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Abstract

Haematopoietic stem cells (HSC) are at the top of a hierarchy of cell commitment, proliferation,
and differentiation that leads to the life-long production of the functional cell types that
constitute the blood. The maintenance of HSC is tightly controlled by an interplay between
cell intrinsic and extrinsic mechanisms, the latter including the bone marrow niche environment
and systemic factors. One intrinsic factor, the transcriptional regulator MYB, is important in
normal HSC maintenance and in the initiation of haematological disease and ageing. From
genetic manipulation and RNA-seq experiments, the Resistin-like gamma (RETNLy) gene has
emerged as a predominant target of the action of MYB. This project involves the investigation

of the expression and function of the RETNL y gene and protein in HSC.

RETNLYy is a member of a small family of Resistin-related proteins that appear to act as soluble
mediators of a number of biological processes, working by binding to cognate receptors. Very
little is known about RETNLy apart from a demonstrated expression in several tissues,
including bone marrow. This project seeks to determine the nature of RETNLy expression in
the HSC compartment at the RNA and protein level. In order to investigate the function of
RETNLy in HSC in the bone marrow, a mouse knock out (KO) of the RETNLy gene was used
in a combination of in vitro and in vivo assays to measure the consequences of absence of the

protein.

The RETNLy gene was found to be expressed throughout the haematopoietic hierarchy, the
level of expression varying widely with mature myelomonocytic cells and HSC expressing
the highest and lowest levels, respectively. Interestingly, comparing males and females,

significantly lower expression of RETNL  RNA was noted in the most immature HSC and in



megakaryocytes. RETNLy protein levels correlated with the RNA expression data. The
gender-specific differences in RETNLy RNA expression were reflected in corresponding
differences in HSC numbers in the bone marrow. Transcriptome analysis of female HSC
showed that the absence of RETNLYy results in significant gene expression differences,
particularly in terms of increased expression of immune- and stress-related genes in the
knockout, which were not affected in males. Attempts to rescue the effects of the absence of
RETNLy in knockout female HSC were unsuccessful in that the normal level of affected
genes could not be restored, most likely because of a failure to achieve physiological levels of
RETNLYy activity.

Overall, the results point to a female-specific function of RETNLy in HSC, which opens up a
whole new area of research into the mechanisms at play, both in terms of the role of RETNLy

and the way in which this is influenced by the gender background.
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CHAPTER 1 INTRODUCTION

Haematopoiesis is the process by which the body produces blood cells. This system is essential
for vertebrate life and is composed of several specialised cell types. Haematopoietic stem cells
(HSC) are responsible for maintaining haematopoiesis and include a group of cells that have
the potential for both self-renewal (generating of daughter HSC by cell division), and
multipotent differentiation (generating mature adult blood cell types) (Eaves, 2015; Weissman
and Shizuru, 2008; Seita and Weissman, 2010). Having these two functional properties enables
HSC to persist throughout life (Wilkinson et al., 2020). These fundamental properties of HSC
enable them to reconstitute the haematopoietic system of irradiated mice, which are ablated for
their bone marrow (BM) stem cells, following transplantation (Copelan, 2006; Chabannon et
al.,, 2018). The ability of HSC to re-establish the haematopoietic system following
transplantation has been much utilised as a curative therapy for several haematological
malignancy diseases, such as leukaemia and lymphoma, and non-malignant blood disorders,
including immunodeficiency diseases, autoimmune diseases, hereditary blood disorders, and
anaemia (Copelan, 2006; Chabannon et al., 2018). Collectively, the research into and
therapeutic application of HSC make them a paradigm for stem cell biology as a whole and has
allowed the development of technologies and experimental approaches that are widely used in

studying stem cells.



1.1 The haematopoietic hierarchy

1.1.1 The haematopoietic hierarchy includes stem cells, progenitors, and fully

differentiated cells

Like all differentiation systems, haematopoiesis can be regarded as a hierarchical organisation
of cells progressing from an immature state towards more differentiated, functional cell types
that supply peripheral blood and other haematopoietic organs. The haematopoietic hierarchy
can be divided into three compartments. At the top of the hierarchy are the HSC, which possess
self-renewal capacity that allows these cells to be maintained throughout life. These HSC have
the ability fully to reconstitute the haematopoietic system in lethally-irradiated mice for the
long term (Spangrude et al., 1988). The capability of HSC to self-renew gradually declines as
they mature towards haematopoietic progenitors. HSC are not committed to a specific cell
lineage but give rise to the second compartment of cells in the hierarchy called multipotent
progenitors (MPP) (Morrison and Weissman, 1994; Christensen and Weissman, 2001). These
MPP are heterogenous (Osawa et al., 1996; Christensen and Weissman, 2001; Kiel et al.,
2005b) and can differentiate into common myeloid progenitors (CMP) (Kondo et al., 1997),
and common lymphoid progenitors (CLP) (Akashi et al., 2000). These progenitors are immature
cells with a limited self-renewal capacity, but with the capability for mass proliferation in order
to produce sufficient differentiated cells when required. The third compartment consists of fully
mature cells that can circulate in the peripheral blood and other haematopoietic tissues (Figure
1.1). Mature cells have no self-renewal or proliferation capacity, and they are divided into (1)
myeloid lineage cells, which are produced from CMP and include red blood cells (RBC),
megakaryocytes, monocyte/macrophages, and granulocytes; and (2) lymphoid lineage cells,
which are cells that are produced from CLP and are responsible for acquired immunity (T- and

B-lymphocytes, and NK cells) (Figure 1.1).
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Figure 1.1 The haematopoietic hierarchy. Schematic diagram of the haematopoietic hierarchy, which at the top
is initiated by the multipotent, long-term haematopoietic stem cell (LT-HSC) that gives rise to the short-term
haematopoietic stem cell (ST-HSC), which in turn differentiates into multipotential progenitors (MPP) (Morrison
and Weissman, 1994; Christensen and Weissman, 2001). The blue triangle illustrates the reduction of self-renewal
capacity during maturation in the stem cell compartment. Cells in the middle are progenitor cells (CMP, common
myeloid progenitor (Kondo et al., 1997); CLP, common lymphoid progenitor (Akashi et al., 2000); MEP,
megakaryocyte-erythrocyte progenitor; and GMP, granulocyte macrophage progenitor) that have no self-renewal
capacity. These progenitor cells are committed towards a specific lineage and have a high proliferation rate. The
cells at the bottom of the hierarchy (Meg, megakaryocyte; Eryth, erythrocyte; Gran, granulocyte; and Mono,
monocyte) are terminally differentiated and can be found in peripheral blood. Microsoft PowerPoint has been used

to obtain this figure.

1.1.2 Mammalian blood cells serve a wide range of functions

Peripheral blood contains more than ten distinct mature cell types with specific functions, which
are ultimately derived from the HSC. RBC are the most abundant cells in the bloodstream,

being responsible for the delivery of oxygen to body tissues and organs and removal of carbon



dioxide. Megakaryocytes are responsible for producing platelets, which are essential for
haemostasis. Monocytes, macrophage, and granulocytes together with NK cells contribute to
innate immunity and cell-mediated immunity. Finally, lymphoid cells T- and B-cells constitute

the adaptive immune system.

Under normal physiological conditions, HSC are responsible for maintaining homeostasis in
the haematopoietic system but must increase their activity to the maximum in response to any
haematological stress (eg bleeding), and then return the normal steady-state (Ogawa, 1993;

Morrison and Weissman, 1994; Kondo et al., 1997; Akashi et al., 2000; Chao et al., 2008).

1.2 Development of the haematopoietic system
1.2.1 Haematopoiesis develops in distinct phases

The development of the adult haematopoietic system in vertebrates is a complex process that
has been under investigation over several decades. The fact that dysregulation or mutation in
critical regulators of embryonic blood development can lead to haematological malignancy in
later life is one reason why understanding the ontogeny of haematopoiesis has been a major
research direction in the field. Detailed knowledge of both the anatomical sites and specific
temporal sequence of HSC evolution is necessary in order fully to understand haematopoiesis,

and the mouse has served as the principal model in which to conduct such studies.

During mouse embryogenesis, haematopoiesis occurs sequentially in a number of distinct
locations (Figure 1.2), which correlate with changes in the anatomy of the embryo during
organogenesis. Broadly, two phases of haematopoietic development can be defined, namely

‘primitive’ and ‘definitive’, the latter giving rise to adult haematopoiesis.



During the early embryonic stage starting at E7.5, primitive nucleated erythrocytes are
produced in the blood islands of the extra-embryonic yolk sac (Dzierzak and Medvinsky, 1995;
Palis and Yoder, 2001). The haematopoietic and endothelial cells of the blood island are
produced from a common mesodermal precursor known as the haemangioblast (Ferkowicz and
Yoder, 2005; Shalaby et al., 1995; Choi et al., 1998). The primary function of the primitive
wave is to produce erythroid progenitors that can transport oxygen as the embryo undergoes
rapid growth (Orkin and Zon, 2008). These erythroid progenitors are unipotent and do not have

self-renewal capacity.

Under experimental conditions, erythroid-myeloid progenitors start to appear in the YS (Moore
and Metcalf, 1970) and in the early stage of the placenta and the umbilical cord, known as the
chorion and allantois (Palis et al., 1999; McGrath et al., 2011; Alvarez-Silva et al., 2003; Corbel
etal., 2007; Zeigler et al., 2006; Boisset and Robin, 2012). From ES8.5, erythroid, myeloid, and
lymphoid progenitors are found in the YS in addition to the Para-aortic Splanchnopleura (P-Sp
region formed by the dorsal aorta, omphalomesenteric, artery, gut, and splanchnopleure)
(Godin et al., 1995; Bertrand et al., 2005). Multipotent stem cells are also detected in the YS
and the intra-embryonic Aorta-Gonad-Mesonephros region (AGM, the region corresponding to

the earlier P-Sp) at E10 (Medvinsky et al., 1993).

For a period of time, it was believed that the YS produced adult HSC, and that these migrated
and colonised the foetal liver followed by the adult BM (Moore and Metcalf, 1970). However,
it was found that embryonic HSC failed to support erythropoiesis and haematopoietic
precursors found throughout life, which are actually derived from a different site in the embryo
(Figure 1.2) (Dieterlen-Lievre, 1975). Despite the ultimate origin of the cells, the main site of
adult HSC differentiation and expansion in the second, definitive wave of haematopoiesis is the

foetal liver. However, HSC are not produced de novo by the foetal liver, but are believed to be



seeded by circulating haematopoietic cells that arise in the AGM region of the developing
embryo (Houssaint, 1981; Johnson and Moore, 1975; Mikkola and Orkin, 2006; Cumano and
Godin, 2007). Foetal liver seeding starts at E9.5 to E10.5 when the liver rudiment becomes
colonised by myeloid and erythroid progenitors that generate definitive erythroid cells

(Mikkola and Orkin, 2006; Jagannathan-Bogdan and Zon, 2013).
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Figure 1.2 Establishment of primitive and definitive haematopoietic stem cell in mouse. The production site
of primitive HSC can be found in the blood island during embryonic stage (Dzierzak and Bigas, 2018). Definitive
HSC are produced from foetal liver after it has been seeded by circulating cells. Also, a time line and duration of
the production of both primitive and definitive HSC and the sites of each of each period of time (Orkin and Zon,

2008). Image taken from (Kauts et al., 2016).



1.2.2 Adult HSC arise in the AGM before progressing to the foetal liver and then the

bone marrow

At E11.5, the majority of the HSC of the second phase that colonising the foetal liver derive
from endothelium with haemogenic properties known as haemogenic endothelium at the level
of AGM (Jagannathan-Bogdan and Zon, 2013). HSC and progenitors travel through the AGM
and the placenta via the umbilical vessels, which is the second major vascular circuit that
connects to the foetal liver (Ivanovs et al., 2011; Ivanovs et al., 2014). At E12.5 the foetal liver
becomes the main site where HSC undergo expansion and differentiation, reaching a plateau
(around 1000 HSC) by E15.5 to E16.5 before declining (Ema and Nakauchi, 2000; Gekas et

al., 2005; Morrison et al., 1995).

In order for HSC to be maintained into and throughout adult life, a unique microenvironment
becomes established within skeletal system development. At E12.5, skeletal development starts
when mesenchymal stem cells (MSC) give rise to chondrocytes that create a cartilaginous
skeletal framework (mesenchymal condensation). The chondrocytes are then replaced by
osteoblasts, which in turn generates calcified bone through endochondral ossification. The
seeding of HSC and progenitors into the developing bones is facilitated by vascular invasion
(Olsen et al., 2000). Clonogenic progenitor activity in the long bone can be found at E15.5, and
the functional HSC are found from E17.5 onwards (Christensen et al., 2004; Gekas et al., 2005),
although functional HSC are found in the circulation several days before, which means that the
early foetal BM microenvironment is unable to attract HSC and support their engraftment and

self-renewal (Mikkola and Orkin, 2006).



1.3 The haematopoietic stem cell
1.3.1 The history of the discovery and investigation of HSC spans more than 70 years

For several decades, starting around the middle of the 20" century, HSC have been the subject
of intense investigation, particularly in relation to their ability to protect an organism against
the consequences of lethal irradiation (Ng and Alexander, 2017). In 1945, Owen observed that
fraternal twin cattle shared for life the blood cell types of both calves (Owen, 1945). Owen
wrote, “Since many of the twins in this study were adults when they were tested, and since the
interchange of formed erythrocytes alone between embryos could be expected to result in only
a transient modification of the variety of circulating cells, it is further indicated that the critical
interchange is of embryonal cells ancestral to the erythrocytes of the adult animal. These cells
are apparently capable of becoming established in the haematopoietic tissues of their co-twin
hosts and continuing to provide a source of blood cells distinct from those of the host,
presumably throughout his life.” In 1952, cattle twins were used again by Medawar and
Billingham for skin transplantation experiments between heterozygotic (mixed sex) and
monozygotic (identical) twins. An unexpected outcome was the observation that grafts were
invariably accepted in all circumstances (Billingham and Reynolds, 1952). Their further studies
in mice demonstrated that tolerance could be induced by haematopoietic cell infusion in foetal
and neonatal mice, research that ultimately led to the Nobel Prize in Medicine being awarded

to Medawar in 1960 (Billingham et al., 1953).

The occurrence of haematological failure, and often death, in people exposed to radiation from
the atomic bomb explosions in Hiroshima and Nagasaki during the Second World War, led to
much of the research focussed on the capacity of HSC to reconstitute the haematopoietic
system. It was found that mice could be protected from radiation syndrome by shielding their

spleen with lead, then by injecting spleen or marrow cells (Jacobson et al., 1950; Lorenz et al.,



1951; Jacobson et al., 1951). In 1955, the first successful transplantation experiment was
performed in mice when allogenic marrow was transplanted into lethally-irradiated mice
without immune suppression, implying that this experiment is similar to Owen’s experiment
(Main and Prehn, 1955). A massive breakthrough in the field of HSC research came in 1961
when Till and McCulloch published their findings indicating that: (1) haematopoiesis could be
studied as a quantitative science; (2) clonal HSC in the marrow can give rise to all blood cell
types; (3) some of these cells made more of themselves (self-renewal potential); and (4)
lymphocytes are produced from cells that existed in the spleen, which initially come from the
BM (Till and Mc, 1961; Becker et al., 1963; Siminovitch et al., 1963; Wu et al., 1967; Wu et

al., 1968).

Between the 1970s and 1980s, the focus of research became the ability of HSC to be
transplanted and survive for a long time, involving different autologous and allogeneic
haematopoietic cell transplants of different cell types, including progenitors and stem cells. The
HSC has been defined as a single cell that has the ability to undergo self-renewal, produce all
blood cell types (multipotency), and produce lifelong reconstitution of the BM (Becker et al.,
1963; Lemischka et al., 1986). Subsequently, different aspects of HSC have been studied,
predominantly using the mouse. Key features of HSC studied, with the goal to improve how
HSC can be used to treat leukaemia and other haematological malignancies, include their
surface antigen characteristics and how best to isolate them, the degree of heterogeneity, and

mechanisms of regulation of HSC by both intrinsic and extrinsic factors.



1.3.2 Stem cells are defined by a number of fundamental characteristics
1.3.2.1 Potency

Stem cells are defined by two main characteristics, that is, their ability to self-renew to secure

their existence throughout life, and the ability to differentiate into one or more cell types.

The zygote can be considered as a totipotent stem cell that can divide and differentiate into cells
of the whole organism. A totipotent stem cell has the greatest degree of differentiation potential,
being able to give rise to both embryonic and extraembryonic (placenta) lineages (Zakrzewski

etal., 2019).

Pluripotent stem cells (PSC) are similar to totipotent stem cells; however, they are unable to
produce extraembryonic cell types. Embryonic stem cells (ESC) are an example of PSC
(Sukoyan et al., 1993). Induced pluripotent stem cells (iPSC) are another form of PSC that are
artificially generated from somatic cells and in many respects are similar to ESC. Research in
the IPSC field has been intense since 2006, largely because of the promise they offer for
regenerative medicine (Larijani et al., 2012; Zakrzewski et al., 2019). A multipotent stem cell
has self-renewal capacity similar to that of totipotent and pluripotent stem cells but has a more
restricted spectrum of differentiation. The most studied example of this type of stem cell is the
HSC (Zakrzewski et al., 2019). Oligopotent stem cells can differentiate into different cell types

of a small number of lineages, while unipotent stem cells can give rise to just one cell type.
1.3.2.2 Quiescence

For decades, there was debate about the nature of the cells that are non-cycling but have the
ability to proliferate in response to extrinsic stimuli. Some researchers considered these cells to
be in a prolonged G1 phase of the cell cycle, while others regarded it as a non-proliferative

phase GO, which is also referred to the quiescence state (Cheung and Rando, 2013).
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Quiescence is a state of the cell that does not divide but that retains the ability to re-enter the
cell cycle. In the haematopoietic system, all HSC are capable of entering the cell cycle;
however, only 1-3% are cycling under normal conditions. It is clear that this property is
important to maintain lifelong stem cell activity (Challen et al., 2009), and also as a protective
mechanism to guard against malignant transformation and malfunction and to avoid depletion
(Wang and Dick, 2005). Different intrinsic and extrinsic factors contribute to the decision
whether or not HSC exit quiescence, including in response of inflammation, blood loss, etc.
(Morrison and Weissman, 1994; Figure 1.3). Quiescent and cycling HSC can be distinguished
in a number of ways based on DNA and RNA content and by staining for proliferation markers.
Quiescent HSC contain less RNA compared to active HSC (Darzynkiewicz et al., 1980), while
dual staining with Hoechst 33342 together with anti-Ki67 antibody, can be used specifically to
label proliferating cells (Wilson et al., 2004). Staining with Pyronin Y, which is an RNA
binding dye, was used to show that approximately two thirds of LT-HSC are quiescent

(Eddaoudi et al., 2018; Nakamura-Ishizu et al., 2014; Bigas and Espinosa, 2012) (Figure 1.3).
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Figure 1.3 HSC quiescence. Most HSC are in a quiescent state in the GO phase of the cell cycle in normal

haematopoiesis. Normally, only 1-3% of the HSC are activated by intrinsic and extrinsic factors to pass the
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restriction point in G1 phase and progress through the cell cycle phases (G1 phase, S phase, G2 phase, and M
phase) and divide. TF, transcription factor; SCF, stem cell factor; G1, cell increase in size phase; S, cell copies its

DNA; G2, cell prepare to divide; M, mitosis phase. Microsoft PowerPoint has been used to obtain this figure.

1.3.2.3 Self-renewal

One stem cell can divide into either two identical cells with the same developmental potential
as the original cell (symmetrical division) or one identical cell and one committed progenitor
(asymmetrical division), the production of an identical cell generally being referred to as ‘self-
renewal’ (Figure 1.4). Two models have been proposed to describe the HSC choice to commit
to differentiation. In the ‘stochastic’ model, HSC randomly commit without the influence of
cytokines, which instead allow the survival of the cells as they start to differentiate. In the other,
‘instructive’, model specific cytokines direct the HSC and determine the outcome of each
mitosis. Several studies support the instructive model; however, the initial division of HSC are
likely to involve stochastic fate choices (Wagers et al., 2002). So, HSC self-renewal is
controlled by intrinsic factors, mainly transcription factors, and by the environment (BM niche).
Self-renewal is a critical property of HSC enabling the maintenance of homeostasis, keeping a
fairly constant number of cells in the stem cell pool throughout life while allowing the
continuous production of blood cells. Rigorous quantitative transplantation assays can measure

the extent of HSC self-renewal. (Zon, 2008; Szilvassy, 2003).
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Figure 1.4 HSC fate choices. This schematic diagram represents the HSC fate choices in the BM. The process of
homeostasis, commitment, and expansion results in generation of one identical HSC and one committed cell, two
committed cells, and two identical HSC, respectively. HSC and quiescence cells are represented in blue, committed

cells are represented in red, and apoptotic cell in black. Microsoft PowerPoint has been used to obtain this figure.

1.3.2.4 Apoptosis

Programmed cell death, also known as apoptosis, influences the maintenance of normal HSC
numbers (Nebel et al., 2006). Any defect in HSC apoptosis could lead to failure in the
production of sufficient mature cells or, conversely, to increase in the production of one or
several types of cells that might lead to haematological malignancy (Oguro and lwama, 2007).
Some genes (intrinsic factors) have been identified in response to DNA-damage, i.e. RUNX1
(Bellissimo and Speck, 2017). Also, longevity-related signalling (extrinsic factors) contribute

to the HSC to apoptosis (Alenzi et al., 2009).
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1.3.2.5 Differentiation

When HSC undergo differentiation, along either the myeloid or lymphoid lineages, this is
usually associated with asymmetric stem cell division (Figure 1.4). Several growth factors

affect the type of division that the HSC adopts (Gunsilius et al., 2001; Rossi et al., 2007).

1.3.3 The methods for the identification, isolation, and analysis of HSC are highly

developed and underpin much of stem cell science
1.3.3.1 Identification and isolation of HSC using surface marker expression

The top part of the haematopoietic hierarchy contains a heterogenous group of HSC, which are
different in their properties from each other. In 1988, HSC were described after using a
combination of several surface markers, including enzymes, glycoproteins, chemokines,
amongst others. These markers are generally known as cluster of differentiation (CD) antigens.
Different CD antigens can be used to distinguish different cell populations, often using
combinations of multiple markers. Fluorescently-labelled monoclonal antibodies against
surface antigens combined with fluorescence-activated cell sorting (FACS) was utilised by
Weissman and his colleagues to describe the first HSC-enriched cells (Spangrude et al., 1988;
Cheng et al., 2020). To the present day, this method remains the most powerful strategy that
can be applied to define even very small subsets of HSC within the overall pool (Eaves, 2015;

Kawahara and Shiozawa, 2015; Ng and Alexander, 2017).

One of the first, and still much used, definition of HSC in mice involved detection of surface-
expressed tyrosine kinase receptor for stem cell factor (c-Kit) and the stem cell antigen Sca-1
(Ly6A/E) on cells that do not express lineage (Lin") markers of B cells, T cells, granulocytes,
monocytes/macrophages, erythrocytes, and megakaryocytes (Huang et al., 2007; Ikuta and

Weissman, 1992). Mouse HSC defined through use of these markers are often referred to as
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‘KSL’ or ‘LSK”’ cells. Subsequently, ever more markers have been discovered better to define
homogenous sub populations of HSC, including FMS-like tyrosine kinase 3 (FIt3) and CD34

(Adolfsson et al., 2001; Kiel et al., 2005a; Osawa et al., 1996).

Cells sorted from a heterogenous population of HSC can be functionally defined on the basis
of their ability to reconstitute haematopoiesis in a lethally-irradiated mouse. Three types are
usually described, all of which are included in the KSL pool; namely, long-term (LT) HSC,
short-term (ST) HSC, and multipotent progenitors (MPP). LT-HSC are the most immature,
have the greatest self-renewal potential, are able to reconstitute lethally-irradiated mice for
more than six months, and can be serially transplanted into secondary recipients. LT-HSC are
defined by a number of markers, including expression of the SLAM marker (signalling
lymphocyte activation molecule) CD150, and lack of expression of the SLAM marker CD48,
CD34, and FIt3 (Morrison and Weissman, 1994; Adolfsson et al., 2001; Oguro et al., 2013).
Like LT-HSC, ST-HSC can repopulate irradiated mice, but for a shorter time (three months),
and are distinguished from LT-HSC by being positive for CD34 expression (Adolfsson et al.,
2001). The most mature component of the KSL pool are the MPP, which can be further
subdivided into three cell types: MPP1, which has a low level of CD34; MPP2, which is CD34*
and has low level Flt3 expression; and MPP3, which is CD34* and is FIt3". Beyond the MPP,
differentiation can proceed along a myeloid or lymphoid path via committed progenitors CMP
and CLP, respectively. CMP, which are CD34*CD16/32", progress to GMP, which express

CD16/32, or MEP, which does not express CD16/32 or CD34 (Figure 1.5).
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Figure 1.5 Cell surface markers of haematopoietic stem and progenitor cells (HSPC). This schematic diagram
represents the cell surface markers of murine HSPC. The pool of MPP has a heterogenous cells that can be
differentiated according to their specific cell surface markers, and functional differences have been found in this
group of cells. For example, MPP2 can give rise directly to MEP without passing through CMP (red dashed arrow)
(Chao et al., 2008; Mayle et al., 2013; Goodell et al., 1996; Yang et al., 2005; Kondo et al., 1997; Akashi et al.,
2000). LT-HSC, long-term haematopoietic stem cell; ST-HSC, short-term haematopoietic stem cell; MPP,
multipotent progenitors; CLP, common lymphoid progenitors; CMP, common myeloid progenitors; GMP,
granulocyte-macrophage progenitors; MEP, megakaryocyte-erythrocyte progenitors; Lin, lineage markers.

Microsoft PowerPoint has been used to obtain this figure.

Surface immunofluorescent staining of HSC combined with fluorescence-activated cell sorting
(FACS) is the preferred method for the isolation of HSC, providing high degrees of purity and

viability, even for the very small numbers of cells that can be recovered for subtypes such as

the LT-HSC.
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1.3.3.2 In vitro assays of HSC

In vitro, the colony-forming unit (CFU) assay can be used to characterise sorted cell
populations. This method is considered the second, and most rapid, method of identifying HSC
and progenitors. It is based on cell culture in a semi-solid medium that incorporates different
cytokines and growth factors, including so-called colony-stimulating factors (CSF) (Metcalf,
2013). There are four distinct CSF, which are named after the major types of colony formation
stimulated by their action; granulocyte-macrophage colony-stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor (M-
CSF), and multipotential colony-stimulating factor, known as interleukin-3 (IL-3). Purification
and cloning of CSF were achieved during the 1970s and 1980s (Burgess et al., 1977; Stanley
and Heard, 1977; Nicola et al., 1983; Ihle et al., 1982). This CFU assay is considered as the
second most rapid method of identifying HSC and progenitors, providing a limited functional
assessment by showing the ability of HSC to differentiate as well as some limited self-renewal

(Frisch and Calvi, 2014).

The Cobblestone-Area Forming Cell (CAFC) assay is another form of in vitro test that can be
used to analyse HSC. It is a long-term co-culture assay in which HSC are plated on a pre-
cultured MSC (de Haan and Ploemacher, 2002). The CAFC assay relates to in vivo studies of
the BM because it allows the growth of HSC in close association with supporting MSC (Dexter
et al., 1977a; de Haan and Ploemacher, 2002). This method can measure the activity of HSC
and the frequencies of different progenitor cells (Ploemacher et al., 1989; Ploemacher et al.,
1991; Ploemacher et al., 1993). Despite the time saving of such in vitro assays, they are
considered as indicative assays for HSC activity. In vivo assay (HSC transplantation) is the

only assay, which known as a definitive assay.

17



1.3.3.3 In vivo assays of HSC

Stem cell transplantation into irradiated recipients is the preferred method for the
characterisation and assessment of HSC. First developed in the 1950s, the in vivo method
evolved out of attempts to identify BM cells that could be transplanted to overcome the effects
of haematopoietic cell ablation in lethally-irradiated mice, reconstituting all blood cell types
(Jacobson et al., 1951; Ford et al., 1956). From these early experiments, the methods were
refined for the purposes of identifying, characterising, and quantifying BM cells with
repopulating activity (Dick et al., 1985; Keller et al., 1985; Uchida et al., 2003). Further
refinements included the limiting dilution assay (LDA), which defines the minimal number of
cells required in a BM sample that are sufficient to elicit reconstitution. Earlier experiments
showed how the clonal behaviour of HSC could be visualised by examination of a recipient
spleen for the presence of visible nodules (colonies) on the surface 9 to 14 days post-
transplantation, each nodule being derived from a single donor cell, which was therefore
designated as a colony forming unit spleen (CFU-S, (McCulloch and Till, 1960; Till and Mc,
1961). The spleen colonies in such assays were found to consist of a mixture of mature myeloid
cells and to be formed from cells that can also produce lymphoid progeny (Becker et al., 1963;
Wau et al., 1967). Moreover, some colonies were shown to contain daughter cells that produce
similar multilineage colonies in the spleen of a secondary irradiated host, which was therefore

the birth of the concept of self-renewal (Siminovitch et al., 1963).

