cre

Denaturation

Annealing

Extension

Hold

Cycles

(from step 2-4)

95°C for 5 minutes

94°C for 30 sec

65°C for 30 sec

72°C for 2 minutes

72°C for 8 minutes

4°C forever

35 x

95°C for 7 minutes

94°C for 30 sec

58°C for 45 sec

72°C for 1 minutes

72°C for 8 minutes

4°C forever

35 x

Table 19. PCR programs

2.2.1.3 Agarose Gel Reaction

The separation of the PCR product was performed on a 1.5% agarose gel (NaB buffer based)

containing ethidium bromide (0.5 pg/mL) in an electrophoresis chamber with NaB buffer (0.01

M disodium tetraborate). Gel electrophoresis was performed at 180V for 45 - 60 minutes. The

separated PCR products were then visualized under UV-light on BioRad Gel-Doc XR Imaging

System (Table 2).
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Ccn2 PCR Cre PCR

wess | <« 1 1003 bp
»»»»»»» W = e | <« +/+878bp

- — | +/A587 bp

<+— Cre 825 bp

Control
Ccn2"4
Ccn244
Positive
Cre+
Cre+
Positive

Figure 8. Representative picture for the genotyping of Ccn2 conditional mice. On the left side the
Ccn2 PCR products with the 878-base pair (bp) DNA fragment of the Control mice, the 878 bp and 587
bp containing DNA fragments of the Ccn2"¥4 and the deleted DNA fragment with 587 bp from the
Ccn2*4 mice. The positive control shows all three amplified DNA fragments, the floxed DNA fragment
(Cen2™ without tamoxifen) with 1003 bp, the wildtype (WT) fragments with 878 bp and the deleted Ccn2
with 587bp. On the right side the Cre PCR product with (825) bp for RosaCre positive mice is shown.

2.21.4 Gene Expression Analysis

For the analyzation of possible differences in gene expression, a quantitative real time PCR
(RT-PCR) was executed. Ribonucleic acid (RNA) isolation was performed depending on the
cell number with the RNeasy Mini Kit (Table 8) for cell numbers > 5x10° and for cell numbers
< 5x10° with the RNeasy Micro Kit (Table 8). The lysis of cells and nuclei membrane was
executed by resuspension of the cell pellet in RLT (Mini Kit) or RLT+ buffer (Micro Kit)
containing 1% 3-mercaptoethanol (Table 4) to reduce RNAse activity. Cells were vortexed and
furthermore homogenized by a QlAshredder spin column. Binding of the RNA to the silica-
based membrane in the RNeasy spin column (Mini Kit) or RNeasy MinElute spin column
(Micro Kit) was enhanced by the addition of one volume 70% ethanol (Table 4). Then the
column was washed once with 700 yL RW1 and either two times with 500 uL RPE buffer (Mini
Kit) or one time with 500 uL RPE buffer and afterwards with 500 uL 80% ethanol (Micro Kit) to
remove contaminations. Total RNA was eluted using either 30 yL (Mini Kit) or 14 pyL (Micro
Kit) nuclease free water. The isolated total RNA using the RNeasy Mini Kit was measured
using the NanoDrop (Table 2). The total RNA isolated with the Micro Kit was directly used for

reverse transcription.
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The RNA was then reverse transcribed into copy DNA (cDNA) following the manufacturer

descriptions of the Quanti Tect Reverse Transcription Kit (Table 7).

Genomic DNA (gDNA) elimination: Reverse-transcription:

1L gDNA Wipeout Buffer (7x) e 1 pL Quantiscript Reverse Transcriptase

* 1ug RNA sample e 4 pL Quantiscript RT Buffer (5x)
e Variable RNase free water o 1 pL RT Primer Mix
14 pl total volume 6 pl total volume

Table 20. Genomic DNA elimination and reverse-transcription master mix preparation

To remove gDNA and reverse-transcribe the total RNA into cDNA a master mix was prepared

as shown in Table 20.

The gDNA elimination master mix was added to the total RNA and incubated for 2 minutes at
42°C. Then the reverse-transcription master mix was added to each sample and incubated for
15 minutes at 42°C, following an incubation step for 3 minutes at 95°C to inactivate the

Quantiscript Reverse Transcriptase.

To quantify the cDNA in order to analyze the expression of a specific gene we used the Power
SYBR Green PCR Master Mix (Table 7). The primers used for target genes as well as
housekeeping genes are listed in Table 14. Components that were used for RT-PCR are

shown in Table 22.

RT-PCR components:

e 10 yL SYBR Green
e 0.03 ROX (1:50)

e 0.1 pL Primer-F

e 0.1pL Primer-R

e 1 uLDNA

e 8.77 uL H0

e 20 i total volume

Table 21. RT-PCR pipette scheme
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Normalization was performed according to the specific housekeeping gene of different cell
populations. For hematopoietic cells we used Gorasp and for stromal cells Rpl39 as
housekeeping gene. To compare different RT-PCR plates, we normalized the results to the

universal mRNA.

2.2.1.5 Single Cell Gel Electrophoresis Assay (SCGE)/Comet Assay

For the analyzation of possible differences in DNA damage after irradiation of the control and
Ccn2*4 mice a Comet Assay was executed as described by the manufacturer instructions of
the OxiSelect™ Comet Assay Kit (Table 8).

As a first step the Lysis Buffer, Electrophoresis Running Solution and Alkaline Solution was
prepared, the OxiSelect™ Comet Agarose was heated to 90 - 95°C for 20 minutes in a water
bath and was cooled down for 20 minutes in a 37°C water bath. Then 75 uL of the Comet

Agarose were added on the OxiSelect™

Comet Slide before it was stored horizontally at 4°C
for 15 minutes. Freshly sorted 1000 LSK (Lin"Sca1Kit") cells were prepared as they were
centrifuged for 5 minutes at 500 x g, washed with ice - cold 1x PBS and centrifuged again..
The cells, resuspended in 8 uL ice — cold 1x PBS, were then mixed with 72 yL of Comet
Agarose, transferred on the top of the earlier prepared Comet Agarose Base Layer and stored
horizontally at 4°C for 15 minutes in the dark. Then, the slide was incubated in a basin prefilled
with pre-chilled Lysis Buffer for 30 to 60 minutes at 4°C in the dark, before replacing the Lysis
Buffer with the Alkaline Solution and storing the slide again for 30 minutes at 4°C in the dark.
Alkaline Electrophoresis was performed by prefilling a gel electrophoresis chamber with ice —
cold Alkaline Solution, positioning the slide horizontally into the chamber and starting the
electrophoresis at 15 V for 15 to 30 min. Afterwards, the slides were three times immersed
horizontally into a basin prefilled with deionized (DI) H2O for 2 minutes. Then the slides were
transferred in cold 70% ethanol for a duration of 5 minutes. Before the slides were incubated
with 100uL/well Vista Green DNA Dye (1:10,000 diluted in TE buffer), the slide was air - dried
to get rid of the remaining ethanol. The visualization of the comet tails (DNA damage) were
performed using constant settings on a Leica DM RBE fluorescent microscope (Table 2) with

an AxioVision software (Carl Zeiss, Table 3).
2.2.2 Protein Biochemical Methods

2.2.2.1 Immunofluorescence Staining

The fixed and dried stored cells (sorted cells and adherent grown cells) were reactivated by
the incubation of 1x PBS for 15 minutes at room temperature (RT). Then, the non-specific

binding sites were blocked by 1 hr incubation using blocking buffer (Table 7) followed by the
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incubation of the primary antibody (Table 10) diluted in blocking buffer over night at 4°C. On
the next day, the slides were washed three times with blocking buffer for 10 minutes at RT and
incubated again over night at 4°C with the secondary antibody (Table 10) which was
additionally diluted in blocking buffer. Afterwards, the slides were washed two times with
blocking buffer and one time with 1x PBS for 10 minutes before the cells were counterstained
with SlowFade Gold Antifade Reagent with DAPI (Table 4) and covered with a cover slide
(Table 1). 30-40 cells were recorded at 100-fold magnification on a Leica DM RBE fourescent
microscope using an AxioVision software (Carl Zeiss). Then the protein content was analyzed

as previously described (Schreck et al., 2017).

2.2.2.2 Cytometric Bead Array (CBA) Assay

For the detection of possible differences in the expression of inflammatory cytokines such as
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), we used
the BD™ Cytometric Bead Array (CBA) Mouse Inflammation Kit (Table 8). For this assay the
mouse inflammation standard was diluted from 1:2 to 1:256. Then, for each single tube
(standards and sample tubes) a master mix was prepared containing 3 puL of each capture
bead. The serumsamples were thawed on ice and 50 uL were then added to each sample
tube. As a next step, 18 uL of the PE detection and master mix of the capture beads were
added to the sample tubes, following by an incubation at 4°C over night. On the next day,
300 pyL Wash Buffer were added and the samples were centrifuged at 500 x g for 5 minutes.
Afterwards, the supernantant was remove by aspriration and the cytokine/bead pellet was
resuspended in 300 yL Wash Buffer. The labeled cytokines were measured using flow
cytometry on CyAn ADP Lx P8.

2.2.3 Cell Biological Methods
2.2.3.1 Cell Culture of Adherent Cells

Culturing of adherent cells was performed on 0.1% gelatin - coated cell culture dishes except
for mouse embryonic fibroblasts (MEFs). Therefore, the cell culture dishes were covered with
0.1% gelatin and cultured for 30 minutes at 37°C with 5% CO.. Cells were then cultured on
these culture dishes in the appropriated cell culture media at 37°C (except for UG26-1B6 which
was cultured at 33°C) with 5% CO. until they reached 80% confluence. Then the culture media
was removed, and the cells were washed two times with 1x PBS. In a next step, 1x Trypsin
was added for 5 to 10 minutes and the trypsin reaction was stopped by 2 volumes of culture
media containing fetal calf serum (FCS). The cells were centrifuged for 5 minutes at 500 x g
to remove the trypsin/culture media mixture and used for further studies.
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2.2.3.1.1 Culture of Cell Lines

Culturing of the cell lines was performed by using the UG26-1B6 (urogenital ridge-derived) cell
line between passage 4 to 16 (Table 16) and the NIH/3T3 cell line between passage (Table
16). The deep - frozen cryogenic vials containing cells were thawed for 10 seconds in 37°C
water bath. Immediately after the 10 seconds the cells were covered with 5 mL Stroma medium
(Table 7) for the UG26-1B6 cell line and with NIH medium (Table 7) for the NIH/3T3 cells to
reduce the cell toxic DMSO. Afterwards, the cells were centrifuged for 5 minutes at 500 x g.
The cell lines were cultured in appropriated cell culture media (UG26 — Stroma medium Table
7, NIH/3T3 — NIH medium Table 7) with a starting density of 30-40% at 37°C with 5% CO..

2.2.3.1.2 Culture of Primary Cells

The isolated mouse embryonic fibroblasts (MEFs; E11.5, E13.5 or E14.5) were isolated and
cultured in passage 0 (p0) as described in 2.2.4.2.1. MEF cells were then passaged on a 10
cm? culture dish when visible colonies were grown (4 to 5 days). Then the cells were either live
frozen in FCS with 10% DMSO (freezing medium, Table 7) or passaged every 4 to 5 days until

they reached passage 3. Afterwards the cells were counted and used for further analysis.

Mesenchymal stem cells (MSCs) were isolated from the bone chips as previously described
by Zhu et al., in the year 2010. The culture medium from the cultured bone chips (2.2.4.2.1)
was changed three days after culture to remove non - adherent cells. Then, the cells were
passaged every 3 to 4 days at 80% confluency. At passage 1, half of the cells were live frozen
in freezing medium and the other half was cultured till passage 3. Afterwards, the cells were

trypsinized, pelleted by centrifugation, counted and used for further analysis.

2.2.3.1.3 Adherence Assay

To test whether the cells show differences in their ability to adhere to plastic, 1000 MSCs
(2.2.3.1.2) were cultured for 1 hr at 37°C with 5% CO.on 0.1% gelatin-coated superfrost slide
(Table 1). Then the slide was washed three times with 1x PBS and the remaining cells were
fixed with 4% paraformaldehyde (PFA) for 10 minutes. The nuclei of the cells were stained
using SlowFade Gold Antifade Reagent with DAPI (Table 2) and covered with a cover slide.
The number of adherent cells was measured by counting the blue fluorescent nuclei on the

Leica DM RBE fluorescent microscope with an AxioVision software (Carl Zeiss).

58



Material and methods

2.2.3.1.4 Colony-Forming-Unit-Fibroblasts (CFU-Fs)

The ability of MSCs to form CFU-F’s was determined by culturing 500 (2.2.3.1.2) cells in one
well of a 6 - well plate covered by 2 mL MSC medium.

Three days later, the colonies were fixed using 70% ethanol. 15 min later the ethanol was
discarded and the fixed CFU-F’s air dried. Then the wells were stained using 0,1% crystal
violet solution for a duration of 45-60 min. After washing with distilled water (3x) numbers of

colonies were determined under the microscope (Table 1).

2.2.3.1.5 Growth Curve (GC)

For the analyzation of possible differences in cell growth, we cultured 10,000 MSCs (2.2.3.1.2)
in a 0.1% gelatin-coated well (6-well plate) with 2 mL MSC medium (Tale 7) at 37°C with 5%
CO.. Every 3 to 4 days when one well of the experiment reached 80 to 90% confluence all
cells were detached using 1x Trypsin (Table 4). Cells were counted and again 10,000 cells
were cultured. In the case, that the cell numbers was < 10,000 cells per well all the remaining
cells were cultured. The growth curve was finished when there were no cells of one genotype

left to culture.

2.2.3.1.6 Differentiation Assay

The potential of multipotent lineage differentiation is one of the main characteristics of MSCs.
Differentiation into the osteogenic and adipogenic lineage in vitro happened either
spontaneously or induced by the usage of the Stem Vivo Osteogenic/Adipogenic Base Medium

with supplements (Table 6).

2.2.3.1.6.1 Spontaneous differentiation

For the spontaneous differentiation of the MSCs into mature lineages, 1x10° were cultured in
a 6-well plate with 2 mL MSC medium (Table 7) at 37°C with 5% CO.. The cells were cultured
without passaging until the differentiation was visible. Then the cells were stained for

adipogenic and osteogenic differentiation.

2.2.3.1.6.2 Induced Adipogenic differentiation and staining

For induced adipogenic differentiation 10,000 MSCs (2.2.3.1.2) were cultured in a 24-well plate
with 1 mL MSC medium at 37°C with 5% CO.. On the next day the cells were washed three
times with 1x PBS and cultured with the Stem Vivo Osteogenic/Adipogenic Base Medium
containing supplemented the Adipogenic supplement 1:100 (Table 8) until lipid drops were
visible (4 to 7 days).
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Oil red staining

Spontaneously adipogenic differentiated cells as well as induced adipogenic differentiated
cells were washed with 1x PBS and fixed with 10% PFA at RT for 15 minutes, when multiple
lipid vesicles where visible (4 to 7 days after induction). The lipid drops were stained with the
liposoluble staining solution Oil Red O (Table 4). Therefore, 0.5 g of Oil Red O was diluted in
100 mL isopropanol and heated at 56°C for 60 minutes. This stock solution was then diluted
3:2 in distilled water and passed through a 45 um filter (Table 1). The fixed cells were washed
two times with 1x PBS and covered with the 60% Oil Red O for 10 minutes at RT.
Subsequently, the cells were washed three times with 1x PBS following by microscopically
examination of the red stained vesicles. After representative pictures were made, the Oil red
O extraction was performed by adding 100 yL 100% isopropanol and measured at 520 nm OD

in a multiplate reader (Table 2).

2.2.3.1.6.3 Induced Osteogenic differentiation and staining

Osteogenic spontaneous differentiation was performed by For osteogenic differentiation 7,000
MSCs p3 (2.2.3.1.2) were cultured in a 24-well plate with 1 mL MSC medium at 37°C with 5%
CO2. On the next day, the cells were washed three times with 1x PBS and cultured with the
Stem Vivo Osteogenic/Adipogenic Base Medium containing supplemented the Osteogenic
supplement 1:20 (Table 8) until a osteogenic differentiation was visible (between two and three

weeks).

Alizarin red staining

The osteogenic differentiation was fixed two weeks after induction. Therefore, the cells were
washed with 1x PBS and fixed with 10% PFA at RT for 30 minutes. Induced osteogenic
differentiated and spontaneously differentiated cells were then washed three times with
1x PBS. The calcium deposition of the cuboidal formic osteogenic differentiated cells was
stained covering the cells with 40 mM Alizarin Red (pH=4.2, Table 4) as it binds through a
chelation process to Ca?*. Staining was performed at RT for 10 minutes with gentle agitation.
Subsequently, the cells were washed with 1x PBS, pictures were taken, and the Alizarin Red

was destained using 100 pL Destain Solution (Table 7).

2.2.3.1.7 Scratch Assay

The scratch assay was performed by seeding 100,000 MSCs (2.2.3.1.2) per well in a 6-well
plate. On the next day a crosswise scratch was generated using a pipette tip. Representative

pictures were taken from the artificial cross at the starting point (O hr) and after 6, 12 and 24
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hrs using a microscope. The migration of the cells was then measured via ImageJ software
(Table 3).

2.2.3.1.8 Senescence Assay

The analyzation of cellular aging was performed using the Senescence Cell Histochemical
Staining Kit (Table 8). Here, we cultured 1x10* cells without medium change in a 12-well plate
at 37°C with 5% CO.. After one week the cells were washed three times with 1x PBS before
they were fixed for 6 to 7 minutes at RT using the 1x Fixation Buffer. Then the cells were
covered with 500 uL staining mixture and incubated overnight at 37°C without CO- to ensure
a permanent pH = 6. Measurement was performed by taking 10 representative pictures from

each well and by counting senescence (blue stained) and non-senescence (not stained) cells.

2.2.3.1.9 Colony-Forming-Unit Assay

The colony-forming-unit assay was executed using the methylcellulose medium supplemented
with growth factors (Table 6) as described in the manufacturer's instructions. For the MEF
project, the clones grown from the single cell cultures (1/2 plate — 30 wells) were collected and
cultured for 10 days at 37°C with 5% CO.. After the culture the different colony types and
numbers were evaluated. Additonally, the cells were harvested with HF2+ buffer and stained

for surface markers for flow cytometry analyzation on CyAn ADP Lx P8.
2.2.3.2 Single-Cell Culture

2.2.3.2.1 Generating Conditioned Serum Free Medium

To generate conditioned medium for single-cell cultures, we used the hematopoietic stem cell
supportive stromal UG26-1B6 cell line (Oostendorp et al., 2002) or primary MEF cells (Romero
Marquez and Hettler et al., 2020).

Therefore, passage 4 of cultured MEF- and passage 12 to 16 of UG26-1B6 cells were
immortalized with 30 Gy irradiation (Table 2) at 90% confluence. Then the MEF- and UG26-
1B6 cells were washed twice with 1x PBS and covered with 12 mL of the serum free culture
medium (BIT 9500 Serum Substitute,Table 6) containing 100 U/mL penicillin, 100 mg/mL
streptomycin and 10 mM B-mercaptoethanol. In some experiments 40 ug/mL of low-density
lipoprotein (LDL,Table 5) was added to the medium. The MEF cells were incubated at 37°C
and the UG26-1B6 at 33°C with 5% CO.. After three days the conditioned medium was

collected and deep frozen in 6 mL aliquots in 15 mL tubes at -20°C until further use.
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2.2.3.2.2 Single-Cell Sort and Culture

For single-cell culture we used a 96-well round-bottom plate that was prepared as previously
described by (Istvanffy et al. 2015). In brief, single CD34" SLAM cells were sorted into the inner
60 wells containing 100 pL of the 0.25 nm filtered serum free medium (SFM) ,either conditioned
or freshly used, supplemented with 100 ng/mL mSCF (stem cell factor) and 20 ng/mL IL-11
(Table 5), and in some experiments additionally supplemented with 250 ng/mL NGF (nerve
growth factor) and 300 ug/mL Collagen 1 (Table 5). To prevent a dry out of the CM the
surrounding wells were filled with 100 yL nuclease free water. Immediately after the sort the
plate was centrifuged for one second at 300 x g and visually inspected for cells. For the next
5 to 7 days the number of cells was microscopically determined every 24 hrs. Additionally, to
the cell numbers, the proliferation and differentiation was studied after 5 to 7 days by a Colony-
Forming-Unit Assay (M3434, 2.2.3.1.9) or flow cytometry analyzation. In some experiments
the self-renewal potential was studied by transplantation of 20 cells/mouse into lethally

irradiated mice.
2.2.3.3 Flow Cytometry Analyzation

2.2.3.3.1 Preparation for Cell Sort — Lineage Depletion

Lineage depletion from the flushed bone marrow (BM) was performed according to the
manufacturer’'s recommendations of Lineage cell depletion Kit (Table 8). The separation of
mature and primitive hematopoietic cell populations is based on a biotinylated monoclonal
antibody cocktail binding the mature cell population (lineage positive cell population).
Therefore, the BM cells were incubated with the Biotin-Antibody-Cocktail for 10 minutes at 4°C.
Then, the lineage positive cells were secondary labeled with an anti-biotin magnetic antibody
(MicroBeads) for 10 minutes at 4°C. Separation was performed using a MACS Separator
(Table 1). Therefore, a MACS Column was placed in the MACS Separator that produces a
magnetic field in which the non-labeled lineage negative cell population could passes through
the column. In order to obtain the labeled lineage positive cell population, the cells have to be

outside the magnetic field.

2.2.3.3.2 Flow Cytometry Staining

For fluorescence associated cell sorting (FACS) analyzation the cell surface markers were
stained in 100 yL HF2+ buffer containing fluorescence associated antibodies (Table 9). The
study of hematopoietic cells was performed in the peripheral blood (PB), bone marrow (BM)
and spleen (SP). The composition of the hematopoietic mature cells was analyzed in the BM

and SP using 2x10° and for the more primitive cell populations we stained 5x10° cells. The
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whole cell pellet from the PB as well as lineage depleted BM or stromal cells were used for
analyzations. Staining of the cells was performed on ice for 1 hr. Afterwards, the cells were
washed with 2 mL HF2+ buffer and centrifuged at 500 x g for 5 minutes. The cell pellet was
resuspended in 500 uL of HF2+ buffer with 1 ug/mL Propidium-Jodid (PI) and studied on a
CyAn ADP Lx P8.