Most experiments using the mouse transplantation assay do so at present using a competitive
approach, that is, the host animal is transplanted with a mixture of wild type and test (usually
genetically modified) donor cells so that their relative behaviour can be determined. The
reference and test donor cells are genetically identical with the exception of (i) any genetic

modification that is being explored in the test cells, and (ii) a difference in the allele of the
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surface marker CD45 that enables discrimination by flow cytometry or during cell sorting.
Hence, the two alleles CD45.1 and CD45.2 are employed, the hosts being CD45.1
homozygotes, the test donor cells being CD45.2 homozygotes, and the reference donor wild
type cells being CD45.1/CD45.2 heterozygotes. Such a competitive assay can be refined very
precisely to define the number of fully reconstituting HSC by performing a limiting dilution of

the test donor against a fixed number of the reference donor cells (Eaves, 2015).

1.3.4 The precise nature of the HSC has become progressively more refined, revealing a

complex phenotypic and functional heterogeneity in the stem cell pool

The understanding of the HSC hierarchy developed through over 50 years of experimentation
has served the field well, although there is an appreciation that some of the strategies adopted,
including a reliance on the use of surface antigens to identify and sort cells, have limitations
(Cheng et al., 2020). In the past few years, with the advances in various single cell technologies,
new HSC hierarchy models have been proposed. Myeloid-biased HSC (My-Bi) and lymphoid-
biased HSC (Ly-Bi) have been identified after using single-cell transplantation and LDA. My-
Bi can reconstitute the lymphoid lineage to a lesser extent than the myeloid lineage, and vice
versa (Muller-Sieburg et al., 2002; Muller-Sieburg et al., 2004; Dykstra et al., 2007; Benz et
al., 2012) (Figure 1.6A). In addition, platelet/myeloid-biased HSC have been recognised at the
top of the haematopoietic hierarchy. These cells were found to be LT-HSC that express the
surface marker von Willebrand factor (vWF). Roughly 25% of LT-HSC express the vVWF and
can give rise to all blood cell types, including VWF- HSC, which is a lymphoid-biased HSC
(Sanjuan-Pla et al., 2013). MEP arise directly from platelet/myeloid-biased HSC (Sanjuan-Pla
et al., 2013; Yamamoto et al., 2013) (Figure 1.6B). In 2015, stem-like megakaryocyte
committed progenitors (SL-MKkP) have also been recognised within the HSC compartment. This

population shares many features with HSC and becomes activated upon stress to replenish
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platelets (Haas et al., 2015). Moreover, using single-cell transplantation, a distinct class of HSC
found to replenish megakaryocyte/platelets without producing any other blood cell types

(Carrelha et al., 2018).
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Figure 1.6 The refined models of HSC differentiation. (A) Myeloid-biased HSC and lymphoid-biased HSC
model. Myeloid-biased HSC has the ability to reconstitute the lymphoid lineage to a lesser extent than the
lymphoid-biased HSC, and vice versa. (B) vVWF* platelet/myeloid-biased HSC sit on the top of the hierarchy and
has the ability to differentiated into all blood cell types. VWF" lymphoid-biased HSC is derived from vWF*
platelet/myeloid-biased HSC. And can differentiate into LMPP. vVWF- lymphoid-biased HSC and LMPP cannot
give rise to megakaryocyte. (C) MkRP, MERP, and CMRP are heterogenous group that can be found in the HSC
pool and they possess the ability of self-renewal. MEP, megakaryocyte-erythrocyte progenitor; GMP, granulocyte-
monocyte progenitor; LMPP, lymphoid-primed multipotent progenitor; CLP, common lymphoid progenitor;
MKRP, megakaryocyte repopulating progenitor; MERP, megakaryocyte-erythrocyte repopulating progenitor; and

CMRP, common myeloid repopulating progenitor. Microsoft PowerPoint has been used to obtain this figure.
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In recent single-cell transplantation assays, it has also been found that lineage-restricted
progenitors exist which have self-renew capacity. These include megakaryocyte repopulating
progenitors (MKRP), megakaryocyte-erythrocyte repopulating progenitors (MERP), and
common myeloid repopulating progenitors (CMRP). These findings suggest that the HSC pool

contains oligo-, bi-, and uni-potent stem cells (Yamamoto et al., 2013) (Figure 1.6C).

Differences in HSC reconstitution ability have also been found with respect to their expression
of the SLAM family markers CD150 and CD229. CD150™Md HSC, CD150" HSC, and CD229"
HSC, exhibit higher self-renewal potential with myeloid-biased differentiation (Morita et al.,
2010; Oguro et al., 2013), whereas CD229* HSC have less self-renewal potential with lymphoid

bias (Oguro et al., 2013).
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Figure 1.7 An alternative model of HSC differentiation. MPP can be separated into four different populations
(MPP1-4). MPP1 can give rise to all other MPP populations. MPP2 is a platelet-erythrocyte biased progenitor. In

addition, MPP2 and MPP3 are myeloid-biased progenitors. MPP4 is lymphocyte-biased progenitors. MPP2-4 can
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each give rise to all blood cell types to a limited extent. MPP, multipotent progenitors. Microsoft PowerPoint has

been used to obtain this figure.

Heterogeneity has also been defined within MPP populations. Hence, based on
immunophenotype, cell cycle status, lineage bias, resistance to drug treatment, and BM
abundance, MPP populations can be segregated into four categories, MPP1-4. MPP1 have
multi-lineage reconstitution ability (up to 4 months) in the first transplantation, whereas,
MPP2/3/4 have no self-renewal potential and only show short-term myeloid reconstitution
ability (<1 month). MPP2 is considered to be a platelet-biased progenitor because it produces
higher numbers of platelets. MPP3 seems to be a myeloid-biased progenitor because it produces
higher levels of myeloid cells. Both MPP2 and MPP3 produce a low level of lymphocytes. On
the other hand, MPP4 produces a high level of lymphocytes and only a low number of myeloid
cells. It is important to mention that MPP1 can produce all MPP populations; however, none of
MPP2/3/4 can produce each other. In vivo, MPP1/2/3 are produced first after transplantation
enabling the myeloid compartment to be established rapidly, followed by MPP4 which is
capable of rebuilding the lymphoid compartment (Wilson and Kotton, 2008; Pietras et al., 2015)

(Figure 1.7).

1.4 The haematopoietic stem cell niche

A stem cell ‘niche’ refers to a specific region within a tissue that provides a microenvironment
in which stem cells can reside and regulate their functions. Both cellular and non-cellular
elements are involved in this microenvironment, which provides a complex and dynamic
molecular crosstalk between the stem cell and its surroundings (Figure 1.8) (Lo Celso and

Scadden, 2011).
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The concept of the BM stem cell niche was first proposed in 1978 (Schofield, 1978). This
hypothesis has been supported by a variety of in vitro coculture experiments and by BM
transplantation, in which the niche is the first target to be ‘emptied’ through irradiation (Dexter
et al., 1977b; Moore et al., 1997; Rios and Williams, 1990). It has been shown that HSC move
toward the BM niche in the embryo and after transplantation. The migration and localisation of
HSC into a specific microenvironment implies that there are mechanisms of communication
between the stem cells and the rest of the bone marrow. The BM niche plays a role in
determining stem cell fate (Li and Xie, 2005; Spradling et al., 2001) and in protecting HSC
from excessive proliferation, which in turn reduces the number of genetic mutations that might

lead to disease (Schofield, 1978).

Humoral

Structural
Metabolic

Physical

Paracrine Neural

Figure 1.8 Potential components of a stem cell niche. Both cellular and non-cellular components are involved
in any stem cell niche. Cellular components include all signals that are received from neighbouring cells. Non-

cellular components include the structures that surround the stem cells. Figure taken from (Scadden, 2006).
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1.4.1 HSC are located in at least two distinct niches in the bone marrow

The BM microenvironment contains at least two distinct niches for HSC; namely, the endosteal
and vascular (Mosaad, 2014). These two niches are comprised of a broad range of cells,
including osteoblasts, MSC, immune cells, and several others that play different roles in the
regulation of the HSC (Oh and Kwon, 2010). The endosteal niche lies at the inner surface of
the BM cavity, which is lined by osteoblasts and osteoclasts, and is an ideal space for HSC to
be maintained long-term and to be mobilised for tissue turnover (Gong, 1978; Islam et al., 1990;
Taichman, 2005). The vascular niche (also known as a sinusoidal niche) involves thin-walled
vessels that acts as a connection between the marrow cavity and blood circulation (Nwajei and
Konopleva, 2013) and incorporates perivascular stromal cells, MSC, and neurons, amongst
other cell types (Li and Li, 2006; Oh and Kwon, 2010; Nwajei and Konopleva, 2013) (Figure

1.9).

The osteoblasts localised on the inner surface of the endosteal niche are cells derived from
mesenchymal stem cells (MSC) (Calvi et al., 2003). Osteoblasts exhibit HSC supportive
properties in co-culture experiments in vitro (Taichman, 2005; Taichman et al., 1996). The
primary role of osteoblasts is to act as a reservoir for essential minerals, protect vital organs
from trauma, and support for locomotion (Neiva et al., 2005). Mature osteoblasts share several
phenotypic characteristics with the haematopoietic-supportive stromal cell lines (Dorheim et
al., 1993; Nelissen et al., 2000) and are responsible for the expression of factors in the niche
that are involved in HSC regulation. For example, stromal-cell derived factor-1 (SDF-1) and
N-cadherin on so-called spindle-shaped N-Cadherin osteoblasts (SNO) (Zhang et al., 2003;
Kanji et al., 2011; Nwajei and Konopleva, 2013; Morrison and Spradling, 2008). SNO act as a

facilitator of binding of the HSC to the niche due to the asymmetrical expression of N-Cadherin
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on the side adjacent to the HSC (Zhang et al., 2003; Wilson and Trumpp, 2006; Kiel et al.,

2007; Li and Xie, 2005).

HSC themselves can affect the regulation of secretion of factors by osteoblasts, some even not
being detectable in the absence of HSC, implying a reciprocal relationship between osteoblast
and HSC (Taichman et al., 2002). Cytokines secreted by osteoblasts that regulate HSC and
progenitors include IL-1, IL-6, granulocyte-macrophage-stimulating factor (GM-CSF),
granulocyte-stimulating factor (G-CSF), and macrophage-stimulating factor (M-CSF)

(Taichman and Emerson, 1998).

Adipocytes in the BM niche have been shown to be negative regulators of HSC. Hence, a
reduction in HSC frequency was found in the adipocyte-rich vertebrae of the mouse (Naveiras
et al., 2009). Moreover, osteoclasts, a specialised population of endosteal cells, play a role in

HSC migration from the BM (Kollet et al., 2006).

25



Sympathetic
nerve
Nonmyelinating
Schwann cell

Osteoclast Megakaryocyte Perivascular

\ . cell

Quiescent

Osteoblast— @ “‘

Cycling

Figure 1.9 The HSC niche. Quiescent HSC are found around perivascular, endothelial, and neuronal cells, where
CXCL12, TGFp1, and SCF are secreted. HSC enter the cell cycle and start to expand when they associate with the
sinusoidal niche and are exposed to different signals, eg SCF and Notch. Figure taken from (Boulais and Frenette,

2015).

Several studies have been made about the signals that are involved in the maintenance of HSC
in the BM niche. It has been demonstrated that complex interactions take place between HSC
and its microenvironment components. The research revealed that there are a complex array of
cell-surface and adhesion molecules, growth factors, and chemokines are working in networks

to maintain the BM niche and its function toward HSC (Figure 1.10).
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Figure 1.10 HSC are regulated by several signalling molecules in the BM niche. These factors include
interactions between HSC and their environment (the niche), including cells, extracellular matrix, and growth

factors Microsoft PowerPoint has been used to obtain this figure.

1.4.2 Cells and the extracellular matrix form the basis for the HSC niche

In addition to the contribution of cells directly to the interactions of HSC with their BM
microenvironment, an important component is the extracellular matrix (ECM) that is produced
by some of the cells in the niche. Both niche cells and ECM provide a supportive role to HSC
and can have an influence on their fate (Connelly et al., 2010). ECM is composed largely of
glycoproteins, which provide support, cell interactions, and a repository for the accumulation
and presentation of various soluble molecules, including growth factors (Li and Li, 2006;
Scadden, 2006; Taichman, 2005). Secreted phosphoprotein 1 (SPP1), a protein derived from
osteoblasts, has been shown to accumulate in the ECM where it is able to affect HSC number
and function; a decrease in SPP1 leading to a stroma-dependent increase of HSC. SPP1-
deficient mice acquire haematological malignancy because HSC expansion is not accompanied

by their exhaustion (Nilsson et al., 2005; Stier et al., 2005).
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1.5 Regulation of haematopoietic stem cells

HSC have an enormous capacity for proliferation and differentiation in order to meet the
demand for the production of blood cells during homeostasis and stress. HSC are tightly
regulated by both intrinsic and extrinsic factors, and it is important to understand how the

various components of the BM niche affect their function.
1.5.1 Signalling from the niche
1.5.1.1 Stem cell factor (SCF)

SCF is a growth factor that is expressed perivascularly around sinusoids throughout the BM
(Ding et al., 2012). SCF binds to its receptor, the tyrosine kinase KIT, which is expressed by
HSC at all stages of development (Kent et al., 2008). SCF is required for HSC proliferation and
survival in vivo. Knockout of SCF is embryonically lethal, death in utero resulting from severe
anaemia (Broudy, 1997). HSC number and function were not affected when SCF was
conditionally deleted from osteoblast and NESTIN-expressing cells, although the number of
HSC was dramatically reduced when SCF was deleted from endothelial cells or Leptin receptor
(LEPR) expressing perivascular stromal cells (Ding et al., 2012; Zhao and Li, 2015b). This
implies that endothelial and LEPR-expressing perivascular cells express the majority of the

SCF that contributes to the regulation of HSC in the BM.
1.5.1.2 CXCR4/CXCL12

The chemokine CXCL12, also known as stromal cell-derived factor 1 (SDF-1), plays an
important role in the regulation of leukocyte and haematopoietic precursor migration, and HSC
homing and engraftment (Rafii et al., 1997; Saftig et al., 1998). CXCR4, which is a receptor
for CXCL12, is involved in HSC maintenance. Deletion of the genes encoding CXCR4 or

CXCL12 impaired HSC homing and engraftment in the BM (Nagasawa et al., 1996; Kopp et
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al., 2005). CXCL12 is expressed by osteoblasts and other stromal cells in the BM. Conditional
deletion of CXCL12 from haematopoietic cells or NESTIN-expressing cells had little or no
effect on HSC and restricted progenitors; however, its conditional deletion from osteoblasts led
to depletion of early lymphoid progenitors (Ding and Morrison, 2013; Greenbaum et al., 2013).
This implies that CXCL12 secreted from different cellular niches in BM might have a different

function.
1.5.1.3 Transforming growth factor beta 1 (TGFf1)

Another important extrinsic factor is Transforming Growth Factor beta 1 (TGFB1), which is
involved in the control of cell growth, proliferation, differentiation, and apoptosis (Massague,
2012). TGFpI1 signalling is critical in maintaining the quiescent state of the HSC by inhibiting
cell division (Yamazaki et al., 2009). The main source of TGFp1 in the niche is megakaryocytes
(Zhao et al., 2014). In addition, the protein is expressed in a latent form by different elements
in the niche, including osteoblasts and other stromal cells (Yamazaki et al., 2009). The
activation of the protein occurs through non-myelinating Schwann cells (glial cells that
surround autonomic nerves), which have been identified as a critical TGFf signal regulator
(Zhao et al., 2014; Zhao and Li, 2015a). TGFB1 has two receptors (TGFPR1 and TGFBR2),
which when knocked out result in increased HSC proliferation and impaired long-term self-

renewal potential (Larsson et al., 2003; Yamazaki et al., 2011; Zhao and Li, 2015b).
1.5.1.4 Notch signalling

NOTCH is a family of four transmembrane proteins (NOTCH 1, 2, 3, and 4) found on the cell
surface (Canalis, 2008) that play a critical role in cell fate decision. Notch receptors are
activated by direct contact with the NOTCH ligands DELTA-LIKE 1, 3, and 4 and JAGGED 1

and 2 (Mumm and Kopan, 2000; Pursglove and Mackay, 2005). NOTCH signalling triggers the
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expression of various target genes (Iso et al., 2003) and cross-talk between the HSC niche and
osteoblasts through NOTCH signalling has been described (Engin and Lee, 2010). Signalling
through NOTCH promotes HSC self-renewal and inhibits differentiation (Varnum-Finney et
al., 2003; Calvi et al., 2003; Lampreia et al., 2017) so that when NOTCH is inhibited in vitro

differentiation of HSC is accelerated (Duncan et al., 2005).
1.5.2 Transcriptional regulation of HSC

The intrinsic regulation of HSC is largely the result of the action of specific transcriptional
regulators, many of which act together in complex networks that allow for maximum
responsiveness to changing environmental conditions and the demand for blood cell production.
Many of the transcriptional factors critical for the normal function of HSC and down-stream
progenitors have been identified through the analysis of genes that are aberrantly expressed in
haematological malignancies, often being first identified as chromosomal aberrations that
characterise individual diseases (Orkin, 1995; Zhang, 2008). Changes in the transcriptome
associated with altered conditions, for example HSC undergoing the stress of an acute
haemorrhage or the effects of ageing as compared to cells under homeostatic conditions in
young adulthood, illustrate the sort of role played by the transcriptional regulator network

(Lionberger and Stirewalt, 2009).

The use of genetically altered mouse lines (Capecchi, 1989) has contributed to the identification
of the specific roles played by individual transcriptional regulators in the function of HSC and
the ways in which their aberrant expression can lead to disease. Some examples of key

transcription factors involved in maintaining the HSC phenotype are illustrated in Table 1.1.
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Table 1.1 Examples of transcription factors involved in the regulation of HSPC

Transcription
factor

RUNX1

SCL

PU.1

C/EBPa

GFI1

Haematopoietic phenotype in mice

Knockout: lack of all definitive haematopoiesis.

Conditional Knockout: impaired
megakaryocytic maturation, defective T-cell
and B-cell development, myeloid proliferation

Knockout: complete absence of yolk sac
haematopoiesis, lack of angiogenesis.

Conditional Knockout: decreased erythrocytes
and megakaryocytes, impaired SH-HSC, normal
LT-HSC

Knockout: lack of mature myeloid cells and b
cells.

Conditional Knockout: block prior to CMP and
CLP stages, increased granulopoiesis, defective
HSC.

Knockout: lack of GMPs and granulocytes,
impaired monocytes, increased immature
myeloid cells.

Conditional Knockout: same as knockout mice,
plus increased HSC self-renewal.

Knockout: reduction in earliest lymphoid
progenitors, complete block in late neutrophil
maturation, defective HSC.

1.5.3 Epigenetic regulation of HSC

References

(Okuda et al.,, 1996;
Ichikawa et al., 2004;
Growney et al., 2005)

(Mikkola et al., 2003;
Robb et al., 1995; Curtis
etal., 2004)

(lwasaki et al., 2005;
Dakic et al., 2005; Scott
et al., 1994; McKercher
etal., 1996)

(Zhang et al., 1997;
Zhang et al., 2004)

(Hock et al., 2003;
Karsunky et al., 2002;
Zeng et al., 2004; Hock
et al., 2004)

Covalent histone modifications are significant for all cellular processes that modulate the access

to genomic DNA, like transcription. In order to activate or inhibit gene expression in the

haematopoietic system, cofactors are recruited by transcription factors to their binding sites to
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regulate the accessibility of regulatory regions (Kosan and Godmann, 2016). Epigenetic
regulation involves those processes that can affect gene expression, and thereby phenotype,
without alteration to the genomic DNA sequence (Sharma and Gurudutta, 2016). In the
haematopoietic system, changes to the epigenetic landscape over time may be responsible for
differences in HSC phenotypes, especially age-related dysfunction (Kramer and Challen,
2017). Epigenetic modifications can be inherited through cell proliferation and have been
demonstrated to play key roles in the long-term fate of HSC (Geiger et al., 2013; Kamminga

and de Haan, 2006).

The major covalent modifications that occur at histone tails are acetylation/deacetylation
elicited by histone acetyltransferases / histone deacetylases, and methylation / demethylation,
which require specific histone methyltransferases / histone demethylases (Sharma and

Gurudutta, 2016).

HSC self-renewal, proliferation, and differentiation are regulated by protein acetylation.
Histone acetyltransferases (HAT) transfer the acetyl group from acetyl coenzyme A (acetyl-
CoA) (Sharma and Gurudutta, 2016) and several examples are involved in the regulation of
normal and malignant haematopoiesis, including p300/CBP, MY ST, and GNAT, in addition to
multiple chromatin complexes such as NuA4.P300/CBP/HBOL1 (Santini et al., 2013; Sun et al.,
2015). Histone deacetylase inhibitors lead to chromatin remodifying to modulate re-expression
of silenced tumour suppressor genes in leukaemia stem and progenitor cells, which in turn lead
to increase cellular differentiation, inhibition of their proliferation and self-renewal properties
(Munoz et al., 2012). Furthermore, transcription factors recruit histone deacetylases to the
promoter region of target genes to down regulate expression (Montoya-Durango et al., 2008;

Heyd et al., 2011).
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DNA methylation occurs by transferring a methyl group to the C5 position of the cytosine ring
of DNA and generally has the effect of inhibiting gene expression. Different methylation
enzymes are involved in HSC regulation, for example, DNA methyltransferases DMNT3a and
DMNT3b (involved in de novo DNA methylation), and DNMT1 (involved in maintaining DNA
methylation patterns) are regulate HSC self-renewal (Tadokoro et al., 2007; Challen et al.,
2011). In addition, methylcytosine dioxygenase (TET2) is required for HSC homeostasis (Ko
et al.,, 2011; Li et al., 2011; Moran-Crusio et al., 2011). At the histone level, methylation
affected by two groups of enzymes, namely histone methyltransferases and histone
demethylating enzymes. Histones have several methylation sites, each site being responsible
for a specific function, for example the three lysine methylation sites that are implicated in
activation of transcription: H3K4, H3K36, and H3k79. Methylation at two of these lysines
giving rise to H3K4me and H3K36me, have been implicated in transcriptional elongation.
Three lysines are connected to transcription repression: H3K9, H3K27, and H4K20 (Sharma

and Gurudutta, 2016).
1.5.4 Post-transcriptional and post-translational regulation of HSC

In addition to the regulation of gene expression through the combined actions of transcription
factors and epigenetic modulators, there are several post-transcriptional mechanisms that
influence the level and activity of individual gene products that are crucial to HSC function. A
variety of conserved micro-RNAs (miRNA) and other non-coding RNAs have been identified
that regulate crucial genes through post-transcriptional mechanisms (Lim et al., 2003). A given
mMiRNA binds to the 3’ untranslated region (3’UTR) of target mRNA, resulting in their cleavage
or translational repression (Bartel, 2004). Such post-transcriptional regulation has considered
as an important aspect in the control of HSC fate, especially quiescence (Lechman et al., 2012).

For example, miR-126 attenuates multiple components in the PI3BK-AKT signalling pathway
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that control HSC quiescence, a reduction in miR-126 activity allowing HSC proliferation

without inducing exhaustion (Lechman et al., 2012; Cheung and Rando, 2013).

In addition to post-transcriptional regulation, the modification of amino acid side chains, that
is post-translational modification (PTM), contributes significantly to the regulation of the
functional activity of proteins (Wilkinson and Gottgens, 2013). PTMs include ubiquitination,
phosphorylation, acetylation, glycosylation, and hydroxylation, which individually or in
combination can affect enzyme activity, protein turnover and localisation, and protein-protein
interactions, and are involved in modulating several signalling cascades, DNA repair processes,

and cell division (Karve and Cheema, 2011).

Ubiquitylation, which entails the covalent attachment of a small regulatory protein called
ubiquitin (Ub, either as a monomer or a polymer) to a target protein through a multistep
enzymatic process (Wilkinson, 1987; Rechsteiner, 1987), is a key regulatory mechanism that
has a role in modulating cellular functions such as cell proliferation and differentiation,
apoptosis, DNA repair, and stress response (Shi and Kehrl, 2010; Jin et al., 2011; Bosanac et
al., 2010). Three enzyme classes are involved in ubiquitinylation, which act in a strict order:

Ub activating enzymes (E1), Ub conjugating enzymes (E2), and Ub ligases (E3) (Pickart, 1997).

Phosphorylation is another important PTM affecting protein function in stem cells, influencing
cellular metabolism, protein-protein interaction, enzyme reactions, and protein degradation,
particularly in the context of intracellular signalling cascades (Hunter, 1995; Ghosh and Adams,
2011). Protein phosphorylation involves the addition of a phosphate group to individual amino
acids through the action of specific protein kinases. The most commonly observed
phosphorylated amino acid residues are serine/threonine (Ser/Thr) and tyrosine, and they have
been frequently implicated in the progression of cancers (Karve and Cheema, 2011). For

example, the transcription factor RUNX1, which plays an important part in the development
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and function of HSC, is phosphorylated by cyclin-dependent kinases (CDKSs) in a cell cycle-
specific manner, leading to effects on its activity, protein-protein interaction, stability, and
degradation (Guo and Friedman, 2011; Biggs et al., 2006; Wilkinson and Gottgens, 2013). On
the other hand, dephosphorylation, that is, the removal of a phosphate group from a
phosphorylated amino acid, is catalysed by different protein phosphatases (Hunter, 1995). A
balance between the activity of specific protein kinases and protein phosphatases is important

for the maintenance of homeostasis.

1.6 The role of MYB in HSC regulation
1.6.1 MYB is a highly conserved transcriptional regulator

The transcription factor MYB (also known as c-MYB) was originally identified as a truncated
oncogenic version transduced by avian retroviruses that induce leukaemia. Such a truncated
MYB (v-MYB) was identified in viruses, namely avian myeloblastosis virus (AMV) and E26
(Lipsick and Wang, 1999). MYB is one of three related MYB family proteins in vertebrates,
the others being A-MYB and B-MYB (now called MYBL1 and MYBL2, respectively)
(Nomura et al., 1988). After its identification in the chicken, Myb was subsequently cloned in

mice and humans (Gonda et al., 1985; Rosson and Reddy, 1986; Bender et al., 2004).

MY B proteins consist of three domains: (1) the N-terminal domain; (2) the C-terminal domain;
and (3) a transactivation domain. The N-terminal domain contains three repeats of 50-52 amino
acids (R1, R2, and R3) each of which has a structure made up of three alpha helices. This highly
conserved structure is seen in related proteins across vertebrates, invertebrates, plants and
yeasts. The C-terminal domain of MYB is considered as a negative regulatory domain (Anton

and Frampton, 1988; Biedenkapp et al., 1988; Frampton et al., 1991; Oh and Reddy, 1999).
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Alternative splicing of the MYB gene has been detected in different cell types (Stenman et al.,
2010) and results in a variety of different mature proteins, the two predominant forms being 75
and 89 kDa, the latter incorporating an additional exon between exon 9 and exon 10 (Shen-
Ong, 1987; Weston and Bishop, 1989). MYB can partner with a number of proteins that serve
as regulators of its function, the most significant of which are the protein acetylases p300/CBP

(Sandberg et al., 2005; Alm-Kristiansen et al., 2008).

Following on from the discovery of MYB through its leukaemogenic activity as part of the
avian retroviruses, studies showed that the insertion of mutated MYB by retroviruses in mice
can cause myeloid and lymphoid malignancies. Linking with such leukaemogenic potential, it
was also found that somatic duplication of MYB occurs as a causal event in human T-cell
leukaemia (Lipsick, 2010). Combining these observations it is clear that MY B gain-of-function

can be a cause of haematopoietic malignancies in vertebrates (Lipsick, 2010).

MYB is considered to be one of the key regulators of vertebrate haematopoiesis (Davidson et
al., 2005). It is part of a complex genetic network which plays a crucial role in the maintaining
of HSPC and regulating their self-renewal, proliferation, and differentiation (Burns et al., 2009;
Soza-Ried et al., 2010). Appropriate levels of MYB expression are required at specific
differentiation stages of each cell lineage in haematopoietic progenitor cells (Emambokus et
al., 2003; Sakamoto et al., 2006). Beyond haematopoiesis, MY B is now known to be expressed
in many different tissues. For example, colorectal cancer cells (CRC) are tightly regulated by
MYB, the Cyclin E1 gene being an important cell cycle related target gene. Down regulation

of MYB expression leads to CRC (Cheasley et al., 2015; Mitra, 2018).
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1.6.2 MYB is a critical transcriptional regulator in HSC

Within the haematopoietic system, MYB expression is generally highest in the immature
progenitors, and is less highly expressed (or absent) in most of the mature differentiated blood
cells (Westin et al., 1982; Gonda and Metcalf, 1984). MY B found to be important in adult HSC
(Garcia et al., 2009; Sandberg et al., 2005; Mucenski et al., 1991). Knockout of MYB results in
embryonic lethality due to impaired of definitive intraembryonic haematopoiesis, with death
occurring at day 15 of gestation (Mucenski et al., 1991). Conditional deletion of MYB in adult
mice affects HSC by reducing self-renewal capacity due to accelerated differentiation and
impaired proliferation (Lieu and Reddy, 2009). Moreover, the level of MYB is important to
maintain multilineage long-term engraftment of HSC, modulating the balance between

asymmetric and symmetric cell division (Sakamoto et al., 2015).

The Frampton group has been studying aspects of the role of MYB in HSC over a number of
years. A central approach to these studies has been the use of mouse lines that have either
constitutively reduced levels of MYB or in which gene ablation can be achieved conditionally
(in time or space). A reduction of the level of MYB in the MYB knockdown (KD) line
(Emambokus et al., 2003) leads to a myeloproliferative phenotype characterised by a high
number of platelets and monocytes in the peripheral blood (Garcia et al., 2009). Further
investigation of the KD revealed that HSC lose their potential while at the same time more
committed progenitors gain stem cell capacity, seemingly as the result of accentuated cytokine
signalling responses (Clarke et al., 2017). In addition, the group has found that
haploinsufficiency of MYB in MYB*~ (Mucenski et al., 1991) animals leads to a loss of HSC
self-renewal capacity and the ability to repopulate after transplantation, and furthermore results

in a high frequency of age-related development of MPN and MDS (Clarke et al., 2017).
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1.6.3 MYB regulates genes expression in haematopoietic and progenitor stem cells

In order better to understand how MYB regulates the behaviour of HSC and downstream
progenitors, the Frampton group has performed a number of transcriptome analyses using
RNA-seq. Comparing myeloid progenitors from wild type and MYB KD mice it was found that
a number of genes involved in cytokine signalling are affected by the level of MYB (Clarke et
al., 2017). For example, the SPROUTY 2 gene, which encodes a protein that inhibits the
Ras/MAP kinase pathway, was found to be down regulated in MYB KD cells, perhaps
contributing to the myeloproliferative phenotype exhibited by these cells. The group has also
investigated how a reduction of MYB levels affects gene expression in a number of other
contexts related to HSC or myeloid leukaemia. In both model myeloid leukaemia cells
(HOXA9/MEIS1 transformed) and HSC, conditional KO or haploinsufficiency of MYB reveals
that the expression of the resistin-like gamma gene (RETNLy) is significantly reduced,
suggesting that it is a target gene of MYB (Clarke et al, unpublished) (Table 1.2; Figure 1.11).
The degree of down regulation upon loss of MY B activity makes this a highly interesting MYB

target gene for further investigation, especially in respect to its importance in HSC function.
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Table 1.2 Microarray analysis of gene expression differences comparing KSL. HSC from WT

and conditional knockout (MybF/F:Cre) mice

Genes expressed at lower levels log2(fold_change) P-value
Ngp 9.27719 5.00E-05
Ltf 8.71257 5.00E-05
Camp 8.56818 5.00E-05
—) Retnlg 8.31404 0.0001
Prg2 8.29462 0.0003
Cd177 8.22059 0.0004
Fenb 7.0801 5.00E-05
Wfde21 6.80673 5.00E-05
Mmp8 6.73089 5.00E-05
Len2 6.55764 5.00E-05
Colla2 5.56688 5.00E-05
Slfnd 5.54406 5.00E-05
Clgb 5.363 5.00E-05
Mcempl 5.35111 5.00E-05
Adam8 5.21706 5.00E-05
Lgals3 4.94644 5.00E-05
Clec4a2 4.28791 5.00E-05
Hmox1 4.14844 0.0001
Slc40al 4.01701 5.00E-05
Fnl 3.99016 5.00E-05
Ccle 3.90373 5.00E-05
Slellal 3.8555 0.0002
Pglyrpl 3.82797 5.00E-05
Hsd11b1l 3.80493 5.00E-05
c3 3.632 5.00E-05
Ppbp 3.59102 5.00E-05
Fgr 3.3843 0.0001
Ifitm6 3.36026 5.00E-05
Lyzl 3.13581 5.00E-05
Cd79a 2.9479% 0.00035
Fegr3 2.82895 5.00E-05
Lilrb4a 2.82494 0.00025
Hp 2.63802 5.00E-05
Itgam 2.55068 5.00E-05
Gda 2.53784 0.00025
Pirb 2.52299 0.0001
Cybb 2.33798 5.00E-05
Anxal 2.27477 5.00E-05
Fam101b 2.24971 0.0003
Ltb4rl 2.22007 5.00E-05
Trem3 2.18417 5.00E-05
Elane 2.17325 5.00E-05
Hdc 2.16717 5.00E-05
Gea 2.1536 0.0004
Pde2a 2.08328 0.00015
Mxd1 2.0588 0.0001
Plaur 2.00691 5.00E-05
Dok3 1.99235 5.00E-05
Ms4a3 1.74146 5.00E-05
Mgstl 1.73071 0.00015
5$100a6 1.69236 5.00E-05
Rgec 1.6486 5.00E-05
Adpgk 1.53284 0.0001
Dstn 1.39378 0.0002
Gstm1l 1.37341 0.0001

The table lists those genes exhibiting the highest degree of decreased expression in KSL HSC following

conditional deletion of MYB (achieved through Cre-mediated deletion of floxed alleles). The arrow shows that
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RETNLy is one of the most affected genes. Similar findings were also derived from microarray analysis of

leukaemia model cells and using RNA-seq analysis. Result was supplied by Mary Clarke but not published.

1.2

0.8

0.6

0.4

Relative expression (244CT)

0.2

WT MYB+/- 1 MYB+/- 2

Figure 1.11 Retnly RNA expression in WT versus MYB haploinsufficient (Myb+/-) KSL HSC. gRT-PCR
analysis of Retnly RNA levels, performed in triplicate, is represented. Result was supplied by Mary Clarke but not

published.

1.7 Resistin family proteins

1.7.1 The resistin family of proteins is large with a wide range of activities in different

tissues

Resistin-like molecules (RELM) represent a family of small hormone-like proteins, with
diverse, and in some cases unknown functions. The RELM family is represented by four genes
in rodents and two genes in human. RELM genes are expressed differentially in a wide range
of tissues (Table 1.3). The first gene identified was mouse Resistin (RETN) (Steppan et al.,
2001a). RETN has no homology to other hormones, cytokines, or intracellular signalling

molecules and was named after its ability to antagonize insulin action. Studies showed that the
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level of RETN is increased in mouse models of obesity and insulin resistance. A major site of

expression in mice is adipose tissue (Steppan et al., 2001a).

In addition to RETN gene, three other genes have been described in rodents: Resistin-like alpha
(RETNLGa), Resistin-like beta (RETNLS), and Resistin-like gamma (RETNLy). All of the mouse
genes are located on chromosome 16 with the exception of RETN, which is located on
chromosome 8 (Table 1.2). In humans, the two RELM genes identified are Resistin (RETN),

located on chromosome 19, and Resistin-like beta (RETNLp), located on chromosome 3.

All of the RELM genes encode secreted proteins of 105-114 amino acids that are constituted of
three domains: a N-terminal signal sequence, a variable middle section, and a conserved C-
terminal portion. The conserved C-terminal sequences share a unique cysteine-rich region
(Steppan et al., 2001b; Gerstmayer et al., 2003; Holcomb et al., 2000; Yang et al., 2003;

Banerjee and Lazar, 2003).

RELM genes have been known to have distinct expression patterns between different species
(Park and Ahima, 2013; Codoner-Franch and Alonso-Iglesias, 2015; Schwartz and Lazar,
2011). The occurrence of four genes in mice (RETN, RETNL«a, RETNLS, and RETNLy) and only
two genes in humans (RETN and RETNLp) implies that different roles have arisen during

evolution.

RETNLuo is expressed at a high level in the white adipose tissue, and at lower levels in the heart,
lung, and tongue. The similarity of the RETNLa and RETN proteins is approximately 63% in
the C-terminus. One study showed that RETNLa is involved in a complex regulatory function
in adipocyte differentiation. Blagoev et al found that RETNLa can form heterodimers or
multimers with RETN (Blagoev et al., 2002). RETNLB and RETN are 55% similar in the C-

terminus. Compared to RETNLa, RETN and RETNLp have an additional cysteine residue at
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position 26, which is responsible for dimer formation. In both genes, mutation of this extra
cysteine residue to alanine prevents dimerization yielding a monomeric protein similar to
RETNLa (Banerjee and Lazar, 2001). The mRNA of RETNLS is specifically expressed in the
colon where its levels are high in non-proliferative epithelial cells compared to proliferative
epithelial cells, suggesting that it has a role in cell proliferation. In addition, high expression of
RETNLS has been demonstrated in a mouse colon cancer model, but not in a normal colon
tissue, which suggests that it has a role in cancer malignancies (Steppan et al., 2001b). Human
RETNLP and mouse RETNL are highly similar, especially in the C-terminus. In addition, a
similarity has been found in the N-terminus, in a presumed signal sequence (Steppan et al.,

2001b).
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Table 1.3 Different resistin-like molecule genes

Official = Species Other Chromosomal Expression
symbol designations location

RETN Mouse  xcp4/Fizz3 8 White
adipose
tissue

RETNLa  Mouse  xcp2/Fizzl 16 Pancreas,
tongue,
skin,
peritoneal
exudates

RETNLS  Mouse  xcp3/Fizz2 16 Colon,
small
intestine

RETNLy  Mouse  xcpl/Fizz3 16 Bone
marrow,
spleen,
peritoneal
exudates,
embryonic
liver,
neonatal
pancreas,
gut, lung,
and heart

RETN Human XCP1/FIZZ3 19 Adipose
tissue

RETNLS Human XCP2/FIZZ1 3 Gl tract,
or2 colon

RELM family genes are expressed in several tissues. A number of different names have been attached to each.
Genes with all capital letters represent human genes. FIZZ or Fizz; found in inflammatory zone (Holcomb et al.,

2000; Steppan et al., 2001a; Steppan et al., 2001b; Chumakov et al., 2004; Kubota et al., 2000; Ort et al., 2005).
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1.7.2 RETNLy is expressed predominantly in myelomonocytic cells although its function

is unclear

RETNLy was the last RELM gene to be identified. It is most closely related to RETNL«, being
86% homologous at the nucleotide level. As with other RELM proteins, RETNLYy consists of
an N-terminal domain and cystine-rich C-terminal domain (CX11-C-Xg-C-X-C-X3-C-X10-C-X-
C-X-C-X9-CC). Similar to RETN and RETNLp, RETNLYy contains an extra cysteine residue,

but in this case located at position 45.

The expression of RETNLy is highly tissue-specific. The highest level of RETNLy RNA is seen
in the cells and organs of the haematopoietic system like BM, spleen, and thymus, being
particularly high in myeloid cells. This expression pattern has led to the suggestion that
RETNLy has a cytokine-like signalling function, similar to other RELM family members
(Gerstmayer et al., 2003). A functional overlap between RETNLy and RETNL« was proposed
by Gerstmayer because of the high degree of similarity in their gene sequence, but this idea has
not been investigated. In addition, this question was addressed after a formation of heterodimers
and multidimers between RETN and RETNLa was observed. The similar formation is possible
between RETNLy with RETN, RETNL, or RETNLa. However, the multimers formation
between RETNLy and other genes has not been investigated (Gerstmayer et al., 2003; Blagoev
et al., 2002). Despite the expression of RETNLy in both mouse and rat, the ortholog of this gene
has not been defined yet in humans. Moreover, the role of RETNLy in HSC and the

haematopoietic system is still unknown.
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1.7.3 Mouse RETNLy is possibly the functional equivalent of human RETN

RETN expression is high in human primary acute leukaemia cells, macrophages, and myeloid
cell lines such as U937 and HL60. In addition, RETN mRNA is only detected at very low levels
in human adipose tissue, about 1/250 of that in the mouse (Patel et al., 2003; Yang et al., 2003;
Hu et al., 2015; Jang et al., 2015). In addition, RETN is linked with inflammation, which means
that it has an association with granulocytes/leukocyte that are produced originally in the BM,
while a link between RETN and myeloid cell chemotaxis has been reported (Chumakov et al.,
2004). This expression pattern best matches with Retnly amongst the mouse RELM family

members.

A further link between RETN in humans and RETNL yin mice is that there appear to be parallels
in the mechanism of their transcriptional regulation, in particular by C/EBPe&, which is a
member of C/EBP family of transcriptional factors. C/EBP¢ is highly expressed in myeloid
cells and its genetic knockout leads to the production of dysfunctional neutrophils and
eosinophils. Moreover, C/EBP& KO mice die of opportunistic infections, implying that the
transcription factor is crucial for myeloid differentiation (Kubota et al., 2000; Antonson et al.,
1996; Chumakov et al., 1997; Morosetti et al., 1997). Expression of both RETN and RETNLy,
in humans and mice respectively, is dependent on C/EBPe. Taking these observations together
itis likely that RETN is the biological analogue of RETNLy and as such that these two factors

share a similar function in human haematopoietic system.
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1.8 Hypothesis and aims of the research programme

The working hypothesis is that mouse RETNLy is an important target gene of MYB that
contributes to MY B-dependent mechanisms regulating the normal function of HSC. Further,

the expression of RETNL yin HSC suggests that it has a cell autonomous role in HSC behaviour.

The programme of investigation described in this thesis is divided into three major objectives,
which are explored in vitro and in vivo using cells derived from wild type and RETNLy KO

mice:

1. To determine the level of RETNLy gene and protein expression in HSC and its downstream

progenitors and differentiated cells.

2. To assess the consequences of the absence of RETNLy by comparing male and female WT
and RENTLy KO mice, assessing the haematopoietic profile in the blood and BM and

determining the properties of HSC using in vitro and in vivo functional assays.

3. To define the differences caused by the absence of RETNL y in terms of the HSC phenotype
at the level of the transcriptome and to explore possible mechanisms by which endogenous or

exogenous RETNLy is able to influence the pattern of genes expressed.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Mouse work
2.1.1 Mice

Wild type and RETNLy KO mice were obtained from The Jackson Laboratory and maintained
on a C57/6BL background. Mice were kept for breeding in a pathogen-free facility (Biomedical
Service Unit BMSU, College of Medical and Dental Sciences, University of Birmingham). In
addition, C57/BL6 mice congenic for the PTPRC? allele (B6.SJL-PTPRCa, also known as
BoyJ) of the pan leukocyte marker commonly known as CD45.1 or Ly5.1 were obtained from
BMSU for use as hosts in transplantation studies in order to distinguish them from donor cells
derived from C57BL/6 inbred mice expressing the PTPRCP (CD45.2 or Ly5.2) allele. All
animal experiments were carried out according to Animals (Scientific Procedures) Act 1986,

monitored by the Home Office in the United Kingdom.
2.1.2 Genomic DNA extraction

Genotyping of wild type and RETNLy KO mice arising from crosses of animals heterozygous
for the KO allele was carried out on using an ear clip sample as a source of genomic DNA.
DNA was prepared by placing the tissue in 50 pl of an extraction mix (250 mM NaOH and 2
mM EDTA) in an Eppendorf tube and heated to 90°C for 20 minutes in order to dissolve the
cell membrane to extract the DNA. Then, 50 ul of Tris-HCL (pH7.5, 40 mM) was added to the

tube prior to amplification by PCR.
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2.1.3 DNA amplification and detection

In order to prepare for the PCR amplification reaction, 12.5 pl of DreamTaq green PCR master
mix (2x; K1081, ThermoFisher) was added to 10.5 ul of nuclease-free water. 0.5 pl of forward
and reverse primers (Table 2.1) at 12 mM was added to the mix to a final volume of 24 pl.
From the DNA template, 1 pl was added to a final volume of 25 pl. PCR reactions were
performed using a MJ Research PTC-200 machine. Each cycle of the PCR reaction consisted
of 94 °C for 60 second, 62°C for 60 second, and 72°C for 60 second. This cycle was repeated

35 times.

Amplified DNA was detected by running on a 1.2% (w/v) agarose gel in TAE buffer plus 0.5
pug/ml ethidium bromide (E1510-10ml, Sigma-Aldrich). The wild type DNA band size is 582

bp and the mutant DNA band size is 339 bp.

Table 2.1 Forward and reverse primer sequences for RETNLy KO mouse genotyping

RETNLy primer Sequence
Forward gtcctttcecttacagceca
Reverse agctcttattgaagaggtctaaag

2.2 Blood counting and analysis

Blood counts were used on a regular basis to assess the haematological phenotype of genetically
altered mice (RETNL yKO) and the status of transplantation hosts following engraftment. Blood
was withdrawn through tail puncture and collected into acid-citrate-dextrose ACD solution (6.8
mM citric acid, 11.2 mM trisodium citrate, 24 mM glucose). Full blood counts were performed

using an ABX Pentra 60 (ABX Diagnostic) automatic blood counter. Absolute numbers were
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calculated by multiplying the blood counter values by the dilution factor of the sample.

GraphPad Prism software was used to calculate the mean and standard error of the mean (SEM).

2.3 Bone marrow cell preparation

Most, if not all, of the experiments in this project were based on the cells that obtained from
mouse bone marrow (BM). Haematopoietic stem and progenitor cells were obtained by flushing
the BM from tibias and femurs of adult mice (6-10 weeks old) using a 25-gauge needle and
phosphate buffer saline (PBS) supplemented with 10% (v/v) foetal bovine serum (FBS, F7524,

Sigma).

Ammonium-Chloride-Potassium buffer (ACK, 0.15 M ammonium chloride, 1 mM potassium
bicarbonate, pH7.3 disodium EDTA) was used to lyse all red blood cells for all
immunostainings except those for Terl119/CD71. After flushing the BM, the cell suspension
was centrifuged at 300 rcf for 5 minutes at 4°C and resuspended in ACK lysis buffer for 5
minutes at room temperature. The cell suspension was centrifuged at 300 rcf for 5 minutes at
4°C and resuspended in 100 pl of PBS supplemented with 10% (v/v) FBS prior to

immunostaining with specific antibodies.

2.4 Haematopoietic cell analysis using flow cytometry and specific cell sorting

All cells that required antibody (Ab) immunostaining were kept in 100 pl of 10% FBS/PBS per
mouse and washed in 200 pl of 10% (v/v) FBS/PBS in 1.5 ml Eppendorf tube or in a 96 V-
shaped well plate for cell culture, BM transplantation experiments, colony assays, RNA
expression analysis, and intracellular protein production. All washing steps were performed at

300 rcf for 5 minutes at 4°C. Non-specific binding was blocked as necessary by adding purified
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anti-CD16/32 (FcyRI II/I1T) Ab to cells and incubated for 15 minutes at 4°C. Cells were washed

before performing specific Ab staining.

Ab staining was performed by adding each Ab to the 100 ul of cell suspension at 1:100 (except
for anti-CD34, which was added at 1:50). Cell suspensions were incubated for 30-60 minutes
on ice in the dark. After incubation, cells were washed in 100 ul of 10% (v/v) FBS/PBS and
centrifuged at 300 rcf for 5 minutes. Cell pellets were re-suspended in 500 pl of 10% (v/v)
FBS/PBS. The suspensions were filtered using a 50 um CellTrics filter (04-0042-2317,
Sysmex) and placed in a tube compatible with the flow cytometry machine. The conjugated
fluorescent antibodies that were used are listed in (Table 2.2). For multicolour
immunofluorescent staining, single colour stained controls were used in order to set up the
fluorescence emission compensation. Stained cells were analysed on CyAn flow cytometry

using Summit 4.3 software. Forward scatter and side scatter were used to gate live cells.
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Table 2.2 Flow cytometry antibodies

Surface antigen Monoclonal Ab Conjugated fluor Supplier
clone

CD8a 53-6.7 FITC, APC eBioscience
Ly-6g/Ly-6¢ RB6-8C5 FITC, APC eBioscience
Ter119 Ter-119 FITC, APC eBioscience
CD45R (B220) RA3-6B2 FITC, APC eBioscience
CD11b M1/70 FITC, APC eBioscience
CD5 53-7.3 FITC, APC eBioscience
CD34 RAM34 FITC eBioscience
CD134 (Flt) A2F10.1 PE-CF594 BD Horizon
CD41 eBioMWReg30 PE eBioscience
Ly-6a/E (Sca-1) D7 PE eBioscience
CD71 R17217 eFluor450, PE eBioscience
CD45.1 A20 eFlour450, PE Cy5 eBioscience
CD45.2 104 APC, eFlour780 eBioscience
CD48 HM48-1 BV510 BD Horizon
CD117 (cKit) 2B8 PE Cy5 eBioscience
CD16/32 93 PE eBioscience
CD150 Mshad150 PE Cy7 eBioscience
CD43 eBioR2/60 PE eBioscience
CD4 GK1.5 APC eBioscience

The gating strategy employed in order to delineate HSC and downstream progenitors is

illustrated in Appendix 1.

For cell sorting, BM cells were centrifuged at 300 rcf for 5 minutes and re-suspended in 1 ml
ACK buffer. Cells were incubated in the ACK buffer for 5 minutes at room temperature. Then,
cells were centrifuged at 300 rcf for 5 minutes and resuspended in 100 pl of 10% (v/v)
FBS/PBS. Fluorescence Ab staining was performed as described previously. Cells of interest

were sorted in sterile tubes by MoFlo XDP cell sorted (Beckman Coulter).
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2.5 Transplantation using HSC and competitive BM cells to reconstitute lethally-

irradiated recipients

BM transplantation is used to examine the ability of specific HSC populations to reconstitute
haematopoiesis following lethal irradiation. B6.SJL (BoyJ, CD45.1) mice were used as
recipients, and received two doses of 450 Gy radiation to clear the BM of resident

haematopoietic cells.

For transplantation, 5x10° ACK-treated WT reference BM cells, (B6 x B6.SJL Fis,
CD45.1/CD45.2 heterozygotes) were tail vein injected together with 100 test donor cells (B6,
CD45.2) from WT or RETNLy KO mice (Table 2.3). Three or more recipients were used per
experimental group. Recipient mice were observed daily over the course of two weeks for any

weight loss or abnormal phenotype resulting from the procedure.

In order to assess the extent of engraftment in each recipient, monthly sampling was performed
by withdrawing peripheral blood from the tail vein into ACD solution. The sample was
centrifuged and cells were resuspended into 500 ul ACK buffer and incubated for 10 minutes
at room temperature. Cells were centrifuged at 300 rcf for 5 minutes, resuspended in 100 pl of
10% (v/v) FBS/PBS and stained with fluorescent conjugated antibodies. Antibodies specific
for CD45.1 and CD45.2 were used to distinguish reference (CD45.1/CD45.2) and test
(CD45.2/CD45.2) donor cells and to identify any residual host cells (CD45.1/CD45.1).
Depending on the extent and progression of engraftment, animals were culled at specific time
points and their BM analysed by immunofluorescence / flow cytometry for the profile of donor-

derived cells.

Table 2.3 Number of donor and competitor cells used in transplantation experiments

HSC population Test donor cell number Reference donor cell number
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LT-HSC 100 5x10°
Kit*Sca*Lineage (KSL) 500 5x10°

Kit*Sca*Lineage 500 None
(reciprocal)

2.6 Cell culture
2.6.1 Liquid culture of KSL treated with recombinant RETNLy protein

In order to examine the effect of RETNLy protein on HSC, KSL cells were sorted as described
in Section 2.4. The sorted cells were plated in Iscove’s Modified Dulbecco’s Medium (IMDM,
Gico 13390-500ML) supplemented with 10% (v/v) FBS (F7524, Sigma), 100 U/ml
penicillin/streptomycin (15070-063, Gibco), 50 pg/ml gentamicin (15710-064, Gibco), 20
ng/ml SCF (250-03, PeproTech), 10 ng/ml FIt3 (250-31L, PeproTech), and 10 ng/ml TPO (315-
14, PeproTech). The cells were split into two wells of a 96 U-shape well plate. One well was
left without RETNLY protein, while the other well was supplemented with RETNLY protein at
100 ng/ml (450-26G, PeproTech). Cells were incubated for 18 hours at 37°C, 5% CO2 in a fully

humidified atmosphere.
2.6.2 Semisolid methylcellulose culture

Semisolid methylcellulose media (Methocult M3434, Stem Cell Technologies) was used to
examine the ability of HSC to form haematopoietic cell colonies (numbers and phenotype). 600
BM KSL cells from WT and RETNLy KO mice were placed in 3 ml of M3434 supplemented
with cytokines that promote the growth of myeloid lineage colonies. Penicillin/streptomycin
(15070-063, Gibco) was added at 50 U/ml, and gentamicin (15710-64, Gibco) at 50 pg/ml. The
cell suspensions were vortexed and left for 15 minutes at room temperature. An 18-gauge blunt

needle was used to dispense 1.3 ml of cell suspension in a 35 mm Petri dish. Duplicates were
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plated in each experiment. Cultures were incubated for 10 days at 37°C, 5% COz: in a fully
humidified incubator. Colony numbers and phenotypes were assessed, and in some cases the

total cell content of the dish was recovered for immunofluorescence staining.

2.7 RETNLy gene over expression
2.7.1 RETNLy expressing lentiviral vector and virus production

A RETNLy over expression lentiviral vector was purchased from VectorBuilder (vector ID
VB900025-4807acy). The plasmid was supplied in 60% (v/v) glycerol stock. The bacteria were
expanded on LB agar supplemented with 100 pg/ml ampicillin antibiotic. Lentivirus packaging
was performed in the Lentiviral Production Facility in the Weatherall Institute of Molecular

Medicine, University of Oxford.
2.7.2 Transduction of RETNLy KO HSC using the RETNLy expressing lentivirus

Lin'Kit* cells were sorted from RETNLy KO mouse BM. Cells were split into two wells of a
round bottom 96-well plate containing IMDM (13390-500ML) supplemented by 10% (v/v)
FBS (F7524, Sigma), 100 U/ml penicillin/streptomycin (15070-063, Gibco), 50 pg/mi
gentamicin (15710-064, Gibco), 20 ng/ml SCF (250-03, PeproTech), 10 ng/ml Flt3 (250-31L,
PeproTech), and 10 ng/ml TPO (315-14, PeproTech). 2 pug/ml of polybrene was added to each

well. Test cells were infected with 1 pl of RETNLy lentivirus and incubated overnight.
2.7.3 Over expression of RETNLy in 293T cells

SF Cell Line 4D-Nucleofector X Kit S (Lonza, V4XP-2032) was used and the nucleofector
solution SF cell line with supplement was prepared in the proportions described on the
manufacturer’s instructions (Lonza). To electroporate the 293T cells, 1x108 cells of 293T cells

were suspended in nucleofector reagent (solution SF cell line + supplement) 1 pug pmaxGFP +
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10 pg RETNLy over expression plasmid and 1 pg of pmaxGFP alone as control reaction. The
mixture was transferred into a 16-well nucleocuvette strip and placed into 4D nucleofection
system (Lonza) with CM-150 electroporation programme. Next day, the transfection efficiency
was assessed according to the green fluorescence expression (pmaxGFP). The RETNLy over
expression plasmid was received from the group of Dr Tomoishiro Asano at Hiroshima

University.