2.2.3.3.3 Apoptosis Assay

The study of potential differences in cell death due to extrinsic cell conditions was determined
by the apoptosis assay. Therefore, 3000 sorted LSK cells were cultured in control medium
(UG26-1B6 pLKO.1 or SFM 4GF) and conditioned medium from UG26-1B6 (shCcn2) or from
MEF cells (2GF or 4GF) in a 12-well plate at 37°C with 5% CO.. After 48 hrs the cells were
harvested and the wells were washed three times with 2 mL HF2+ buffer following a
centrifugation step for 5 minutes at 500 x g. Staining of the samples was performed by adding
500 pL Annexin Buffer (Table 8) with 0.1 ug/mL Pl and 2 yL AnnexinV-FITC for 15 minutes at
4°C following the analyzation by flow cytometry on a CyAn ADP Lx P8.

2.2.4 Animal Experimental Techniques

2.2.41 Invivo Techniques

2.2.4.1.1 Mice Strains

The in vivo experiments were performed with ROSA26-ERT2CRE/floxCcn2 mice (Ccn2",
and Ccn2”%). As controls we used age- and sex- matched ROSA26-ERT2CRE positive
(Ccn2"™ or Control) littermates in all experiments. Adult mice (eight to ten weeks) were
injected intraperitoneally (i.p.) for 3 to 4 days with 0.2 mg/g body weight (BW) tamoxifen (in
ethanol and diluted in peanut oil, Sigma Aldrich Table 4) to generate ROSA26-ERT2CRE/Ccn2

mice (Ccn2""™ or control, Ccn2"%2, and Ccn2%%).

In the transplantation experiments, the F1 crosses of 129S2/SvPasCrl (129; CD45.2) and
either B6.SJL-Ptprca Pepcb/BoyJCrl (Ly5.1; CD45.1) or C57BL/B6.JCrl (B6; CD45.2) were
used as donor or recipients in extrinsic or intrinsic transplantation assays. All these mice were
received from Charles River Laboratories. All animal studies were approved by the section
Consumer Protection, Veterinary Services, and Food Hygiene of the Government of Upper
Bavaria (Regierung Oberbayern, Munich, Germany). Before the experiments, the mice were
housed for at least a week in micro-isolators under specific pathogen-free conditions at the
Centre of Preclinical Research (TranslaTUM, Munich), according to the Federation of

Laboratory Animal Science Associations and institutional recommendations.
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For the generation of mouse embryonic fibroblast (MEFs) C57Bl/6J CR and ROSA26-
ERT2CRE/floxCcn2 (Ccn2""™™ or control Ccn2** littermates; Toda et al., 2013) mice were

used.

2.2.4.1.2 In vivo Transplantation Assay

The transplantation assay, also called repopulation assay, was performed in vivo using a
competitive transplantation of fresh and cultured (single cell culture) CD34 SLAM or LSK cells
into lethally irradiated recipient mice. For the transplantation assays, we used the CD45
congenic system (CD45.1 and CD45.2) in order to differ between donor and recipient cells as

previously described (Renstrém and Istvanffy et al., 2009; Schreck et al., 2017).

For the transplantation of fresh and cultured donor cells, we either sorted 300 CD34 SLAM
(LT-HSCs) cells 1500 LSKs or 250,000 whole BM cells. In the single cell culture experiments
we transplanted 20 clones/mouse after 5 days of culture. The donor cells were pelleted and
resuspended in 100 pL HF2+ buffer together with 100.000 BM and 500.000 Spleen
cells/mouse as helper cells of 129xB6 mice. We used eight to ten-week-old lethally irradiated
recipient mice (8.5 Gy) for tranplantation of donor cells via intravenous injection in the tail vain
(i.v.). Via subcutaneous (s.c) injection the transplanted mice received 8 mg/kg bodyweight of
the antibiotic Convenia® (80 mg/ml, Zoetis). Additionally, they received 1 mg/ml Borgal®
solution (24%, Virbac) for a duration of three weeks in the drinking water.

At 5 and 10 weeks after transplantation the PB was collected in a EDTA coated tube from the
facial vein and analyzed for the efficiency of the engraftment by flow cytometry. 16 weeks after
transplantation the mice were sacrificed and the BM, SP and PB hematopoietic cells were
collected for the analyzation by flow cytometry. An efficient engraftment was detected at = 1%

lymphoid and = 1% myeloid donor cell engraftment in the PB.

2.2.4.1.3 In vivo Irradiation Assay

The study of possible differences in cell regeneration without Ccn2 were executed using a
general deletion of hematopoietic and stromal cells upon sublethal irradiation (4.5 Gy,Table
2). At the age of eight-till twelve-weeks control and Ccn2*? mice were irradiated using g-
irradiation (4.5 Gy). Depending on the experiment, the mice were sacrificed 2, 5, or 14 days
after irradiation to analyze the effect of Ccn2 in hematopoietic and stromal cells during
irradiation stress and regenerative stress response. The hematopoietic organs and stromal

cells were isolated as described earlier in 2.2.5.
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2.2.4.1.4 In vivo Lipopolysachharide (LPS) Assay

To analyze the reaction of the hematopoietic cells in their ability to defense against pathogens
the in vivo lipopolysachharide (LPS, Table 5) assay was executed. Eight- till twelve-weeks old
control and Ccn2* mice were intraperitoneal (i.p) injected with 1 ug LPS. 24 hrs after injection
the PB, BM, SP and stromal niche cells were isolated and prepared for flow cytometry staining
as described in 2.2.5.

2.2.4.1.5 BrdU Incorporation Assay

Cell cycle analyzation of the hematopoietic cells was performed using the BrdU
Bromodeoxyuridine (5-bromo-2'-deoxyuridine,Table 8) incorporation assay. Therefore, the
mice were sublethal irradiated (4.5 Gy) and 4 days later intraperitoneally (i.p.) injected with 1
mg BrdU diluted in HF2+ buffer. One day later the BM cells were flushed from the femur and
tibia. Staining of the appropriate surface markers was executed prior to BrdU staining. The
labeling of BrdU with an anti-BrdU antibody was performed following the manufacturer

instructions before the cells were analyzed by flow cytometry.
2.2.4.2 Exvivo Techniques

2.2.4.2.1 Preparation of Tissue Samples

To analyze the impact of Ccn2 in hematopoiesis and stromal cells we isolated the mouse
embryonic fibroblast (MEFs), peripheral blood (PB), spleen (Sp), bone marrow (BM) and

stromal niche cells.

For the generation of MEF cells adult mice were mated in the late afternoon. The embryonic
day 0 (EO) was determined when a vaginal plug was visible at the female mice in the early

morning.

Depending on the project, the female mice were sacrificed with isoflurane and cervical
dislocation 11.5 and 13.5 (MEF project) or 14.5 (Ccn2 project) days after appearance of the
vaginal plug. The uteri were isolated and washed in HF2+ buffer (Table 7). Then the embryos
were separated from the uteri and dissection needles were used to separate the head from
the body. The red organs (AGM region, heart and liver) were removed and the remaining
embryo was chopped up with dissection needles and plated in a 10 cm? cell culture dish
covered in 12 mL MEF culture medium (table 7) and cultured at 37°C with 5% CO..

Eight till twelve-week-old mice were sacrificed with isoflurane (isolation of PB) following a
cervical dislocation (when no PB was collected).
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The PB was either collected from the facial vein or directly from the heart with Hamilton Syringe
(Table 1) and stored in EDTA-coated vials (Table 1). Analyzation of the PB cell composition
was performed using the animal blood counter Counter Scil Vet AbcTM (Table 2). In some
experiments the blood serum was isolated by a centrifugation step for 10 minutes at 2000 x g
at 4°C. The supernatant, containing the serum, was collected into 1.5 mL tube. The serum was
immediately stored at -80°C until further use. The remaining cells were treated with 5 mL
Ammonium-Chloride-Potassium (ACK) lysing buffer (Table 6) for 15 minutes on ice to get rid
of the erythrocytes. Samples were washed with 5 mL HF2+ buffer and centrifuged at 500 x g
at 4°C. Cell pellet was resuspended in HF2+ buffer following the staining of the surface

markers and analyzation by fluorescence-activated cell sorting (FACS).

For the analyzation of the SP cell composition, the SP was isolated and placed in a sterile 100
um cell strainer and squeezed. Then the cell strainer was washed with 10 mL HF2+ buffer in
order to gain the number of cells. The cell suspension was homogenized by resuspendation.

Cells were then filtered through a 30 um filter and used for analysis.

The BM cells were obtained from the femurs and tibias of the hind legs by flushing out with
HF2+ buffer. BM flush out was resuspended to homogenize the suspension and passed

through a 30 um filter, centrifuged at 500 x g for 5 minutes and used for analysis.

Stromal niche cells were isolated as previously described by Zhu et al., in the year 2010.
Therefore, the flushed bones were crushed with mortar and pestle and the bone chips were
incubated with 2 mL collagenase digestion medium (Table 7) for 1.5 hrs at 37°C. After the
endosteal stromal cells were released from the bone chips the medium was aspirated, the
bones were washed several times with HF2+ buffer and the suspension were passed through
a 30 um filter. Afterwards, the endosteal cells were centrifuged at 500 x g for 5 minutes and
stained with appropriate surface marker antibodies for flow cytometry or sort analysis. The
remaining bone chips were washed with HF2+ buffer and cultured with MSC medium at 37°C
with 5% CO..

2.2.5 Statistical Analysis

Statistical analysis was executed using Mann-Whitney U test or unpaired and paired Student's
t-test (Prism, GraphPad Software, Table 3). The p value < 0.05 was set as the level

significance. All data are presented as the mean * standard deviation.
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3 Results

3.1 Establishment of a new single stem cell culture method using conditioned medium

of mouse embryonic fibroblasts

The study of hematopoietic stem cells (HSCs) at clonal resolution is a prerequisite for allowing
statements of stem cells. Clonal serum-free cultures of human HSCs had been described
previously (Zandstra et al., 1997). Cultures with murine HSCs were not as efficient, and a large
proportion of dead cells could be noted at relatively low Kitl levels (Nakauchi et al., 2001,
Lecaultetal., 2011). It was also shown that the urogenital ridge-derived (UG) 26-1B6 cell clone
supports the maintenance of repopulating HSCs, not only in cocultures for four weeks
(Oostendorp 2002a, 2002b), but also under non-contact conditions (Oostendorp et al., 2005,
Buckley et al., 2011). Wohrer and coworkers combined these findings to show that serum-free
conditioned medium (CM) of UG26-1B6 cells highly efficiently supports repopulating HSCs
together with low levels of Kit and IL-11 (Wohrer et al., 2014). They also described that the
addition of two other cytokines: nerve growth factor (NGF), and collagen 1 (Col1) could
substitute for the CM of UG26-1B6 in the capability of maintaining the stem cell status and

survival of the cells in vitro (Wohrer et al., 2014).

Since UG26-1B6 cells are not transformed completely and change over time (Oostendorp et
al., 2002b), we searched for alternative sources of CM to support HSC maintenance in stroma-
free cultures. We here describe a single-cell culture assay with new conditions in which we
used the CM of mouse embryonic fibroblasts (MEFs), which can be isolated freshly from
embryos. To determine the potential of the MEF-CM to maintain HSCs we decided to test
MEF-CM with either 2GF (SCF and IL-11) or 4GF (additionally NGF and Col1).

First, we performed single-cell culture assays with CD34" SLAM cells (CD34CD48
CD150"Lineage’ SCA1*KIT") from 129xLy5.1 mice in the serum-free (SFM 2GF and 4GF) or
serum-free conditioned media from MEFs conditions (MEF-CM 2GF, and MEF-CM 4GF). The
clone size of each well and each condition was monitored each day for a duration of five days.
Then, the clones (>2cells/well) were harvested and differentiation, HSC maintenance as well
as self-renewal potential of the clones was analyzed using different assays such as flow

cytometry, colony forming unit assay (M3434) or transplantation assays (Figure 9A).

Similar to our previous study (Wohrer et al., 2014), we found that the addition of NGF and Col1
to SFM with 2GF increased the number of wells with dividing cells compared to the culture with
2GF alone (84% vs. 67%; Supplementary Figure 1A). However, in comparison to Wohrer et

al., a lower survival was detectable (Supplementary Figure 1A, Wohrer et al., 2014). From this
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result, we hypothesized that under different culture conditions, NGF and Col1 may not
completely substitute for UG26-CM 2GFs and additional stromal factors may contribute or
synergize in the survival and cell cycle recruitment of HSCs. Thus, there is a need to further
define stromal cell factors substituting CM in HSC cultures. Since additional sources of CM will
be needed to optimally define factors maintaining HSC self-renewal, we chose to study a
robust, non-transformed source of mid-gestation embryonic stromal cells: mouse embryonic
fibroblasts (MEFs).

In order to find the best culture condition to maintain HSCs with MEF-CM in vitro we first tested
a series of different culture conditions with different methods of isolating and storing the MEF
cells as well as different culture supplements. In general, MEF cells are isolated for
experimental analysis at gestation day E13.5. However, as the UG26-1B6 cell lines were
generated from gestational day E11.5 we also tested CM from MEFs isolated at gestation day
E11.5. Interestingly, the CM from MEFs E13.5 showed similar numbers in dividing clones in
comparison to the CM from E11.5 MEFs (Supplementary Figure 1A.). As E13-14 embryos are
generally used for the support of embryonic stem cells (McElroy et al., 2008) and the isolation
of MEFs from E13.5 results in a higher yield of cells than E11.5, we decided to use the MEF-
CM at gestation day E13.5 for analyses of the HSCs and optimizations of the single-cell culture
assay. The aim of the next experiment was to assess the robustness of different individual
MEF-CM in their potential to maintain HSCs. For this purpose, we generated MEF-CM from
seven individual embryos at gestation day E13.5 and compared the individual variation with
the variation among single cell cultures with SFM and 4GF (Supplementary Figure 1B). After
4 and 5 days of culture we found no gross growth kinetics among the individual generated
MEF-CM with 4GF (Supplementary Figure 1B). Furthermore, we aimed to study the possibility
to freeze the MEF cells prior to generate the MEF-CM, eliminating the need to always work
with freshly isolated MEF-CM. For this purpose, we generated E13.5 MEFs and froze one half
of the cells at p1 and used the other half at p4 for fresh MEF-CM. Then the CM from the
previously frozen MEFs (same animal) at p4 was prepared. A single-cell culture assay was
performed with the fresh and frozen MEF-CM. Comparing both conditions, we did not find any
differences in the potential to stimulate cell cycle recruitment or proliferation when the p4 MEF
cells were frozen or used fresh (Supplementary Figure 2A). We also tested whether the CD34"
SLAM cells from different mouse strains frequently used in the lab behave similar in our
experiments. Therefore, we used the HSCs from BI6 mice and compared them with HSCs
isolated from 129xLy5.1 mice and found no differences in cell division, proliferation, or survival

of these cells (Supplementary Figure 2B).
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In experiments designed to compare single cell cultures in either MEF-CM or -4GF with serum-
free conditions, we found a significant increased mean clone size in the MEF-CM (both 2GF
and 4GF) compared to the SFM with 4GF which indicate an increased potential of the MEF-
CM to stimulate the cell-cycle and survival. In order to test this further, we analyzed the
recruitment of cells into cell cycle by investigating the number of wells with more than two cells
at each time point. Indeed, in the SFM with 4GF compared to the MEF-CM (2 and 4GF) the
cells revealed a longer time to first cell division as shown by the wells with >2 cells (Figure 9E)
and by the calculation of the time to first cell division (Figure 9F). Unexpectedly, there were no
differences found in the clone size or the enter in the cell cycle between MEF-CM with 2 or
4GF (Figure 9E, F, G).
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Figure 9. Single-cell cultures in SFM and MEF conditioned medium with 2GF and 4GF. (A)
Experimental design: Generation of conditioned medium by irradiation of 7x10%/10 cm? MEF cells and
incubating the SFM for three days. 96-round-bottomed plates were prefilled with SFM and MEF-CM,
containing either mSCF and IL-11 alone (2GFs) or additional NGF and Col1 (4GFs). Single CD34-SLAM
cells of 129xLy5.1 mice were sorted into each well and microscopically inspected for the presence of

cells. For a duration of five days the colony size was counted every 24 hrs. After five days the clones
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(=2cells/well) were harvested and either analyzed per flow cytometry or transplanted into 129xBI6 mice.
(B) Representative heat maps for the number of cell divisions for each CD34" SLAM cell at each day of
culture (first heat map culture in SFM with 2GF, second heat map shows the culture in SFM with 4GF).
(C) Representative heat maps for the number of cell divisions for each CD34- SLAM cell at each day of
culture (first heat map culture in MEF-CM with 4GF, second heat map shows the culture in MEF-CM
with 2GF). (D) Wells with cells over five days. Each dot represents the mean of the wells with cells of a
96-well plate with different conditions. (E) Wells with 22 cells in percentage for each day. Each dot
represents the mean of divided cells of a 96-well plate with different conditions (SFM with 4GFs, MEF-
CM 4GFs and MEF-CM 2GFs). (F) Calculated time to first division of cells cultured in SFM with 4GF,
MEF-CM with 4 and 2GF. (G) Counted mean of clone size over 5 days. Each dot represents the mean
clone size of a 96-well plate with different conditions (SFM with 4GFs, MEF-CM 4GFs and MEF-CM
2GFs). B and C show a representative example of two 96-well plates for each condition. D, E, F and G
show SFM in black dots, MEF-CM with 4GF in blue dots and MEF-CM with 2GF in red dots. D, E, F and
G show SFM in black dots, MEF-CM with 4GF in blue dots and MEF-CM with 2GF in red dots. Figures
D, E, F and G show five independently performed experiments with different donor mice: n = 11 for SFM
4GFs, n = 15 for MEF-CM 4GFs, and n = 11 for MEF-CM 2GFs; * p-value <0.05 show significance in
the comparison of SFM and MEF-CM (2GF and 4GF) using the Mann- Whitney U-test (Romero Marquez
and Hettler et al., 2020).

The cause of the difference in the cell number/well or time to first cell division between SFM
with 4GF and MEF-CM (2 and 4GF) is not entirely clear. We only monitor cell number, which
relies on the balance between cell death (loos of cells) and proliferation (increase in cell
number). Thus, reduced cell numbers are not necessarily caused by reduced proliferation but
could also be caused by increased cell death. This hypothesis is supported by the decreased
numbers of wells with cells between SFM with 4GF and the MEF-CM (2 and 4GF). As for the
cell numbers, both MEF-CM with 2 or 4GF supported increases in cell number in a similar
manner (Figure 9G). To test the rates of cell death between the different culture conditions,
Lineage'SCA1*KIT*(LSK) cells were cultured for 48 hours and survival was determination
using an apoptosis assay (Annexin V staining). The flow cytometric analysis of cell survival
using the apoptosis assay showed a reduced potential of SFM with 4GF to maintain the
survival of LSK cells in culture compared to MEF-CM with 2GF but not with 4GF (Figure 10A).

Besides the survival and cell cycle progression of the cells cultured in the different conditioned
media, it was of interest whether the different conditions may increase the self-renewal or the
differentiation potential of the HSCs into the different lineages. To answer these questions, we
performed different analyses. For all further experiment’s wells with cells of 22 were harvested
on day five. The flow cytometric study of differentiation potential or LSK retention revealed no

gross differences of all three media in the potential of cells to differentiate into Gr1*CD11b*
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and Gr1™CD11b* cells (Figure 10D). Interestingly, only the MEF-CM with 2GF maintained
the LSK phenotype significantly compared to the SFM with 4GF and additionally to the MEF-
CM with 4GF as shown in Figure 10F. As expected, the increased LSK numbers of cells
cultured in MEF-CM with 2GF resulted in a significantly increased potential of cells to form
myeloid colonies in a semi-solid medium (Figure 10G). The increased numbers of LSK cells
and the potential to form more colonies in the semi-solid medium from the cells cultured in
MEF-CM with 2GF, indicates that this culture condition is appropriate in the maintenance of

the progenitor function and the stem cell phenotype in vitro.
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Figure 10. Flow cytometry analysis of bulk cultured LSK cells and single cell cultured CD34-
SLAM cells. (A) Representative flow cytometry plots of Annexin V positive LSK cells after 48 hours
culture in SFM, MEF-CM with 4 and 2GF. (B) Analysis of Annexin V FACS in percentage of life cells
and Annexin V positive cells. (C) Representative flow cytometry plots of Gr1™4CD11b* and
Gr1*CD11b*cells. (D) Dot plots in percentage of pooled single cell cultured CD34" SLAM cells
differentiated into Gr1m¢CD11b* and Gr1*CD11b* after five days of culture in different media (SFM,
MEF-CM with 4 or 2 GF). (E) Representative flow cytometry plots of LSK cells maintained from pooled
single cell cultured CD34" SLAM cells after five days of culture in different media (SFM, MEF-CM with 4
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or 2 GF). (F) Dot plots in percentage of LSK cells after five days of culture in different media (SFM, MEF-
CM with 4 or 2 GF). (G) Dot plots of CFU from five days of cultured (SFM, MEF-CM with 4 or 2 GF) 35
input cells. B, D, E, F and G show SFM in black dots, MEF-CM with 4GF in blue dots and MEF-CM with
2GF in red dots. All figures show three independently performed experiments within A and B n=3 and
n=4 for each condition and C-F n = 3-5 plates per condition. * p-value <0.05 show significance in the
comparison of SFM and MEF-CM using the Mann- Whitney U-test (Romero Marquez and Hettler et al.,
2020).