2.8 Gene expression analysis
2.8.1 RNA extraction

Sorted cells were centrifuged at 300 rcf for 5 minutes at 4°C and the cell pellets were re-
suspended in 250 pl Trizol reagent (15596026, Invitrogen) and incubated for 15 minutes at
room temperature. 0.2 volumes of RNA-free chloroform (BP1145-1, Fisher Scientific) per
sample was added and shaken vigorously for 15 seconds. Samples were incubated at room
temperature for 10 minutes, then centrifuged at 14,000 rcf for 15 minutes at 4°C. The aqueous
phase was collected into RNA-free Eppendorf tubes. 0.5 volumes of RNA-free isopropanol
(P17490/15, Fisher Scientific) was added together with 1 ul of RNA-free glycogen
(10901393001, Roche). Samples were centrifuged at 14,000 rcf for 10 minutes at 4°C, the
supernatant was removed and pellets were washed with 70% RNA-free ethanol. Samples were
centrifuged at 14,000 rcf for 5 minutes at 4°C and the ethanol was removed. Pellets were air-

dried and re-suspended in 14 pl of RNA-free water (Figure 2.1).
2.8.2 cDNA synthesis by reverse transcription

One microliter of 500 pg/ml of oligo dT 15 primer (C1101, Promega) was added to each RNA

sample and heated at 70°C for 5 minutes. Samples were cooled in ice for 5 minutes before
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adding 1.25 pl of 10 mM dNTPs (10297018, Invitrogen), 5 pl of M-MLYV reverse transcriptase
5X reaction buffer, 1 ul of 200 U/ul M-MLV (M1701, Promega), and 1 ul of RNase-out
(10777019, Invitrogen) (Figure 2.1). Samples were incubated at 40°C for 1 hour and stored at

-20°C.
2.8.3 Quantitative polymerase chain reaction (q-PCR)

The quantitative (q) PCR was performed in a MicroAmp optical 96-well reaction plate (430673,
Life Technology). For each sample, 10 pl of Tagman Universal Master Mix 11 (4426710,
Thermo Fisher Scientific) was added together with 8 pl of RNA-free water. One microliter of
Tagman oligo for the gene of interest was added. One microliter of sample was added to the
mix in the plate. Each sample was performed in triplicate. Then, the plate was sealed with a
film and centrifuged at 3,000 rcf for 5 minutes at 4°C. The gPCR was carried out in a Stratagene
Mx3005P (Agilent Technologies). The PCR conditions were 50°C for 2 minutes, 90°C for 10
minutes and then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The Ct values

generated were used to calculate relative gene expression compared to 2 microglobulin (Figure
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Figure 2.1 A schematic diagram of RNA extraction, cDNA synthesis, and g-PCR. Microsoft PowerPoint has

been used to obtain this figure.
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2.8.4 RNA-seq

RNA was extracted from sorted KSL cells using Trizol extraction described in section 2.8.1.
The quality of the RNA was checked through the University of Birmingham genomics service
using a Qubit High Sensitivity RNA assay and an RNA tape on the Agilent TapeStation. The
concentrations from the Tapestation were used to normalise the RNA that fell below the
detection limit of the Qubit (<5ng/ml), as the kit input minimum is 2pg/ml. RNA-seq was
performed using the NEBNext® Single Low Input RNA Library Prep and sequencing. Libraries
were generated using a NEBNext® Single Cell/Low Input RNA Library Prep Kit for
Illumina®_24 kit. The protocol for the kit was followed. RNA was normalised to 1.4ng/ml, and
10ng of RNA input was used for the prep, which involved 13 cycles of amplification. cDNA
generated in the first step of the prep was quality checked to ensure sufficient cONA had been
generated to continue. Libraries were indexed using NEBNext® Multiplex Oligos for Illumina
set 1 and set 2. Libraries were quality checked using a high sensitivity DNA Qubit assay and
sized using a D1000 screentape. Libraries were normalised and pooled in equal volumes and
made to 4nM for sequencing. The sequencing platform was NextSeq 500, using a v2.5 150

cycles Mid output (75 paired end) Flowcell.
2.8.5 Bioinformatic analysis

Bioinformatic analysis of the raw output data and generation of plots was performed by Dr.
Boris Noyvert and Dr. Mary Clarke. Sequencing reads were mapped to mm10 mouse genome
with STAR aligner (v2.5.2b) (Dobin et al., 2013). Reads mapping to genes were counted by the
same software. Normalisation of read counts and differential expression analysis were
performed with DESeq2 (v.1.26.0) R Bioconductor package (Love et al., 2014). Gene set

enrichment analysis was done using GAGE (v.2.36.0) R Bioconductor package with Gene

57



Ontology databases (Luo et al., 2009). The computations were performed on the CaStLeS

infrastructure [4] at the University of Birmingham.

2.9 In situ protein detection in HSC

Cells sorted from BM were centrifuged and re-suspended in 100 pl PBS. Cell suspensions were
placed into a cytofunnel attached to a slide and centrifuged in a cytospin centrifuge at 800 rpm
for 8 minutes. The slides were left to air-dry for 10 minutes and then fixed with 4% (w/v) PFA
for 20 min at room temperature, washed 3x with PBS, and aldehyde groups quenched for 10
minutes with 50 mM NH4Cl (254134, Sigma) in PBS at room temperature, followed by 3x
washes in PBS. Cells were then permeabilized with 0.3% (v/v) Triton X-100 (11332481001,
Sigma) in PBS for 15 minutes at room temperature and blocked with PBS containing 3% (w/v)
of bovine serum albumin (BSA, A1933, Sigma), 0.3% (v/v) of Triton X-100, 10% (v/v) FBS
for 1 hour in a humidified environment at room temperature. The cells were then incubated
with diluted primary rabbit Ab in blocking buffer for 1 hour at room temperature or 4°C

overnight (Table 2.5).

Table 2.4 Primary and secondary antibodies in that were used in in situ protein

detection in HSC

Antibody | Immunoglobulin Stock Dilution | Supplier Cat. Comment
concentration | Used number
(Hg/pl)
RETNLy Rabbit IgG 1 1:100 2B V4XC- | Primary
Scientific 2032 Ab
Goat Goat IgG 2 1:200 | Invitrogen | A11034 | Secondary
anti- Ab
rabbit
Alexa
Flour
488
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After incubating with the primary antibody, the cells were washed for 30 minutes with PBS
containing 0.1% (v/v) Tween-20 (P9416, Sigma), and goat anti-rabbit secondary antibody
(Table 2.5) was added to the cells for 1 hour at room temperature. Finally, the cells were washed
with PBS, mounted, and observed and imaged using a fluorescence microscope (Leica

DM®6000, Leica Microsystems).

2.10 Intracellular protein detection using flow cytometry

Cells were fixed in 1.6% (w/v) PFA and incubated at room temperature for 15 minutes, then
centrifuged at 300 rcf for 5 minutes. The pellets were washed by FBS/PBS/BSA solution and
centrifuged at 300 rcf for 5 minutes. Cells were permeabilised by re-suspending in ice cold
acetone, incubated for 10 minutes at 4°C, then centrifuged at 300 rcf for 5 minutes followed by
a final washing step in FBS/PBS/BSA solution and re-suspension in 100 ul FBS/PBS/BSA. Fc
regions were blocked by incubating the cells with 1:20 anti-CD16/32 and incubated for 15
minutes at 4°C. Primary rabbit Ab was added (Table 2.5), and cells were incubated for 30
minutes at 4°C, washed 3x with FBS/PBS/BSA, centrifuged at 300 rcf for 5 minutes at 4°C,
and re-suspended in 100 pl. Secondary Ab was added at the concentration indicated in Table
2.5 and incubated for 30 minutes in the dark at 4°C. Another 3x washing steps were performed
and cells were resuspended in 400 pl of FBS/PBS/BSA. Samples were run through the CyAn

ADP analyser (Beckman Coulter) and Summit 4.3 software was used to analyse the results.
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2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Prism version 8.0 for
Mac, GraphPad Software, San Diego California USA). All data are expressed as Mean *
Standard Error of the Mean (SEM). P values less than 0.05 were considered statistically
significant and a star (*) was annotated in the figure. The following statistical analyses were
used: Two-way ANOVA to analyse data describes the two factors across multiple parametric
groups. One-way ANOVA or Student T-tests to analyse data describes one factor across

multiple parametric.
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CHAPTER 3 RETNLyEXPRESSION IN THE

HAEMATOPOIETIC STEM CELL HIERARCHY

3.1 Introduction

Previously, RETNLy has been described to be expressed in the BM of both mice and rats
(Gerstmayer et al., 2003; Hu et al., 2015). In this chapter, experiments are described that sought
to provide a comprehensive picture of the extent of RETNLy RNA and protein expression in the
haematopoietic hierarchy of wild type mice. In addition, since RELM proteins are known to be
secreted and to be present in the blood, the ability of haematopoietic cells to secrete RETNLy
was investigated. The expression information obtained was expected to serve as a precursor to

functional studies on RETNLy and examination of the consequences of its absence.

3.2 RETNLy RNA expression profile in the haematopoietic hierarchy and HSC subsets

As a first step in trying to understand how the expression of RETNLy might impact upon the
haematopoietic hierarchy and potentially relate to the function of individual cell types, a
comprehensive quantitative RT-PCR analysis was performed using cells purified from the bone
marrow of 2-month-old wild type C57BL6 mice. High-speed cell sorting was used to isolate
cell populations following surface staining with combinations of fluorescently conjugated

antibodies (Table 3.1; Appendix 1).
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Table 3.1 Surface antigen characteristics used to identify and isolate specific bone

marrow HSC subsets and progenitors

Haematopoietic cell type  Surface antigen characteristics used for cell sorting

Long term haematopoietic Lin- Scal+ Kit+ CD150+ CD48-
stem cell (LT-HSC)

Short term haematopoietic Lin- Scal+ Kit+ CD150+ CD48+
stem cell (ST-HSC)

Multipotent progenitor Lin- Scal+ Kit+ CD150- CD48- CD135-
(MPP)

Granulocyte-macrophage Lin- Scal- Kit+ CD16/32+ CD34+
progenitor (GMP)

Common myeloid Lin- Scal- Kit+ CD16/32- CD34+
progenitor (CMP)

Megakaryocyte-erythroid Lin- Scal- Kit+ CD16/32- CD34-
progenitor (MEP)

Immature erythrocyte Terl19- CD71+
(Ter119-)

Immature erythrocyte Terl19+ CD71+
(Terl19+)

Mature erythrocyte Ter119+ CD71-
Megakaryocyte Kit- CD41+

Myelomonocytic progenitor  Kit+ CD11b+ Grl+
Monocytic progenitor Kit+ CD11b+

Mature myeloid cell CD11b+ Grl+

Following RNA extraction and synthesis of cDNA, PCR amplification was performed using

primers specific for RETNLy and #2M as a house-keeping gene reference. Each cell population
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was isolated from three female and three male individuals, and each qPCR determination was

repeated in triplicate. The results represented as the relative abundance (24%) of RETNLy and

£2m RNA are shown in Figures 3.1 to 3.5.
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Figure 3.1 RETNLy RNA expression in the haematopoietic hierarchy. BM from WT mice was stained and
sorted (Appendix 1) using the surface antigen characteristics defined in Table 3.1. qRT-PCR was performed using
Tagman primers for both A2 microglobulin and RETNLy. The histograms represent the relative expression of
RETNLy compared to 42 microglobulin (22%t). (A) HSC and committed progenitors. (B) Megakaryocyte compared
to erythrocytes and erythroid progenitors. (C) Mature myelomonocytic cells compared to progenitors in the same
lineage. Each histogram represents the mean of samples derived from three mice, and qRT-PCR reactions that

were repeated in triplicate. SEM is indicated. Student T-test was performed.
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3.2.1 The highest levels of RETNLyexpression occur in mature haematopoietic lineages

Figure 3.1 illustrates the range of RETNLy RNA expression detected in adult BM HSC,
progenitors, and mature cells. The highest levels of RETNLy RNA expression were detected in
mature erythrocytes, megakaryocytes, and myelomonocytic cells (24t of ~0.07-2.4). Immature
erythrocytes, myeloid progenitors, and monocytic progenitors showed a lower level of RETNLy
expression (24 < 0.05), while the lowest levels were observed in HSC and progenitor cell

populations, including the LT-HSC, ST-HSC, MPP, GMP, CMP, and MEP (22 of 0.01-0.05).

3.2.2 Sex-specific differences in relative RETNLy RNA expression in some

haematopoietic cell types

A few studies have suggested that there can be sex-specific differences in the activity of
members of the resistin family of proteins (Morash et al., 2004; Le Lay et al., 2001; Gui et al.,
2004). In light of these observations, further analyses and additional gRT-PCR determinations
were carried out to determine if there are any significant differences between male and female
mice in terms of RETNLy expression in BM haematopoietic cells (Figures 3.2-5, summarised

in Figure 3.5).

Comparing cells of the erythroid and megakaryocytic lineages, there was some indication of
differences in the relative expression of RETNLy in mature erythrocytes and megakaryocytes,
females exhibiting higher levels in the former and males having proportionately greater
expression in megakaryocytes (Figure 3.2). Similar to the mature erythroid and megakaryocytic
cells, female mature CD11*Gr1* myelomonocytic cells were found to express a higher level of

RETNL y, especially when comparing to more immature cells in this lineage (Figure 3.3).
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The overall levels of RETNL yRNA expression in the most immature stem cells and progenitors
of the haematopoietic hierarchy are much lower than in mature cells (approximately 10-100-
fold). Although there seem to be no significant differences in RETNLy RNA comparing

committed progenitors between males and females, there does appear to be a much lower level
of expression in female LT-HSC and a corresponding relatively higher level in MPP (Figure

3.4).
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Figure 3.2 RETNLy RNA expression in the haematopoietic hierarchy of male and female mice. BM from WT
male and female mice was stained and sorted using the surface antigen characteristics defined in Table 3.1. gRT-
PCR was performed using Tagman primers for both 52 microglobulin and RETNLy. The histograms represent the
relative expression of RETNLy compared to 42 microglobulin (2-2%). (A) Megakaryocyte compared to erythrocytes
and erythroid progenitors in male mice. (B) Megakaryocyte compared to erythrocytes and erythroid progenitors
in female mice. Each histogram represents the average of samples derived from three mice, and qRT-PCR reactions

that were repeated in triplicate. SEM is indicated. Student T-test was performed.
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Figure 3.3 RETNLy RNA expression in HSC progenitors in both male and female mice. BM from WT male
and female mice was stained and sorted using the surface antigen characteristics defined in Table 3.1. gRT-PCR
was performed using Tagman primers for both 52 microglobulin and Retnly. The histograms represent the relative
expression of RETNLy compared to 42 microglobulin (2¢). (A) A comparison between the Retnly expression in
myelomonocytic progenitors, monocytic progenitors, and mature myeloid cells in male mice. (B) A comparison
between the RETNLy expression in myelomonocytic progenitors, monocytic progenitors, and mature myeloid cells
in female mice. Each histogram represents the average of samples derived from three mice, and qRT-PCR reactions

that were repeated in triplicate. SEM is indicated. Student T-test was performed.
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Figure 3.4 RETNLy RNA expression in HSC and progenitors in both male and female mice. BM from WT
male and female mice was stained and sorted using the surface antigen characteristics defined in Table 3.1. gRT-
PCR was performed using Tagman primers for both 2 microglobulin and RETNLy. The histograms represent the
relative expression of RETNL ycompared to 42 microglobulin (2-2¢t). (A) HSC and committed progenitors in male
mice. (B) HSC and committed progenitors in female mice. Each histogram represents the average of samples
derived from three mice, and qRT-PCR reactions that were repeated in triplicate. SEM is indicated. Student T-test

was performed.
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Figure 3.5 RETNLy RNA expression in HSC and progenitors in both male and female mice. BM from WT
male and female mice was stained and sorted using the surface antigen characteristics defined in Table 3.1. gRT-
PCR was performed using Tagman primers for both 2 microglobulin and RETNLy. The histograms represent the
relative expression of RETNLy compared to 42 microglobulin (22, A) A comparison of RETNLy expression
between male and female mice in three different cell populations, mature erythrocyte, mature myeloid cells, and
megakaryocyte. B) A comparison of RETNLy expression between male and female mice in LT-HSC and MPP.
Each histogram represents the average of samples derived from three mice, and qRT-PCR reactions that were

repeated in triplicate. SEM is indicated. Student T-test was performed.
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3.3 RETNLYy protein expression in HSC

The variation in RETNLyRNA expression within the haematopoietic hierarchy described in the
previous section shows a considerable difference between immature stages, including stem
cells, and the most mature lineages, with the highest levels being seen in mature myelomoncytic
cells. Two important points arise from these findings and reports in the literature about the
secreted nature of resistin proteins (Gerstmayer et al., 2003; Holcomb et al., 2000; Fasshauer et

al., 2001). First, is the level of RETNLy RNA reflected in the expression of RETNLy protein?

Second, is RETNLy protein secreted?

3.3.1 High-level expression of RETNLy protein can be detected in haematopoietic cells

using in situ immunofluorescence assay

Since CD11b* myelomonocytic cells were shown to express the highest amounts of RETNL y at
the RNA level, these cells were used as a starting point for analysis of RETNLy protein
expression. Cells were derived from both WT and RETNL y KO mouse BM, the latter providing
a control for the specificity of Ab staining. In addition, a positive control was employed
involving 293T cells (HEK cells) that had been transiently transfected with a RETNLy over

expression plasmid, as described in Section 2.7.3.

Sorted WT or RETNLy KO CD11b* myelomonocytic cells or 293T/RETNLy cells were fixed
on slides, permeabilised, and stained with rabbit anti-mouse RETNLy protein Ab or control
IgG Ab. Goat anti-rabbit fluorescent Ab (Alexa Fluor 488, green) was used to detect binding
of the primary Ab. Stained cells were observed using a Leica DM6000 fluorescent microscope

(Figure 3.6).

Clear specific staining of RETNLy was seen comparing 293T with and without over expression

of the protein (Figure 3.6A). A somewhat weaker signal was seen in WT CD11b"* cells, and
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specific since no fluorescence was detected when using RETNLy KO cells (Figure 3.6B).
Amongst the population of WT CD11b* cells some variation in the intensity of specific
RETNLYy staining was apparent, indicating that there is probably a degree of heterogeneity.

Such heterogeneity in the population is expected, as it is possible to define subpopulations with

additional surface antigen markers, such as Grl.

3.3.2 Detection of low-level expression of RETNLy protein in HSC requires flow

cytometric analysis of immunofluorescent staining

The degree of sensitivity achieved in the in situ staining experiments and the number of cells
required suggested that it would not be possible to apply the same strategy in order to detect
expression of RETNLy protein in HSC, which was expected to be 10 to 100 times lower than
that in the mature myelomonocytic cells. Therefore. in order to study RETNLy protein levels
in HSC, cells were sorted from WT and RETNLy KO BM and analysed for RETNLy protein
expression using immunofluorescence and flow cytometry. Isolated BM cells were stained for
surface antigens to allow discrimination of HSC and progenitor populations, then fixed and
permeabilised to enable intracellular staining with anti-RETNLy antibody and secondary goat
anti-rabbit Ig conjugated to Alexa Fluor 488. Using this approach, it was possible to detect
RETNLYy protein expression in all populations tested, including LT-HSC, even though only

approximately 100-200 cells could be obtained per mouse (Figure 2.7).
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Figure 3.6 Intracellular RETNLy protein expression by in situ immunofluorescence assay. (A) Transfected
293T cells by RETNLy over expression plasmid were fixed on slides, permeabilised, stained by non-fluorescent
rabbit anti-mouse RETNLy protein Ab and IgG Ab separately. Secondary Ab, goat anti-rabbit fluorescent Ab
(Alexa fluor 488, green), was used to detect any binding between specific Ab and RETNLy protein. Non-
transfected 293T cells were used as a control. (B) Mature monocytic cells were sorted from wild type and RETNLy
KO mice using a high-speed cell sorting machine, permeabilised, and stained by non-fluorescent rabbit anti-mouse

RETNLy protein Ab and IgG Ab separately. Secondary Ab, goat anti-rabbit fluorescent Ab (Alexa fluor 488,
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green), was used to detect any binding between specific Ab and RETNLy protein. RETNLy KO mouse was used

as a negative control. Cells were observed under 40X lens (n=5 independent experiments).
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Figure 3.7 Intracellular RETNLYy protein expression in HSC by flow cytometry. BM from WT and RETNLy
KO mice was extracted and stained for surface antigen characteristics in Table 3.1. Cells were permeabilised and
stained using specific non-fluorescence Ab for RETNLy protein followed by secondary Ab to detect the binding
between the primary Ab and RETNLy protein. RETNLy protein was detected intracellularly in all HSC
populations. GraphPad Prism software was used to calculate the mean and standard error of the mean (SEM).

Unpaired T-test was performed to calculate statistical differences.
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3.4 Summary

The results in this chapter have been demonstrating that RETNLy mRNA is expressed
throughout the haematopoietic hierarchy in different levels. The highest level of RETNLy can
be found in mature erythroid cells, megakaryocytes, and myelomonocytic cells. It is noticeable
that the level of RETNLy in myelomonocytic cells is about 100-fold greater than that in HSC.
Intracellular RETNLy protein expression was similarly detected in cells representing high RNA
expression (myelomonocytes) and low expression (HSC), and it is anticipated that the protein
could be secreted, although technical issues prevented this from being thoroughly investigated
here. In addition, differences were observed in the expression of the RETNLy mRNA between
males and females, and these were statically significant in LT-HSC. Higher levels have been
noticed in female mice in mature erythrocytes, megakaryocytes, and MPPs; and lower levels in
female LT-HSC comparing to male LT-HSC. How these gender-specific differences relate to

the function of HSC is considered in Chapters 4 and 5.
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CHAPTER 4 FUNCTIONAL CONSEQUENCES OF LOSS OF

RETNLy EXPRESSION IN HAEMATOPOIETIC STEM CELLS

4.1 Introduction

In Chapter 3 a comprehensive analysis of RETNLy RNA in the haematopoietic hierarchy
showed that it is expressed throughout, including in the various stem cell stages. There are wide
variations in the expression seen, ranging from the highest levels in mature erythroid and
myelomonocytic cells and megakaryocytes to roughly 1-10% of these levels in immature stem

cells and progenitors.

Given the previously unrecognised expression of RETNLy in HSC, the next objective was to
determine its functional relevance in these cells. In this chapter, results are described for the
comparative analysis of the cell composition of the peripheral blood and the BM from wild type
and RETNLy KO mice. Furthermore, some preliminary studies are performed to determine if
any functional effect caused by the absence of RETNLy is compounded during ageing. In
addition, both in vitro and in vivo assays of HSC differentiation and self-renewal potential are

employed to compare cells derived from wild type and RETNLy KO mouse BM.

4.2 Comparison of peripheral blood cell numbers in wild type and RETNLy knockout

mice

In order to examine the effect of RETNLy KO in the haematopoietic system, twenty littermate

pairs of mice were collected to examine their peripheral blood. Equal numbers of male and

75



female pairs were studied. Peripheral blood was collected from the tail vein into a tube
containing anticoagulant, and a full blood count was obtained using an automated machine. The
results are represented in Figure 4.1, showing white blood cells, monocytes, neutrophils,
eosinophils, basophils, and lymphoid cells, and in Figure 4.2, showing red blood cells

(including number, haemoglobin content, and haematocrit) and platelets.
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C) WT male vs. WT female D) Retnly KO male vs. Retnly KO female
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Figure 4.1 Complete blood cell counts comparing male and female wild type and RETNLy KO mice: myeloid
and lymphoid cells. Peripheral blood was sampled through the tail vein from 10 WT and 10 KO males and the
same number of females. Counting was carried out using an automated machine. The absolute cell numbers for
individual mice are represented as scatter plots, showing the mean and SEM. Each panel shows values for white
blood cells (WBC), monocytes (Mono), neutrophils (Neu), eosinophils (Eos), basophils (Bas) and lymphocytes
(Lym). Each panel shows a different comparison between males and females and WT and KO: (A) WT vs KO in
males; (B) WT vs KO in females; (C) WT male vs female; and (D) KO male vs female. Unpaired t-test was used

to detect any significant result. ns, not significant. GraphPad Prism software was used to calculate the mean and
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standard error of the mean (SEM). Unpaired T-test was performed to calculate statistical differences. Gating

strategies can be found in Appendix 1.
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Figure 4.2 : Complete blood cell counts comparing male and female wild type and RETNLy mice: red blood
cells and platelets. Peripheral blood was sampled through the tail vein from 10 WT and 10 KO males and the
same number of females. Counting was carried out using an automated machine. The absolute cell numbers for

individual mice are represented as scatter plots, showing the mean and SEM. Each panel shows values for red
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blood cells (RBC), the red cell parameters of haemoglobin content (HGB) and haematocrit (HCT), and platelets
(PIt). Each panel shows a different comparison between males and females and WT and KO: (A) WT vs KO in
males; (B) WT vs KO in females; (C) WT male vs female; and (D) KO male vs female. Unpaired t-test was used
to detect any significant result (* p< 0.05 ** p<0.01), ns, not significant. GraphPad Prism software was used to
calculate the mean and standard error of the mean (SEM). Unpaired T-test was performed to calculate statistical

differences. Gating strategies can be found in Appendix 1.

In both figures, the results are presented as WT versus KO for males and females separately
(parts A and B, respectively), and as males versus females for WT and KO separately (parts C
and D). With one exception, statistically significant differences were only detected in respect
to male versus female comparisons of WT mice, which showed lower haemoglobin and
haematocrit values in females, and higher eosinophils in females. One difference between WT
and KO was observed in females in that the levels of eosinophils were significantly lower in

the KO (p = 0.029).

4.3 Assessment of any compounding effect of age on the peripheral blood phenotype

caused by the absence of RETNLy

Ageing is known to have effects on HSC in terms of their proliferation and lineage bias and can
reveal underlying effects of gene deficiencies, as has been seen for example in the studies by
the Frampton group (Garcia et al, 2009; Clarke et al, submitted). In order to assess if the absence
of RETNLy could have an effect that becomes more apparent with age, cohorts of female WT
and KO mice were monitored over a period of a year and a half. Peripheral blood samples were
collected from the tail vein starting from 2 month, and repeated on a monthly basis. The results

are presented in Figure 4.3 (numbers for white blood cells, monocytes, neutrophils, eosinophils,

80



basophils, and lymphoid cells) and Figure 4.4 (red blood cell number, haemoglobin content,

haematocrit, and platelet number).
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Figure 4.3 Complete blood cell counts comparing female wild type and RETNLy KO mice during ageing:
myeloid and lymphoid cells. Peripheral blood was sampled every month through the tail vein from 5 WT and 8
KO females. Counting was carried out using an automated machine. The average cell numbers are represented by

the blue (WT) and red (KO) lines. White blood cells (WBC), monocytes (Mono), neutrophils (Neu), eosinophils
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(Eos), basophils (Bas) and lymphocytes (Lym). Vertical bars indicate the SEM. Two-way ANOVA test (multiple

comparisons) was used to detect any significant result (* p < 0.05) (** p < 0.01).

Although some consistent and expected changes in individual blood cell types were observed
(eg decreases in lymphoid cells and red blood cells, and increase in platelets), these were not

statistically different when comparing WT and KO mice.
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Figure 4.4 Complete blood cell counts comparing female wild type and RETNLy KO mice during ageing:
red blood cells and platelets. Peripheral blood was sampled every month through the tail vein from 5 WT and 8
KO females. Counting was carried out using an automated machine. The average values are represented by the
blue (WT) and red (KO) lines. Red blood cells (RBC), the red cell parameters of haemoglobin content (HGB) and
haematocrit (HCT), and platelets (PIt). Vertical bars indicate the SEM. Two-way ANOVA test (multiple

comparisons) was used to detect any significant result.
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4.4 Comparison of bone marrow haematopoietic cell numbers in wild type and RETNLy

knockout mice

Although little or no difference was seen when comparing peripheral blood values between WT
and RETNLy KO mice, this may mask an underlying defect within the bone marrow
haematopoietic stem and progenitor cell compartment. The same cohorts of animals that were
analysed for their peripheral blood values at 3-months of age (Figures 4.1 and 4.2) were also
examined for their bone marrow cell content. BM cells were immune-stained for specific cell
surface markers that define the majority of haematopoietic stem and progenitor cell populations
(Table 3.1). Flow cytometry was used to identify and quantify the individual populations
(Appendix 1). The results are represented in Figure 4.5, showing long-term HSC (LT-HSC),
KSL cells (combined LT-HSC, ST-HSC, and MPP), Kit+ cells (mainly bulk progenitors),
common myeloid progenitors (CMP), granulocyte myeloid progenitors (GMP), and
megakaryocyte-erythroid progenitors (MEP). The results are presented as WT versus KO for
males and females separately (parts A and B, respectively), and as males versus females for

WT and KO separately (parts C and D).
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C) WT male vs. WT female
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Figure 4.5 Analysis of BM cell content by immunofluorescence: stem cells and progenitors. Bone marrow
was collected from the femurs of 10 WT and 10 RETNLy KO 3-month old males and the same number of females.
Cells were immuno-stained with antibodies to enable discrimination of distinct stem and progenitor population by
flow cytometry (Table 3.1). The absolute cell numbers are represented in the scatter plots. Each panel shows values
for long-term HSC (LT-HSC), KSL cells, Kit+ progenitors, common myeloid progenitors (CMP), granulocyte
myeloid progenitors (GMP), and megakaryocyte-erythroid progenitors (MEP). Each panel shows a different
comparison between males and females and WT and RETNLy KO: (A) WT vs KO in males; (B) WT vs KO in
females; (C) WT male vs female; and (D) KO male vs female. The mean is indicated by the horizontal lines and

the SEM is shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05, ** p<0.01, ***

p<0.005), ns, not significant. Gating strategies can be found in Appendix 1.
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A number of statistically significant differences were identified and, intriguingly, some strong,
female-specific effects in the KO. No significant differences were seen in males comparing WT
and KO mice, although MEP showed a trend towards lower levels in the KO (p=0.075). In
contrast, in females statistically significant lower levels were seen for KSL (p=0.025), Kit+
cells (p=0.025), GMP (p=0.027), and MEP (p=0.032). Approaching the comparisons from a
different direction, that is, male versus female separately for the WT and KO, revealed one
significant difference in WT mice, CMP being significantly lower in females (p=0.0047). The
male versus female comparison of KO BM cells further strengthened the conclusion that female
KO mice have a profound sex-specific haematopoietic stem and progenitor cell deficiency. This
latter comparison showed highly significant decreases in all cell types examined with the
exception of MEP, the respective p-values for LT-HSC, KSL cells, Kit+ cells, CMP, and GMP

being 0.0051, 0.0002, 0.0021, 0.0003, and 0.0006.