The most important question was if the different culture conditions would support the self-
renewal potential of the repopulating HSCs. Therefore, we transplanted 20 clones with only
divided cells (=2 cells/well, at day 5) into lethally irradiated recipient mice and analyzed the
engraftment of the cells after five, ten and 16 weeks in the peripheral blood (Figure 11B). In
accordance with the number of LSK cells and the potential to form colonies (Figure 10F and
G) the engraftment in the PB of the HSCs cultured in MEF-CM with 2GF was the highest
among all three conditions. Especially five weeks after transplantation MEF-CM 2GF cells
show prominent engraftment. At later timepoints, stable high engraftment of cells cultured in
MEF-CM 2GF was detectable in the peripheral blood (Figure 11B). Lymphoid engraftment was
similar in transplanted cells from cultures with both MEF-CM 2GF and 4GF (Figure 11C). The
higher levels of engraftment are mostly due to an enhanced myeloid engraftment, which was
not so prominent in transplantations with cells from MEF-CM 4GF cultures (Figure 11D).
Additionally, we found the highest BM engraftment in the group of MEF-CM with 2GF (Figure
11E) and significant more CD34°CD48" LSK cells compared to the SFM 4GF group (Figure
11G). Interestingly, both MEF-CM 2GF and 4GF groups showed a higher engraftment and
self-renewal capacity of CD34° SLAM cells in culture than the SFM with 4GF (Figure 11G) with
a higher total number of HSCs revered from animals transplanted with cells from MEF-CM
2GF cultures (Figure 11G).
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Figure 11. Transplantation experiment for self-renewal maintenance capacity of the different
conditions. (A) Experimental design: Single-cell cultured 129xLy5.1 (CD45.1/CD45.2 double positive)
CD34 SLAM cells (cultured in SFM with 2GF and MEF-CM with 4 and 2GF) were harvested after five
days, pooled and 20 clones from cells 22 clones were transplanted into lethally irradiated 129xBI6
(CD45.2 positive) mice. 16 weeks after transplantation the mice were sacrificed, and the hematopoietic
cell composition was analyzed using flow cytometry. (B) PB donor cell engraftment after five, ten and
16 weeks of Tx. (C) Percentage of lymphoid and (D) myeloid engraftment in the PB after five, ten and
16 weeks of Tx. (E) Percentage of donor CD45* cell engraftment in the BM 16 weeks after Tx. (F)
Representative gating strategy of LSK cells in the BM from transplanted cells of the different conditions
(SFM 4GF, MEF-CM 4GF and MEF-CM 2GF). (G) Absolute numbers of donor CD34- CD48LSK cells
in the BM 16 weeks after Tx. B, C, D, E and G show SFM with 4GF in black dots, MEF-CM with 4GF in
blue dots and MEF-CM with 2GF in red dots. Data shows a total of n=11 mice for SFM with 4GF n=13
for MEF-CM with 4GF and n=8 for MEF-CM with 2GF. * p-value <0.05 show significance in the
comparison of SFM and MEF-CM using the Mann- Whitney U-test (Romero Marquez and Hettler et al.,
2020).
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3.2 Ccn2 during steady state and stress condition

3.2.1 \Verification of an efficient Ccn2 knockout

To assess the importance of Ccn2 expression for in vitro and in vivo hematopoiesis, we studied
this issue in knockout models. However, the Ccn2 knockout mice die immediately after birth
due to a malformation of the skeleton (lvkovic et al., 2003). Therefore, we used the tamoxifen-
inducible Rosa26-CreER™; Ccn2™ mice to determine the function of Ccn2 expression in
hematopoiesis. In order to study Ccn2 in young adult mice, we induced the Ccn2 deletion at
eight week old mice with 4x intraperitoneal tamoxifen (TAM) treatment (Ccn2¥“mice) and
confirmed successful deletion of exon 4 of the loxp-flanked Ccn2 gene in different tissues two

weeks after treatment (Figure 12). In all experiments we used the tamoxifen treated Rosa26-
CreER™ positive Ccn2"™! mice as controls.
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Figure 12. Verification of efficient knockout using PCR in different tissues. Tissues were isolated
two weeks after intraperitoneal (i.p.) TAM treatment. PCR products from amplified Ccn2 DNA fragments

from the tail, bone marrow (BM), peripheral blood (PB) and endosteal cells, spleen (Sp), liver and thymus
PCR products from amplified Ccn2 DNA fragments.

The verification of an efficient knockout was additionally performed in a cell population known
to be the putative source for Ccn2 expression in the bone marrow niche, the mesenchymal
stem and progenitor cells (MSCs) on mRNA level. The MSCs were grown out of the bone
fragments from control and Ccn2¥“mice and used for analysis at passage 4 (Figure 13A). In

Figure 13B the efficient confirmation of the Ccn2 knockout in cultured mesenchymal stem cells
is shown.
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Figure 13. Ccn2 RNA content in cultured MSCs (p4). (A) Experimental design: Bones were isolated
from TAM intraperitoneal (i.p.) treated control and Ccn2 floxed mice. BM was flushed out of the bones
and bone fragments were cultured on culture dishes. Stromal cells were cultured till p4 MSCs. (B) Ccn2
RNA content in control and Ccn2%4MSCs relative to housekeeping gene Gorasp?. Figure B shows a
bar diagram of Ccn2 mRNA content from MSCs of control: n=3 in white, and Ccn244 n=3 mice in black.

* p-value <0.05 show significance measurement using the Mann- Whitney U-test.

3.2.2 Function of Ccn2 during single-cell culture stress

In a previous study the culture of HSCs in CM from UG26-1B6-shCcn2 stromal cells revealed
an impaired proliferation with delayed entrance in the cell cycle which was the result of
increased SMADZ2/3 signaling (Istvanffy et al., 2015). Using the culture system developed in
section 3.1, we here wondered if CM of Ccn2 deficient MEF cells would show similar alterations
in HSC behavior.

For this purpose, we used the tamoxifen-inducible Rosa26-CreER™; Ccn2™ mice to isolate
MEF cells in order to generate Ccn2%4 MEFs. As a control we used Rosa26-CreER™?; Ccn2"

mice.

MEF cells were generated at gestation day E13.5. MEFs and were cultured as described in
2.2.3.1.2 Culture of Primary Cells and treated at passage one for 24 hrs with 4-OH the
metabolite of tamoxifen. Afterwards the cells were cultured till passage three, the serum-free
CM from control and Ccn2%4 was prepared and a single cell assay was performed as described
in 2.2.3.2 Single-Cell Culture and Figure 14A. In contrast to the previous study using CM of
UG26-1B6-shCcn2 CM, the single cell culture of control CD34" SLAM cells in CM with or
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without Ccn2 did not show differences in clone size, suggesting no effects of Ccn2 deletion in

MEFs or the existence of redundant factors (Figure 14B).
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Figure 14. Single-cell cultures in control and Ccn244 MEF conditioned medium with 2GF. (A)

Experimental design: BM isolation of ten till twelve-week-old control animals. CD34-SLAM single cell

sort in 96-round-bottomed plates prefilled with MEF-CM of control and Ccn244, containing mSCF and

IL-11 (2GFs). Microscopically investigation of the clone size at d1-d5 every 24 hrs. After five days the

clones (<2cells/well) were harvested and analyzed per flow cytometry. The mean clone size of one SCC

plate from cells cultured in control CM is shown in white and Ccn244CM in black dot plots. Experiments

show four different individuum'’s of control MEF CM and three individuum of Ccn244MEF CM. * p-value

<0.05 show significance in the comparison of control and the Ccn244using the Mann-Whitney U-test.

In addition, we investigated the possible differences of the behavior of CD34° SLAM cells from

either control or Ccn2¥ mice in single-cell cultures using control MEF-CM.
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In this experiment, the mice were treated with TAM i.p. and two weeks after the treatment the
BM was isolated and verified for an efficient knockout using polymerase chain reaction (PCR).
Then the BM was prepared for sorting of CD34'SLAM cells in the prepared single-cell plates
(Figure 15A). Interestingly, the Ccn2 knockout CD34  SLAM cells revealed a significant
decreased clone size after day three of culture compared to the control cells. This decrease
was maintained at culture day four and five (Figure 15B).
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Figure 15. Single-cell cultures of control and Ccn2%4CD34 - SLAM cells in control MEF
conditioned medium with 2GF. (A) Experimental design: BM isolation of ten till twelve-week-old
control and Ccn2%4 animals. CD34 SLAM single cell sort in 96-round-bottomed plates prefilled with
control MEF-CM containing mSCF and IL-11 (2GFs). Microscopically investigation of the clone size at
d1-d5 every 24 hrs. After five days the clones (<2cells/well) were harvested and analyzed per flow
cytometry. The mean clone size of one SCC plate from control cells in white round dots and Ccn244 in

white square dots cultured in control CM. Experiments show four different individuum’s of control- and
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five individuum of Ccn244 CD34 SLAM cells. *p-value <0.05 show significance in the comparison of

control and the Ccn244 using the Mann-Whitney U-test.

3.2.3 Ccn2 during steady state conditions
3.2.3.1 RNA content of Ccn2 during steady state conditions

We then went on to find out the role of Ccn2 expression in adult hematopoiesis in vivo. In a
first experiment we analyzed which cells express Ccn2 in vivo in adult mice at steady-state
conditions. Therefore, we used BI6 WT mice. In general, we found only a low expression in
the hematopoietic early- (LSKs), progenitor- (CLPs and MPS) and mature cell compartments
(B220* B cells, CD3e* T cells, Gr1*CD11b* granulocytes and Gr1™°CD11b* monocytes,
Figure 16A). In addition, low levels of Ccn2 expression were also noted in the stromal cell
populations (MSCs, OBCs, ECs) with the highest Ccn2 amount in the OBCs (Figure 16B) as
was noted in Ccn2-GFP reproter mice (Wang et al., 2015).
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Figure 16. Relative delta delta Ct expression of Ccn2 during steady state condition in
hematopoietic- and stromal cells. (A) Ccn2 mRNA content of LSKs, CLPs and MMPs as well as
mature hematopoietic cell types like B220*, CD3e*, Gr1*CD11b* and Gr1m¢CD11b* cells relative to
houskeeping gene Gorasp1 and universal mMRNA. (B) Ccn2 mRNA content of MSCs, OBCs and ECs
relative to universal mMRNA and to housekeeping gene Rp/39 and universal MRNA. The mean and SEM
of n = 3 is shown.
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3.2.3.2 Analysis of Ccn2 knockout during steady state in adult mice

3.2.3.2.1 Analysis of the hematopoietic cells after Ccn2 knockout during steady state

To further explore a possible role of Ccn2 during adult, steady state hematopoiesis we used
the Rosa26-CreER'™ positve Ccn2""" and Ccn2" mice and treated them for a duration of four
weeks with tamoxifen. Then we determined the hematopoietic cellularity in the peripheral blood
(PB), bone marrow (BM) and spleen (SP) in steady state healthy mice as shown in the

experimental design Figure 17A.

In the peripheral blood (PB) the percentage of mean corpuscular hemoglobin (MHC) was
significantly increased (p=0.02) the numbers of white blood cells (WBC), lymphocytes
(Lymph), monocytes (Mono), granulocytes (Gran), red blood cells (RBC), heamatocrit (HCT)
and platelates (PLT) were within a normal range in the Ccn2¥“ mice compared to the littermate

controls (Figure 17B).

A Experimental design

8 weeks 4 weeks Analysis
— » TAMfood —» of PB,
BM and Sp
Control; Ccn2fif Control; Ccn2¥4

B

| PB____| Control (n=5) | Ccn2¥ (n=7
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256 23 0.91 ns

0.16 0.11 0.71 ns

136 0.9 0.66 ns

8.21 8.32 0.90 ns

47.86 49.43 0.78 ns

16.86 17.33 0.02 p=0.02
791.8 1022 0.21 ns

Figure 17. Blood counter analysis after Ccn2 loss in adult mice during steady state conditions.

(A) Experimental design: Eigth week old control and Ccn2™ mice were treated for four weeks with TAM
food. Then the PB, BM and Sp were isolated for the analysis of the hematopoietic cell compartments.
(B) Blood counter data from WBC, lymph, mono, gran, RBC, HCT, MCH and PLT of control n = 5 and

Ccn2%4n = 7 mice. *p-value <0.05 show significance measurement using the Mann-Whitney U-test.
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Mice lacking Ccn2 gene showed unchanged peripheral blood, bone marrow and spleen
cellularity. In contrast to the Ccn2 knockout mice (lvkovic et al., 2003), adult conditional
tamoxifen-treated Ccn244 mice reveal only a slight decrease in B220* cells absolute numbers
in the BM (Figure 18B) and unchanged numbers in the PB and SP (Figure 18A and C)
compared to similarly treated controls. Although the CD3e" T-cells population was elevated in
the spleen (Figure 18C), T-cell levels were unchanged in PB and BM (Figure 18A and B).
Furthermore, myeloid populations (Gr1*CD11b* and Gr1™“CD11b*) were within normal range
in the PB, BM and Sp (Figure 18A, B and C). Taken together, no gross differences were
detectable during steady state conditions in adult mice when Ccn2 deletion was induced at

eigth week old mice for a duration of four weeks.
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Figure 18. Hematopoietic mature cell composition after Ccn2 deletion in the PB, BM and Sp at
steady state condition. (A) Cell number of WBC in 10%/l, and cell composition (B220*, CD3e",
Gr1*CD11b* and Gr1™¢CD11b*) in percentage of the PB and the corresponding representative gating

strategy. (B) BM and (C) SP total counted cell numbers, absolute cell numbers of mature cells (B220",
CD3e*, Gr1*CD11b* and Gr1m4CD11b*) and gating strategies. All data show the control in white and

the Ccn2¥4results in black bar graphs. Figures A, B and C show the results from two independently

performed experiments with n = 5 for control mice and n = 7 for Ccn2¥“mice. *p-value <0.05 show

significance in the comparison of control and the Ccn244using the Mann-Whitney U-test.
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In order to analyze possible differences in early hematopoiesis, we studied hematopoietic cell
subsets in multiparameter flow cytometry (Figure 19A). Similarly, the multipotent progenitors
LIN', Sca1, and Kit" (MPs) as well as their downstream progenitors common myeloid
progenitors (CMPs), megakaryocytic/ erythroid progenitors (MEPs) and granulocytic

progenitors (GMPs) were within normal range (Figure 19B).

The numbers of LIN", Sca1”, and Kit" (LSK) cells as well as the more earlier CD34" and CD34"
CD150"* LSK subpopulations were unchanged in adult steady state Ccn2¥4 mice (Figure 19C).
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Figure 19. Early hematopoietic cell composition after Ccn2 deletion in the BM at steady state

conditions. (A) Gating strategy for hematopoietic early cells. First the lineage negative population was
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seperated by excluding CD45*, Ter119* and CD48" cells. Then, LSK cells were gated as CD117* and
Sca1* while the MPs are Sca1". The LSK compartment can be seperated as CD34*LSK (ST-HSCs) and
CD34CD150'LSK (CD34°SLAM; LT-HSCs) cells. Myeloid progenitor cells were seperated as CD34
CD16/32° MEP, CD34*CD16/32" CMPs and the CD34*CD16/32* GMPs. (B) Absolute cell numbers of
MPs and myeloid progenitor cells (GMP, CMP, MEP) and (C) absolute cell numbers of LSKs,
CD34*LSKs and CD34'SLAM cells in the BM. All data show the control in white and the Ccn244 results
in black bar graphs. Figure B and C show the results from two independently performed experiments
with n = 5 for control mice and n = 7 for Ccn24“ mice. *p-value <0.05 show significance in the comparison

of control and the Ccn24using the Mann-Whitney U-test.

3.2.3.2.2 Analysis of the BM stromal cell compartment after Ccn2 deletion during

steady state

The previous experiments show that Ccn2 deletion does not affect hematopoiesis under
steady state conditions. We subsequently determined the cell number and different cell
composition of the endosteal cells when Ccn2 is deleted in adultuhood using multiparameter
flow cytometry (Figure 20A).

Similar to the hematopoietic compartment (Figure 18 and 19), the endosteal cell numbers
(Figure 20B) as well as (CD45/Ter119)- CD31" stromal cellularity and different subsets such
as CD31" endothelial cells (ECs), CD166" Sca1™ osteoblastic cells (OBCs) and CD1667°%
Sca1® mesenchymal stem cells (MSCs) were not affected when Ccn2 was lost (Figure 20C
and 20D).
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Figure 20. Endosteal cell composition after Ccn2 deletion at steady state condition. (A)

Experimental design: Eigth week old control and Ccn2™ mice were treated for four weeks with TAM

food. Then the endosteal cells were isolated for the analysis of the stromal cell compartment by flow
cytometry. (B) Endosteal counted cell numbers (C) absolute number of ECs and the representative
gating strategy. (D) Absolute cell numbers of OBCs and MSCs and the representative gating strategy.
All data show the results from two independently performed experiments with n = 5 for control mice and

n = 7 for Ccn2¥“mice. *p-value <0.05 show significance in the comparison of control and the

Ccn2¥4using the Mann-Whitney U-test
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3.2.4 Ccn2 during in vivo stress conditions

As the analysis of Ccn2 function during steady state condition in adult mice did not show any
effect (chapter Results 3.3.2), but however the stress induction using single-culture showed
an impaired proliferative behavior of the Ccn24* HSCs we suggested a role for Ccn2
exclusively during stress conditions in the adult hematopoiesis. This is in accordance with the
role of Ccn2 in our earlier published in vitro data (Istvanffy et al., 2015) as well as the data from
others (Igarashi et al., 1993; Leask et al., 2009; Takigawa, 2018; Zang et al., 2015) which also
indicated an essential role for Ccn2 during stress conditions. Therefore, we decided to further
study the impact of Ccn2 during different short-term stress conditions such as myeloablative
stress models using 5-Fluorouracil (5-FU), bacterial infection stress using lipopolysaccharide

(LPS) as well as during a prolonged model using BM transplantation.

3.2.41 Function of Ccn2 during 5-FU induced myeloablative stress

To induce severe stress, we treated the mice with the chemotherapeutic compound 5-FU. 5-
FU leads to myeloablation which activates dormant LT-HSCs to proliferate and differentiate in

order to restore the hematopoietic homeostasis (Longley et al., 2003).

To study the impact of Ccn2 expression during 5-FU-induced stress, we injected 5-FU i.p. into
ten- to twelve week old control and Ccn2¥4 mice and analyzed the hematopoietic cells in the

peripheral blood, spleen and bone marrow 14 days after injection (Figure 21A).

3.2.4.1.1 Function of Ccn2 during 5-FU induced myeloablative stress in hematopoiesis

The analysis showed similar recovery of the cellularity of the PB, BM and SP Ccn2¥4 compared
to control litermates (Figure 21B, C, D). Overall, the percentage of B220" B-cells, CD3e" T-
cells, Gr1*CD11b* granulocytes or Gri™?CD11b* monocytes of the PB was in a normal range
(Figure 21B). But, a significant 8.5-fold reduction of absolute cell numbers from CD3e" T-cells
was noted in the BM (Figure 21C) and a 1,66 fold reduced percentage of Gr1*CD11b*
granulocytes was observed in the SP (Figure 21D), while the other mature cell populations in
the BM and SP were unaffected (Figure 21C and D).
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Figure 21. Mature cell populations in the PB, Sp and BM after 5-FU treatment of control and
Ccn244 mice. (A) Experimental design: Two weeks after tamoxifen treatment (i.p.) the ten-week old
control and Ccn2%4 mice were i.p injected with 5-FU (150 mg/kg). 14 days after treatment the PB, SP
and BM hematopoietic cell compositions were analyzed using flow cytometry. (B) On the left the counted
cell number of WBCs in the PB as 10%uL and on the right side the percentage of B220*, CD3e",
Gr1*CD11b*, Gr1™dCD11b* mature cell populations in the PB are shown. (C) On the left side the
counted cell number of the Sp and on the right side the percentage of B220*, CD3e*, Gr1*CD11b",
Gr1medCD11b* mature cell populations are shown. (D) Counted cell number in the BM on the left and
the percentage of B220*, CD3e*, Gr1*CD11b*, Gr1™¢CD11b* mature cell populations on the right side
are shown. In all figures the control mice are shown in white bars with white dotplots that are surrounded

in blue and the Ccn2%4 mice are shown in black bars with black dotplots surrounded in blue. Figure 13
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show one performed experiment with n = 5 mice control mice and n =5 Ccn244 mice; * p-value <0.05

show significance in the comparison of control and Ccn244 using the Mann- Whitney U-test.

As the 5-FU treatment also activates HSC proliferation and Ccn2-deleted HSCs show reduced
proliferation in single cell cultures (Figure 15), we studied whether the proliferation after
myeloablation would alter progenitor or stem cell compartments (Figure 22A, B and C).
Contrary to the single cell results, the recruitment of dormant LT-HSCs into the cell cycle in
order to repopulate the BM hematopoietic cellularity did not reveal any changes in the absolute
cell numbers of the multipotent progenitor (MP) cells or their downstream common myeloid
progenitor (CMP), granulocyte - monocyte progenitor (GMP)- or megakaryocyte -erythrocyte
progenitor (MEP) cell composition (Figure 22B). In addition, no differences were found in the
absolute cell numbers of the LSK cells, CD34*LSKs or in the number of CD34'CD150"LSK
cells (Figure 22C).
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Figure 22. Myeloid progenitor and stem cells in the BM after 5-FU treatment of control and
Ccn2%4 mice. (A) Gating strategy for hematopoietic early cells. (B) Absolute number of MPs and the
myeloid progenitor cell numbers of CMPs, GMPs and MEPs. (C) Absolute cell numbers of LSKs,
CD34*LSKs and CD34'SLAM cells after 5-FU treatment in the control and Ccn244 mice. In all figures
the control mice are shown in white bars with white dotplots that are surrounded in blue and the
Ccn2%4 mice are shown in black bars with black dotplots surrounded in blue. Figures show one
performed experiment with n = 5 mice control mice and n = 5 for Ccn244 mice; *p-value <0.05 show

significance in the comparison of control and Ccn2¥4 using the Mann-Whitney U-test.

3.2.4.1.2 Function of Ccn2 during 5-FU induced myeloablative stress in stromal cells

Additionally, to the hematopoietic compartments we analyzed the stromal cell compartments
(Figure 23A) and found unchanged total cell numbers from endosteal cells, and unaltered
absolute cell numbers of endothelial cells (ECs), mesenchymal stem cells (MSCs) and

osteoblastic cells (OBCs) between the 5-FU treated controls and Ccn2¥4 mice.
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All'in all, our results indicate that Ccn2 expression is only marginally involved in hematopoietic

recovery after 5-FU-induced hematopoietic stress (Figure 23B and C).
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Figure 23. Stromal cell composition after 5-FU treatment of control and Ccn2%4 mice.
Experimental design: Two weeks after tamoxifen treatment (i.p.) the eight- till ten-week old control and
Ccn2¥ mice were i.p injected with 5-FU (150 mg/kg). 14 days after treatment with 5-FU the BM stromal
cell compositions were analyzed using flow cytometry. (B) Endosteal total cell numbers, absolute cell
number of ECs on the left side and the gating strategy on the right side are shown. (C) On the left the
absolute cell numbers of OBCs and MSCs are shown and on the right side their gating strategy. In all
figures the control mice are shown in white bars with white dotplots that are surrounded in blue and the
Ccn2%4 mice are shown in black bars with black dotplots surrounded in blue. Figure show one
performed experiment with n = 5 mice control mice and n = 5 Ccn2%4 mice; *p-value <0.05 show

significance in the comparison of control and Ccn244 using the Mann-Whitney U-test.

3.2.4.2 Function of Ccn2 during inflammatory stress using lipopolysaccharide

Enhanced Ccn2 levels are found in inflammatory diseases as well as in areas of severe tissue

damage (Leask et al., 2009; Liu et al., 2012). Indeed, Ccn2 was proposed to be an
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inflammatory mediator (Abraham et al., 2008; Kular et al., 2011; Liu et al., 2012) which
increases IL-6 expression in OA synovial fibroblasts (Liu et al., 2012) and plays a major role in
the development of systemic sclerosis (Abraham et al., 2008). Therefore, we studied the role
of Ccn2 during the early phase of inflammatory stress. For this purpose, we treated mice with
1 g lipopolysaccharide (LPS) to induce systemic inflammation. Mice were analyzed 24 hrs

after treatment (Figure 24A).

3.2.4.2.1 Function of Ccn2 during hematopoietic inflammatory stress

In these experiments, we observed an unchanged cellularity of WBC per 10%uL in the PB
(Figure 24B), as well as in the in the SP (Figure 24C) or BM (Figure 24D). Additionally, the
mature cell composition (B220*, CD3e* Gr1*CD11b* and Gr1™“CD11b", in PB, Sp and BM,
Figure 24B, C, D) was within a normal range. These data indicate no changes on the

inflammatory response on mature cell numbers in Ccn2** mice after 24 hrs.
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Figure 24. Mature cell populations in the PB, Sp and BM after LPS treatment of control and

Ccn2%4 mice. (A) Experimental design: Two weeks after tamoxifen treatment (i.p.) the eight- till ten-

week old control and Ccn244 mice were i.p injected with 1ug LPS. 24 hrs later the PB, SP and BM

hematopoietic cell compositions were analyzed using flow cytometry. (B) Cell number of WBCs in the

PB as 10%uL on the left, the percentage of B220*, CD3e*, Gr1*CD11b*, Gr1™4CD11b* mature cell
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populations in the middle and on the right side their gating strategy in the PB is shown. (C) Total cell
number in the Sp on the left, the percentage of B220*, CD3e*, Gr1*CD11b*, Gr1™¢CD11b* mature cell
populations in the middle and on the right side the gating strategy in the Sp is shown. (D) Total cell
number in the BM on the left, the percentage of B220*, CD3e*, Gr1*CD11b*, Gr1™4CD11b* mature cell
populations in the middle and on the right side the gating strategy in the BM is shown. In all figures the
control mice are shown in white bars with white dotplots that are surrounded in red and the Ccn244 mice
are shown in black bars with black dotplots surrounded in red. Figures show one performed experiment
in the SP with n = 5 control mice and n = 3 Ccn244 mice and two independently performed experiments
in the BM with n = 8 control mice and n = 5 Ccn2¥4 mice; *p-value <0.05 show significance in the

comparison of control and Ccn244 mice using the Mann- Whitney U-test.

In addition, when analyzing the BM using flow cytometry (Figure 25A), we found that absolute
numbers of MPs and the different progenitor cells CMPs, GMPs and MEPs (Figure 25B) were
within a normal range. However, contrary to these progenitor populations, earlier
hematopoietic compartments declined in Ccn2”* mice after LPS treatment compared to

controls.

These results indicate that in Ccn2”® mice, mature hematopoietic and progenitor populations
are not affected by LPS treatment. However, earlier LSK cells and its CD34" LSK and CD34"
SLAM subpopulations were significantly reduced compared to control mice (Figure 25C),

suggesting a relative depletion of HSCs in Ccn2”* mice.
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Figure 25. Myeloid progenitor and stem cells in the BM after LPS treatment of control and Ccn244

mice. (A) Gating strategy for hematopoietic early cells. (B) Absolute number of MPs and the myeloid
progenitor cell numbers of CMPs, GMPs and MEPs. (C) Absolute cell numbers of LSKs, ST-HSCs and

LT-HSCs cells after LPS treatment in the control and Ccn244 mice. In all figures the control mice are

shown in white bars with white dotplots that are surrounded in red and the Ccn244 mice are shown in

black bars with black dotplots surrounded in red. Figures show two independently performed

experiments with n = 8 control mice and n =5 Ccn2%4 mice; *p-value <0.05 show significance in the

comparison of control and Ccn2¥4 mice using the Mann-Whitney U-test (generated with masterstudent

Katharina Kaiser).
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3.2.4.2.2 Function of Ccn2 in inflammatory cytokine secretion during inflammatory

stress

To test whether the reduced HSCs numbers in Ccn2 deleted mice correlate to changes in
systemic cytokine levels, we analyzed the inflammatory molecules inflammatory cytokines in
the PB (serum) using cytokine bead assay (CBA, Figure 26A, B and C). The serum protein
content of IL-10, IFNy, and IL-12p70 in this experiment was unchanged between LPS treated
Ccn2-deleted and control mice (data not shown). Although a relation between CCN2 and IL-6
expression was shown in human synovial fibroblasts (Liu et al., 2012), we did not detect
differences in IL-6 serum levels of LPS-treated Ccn2** or control mice (Figure 26D). The
protein content of TNF-a on the other hand, appears to be reduced in Ccn2** mice, but due
to variation between mice this difference was not statistically significant (Figure 26D).
However, Ccn2 is necessary for the expression of the pro-inflammatory chemokine MCP-1
(CCL2) in the LPS treated mice as the concentration was significantly reduced in Ccn2*

compared to control mice (Figure 26D).

95



Results

1ug LPS
TAM i.p.
P 2 weeks : } 24 hrs PB and
/_Q — — Serum
isolation 1 Control
Control; Ccn24/a Control; Ccn2~/a B Ccn2 VA
Serum 24hr
Standard dilutions after LPS treatment
. Control
W Standard 8.fce1 » . Ccn2
B Standard 7.fc§3.4 1) J
Q B Sondd craes MCP-1— g
< [0 Standard 4.fc§3.3 D
‘}’ [@ Standard 3.fc§3.9 %
o [ standard 2.fc34.8 ©
(0] B Standard 1.fc42.5 ()
qu i ) . i W standard 0.fc§.43 o) | , : -
Cytokines-PE Cytokines-PE
TNF-
5 IL-6 alpha MCP-1
g 15: S S 2.5
E 2.0 © 1 o %
jli 104 1.5 + oo
5 1.0
c 2
‘T 0.5+
°
a O 0.0- 0

Figure 26. CBA from serum isolated of the PB after LPS treatment of control and Ccn244 mice.
(A) Experimental design: Two weeks after tamoxifen treatment the eight- till ten-week old control and
Ccn2¥4 mice were i.p. injected with 1ug LPS. 24 hrs later the serum from the PB was isolated and the
CBA as performed. (B) Standard dilutions for the analyzed cytokines (IL-6, IL-10, MCP-1, IFNg, TNF-a,
and IL-12p70). (C) Representative flow cytometry plot for the analysis of the cytokines in the serum of
24 hr LPS treated control (black) and Ccn244 (black) mice. (D) Analysis of the protein content in pg/mL
from IL-6, TNF alpha and MCP-1. In all figures the control mice are shown in white bars with white
dotplots that are surrounded in red and the Ccn2%4 mice are shown in black bars with black dotplots
surrounded in red. Figures show two independently performed experiments with n = 8 control mice and
n =5 Ccn2¥4 mice; *p-value <0.05 show significance in the comparison of control and Ccn244 mice

using the Mann-Whitney U-test (generated in collaboration with masterstudent Katharina Kaiser).
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3.2.4.2.3 Function of Ccn2 during niche cell inflammatory stress

The previous experiments explored the hematopoietic department. Since we are mainly
interested in the relevance of Ccn2 expression in the niche, we subsequently analyzed stromal

cell numbers in LPS-treated Ccn2¥4 and control mice (Figure 27A).

Here, we found no gross differences between the treated and Ccn2¥ mice in the total cell
number of non-hematopoietic endosteal cells (Figure 27B), the absolute EC numbers (Figure
27C) or the absolute number of OBCs (Figure 27D). However, a slight but, due to variation in
the control mice, not significant (p=0.085) decrease of absolute cell numbers from MSCs could

be observed in the Ccn2-deficient mice compared to the control mice (Figure 27D).

The possibly reduced MSC amount in Ccn2-deficient mice is inline with the view that Ccn2 is
pro-inflammatory and increasing MSC proliferation (Leask et al., 2009; Liu et al., 2012; Battula
et al., 2013). Moreover, MSCs part of the BM niche were found to be a source of MCP1 (Ren
et al., 2012).
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Figure 27. Stromal cell composition after LPS treatment of control and Ccn244 mice. (A)
Experimental design: Two weeks after tamoxifen treatment the eight- till ten-week old control and
Ccn2¥4 mice were i.p. injected with 1ug LPS. 24 hrs later the BM stromal cell compositions was
analyzed using flow cytrometry. (B) Endosteal total cell numbers. (C) Absolute cell number of ECs and
the gating strategy. (D) Absolute cell numbers of OBCs and MSCs on the left side and their gating
strategy on the right side. In all figures the control mice are shown in white bars with white dotplots that
are surrounded in red and the Ccn244 mice are shown in black bars with black dotplots surrounded in
red. Figures show two independently performed experiments with n = 8 control mice and n = 5
Ccn2%4 mice; *p-value <0.05 show significance in the comparison of control and Ccn244 mice using

the Mann- Whitney U-test (generated in collaboration with masterstudent Katharina Kaiser).
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3.2.4.3 Transplantation as a chronic stress model for the function of Ccn2

Ccn2 is known to be upregulated during stress responses triggering different signaling
pathways and behavior of cells (Leask et al., 2009; Istvanffy et al., 2015). The BM
transplantation model includes different stress situations (irradiation, myeloablation,
regeneration) in which Ccn2 might be involved over a longer period of time. For successful
regeneration (also called repopulation), transplanted donor long-term repopulating HSCs need
to home to the BM, self-renewal, proliferate, and differentiate in order to restore hematopoietic
homeostasis. Irradiation will not only affect recipient hematopoietic cells, but also stromal cells
with the result of an increased recipient stromal cell proliferation (Dominici et al., 2016). Aside
from reduced hematopoietic and stromal cell numbers in the BM, irradiation will induce an
inflammatory response with increased cytokine and chemokine secretion, including increased
MCP-1 secretion, which additionally trigger hematopoietic as well as stromal cell responses.
Thus, BM transplantation is a good model to study the function of Ccn2 expression in the
restoration of hematopoietic and stromal homeostasis after a complex series of stress

responses.

Although the expression of Ccn2 was not detectable in steady state HSCs and very low in
niche cells (Figure 16), it might get upregulated during transplantation induced stress, so we
decided to study the contribution seperatly in intrinsic (Ccn2 knock out in hematopoietic) as

well as extrinsic (Ccn2 knock out in stromal cell) transplantation models.

3.2.4.3.1 Intrinsic function of Ccn2 during chronic stress

To find out, whether Ccn2 intrisically regulates HSCs and donor hematopoietic regeneration in
transplantation models, we treated floxed Ccn2 and control mice with tamoxifen, isolated the
bone marrow and transplanted 1500 Ccn2¥* or control LSK cells into lethally irradiated WT
mice (Figure 28A). When monitoring the transplanted mice at different timepoints after
transplantation, we found that the donor engraftment in the PB was similar between
transplanted donor Ccn2* and control HSCs at five, ten and 16 weeks after Tx (Figure 28B).
In addition, the mature hematopoietic subpopulations (B220" B-cells , CD3e* T-cells,
Gr1*CD11b* granulocytes, Gr1™?CD11b* monocytes) were found at similar proportions in the
PB (Figure 28C).

99



Results

A 1500 sorted
Control LSKs )
Steady-state Q\ 59 Gy
4 weeks / WT 16 weeks Analysis

after Tx of PB, Sp

—

\
’\‘\8.5 Gy and BM

— -,

1500 sorted WT

’ after TAM
N
isolation

Control; Ccn24a

Ccn2VALSKs
1 Control
Ccn2nia
Peripheral blood Ccn2 ~A
§ 80
‘g 6ol ien
=
FE 40 N8
2 3
[} 20 ]
o)
= 5 10 16 Lo
Weeks after transplantation
Control Ccn2 MA
A A

PB donor mature

| °
O oo
()
O, ° ..
20 % o o
O
0 o o L
B220 CD3e Gr1*  Grimed

CD11b* CD11b*
16 weeks after transplantation

CD3e

Donor engraftment (%)

CD11b
CD11b

v

Gr1 Gr1

Figure 28. Engraftment in the PB of transplanted LSK cells from control and Ccn244 cells after
four weeks of TAM treatment (i.p.) as a prolonged hematopoietic stress model. (A) Experimental
design: four weeks after TAM treatment (i.p.) the BM from control and Ccn24 mice were isolated,
pooled and sorted for LSK cells. Then 1500 LSK cells (Ly5.2) were transplanted into lethally (8.5 Gy)
irradiated 129xLy5.1 (Ly5.1 and Ly5.2) WT mice. Every five, ten and 16 weeks the engraftment and cell
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composition in the PB was analyzed. 16 weeks after transplantation, the mice were sacrificed and the
Sp and BM cell engraftment and cell composition was determined using flow cytometry. (B) On the left:
Donor cell engraftment in percentage in the PB five, ten and 16 weeks after transplantation. On the right:
Representative gating strategy for the gating of Ly5.2* donor cells and Ly5.1*Ly5.2* recipient cells. (C)
On the left: Percentage of donor B220*, CD3e*, Gr1*CD11b* and Gr1™*CD11b* cells in the PB. On the
right: Gating strategy of donor mature cell populations in the PB as an example for mature cell gating.
All figures show the donor cell engraftment from control hematopoietic cells in white and the
Ccn2%4 hematopoietic cells in black bar and dot plots. Figures represent one performed experiment
with n = 4 control mice and n = 4 Ccn2%4 mice; *p-value <0.05 show significance in the comparison of

control and Ccn2%4 mice using the Mann-Whitney U-test.

The total cell number in the Sp (Figure 29A) and BM (Figure 29D) as well as donor cell
engraftment in the SP (Figure 29B) was unchanged. However, the transplanted Ccn2 -deleted
HSCs increased myeloid engraftment in the Sp with increased Gr1*CD11b"* granulocytes and
Gr1™4CD11b* monocytes, while the lymphoid compartment (B220+ B cells and CD3e+ T-

cells) was unaffected (Figure 29C).

Of further interest, donor cell engraftment in the BM was significantly enhanced from the
transplanted Ccn2** LSK cells compared to the tranplanted control LSK cells (Figure 29E).
Here, the increase was attributed not only by an enhanced absolute number Gr1*CD11b*
granulocytes and Gr1™¢CD11b* monocytes, but also by an increase on of B220* B-cells in the
BM (Figure 29F).
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Figure 29. Mature cell engraftment in the Sp and BM of transplanted LSK cells from control and
Ccn2%4 mice as a long-term hematopoietic stress model. (A) Total cell number in the Sp. (B)
Percentage of donor cell engraftment in the Sp. (C) Absolute cell number of donor B220*, CD3e",
Gr1*CD11b*, Gr1™¢CD11b* mature cell populations in the Sp. (D)Total cell number in the BM. (E)
Percentage of donor cell engraftment in the BM. (F) Absolute cell number of donor B220*, CD3e",
Gr1*CD11b*, Gr1™dCD11b* mature cell populations in the BM. All figures show the donor cell
engraftment from control hematopoietic cells in white and the Ccn244 hematopoietic cells in black bar
and dot plots. Figures represent one performed experiment with n = 4 control mice and n = 4
Ccn2%4 mice; *p-value <0.05 show significance in the comparison of control and Ccn244 mice using
the Mann-Whitney U-test.

To assess whether the increased mature cell engraftment was associated by an enhanced
engraftment of more early hematopoietic stem and progenitor cell engraftment, we analyzed
myeloid progenitors and HSC engraftment using flow cytometry analysis (Figure 30A). The
analysis determined that the lineage-negative cell population was already elevated after
transplantation of Ccn244 LSK cells compared to the control LSKs (Figure 30B). Within this
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population, the KIT* SCA1- myeloid progenitor (MP) cell population was also elevated in the
mice transplanted with Ccn244 LSK cells (Figure 30C). Similarly, the absolute numbers of the
CD34" LSK cells (ST-HSCs) were significantly elevated. But, no significant changes where
detected in the the most early CD34 LSK cells (LT-HSCs, Figure 30D).
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Figure 30. Hematopoietic progenitor and stem cell engraftment in the BM of transplanted LSK
cells from control and Ccn244 mice as a long-term hematopoietic stress model. (A) Gating
strategy of early hematopoietic cell population of donor cell engraftment. Ly5.2* cells were gated as

donor cells. (B) Absolute cell numbers of the donor cell engrafted LIN- cells. (C) Absolute cell numbers
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of the donor cell engrafted MP cells. (C) Absolute cell number donor cell engrafted LSKs, CD34"LSKs-
and CD34°LSKs cells. All figures show the donor cell engraftment from control hematopoietic cells in
white and the Ccn244 hematopoietic cells in black bar and dot plots. Figures represent one performed
experiment with n = 4 control mice and n =4 Ccn2%4 mice; *p-value <0.05 show significance in the

comparison of control and Ccn2%4 using the Mann-Whitney U-test.

3.2.4.3.2 Isolated LSK cells from control and Ccn2" cells transplanted as a long-term

hematopoietic stress model.

In the previous experiments, Ccn2 was deleted in all cell types four weeks prior to the isolation
of HSCs and their transplantion into the 129xLy5.1 WT recipient mice (chapter 3.3.5.3.1).
Since Ccn2 was already deleted, the results of these experiments include possible effects of
Ccn2 expression on the earliest phases of engraftment: homing and perhaps the direct effects
of HSC priming in the Ccn2** donor environment. To exclude the effects of Ccn2 in these
these early events, we transplanted whole BM from untreated controls and RosaCre; Ccn2™
mice into lethally (8.5 Gy) irradiated 129xLy5.1 WT mice. To detect the effects of Ccn2
expression in later engraftment, the mice were treated with Tamoxifen i.p four weeks after
initial engraftment in order to knock out the Ccn2 gene in the transplanted BM cells (Figure
31A).

This experiment analysis of PB engraftment after five (only one week after TAM treatment),
ten, and 16 weeks did not reveal any significant changes in donor cell engraftment between
the mice achieving controls (Ccn2'*) or Ccn2"™ cells. Similarly, engraftment of mature cell

compartments was not different in the PB at 5, 10 or 16 weeks (Figure 31B, C).
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Figure 31. Engraftment in the PB of transplanted control and Ccn2fl/fl whole BM into an WT
microenvironment as a long-term hematopoietic stress model. (A) Experimental design for the
long-term stress model in which WT 129xLy5.1 mice were lethally irradiated before 250.000 control and
Ccn2"whole bone marrow cells were transplanted. Four weeks after transplantation, the mice were
treated with tamoxifen in order to knock out Ccn2 in the hematopoietic cell compartmetns to get
129xLy5.1 + control and 129xLy5.1 + Ccn2¥ chimera mice. Every five, ten and 16 weeks the
engraftment and cell composition in the PB was analyzed. 16 weeks after transplantation the mice were
sacrificed and the PB was analyzed using flow cytometry. (B) Donor cell engraftment in percentage in
the PB five, ten and 16 weeks after transplantation and the representative gating strategy for the gating
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of Ly5.2* donor cells or Ly5.1"Ly5.2" recipient cells. (C) Example for the gating of donor B220*, CD3e",
Gr1*CD11b*, Gr1™¢CD11b* mature cell populations in percentage. Here shown in the PB. In all figures
the engraftment of the control hematopoietic cells is shown in white- and Ccn244 hematopoietic cells
are shown in black bar graphs. Figures show one performed experiment with n = 2 mice recipient control
mice and n = 4 for recipient Ccn2¥4 mice; *p-value <0.05 show significance in the comparison of control

and Ccn2%4 using the Mann-Whitney U-test.

In addition, the Sp and BM did not reveal any significant differences in total cell number or
engraftment (Figure 32A, B, D and E). Beside a reduced granulocyte (Gr1°CD11b")
engraftment in the Sp or no changes in the mature cellularity between the control and the
Ccn2%4 hematopoietic cells regenerated in the WT microenvironment 16 weeks after

transplantation were found (Figure 32C and F).
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Figure 32. Mature cell engraftment in the Sp and BM of transplanted control and Ccn2 whole

BM into an WT microenvironment as a long-term hematopoietic stress model. (A) Total cell
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number in the Sp. (B) Percentage of donor cell engraftment in the Sp. (C) Absolute cell number of donor
B220*, CD3e"*, Gr1*CD11b*, Gr1™dCD11b* mature cell populations in the Sp. (D) Total cell number in
the BM. (E) Percentage of donor cell engraftment in the BM. (F) Absolute cell number of donor B220",
CD3e*, Gr1*CD11b*, Gr1™¢CD11b* mature cell populations in the BM. In all figures the engraftment of
the control hematopoietic cells is shown in white and Ccn2%4 hematopoietic cells are shown in black
bar graphs. Figures show one performed experiment with n = 2 mice recipient control mice and n = 4
for recipient Ccn2¥4 mice; *p-value <0.05 show significance in the comparison of control and

Ccn2%4 using the Mann-Whitney U-test.