BM cells were also immune-stained for specific cell surface markers that define the mature
lineage cells. The results are represented in Figure 4.6, showing monocytes, granulocytes,
mature and immature B-cells, cytotoxic (CD8+) and helper (CD4+) T-cells, immature and
mature erythroid cells, and megakaryocytes. The results are presented as WT versus KO for
males and females separately (parts A and B, respectively), and as males versus females for
WT and KO separately (parts C and D). Only one significant difference was seen when
comparing WT versus KO either specifically in males or in females, namely mature B-cells
were lower in male KO animals (p=0.017). However, when comparing male versus females
specifically in WT or in KO mice, a few differences were noted. Hence, in WT mice monocytes
were significantly lower in females (p=0.024), while CD4+ T-cells, and immature and mature

erythroid cells were higher in females (p=0.030, 0.044, and 0.025 respectively). Likewise,
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comparing KO mice, females exhibited a highly significant lower level of monocytes

(p=0.013).

A) Male mice

Monocyte Granulocyte
ns ns
800000 i 4x107 —
600000 . 3x107 .
.
= . B . H
'E 400000 ‘g 2x107 .
S ETTE M
s
— ]
S et
o
WT Retnly KO WT Retnly KO
Mature B cell Immature B cell
* ns
5000000
| | 5000000 |
4000000 o °
: 4000000
] - 3
é 3000000 % . £ 3000000 3 H
0 X} ] 0
Z. 2000000 -+ Z 20000004 $°° _%
.
. o
1000000 7 oo 1000000
w T T T T
WT Retnly KO WT Retnly KO
Cytotoxic T cell Helper T cell
800000 ns 1500000
ns
600000- —
% ese oo . 1000000 o
2 ¢ .
| _} .
Z 400000 o é . o
. {. 500000 E= ,%
200000 o oo A
. .
.
.
0 0-
WT' Retnly KO WT Retnly KO
Immature erythrocyte Mature erythrocyte
k
: :
E z
z

WT Retnly KO

Number

WT' Retnly KO

B) Female mice

Granulocyte
Monocyte 0 ns
ns 2.0x10 |_|
250000 ] TR
woono] (150 S
] , ¥ e
é 1500004 £1.0x107 ce
2 M
£ =&
100000
z vee % 5.0x106
50000 .
-— WT Retnly KO
WT Retnly KO
Mature B cell Immature B cell
ns ns
6x106 6x10° i
| 1 .
.
. .
L 4x106 . . L 4x10% .
2 e ié
: |+ + 5
z " z .
2x10 . 2x10% H o3
: . . .
H .
.

WT Retnly KO WT' Retnly KO
Cytotoxic T cell Helper T cell
ns 1500000 ns
1000000 I_
A ) 3
°® .
o
8000001 3¢ . 1000000 3 v
B ° g
£ 000 : =+
St B I
z z .
400000-{ 500000 o .
.o
200000 M *
. .
o
o

WT Retnly K
WT Retnly KO etnly KO

Immature erythrocyte Mature erythrocyte
3x107 ns
1.5x107;
:
2x107 >
5 =+ 7 & 1007
oo E
= 3

5.0x10°

0.0

WT Retnly KO

WT Retnly KO

Megakaryocyte

1.5x10” ns

87




Number

Number

Number

Number

C) WT male vs. WT female

Monocyte Granulocyte
* ns
800000 — 0
600000 o °
O30 (U
200000 —E . “ a0 °
o 0
& ¢ s &
QAR K
@? §V' $\V’ $V§)
s <
Mature B cell Immature B cell
ns
X — ns
6x10° — 106 |_|
4x10°4 © 5 o 5 Ax10°- .
Ealie i B g
2x10% N “opapd 0% s
o T T 0 T T
& 8 & &46
QAR 4 S R
\y \a K\
S &
Cytotoxic T cell Helper T cell
1000000 ns 1500000~ *
800000 te o
o . 10000004 5
600000 o f : ¢+
00000 —+ . z 500000 Bg .
200000 ; :
o 0-
& 0§ & ¢
> v’s) s‘v& ‘S&&
Immature erythrocyte Mature erythrocyte
3x107
2x107
1x107
&

1.5x107 ns
N
1.0x107
S
£
N
z i T
5.0x10°1
+ =
®e ..
. A
. H
0.0-
& ¢
4

D) Retnly KO male vs. Retnly KO female

Monocyte
500000 .
JJ 1
400000
5 3000004
E .
Z 200000 _E_
.
1000004 S wE;

& &
»
& @s’
Mature B cell
ns
5000000 —,
4000000 B
®e
5 30000004
£ S+
Z 2000000 =+ .
1000000 *** :

1000000

800000 .

600000

Number

4000001

2000001

T

Number

Number

Number

Number

Granulocyte
ns

4x107
3x107-

2x107-

1x107

<
S
Helper T cell
1500000 ns
.
.
1000000 °
e
.
. .
500000 ,% .
.
.
.

T

< 2
K @e@

Mature erythrocyte

1.5x107: ns




Figure 4.6 Analysis of BM cell content by immunofluorescence: differentiated cells. Bone marrow was
collected and immune-stained as described in Figure 4.5. The absolute cell numbers are represented in the scatter
plots. The scatter plots show values for the differentiated cell types indicated. Each panel shows a different
comparison between males and females and WT and KO: (A) WT vs KO in males; (B) WT vs KO in females; (C)
WT male vs female; and (D) KO male vs female. The mean is indicated by the horizontal lines and the SEM is
shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05, ** p<0.01, *** p<0.005), ns,

not significant. Gating strategies can be found in Appendix 1.

4.5 In vitro assay of the differentiation and proliferative capacity of wild type compared

to RETNLy knockout haematopoietic stem and progenitor cells

The capacity of haematopoietic stem and progenitor cells to proliferate and differentiate can be
assessed through in vitro culture in semi-solid medium (methylcellulose) supplemented with
growth factors that are permissive for the various stages of myeloid cell lineage commitment
and differentiation. BM cells from male or female 2-month old WT and RETNLy KO mice (as
littermate pairs, with three animals per group) were sorted and 300 KSL cells plated in M3434
semi-solid medium supplemented with 25ng/ml thrombopoietin (TPO). Plates were incubated
at 37°C for 10 days, during which colony phenotypes were assessed. At the final 10-day count,
the total plate cell content was recovered, washed, counted, and immune-stained (as per Table
3.1). The colony number and morphology results are presented in Figure 4.7, the progenitors
giving rise to individual colonies being categorised as CFU-GEMM, CFU-GM, CFU-M, CFU-
G, and CFU-MK. Immuno-staining of the pooled cells is shown in Figure 4.8. The comparisons
between WT and KO are shown separately for males and females, and for each comparison,
regardless of sex, no significant differences in colony number, morphology, or cell content were

observed.
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Figure 4.7 In vitro colony assays of BM progenitors from WT and RETNLy KO mice. 300 sorted KSL cells
were plated in methylcellulose supplemented with growth factors. Colonies were assessed after 10 days incubation
at 37°C. The histograms represent the average values from three independent experiments, each of which was
performed in duplicate. The top panels show the total colony numbers in each category, while the lower panels
show the overall total colony numbers. (A) BM from male mice. (B) BM from female mice. (C) Colony
morphology of WT and RETNLy KO (no gender-specific differences were noted). T-bars show the SEM. Unpaired

t-test was used to detect any significant result (* p<0.05, ** p<0.01, *** p<0.005), ns, not significant.
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Figure 4.8 In vitro colony assays of BM progenitors from WT and RETNLy KO mice: flow cytometric
analysis of total colonies. The colonies depicted in Figure 4.7 were recovered from the tissue culture dishes,
washed, and immune-stained to discriminate individual mature cell types present. The histograms represent the

average values from the three independent experiments performed in duplicate. The top panel shows the values
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for males, while the lower panel shows the equivalent results from the female samples. T-bars show the SEM.

Unpaired t-test was used to detect any significant result. ns, not significant.

4.6 In vivo assay of the differentiation and self-renewal capacity of wild type compared

to RETNLy knockout haematopoietic stem cells

Transplantation of haematopoietic stem and progenitor cells into lethally-irradiated recipients
is the gold standard for the assessment of stem cell potential, the reconstitution of
haematopoiesis achieved being a direct reflection of both the self-renewal and differentiation
capacity of the test cells. A number of transplantation assays were undertaken to assess how the
loss of RETNLy affects the fundamental properties of HSC. Given the observations of a sex
dependency in the phenotype of BM haematopoietic stem and progenitor cells defined in the
previous sections, transplantations were performed specifically to compare the engraftment
potential of cells derived from female animals. Female LT-HSC from WT or KO were
transplanted into WT male hosts (Figures 4.9, 4.10, and 4.11). In parallel, male LT-HSC from
WT or KO mice were transplanted into WT male hosts (Figures 4.12 and 4.13). Finally,
although the principal objective was to use transplantation to assess the role played by RETNLy
intrinsically in HSC, one set of experiments was also performed to examine if WT HSC (female,
in this case KSL cells) are differently influenced in their engraftment potential by being placed
in either a WT or KO host (female) background (Figure 4.15). For each transplantation
experiment, the extent of engraftment was determined monthly over a 4-month period by
sampling peripheral blood and immuno-staining for the presence of test donor-derived cells
(CD45.2) compared to reference donor-derived cells (CD45.1/CD45.2) (Figures 4.9, 4.12, and

4.15). At the end of each experiment, the transplantations host were sacrificed and their BM
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and spleen analysed for test and reference donor-derived cells, including both haematopoietic

stem and progenitor cells and more mature cell types.

The transplantations involving female WT and KO LT-HSC donor cells utilised two donor
littermate pairs, the cells from each donor being transplanted into three hosts. The extent of
engraftment showed a trend to being more effective for the KO cells, although the difference
between WT and KO engraftment did not reach statistical significance, with p values in the

range of 0.09 to 0.32 (Figure 4.9).
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Figure 4.9 Transplantation assay of female LT-HSC. 100 LT-HSC sorted from the BM of 2-month old female
WT or RETNLy KO mice were injected into lethally-irradiated Boy/J hosts (3 pairs of recipients). Peripheral blood
was sampled every month for 4 months, and analysed by immuno-staining and flow cytometry to determine the
relative engraftment of test and reference donor cells. Two sets of WT and KO littermate donor pairs were used to

isolate LT-HSC, which was injected into triplicate hosts. Unpaired t-test was used to detect any significant result.

Examination of the BM of the engrafted animals from these experiments 4 months after

transplantation revealed a trend towards higher absolute numbers of test donor-derived KO
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compared to WT cells, paralleling the peripheral blood values, but these too were generally not
statistically significant (Figure 4.10). However, three exceptions were the values for mature B-
cells, monocytes, and megakaryocytes (p values of 0.036, 0.056, and 0.029 respectively).
Examination of the spleens of the engrafted animals (Figure 4.11) revealed one statistically
significant difference between the WT and KO donor-engrafted animals in that immature

erythroid cells were relatively lower when the donor cells were KO (p=0.037).
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Figure 4.10 Analysis of BM cell content by immunofluorescence. Bone marrow was collected from the femurs
of transplanted animals at the end of the experiment described in Figure 4.9. Cells were immuno-stained with
antibodies to enable discrimination of distinct stem and progenitor population by flow cytometry (Table 3.1). The
average absolute cell numbers, represented in the histograms, are shown in the panel above for long-term HSC
(LT-HSC), KSL cells, Kit+ progenitors, common myeloid progenitors (CMP), granulocyte myeloid progenitors
(GMP), and megakaryocyte-erythroid progenitors (MEP). Unpaired T-test was performed to calculate statistical

differences. Gating strategies can be found in Appendix 1.
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The average absolute cell numbers, represented in the histograms, are shown in the panel above for the indicated
mature cell types. The SEM is shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05,

** p<0.01, *** p<0.005), ns, not significant. Gating strategies can be found in Appendix 1.
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Figure 4.11 Analysis of spleen cell content by immunofluorescence. Spleen was collected from transplanted
animals at the end of the experiment described in Figure 4.9. Cells were immuno-stained with antibodies to enable
discrimination of mature haematopoietic cell types. The average absolute cell numbers are shown. The SEM is
shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05, ** p<0.01, *** p<0.005), ns,

not significant. Gating strategies can be found in Appendix 1.
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The transplantations involving male WT and KO LT-HSC donor cells utilised one donor
littermate pair, the cells from each donor being transplanted into three hosts. The extent of
engraftment again showed a trend to being more effective for the KO cells, although as for the
previous experiment, the difference between WT and KO engraftment did not reach statistical

significance, with p values in the range of 0.15 to 0.21 (Figure 4.12).
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Figure 4.12 Transplantation assay of male LT-HSC. 100 LT-HSC sorted from the BM of 2-month old male
WT or RETNLy KO mice were injected into lethally-irradiated Boy/J hosts. Peripheral blood was sampled every
month for 4 months and analysed by immuno-staining and flow cytometry to determine the relative engraftment
of test and reference donor cells. One set of WT and KO littermate donor pairs was used to isolate LT-HSC, which

was injected into triplicate hosts. Unpaired t-test was used to detect any significant result.

Examination of the BM of the engrafted animals from these experiments 4 months after
transplantation revealed no significant trend in pattern of WT versus KO test donor-derived
cells, although one significant difference was seen in immature B-cells, which were higher in
KO donor transplanted animals (p=0.025) (Figure 4.13). Examination of the spleens of the

engrafted animals (Figure 4.14) revealed a number of statistically significant difference
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between the WT and KO donor-engrafted animals, the relative level of donor-derived mature
B-cells, monocytes, and megakaryocytes all being higher in those recipients transplanted with

KO cells (p=0.042, 0.014, and 0.049 respectively).
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Figure 4.13 Analysis of BM cell content by immunofluorescence. Bone marrow was collected from the femurs

of transplanted animals at the end of the experiment described in Figure 4.12. Cells were immuno-stained with
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antibodies to enable discrimination of distinct stem and progenitor populations (Table 3.1) and mature cells by
flow cytometry. The average absolute cell numbers, represented in the histograms, are shown in the upper panel
for long-term HSC (LT-HSC), KSL cells, Kit+ progenitors, common myeloid progenitors (CMP), granulocyte
myeloid progenitors (GMP), and megakaryocyte-erythroid progenitors (MEP), and in the lower panel for mature
cell types. The SEM is shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05, **

p<0.01, *** p<0.005), ns, not significant. Gating strategies can be found in Appendix 1.
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Figure 4.14 Analysis of spleen cell content by immunofluorescence. Spleen was collected from transplanted
animals at the end of the experiment described in Figure 4.12. Cells were immuno-stained with antibodies to enable
discrimination of mature haematopoietic cell types. The average absolute cell numbers are shown. The SEM is
shown by T-bars. Unpaired t-test was used to detect any significant result (* p<0.05, ** p<0.01, *** p<0.005), ns,

not significant. Gating strategies can be found in Appendix 1.
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Finally, the reciprocal transplantations of WT female HSC into either WT or RETNLy KO hosts

showed no significant or trending differences in the degree of engraftment (Figure 4.15).
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Figure 4.15 Transplantation assay of WT female HSC into WT or KO female hosts. 1000 KSL HSC sorted
from the BM of a 2-month old female WT mouse were injected into 3 lethally-irradiated female WT or KO Boy/J
hosts. Peripheral blood was sampled every month for 3 months, and analysed by immuno-staining and flow
cytometry to determine the relative engraftment of test and reference donor cells. Unpaired t-test was used to detect

any significant result.
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4.7 Summary

The experiments described in this chapter have shed light on the differences in the
haematopoietic profile and HSC characteristics resulting from the constitutive absence of
RETNLYy in the KO mouse line. Although many parameters seem little different between WT
and KO, a strikingly sex-specific effect was seen in female KO BM in which the numbers of
stem cells and committed progenitors were found to be significantly reduced compared to both
WT females and KO males. In terms of isolated stem cell functional assays, the in vitro assays
were unable to demonstrate any differences between WT and KO. In vivo assay of HSC by
transplantation showed some weak evidence for enhanced engraftment by both male and female
KO HSC, but these findings were not statistically significant. The female-specific effect of
RETNLy KO on HSC is explored further in Chapter 5 using transcriptome analysis as a way to
provide overall phenotypic information about differences between WT and KO cells and the

extent to which any differences are gender-specific.
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CHAPTER 5 MECHANISM OF ACTION OF RETNLy IN

HAEMATOPOIETIC STEM CELLS

5.1 Introduction

The results and observations described in Chapter 3 and 4 indicate that the expression of
RETNLy in HSC has a phenotypic consequence, at least in females, which is most apparent in
the reduced numbers of stem and progenitor cells present in adult bone marrow. In vitro and in
vivo assay of WT versus RETNLy KO HSC revealed only weak evidence of a functional impact
to the absence of RETNLy although, at least in the case of the in vivo assays, it can be argued

that RETNLy is present in the environment into which the KO cells were transplanted.

In order to gain further insight into the role played by RETNLy in HSC, the experiments in this
chapter sought to identify transcriptomic differences between WT and KO HSC. With this
knowledge of the differences in RNA expression resulting from the absence of RETNLYy, the
question was addressed as to whether restoration of RETNLYy, either by addition to cultured KO
HSC or by lentiviral over expression in KO HSC, could revert gene expression back to a WT

profile.

5.2 Transcriptome analysis

In order to assess the extent to which the absence of RETNLy in HSC might affect the profile
of RNA expression, RNA-seq was performed on both WT and KO KSL HSC (see Appendix 4

for validation of the individual mouse genotypes). Given that the significant differences in
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haematopoietic stem and progenitor cell numbers were seen in females, HSC were sorted from
3-month old female bone marrow, using 3 littermate pairs of WT and KO animals. Sequencing
reads were mapped to the mouse genome, counted, normalised, and differential expression

determined.
5.2.1 Significant gene expression differences between WT and KO KSL HSC

A total of 49 genes exhibited a significant difference in expression using an adjusted p value

threshold of p < 0.05 (Table 5.1).

Table 5.1 Gene ontogeny categorisation of gene expression differences between WT and

RETNLy KO HSC: Cellular processes

Gene Name Adjusted p WT mean Retnly KO mean
value counts counts
LY6C2 9.1e-07 915 2159.1
LTF 3.98e-06 5686.8 12033.9
ELANE 1.13e-05 2838.8 7723.8
NGP 4.61e-05 20088.9 47785.8
SLC4A1 0.000116 28.2 206.1
CHIL3 0.000123 3556.7 9188.4
CLEC4A2 0.000123 121.8 369.9
FCNB 0.000188 615.9 1584.2
TNFSF13B 0.000266 21.1 102.2
PRG3 0.000661 3.7 111.5
MMP9 0.000701 435.2 923
WFDC21 0.00131 550.1 2165
MS4A3 0.00142 399 977.6
LYZ2 0.00145 9458.5 19189.8
MMP8 0.00148 1254 2438.6
CAMP 0.00154 9660.1 34466.8
S100A8 0.00157 27588.3 95485.6
IGKV8-21 0.0016 0.3 1432
LCN2 0.00177 1065.2 3684
CEBPE 0.00179 46.3 207.2
LY6A2 0.00179 285.3 916.2
S100A9 0.00179 9863.5 32957.9
PROM1 0.00326 441 152.5
NCAM1 0.00604 85.5 205.2
HP 0.00604 959.7 2062.5
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C3 0.00655 124.5 342.4
HBA-Al 0.00901 15715 4804.7
CYBB 0.0125 1261.7 2458.1
TMEMS30A 0.0125 641.7 1341.3
HBB-BS 0.0134 3957.9 10512.4
TREM3 0.014 296.5 688.7
PRG2 0.0154 59.9 21914
PGLYRP1 0.0186 930.5 2274.5
LY6G 0.0193 80.9 237.8
FGR 0.0227 196 410.3
CAMK1 0.023 132.6 331.6
FER 0.0267 137.4 46.9
REDRUM 0.0278 1.6 26
6720464F23RIK 0.0318 10.2 82.5
FCGR3 0.0327 527.8 961.2
DGAT2 0.0357 42.2 121.2
HBB-BT 0.0417 894.5 24914
HBA-A2 0.0418 1022.6 2602.4
CHIL1 0.0455 408.6 724.8
TYROBP 0.046 1314.6 2527.1
ASPRV1 0.0467 24.3 90.9
PI16 0.0494 102.5 263.6
ACPP 0.05 21.1 81.2
CLDN15 0.05 81.7 205.6

The table shows the top 49 genes that exhibit a significant difference in expression between WT and RETNLy KO

HSC. Genes were selected with an adjusted p value of less than 0.05.

Unsupervised clustering of the sequence results for the triplicate WT and KO samples was
performed (Figure 5.1), and the top 50 statistically significant gene expression differences are

represented in the heatmap presented in Figure 5.1.

Two immediate conclusions can be drawn from the significant genes listed in Table 5.1. First,
there are many significant differences between WT and RETNLy KO HSC. Second, the vast

majority of the differences are genes that are expressed more highly in the KO.
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Figure 5.1 Gene expression differences comparing WT and RETNLy KO KSL HSC from adult female mice.
BM from 3 female WT mice and 3 RETNLy KO mice was stained and KSL sorted using the surface antigen
characteristics defined in Table 3.1. Trizol was used to extract the RNA. RNA-seq was performed using the

NEBNext® Single Low Input RNA Library Prep and sequencing.
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Next, a selection of genes exhibiting significant differences in expression between WT and KO
were selected for qRT-PCR analysis on independent RNA samples as a means to validate the
observations derived from the RNA-seq data. Although the RNA-seq had been performed on
the heterogenous KSL HSC population, it was decided to conduct the validation experiments
on the more immature LT-HSC subpopulation because these cells were both most affected by
the absence of RETNLy and were those tested in the in vivo stem cell assays. The analysis was
performed on both male and female LT-HSC samples to determine if the female-specific effects
of the absence of RETNLYy in respect to stem cell and progenitor numbers is similarly restricted

in terms of gene expression differences between WT and KO.

Genes for validation were selected on the combined basis of the degree of their differential
expression and their level of expression as represented by the RNA-seq read counts, aiming for
genes that are expressed at levels sufficiently high so that even with small numbers of sorted
cells (of the order of 300 LT-HSC). The genes chosen were HBA and HBB (haemoglobin alpha
and beta), CAMP (cathelicidin antimicrobial peptide), and S100A8 (S100 Calcium Binding
Protein A8). The results, shown in Figure 5.2 and Appendix 5, do not achieve statistical
significance (2 male and female independent LT-HSC samples were tested), but the trends are
consistent with the RNA-seq data, particularly for the samples derived from female LT-HSC,
for which each of the four genes tested exhibited higher relative levels in the RETNLy KO.
Overall, differences between WT and KO in the male LT-HSC samples were less than seen in

the case of the female samples.
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Figure 5.2 Validation of RNA-seq results. BM from WT and RETNLy KO mice was stained and LT-HSC was
sorted using the surface antigen characteristics defined in Table 3.1. qRT-PCR was performed using Tagman
primers for HBA, HBB, CAMP, and S100A8 genes. The histograms represent the relative expression of the

mentioned genes compared to 42 microglobulin (2-44¢t), (A) The result of LT-HSC from 2 WT and 2 RETNLy KO

male mice. (B) The result of LT-HSC from 3 WT and 3 RETNLy KO female mice.
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5.2.2 Gene ontology analysis shows that the gene expression differences related to

RETNLy in HSC are restricted to specific cell and molecular processes

Further examination of the RNA expression differences between the WT and KO HSC was
performed by conducting a gene ontology (GO) analysis on the 49 genes that exhibited a
statistically significant difference in Table 5.1. Using the GO group “biological processes” the
49 significant genes were put into functional categories, the most significant of which in terms

of enrichment are illustrated in Table 5.2.
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Table 5.2 Gene ontogeny categorisation of gene expression differences between WT and

KO HSC: Cellular processes

Enrichment | Genes | Total
FDR in list | genes Functional Category Genes
CYBB ELANE PGLYRP1 HP CAMP LYZ2 TREM3 C3
LCN2 FCNB PRG2 FGR CLEC4A2 NGP LTF CHIL3
2.28E-11 22 1439 Defence response S100A8 S100A9 CHIL1 MMP8 TYROBP CEBPE
PGLYRP1 CAMP LYZ2 WFDC21 ELANE LCN2 PRG2
1.47E-10 16 693 Response to bacterium HP LTF CEBPE C3 HBA-A2 HBA-A1 FGR TREM3 FER
FER ELANE PGLYRP1 CAMP C3 FGR TYROBP
TNFSF13B TREM3 CYBB MMP9 LCN2 FCNB PRG3
PRG2 CLEC4A2 HP LTF CEBPE S100A8 S100A9
1.47E-10 25 2299 Immune system process HBA-A2 HBA-A1 MMP8 SLC4A1
PGLYRP1 FGR CHIL1 CYBB ELANE C3 FCNB PRG3
1.28E-09 15 702 Cytokine production LTF TREM3 MMP8 PRG2 TYROBP CEBPE CLEC4A2
Defence response to PGLYRP1 CAMP LYZ2 ELANE LCN2 PRG2 HP LTF
1.28E-09 11 273 bacterium FGR TREM3 CEBPE
PGLYRP1 CAMP LYZ2 LCN2 WFDC21 ELANE PRG2
Response to external biotic HP LTF CEBPE C3 HBA-A2 HBA-A1 FGR TREM3 FER
1.28E-09 17 987 stimulus S100A9
PGLYRP1 CAMP LYZ2 LCN2 WFDC21 ELANE PRG2
HP LTF CEBPE C3 HBA-A2 HBA-A1 FGR TREM3 FER
1.28E-09 17 984 Response to other organism S100A9
PGLYRP1 CAMP LYZ2 LCN2 WFDC21 ELANE PRG2
HP LTF CEBPE C3 HBA-A2 HBA-A1 FGR TREM3 FER
1.57E-09 17 1020 Response to biotic stimulus S100A9
FER ELANE PGLYRP1 CAMP C3 FGR TREM3 CYBB
LCN2 FCNB PRG3 PRG2 CLEC4A2 TNFSF13B LTF
1.43E-08 18 1367 Immune response S100A8 S100A9 TYROBP
FER PGLYRP1 CAMP LYZ2 LCN2 WFDC21 CYBB
Response to external ELANE PRG2 HP LTF CEBPE S100A8 S100A9 CHIL1
4.94E-08 22 2378 stimulus C3 HBA-A2 HBA-A1 FGR TREM3 MMP8 MMP9
1.09E-07 7 97 Cellular oxidant detoxification | HP HBB-BS S100A8 S100A9 HBA-A2 HBA-A1 HBB-BT
Cellular response to toxic CYBB LCN2 HP HBB-BS S100A8 S100A9 HBA-A2
1.64E-07 9 247 substance HBA-A1 HBB-BT
1.72E-07 7 106 Cellular detoxification HP HBB-BS S100A8 S100A9 HBA-A2 HBA-A1 HBB-BT
3.12E-07 7 117 Detoxification HP HBB-BS S100A8 S100A9 HBA-A2 HBA-A1 HBB-BT
CYBB ELANE PGLYRP1 HP CAMP LYZ2 TREM3
MMP9 C3 LCN2 FCNB PRG2 FGR CLEC4A2 NGP LTF
CHIL3 S100A8 S100A9 CHIL1 FER MMP8 TYROBP
3.12E-07 25 3522 Response to stress CEBPE SLC4Al1
Regulation of cytokine PGLYRP1 FGR CYBB ELANE C3 FCNB PRG3 LTF
3.30E-07 12 633 production MMP8 PRG2 TYROBP CLEC4A2
Defence response to other PGLYRP1 CAMP LYZ2 ELANE LCN2 PRG2 HP LTF
5.37E-07 11 526 organism FGR TREM3 CEBPE
PGLYRP1 NGP MMP9 PI16 FGR TMEM30A CYBB
ELANE C3 FCNB PRG3 PROM1 CAMK1 LTF ACPP
Regulation of multicellular CAMP CHIL1 TYROBP MMP8 LCN2 PRG2 S100A9
5.44E-07 23 3062 organismal process CLEC4A2
5.62E-07 4 13 Oxygen transport HBB-BS HBA-A2 HBA-A1 HBB-BT
Positive regulation of FGR TMEM30A CYBB MMP9 ELANE C3 FCNB PRG3
multicellular organismal PROM1 CAMK1 LTF CAMP CHIL1 MMP8 LCN2 PRG2
6.58E-07 18 1827 process TYROBP S100A9
CAMP TREM3 CYBB C3 LCN2 FCNB FGR CLEC4A2
8.05E-07 12 703 Innate immune response PGLYRP1 LTF S100A8 S100A9
Killing of cells of other
8.06E-07 5 40 organism PGLYRP1 ELANE LTF TREM3 CAMP
Disruption of cells of other
8.06E-07 5 40 organism PGLYRP1 ELANE LTF TREM3 CAMP
Modification of morphology
or physiology of other
8.68E-07 7 146 organism PGLYRP1 ELANE LTF TREM3 CAMP MMP9 S100A9
Positive regulation of FER C3 FGR TYROBP TNFSF13B TREM3 ELANE
1.14E-06 13 901 immune system process FCNB PGLYRP1 LTF MMP8 SLC4A1 MMP9
1.51E-06 7 160 Cell killing PGLYRP1 ELANE LTF TREM3 C3 TYROBP CAMP
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2.12E-06 4 19 Gas transport HBB-BS HBA-A2 HBA-A1 HBB-BT

ELANE HP C3 CHIL3 S100A8 S100A9 CHIL1 MMP8
3.71E-06 11 668 Inflammatory response CYBB PGLYRP1 TYROBP

PGLYRP1 CAMP LYZ2 MMP9 LCN2 WFDC21 ELANE
FCNB PRG2 HP LTF CEBPE C3 HBA-A2 HBA-Al1 FGR
3.72E-06 19 2348 Multi-organism process TREM3 FER S100A9

4.74E-06 6 116 Cytokine metabolic process CYBB ELANE PRG3 TREM3 TYROBP CEBPE

Strikingly, the significant genes fall predominantly into functional categories reflecting
immune/stress responses that normally involves either neutrophils granulocytes and monocyte
/ macrophage or erythroid cells. Examples of proteins encoded by genes falling into several of
the significant functional categories include: (i) ELANE (neutrophil elastase), which is the most
abundant protein in neutrophils, achieving millimolar concentration, and has been associated
with endoplasmic reticulum stress if it acquires a mutation; (ii) PGLYRP1 (peptidoglycan
recognition protein 1), which is an antibacterial and pro-inflammatory innate immunity protein
that plays a role in maintaining anti- and pro-inflammatory homeostasis; (iii) CAMP
(cathelicidin antimicrobial peptide), which in addition to its actions against bacteria, fungi, and
viruses has a role in cell chemotaxis, immune mediator induction, and inflammatory response
regulation, and has been shown to prime the responsiveness of hematopoietic stem and
progenitor cells to a stromal-derived factor-1 (SDF-1) chemokine gradient; and (iv) S100A8
(S100 calcium binding protein A8), which is involved in the regulation of a number of cellular
processes such as cell cycle progression and differentiation, and in neutrophils and monocytes
acts as a Ca2+ sensor, participating in cytoskeleton rearrangement and arachidonic acid
metabolism, and during inflammation it is released actively and exerts a critical role in
modulating the inflammatory response by stimulating leukocyte recruitment and inducing

cytokine secretion.
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5.3 Attempt to restore a WT pattern of gene expression in RETNLy KO HSC through

exposure to exogenous RETNLy protein or by ectopic expression of the RETNLy gene

The transcriptome analysis shows that KO HSC exhibit significant changes in gene expression,
particularly in females, and that these changes are most apparent in genes encoding proteins
associated with differentiated cell function, particularly in relation to immune / stress responses.
Since the KO HSC used for the RNA-seq analysis were from constitutive KO mice, then it is
possible that either or both endogenous RETNLy or RETNLYy in the niche environment could
be influencing gene expression. To investigate if restoration of exogenous or endogenous
RETNLYy can revert the gene expression difference, KO HSC were either treated in vitro with

RETNLYy protein or transduced with a lentivirus encoding RETNLy.

5.3.1 The influence of exogenous RETNLy protein on the expression of genes that are

differentially expressed in KO versus WT HSC

To explore if exogenously applied RETNLy protein can influence gene expression in KO HSC,
KSL cells were sorted from KO BM and then cultured in vitro with or without the addition of
RETNLYy protein. After 24 hours in culture, RNA was prepared and gRT-PCR performed for
genes characteristic of the changes seen in HSC from female KO animals. Both male (n=3) and
female (n=2) HSC were used. The results obtained for HBA, CAMP, and S100A8 are depicted

in Figure 5.3 and Appendix 6.
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Figure 5.3 gRT-PCR analysis of gene expression changes in Retnly KO HSC treated with RETNLYy protein.
Sorted RETNLy KO KSL cells were divided into two parts and placed in culture media supplemented with growth
factors. RETNLy protein was added, and cells were incubated for an overnight. qRT-PCR was performed using
Tagman primers for HBA, S100A8, CAMP, and CD47 genes. The histograms represent the relative expression of
the mentioned genes compared to 52 microglobulin (2-44¢t), (A) The result of KSL from 3 Retnly KO male mice.

(B) The result of KSL from 3 RETNLy KO female mice.

Unexpectedly, RETNLy protein applied to KO HSC had significant effects in male cells but
not those derived from female mice. The effect on CAMP expression was most notable, and

reached significance (p = 0.004). Also, contrary to expectation, the effects observed in male
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cells involved increased expression of the genes that had been chosen because they exhibited
increased expression in female KO HSC. The positive effects of exogenously applied
RETNLy could be opposite to expectation for a number of reasons, including that as an external
agent a distinct signalling pathway(s) is elicited, or perhaps the amounts applied were not
equivalent to what would normally be experienced by an HSC, most likely being much higher

than the level expressed internally.

5.3.2 Endogenous re-expression of RETNLy protein does not influence the expression of

genes that are differentially expressed in KO versus WT HSC

Next, the consequences of the restoration of endogenous RETNLy expression in KO HSC was

explored by transduction of cells with lentiviral vectors.
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Figure 5.4 gRT-PCR analysis of gene expression changes in KO HSC transduced with lentivirus expressing
RETNLY. Sorted RETNLy KO Lin Kit* cells were transduced by an over expression RETNLy lentivirus. The cells
were placed in culture media supplemented with growth factors. After 24 hours of incubation, KSL which has
GFP*(transduced)was sorted. The level of selected genes was examined by qPCR. (A) The result of KSL from 3
RETNLy KO male mice. (B) The result of KSL from 3 RETNLy KO female mice. The level of RETNLy RNA after

transduction can be found in Appendix 8.
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KSL cells were sorted from KO BM and then cultured in vitro after infection with either a
control or a RETNLy-expressing lentivirus. After 24 hours in culture, RNA was prepared and
gRT-PCR performed for the same genes examined in the previous experiment involving
addition of RETNLy protein. Both male and female HSC were used. The results obtained are

depicted in Figure 5.4 and Appendix 7.

Although significance was not reached for any of the gene expression changes elicited as a
result of the lentiviral transductions, a similar trend appeared to that seen as a result of addition
of RETNLy protein, that is, there was a male-specific increase in the three test genes (the
increase in Camp gene expression achieved a p value of 0.083). As for the explanation proposed
for the opposite response to re-expression compared to the absence of RETNLy expression, it
is possible that this was not physiological in the context of the HSC (see level of over expression
in Appendix 8). Examination of qRT-PCR data for RETNLy RNA over expression in male KO
cells shows no differences to the results of exogenous protein effect on these genes. In female
KO cells a difference in genes level after transduction was observed. However, these result

shows no significance when compared to the non-transduced cells.
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5.4 Summary

The experiments described in this chapter represent a preliminary approach to understand what
molecular changes result when the expression of RETNLYy is constitutively ablated in KO mice.
Clearly, anumber of significant differences are seen in the profile of gene expression comparing
female WT and KO HSC, and these appear to involve increased levels RNA for genes related
to immune / stress responses that normally involve myelomonocytic cells and to a lesser extent

erythroid cells.

Attempts to revert these differences in the KO HSC, either using exogenous protein or lentiviral
transduction, produced unexpected results in that (i) the effects were restricted to male HSC,
and (ii) over expression of RETNLy in the KO context actually had the reverse effect to that
anticipated. So, although these results are at face value conflicting, they do demonstrate that
RETNLy is able to influence the expression of specific genes in HSC, and in a manner that has
a sex-specific aspect. Future rescue studies will require a more controlled approach to re-
expression of RETNLy in the KO context, as clearly the levels achieved in the experiments

reported were way above normal physiological expression.

Future work should be directed at understanding how the observed gene expression differences
might influence the function of HSC. The transplantation experiments in Chapter 4 failed to
demonstrate a convincing difference in HSC engraftment potential, but more could be revealed
through a round of secondary transplantations, which are a more stringent test of self-renewal
potential. Given the nature of the gene expression differences, it would also be interesting to
explore how WT and KO HSC respond to conditions of induced stress, such as haematopoietic

cell deficit or to infection.
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CHAPTER 6 GENERAL DISCUSSION

6.1 Introduction

Resistin-like gamma (RETNLy) is a member of a family of proteins, the resistin-like molecules
(RELM), which are present throughout the vertebrates, although gene duplication and
diversification have led to the evolution of a diversity of roles, only some of which are fully
understood. The RELM proteins are small, hormone-like molecules that can be secreted and
have the potential to multimerise. Previous studies on a range of tissues in the mouse showed
that RETNLy is most highly expressed in the haematopoietic tissue (spleen, thymus, and BM),
suggesting that the protein might have a cytokine-like role in haematopoiesis (Gerstmayer et

al., 2003).

The overall aim of the research described in this thesis has been to understand the functional
significance of the expression of RETNLy in haematopoietic stem cells (HSC). Interest in
RETNLYy in this context arose because its expression was found to be dependent on the activity
of the transcription factor MYB, which itself is an essential regulator of gene expression
throughout the haematopoietic hierarchy, including in the stem cell compartment. A role for
MYB in the regulation of RETNLy is also suggested by the finding that it cooperated with

C/EBPe in the stimulation of RETN gene expression in a non-haematopoietic cell line, both

RETNLyand RETN being co-expressed with C/EBPe (Chumakov et al., 2004).

The level of expression of the RETNLy gene in HSC, and the extent to which this decreased
upon loss of MY B activity suggested that the RETNLy protein might be responsible for at least

some of the phenotypic consequences of the transcription factor. No role has yet been described
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for RETNLy or any other RELM protein in mouse HSC, and therefore a major objective of the
research carried out in this thesis has been to determine how its expression varies across the
haematopoietic hierarchy, what effect it has on HSC function, and by what mechanisms it might

act.

6.2 RETNLy expression across the haematopoietic hierarchy

Quantitative analysis of RETNLy RNA in sorted cell populations representing the

haematopoietic hierarchy from the stem cells at the top to committed progenitors and
differentiated lineage cells revealed expression throughout, although at widely different levels.
Highest expression was seen in committed myelomonocytic, erythroid, and megakaryocytic
lineage cells, about 5- to 10-fold lower levels in lineage-committed progenitors, and a further

5- to 10-fold lower still in multilineage progenitors and stem cells. Intriguingly, the expression
of RETNLy RNA in some haematopoietic cell types showed a degree of gender specificity.

Most notably, the most immature stem cells tested, the LT-HSC, showed lower expression in

females compared to males.

In parallel with the analysis of RETNLy RNA, protein levels were assessed using
immunofluorescence to confirm both the variation across the haematopoietic hierarchy and the
actual presence of the protein in HSC. The high expression of RETNLY protein in mature cells

were sufficient to enable in situ detection, while much lower levels in HSC, reflecting the RNA
expression results, necessitated the more sensitive approach using flow cytometry. Attempts to
demonstrate secretion of RETNLy from haematopoietic cells proved inconclusive, although

some evidence was obtained (data not shown) that high RETNLy expressers like
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myelomonocytic cells do shed the protein into the culture supernatant. Consideration needs to
be given to the sensitivity of the method of detection, which will be particularly important if it

is to be possible to show that HSC can secrete RETNLY.

The relative expression of RETNLy in HSC and progenitors compared to mature BM cells,
such as monocytes and megakaryocytes, combined with the fact that RETNLY is secreted poses
an interesting question about the possible contribution of intrinsic and extrinsic RETNLy
protein in respect to its potential role in HSC. Stem cells and progenitors in the bone marrow
are likely to be exposed to higher levels of RETNLy produced from mature cells than they are
capable of producing themselves, begging the question about a possible distinct role for
intrinsic RETNLYy in the HSC, that is, could the intracellular protein be acting through different
mechanisms than that in the extracellular environment? How RELM proteins act on their target
cells remains a largely unresolved issue, and nothing is specifically known regarding RETNLY.
Receptors and downstream signalling pathways have been suggested for some of the cellular
scenarios in which these hormones are implicated (Pine et al., 2018; Acquarone et al., 2019).
Five potential receptors have been proposed, namely adenylyl cyclase-associated protein 1
(CAP1), Toll-like receptor 4 (TLR4), insulin-like growth factor receptor 1 (IGF1R), tyrosine
kinase-like orphan receptor (ROR1), and Decorin (DCN). RNA-seq data obtained by the
Frampton group confirms that both CAP1, TLR4, and IGF1R are expressed in LT-HSC, while
ROR1 and DCN are not. If HSC-intrinsic RETNLYy has a role that is distinct to the extracellular
protein then an intracellular mechanism would be consistent with CAP1 being the receptor
since, although described to be associated with the cell membrane (Lee et al., 2014), it can also

operate as an intracellular receptor.
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6.3 RETNLy affects haematopoietic cell numbers in a sex-specific manner and has some

limited influence on stem cell function in vivo

In an attempt to understand what role RETNLY might play in HSC a number of analyses were

performed comparing WT and RETNL ¥ KO mice. A comprehensive measurement of peripheral

blood and bone marrow cell numbers revealed that although most measurements showed little
difference between WT and KO, a striking sex-specific effect was seen in female KO BM in
which the numbers of stem cells and committed progenitors, and possibly monocytes, were
significantly lower compared to both WT females and KO males. However, these cell number
differences were less obviously reflected in the behaviour of isolated HSC when tested in either
in vitro colony or in vivo transplantation assays. In vivo assay of HSC by transplantation showed
some weak evidence for enhanced engraftment by both male and female KO HSC, but these

findings were not statistically significant. Examination of the bone marrow and spleens of
transplanted animals did, however, show some signs that RETNLY might affect the fate of HSC

and that some aspects are sex-specific. Animals transplanted with KO female LT-HSC
exhibited generally higher numbers of most lineages in the bone marrow, in particular
monocytes, megakaryocytes, and B-cells, while their spleens had relatively low levels of donor-
derived erythroid cells compared to WT donor transplants. In contrast, animals transplanted
with KO male LT-HSC showed no signs of higher levels of donor-derived bone marrow cells

while their spleens had increased relative numbers of most lineages.

The lower numbers of HSC and progenitors in KO versus WT female BM combined with the

observations of seemingly enhanced engraftment of KO versus WT female LT-HSC (based on
peripheral blood values and BM cell numbers) might suggest that the absence of RETNLY leads

to a greater tendency towards differentiation and a consequent depletion of the immature stem
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cells. As discussed below, the comparative transcriptome analysis of KO versus WT female

HSC lends further support to this idea.

At this point, it can only be speculated what might underlie the largely female-specific
differences observed. However, a likely explanation lies in the effect that female sex hormones
have on HSC (Nakada et al., 2014) in that it was found that mouse HSC exhibit sex differences
in cell-cycle regulation by oestrogen, cells in female mice dividing significantly more
frequently than in male mice. This difference was shown to depend on the ovaries but not the
testes, while administration of oestradiol increased HSC division in both males and females.
HSC express high levels of oestrogen receptor o, which when conditionally deleted reduced
HSC division in female, but not male, mice. Perhaps oestrogen signalling integrates with the

effect of RETNLy in some way.

6.4 The effect of RETNLY on HSC gene expression

The comparison of transcriptomes between female WT and KO HSC revealed a strong effect
of the absence of RETNLy on the profile of gene expression. Validation using selected genes,
comparing both male and female HSC, again showed a strong female-specific effect in that the
genes were only seen to be affected in the female cells, which as discussed above might suggest
that the female hormone environment in some way cooperates with the absence of RETNLy in

bringing about a phenotypic change in HSC.

The differences in gene expression in female HSC resulting from the absence of RETNLYy are
very interesting in terms of what function the protein performs in stem cells. Most of the
significant changes appear to involve increased levels RNA for genes related to immune / stress

responses that normally involve myelomonocytic cells and to a lesser extent erythroid cells.
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Whether these gene expression differences reflect altered properties of the HSC per se or reflect
an increased tendency of the cells to differentiate towards myelomoncytic and erythroid lineage

cells cannot be concluded, but certainly form the basis for further investigations.

The elevation in gene expression in the absence of RETNLy but only in the female context
could suggest that the protein normally represses genes that have a link to immune / stress
responses, but when absent then oestrogen receptor signalling leads to transcriptional
activation. It would be interesting to explore if a similar pattern of activated gene expression
could be observed in male mice treated with oestradiol, or if knockout of the oestrogen receptor
in female mice negates the effect of RETNL y KO. It would also be interesting to determine if
there is any change in the binding of oestrogen receptor to the regulatory regions of genes in
KO compared to WT female HSC, and if this correlates with the profile of over expressed

immune / stress related genes.

How RETNLy might normally repress gene expression, either directly or indirectly, is another
issue that warrants further investigation. There is no evidence in the literature that RELM
proteins can bind to DNA, but findings mainly derived from studies on RETN show that it can
initiate signalling that could therefore impact indirectly on transcriptional regulation. The
experiments performed in this thesis regarding the restoration of RETNLy expression in KO
HSC could form the basis for such further studies, although at this point the results are difficult
to interpret. If restoration of expression of RETNLy by either addition of protein or through
lentiviral transduction could elicit a reversal in the gene expression profile from the KO to the
WT pattern, then such a system could be used to perform comparative genome-wide chromatin

experiments such as ATAC-seq or ChlP-seq to determine what features are influenced.
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6.5 The relevance of RETNLy function in the mouse in the context of human HSC

As pointed out in Chapter 1, the nomenclature of the RELM family genes can be confusing,
especially in trying to make comparisons between mouse and humans. The evidence available,
especially the cell types expressing the protein and the regulatory mechanism controlling
expression, seems strongly to suggest that RETNLYy is equivalent to RETN in humans, the so
called RETN protein in the mouse being distinct in its expression domain (Chumakov et al.,
2004; Patel et al., 2003; Yang et al., 2003). If this is indeed correct, then it would be an obvious
next step to start to investigate the role of human RETN, which could have translational

implications in the context of managing clinical situations in which haemostasis is perturbed.

6.6 Limitations and future studies

This study of the expression and function of RETNLy was completely dependent on the
availability of appropriate genetically altered mice carrying the KO allele for the gene. Given
the importance of using littermate pairs of WT and KO animals, combined with the need to
look separately at males and females, meant that it was always a challenge to accumulate
sufficient experimental animals. However, experiments conducted in this way ultimately
generate more biologically relevant and statistically significant results. Another practical
limiting challenge given the cell type of interest and its derivation from mice is that fact that
most experiments required highly purified sorted HSC, which represent a very small proportion
of the bone marrow cell population.

Although assays for HSC function are well-established, they are also resource- and time-
consuming, especially when transplantation into donor animals is required. The latter approach

is the ‘gold standard’ in the field, and in the case of the RETNLy study was deemed essential
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as no definitive conclusions could be drawn from in vitro colony assays of stem cell potential.
Given the limited time and resource available, it was not possible to pursue further in vivo
experiments, although the next steps should involve secondary BM transplantations fully to
explore the self-renewal capacity of WT versus KO HSC, as well as in vivo stress or challenge
experiments, especially taking account of the immune / stress response profile of genes that
appear to be influenced by RETNLYy, at least in females. Such in vivo challenges should include
models of haematopoietic cell depletion, such as induced anaemia or bone marrow ablation
using 5-fluorouracil.

Preliminary attempts to rescue the RETNLy KO phenotype at the level of gene expression were
inconclusive, although lentivirally-mediated transduction did prove to be a feasible way to
restore expression in primary HSC. An obvious problem that needs to be resolved is how to
control re-expression so that the levels of RETNLy are close to normal physiological levels
seen in freshly isolated cells. As a first next step, some form of controllable over expression
lentiviral system should be explored, probably utilising doxycycline-mediated transcriptional
activation of RETNLy expression.

Probably the most interesting aspect of this project that should be pursued is how the gender
background of the mice influences the effects of RETNLy on gene expression. As mentioned
already, it would be good in the first instance to explore the relationship between RETNLy and
oestrogen: it could be that RETNLy affects the way in which oestrogen and its receptor affect
HSC, presumably through effects on gene expression, or alternatively oestrogen / oestrogen
receptor might impinge on a mechanism of gene regulation requiring RETNLy. Although there
are indications that male HSC do not respond in the same way as female cells to the absence of
RETNLYy in gene expression terms, this should be examined more comprehensively through

RNA-seq. In addition, it would be very informative if the chromatin status of WT versus KO
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HSC for both males and females could be compared, preferably using ATAC-seq, as this would
provide insight into the genes and gene regulatory features that are affected by RETNLy and
how this might tie in with the actions of the oestrogen receptor.

Lastly, and most importantly from a medical translation perspective, it would be interesting to
try to perform experiments that support the arguments presented in this thesis that mouse
RETNLYy is the functional equivalent of human RETN. Although, as already discussed, further
development of the in vivo biological function assays in the mouse is necessary, the gene
expression consequences of RETNLy ablation and the female-specific aspects of this and
parallel HSC deficiencies in the BM at least provide a workable platform. This being the case,
the ideal model would be to generate a knock-in mouse line in which mouse RETNLy gene is
replaced by the human RETN coding sequences. This would be a big undertaking, but if the
theory is correct about the functional homology of these genes, then the knock-in line should

demonstrate all of the features of normal animals expressing RETNLYy.

130



References

ACQUARONE, E., MONACELLI, F., BORGHI, R., NENCIONI, A. & ODETTI, P. 2019. Resistin: A
reappraisal. Mech Ageing Dev, 178, 46-63.

ADOLFSSON, J., BORGE, O.J., BRYDER, D., THEILGAARD-MONCH, K., ASTRAND-GRUNDSTROM,
l., SITNICKA, E., SASAKI, Y. & JACOBSEN, S. E. 2001. Upregulation of FIt3 expression
within the bone marrow Lin(-)Scal(+)c-kit(+) stem cell compartment is accompanied
by loss of self-renewal capacity. Immunity, 15, 659-69.

AKASHI, K., TRAVER, D., MIYAMOTO, T. & WEISSMAN, I. L. 2000. A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature, 404, 193-7.

ALENZI, F. Q., ALENAZI, B. Q., AHMAD, S. Y., SALEM, M. L., AL-JABRI, A. A. & WYSE, R. K. 2009.
The haemopoietic stem cell: between apoptosis and self renewal. Yale J Biol Med, 82,
7-18.

ALM-KRISTIANSEN, A. H., SAETHER, T., MATRE, V., GILFILLAN, S., DAHLE, O. & GABRIELSEN, O.
S. 2008. FLASH acts as a co-activator of the transcription factor c-Myb and localizes to
active RNA polymerase |l foci. Oncogene, 27, 4644-4656.

ALVAREZ-SILVA, M., BELO-DIABANGOUAYA, P., SALAUN, J. & DIETERLEN-LIEVRE, F. 2003.
Mouse placenta is a major hematopoietic organ. Development, 130, 5437-44.

ANTON, I. A. & FRAMPTON, J. 1988. Tryptophans in Myb Proteins. Nature, 336, 719-719.

ANTONSON, P., STELLAN, B., YAMANAKA, R. & XANTHOPOQULOS, K. G. 1996. A novel human
CCAAT/enhancer binding protein gene, C/EBPepsilon, is expressed in cells of lymphoid
and myeloid lineages and is localized on chromosome 14q11.2 close to the T-cell
receptor alpha/delta locus. Genomics, 35, 30-8.

BANERIJEE, R. R. & LAZAR, M. A. 2001. Dimerization of resistin and resistin-like molecules is
determined by a single cysteine. J Biol Chem, 276, 25970-3.

BANERJEE, R. R. & LAZAR, M. A. 2003. Resistin: molecular history and prognosis. J Mol Med
(Berl), 81, 218-26.

BARTEL, D. P. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell, 116,
281-97.

BECKER, A. J., MC, C. E. & TILL, J. E. 1963. Cytological demonstration of the clonal nature of
spleen colonies derived from transplanted mouse marrow cells. Nature, 197, 452-4.

BELLISSIMO, D. C. & SPECK, N. A. 2017. RUNX1 Mutations in Inherited and Sporadic Leukemia.
Front Cell Dev Biol, 5, 111.

BENDER, T. P., KREMER, C. S., KRAUS, M., BUCH, T. & RAJEWSKY, K. 2004. Critical functions for
c-Myb at three checkpoints during thymocyte development. Nature Immunology, 5,
721-729.

BENZ, C., COPLEY, M. R., KENT, D. G., WOHRER, S., CORTES, A., AGHAEEPOUR, N., MA, E.,
MADER, H., ROWE, K., DAY, C., TRELOAR, D., BRINKMAN, R. R. & EAVES, C. J. 2012.
Hematopoietic stem cell subtypes expand differentially during development and
display distinct lymphopoietic programs. Cell Stem Cell, 10, 273-83.

BERTRAND, J. Y., GIROUX, S., GOLUB, R., KLAINE, M., JALIL, A., BOUCONTET, L., GODIN, I. &
CUMANO, A. 2005. Characterization of purified intraembryonic hematopoietic stem
cells as a tool to define their site of origin. Proc Natl/ Acad Sci U S A, 102, 134-9.

BIEDENKAPP, H., BORGMEYER, U., SIPPEL, A. E. & KLEMPNAUER, K. H. 1988. Viral Myb
Oncogene Encodes a Sequence-Specific DNA-Binding Activity. Nature, 335, 835-837.

131



BIGAS, A. & ESPINOSA, L. 2012. Hematopoietic stem cells: to be or Notch to be. Blood, 119,
3226-35.

BIGGS, J. R., PETERSON, L. F., ZHANG, Y., KRAFT, A. S. & ZHANG, D. E. 2006. AML1/RUNX1
phosphorylation by cyclin-dependent kinases regulates the degradation of
AML1/RUNX1 by the anaphase-promoting complex. Mol Cell Biol, 26, 7420-9.

BILLINGHAM, R. E., BRENT, L. & MEDAWAR, P. B. 1953. Actively acquired tolerance of foreign
cells. Nature, 172, 603-6.

BILLINGHAM, R. E. & REYNOLDS, J. 1952. Transplantation studies on sheets of pure epidermal
epithelium and on epidermal cell suspensions. Br J Plast Surg, 5, 25-36.

BLAGOEV, B., KRATCHMAROVA, 1., NIELSEN, M. M., FERNANDEZ, M. M., VOLDBY, J.,
ANDERSEN, J. S., KRISTIANSEN, K., PANDEY, A. & MANN, M. 2002. Inhibition of
adipocyte differentiation by resistin-like molecule alpha. Biochemical characterization
of its oligomeric nature. J Biol Chem, 277, 42011-6.

BOISSET, J. C. & ROBIN, C. 2012. On the origin of hematopoietic stem cells: progress and
controversy. Stem Cell Res, 8, 1-13.

BOSANAC, I., WERTZ, I. E., PAN, B., YU, C., KUSAM, S., LAM, C., PHU, L., PHUNG, Q., MAURER,
B., ARNOTT, D., KIRKPATRICK, D. S., DIXIT, V. M. & HYMOWITZ, S. G. 2010. Ubiquitin
binding to A20 ZnF4 is required for modulation of NF-kappaB signaling. Mol Cell, 40,
548-57.

BOULAIS, P. E. & FRENETTE, P. S. 2015. Making sense of hematopoietic stem cell niches. Blood,
125, 2621-9.

BROUDY, V. C. 1997. Stem cell factor and hematopoiesis. Blood, 90, 1345-64.

BURGESS, A. W., CAMAKARIS, J. & METCALF, D. 1977. Purification and properties of colony-
stimulating factor from mouse lung-conditioned medium. J Biol Chem, 252, 1998-2003.

BURNS, C. E., GALLOWAY, J. L., SMITH, A. C., KEEFE, M. D., CASHMAN, T. J., PAIK, E. J,,
MAYHALL, E. A., AMSTERDAM, A. H. & ZON, L. I. 2009. A genetic screen in zebrafish
defines a hierarchical network of pathways required for hematopoietic stem cell
emergence. Blood, 113, 5776-82.

CALVI, L. M., ADAMS, G. B., WEIBRECHT, K. W., WEBER, J. M., OLSON, D. P., KNIGHT, M. C,,
MARTIN, R. P., SCHIPANI, E., DIVIETI, P., BRINGHURST, F. R., MILNER, L. A.,
KRONENBERG, H. M. & SCADDEN, D. T. 2003. Osteoblastic cells regulate the
haematopoietic stem cell niche. Nature, 425, 841-6.

CANALIS, E. 2008. Notch signaling in osteoblasts. Sci Signal, 1, pel7.

CAPECCHI, M. R. 1989. The new mouse genetics: altering the genome by gene targeting.
Trends Genet, 5, 70-6.

CARRELHA, J., MENG, Y., KETTYLE, L. M., LUIS, T. C., NORFO, R., ALCOLEA, V., BOUKARABILA,
H., GRASSO, F., GAMBARDELLA, A., GROVER, A., HOGSTRAND, K., LORD, A. M.,
SANJUAN-PLA, A., WOLL, P. S., NERLOV, C. & JACOBSEN, S. E. W. 2018. Hierarchically
related lineage-restricted fates of multipotent haematopoietic stem cells. Nature, 554,
106-111.