In further flow cytometry analyses (Figure 33A) the earlier hematopoietic cells in the BM,
Lineage- stem and progenitor populations in the BM (Figure 33B and C) were similar between
the two groups. These analyses strengthen the view that Ccn2 expression is mostly required

in HSC priming and homing after stress, but not in steady state hematopoiesis.
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Figure 33. Hematopoietic progenitor and stem cell engraftment in the BM of transplanted control
and Ccn2fwhole BM into an WT microenvironment as a long-term hematopoietic stress model.
(A) Gating strategy of early cell population from donor cell engraftment. Ly5.2" cells were gated as donor
cells. Out of the donor cell population the lineage negative population was separated by excluding
CD45*, Ter119* and CD48" cells. The LSK cells were gated as CD117* and Sca1* while the MPs are
Sca1". Out of the LSK compartment the HSCs were separated as CD34*LSK and CD34°LSK cells. The
myeloid progenitor cells were gated out of the MP gate as CD34-CD16/32" (MEPs), as CD34*CD16/32
(CMPs) and as CD34*CD16/32* (GMPs). (B) Absolute cell numbers of the donor cell engrafted MPs
and absolute cell numbers of the CMP, MEP and GMP myeloid progenitor cells. (C) Absolute cell
number of LSKs, CD34*LSKs and CD34°LSKs donor cells. In all figures the engraftment of the control
hematopoietic cells is shown in white- and Ccn244 hematopoietic cells are shown in black bar graphs.

Figures show one performed experiment with n = 2 mice recipient control mice and n = 4 for recipient
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Ccn2%4 mice; *p-value <0.05 show significance in the comparison of control and Ccn244 using the
Mann-Whitney U-test.

Taken together, this single experiment suggests that the enhanced regeneration potential of
Ccn2~* HSCs and progenitor cells, is most likely due to engraftment advantages of the HSCs

because of priming in the Ccn2** environment or differential homing in the WT recipients.

3.2.4.3.3 Extrinsic function of Ccn2 during prolonged stress

As Ccn2 is mainly expressed by BM stromal cells, rather than hematopoietic cells (Cheung et
al., 2014) we decided to determine the impact of Ccn2 loss in the microenvironmental during
a long-term regeneration stress model. Therefore we, transplanted 300 CD34 CD150*LSK
cells (LT-HSCs, 129xLy5.1) into lethally irradiated control and Ccn2¥“mice (Figure 34A).

These experiments demonstrated that after an unchanged early recovery (five and ten weeks
after transplantation), the donor cells showed reduced engraftment in the Ccn2 deficient
microenvironment in the PB 16 weeks after tranplantation (Figure 34B). In accordance with
this, analysis of the Sp and BM showed decreased numbers of WT donor cells in the Ccn244
recipients compared to controls 16 weeks after tranplantation (Figure 34D, F). Interestingly,
while engraftment of CD3e* T-cells or Gr1™“CD11b" monocytes were unchanged, we found
significant reductions of Gr1*CD11b" granulocytes in the PB, Sp and BM as well as reduced
B220" B-cells in the SP (Figure 34C, E and G). In the BM, however, WT HSCs showed
elevated BM engraftment of B220" B-cells in the Ccn2%4 recipients compared to control
recipients (Figure 34G). This suggests that Ccn2 expression in the environment may affect
homing of B220" B cells.
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long-term stress model in which control and Ccn24 mice were lethally irradiated before 300 WT CD34-
SLAM cells from 129xLy5.1 mice were transplanted. Every five, ten and 16 weeks the engraftment and
cell composition in the PB was analyzed. 16 weeks after transplantation the mice were sacrificed and
the PB, Sp and BM was analyzed using flow cytometry. (B) Donor cell engraftment in percentage in the
PB five, ten and 16 weeks after transplantation. (C) Donor cell engraftment in percentage of B220",
CD3e*, Gr1*CD11b*, Gr1mdCD11b* mature cell populations in the PB. (D) Donor cell engraftment in
percentage in the Sp and (F) in the BM. (E) Percentage of B220*, CD3e*, Gr1*CD11b*, Gr1m¢CD11b*
donor cell populations in the Sp and (G) in the BM. In all figures the WT HSCs regenerated in the control
microenvironment is shown in white- and the cells regenerated in the Ccn2 deficient microenvironment
is shown in black bar and dotplot graphs. Figures show two independently performed experiments with
n = 6 control mice and n =5 Ccn2% mice; *p-value <0.05 show significance in the comparison of control

and Ccn2%4 mice using the Mann-Whitney U-test.

The changes in numbers of mature subtypes in the PB, Sp and BM could be caused by
underlying changes in earlier stem and progenitors. Analysis of these donor cells in recipient
BM showed unchanged numbers of MPs (Figure 35B). But, a significant impaired WT
engraftment of CD34*SLAM (ST-HSC, Figure 35D) was found in the Ccn2** recipients,
whereas donor CD34 SLAM (LT-HSCs, Figure 35E) were unchanged in the Ccn2¥* recipients.
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Figure 35. Engraftment of MPs and HSCs of transplanted WT HSCs into a Ccn2 deficient
microenvironment as a long-term hematopoietic stress model. (A) Gating strategy of donor LT-
HSC engraftment in the BM. (B) Donor cell engraftment in absolute cell numbers of the MPs, (C) LSKs,
(D) ST-HSCs and (E) LT-HSCs in the BM. In all figures the WT HSC regenerated in the control
microenvironment is shown in white- and the cells regenerated in the Ccn2 deficient microenvironment
is shown in black bar and dotplot graphs. Figures show two independently performed experiments with
n = 6 control mice and n =5 Ccn2%4 mice; *p-value <0.05 show significance in the comparison of control

and Ccn2%4 mice using the Mann-Whitney U-test.

In summary, these rersults suggest that loss of environmental Ccn2 in recipient mice results
in decreased regeneration of WT cells with impaired HSC self-renewal and possible reduced

myeloid cell differentiation.
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3.2.4.4 Ccn2 during irradiation stress

Bone marrow transplantation includes another form of stress — the total body irradiation.
Irradiation was shown to induce Ccn2 expression in the spleen, kidney and liver (Zhang et al.,
2015). We wondered if and which cells might induce Ccn2 after irradiation in the bone marrow.
Additionally, we studied the impact of Ccn2 loss after irradiation on the niche cells and

hematopoietic cells.

3.2.4.4.1 Irradiation stress induced CCN2 content in the bones

As a first experiment we decided to treat, 129xBI6 mice with cytotoxic lethal dose of irradiation
(8.5 Gy). After 24 hours, the mice were sacrificed and the bone slices from the tibia of non-

irradiated (steady-state) and irradiated mice were stained for the CCN2 protein.

During steady-state conditions the CCN2 expression was detectable in the bone slices,
including hematopoietic cells and megakaryocytes (Figure, 36 (untreated, CCN2 in green)).
One day after irradiation, CCN2 protein expression strongly increases compared to the steady-
state condition but not as abundantly in megykaryocytes (Figure, 36 (irradiation, CCN2 in bone

slices).

CCN2 DAPI Merge

Megakaryocytes

Untreated

Irradiated

Figure 36. CCN2 protein expression during steady-state and after irradiation. CCN2 expression in
green (left side) in bone slices of untreated and 24 hrs after 8.5 Gy irradiation of 129xBI6 mice. Staining
of the nucleus with DAPI in blue (middle) and the merged pictures CCN2 in green and nucleus in blue

(right side, data generated in cooperation with Rouzanna Istvanffy).
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3.2.4.4.2 Irradiation stress induced Ccn2 RNA content in hematopoietic- and stromal

cells

In order to determine changes in Ccn2 expression in different cell types during irradiation (IR)

stress conditions we performed RT-PCR on sorted BM cell populations (Figure 37A).

By sublethal irradiation method (4.5Gy) only a part of dividing cells die, allowing the isolation
of enough cells for analysis. As Ccn2 is an immedeate early response to stress gene we
decided to isolate the BM and BM stromal cells of Rosa26CreEr™ positive and Ccn2"V'"!
control mice five hours after irradiation. Interestingly, already five hours after irradiation the
percentage of B220" B-cells and Gr1™?CD11b" monocytes was significantly reduced and the
Gr1*CD11b" granulocytes significantly increased, while the numbers of CD3e* T-cells was not

changed compared to the unirradiated mice (Figure 37B).

Additionally, the numbers of Lin"Sca1Kit" multipotent progenitors (MPs) cells, CD48  LSKs and
CD34" CD48 LSK cells (ST-HSCs) were significantly reduced whereas the most early cells
CD34 CD48 CD150" LSK cells (LT-HSCs) were increased after irradiation compared to the

untreated mice (Figure 37C).
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Figure 37. Hematopoietic cell composition after five hours of irradiation (IR). (A) Experimental
design: Rosa26CreEr™ positive Ccn2V"W!mice were irradiated with 4.5 Gy and analyzed five hours after
irradiation. As controls the Rosa26CreEr™ positive Ccn2"V'Wt untreated mice were used. The cell
composition was analyzed using flow cytometry. (B) Mature cell numbers in percentage of B220,
CD3e*, Gr1*CD11b*, Gr1™CD11b"* cells and the gating strategy. (C) MPs, LSKs, CD34*- and CD34"
SLAM cell numbers in percentage and the gating strategy. Figures B, and C show bar diagrams of

untreated control mice: n = 4 in white, and control irradiated n = 4 mice in black and white stripes; *p-
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value <0.05 show significance in the comparison of untreated mice and controls using the Mann-Whitney

U-test (generated in collaboration with masterstudent Katharina Kaiser).

Also the sorted LSK cells and ECs (Figure 38A) showed a tendency of reduced numbers after
irradiation. Compared to these cells, the OBC and MSC numbers were unchanged (Figure
38A).

In hematopoietic cells, irradiation induces a 3-fold and 1.5-fold increase in granulocytes and
LSK cells, respectively (Figure 38B). When evaluating Ccn2 gene expression, we found that
OBCs showed 20-fold increase after irradiation, whereas expression of Ccn2 in ECs and MSCs

remained unchanged (Figure 38C).
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Figure 38. Ccn2 expression in 4.5 Gy irradiated hematopoietic- and stromal cells compared to
untreated cells. (A) Cell numbers of sorted LSK cells and EC, OBC and MSC stromal cells. (B) Ccn2
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mRNA content in untreated and 4.5 Gy irradiated Gr1*CD11b* and LSK cells relative to housekeeping
gene Gorasp1. (C) Ccn2 mRNA content in untreated and 4.5 Gy irradiated ECs, OBCs and MSCs
relative to housekeeping gene Rp/39. Figure A shows a bar diagrams of control untreated mice: n = 4
in white, and control irradiated mice: n = 4 in black and white stripes; Figure B and C show the mRNA
content as a bar diagrams of three pooled control untreated mice in white, and control irradiated mice
in black and white stripes. Three independently performed experiments are shown in B and two
independently performed experiments are shown in C; *p-value <0.05 show significance in the
comparison of Ccn2 content of untreated and irradiated controls using the Mann-Whitney U-test

(generated in collaboration with masterstudent Katharina Kaiser).

3.2.4.4.3 Irradiation stress induced CCN2 protein upregulation in hematopoietic- and

stromal cells

The results at Figure 38C, show that Ccn2 mRNA content is rapidly increased after total-body
irradiation, especially in the OBC compartment. To validate the results of the Ccn2 mRNA
analyses on the protein level, we isolated cells and pooled three adult (eight- to twelve-week-
old) untreated and sublethal irradiated (after 24 hours) 129xBI6 (WT) mice and stained the

hematopoietic and stromal cells for CCN2 protein using immunofluorescence (Figure 39A).

The results show, that the irradiation does not change the CCN2 protein levels in CD3¢"
lymphoid cells or in the myeloid compartments of Gr1*CD11b* and Gr1™“CD11b* cells (Figure
39B). However, in the B220" cells the CCN2 expression is significantly reduced 24 hours after
irradiation (Figure 39B). Interestingly, in the earlier hematopoietic cell populations like the MPs
and LSK cells the CCN2 protein content is similar in untreated and irradiated WT mice (Figure
39C).
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Figure 39. CCN2 protein content 24hrs after irradiation (IR) in different hematopoietic cell
populations. (A) Experimental design of untreated and 4.5 Gy irradiated 129xBI6 mice sacrificied 24hrs
after irradiation to analyze the protein content of CCN2 in hematopoietic- and stromal cells. (B)

Representative immunoflourescence staining for the CCN2 protein in green, the nuclei staining with
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DAPI in blue and the merged picture of B220" cells from untreated and irradiated WT mice. CCN2
protein content as pixel number of untreated and treated B220*, CD3e*, Gr1*CD11b*, Gr1™¢CD11b*
cells. (C) CCN2 protein content as pixel number of untreated and treated MPs and LSKs. Figures B,
and C show dot plots of a group of three WT untreated pooled mice in white, and three WT sublethal
irradiated pooled mice in grey; *p-value <0.05 show significance in the comparison of untreated and
sublethal irradiated WT using the Mann-Whitney U-test (generated in collaboration with masterstudent

Anna Hasenkopf).

Importantly, irradiation significantly increases the CCN2 level in OBCs compared to the
untreated controls (Figure 40A and 40B). Similar to the Ccn2 mRNA analyses, the CCN2
protein expression in the stromal cell EC- and MSC compartments was unchanged by

irradiation (Figure 40C).
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Figure 40. CCN2 protein content 24hrs after irradiation (IR) in different stromal cell populations.
(A) Representative immunoflourescence staining for the CCN2 protein in green, the nuclei staining with
DAPI in blue and the merged picture of Sca1"CD166" OBCs from untreated and irradiated WT mice.
CCNZ2 protein content as pixel number of untreated and treated Sca1-CD166* OBCs, Sca*CD31* ECs
and Sca1*CD166™ MSCs. Figures show dot plots of a group of three pooled untreated WT mice in white,

and three pooled sublethal irradiated WT mice in grey; *p-value <0.05 show significance in the
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comparison of untreated and sublethal irradiated WT using the Mann-Whitney U-test (gererated in

collaboration with masterstudent Anna Hasenkopf).

3.2.4.4.4 Ccn2 function in stromal cell recovery after 4.5 Gy irradiation

Prior to transplantation, recipients are usually myeloablated using irradiation or cytostatic
treatment. Since in our transplantation model, we irradiate mice to condition recipients, we
investigated the effects of irradiation on BM stromal cell populations at different time points
after irradiation in order to analyse the role of Ccn2 during stromal cell recovery we used
Ccn2"* and control mice. Due to practical reasons of studying mice over longer periods after
irradiation, we did not use a lethal dose of irradiation (as in the transplantation model), but
chose to irradiate with a sublethal dose of 4,5 Gy, that will already induce Ccn2 as shown in
chapter 3.2.3.4.2/3. Then five and 14 days after irradiation (5d IR, 14d IR) we sacrificed the

mice and analysed the stromal cell compartment by flow cytometry (Figure 41A and 41B).

In the first analysis, the number of ECs, OBCs and MSCs were assessed in the endosteal
region of the BM (crushed bones remaining in BM after central BM was flushed) during steady
state and after irradiation stress. During steady state conditions, similar numbers of the
endosteal cells or ECs, OBCs or MSCs were detectable in control and Ccn2¥* mice (Figure
41C,D, E, F).

After irradiation, the number of endosteal cells was reduced after five and 14 days (5d and
14d, Figure 41C). However, irradiation did not affect the total number of endosteal cells when
comparing control and Ccn2¥* mice. Interestingly, five days after irradiation, ECs were
significantly increased in Ccn2¥* mice (Figure 41D). Fourteen days after irradiation, cell

numbers in all groups were recovered and unchanged.
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Figure 41. Stromal cells after sublethal irradiation (IR) of control and Ccn244 mice as short-term
stress model. (A) Experimental design: two weeks after TAM treatment the mice were sublethal (4.5
Gy) irradiated and sacrificed five, and 14 days after irradiation. Additionally untreated mice (steady-
state) were used as controls in the different experiments. The bone marrow stromal cells were isolated
as endosteal cells from the different groups for analysis. (B) Representative gating strategy for the gating
of ECs as CD45Ter119'Sca1*CD31* cells, the OBCs as CD45Ter119-CD31-Sca1"CD166" cells and
the MSCs as CD45Ter119-CD31°'Sca1*CD166" in steady-state and 14 days after IR of control and
Ccn2¥4 mice. (C) Counted total cell numbers of endosteal cells at steady-state, five and 14 days after
IR. (D) Absolute cell numbers of ECs at steady-state, five and 14 days after IR. (E) Absolute cell numbers
of MSCs at steady-state, five and 14 days after IR. (F) Absolute cell numbers of OBCs at steady-state,
five and 14 days after IR. All figures show the steady state results in round shaped dot plots, the five
days irradiated in squared dot plots and the 14 days irradiated in triangled dot plots. Control cells are
shown in white and the Ccn2%“ cells in black dot plots. Figures represent two performed experiments
with steady-state control n =5 and Ccn2¥4 n =7, five days irradiated control n = 5 and Ccn244 n=5,14
days irradiated control n =4 and Ccn244 n = 3 mice. *p-value <0.05 show significance in the comparison

of control and Ccn2%4 mice using the Mann-Whitney U-test.

To determine whether, MSCs might show altered cellular functions, despite that no differences
were found in their cell numbers after irradition, we cultured the collagenase digested bone

chips until passage four (Landspersky et al., 2022, Figure 42A).

In a first experiment, we investigated the ability of MSCs to adhere to plastic isolated from 14d
IR and steady state mice (Figure 42B. This experiment revealed reduced adherence of
Ccn2%4 MSCs from steady state mice. Fourteen days after irradiation, plastic adherence was
unchanged between the two groups. But, MSCs from irradiated mice also showed reduced
plastic adherence in contrast to steady state MSCs. Interestingly, the MSCs from

Ccn2%4 mice, adhered similarly as the MSCs isolated from both irradiated groups.

To determine the potential of the plastic-adhered MSCs to form fibroblast-like colonies (grown
from CFU-Fs), we cultured the adhered cells and found that MSCs from irradiated mice (five
and 14 days) show reduced colony formation. However, the frequency of CFU-F is not affected
in Ccn2¥4 MSCs (Figure 42C).

Since the number of cells adhering to plastic is reduced in Ccn244 MSCs, this finding could

suggest that the reduced adherence of these cells is not due to reduced CFU-F adherence.
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Figure 42. Adhesion and CFU-F potential at steady-state and after sublethal irradiation of control
and Ccn2%2 as short-term stress model. (A) Experimental design: control and Ccn244 mice were
sublethal (4.5 Gy) irradiated and sacrificed five and 14 days after irradiation. Additionally untreated mice
(steady-state) were used as controls in the different experiments. After the BM and endosteal cells were
isolated, the bone chips were cultured in MSC media till passage three until the experiments were
performed at p4. (B) Adherent cells counted from 1000 cultured cells per control and Ccn244 MSCs at
steady state and after 14 days of irradiation. (C) Number of CFU-Fs per 1000 cultured cells from control
and Ccn2%4 MSCs at steady state and after five and 14 days of irradiation. All figures show the results

of the control in white and the results from Ccn2¥4 MSCs black bar graphs. Figures represent two
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performed experiments for steady-state and 14 days after irradiation and one performed experiment
after five days of irradiation. *p-value <0.05 show significance in the comparison of control and
Ccn2%4 using the Mann-Whitney U-test (generated in collaboration with masterstudent Katharina

Kaiser).

The fibroblast-like colonies can be expanded to MSCs, which have the potential to differentiate
in vitro into adipocytes, osteoblasts and chondrocytes (Friedenstein et al., 1976; Mendez-
Ferrer et al., 2010; Oswald et al., 2004; Wang et al., 2006). As CCN2 was reported to be
important for a balanced MSCs differentiation (Battula et al., 2013; Schutze et al., 2005; Wang
et al., 2009), we were interested in the differentiation potential of control and Ccn2¥* MSCs
isolated from mice during steady state conditions and after sublethal irradiation. Two different

assays were performed in order to answer this question.

In the first type of assay, differentiation of p4 MSCs was induced using media containing growth
factors, known to induce an adipogenic or osteogenic differentiation of the MSCs (see
Materials and Methods 2.1.6.1 Ordered buffer, medium and solution). Here, we found a similar
adipogenic differentiation as measured by the formation of lipid droplets of control and Ccn2*»
MSCs when MSCs were isolated from the bone chips of steady state as well as sublethal
irradiated mice (5d and 14d after IR, Figure 43A).

Interestingly, despite that Ccn2 appears to be expressed and regulated most in OBCs, the
osteogenic potential as measured by calcium deposits was unchanged in MSCs isolated from
steady state mice but reduced in Ccn2 deleted MSCs when compared to control cells five days
after irradiation (Figure 43B). 14 days after IR no differences between the two groups were
detectable. Generally, irradiation reduced the deposited calcium five and 14 days after
irradiation and reached a significantly reduction five days after irradiation in the Ccn2¥4 MSCs
when compared to the untreated Ccn244 MSCs (Figure 43B).