CHABANNON, C., KUBALL, J., BONDANZA, A., DAZZI, F., PEDRAZZOLI, P., TOUBERT, A.,
RUGGERI, A., FLEISCHHAUER, K. & BONINI, C. 2018. Hematopoietic stem cell
transplantation in its 60s: A platform for cellular therapies. Sci Trans! Med, 10.

CHALLEN, G. A,, BOLES, N., LIN, K. K. & GOODELL, M. A. 2009. Mouse hematopoietic stem cell
identification and analysis. Cytometry A, 75, 14-24.

132



CHALLEN, G. A., SUN, D., JEONG, M., LUO, M., JELINEK, J., BERG, J. S., BOCK, C,
VASANTHAKUMAR, A., GU, H., XI, Y., LIANG, S., LU, Y., DARLINGTON, G. J., MEISSNER,
A., ISSA, J. P.,, GODLEY, L. A, LI, W. & GOODELL, M. A. 2011. Dnmt3a is essential for
hematopoietic stem cell differentiation. Nat Genet, 44, 23-31.

CHAO, M. P., SEITA, J. & WEISSMAN, I. L. 2008. Establishment of a normal hematopoietic and
leukemia stem cell hierarchy. Cold Spring Harb Symp Quant Biol, 73, 439-49.

CHEASLEY, D., PEREIRA, L., SAMPURNO, S., SIEBER, O., JORISSEN, R., XU, H. L., GERMANN, M.,
YAN, Y. Q.,, RAMSAY, R. G. & MALATERRE, J. 2015. Defective Myb Function Ablates
Cyclin E1 Expression and Perturbs Intestinal Carcinogenesis. Molecular Cancer
Research, 13, 1185-1196.

CHENG, H., ZHENG, Z. & CHENG, T. 2020. New paradigms on hematopoietic stem cell
differentiation. Protein Cell, 11, 34-44.

CHEUNG, T. H. & RANDO, T. A. 2013. Molecular regulation of stem cell quiescence. Nat Rev
Mol Cell Biol, 14, 329-40.

CHOI, K., KENNEDY, M., KAZAROV, A., PAPADIMITRIOU, J. C. & KELLER, G. 1998. A common
precursor for hematopoietic and endothelial cells. Development, 125, 725-32.
CHRISTENSEN, J. L. & WEISSMAN, I. L. 2001. Flk-2 is a marker in hematopoietic stem cell
differentiation: a simple method to isolate long-term stem cells. Proc Nat! Acad Sci U

SA, 98, 14541-6.

CHRISTENSEN, J. L., WRIGHT, D. E., WAGERS, A. J. & WEISSMAN, I. L. 2004. Circulation and
chemotaxis of fetal hematopoietic stem cells. PLoS Biol, 2, E75.

CHUMAKOV, A. M., GRILLIER, I., CHUMAKOVA, E., CHIH, D., SLATER, J. & KOEFFLER, H. P. 1997.
Cloning of the novel human myeloid-cell-specific C/EBP-epsilon transcription factor.
Mol Cell Biol, 17, 1375-86.

CHUMAKOV, A. M., KUBOTA, T., WALTER, S. & KOEFFLER, H. P. 2004. Identification of murine
and human XCP1 genes as C/EBP-epsilon-dependent members of FIZZ/Resistin gene
family. Oncogene, 23, 3414-25.

CLARKE, M., VOLPE, G., SHERIFF, L., WALTON, D., WARD, C., WEI, W., DUMON, S., GARCIA, P.
& FRAMPTON, J. 2017. Transcriptional regulation of SPROUTY2 by MYB influences
myeloid cell proliferation and stem cell properties by enhancing responsiveness to IL-
3. Leukemia, 31, 957-966.

CODONER-FRANCH, P. & ALONSO-IGLESIAS, E. 2015. Resistin: insulin resistance to malignancy.
Clin Chim Acta, 438, 46-54.

CONNELLY, J. T., GAUTROT, J. E., TRAPPMANN, B., TAN, D. W. M., DONATI, G., HUCK, W. T. S.
& WATT, F. M. 2010. Actin and serum response factor transduce physical cues from
the microenvironment to regulate epidermal stem cell fate decisions. Nature Cell
Biology, 12, 711-U177.

COPELAN, E. A. 2006. Hematopoietic stem-cell transplantation. N Engl J Med, 354, 1813-26.

CORBEL, C., SALAUN, J., BELO-DIABANGOUAYA, P. & DIETERLEN-LIEVRE, F. 2007.
Hematopoietic potential of the pre-fusion allantois. Dev Biol, 301, 478-88.

CUMANQO, A. & GODIN, I. 2007. Ontogeny of the hematopoietic system. Annu Rev Immunol,
25, 745-85.

CURTIS, D. J., HALL, M. A., VAN STEKELENBURG, L. J., ROBB, L., JANE, S. M. & BEGLEY, C. G.
2004. SCL is required for normal function of short-term repopulating hematopoietic
stem cells. Blood, 103, 3342-8.

133



DAKIC, A., METCALF, D., DI RAGO, L., MIFSUD, S., WU, L. & NUTT, S. L. 2005. PU.1 regulates
the commitment of adult hematopoietic progenitors and restricts granulopoiesis. J Exp
Med, 201, 1487-502.

DARZYNKIEWICZ, Z., TRAGANOS, F. & MELAMED, M. R. 1980. New cell cycle compartments
identified by multiparameter flow cytometry. Cytometry, 1, 98-108.

DAVIDSON, C. J., TIROUVANZIAM, R., HERZENBERG, L. A. & LIPSICK, J. S. 2005. Functional
evolution of the vertebrate Myb gene family: B-Myb, but neither A-Myb nor c-Myb,
complements Drosophila Myb in hemocytes. Genetics, 169, 215-29.

DE HAAN, G. & PLOEMACHER, R. 2002. The cobblestone-area-forming cell assay. Methods Mol
Med, 63, 143-51.

DEXTER, T. M., ALLEN, T. D. & LAJTHA, L. G. 1977a. Conditions controlling the proliferation of
haemopoietic stem cells in vitro. J Cell Physiol, 91, 335-44.

DEXTER, T. M., MOORE, M. A. & SHERIDAN, A. P. 1977b. Maintenance of hemopoietic stem
cells and production of differentiated progeny in allogeneic and semiallogeneic bone
marrow chimeras in vitro. J Exp Med, 145, 1612-6.

DICK, J. E., MAGLI, M. C., HUSZAR, D., PHILLIPS, R. A. & BERNSTEIN, A. 1985. Introduction of a
selectable gene into primitive stem cells capable of long-term reconstitution of the
hemopoietic system of W/Wv mice. Cell, 42, 71-9.

DIETERLEN-LIEVRE, F. 1975. On the origin of haemopoietic stem cells in the avian embryo: an
experimental approach. J Embryol Exp Morphol, 33, 607-19.

DING, L. & MORRISON, S. J. 2013. Haematopoietic stem cells and early lymphoid progenitors
occupy distinct bone marrow niches. Nature, 495, 231-5.

DING, L., SAUNDERS, T. L., ENIKOLOPOV, G. & MORRISON, S. J. 2012. Endothelial and
perivascular cells maintain haematopoietic stem cells. Nature, 481, 457-62.

DOBIN, A., DAVIS, C. A., SCHLESINGER, F., DRENKOW, J., ZALESKI, C., JHA, S., BATUT, P.,
CHAISSON, M. & GINGERAS, T. R. 2013. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics, 29, 15-21.

DORHEIM, M. A., SULLIVAN, M., DANDAPANI, V., WU, X., HUDSON, J., SEGARINI, P. R., ROSEN,
D. M., AULTHOUSE, A. L. & GIMBLE, J. M. 1993. Osteoblastic gene expression during
adipogenesis in hematopoietic supporting murine bone marrow stromal cells. J Cell
Physiol, 154, 317-28.

DUNCAN, A. W., RATTIS, F. M., DIMASCIO, L. N., CONGDON, K. L., PAZIANOS, G., ZHAO, C.,
YOON, K., COOK, J. M., WILLERT, K., GAIANO, N. & REYA, T. 2005. Integration of Notch
and Wnt signaling in hematopoietic stem cell maintenance. Nat Immunol, 6, 314-22.

DYKSTRA, B., KENT, D., BOWIE, M., MCCAFFREY, L., HAMILTON, M., LYONS, K., LEE, S. J,,
BRINKMAN, R. & EAVES, C. 2007. Long-term propagation of distinct hematopoietic
differentiation programs in vivo. Cell Stem Cell, 1, 218-29.

DZIERZAK, E. & BIGAS, A. 2018. Blood Development: Hematopoietic Stem Cell Dependence
and Independence. Cell Stem Cell, 22, 639-651.

DZIERZAK, E. & MEDVINSKY, A. 1995. Mouse embryonic hematopoiesis. Trends Genet, 11, 359-
66.

EAVES, C. J. 2015. Hematopoietic stem cells: concepts, definitions, and the new reality. Blood,
125, 2605-13.

EDDAOUDI, A., CANNING, S. L. & KATO, I. 2018. Flow Cytometric Detection of GO in Live Cells
by Hoechst 33342 and Pyronin Y Staining. Methods Mol Biol, 1686, 49-57.

134



EMA, H. & NAKAUCHI, H. 2000. Expansion of hematopoietic stem cells in the developing liver
of a mouse embryo. Blood, 95, 2284-8.

EMAMBOKUS, N., VEGIOPOULOS, A., HARMAN, B., JENKINSON, E., ANDERSON, G. &
FRAMPTON, J. 2003. Progression through key stages of haemopoiesis is dependent on
distinct threshold levels of c-Myb. EMBO J, 22, 4478-88.

ENGIN, F. & LEE, B. 2010. NOTCHing the bone: insights into multi-functionality. Bone, 46, 274-
80.

FASSHAUER, M., KLEIN, J., NEUMANN, S., ESZLINGER, M. & PASCHKE, R. 2001. Tumor necrosis
factor alpha is a negative regulator of resistin gene expression and secretion in 3T3-L1
adipocytes. Biochem Biophys Res Commun, 288, 1027-31.

FERKOWICZ, M. J. & YODER, M. C. 2005. Blood island formation: longstanding observations
and modern interpretations. Exp Hematol, 33, 1041-7.

FORD, C. E., HAMERTON, J. L., BARNES, D. W. & LOUTIT, J. F. 1956. Cytological identification
of radiation-chimaeras. Nature, 177, 452-4.

FRAMPTON, J., GIBSON, T. J.,, NESS, S. A., DODERLEIN, G. & GRAF, T. 1991. Proposed Structure
for the DNA-Binding Domain of the Myb Oncoprotein Based on Model-Building and
Mutational Analysis. Protein Engineering, 4, 891-901.

FRISCH, B. J. & CALVI, L. M. 2014. Hematopoietic stem cell cultures and assays. Methods Mol
Biol, 1130, 315-324.

GARCIA, P., CLARKE, M., VEGIOPOULOS, A., BERLANGA, 0., CAMELO, A., LORVELLEC, M. &
FRAMPTON, J. 2009. Reduced c-Myb activity compromises HSCs and leads to a
myeloproliferation with a novel stem cell basis. EMBO J, 28, 1492-504.

GEIGER, H., DE HAAN, G. & FLORIAN, M. C. 2013. The ageing haematopoietic stem cell
compartment. Nat Rev Immunol, 13, 376-89.

GEKAS, C., DIETERLEN-LIEVRE, F., ORKIN, S. H. & MIKKOLA, H. K. 2005. The placenta is a niche
for hematopoietic stem cells. Dev Cell, 8, 365-75.

GERSTMAVYER, B., KUSTERS, D., GEBEL, S., MULLER, T., VAN MIERT, E., HOFMANN, K. & BOSIO,
A. 2003. Identification of RELMgamma, a novel resistin-like molecule with a distinct
expression pattern. Genomics, 81, 588-95.

GHOSH, G. & ADAMS, J. A. 2011. Phosphorylation mechanism and structure of serine-arginine
protein kinases. FEBS J, 278, 587-97.

GODIN, I., DIETERLEN-LIEVRE, F. & CUMANO, A. 1995. Emergence of multipotent hemopoietic
cells in the yolk sac and paraaortic splanchnopleura in mouse embryos, beginning at
8.5 days postcoitus. Proc Natl Acad Sci US A, 92, 773-7.

GONDA, T. J., GOUGH, N. M., DUNN, A. R. & DEBLAQUIERE, J. 1985. Nucleotide-Sequence of
Cdna Clones of the Murine Myb Protooncogene. Embo Journal, 4, 2003-2008.
GONDA, T. J. & METCALF, D. 1984. Expression of Myb, Myc and Fos Proto-Oncogenes during

the Differentiation of a Murine Myeloid-Leukemia. Nature, 310, 249-251.

GONG, J. K. 1978. Endosteal marrow: a rich source of hematopoietic stem cells. Science, 199,
1443-5.

GOODELL, M. A., BROSE, K., PARADIS, G., CONNER, A. S. & MULLIGAN, R. C. 1996. Isolation
and functional properties of murine hematopoietic stem cells that are replicating in
vivo. J Exp Med, 183, 1797-806.

GREENBAUM, A., HSU, Y. M., DAY, R. B., SCHUETTPELZ, L. G., CHRISTOPHER, M. J,,
BORGERDING, J. N., NAGASAWA, T. & LINK, D. C. 2013. CXCL12 in early mesenchymal

135



progenitors is required for haematopoietic stem-cell maintenance. Nature, 495, 227-
30.

GROWNEY, J. D., SHIGEMATSU, H., LI, Z., LEE, B. H., ADELSPERGER, J., ROWAN, R., CURLEY, D.
P., KUTOK, J. L., AKASHI, K., WILLIAMS, I. R., SPECK, N. A. & GILLILAND, D. G. 2005. Loss
of Runx1 perturbs adult hematopoiesis and is associated with a myeloproliferative
phenotype. Blood, 106, 494-504.

GUI, Y., SILHA, J. V. & MURPHY, L. J. 2004. Sexual dimorphism and regulation of resistin,
adiponectin, and leptin expression in the mouse. Obes Res, 12, 1481-91.

GUNSILIUS, E., GASTL, G. & PETZER, A. L. 2001. Hematopoietic stem cells. Biomed
Pharmacother, 55, 186-94.

GUO, H. & FRIEDMAN, A. D. 2011. Phosphorylation of RUNX1 by cyclin-dependent kinase
reduces direct interaction with HDAC1 and HDAC3. J Biol Chem, 286, 208-15.

HAAS, S., HANSSON, J., KLIMMECK, D., LOEFFLER, D., VELTEN, L., UCKELMANN, H., WURZER,
S., PRENDERGAST, A. M., SCHNELL, A., HEXEL, K., SANTARELLA-MELLWIG, R.,
BLASZKIEWICZ, S., KUCK, A., GEIGER, H., MILSOM, M. D., STEINMETZ, L. M.,
SCHROEDER, T., TRUMPP, A., KRIJGSVELD, J. & ESSERS, M. A. 2015. Inflammation-
Induced Emergency Megakaryopoiesis Driven by Hematopoietic Stem Cell-like
Megakaryocyte Progenitors. Cell Stem Cell, 17, 422-34.

HEYD, F., CHEN, R., AFSHAR, K., SABA, I., LAZURE, C., FIOLKA, K. & MORQY, T. 2011. The p150
subunit of the histone chaperone Caf-1 interacts with the transcriptional repressor
Gfil. Biochim Biophys Acta, 1809, 255-61.

HOCK, H., HAMBLEN, M. J.,, ROOKE, H. M., SCHINDLER, J. W., SALEQUE, S., FUJIWARA, Y. &
ORKIN, S. H. 2004. Gfi-1 restricts proliferation and preserves functional integrity of
haematopoietic stem cells. Nature, 431, 1002-7.

HOCK, H., HAMBLEN, M. J., ROOKE, H. M., TRAVER, D., BRONSON, R. T., CAMERON, S. & ORKIN,
S. H. 2003. Intrinsic requirement for zinc finger transcription factor Gfi-1 in neutrophil
differentiation. Immunity, 18, 109-20.

HOLCOMB, I. N., KABAKOFF, R. C., CHAN, B., BAKER, T. W., GURNEY, A., HENZEL, W., NELSON,
C., LOWMAN, H. B., WRIGHT, B. D., SKELTON, N. J., FRANTZ, G. D., TUMAS, D. B., PEALE,
F. V., JR,, SHELTON, D. L. & HEBERT, C. C. 2000. FIZZ1, a novel cysteine-rich secreted
protein associated with pulmonary inflammation, defines a new gene family. EMBO J,
19, 4046-55.

HOUSSAINT, E. 1981. Differentiation of the mouse hepatic primordium. Il. Extrinsic origin of
the haemopoietic cell line. Cell Differ, 10, 243-52.

HU, Q., TAN, H. & IRWIN, D. M. 2015. Evolution of the Vertebrate Resistin Gene Family. PLoS
One, 10, e0130188.

HUANG, X., CHO, S. & SPANGRUDE, G. J. 2007. Hematopoietic stem cells: generation and self-
renewal. Cell Death Differ, 14, 1851-9.

HUNTER, T. 1995. Protein kinases and phosphatases: the yin and yang of protein
phosphorylation and signaling. Cell, 80, 225-36.

ICHIKAWA, M., ASAI, T., SAITO, T., SEO, S., YAMAZAKI, 1., YAMAGATA, T., MITANI, K., CHIBA,
S., OGAWA, S., KUROKAWA, M. & HIRAI, H. 2004. AML-1 is required for megakaryocytic
maturation and lymphocytic differentiation, but not for maintenance of hematopoietic
stem cells in adult hematopoiesis. Nat Med, 10, 299-304.

136



IHLE, J. N., KELLER, J., HENDERSON, L., KLEIN, F. & PALASZYNSKI, E. 1982. Procedures for the
purification of interleukin 3 to homogeneity. J Immunol, 129, 2431-6.

IKUTA, K. & WEISSMAN, I. L. 1992. Evidence that hematopoietic stem cells express mouse c-
kit but do not depend on steel factor for their generation. Proc Natl Acad Sci U S A, 89,
1502-6.

ISLAM, A., GLOMSKI, C. & HENDERSON, E. S. 1990. Bone lining (endosteal) cells and
hematopoiesis: a light microscopic study of normal and pathologic human bone
marrow in plastic-embedded sections. Anat Rec, 227, 300-6.

ISO, T., KEDES, L. & HAMAMORI, Y. 2003. HES and HERP families: multiple effectors of the
Notch signaling pathway. J Cell Physiol, 194, 237-55.

IVANOVS, A., RYBTSOV, S., ANDERSON, R. A, TURNER, M. L. & MEDVINSKY, A. 2014.
Identification of the niche and phenotype of the first human hematopoietic stem cells.
Stem Cell Reports, 2, 449-56.

IVANOVS, A., RYBTSOV, S., WELCH, L., ANDERSON, R. A., TURNER, M. L. & MEDVINSKY, A. 2011.
Highly potent human hematopoietic stem cells first emerge in the intraembryonic
aorta-gonad-mesonephros region. J Exp Med, 208, 2417-27.

IWASAKI, H., SOMOZA, C., SHIGEMATSU, H., DUPREZ, E. A., IWASAKI-ARAI, J., MIZUNO, S.,
ARINOBU, Y., GEARY, K., ZHANG, P., DAYARAM, T., FENYUS, M. L., ELF, S., CHAN, S.,
KASTNER, P., HUETTNER, C.S., MURRAY, R., TENEN, D. G. & AKASHI, K. 2005. Distinctive
and indispensable roles of PU.1 in maintenance of hematopoietic stem cells and their
differentiation. Blood, 106, 1590-600.

JACOBSON, L. O., SIMMONS, E. L., MARKS, E. K. & ELDREDGE, J. H. 1951. Recovery from
radiation injury. Science, 113, 510-11.

JACOBSON, L. O., SIMMONS, E. L., MARKS, E. K., ROBSON, M. J., BETHARD, W. F. & GASTON,
E. O. 1950. The role of the spleen in radiation injury and recovery. J Lab Clin Med, 35,
746-70.

JAGANNATHAN-BOGDAN, M. & ZON, L. I. 2013. Hematopoiesis. Development, 140, 2463-7.

JANG, J. C., CHEN, G., WANG, S. H., BARNES, M. A., CHUNG, J. I., CAMBERIS, M., LE GROS, G.,
COOPER, P. J,, STEEL, C.,, NUTMAN, T. B., LAZAR, M. A. & NAIR, M. G. 2015.
Macrophage-derived human resistin is induced in multiple helminth infections and
promotes inflammatory monocytes and increased parasite burden. PLoS Pathog, 11,
e1004579.

JIN, X., CHENG, H., CHEN, J. & ZHU, D. 2011. RNF13: an emerging RING finger ubiquitin ligase
important in cell proliferation. FEBS J, 278, 78-84.

JOHNSON, G. R. & MOORE, M. A. 1975. Role of stem cell migration in initiation of mouse foetal
liver haemopoiesis. Nature, 258, 726-8.

KAMMINGA, L. M. & DE HAAN, G. 2006. Cellular memory and hematopoietic stem cell aging.
Stem Cells, 24, 1143-9.

KANJI, S., POMPILI, V. J. & DAS, H. 2011. Plasticity and maintenance of hematopoietic stem
cells during development. Recent Pat Biotechnol, 5, 40-53.

KARSUNKY, H., ZENG, H., SCHMIDT, T., ZEVNIK, B., KLUGE, R., SCHMID, K. W., DUHRSEN, U. &
MOROY, T. 2002. Inflammatory reactions and severe neutropenia in mice lacking the
transcriptional repressor Gfil. Nat Genet, 30, 295-300.

137



KARVE, T. M. & CHEEMA, A. K. 2011. Small changes huge impact: the role of protein
posttranslational modifications in cellular homeostasis and disease. J Amino Acids,
2011, 207691.

KAUTS, M. L., VINK, C. S. & DZIERZAK, E. 2016. Hematopoietic (stem) cell development - how
divergent are the roads taken? FEBS Lett, 590, 3975-3986.

KAWAHARA, R. & SHIOZAWA, Y. 2015. Hematopoiesis¥. Reference Module in Biomedical
Sciences. Elsevier.

KELLER, G., PAIGE, C., GILBOA, E. & WAGNER, E. F. 1985. Expression of a foreign gene in
myeloid and lymphoid cells derived from multipotent haematopoietic precursors.
Nature, 318, 149-54.

KENT, D., COPLEY, M., BENZ, C., DYKSTRA, B., BOWIE, M. & EAVES, C. 2008. Regulation of
hematopoietic stem cells by the steel factor/KIT signaling pathway. Clin Cancer Res,
14, 1926-30.

KIEL, M. J., IWASHITA, T., YILMAZ, O. H. & MORRISON, S. J. 2005a. Spatial differences in
hematopoiesis but not in stem cells indicate a lack of regional patterning in definitive
hematopoietic stem cells. Dev Biol, 283, 29-39.

KIEL, M. J., RADICE, G. L. & MORRISON, S. J. 2007. Lack of evidence that hematopoietic stem
cells depend on N-cadherin-mediated adhesion to osteoblasts for their maintenance.
Cell Stem Cell, 1, 204-17.

KIEL, M. J.,, YILMAZ, O. H., IWASHITA, T., YILMAZ, O. H., TERHORST, C. & MORRISON, S. J.
2005b. SLAM family receptors distinguish hematopoietic stem and progenitor cells and
reveal endothelial niches for stem cells. Cell, 121, 1109-21.

KO, M., BANDUKWALA, H. S., AN, J., LAMPERTI, E. D., THOMPSON, E. C., HASTIE, R,
TSANGARATOU, A., RAJEWSKY, K., KORALOV, S. B. & RAO, A. 2011. Ten-Eleven-
Translocation 2 (TET2) negatively regulates homeostasis and differentiation of
hematopoietic stem cells in mice. Proc Natl Acad Sci U S A, 108, 14566-71.

KOLLET, O., DAR, A., SHIVTIEL, S., KALINKOVICH, A., LAPID, K., SZTAINBERG, Y., TESIO, M.,
SAMSTEIN, R. M., GOICHBERG, P., SPIEGEL, A., ELSON, A. & LAPIDOT, T. 2006.
Osteoclasts degrade endosteal components and promote mobilization of
hematopoietic progenitor cells. Nature Medicine, 12, 657-664.

KONDO, M., WEISSMAN, I. L. & AKASHI, K. 1997. I|dentification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cell, 91, 661-72.

KOPP, J.,, HORCH, R. E., STACHEL, K. D., HOLTER, W., KANDLER, M. A., HERTZBERG, H.,
RASCHER, W., CAMPEAN, V., CARBON, R. & SCHNEIDER, H. 2005. Hematopoietic stem
cell transplantation and subsequent 80% skin exchange by grafts from the same donor
in a patient with Herlitz disease. Transplantation, 79, 255-6.

KOSAN, C. & GODMANN, M. 2016. Genetic and Epigenetic Mechanisms That Maintain
Hematopoietic Stem Cell Function. Stem Cells Int, 2016, 5178965.

KRAMER, A. & CHALLEN, G. A. 2017. The epigenetic basis of hematopoietic stem cell aging.
Semin Hematol, 54, 19-24.

KUBOTA, T., KAWANO, S., CHIH, D. Y., HISATAKE, Y., CHUMAKOV, A. M., TAGUCHI, H. &
KOEFFLER, H. P. 2000. Representational difference analysis using myeloid cells from
C/EBP epsilon deletional mice. Blood, 96, 3953-7.

LAMPREIA, F. P., CARMELO, J. G. & ANJOS-AFONSO, F. 2017. Notch Signaling in the Regulation
of Hematopoietic Stem Cell. Curr Stem Cell Rep, 3, 202-209.

138



LARIJANI, B., ESFAHANI, E. N., AMINI, P., NIKBIN, B., ALIMOGHADDAM, K., AMIRI, S.,
MALEKZADEH, R., YAZDI, N. M., GHODSI, M., DOWLATI, Y., SAHRAIAN, M. A. &
GHAVAMZADEH, A. 2012. Stem cell therapy in treatment of different diseases. Acta
Med Iran, 50, 79-96.

LARSSON, J., BLANK, U., HELGADOTTIR, H., BJORNSSON, J. M., EHINGER, M., GOUMANS, M. J.,
FAN, X., LEVEEN, P. & KARLSSON, S. 2003. TGF-beta signaling-deficient hematopoietic
stem cells have normal self-renewal and regenerative ability in vivo despite increased
proliferative capacity in vitro. Blood, 102, 3129-35.

LE LAY, S., BOUCHER, J., REY, A., CASTAN-LAURELL, I., KRIEF, S., FERRE, P., VALET, P. & DUGAIL,
I. 2001. Decreased resistin expression in mice with different sensitivities to a high-fat
diet. Biochem Biophys Res Commun, 289, 564-7.

LECHMAN, E. R., GENTNER, B., VAN GALEN, P., GIUSTACCHINI, A., SAINI, M., BOCCALATTE, F.
E., HHRAMATSU, H., RESTUCCIA, U., BACHI, A., VOISIN, V., BADER, G. D., DICK, J. E. &
NALDINI, L. 2012. Attenuation of miR-126 activity expands HSC in vivo without
exhaustion. Cell Stem Cell, 11, 799-811.

LEE, S., LEE, H. C., KWON, Y. W., LEE, S. E., CHO, Y., KIM, J., LEE, S., KIM, J. Y., LEE, J., YANG, H.
M., MOOK-JUNG, I., NAM, K. Y., CHUNG, J., LAZAR, M. A. & KIM, H. S. 2014. Adenylyl
cyclase-associated protein 1 is a receptor for human resistin and mediates
inflammatory actions of human monocytes. Cell Metab, 19, 484-97.

LEMISCHKA, I. R., RAULET, D. H. & MULLIGAN, R. C. 1986. Developmental potential and
dynamic behavior of hematopoietic stem cells. Cell, 45, 917-27.

LI, L. & XIE, T. 2005. Stem cell niche: structure and function. Annu Rev Cell Dev Biol, 21, 605-
31.

LI, Z., CAl, X., CAIl, C. L., WANG, J., ZHANG, W., PETERSEN, B. E., YANG, F. C. & XU, M. 2011.
Deletion of Tet2 in mice leads to dysregulated hematopoietic stem cells and
subsequent development of myeloid malignancies. Blood, 118, 4509-18.

LI, Z. & LI, L. 2006. Understanding hematopoietic stem-cell microenvironments. Trends
Biochem Sci, 31, 589-95.

LIEU, Y. K. & REDDY, E. P. 2009. Conditional c-myb knockout in adult hematopoietic stem cells
leads to loss of self-renewal due to impaired proliferation and accelerated
differentiation. Proc Nat!/ Acad Sci U S A, 106, 21689-94.

LIM, L. P., GLASNER, M. E., YEKTA, S., BURGE, C. B. & BARTEL, D. P. 2003. Vertebrate microRNA
genes. Science, 299, 1540.

LIONBERGER, J. M. & STIREWALT, D. L. 2009. Gene expression changes in normal
haematopoietic cells. Best Pract Res Clin Haematol, 22, 249-69.