In the second type of assay, MSCs were cultured without passaging until a spontaneous
differentiation of the MSCs into adipocytes or osteoblasts became visible. As for the induced
differentiation, there was no alteration detectable in adipo- or osteogenic potential between
control and Ccn2"* MSCs isolated during steady state or 14 days after irradiation.
Interestingly, Ccn2¥* MSCs showed an increased adipogenic potential when isolated from
sublethal irradiated mice compared to MSCs from steady state Ccn2® mice (Figure 43C). In
accordance with an increased adipogenic potential of MSCs from irradiated mice, their

osteogenic potential was slightly reduced (not significant, Figure 43D).
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Figure 43. Induced and spontaneous adipogenic and osteogenic differentiation at steady state
and after sublethal irradiation of control and Ccn244 as short-term stress model. (A) Induced
adipogenic differentiation as detected by oil red content at OD 520 nm for control and Ccn244 MSCs at
steady state and after five and 14 days of irradiation. (B) Induced osteogenic differentiation as detected
by alizarin red content at OD 560 nm for control and Ccn2¥4 MSCs at steady state and after five and
14 days of irradiation. (C) Spontaneous adipogenic differentiation as detected by oil red content at OD
520 nm for control and Ccn2¥4 MSCs at steady state and after 14 days of irradiation. (D) Spontaneous
osteogenic differentiation as detected by alizarin red content at OD 560 nm for control and
Ccn2%4 MSCs at steady state and after 14 days of irradiation. All figures show the results of the control
in white and the results from Ccn2%4 MSCs black bar graphs. Figures represent two performed
experiments for steady state and 14 days after irradiation and one performed experiment after five days
of irradiation. *p-value <0.05 show significance in the comparison of control and Ccn2%4 using the

Mann-Whitney U-test (data generated in collaboration with masterstudent Katharina Kaiser).
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Ccn2 was additionally reported to be important during wound healing (Kapoor et al., 2008; Shi-
Wen et al., 2008). To imitate tissue wounding, we used a so-called scratch assay. Six, twelve
and 24 hours after scratching, the confluence of the cells growing into the initial scratch was
measured. Using this method, no differences were found between the MSCs isolated from
control or Ccn2¥® mice during steady state or after sublethal irradiation (Figure 44A, B, C).
Additionally, no significant changes were measurable between the MSCs from untreated and

irradiated groups in general (Figure 44A, B, C).

A

W

6 hours 12 hours
40 80
® X
S 304 £ 601
q) q)
O (&)
c 20 S 40
g S
— Y
“g 10 S 201
O O
0- T T 0' T T
Steady 5d IR 14d IR Steady 5d IR 14d IR
state state
C 24 hours

100+

SOHI
0-

Steady 5d IR 14d IR
state

Confluence in %

Figure 44. Wound healing potential of MSC at steady state and after sublethal irradiation of
control and Ccn244 as short-term stress model. (A) Confluence in percentage after six hours of the
initial scratch in control and Ccn2¥4 MSCs at steady state and after five and 14 days of irradiation. (B)
Confluence in percentage after twelfe hours of the initial scratch in control and Ccn244 MSCs at steady
state and after five and 14 days of irradiation. (C) Confluence in percentage after 24 hours of the initial
scratch in control and Ccn244 MSCs at steady state and after five and 14 days of irradiation. All figures
show the results of the control in white and the results from Ccn244 MSCs black bar graphs. Figures
represent two performed experiments for steady state and 14 days after irradiation and one performed
experiment after five days of irradiation. *p-value <0.05 show significance in the comparison of control
and Ccn2¥4 using the Mann-Whitney U-test (data generated in collaboration with masterstudent

Katharina Kaiser).
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It was reported, that shCCN2 in human MSCs lead to reduced proliferation in cell culture
(Battula et al., 2013). To investigate the proliferation potential of MSCs isolated from mice 14
days after irradiation over a long series of passages, we cultured the control and
Ccn2¥4 MSCs until growth stopped.. Unexpectedly, the Ccn2-deficient MSCs proliferated to
more cumulative population doublings (control 13, Ccn2%44 30 PD), with a higher number of
MSCs surviving beyond passage 31 (control 0/5, and Ccn2¥ 4/6; Figure 45A).

The enhanced cummulative PD and the increased survival suggest possible changes in MSC
senescence. Indeed, a previous publication showed that CCN2 increased cellular senescence
in fibroblasts (Jun and Lau et al., 2017), implicating that reduced Ccn2 expression might
reduce senescence and lead to increased PD. To study this hypothesis, we induced cellular
senescence in p4 MSCs by culture of the cells for one week without medium change. After
this, the number of B-galactosidase positive cells was determined. Although no changes were
found between the control and Ccn2¥4 MSCs in the steady state groups as well as in the
irradiated groups (five and 14 days) (Figure 45B), the irradiation in the control group (five days
after irradiation) increased significantly the numbers of blue stained cells when compared to
the steady state and 14 days after irradiation (Figure 45B). In comparison to that 14 days after
irradiation of Ccn2¥* MSCs, a reduced number of blue stained cells was measurable

compared to the untreated ones (Figure 45B).
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Figure 45. Growth potential and senescence of MSC at steady state and after sublethal irradiation
of control and Ccn244 as short-term stress model. (A) Cumulative population doubling of MSCs 14
days after irradiation. (B) Percentage of B-galactosidas positive cells (blue stained cells) in control and
Ccn2%4 MSCs at steady state and after five and 14 days of irradiation. All figures show the results of
the control in white and the results from Ccn2¥4 MSCs black bar graphs. Figures represent two
performed experiments for steady state and 14 days after irradiation and one performed experiment
after five days of irradiation. *p-value <0.05 show significance in the comparison of control and

Ccn2%4 using the Mann-Whitney U-test (data generated in collaboration with masterstudent Katharina
Kaiser).

To test whether cytokine expression was altered in Ccn2-deleted 14d IR MSCs , we analyzed
the cell supernatant upon inflammatory molecules using cytokine bead assay (CBA). WhilelL-
10, IFNy, and IL-12p70 was undetectable (data not shown), Rantes and TGF-1,were
expressed but slightly decreased in the supernatant of Ccn2-deleted 14d IR MSCs (Figure 46).
The protein content of TNF-a was unchanged (Figure 46). However, as in serum of LPS-
treated mice, the supernatant from Ccn2 deleted 14d IR MSCs showed significantly reduced
pro-inflammatory chemokine MCP-1 (CCL2) as compared to the supernatant of control 14d IR
MSCs (Figure 46).
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Figure 46. CBA from stromal cells 14 days after irradiation of control and Ccn244 mice. (A)
Analysis of the protein content in pg/mL from MCP-1, TNF-a, Rantes, IL-6 and TGF-B1. In all figures
the control mice are shown in white bars with white dotplots that are surrounded in red and the
Ccn2%4 mice are shown in black bars with black dotplots. Figures show one performed experiment with
n =4 control mice and n = 4 Ccn2% mice; *p-value <0.05 show significance in the comparison of control

and Ccn2%4 mice using the Mann-Whitney U-test.

3.2.4.4.5 Ccn2 function in hematopoietic cell recovery after 4.5 Gy irradiation

Although there were minor differences in the stromal cell numbers and functions between
Ccn244 and control stromal cells, there might be a direct effect of Ccn2 loss on hematopoiesis.
Previous results had demonstrated, that cocultures of irradiated Ccn2-knockdown stromal cells
with HSCs results in decreased stem cell numbers, proliferation, and impaired differentiation,
with increased cellular senescence and a loss of HSC function (Istvanffy et a. 2015). In
addition, total-body irradiation of WT mice rapidly upregulates the expression of Ccn2 and
CCN2 in OBCs (Figure 38C and 40B), suggesting a role of Ccn2 in the stress response of
these cells to irradiation. Thus, we hypothesized that 4,5Gy sublethal irradiation (IR) of

Ccn2* mice would alter hematopoietic composition and the behavior of HSCs.

To study this, we first analyzed possible changes in the mature subpopulations of the PB during
steady state, as well as five- and 14-days post irradiation (14d IR) We found no alterations
between control and Ccn2¥* mice in the percentage of B220*, CD3e* or Gr1*CD11b* cells at

all time points (Figure 47A, B; C). Gr1™“CD11b"* cells were unchanged during steady state
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and 5d post irradiation (5d IR). However, a significantly increased percentage of Gr1™“CD11b"

cells (monocytes) was found in the PB of Ccn2¥* compared to controls 14d IR (Figure 47D).
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Figure 47. PB cells after sublethal irradiation (IR) of control and Ccn244 as short-term stress
model. (A) Percentage cell numbers of B220* B-cells in the BM during steady state, five and 14 days
after IR. (B) Percentage cell numbers of CD3e* T-cells in the BM during steady state, five and 14 days
after (C) Percentage cell numbers of Gr1*CD11b* granulocytes in the BM during steady state, five and
14 days after IR. (D) Percentage cell numbers of Gr1m™4CD11b* monocytes in the BM during steady
state, five and 14 days after IR. All figures show the steady state results in round shaped dot plots, the
five days irradiated in squared dot plots and the 14 days irradiated in triangled dot plots. Control cells
are shown in white and the Ccn2¥4 cells in black dot plots. Figures represent three (steady state) or
two (5d IR, 14d IR) performed experiments with steady state control n = 7 and Ccn2¥4 n = 10, five days
irradiated control n = 4 and Ccn244 n = 5,14 days irradiated control n = 7 and Ccn24 n = 6 mice. *p-
value <0.05 show significance in the comparison of ontrol and Ccn2¥4 mice using the Mann- Whitney
U-test.
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When analyzing the calculated total cell numbers and the flow cytometry analyzed mature
subpopulations in the four long bones of the BM, we did not find significant changes between
controls and the Ccn2¥* during steady state, or 5d and 14d IR conditions. However, as
expected after IR, the total BM cell numbers and, consequently, mature subpopulations, were
reduced compared to the untreated (steady-state) situation five days after irradiation. Fourteen
days IR the cell numbers already regenerated to the cell numbers prior to irradiation. Although
no significant changes in the total BM cell numbers were detectable 5d and 14d IR, the
absolute increase in Gr1™“CD11b* cells 14d IR resulted in a nearly significant reduction of the
total BM cell numbers of these cells in Ccn2¥* mice ((Figure 48A, B, C, D, E), p=0.07) .

& BM 1 Control
T 1% Bl .o
o |
@O 100
'g % o.o vv
2 % z -
= S I, 5 ] S E
5] o
5 o¥ |
5 O —
= Steady 5d IR 14d IR
state
B220* CD3e"
lgmcc &> 1005
— v o
q)*vmorzg B ¥ T 1o§¥ =
52 40 - T % 21" - % h
o9 = o o
n Q o o
SE 1 SE o1
2 < 5
= 01 " < 0.0 L1}
g ¥ & S ks
0.01b4—— — = — O 0.001—— —T —
Steady 5d IR 14d IR Steady 5d IR 14d IR
state state
Gr1*CD11b* Gr1medCD11b*
&~ 100 &> 100
o o o
T 10} o ¥ 10k y
© L [ % v % Qo S ?9 * % v
532 > g 1k
o O o _
2 E 0.1 4 'g 0.1k p=0.07
< g < g
0.01f = 0.01f u
3 ikt 3 il
O 0.0014—— — — ©O0.001L—— — —
Steady 5d IR 14d IR Steady 5d IR 14d IR
state state

Figure 48. Hematopoietic mature cells after sublethal irradiation (IR) of control and Ccn244 as

short-term stress model. (A) Counted total cell numbers in the BM during steady state, five and 14
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days after IR. Absolute cell numbers during steady state, five and 14 days after IR of (B) B220* B-cells,
(C) CD3e* T-cells, (D) Gr1*CD11b* granulocytes and (E) Gr1™4CD11b* monocytes. All figures show
the steady state results in round shaped dot plots, the five days irradiated in squared dot plots and the
14 days irradiated in triangled dot plots. Control cells are shown in white and the Ccn244 cells in black
dot plots. Figures represent three (steady state) or two (5d IR, 14d IR) performed experiments with
steady state control n = 7 and Ccn2¥ n = 10, five days irradiated control n = 4 and Ccn244 n = 5,14
days irradiated control n = 7 and Ccn244 n = 6 mice. *p-value <0.05 show significance in the comparison

of control and Ccn2¥4 mice using the Mann-Whitney U-test.

When focusing on the progenitor cell compartment, we found that the loss of Ccn2 expression
does not affect MPs, CMPs, MEPs and GMP numbers during steady state conditions or 14d
after IR (Figures 49A, C, D, E). Interestingly, where mature cells regenerate to almost pre-IR
numbers, the progenitors seem to be progressively declining from 5d to 14d IR. Furthermore,
during early IR recovery (5d IR), the absolute numbers of CMPs (Figure 49C), MEPs (Figure
49D) and GMPs (Figure 49E) are significantly reduced in Ccn2* mice compared to controls,

even though MP numbers were similar 5d after IR (Figure 49A).
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Figure 49. Hematopoietic myeloid progenitor cells after sublethal irradiation (IR) of control and
Ccn2%4 as short-term stress model. Representative gating strategy for the gating of MPs as CD45
Ter119°Sca1'CD117" cells, the MEPs as CD45Ter119'Sca1' CD117*CD34'CD16/32cells, the CMPs as
CD45Ter119°Sca1'CD117°CD34*CD16/32cells, and the GMPs as CD45Ter119Scal
CD117*CD34*CD16/32* cells in steady-state and 14 days after IR of control and Ccn244 mice. Absolute
cell numbers five and 14 days after IR of (A) MPs (B) CMPs (C) MEPs and (D) GMPs. All figures show
the steady state results in round shaped dot plots, the five days irradiated in squared dot plots and the
14 days irradiated in triangled dot plots. Control cells are shown in white and the Ccn244 cells in black
dot plots. Figures represent three (steady state) or two (5d IR, 14d IR) performed experiments with

steady state control n = 7 and Ccn2¥4 n = 10, five days irradiated control n = 4 and Ccn2¥4 n = 5,14
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days irradiated control n = 7 and Ccn244 n = 6 mice. *p-value <0.05 show significance in the comparison

of control and Ccn2¥4 mice using the Mann-Whitney U-test.

The analysis of the earliest hematopoietic cells in the stem cell hierarchy showed no significant
changes in the cell numbers of the LSK, CD34" CD34 LSK cell populations prior to IR (Figure
50A, B,C). After IR, no significant alterations were found during early recovery (5d IR) or 14
days of irradiation. Interestingly, however, the earliest HSC-enriched CD34" LSK cells were

nearly significantly reduced in Ccn2* mice 14d after IR (p=0.065, Figure 50C).
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Figure 50. Hematopoietic stem cells after sublethal irradiation (IR) of control and Ccn244 as
short-term stress model. Representative gating strategy for the gating of LSKs as CD45Ter119
Sca1*CD117* cells, the CD34*LSKs and the CD34'LSKs in steady-state and 14 days after IR of control
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and Ccn2%4 mice. Absolute cell numbers during steady state, five and 14 days after IR in (A) LSKs (B)
CD34*LSKs (C) CD34°LSKs. All figures show the steady state results in round shaped dot plots, the five
days irradiated in squared dot plots and the 14 days irradiated in triangled dot plots. Control cells are
shown in white and the Ccn244 cells in black dot plots. Figures represent three (steady state) or two
(5d IR, 14d IR) performed experiments with steady state control n = 7 and Ccn2¥4 n = 10, five days
irradiated control n = 4 and Ccn244 n = 5,14 days irradiated control n = 7 and Ccn2%4 n = 6 mice. *p-
value <0.05 show significance in the comparison of control and Ccn244 mice using the Mann-Whitney
U-test

3.2.4.4.6 Functional analysis of irradiated Ccn2”* HSCs using transplantation

The lower numbers of CMPs, MEPs, and GMPs, without significant reductions in LSKs, and
LT-HSCs is in line with the view that irradiation reduces the ability of LT-HSCs to regenerate
the progenitor cell compartment in the BM (Wang et al., 2006, Shao et al., 2014). Therefore,
we tested the in vivo hematopoiesis-repopulating ability of control and Ccn2** LSKs isolated
14d IR by transplanting 1500 control or Ccn2¥*LSKs into lethally irradiated congenic
129xLy5.1 recipient mice (Figure 51A).

Here we found that five weeks after transplantation, engraftment of Ccn2V* LSKs was slightly
but not significantly lower than the engraftment of their control conterparts. Importantly,
however, we found almost no engraftment in the PB at ten and 16 weeks after tranplantation
(Figure 51B). When analyzing the PB cellularity, we found no differences in the percentage of
the Iymphoid engraftment (B220* and CD3¢" cells), however myeloid engraftment
(Gr1*CD11b* and Gr1™°CD11b") in the PB was dramatically decreased (Figure 51C).
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were isolated, pooled per group and sorted for LSK cells. Then, 1500 from the regenerated LSK cells

were transplanted into lethally (8.5 Gy) irradiated WT mice. Five, ten and 16 weeks after transplantation



Results

the PB engraftment and mature cell composition was determined. 16 weeks after transplantation the Sp
and BM cell engraftment and cell composition was analyzed using flow cytometry. (B) Donor cell
engraftment in percentage of the PB five, ten and 16 weeks after Tx. Representative gating strategy for
the gating of Ly5.2* donor cells or Ly5.1*Ly5.2* recipient cells. (C) Percentage of donor cell engrafted
B220*, CD3e*, Gr1*CD11b* and Gr1™¢CD11b"* cells in the PB. Gating strategy of donor mature cell
populations in the PB as an example for mature cell gating. All figures show the donor cell engraftment
from 14 days regenerated control hematopoietic cells in white- and the Ccn244 hematopoietic cells in
black bar and dot plots. Figures represent two performed experiments with n = 7 control mice and n =8
Ccn2%4 mice; *p-value <0.05 show significance in the comparison of control and Ccn244 mice using
the Mann-Whitney U-test.

The engraftment failure of the irradiated Ccn2¥* LSK cells at late time points after
transplantation was also detectable in the Sp and BM when comparing donor engraftment of
Ccn2"*cells (in percentage) to their controls (Figure 52B, E). This was accompanied by a
severely reduced engraftment of the myeloid cells in the Sp (Figure 52C), and both mature

lymphoid and myeloid populations in the BM (Figure 52F).
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Figure 52. Mature cell engraftment in the Sp and BM of transplanted LSK cells from sublethal
irradiated and 14 days regenerated control and Ccn244 cells as a long-term hematopoietic stress
model. (A) Total cell number in the Sp. (B) Percentage of donor cell engraftment in the Sp. (C) Absolute
cell number of donor B220*, CD3e*, Gr1*CD11b*, Gr1™4CD11b* mature cell populations in the Sp. (D)
Total cell number in the BM. (E) Percentage of donor cell engraftment in the BM. (F) Absolute cell
number of donor B220*, CD3e*, Gr1*CD11b*, Gr1™e4CD11b* mature cell populations in the BM. All
figures show the donor cell engraftment from 14 days regenerated control hematopoietic cells in white-
and the Ccn2%4 hematopoietic cells in black bar and dot plots. Figures represent one performed
experiment with n = 3 control mice and n = 5 Ccn2%4 mice for the Sp and two performed experiments
with n = 7 control mice and n = 8 Ccn244 mice; *p-value <0.05 show significance in the comparison of

control and Ccn2%4 mice using the Mann-Whitney U-test.

When analyzing the engraftment of the earliest hematopoietic cells, we found that none of the
early hematopoietic cell types were detectable in the mice receiving LSK cells from

Ccn2® 14d IR (Figure 53A). Indeed, even lineage-negative Ccn2** donor cells (Figure 53B)
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were not detectable, and, consequently, their MP, LSK, CD34" and CD34 LSK subpopulations

(Figure 53C,D).
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Figure 53. Hematopoietic progenitor and stem cell engraftment in the BM of transplanted LSK

cells from sublethal irradiated and 14 days regenerated control and Ccn244 cells as a long-term

hematopoietic stress model. (A) Gating strategy of early cell population of donor cell engraftment. (B)

Absolute cell numbers of the donor cell engrafted LIN- cell numbers. (C) Absolute cell numbers of the

donor cell engrafted MP cell numbers. (D) Absolute cell number of donor cell engrafted LSKs,

CD34*LSKs and CD34°LSKs cells. All figures show the donor cell engraftment from 14 days regenerated
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control hematopoietic cells in white- and the Ccn24“ hematopoietic cells in black bar and dot plots.
Figures represent two performed experiments with n = 7 control mice and n = 8 Ccn244 mice; *p-value

<0.05 show significance in the comparison of control and Ccn2¥4 mice using the Mann-Whitney U-test.

3.2.4.4.7 Functional analysis of irradiated Ccn2¥2 HSCs using AnnexinV and BrdU-
FACS

To exclude that the decreased engraftment of the HSCs from irradiated Ccn2¥* mice is caused
by increased apoptotic cell death or impaired proliferation, we studied these possibilities using
Annexin V and BrdU-FACS analysis (Figure 54A). Since most cell death events occur early
after irradiation, we studied Annexin V two days after irradiation in LSK cells. The anionic
phospholipid phosphatidylserine (PS) changes from the inner to the outer membrane in
apoptotic cells. Annexin V binds PS on the outer membrane and marks apoptotic cells
(Koopmann et al., 1994). However, two days after irradiation we found no increase in Annexin
V+ Ccn2¥* LSK cells (Figure 54B).

To analyze possible changes in the proliferation behavior of LSK cells, we labeled all cells in
S-phase five days after irradiation using i.p. BrdU injection. Our previous results (Figure 49)
suggested that hematopoietic regeneration of the progenitor compartment is most divergent
between controls and Ccn2”*mice at this time point after irradiation. Indeed, we found a
significant elevation of the Ccn2¥* LSK cells in active cell cycle 5d IR compared to control LSKs
5d IR, which show a larger population of LSKs retaining in the G0/G1-phase of the cell cycle
(Figure 54C).
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Figure 54. Annexin V and BrdU treatment of IR LSK cells. (A) Experimental design: 2 days after

sublethal (4.5 Gy) irradiation the BM from control and Ccn244 mice was isolated for Annexin V flow

cytometry. 4 days IR mice were treated with BrdU, sacrificed (5d after IR) and BM was isolated and

prepared for flow cytometry. (B) Percentage of alive LSK cells and corresponding flow cytometry plots.

(C) Percentage of G0/G1-, S-, and G2/M-phase of LSK cells in percentage with the corresponding flow

cytometry plots. Figures represent one performed experiment for Annexin V and two performed

experiments for BrdU assay with control n = 4 and Ccn244 n = 5; *p-value <0.05 show significance in

the comparison of control and Ccn244 mice using the Mann-Whitney U-test.
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3.2.4.4.8 Functional analysis of irradiated Ccn2”* HSCs using Immunofluorescence

staining

To assess possible underlying mechanisms of the dichotomy between elevated cell numbers
in GO/G1 phase of the Ccn2® LSK cells and reduced regeneration of the progenitor
compartment, we first studied possible differences between the presence of cell cycle inhibitors
14d IR. In the first experiments, we studied similarities of the Ccn2** and control 14d IR and
the LSK cells co-cultured on Ccn2-knockdown stromal cells we published previously (Istvanffy
et al., 2015). For all of the following experiments, mice were sublethal irradiated, and 14d IR,
cells were sorted and prepared for immunofluorescence staining. For these experiments, we
could not study the HSC-enriched fraction of CD34- CD48- LSK cells due to too low cell

numbers after sorting. Instead, we studied LSK cells (Figure 55A).

In first experiments, we evaluated possible changes in the expression of the acetylated p53
between irradiated control and Ccn2-deleted LSK cells. Here, in line with possible senescence,
we found an increased content of the active form of p53, acetylated p53 in the LSK cells from
irradiated Ccn2¥* mice (Figure 55B). Furthermore, the protein expression of the G1 to S-
Phase gate keeper p27X" (CDKN1B) was also elevated in the Ccn2¥4 group 14d post IR
(Figure 55C). In accordance with that we found downregulation of Cyclin D1 (Figure 55D),

which is necessary for S-Phase entrance, in Ccn2¥4 14d IR.

As the cell cycle inhibition might be the result of an enhanced DNA damage, we stained for a
marker for DNA double stranded brakes (DSB), the phosphorylated histone, H2AX. Indeed, 14
days after irradiation the number of the gamma H2AX in accumulated foci was significantly
increased in the irradiated Ccn2-deleted LSK cells (Figure 55E). In accordance with the
increase in DSB, Comet-Assay was performed. Ccn2-deleted LSK cells displayed an
increased tail, or length of the Comet, meaning more DNA damage.. Additionally, we compared
the length of the tail from untreated control and Ccn2¥4 and the 14 days irradiated once. As
for the gamma H2AX staining the Comet-Assay (Figure 55F) confirmed the theory that the LSK
cells from irradiated Ccn24 mice after 14 days still harbor the DSB while the controls were
able to repair their DSB and showed the same Comet length as the untreated controls.

Additionally, the untreated Ccn244 LSK cells showed a normal length of the comet.

Taken together, LSKs from sublethal irradiated Ccn2**, show increased BrdU incorporation
and inhibited cell cycle progression into S-phase through elevated Ac-p53 and p27Kip1 and
reduced Cyclin D1 probably caused by enhanced DSB as indicated by elevated gamma H2AX

and enhanced Comets.

142



Results

B

DAPI Pixel number

AB

DAPI Pixel number O Merge

AB

Merge

Regenerated

45 Gy\

—E

Control; Ccn2xya

| Acetylated P53 |

80
60
vV

40 VvV

204 vv

*

Yyo Y yyv
v 'vv"v

Vv

vy
EAY
v

v

v
Control Ccn2 vA
14d post IR 14d post IR
| gamma H2AX |
104 'vvvvv"
51 w, v v':"
R M

Control
14d post IR

Ctgf 4/
14d post IR

Steady-state

i

Control; Ccn2/4

14d after IR
—

@)

|

Analysis of
hematopoietic cells

| P27KP |
) * v
-g 1504
5
1004
o
X s
Q- v
o T
S <
a
as] m
< <
()
= =
Control Ccn2
14d post IR 14d post IR
Control Ccn24/a

14d post IR untreated

Comet-Assay

I

o
©
i

°
1

Length of Comet

1

untreated 14d post IR

Sort
— | SK

1 Control
Ccn2:/A

CYCLIN D1 |

Ccn2 vA
14d post IR

Control
14d post IR



Results

Figure 55. Immunofluorescence staining of sublethal irradiated and Comet assay from irradiated
and steady state control and Ccn244 mice. (A) Experimental design: control and Ccn244 mice were
sublethal irradiated (4.5 Gy) and 14 days after irradiation the BM was isolated from irradiated and
additionally from steady state mice. LSK cells were sorted and prepared for immunoflourescence
staining. (B) The immunoflourescence staining of acetylated P53 is shown, as well as for (C) P27XI?, (D)
CYCLIN D1 (E) gamma H2AX and (F) Comet Assay 14 days IR control and Ccn244. The measurement
of the flourescence intensity in pixel number and the representative immunoflourescence staining of the
nuclei staining in dapi (blue), the measured protein (AB, green), the merged once (bue and green) from
the control on the left side Ccn24“ mice on the right side is shown. In all figures the control in white-
and the Ccn2%4 is shown in black dotplot graphs. *p-value <0.05 show significance in the comparison

of control and Ccn244 using the Mann- Whitney U-test.

In our previous co-culture stress model LSK cells co-cultured on Ccn2 knockdown stromal
cells revealed enhanced DNA damage as shown by increased gamma H2AX with reduced
Cyclin D1 (Istvanffy et al., 2015). This cells additionally showed an increased p-SMAD2/3
signaling indicating an impaired TGF-R1 signaling (Istvanffy et al., 2015). Furthermore, an
increased R-catenin signaling was detected suggesting an enhanced Wnt signaling (Istvanffy
et al., 2015).

As we saw similar results with the impaired cell cycle progression and enhanced DNA damage

response in Ccn2¥* 14d IR mice, we suggested an altered TGF-R1 and Whnt signaling.

Unexpectedly, the protein level of p-SMAD2/3 was similar (Figure 56A), indicating an

unaffected SMAD signaling in the LSK cells isolated from control or Ccn2¥4 mice 14d IR.

On the other hand, similar to our previous study, reduction of both cyclin D1 (Figure 55D) and
R-catenin (Figure 56B) were detected in the LSK cells of Ccn2”® mice when compared to

controls 14d IR, suggesting reduced canonical Wnt signaling.
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Figure 56. Inmunofluorescence staining of sublethal irradiated control and Ccn244 mice. (A) The
immunoflourescence staining of P-SMAD 2/3 and (B) The immunoflourescence staining of R-Catenine
14d IR control and Ccn244 . The measurement of the flourescence intensity in pixel number and the
representative immunoflourescence staining of the nuclei staining in dapi (blue), the measured protein
(AB, green), the merged once (bue and green) from the control on the left side Ccn244 mice on the right
side is shown. In all figures the control in white- and the Ccn2%4 is shown in black dotplot graphs. *p-
value <0.05 show significance in the comparison of control and Ccn244 using the Mann- Whitney U-

test.

The inhibition of cell cycle progression in LSKs from sublethal irradiated Ccn2*®, together with
the increase in BrdU incorporation may be caused by impaired S-phase activation of the cells
in cell cycle. An important pathway regulating cell cycle progression from G1 to S-phase and
myelopoiesis is the STAT3 pathway (Hirano et al., 2000; Zhang et al., 2010). Thus, we stained
LSK cells from sublethal irradiated control and Ccn2*® mice for the expression of the upstream
co-receptor gp130 of the IL-6 family of cytokines and the downstream phosphorylated and
activated form of STAT3. Interestingly, we found a decreased expression of both the gp130
co-receptor (Figure 57B) and phosphorylated STAT3 in LSK cells isolated from Ccn2** mice
14d IR (Figure 57C).

Phosphorylated STAT3 enters the nucleus and acts as a transcription factor to regulate gene
expression (Zhang et al., 2014; 2018). Here, pSTAT3 may stimulate both cell cycle progression
(Kanna et al., 2018) and inhibit inflammation (Zhang et al., 2018) in HSCs. An important
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intermediate in the anti-inflammatory activity of pSTAT3 is its down-regulation of the pro-
infammatory ubiquitin conjugating enzyme E2N (UBC13; UbeZ2n) (Zhang et al., 2014; 2018).
Considering the involvement of Ccn2 in inflammatory pathways (Istvanffy et al., 2015), and the
involvement of UBC13 in DNA repair mechanisms during double strand brakes (Pinder et al.,
2013), we stained for this conjugate UBC13 protein. Interestingly, the LSK cells from irradiated
Ccn2-deleted mice express significantly more UBC13 compared to the controls (Figure 57D),

suggesting increased inflammatory activity.

Interestingly, as we found both enhanced UBC13 and yH2AX expression, we wondered if
downstream of these to molecules the DNA repair mechanism fails in Ccn2”*mice 14d IR. In
the repair of DNA double strand breaks, yH2AX recruits 53BP1 to DNA repair foci (Lassmann
et al., 2010; Nakamura et al., 2010). When we analysed 53BP1 localization, we found that
yH2AX with 53BP1 did not colocalize (Figure 57E). This observation supports t, yH2AX does
not properly recruit the DNA repair machinery in Ccn2¥* HSCs, despite the finding that the
number of YH2AX foci was increased (Figure 55D).

Taken together, our results are consistent with a mechanism of reduced HSC activity due to
reduced anti-inflammatory gp130/STAT3 signaling and increased UBC13 signaling in LSK
cells of irradiated Ccn2”* mice. Furthermore, the results provide evidence for an impaired DNA

repair machinery in Ccn2¥* HSCs, similar as in aged HSCs (Flach et al., 2014).
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Figure 57. Immunofluorescence staining of 4.5Gy irradiated control and Ccn2%4 mice. The
immunoflourescence stainings of (A) GP-130 (B pSTAT3), (C), UBC13, (D) colocalization of gamma
H2AX with 53BP1 in14d IR of control and Ccn244 LSK cells are shown. The measurement of the

flourescence intesity in pixel number and the representative immunoflourescence staining of the nuclei

staining in DAPI (blue), the measured protein (antibody (AB) green or green and red), the merged once

(blue and green, or blue, green and red) from the control mice on the left side, and from the Ccn244 mice

on the right side is shown. In all figures the control in white- and the Ccn244 is shown in black dotplot

graphs. *p-value <0.05 show significance in the comparison of control and Ccn2¥4 mice using the
Mann- Whitney U-test.
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4 Discussion

4.1 Function of Ccn2 during steady state and stress conditions

Ccn2 was found to be an immediate-early response gene to stress (Ponticos, 2013) that in a
coculture experiment of hematopoietic cells with stromal cells together with genes associated
with wounding and infection is rapidly, up-regulated by the niche (Lutzny et al., 2013; Istvanffy
et al., 2015, Desterke et al., 2020). This up-regulation was shown to be essential to maintain

the functionality of HSCs in cell culture (Istvanffy et al., 2015).

Through the investigation of ROSA26-CreER™/Ccn2" mice we found that Ccn2 is dispensable
during steady state conditions. But, in terms of an inflammatory response such as LPS
necessary for the correct resolve of inflammatory cytokines affecting HSC numbers.
Furthermore, in vivo irradiation and/or transplantation experiments revealed Ccn2 to be
essential to protect the functionality of LT-HSCs. Irradiated Ccn24* HSCs showed a reduced
yH2AX-directed DNA repair, inflammatory cytokine secretion of stromal cells with impaired
GP130/pSTAT3 signaling in HSCs and subsequent enhanced UBC13. In accordance to
enhanced UBC13, yH2A.X+ accumulates in these cells, without recruiting the DNA repair
machinery. These results indicate that Ccn2 expression is required to protect HSCs from
increased DNA damage or to ensure a working DNA repair mechanism, after

inflammatory/irradiation stress.

4.1.1 Single HSCs in culture with stromal MEF-CM and Ccn244-MEF-CM

| would like to refer to my publication in Haematologica (Romero Marquez and Hettler et al.,
2021).

4.1.2 The function of Ccn2 expression during different stress conditions
4.1.2.1 Ccn2 has no impact on 5-FU-induced hematopoietic or BM niche stress

In previous experiments, our group showed that an adequate response to 5-FU-induced stress
requires the expression of soluble factors by the microenvironment (Ruf et a., 2016;
Landspersky et al.2022). Thus, it was surprising to find, that 14 days after in vivo 5-FU
treatment, no major changes in hematopoietic cell numbers in the PB, BM, or Sp, nor in the
BM niche cell numbers were found in the Ccn244 mice. One reason for this finding could be,
that in contrast to the previous studies of Sfrp2 and Whnt5a, which are mostly expressed by
Cxcl12* Lepr® osteoprogenitors of the BM, Ccn2 is not only expressed by Fbn1* Igf1* O2

osteoblasts, followed by Col16a71® Tnn® O1 osteoblasts, but also in Stab2® sinusoidal
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endothelial cells (Tikhonova et al., 2019). 5-FU treatment upregulates Ccn2 expression in O1
osteoblasts and endothelial cells 1.5- and 2.3-fold, respectively. However, the highest
expressors, the O2 osteoblasts, are unaffected by 5-FU treatment, resulting in only a minor
increase of Ccn2 in the total BM after 5-FU (Figure 58, Tikhonova et al., 2019).
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Figure 58. Ccn2 expression in stromal cells during steady state conditions and after 5-FU
treatment. (Tikhonova et al., 2019; https://compbio.nyumc.org/niche/). (A) Different clusters of niche
cells: V1, V2: endothelial cells; P1-4: perivascular cellssMSC; O1-3: mature osteoblasts; C: cycling cells.

(B) change in Ccn2 /Ctgf) expression after 5-FU treatment (darker colors, right columns).

Thus, although the composition of the BM changes after 5-FU treatment (especially the P2
Cxcl12® Lepr® AdipoCAR are increased), the overall Ccn2 expression is only minimally
affected. Further studies evaluating the Ccn2 content in subpopulations of the PB or BM flush
out of 5-FU treated and untreated mice would distinguish changes in subpopulation
composition compared to Ccn2 expression to each subpopulation. Moreover, as we found
previously that unchanged cell numbers do not predict HSC function after 5-FU treatment
(Landspersky et al., 2022), HSC function should still be evaluated by transplanting HSCs from

5-FU treated Ccn244 or Ccn2""" mice.

4.1.21 Ccn2 expression increases the number of HSCs in the BM during LPS stress

In our hands, consistent with the putative pro-inflammatory role of Ccn2, a single and low dose
application of LPS, which mimics a bacterial infection, reduced immature hematopoietic
populations such as LSKs, CD34* and CD34" SLAM cells in the Ccn2¥4 when compared to
controls, without affecting more mature populations. This indicates a minor role for Ccn2 during
emergency hematopoiesis. Previously, it has been described that infections act directly on
HSCs (King and Goodell, 2011). Our results in Ccn24“ contrast to a previous study where LPS
(3mg/kg) increases WT LSKs as well as LT-HSCs cell numbers after 24 hours later (Zhang et
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al., 2016). Thus, it seems likely that deletion of Ccn2 reduces the inflammatory response

leading to a decrease in HSCs already at a lower dose of injection (1ug/mouse).

A reduced inflammatory response of Ccn2¥4 mice includes a reduced release of pro-
inflammatory cytokines from the microenvironment (King and Goodell, 2011). Indeed, we found
that Ccn244 mice show lower serum concentrations of CCL2 (MCP-1) and a tendency of
reduced TNF-a after LPS treatment compared to the controls. Interestingly, besides myeloid
cells, MSCs and osteoarthritis synovial fibroblasts were found to secrete MCP-1 after
application with the inflammatory factors TNF-a or CCN2 (Liu et al., 2012; Ren et al., 2012).
As MCP-1 was shown to attract progenitor and hematopoietic stem cells to the site of injury
via CCR2 binding (Si et al., 2010) the reduced MCP-1 concentration in LPS-challenged Ccn244
mice could lead to reduced attraction of HSCs to injury sites or might reduce the attraction of

HSCs into the BM causing reduced HSC numbers as shown in the Ccn244,

It is yet unclear, which cells from the niche are affected most by LPS challenge in Ccn24*
mice. MCP-1 is secreted by monocytes, macrophages, neutrophils (Evers et al., 2022;
Yoshimura et al., 2014;) and in MSCs (Ren et al., 2012; Helbling et al., 2019). In both MSCs
and ECs, MCP-1 is upregulated 48 hours after LPS challenge (Helbling et al., 2019). In
contrast, we found reduced MCP-1 concentration in serum, without any changes in the
numbers of these myeloid cells in the PB, SP and BM, as well as MSC numbers 24 hours after
LPS treatment. The unchanged mature cell and stromal cellularity suggest that MCP-1
expression is affected by Ccn2 deletion, 24 hours after LPS challenge, rather than cell

numbers.

In conclusion, our results support the view that Ccn2 is a pro-inflammatory factor, which
promotes the increase in the number of HSCs and the secretion of other pro-inflammatory

cytokines such as MCP-1 and possibly TNFa.
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41.2.2 In- and extrinsic significance of Ccn2 expression in BM transplantation

41.2.21 Intrinsic significance of Ccn2 expression
4.1.2.2.1.1 Ccn2%4 HSCs transplanted

We have found that adult Ccn24“ HSC show an increased potential to engraft in WT primary
recipient mice compared to controls. Here, Ccn24? HSC transplantation resulted in enhanced
myeloid cells in the SP and increased mature myeloid cells, B-cells as well as MPs and ST-
HSCs in the BM. Although this single experiment has to be repeated to make a clear statement,
the increased engraftment of Ccn244HSCs would suggest an enhanced number of potent
HSCs. However, increased myeloid and stem cell numbers are also found in aged mice
(Adolfsson et al., 2005; Florian et al., 2012), that upon serial transplantation reveal an impaired

functionality with lowered self-renewal capacity (Janzen et al., 2006; Rossi et al., 2005).

Interestingly, against the general view that Ccn2 mainly regulates HSCs extrinsically and not
intrinsically (Cheung et al., 2014; Istvanffy et al., 2014), this result implies an intrinsic role for
Ccn2in regulating HSCs during stress situations. However, Ccn2 was knocked out two weeks
before BM transplantation, with the possible result of already primed cells due to the loss of

extrinsic Ccn2 from the niche in Ccn24.

Indeed, our results with HSCs in which Ccn2 was deleted 4 weeks after engraftment, we did
not find major differences in the cell numbers or differentiation of the engrafted HSCs (16
weeks after Tx). As such, this experiment supports the view of primed HSCs from Ccn244
leading to the altered engraftment, rather than an intrinsic role of Ccn2. In accordance to that,
Cheung postulated that the Ccn2~~ hematopoietic cells are primed by their niche as Ccn2 was
not expressed in the unfractionated BM, but transplanted fetal liver cells from Ccn2~~
compared to WT mice revealed an impaired B-cell development when transplanted into a WT
background (Cheung et al., 2014).

In summary, the experiments indicate that Ccn2 loss of the niche in Ccn244 mice prime the

HSCs leading to an altered engraftment that shares similarities with HSCs of aged mice.

4.1.2.2.2 Extrinsic Ccn2 maintains long term repopulating functionality of HSCs

In line with the hypothesis that environmental Ccn2 is essential for the preservation of long-
term repopulating HSCs with associated myeloid engraftment, we found delayed impaired
engraftment at 16 weeks after transplantation of WT cells regenerated in a Ccn244
microenvironment. In addition, we also found reduced numbers of WT HSCs in the PB and SP
of Ccn24“recipients with reduced LSKs, ST-HSCs and myeloid cells (Gr1*CD11b" cells) cells.
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In the BM niche, Ccn2 is necessary for regenerative processes and balanced MSC
differentiation (Battula et al., 2013; 2017; Igarashi et al., 1993; Takigawa, 2018). In addition,
although Ccn2 is only expressed at a low level under steady state conditions, we found that
irradiation, which we use as conditioning in the transplantation procedure, induces Ccn2
(Figure 40A and B; Zhang et al., 2015). The precise role of Ccn2 expression in BM stress
responses remains to be studied. Besides the observed and described effects on HSC
maintenance upon stress, it is likely that CCN2 may affect proliferation and differentiation of
different BM subpopulations, thus altering the composition of the niche (Battula et al., 2013).
In the latter study, human CCN2 knockdown MSCs were transplanted into NOD/SCID/IL-
2rg(null) mice and differentiated mainly into adipocytes. This adipogenic microenvironment
then further promoted the engraftment of leukemia cells by upregulating Leptin and SDF1a
(Battula et al., 2013). These findings are controversial, since they would imply an increased
engraftment of the WT HSCs into the Ccn24“ microenvironment rather than reduced numbers.
Against this theory, other studies showed that adipocytes impaired the hematopoietic recovery

rather than promoted it (Ambrosi et al., 2017).

Taken together, niche secreted Ccn2 seems to be necessary for a prolonged maintenance of
self-renewing LT-HSCs maintaining their proliferative and differentiation potential via a

possible direct or indirect mechanism.

4.1.2.1 Ccn2 is necessary during irradiation stress

4.1.2.1.1 Osteoblastic OBCs express and upregulate CCN2 in vivo after irradiation

We found that total body irradiation (8.5 Gy) upregulates CCN2 in bone slices of adult mice
when compared to controls (adult, steady state), 24 hours after irradiation. Analysis of BM
subpopulations further showed that in OBCs, CCN2 protein was significantly enhanced, 24
hours after sublethal (4.5 Gy) irradiation. This experiment provides evidence, that in the studied
BM, exclusively osteoblastic cells respond with an increased Ccn2 expression 24 hours after
irradiation. This result indicates that OBCs play a major role in CCN2-mediated responses

during stress situations.

At later time points after irradiation, the inability to upregulate Ccn2 in Ccn2 deficient mice
leads to a significant expansion of ECs and a tendency of increased OBCs (p=0.0556) five
days after irradiation. Interestingly, the EC expansion is reversible, as 14 days after irradiation,

the Ccn244niche looked like the niche in irradiated control mice.
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Considering that Ccn2 is upregulated by OBCs after irradiation, the increase in OBC after five
days in Ccn2%4 mice suggests that CCN2 is a negative regulator of OBC proliferation in
irradiation-induced BM damage. Although high levels of CCN2 were found during different
biological processes such as bone remodeling and growth in trabeculae osteoblasts (Safadi et
al., 2003). Contrary to our results, a previous publication suggests that Ccn2 expression
promotes OBC proliferation rather than inhibit, as high levels of Ccn2 were found during
proliferation of early osteoblast progenitors in vitro, and the loss of Ccn2 in MSCs reduces their
proliferation (Battula et al., 2013). In addition, osteoblasts derived from Ccn2 knockout mice
show decreased proliferation, three days after culture (Luo et al., 2004; Mundy et al., 2014).
Interestingly, seven days into the culture, cell numbers were the same with Ccn2 knockout and
control OBCs (Mundy et al., 2014). Thus, our finding that OBC numbers are normalized 14
days after irradiation, suggests Ccn2 is relevant in the proliferative phase of the stress

response, but not so much in later differentiation and regeneration stages.

4.1.2.3.2.2 Irradiation alters the behavior of Ccn244MSCs

We observed that osteogenic calcium deposition in osteogenic induced Ccn244MSCs (5d IR)
was reduced, indicating impaired osteogenesis lineage, as was previously also found in human
shCCN2 MSCs (Battula et al., 2013; 2017). Considering that MSCs either differentiate into
osteoblasts or adipocytes (Chen et al., 2016) we would have expected an enhanced
adipogenic differentiation of Ccn2¥4 MSCs (5d IR) compared to control MSCs (5d IR).

However, we did not find this in our experiments.

We further found reduced MCP-1, which is strongly produced by sinusoidal ECs and CXCL12-
abundant stromal cells (Helbling et al., 2019; Dolgalev and Tikhonova, 2021; Website single
cell portal), in the serum of LPS treated Ccn2“ mice. Thus, we hypothesize that the reduced
numbers of hematopoietic cells from WT HSCs in the Ccn2%4 microenvironment could be the
result of reduced support or activation due to an impaired pro-inflammatory cytokine secretion.
Indeed, besides MCP-1, IL-6, Rantes (CCL5) and TGFB-1 were on average 50% less secreted
in the supernatant of Ccn2Y4MSCs (14d IR).

Alternatively, considering that reduced MCP-1/CCL2 concentration impairs the recruitment of
mature myeloid cells to the BM niche, thus possibly reducing the impact of HSC quiescence-
promoting ACKR1* or VCAM1* macrophages in the BM (Kaur et al., Blood. 2018; Kwon et al.,
Cell Stem Cell. 2022).
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These findings support the view that Ccn2 loss alters the HSCs niche composition with altered
release of pro-inflammatory cytokines, particularly MCP-1/CCL2, leading to a possible

impaired support of the HSCs through a yet undefined mechanism.
4.1.2.3.2.2 Irradiation alters the behavior of Ccn244MSCs

In experiments to reveal a possible impaired differentiation potential of irradiated Ccn244
MSCs, we found reduced calcium deposition in osteogenic induced differentiation of Ccn244
MSCs (5d IR) indicating an impaired differentiation potential into the osteogenic lineage. This
is in accordance to the previous published data (Battula et al., 2013; 2017) were human
shCCN2-MSCs increased the ability to differentiate into adipocytes. Because MSCs either
differentiate into osteoblasts or adipocytes (Chen et al., 2016) we would have expected an
enhanced adipogenic differentiation of Ccn244MSCs (5d IR) compared to control MSCs (5d
IR). However, the impaired osteogenic differentiation Ccn244MSCs five days after irradiation
but unchanged 14 days after irradiation supports our previous theory that Ccn2 is relevant in

the proliferative phase of the stress response, but not so much in later regeneration stages.

However, we found reduced MCP-1, which is mainly source produced by stromal cells (Huang
et al., 2016), in the serum of LPS treated Ccn24“ mice. Thus, we hypothesize that the reduced
numbers of hematopoietic cells from WT HSCs in the Ccn2%4 microenvironment could be the
result of reduced support or activation due to an impaired pro-inflammatory cytokine secretion.
Indeed, besides MCP-1, IL-6, Rantes (CCL5) and TGFB-1 were on average 50% less secreted
in the supernatant of Ccn2¥4MSCs (14d IR).

These findings support the view that Ccn2 loss alters the HSCs niche composition with altered

release of pro-inflammatory cytokines leading to a possible impaired support of the HSCs.
4.1.2.3.2.3 Ccn2 loss during irradiation stress impairs HSC function

Besides the BM niche, we also studied hematopoietic regeneration at different time points after
sublethal irradiation. Whereas 5d IR the hematopoietic system is at the nadir of cell
degeneration, 14d IR the hematopoietic microenvironment in the BM is restored while the white

blood cell number in the PB is 50% of pre-irradiation numbers (Dominici 2009; Jin et al., 2014).

Our findings of reduced myeloid progenitor compartment 5d after IR that after 14d IR was

restored with the result of slowly decreasing LT- stem cell numbers (0.065) which harbor a
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reduced repopulating ability, supports the earlier view that Ccn2 is essential for the

maintenance of self-renewing LT-HSCs (Istvanffy et al., 2015).

As we showed increased myelopoiesis in the transplantation of non-irradiated Ccn2* LT-
HSCs, and decreased myeloid progenitor cells 5d IR, this finding could signify that in line with
its pro-inflammatory activity, extrinsic Ccn2 stimulates myelopoiesis. The mechanisms
underlying this pro-myeloid effect are as yet unclear, but our cytokine analyses of the
supernatant from MSCs 14d IR and the serum after LPS treatment suggest that CCN2 might

regulate the release of MCP-1, TNF-a, and other pro-inflammatory cytokines.

MCP-1/CCL2 for example was documented to stimulate the myeloid proliferation but also
myeloid cell survival by reducing apoptosis through upregulation of antiapoptotic proteins Bcl-
2, Bel-XL and cFLIPL (Amano et al., 2014; Li et al., 2015; Roca et al., 2009). Similarly, IL-6 is
also known as an activator of myelopoiesis during inflammation (Ishihara and Hirano, 2002).
Our results, thus, suggest, that the rapid upregulation of microenvironmental CCN2 in the
inflammatory response is an essential mechanism to induce cytokines required to regulate the

myeloid cell pool during stress responses.

In addition, in line with our previous in vitro study (Istvanffy et al., 2015), the loss repopulating
activity of HSCs in irradiated Ccn24“ mice, and the reduced cell cycle of LSK cells (increased
GO0/G1 state), suggests a similar function of CCN2 in the maintenance of LT-HSC during stress

responses.

4.1.2.3.2.4.1 HSC functionality in vivo does not involve CCN2-dependent TGFB/SMAD2/3

signaling

In line with the observed impaired proliferative response of Ccn24? stressed HSCs, we
observed that LSK cells from Ccn2** 14d IR increase acetylated p53 and p27" (CDKN1B)
while reducing Cyclin D1. As aged HSCs show inefficient DNA damage repair, and are
impaired in repopulating activity (Flach et al., 2014), we wondered if DNA damage accumulates
in Ccn2* HSCs like aged HSCs. Indeed, we found highly increased DNA damage indicator
yH2A.X+ nuclear foci in Ccn2** 14d IR, which did not form active 53BP1+ DNA repair foci
when compared to controls 14d IR. In addition, increased length of DNA comets in Ccn2* 14d
IR confirms inefficient DNA repair in these cells, while controls 14d IR were unchanged and

comparable to steady state Ccn24 and controls.

In our previous in vitro study, using cocultures of HSCs with shCcn2 stromal cells we found
that inefficient DNA repair in HSCs cultured on shCcn2 stroma was strongly associated with
increased signaling through SMAD2/3 in the LT-HSCs (Istvanffy et al., 2015). Surprisingly, in
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our in vivo 14d IR model, we did not find activation of SMAD2/3 signaling in the Ccn244 LSK

cells compared to controls.
4.1.2.3.2.4.1 HSC functionality is dependent from CCN2/gp130/STAT3/UBC13 signaling

In accordance with reduced inflammatory cytokines, we found reduced gp130 and
phosphorylated STAT3 signaling in Ccn2** 14d IR, compared to control 14d IR. Since
activation of STAT3 down-regulates the pro-inflammatory ubiquitin E2 ligase UBC13/UBE2N
(Zhang et al., 2018), we also analyzed UBC13 in control and Ccn2~*14d IR LSK cells. UBC13
is necessary at G1 phase reparation of irradiation induced “dirty” DSBs and NHEJ-dependent
DNA repairin 50% and 70% of irradiation induced DSBs (Akagawa et al., 2020) and its deletion
impairs hematopoiesis (Wu et al., 2009). Downstream UBC13 ubiquitinates yH2A. X+ which
initiates further repair mechanisms (Akagawa et al., 2020). Considering that irradiated
Ccn2%414d IR show elevation of DNA damage foci although both yH2A.X+ and UBC13 are
also increased, suggests that Ccn24414d IR LSK cells either, excessively proliferate and
accumulate DNA damage (replicative stress), or are unable to repair their irradiation-induced
DNA damage due to an impaired DNA repair mechanism downstream of ubiquitinated
YH2A.X+. The first hypothesis is supported by the finding that UBC13 promotes the pro-
infammatory NF-kB signaling pathway by ubiquitination of inhibitory regulators such as 1kB,
leading to increased proliferation of myeloid cells through accumulation of DNA damage
(Zhang et al., 2018) and upregulation of Jagged 1 on niche cells (Rupec et al., 2005).
Surprisingly, we found reduced expression of the IkB inhibitor IKK-p in Ccn2¥414d IR
compared to controls (data not shown), thus suggesting decreased NF-«B signaling (Hodge
et al., 2016; Xiao et al., 2005). Also, we did not find increased proliferation with elevated
numbers of HSCs in stressed Ccn2%4. The second theory of an impaired DNA repair
mechanism downstream of yH2A.X+ and UBC13 is more likely. While Ccn244 14d IR HSCs
would possibly still gain their DSB through the cause of irradiation, WT HSCs proliferating in
Ccn2%4 stroma would gain the DSB through proliferation, leading to slowly reduced numbers
of HSCs, as we already detected in Ccn2¥-MEF single cell assay or extrinsic transplantation
experiments. A possible mechanism important for the following DDR mechanism is the
colocalization of yH2A.X+ with 53BP1 (Lassmann et al., 2010; Nakamura et al., 2010;). Indeed,
in Ccn2¥4 14d IR HSCs compared to controls, we found a significant decreased co-localization
of yH2A. X+ with 53BP1, supporting the idea that gH2AX fails to recruit the DNA repair

machinery to form DNA repair foci in stressed Ccn2¥4 HSCs.

The thesis period did, unfortunately, not leave time to pin down the two different hypotheses.

In the future, investigations should study IkB, Rel/NFkB, and other molecules of the DNA repair
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foci such as Ku79/80, RAD51, and DNA-PK in more detail. Furthermore, since UBC13
regulates NF«kB activation and DNA repair through two different E3 ubiquitin ligases acting as
a switch between the two pathways: UVE1A and MMS2, respectively (Wu et al., 2020)
analyses of these two molecules may give insights on how the switch between DNA repair or
NFkB signaling operates in Ccn2¥4 14d IR HSCs.

In summary, deletion of Ccn2 expression in vivo is required for maintaining stem cells after
stress-induced inflammation. The results in this thesis support a mechanism whereby CCN2
upregulates the expression of pro-inflammatory factors (cytokines, gp130), and anti-
inflammatory up-regulation of pSTAT3 signaling through down-regulation of UBC13.
Furthermore, Ccn2 deletion leads to an inefficient co-localization yH2A.X+ with 53BP1 which
impairs DDR and the progressing loss of functional HSCs. Considering CCN2 is upregulated
both in several solid cancers (Cheng et al., 2014; Chien et al., 2004; Hou et al., 2018; Jiang et
al., 2019) and hematopoietic acute lymphoblastic leukemia (Ross et al., 2003; Sala-Torra et
al., 2007; Vorwerk et al., 2000), this thesis strongly suggests the CCN2/gp130/STAT3/UBC13

pathway as a novel therapeutic target for these cancers.
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Supplementary Figure 1. MEF-CM enhances CD34-SLAM cell number with decreased time to fist
division. MEF-CM was generated from E.11.5 and E.13.5 (Materials and Methods) and 129xLy5.1
CD34-SLAM cells were cultured in SFM or MEF-CM media with the addition of 4GFs. Mean result of
clones cultured in one 96-well plate are shown as dot plots in a total of four independent experiments.
Left plot: average clone size/plate. Middle plot: percentage of wells with >- 2 cells/plate. Right plot: time
to 1%t division in (hrs). (B) Differences of MEF-CM from individual E13.5 embryos in three independently
performed single cell experiments. CD34-SLAM cells were cultivated in SFM or MEF-CM with 4GF. Left
plot: average clone size/plate. Middle plot: percentage of wells with >- 2 cells/plate. Right plot: time to
18t division in (hrs). SFM in black dots, E11.5 MEF-CM with 4GF in green dots and E13.5 MEF-CM with
4GF in blue dots. * p-value <0.05 show significance in the comparison of SFM and MEF-CM (2GF and
4GF) using the Mann- Whitney U-test (Romero Marquez and Hettler et al., 2020).
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Supplementary Figure 2. Single cell culture optimization in MEF-CM. MEF-CM was generated from
E.13.5 (Materials and Methods). Freshly generated CM was compared to CM generated from cells
thawed before the experiment. Mean result of clones cultured in one 96-well plate are shown as dot
plots. Left plot: average clone size/plate. Middle plot: percentage of wells with >- 2 cells/plate. Right plot:
time to 1%t division in (hrs). (B) Differences of CD34-SLAM cells isolated from 129Ly5.1 or BI6 mice
cultured in MEF-CM 4GF. Left plot: average clone size/plate. Middle plot: percentage of wells with >- 2
cells/plate. Right plot: time to 15t division in (hrs). SFM in black dots, CM from fresh MEFs in pink dots,
CM from thawed MEFs in orange dots, BI6 HSCs in green dots and 129Ly5.1 HSC in purple dots. E13.5
MEF-CM with 4GF in blue dots. * p-value <0.05 show significance in the comparison of SFM and MEF-
CM (2GF and 4GF) using the Mann- Whitney U-test (Romero Marquez and Hettler et al., 2020).

5 Summary

Preservation of functional hematopoietic stem cells (HSCs) is the main function of the bone

marrow microenvironment, regulating the dormancy, activation, self-renewal and
differentiation. Previously our group demonstrated in coculture assays with HSCs on shCcn2-
stromal cells, that the pro-inflammatory factor Cellular Communication Network factor 2 (Ccn2)
is necessary for the maintenances CD34'CD150" LSK (LT-HSCs) and the entrance of dormant

(G0) HSCs into the cell cycle.
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Here, we investigated the in vivo role of Ccn2 in adult steady state and stress induced

hematopoiesis.

At steady state, in line with a low expression of Ccn2, its loss did not affect hematopoietic or

stromal cell composition.

Interestingly, inflammatory stress such as LPS treatment in Ccn24“ mice resulted in reduced
pro-inflammatory cytokine MCP-1 and lower numbers of LSK as well as CD34" LSK, short-
term (ST-) and long-term (LT-) repopulating HSCs already 24hrs after treatment. Moreover, in
transplantation experiments where we transplanted WT LT-HSCs into Ccn244 and control
mice the lacking support of stromal cell Ccn2 resulted in reduced donor cell engraftment with
impaired numbers of myeloid cells, LSKs and ST-HSCs. Irradiation studies revealed that Ccn2
exclusively gets upregulated in osteoblastic cells and is necessary for osteogenic
differentiation of MSCs five days after irradiation. Moreover, 14 days after irradiation (14d IR)
cultured MSCs secreted less MCP-1 and 50% reduced IL-6, Rantes and TGF-B1 indicating an
impaired inflammatory response when Ccn2 is lost. Five days after irradiation, we found
reduced numbers of myeloid progenitor cells that after 14 days were restored. Although further
numbers of hematopoietic cells were unchanged in irradiated Ccn244 mice compared to
controls, the functionality of Ccn24 HSC 14d IR was strongly impaired as their ability to
engraft in WT recipient was apparent. Irradiated Ccn24“ HSCs, displayed a cell cycle arrest at
GO0/G1 state of cell cycle as demonstrated with BrDU incorporation as well as increased p53,
p27¥" and reduced Cyclin-D1. Consistent with that we found increased yH2AX and an
enhanced DNA comet length of Ccn244 HSCs 14d IR, explaining their impaired ability to
engraft in WT recipient mice. Further investigation on molecular level revealed, an unchanged
TGF-B1/SMAD2/3 signaling. However, in line with reduced pro-inflammatory cytokines of
Ccn242 MSCs 14d IR we found reduced GP130, p-STAT3 and a subsequent increase of
UBC13. Although first DNA repair mechanisms are active in Ccn242 HSCs 14d IR as shown
by enhanced UBC13 and yH2AX, colocalization of yH2AX with 53BP1 was reduced, indicating
an impaired DNA repair mechanism when Ccn2 is lost. The latter may explain the DNA
damage discovered in Ccn244 HSCs 14d IR.

Summarized this thesis shows that Ccn2 is dispensable at steady state conditions. However,
during irradiation stress mainly osteoblastic Ccn2 seems to be necessary for the secretion of
pro-inflammatory cytokines of the niche that ensures a correct HSC behavior in terms of

hematopoietic stress. Furthermore, Ccn2 is essential for a correct DNA repair mechanism that
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especially during inflammatory stress induced HSC proliferation, is required for the

maintenance of LT-HSCs.
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6 Zusammenfassung

Die Erhaltung funktioneller hamatopoetischer Stammzellen (HSZ) ist die Hauptaufgabe der
Knochenmarks-Nische, die neben der Ruhephase, Aktivierung, und Selbsterneuerung auch

die Differenzierung der HSZ reguliert.

In einer vorangegangenen Studie, in welcher in vitro HSZs auf shCcn2-Stammzellen kultiviert
wurden, konnte gezeigt werden, dass der stressinduzierte pro-inflammatorische Faktor
,Cellular Communication Network factor 2“ (Ccn2) fir den Erhalt von Langzeit (LZ)-HSZs
notwendig ist da es von (GO0-phase) CD34'C150" LSK-HSZs bendtigt wird, um in den

Zellzyklus einzutreten.

Hier untersuchten wir die in vivo Rolle von Ccn2 im unbehandelten und stress-induzierten

Zustand.

Im unbehandelten Zustand, in welchem die Expression von Ccn2 gering ist, hat dessen Verlust
keine Auswirkungen auf die Zusammensetzung von Blut- oder Stromazellen.
Interessanterweise flhrte inflammatorischer Stress wie etwa eine LPS-Behandlung bei
Ccn2*4 Mausen bereits 24 Stunden nach der Behandlung zu einer Verringerung des pro-
infammatorischen Zytokins MCP-1 sowie einer geringeren Anzahl von LSKs, Kurzzeit und
Langzeit repopulierende HSZs. In Transplantationsexperimenten, in welchen WT CD34"
CD150LSKs in Ccn2*4 und Kontrollmause wurden, filhrte der Verlust von Stromazellen
sekretiertes CCN2 zu einem verminderten Engraftment der Spenderzellen mit einer
geringeren Anzahl von myeloider Zellen, LSKs sowie Kurzzeit proliferierender -HSZs.
Bestrahlungsstudien zeigten, dass Ccn2 ausschlieRlich in osteoblastischen Zellen
hochreguliert wird und fir die osteogene Differenzierung von MSCs funf Tage nach
Bestrahlung notwendig ist. Daruber hinaus sezernierten kultivierte MSCs 14 Tage nach
Bestrahlung (14d IR) weniger MCP-1 und 50 % weniger IL-6, Rantes und TGF-1, was auf eine
beeintrachtigte Entziindungsreaktion bei Verlust von Ccn2 hinweist. Fiunf Tage nach
Bestrahlung fanden wir eine verringerte Anzahl myeloider Vorlauferzellen, die nach 14 Tagen
wiederhergestellt war. Obwohl die Anzahl hadmatopoetischer Zellen in bestrahlten Ccn244 im
Vergleich zu den Kontrollen unverandert blieb, war die HSZ-Funktionalitdt 14 Tage nach
Bestrahlung stark beeintrachtigt, was durch ihre verminderte Repopulationsfahigkeit in WT-
Empféanger verdeutlicht wurde. Bestrahlte Ccn24” HSZ wiesen einen Zellzyklus-Stillstand im

G0/G1-Stadium des Zellzyklus auf, wie mit BrDU-Inkorporation nachgewiesen wurde, sowie
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erhdhtes p53, p27Kip und reduziertes Cyclin-D1. In Ubereinstimmung damit fanden wir eine
erhohte H2AX und eine erhohte DNA-Komet-Ladnge von Ccn244 HSZs 14d IR, was ihre
eingeschrankte Fahigkeit zur Transplantation in WT-Empfangermause erklart. Weitere
Untersuchungen auf molekularer Ebene zeigten eine unveranderte TGF-1/SMAD2/3-
Signallibertragung. In Ubereinstimmung mit den verringerten pro-inflammatorischen Zytokinen
der Ccn244 MSCs 14d IR fanden wir jedoch eine Verringerung von Gp130, p-Stat3 und einen
anschliefenden Anstieg von UBC13. Obwohl die ersten DNA-Reparaturmechanismen in
Ccn2%4 HSZ 14d IR aktiv sind, wie durch erhéhte UBC13 und H2AX gezeigt wird, war die
Kolokalisierung von H2AX mit 53BP1 reduziert, was auf einen beeintrachtigten DNA-

Reparaturmechanismus hinweist, wenn Ccn2 verloren geht.

Zusammengefasst zeigt diese Arbeit, dass Ccn2 unter normalen Bedingungen entbehrlich ist.
Bei Bestrahlungsstress wird Ccn2 jedoch hauptsachlich von osteoblastische Zellen exprimiert.
Es konnte gezeigt werden, dass Ccn2 fir die Sekretion von pro-inflammatorischen Zytokinen
in der Nische notwendig ist, die ein korrektes Verhalten der HSZ bei hamatopoetischer Stress
gewahrleistet. Darlber hinaus ist Ccn2 essenziell fir einen korrekten DNA-
Reparaturmechanismus, der insbesondere wahrend der durch Entzindungsstress induzierten
HSZ-Proliferation fur die Aufrechterhaltung von LZ-HSZs erforderlich ist.
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