LIPSICK, J. S. 2010. The C-MYB story--is it definitive? Proc Natl Acad Sci U S A, 107, 17067-8.

LIPSICK, J. S. & WANG, D. M. 1999. Transformation by v-Myb. Oncogene, 18, 3047-55.

LO CELSO, C. & SCADDEN, D. T. 2011. The haematopoietic stem cell niche at a glance. Journal
of Cell Science, 124, 3529-3535.

LORENZ, E., UPHOFF, D., REID, T. R. & SHELTON, E. 1951. Modification of irradiation injury in
mice and guinea pigs by bone marrow injections. J Nat/ Cancer Inst, 12, 197-201.

LOVE, M. |, HUBER, W. & ANDERS, S. 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol, 15, 550.

139



LUO, W., FRIEDMAN, M. S., SHEDDEN, K., HANKENSON, K. D. & WOOLF, P. J. 2009. GAGE:
generally applicable gene set enrichment for pathway analysis. BMC Bioinformatics,
10, 161.

MAIN, J. M. & PREHN, R. T. 1955. Successful skin homografts after the administration of high
dosage X radiation and homologous bone marrow. J Natl Cancer Inst, 15, 1023-9.

MASSAGUE, J. 2012. TGFbeta signalling in context. Nat Rev Mol Cell Biol, 13, 616-30.

MAVYLE, A., LUO, M., JEONG, M. & GOODELL, M. A. 2013. Flow cytometry analysis of murine
hematopoietic stem cells. Cytometry A, 83, 27-37.

MCCULLOCH, E. A. & TILL, J. E. 1960. The radiation sensitivity of normal mouse bone marrow
cells, determined by quantitative marrow transplantation into irradiated mice. Radiat
Res, 13, 115-25.

MCGRATH, K. E., FRAME, J. M., FROMM, G. J., KONISKI, A. D., KINGSLEY, P. D., LITTLE, J.,
BULGER, M. & PALIS, J. 2011. A transient definitive erythroid lineage with unique
regulation of the beta-globin locus in the mammalian embryo. Blood, 117, 4600-8.

MCKERCHER, S. R., TORBETT, B. E., ANDERSON, K. L., HENKEL, G. W., VESTAL, D. J., BARIBAULT,
H., KLEMSZ, M., FEENEY, A. J.,, WU, G. E., PAIGE, C. J. & MAKI, R. A. 1996. Targeted
disruption of the PU.1 gene results in multiple hematopoietic abnormalities. EMBO J,
15, 5647-58.

MEDVINSKY, A. L., SAMOYLINA, N. L., MULLER, A. M. & DZIERZAK, E. A. 1993. An early pre-liver
intraembryonic source of CFU-S in the developing mouse. Nature, 364, 64-7.

METCALF, D. 2013. The colony-stimulating factors and cancer. Cancer Immunol Res, 1, 351-6.

MIKKOLA, H. K., KLINTMAN, J., YANG, H., HOCK, H., SCHLAEGER, T. M., FUJIIWARA, Y. & ORKIN,
S. H. 2003. Haematopoietic stem cells retain long-term repopulating activity and
multipotency in the absence of stem-cell leukaemia SCL/tal-1 gene. Nature, 421, 547-
51.

MIKKOLA, H. K. & ORKIN, S. H. 2006. The journey of developing hematopoietic stem cells.
Development, 133, 3733-44.

MITRA, P. 2018. Transcription regulation of MYB: a potential and novel therapeutic target in
cancer. Annals of Translational Medicine, 6.

MONTOYA-DURANGO, D. E., VELU, C.S., KAZANJIAN, A., ROJAS, M. E., JAY, C. M., LONGMORE,
G. D. & GRIMES, H. L. 2008. Ajuba functions as a histone deacetylase-dependent co-
repressor for autoregulation of the growth factor-independent-1 transcription factor.
J Biol Chem, 283, 32056-65.

MOORE, K. A., EMA, H. & LEMISCHKA, I. R. 1997. In vitro maintenance of highly purified,
transplantable hematopoietic stem cells. Blood, 89, 4337-47.

MOORE, M. A. & METCALF, D. 1970. Ontogeny of the haemopoietic system: yolk sac origin of
in vivo and in vitro colony forming cells in the developing mouse embryo. Br J
Haematol, 18, 279-96.

MORAN-CRUSIO, K., REAVIE, L., SHIH, A., ABDEL-WAHAB, O., NDIAYE-LOBRY, D., LOBRY, C.,
FIGUEROA, M. E., VASANTHAKUMAR, A., PATEL, J., ZHAO, X., PERNA, F., PANDEY, S.,
MADZO, J., SONG, C., DAI, Q., HE, C., IBRAHIM, S., BERAN, M., ZAVADIL, J., NIMER, S.
D., MELNICK, A., GODLEY, L. A., AIFANTIS, I. & LEVINE, R. L. 2011. Tet2 loss leads to
increased hematopoietic stem cell self-renewal and myeloid transformation. Cancer
Cell, 20, 11-24.

140



MORASH, B. A., UR, E., WIESNER, G., ROY, J. & WILKINSON, M. 2004. Pituitary resistin gene
expression: effects of age, gender and obesity. Neuroendocrinology, 79, 149-56.

MORITA, Y., EMA, H. & NAKAUCHI, H. 2010. Heterogeneity and hierarchy within the most
primitive hematopoietic stem cell compartment. J Exp Med, 207, 1173-82.

MOROSETTI, R., PARK, D. J.,, CHUMAKOQOV, A. M., GRILLIER, I., SHIOHARA, M., GOMBART, A. F.,
NAKAMAKI, T., WEINBERG, K. & KOEFFLER, H. P. 1997. A novel, myeloid transcription
factor, C/EBP epsilon, is upregulated during granulocytic, but not monocytic,
differentiation. Blood, 90, 2591-600.

MORRISON, S. J., HEMMATI, H. D., WANDYCZ, A. M. & WEISSMAN, I. L. 1995. The purification
and characterization of fetal liver hematopoietic stem cells. Proc Nat! Acad Sci U S A,
92,10302-6.

MORRISON, S. J. & SPRADLING, A. C. 2008. Stem cells and niches: mechanisms that promote
stem cell maintenance throughout life. Cell, 132, 598-611.

MORRISON, S. J. & WEISSMAN, I. L. 1994. The long-term repopulating subset of hematopoietic
stem cells is deterministic and isolatable by phenotype. Immunity, 1, 661-73.

MOSAAD, Y. M. 2014. Hematopoietic stem cells: an overview. Transfus Apher Sci, 51, 68-82.

MUCENSKI, M. L., MCLAIN, K., KIER, A. B., SWERDLOW, S. H., SCHREINER, C. M., MILLER, T. A.,
PIETRYGA, D. W., SCOTT, W. J,, JR. & POTTER, S. S. 1991. A functional c-myb gene is
required for normal murine fetal hepatic hematopoiesis. Cell, 65, 677-89.

MULLER-SIEBURG, C. E., CHO, R. H., KARLSSON, L., HUANG, J. F. & SIEBURG, H. B. 2004.
Myeloid-biased hematopoietic stem cells have extensive self-renewal capacity but
generate diminished lymphoid progeny with impaired IL-7 responsiveness. Blood, 103,
4111-8.

MULLER-SIEBURG, C. E., CHO, R. H.,, THOMAN, M., ADKINS, B. & SIEBURG, H. B. 2002.
Deterministic regulation of hematopoietic stem cell self-renewal and differentiation.
Blood, 100, 1302-9.

MUMM, J. S. & KOPAN, R. 2000. Notch signaling: from the outside in. Dev Biol, 228, 151-65.

MUNOZ, P, ILIOU, M. S. & ESTELLER, M. 2012. Epigenetic alterations involved in cancer stem
cell reprogramming. Mol Oncol, 6, 620-36.

NAGASAWA, T., NAKAJIMA, T., TACHIBANA, K., IIZASA, H., BLEUL, C. C., YOSHIE, O,
MATSUSHIMA, K., YOSHIDA, N., SPRINGER, T. A. & KISHIMOTO, T. 1996. Molecular
cloning and characterization of a murine pre-B-cell growth-stimulating factor/stromal
cell-derived factor 1 receptor, a murine homolog of the human immunodeficiency
virus 1 entry coreceptor fusin. Proc Nat!/ Acad Sci U S A, 93, 14726-9.

NAKADA, D., OGURO, H., LEVI, B. P., RYAN, N., KITANO, A., SAITOH, Y., TAKEICHI, M., WENDT,
G. R. & MORRISON, S. J. 2014. Oestrogen increases haematopoietic stem-cell self-
renewal in females and during pregnancy. Nature, 505, 555-8.

NAKAMURA-ISHIZU, A., TAKIZAWA, H. & SUDA, T. 2014. The analysis, roles and regulation of
quiescence in hematopoietic stem cells. Development, 141, 4656-66.

NAVEIRAS, O., NARDI, V., WENZEL, P. L., HAUSCHKA, P. V., FAHEY, F. & DALEY, G. Q. 2009.
Bone-marrow adipocytes as negative regulators of the haematopoietic
microenvironment. Nature, 460, 259-U124.

NEBEL, A., SCHAFFITZEL, E. & HERTWECK, M. 2006. Aging at the interface of stem cell renewal,
apoptosis, senescence, and cancer. Sci Aging Knowledge Environ, 2006, pel4.

141



NEIVA, K., SUN, Y. X. & TAICHMAN, R. S. 2005. The role of osteoblasts in regulating
hematopoietic stem cell activity and tumor metastasis. Braz J Med Biol Res, 38, 1449-
54,

NELISSEN, J. M., TORENSMA, R., PLUYTER, M., ADEMA, G. J., RAYMAKERS, R. A., VAN KOOYK,
Y. & FIGDOR, C. G. 2000. Molecular analysis of the hematopoiesis supporting
osteoblastic cell line U2-0S. Exp Hematol, 28, 422-32.

NG, A. P. & ALEXANDER, W. S. 2017. Haematopoietic stem cells: past, present and future. Cell
Death Discov, 3, 17002.

NICOLA, N. A., METCALF, D., MATSUMOTO, M. & JOHNSON, G. R. 1983. Purification of a factor
inducing differentiation in murine myelomonocytic leukemia cells. Identification as
granulocyte colony-stimulating factor. J Biol Chem, 258, 9017-23.

NILSSON, S. K., JOHNSTON, H. M., WHITTY, G. A, WILLIAMS, B., WEBB, R. J., DENHARDT, D. T,
BERTONCELLO, I., BENDALL, L. J., SIMMONS, P. J. & HAYLOCK, D. N. 2005. Osteopontin,
a key component of the hematopoietic stem cell niche and regulator of primitive
hematopoietic progenitor cells. Blood, 106, 1232-1239.

NOMURA, N., TAKAHASHI, M., MATSUI, M., ISHII, S., DATE, T., SASAMOTO, S. & ISHIZAKI, R.
1988. Isolation of Human Cdna Clones of Myb-Related Genes, a-Myb and B-Myb.
Nucleic Acids Research, 16, 11075-11089.

NWAIJEI, F. & KONOPLEVA, M. 2013. The bone marrow microenvironment as niche retreats
for hematopoietic and leukemic stem cells. Adv Hematol, 2013, 953982.

OGAWA, M. 1993. Differentiation and proliferation of hematopoietic stem cells. Blood, 81,
2844-53.

OGURO, H., DING, L. & MORRISON, S. J. 2013. SLAM family markers resolve functionally
distinct subpopulations of hematopoietic stem cells and multipotent progenitors. Cell
Stem Cell, 13, 102-16.

OGURO, H. & IWAMA, A. 2007. Life and death in hematopoietic stem cells. Curr Opin Immunol,
19, 503-9.

OH, I. H. & KWON, K. R. 2010. Concise review: multiple niches for hematopoietic stem cell
regulations. Stem Cells, 28, 1243-9.

OH, I. H. & REDDY, E. P. 1999. The myb gene family in cell growth, differentiation and
apoptosis. Oncogene, 18, 3017-3033.

OKUDA, T., VAN DEURSEN, J., HIEBERT, S. W., GROSVELD, G. & DOWNING, J. R. 1996. AML1,
the target of multiple chromosomal translocations in human leukemia, is essential for
normal fetal liver hematopoiesis. Cell, 84, 321-30.

OLSEN, B. R., REGINATO, A. M. & WANG, W. 2000. Bone development. Annu Rev Cell Dev Biol,
16, 191-220.

ORKIN, S. H. 1995. Transcription factors and hematopoietic development. J Biol Chem, 270,
4955-8.

ORKIN, S. H. & ZON, L. I. 2008. Hematopoiesis: an evolving paradigm for stem cell biology. Cell,
132, 631-44.

ORT, T., ARJONA, A. A.,, MACDOUGALL, J. R., NELSON, P. J., ROTHENBERG, M. E., WU, F., EISEN,
A. & HALVORSEN, Y. D. 2005. Recombinant human FIZZ3/resistin stimulates lipolysis in
cultured human adipocytes, mouse adipose explants, and normal mice. Endocrinology,
146, 2200-9.

142



OSAWA, M., HANADA, K., HAMADA, H. & NAKAUCHI, H. 1996. Long-term
lymphohematopoietic reconstitution by a single CD34-low/negative hematopoietic
stem cell. Science, 273, 242-5.

OWEN, R. D. 1945. Immunogenetic Consequences of Vascular Anastomoses between Bovine
Twins. Science, 102, 400-1.

PALIS, J., ROBERTSON, S., KENNEDY, M., WALL, C. & KELLER, G. 1999. Development of
erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse.
Development, 126, 5073-84.

PALIS, J. & YODER, M. C. 2001. Yolk-sac hematopoiesis: the first blood cells of mouse and man.
Exp Hematol, 29, 927-36.

PARK, H. K. & AHIMA, R. S. 2013. Resistin in rodents and humans. Diabetes Metab J, 37, 404-
14.

PATEL, L., BUCKELS, A. C., KINGHORN, I. J., MURDOCK, P. R., HOLBROOK, J. D., PLUMPTON, C.,
MACPHEE, C. H. & SMITH, S. A. 2003. Resistin is expressed in human macrophages and
directly regulated by PPAR gamma activators. Biochem Biophys Res Commun, 300,
472-6.

PICKART, C. M. 1997. Targeting of substrates to the 26S proteasome. FASEB J, 11, 1055-66.

PIETRAS, E. M., REYNAUD, D., KANG, Y. A., CARLIN, D., CALERO-NIETO, F. J., LEAVITT, A. D.,
STUART, J. M., GOTTGENS, B. & PASSEGUE, E. 2015. Functionally Distinct Subsets of
Lineage-Biased Multipotent Progenitors Control Blood Production in Normal and
Regenerative Conditions. Cell Stem Cell, 17, 35-46.

PINE, G. M., BATUGEDARA, H. M. & NAIR, M. G. 2018. Here, there and everywhere: Resistin-
like molecules in infection, inflammation, and metabolic disorders. Cytokine, 110, 442-
451.

PLOEMACHER, R. E., VAN DER LOO, J. C., VAN BEURDEN, C. A. & BAERT, M. R. 1993. Wheat
germ agglutinin affinity of murine hemopoietic stem cell subpopulations is an inverse
function of their long-term repopulating ability in vitro and in vivo. Leukemia, 7, 120-
30.

PLOEMACHER, R. E., VAN DER SLUIIS, J. P., VAN BEURDEN, C. A., BAERT, M. R. & CHAN, P. L.
1991. Use of limiting-dilution type long-term marrow cultures in frequency analysis of
marrow-repopulating and spleen colony-forming hematopoietic stem cells in the
mouse. Blood, 78, 2527-33.

PLOEMACHER, R. E., VAN DER SLUIIS, J. P., VOERMAN, J. S. & BRONS, N. H. 1989. An in vitro
limiting-dilution assay of long-term repopulating hematopoietic stem cells in the
mouse. Blood, 74, 2755-63.

PURSGLOVE, S. E. & MACKAY, J. P. 2005. CSL: a notch above the rest. Int J Biochem Cell Biol,
37, 2472-7.

RAFII, S., MOHLE, R., SHAPIRO, F., FREY, B. M. & MOORE, M. A. 1997. Regulation of
hematopoiesis by microvascular endothelium. Leuk Lymphoma, 27, 375-86.

RECHSTEINER, M. 1987. Ubiquitin-mediated pathways for intracellular proteolysis. Annu Rev
Cell Biol, 3, 1-30.

RIOS, M. & WILLIAMS, D. A. 1990. Systematic analysis of the ability of stromal cell lines derived
from different murine adult tissues to support maintenance of hematopoietic stem
cells in vitro. J Cell Physiol, 145, 434-43.

143



ROBB, L., LYONS, I, LI, R., HARTLEY, L., KONTGEN, F., HARVEY, R. P., METCALF, D. & BEGLEY, C.
G. 1995. Absence of yolk sac hematopoiesis from mice with a targeted disruption of
the scl gene. Proc Natl Acad Sci U S A, 92, 7075-9.

ROSSI, D. J., BRYDER, D. & WEISSMAN, I. L. 2007. Hematopoietic stem cell aging: mechanism
and consequence. Exp Gerontol, 42, 385-90.

ROSSON, D. & REDDY, E. P. 1986. Nucleotide-Sequence of Chicken C-Myb Complementary-
DNA and Implications for Myb Oncogene Activation. Nature, 319, 604-606.

SAFTIG, P., HUNZIKER, E., WEHMEYER, O., JONES, S., BOYDE, A.,, ROMMERSKIRCH, W.,
MORITZ, J. D., SCHU, P. & VON FIGURA, K. 1998. Impaired osteoclastic bone resorption
leads to osteopetrosis in cathepsin-K-deficient mice. Proc Natl Acad Sci U S A, 95,
13453-8.

SAKAMOTO, H., DAI, G., TSUJINO, K., HASHIMOTO, K., HUANG, X., FUJIMOTO, T., MUCENSKI,
M., FRAMPTON, J. & OGAWA, M. 2006. Proper levels of c-Myb are discretely defined
at distinct steps of hematopoietic cell development. Blood, 108, 896-903.

SAKAMOTO, H., TAKEDA, N., ARAI, F., HOSOKAWA, K., GARCIA, P., SUDA, T., FRAMPTON, J. &
OGAWA, M. 2015. Determining c-Myb protein levels can isolate functional
hematopoietic stem cell subtypes. Stem Cells, 33, 479-90.

SANDBERG, M. L., SUTTON, S. E., PLETCHER, M. T., WILTSHIRE, T., TARANTINO, L. M.,
HOGENESCH, J. B. & COOKE, M. P. 2005. c-Myb and p300 regulate hematopoietic stem
cell proliferation and differentiation. Dev Cell, 8, 153-66.

SANJUAN-PLA, A., MACAULAY, I. C., JENSEN, C. T., WOLL, P. S., LUIS, T. C., MEAD, A., MOORE,
S., CARELLA, C., MATSUOKA, S., BOURIEZ JONES, T., CHOWDHURY, O., STENSON, L.,
LUTTEROPP, M., GREEN, J. C., FACCHINI, R., BOUKARABILA, H., GROVER, A,
GAMBARDELLA, A., THONGJUEA, S., CARRELHA, J., TARRANT, P., ATKINSON, D., CLARK,
S. A, NERLOV, C. & JACOBSEN, S. E. 2013. Platelet-biased stem cells reside at the apex
of the haematopoietic stem-cell hierarchy. Nature, 502, 232-6.

SANTINI, V., MELNICK, A., MACIEJEWSKI, J. P., DUPREZ, E., NERVI, C., COCCO, L., FORD, K. G. &
MUFTI, G. 2013. Epigenetics in focus: pathogenesis of myelodysplastic syndromes and
the role of hypomethylating agents. Crit Rev Oncol Hematol, 88, 231-45.

SCADDEN, D. T. 2006. The stem-cell niche as an entity of action. Nature, 441, 1075-9.

SCHOFIELD, R. 1978. The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells, 4, 7-25.

SCHWARTZ, D. R. & LAZAR, M. A. 2011. Human resistin: found in translation from mouse to
man. Trends Endocrinol Metab, 22, 259-65.

SCOTT, E. W., SIMON, M. C., ANASTASI, J. & SINGH, H. 1994. Requirement of transcription
factor PU.1 in the development of multiple hematopoietic lineages. Science, 265,
1573-7.

SEITA, J. & WEISSMAN, I. L. 2010. Hematopoietic stem cell: self-renewal versus differentiation.
Wiley Interdiscip Rev Syst Biol Med, 2, 640-53.

SHALABY, F., ROSSANT, J., YAMAGUCHI, T. P., GERTSENSTEIN, M., WU, X. F., BREITMAN, M. L.
& SCHUH, A. C. 1995. Failure of blood-island formation and vasculogenesis in Flk-1-
deficient mice. Nature, 376, 62-6.

SHARMA, S. & GURUDUTTA, G. 2016. Epigenetic Regulation of Hematopoietic Stem Cells. Int
J Stem Cells, 9, 36-43.

144



SHEN-ONG, G. L. 1987. Alternative internal splicing in c-myb RNAs occurs commonly in normal
and tumor cells. EMBO J, 6, 4035-9.

SHI, C. S. & KEHRL, J. H. 2010. Traf6 and A20 differentially regulate TLR4-induced autophagy
by affecting the ubiquitination of Beclin 1. Autophagy, 6, 986-7.

SIMINOVITCH, L., MCCULLOCH, E. A. & TILL, J. E. 1963. The Distribution of Colony-Forming
Cells among Spleen Colonies. J Cell Comp Physiol, 62, 327-36.

SOZA-RIED, C., HESS, I., NETUSCHIL, N., SCHORPP, M. & BOEHM, T. 2010. Essential role of c-
myb in definitive hematopoiesis is evolutionarily conserved. Proc Natl Acad Sci U S A,
107, 17304-8.

SPANGRUDE, G. J., HEIMFELD, S. & WEISSMAN, I. L. 1988. Purification and characterization of
mouse hematopoietic stem cells. Science, 241, 58-62.

SPRADLING, A., DRUMMOND-BARBOSA, D. & KAI, T. 2001. Stem cells find their niche. Nature,
414, 98-104.

STANLEY, E. R. & HEARD, P. M. 1977. Factors regulating macrophage production and growth.
Purification and some properties of the colony stimulating factor from medium
conditioned by mouse L cells. J Biol Chem, 252, 4305-12.

STENMAN, G., ANDERSSON, M. K. & ANDREN, Y. 2010. New tricks from an old oncogene Gene
fusion and copy number alterations of MYB in human cancer. Cell Cycle, 9, 2986-2995.

STEPPAN, C. M., BAILEY, S. T., BHAT, S., BROWN, E. J., BANERIJEE, R. R., WRIGHT, C. M., PATEL,
H. R., AHIMA, R. S. & LAZAR, M. A. 2001a. The hormone resistin links obesity to
diabetes. Nature, 409, 307-12.

STEPPAN, C. M., BROWN, E. J., WRIGHT, C. M., BHAT, S., BANERIJEE, R. R., DAI, C. Y., ENDERS,
G. H,, SILBERG, D. G., WEN, X., WU, G. D. & LAZAR, M. A. 2001b. A family of tissue-
specific resistin-like molecules. Proc Natl Acad Sci U S A, 98, 502-6.

STIER, S., KO, Y., FORKERT, F., LUTZ, C., NEUHAUS, T., GRUNEWALD, E., CHENG, T.,
DOMBKOWSKI, D., CALVI, L. M., RITTLING, S. R. & SCADDEN, D. T. 2005. Osteopontin
is a hematopoietic stem cell niche component that negatively regulates stem cell pool
size. Journal of Experimental Medicine, 201, 1781-1791.

SUKOYAN, M. A,, VATOLIN, S. Y., GOLUBITSA, A. N., ZHELEZOVA, A. |, SEMENOVA, L. A. &
SERQV, 0. L. 1993. Embryonic stem cells derived from morulae, inner cell mass, and
blastocysts of mink: comparisons of their pluripotencies. Mol Reprod Dev, 36, 148-58.

SUN, X. J.,, MAN, N., TAN, Y., NIMER, S. D. & WANG, L. 2015. The Role of Histone
Acetyltransferases in Normal and Malignant Hematopoiesis. Front Oncol, 5, 108.

SZILVASSY, S. J. 2003. The biology of hematopoietic stem cells. Arch Med Res, 34, 446-60.

TADOKORO, Y., EMA, H., OKANO, M., LI, E. & NAKAUCHI, H. 2007. De novo DNA
methyltransferase is essential for self-renewal, but not for differentiation, in
hematopoietic stem cells. J Exp Med, 204, 715-22.

TAICHMAN, R. S. 2005. Blood and bone: two tissues whose fates are intertwined to create the
hematopoietic stem-cell niche. Blood, 105, 2631-9.

TAICHMAN, R. S., COOPER, C., KELLER, E. T., PIENTA, K. J., TAICHMAN, N. S. & MCCAULEY, L. K.
2002. Use of the stromal cell-derived factor-1/CXCR4 pathway in prostate cancer
metastasis to bone. Cancer Res, 62, 1832-7.

TAICHMAN, R. S. & EMERSON, S. G. 1998. The role of osteoblasts in the hematopoietic
microenvironment. Stem Cells, 16, 7-15.

145



TAICHMAN, R. S., REILLY, M. J. & EMERSON, S. G. 1996. Human osteoblasts support human
hematopoietic progenitor cells in vitro bone marrow cultures. Blood, 87, 518-24.

TILL, J. E. & MC, C. E. 1961. A direct measurement of the radiation sensitivity of normal mouse
bone marrow cells. Radiat Res, 14, 213-22.

UCHIDA, N., DYKSTRA, B., LYONS, K. J., LEUNG, F. Y. & EAVES, C. J. 2003. Different in vivo
repopulating activities of purified hematopoietic stem cells before and after being
stimulated to divide in vitro with the same kinetics. Exp Hematol, 31, 1338-47.

VARNUM-FINNEY, B., BRASHEM-STEIN, C. & BERNSTEIN, I. D. 2003. Combined effects of Notch
signaling and cytokines induce a multiple log increase in precursors with lymphoid and
myeloid reconstituting ability. Blood, 101, 1784-9.

WAGERS, A.J., CHRISTENSEN, J. L. & WEISSMAN, I. L. 2002. Cell fate determination from stem
cells. Gene Ther, 9, 606-12.

WANG, J. C. & DICK, J. E. 2005. Cancer stem cells: lessons from leukemia. Trends Cell Biol, 15,
494-501.

WEISSMAN, I. L. & SHIZURU, J. A. 2008. The origins of the identification and isolation of
hematopoietic stem cells, and their capability to induce donor-specific transplantation
tolerance and treat autoimmune diseases. Blood, 112, 3543-53.

WESTIN, E. H., GALLO, R. C., ARYA, S. K., EVA, A,, SOUZA, L. M., BALUDA, M. A., AARONSON, S.
A. & WONGSTAAL, F. 1982. Differential Expression of the Amv Gene in Human
Hematopoietic-Cells. Proceedings of the National Academy of Sciences of the United
States of America-Biological Sciences, 79, 2194-2198.

WESTON, K. & BISHOP, J. M. 1989. Transcriptional activation by the v-myb oncogene and its
cellular progenitor, c-myb. Cell, 58, 85-93.

WILKINSON, A. C. & GOTTGENS, B. 2013. Transcriptional regulation of haematopoietic stem
cells. Adv Exp Med Biol, 786, 187-212.

WILKINSON, A. C., IGARASHI, K. J. & NAKAUCHI, H. 2020. Haematopoietic stem cell self-
renewal in vivo and ex vivo. Nat Rev Genet.

WILKINSON, K. D. 1987. Protein ubiquitination: a regulatory post-translational modification.
Anticancer Drug Des, 2, 211-29.

WILSON, A., MURPHY, M. J., OSKARSSON, T., KALOULIS, K., BETTESS, M. D., OSER, G. M.,
PASCHE, A. C., KNABENHANS, C., MACDONALD, H. R. & TRUMPP, A. 2004. c-Myc
controls the balance between hematopoietic stem cell self-renewal and
differentiation. Genes Dev, 18, 2747-63.

WILSON, A. & TRUMPP, A. 2006. Bone-marrow haematopoietic-stem-cell niches. Nat Rev
Immunol, 6, 93-106.

WILSON, A. A. & KOTTON, D. N. 2008. Another notch in stem cell biology: Drosophila intestinal
stem cells and the specification of cell fates. Bioessays, 30, 107-9.

WU, A. M., TILL, J. E., SIMINOVITCH, L. & MCCULLOCH, E. A. 1967. A cytological study of the
capacity for differentiation of normal hemopoietic colony-forming cells. J Cell Physiol,
69, 177-84.

WU, A. M., TILL, J. E., SIMINOVITCH, L. & MCCULLOCH, E. A. 1968. Cytological evidence for a
relationship between normal hemotopoietic colony-forming cells and cells of the
lymphoid system. J Exp Med, 127, 455-64.

146



YAMAMOTO, R., MORITA, Y., OOEHARA, J., HAMANAKA, S., ONODERA, M., RUDOLPH, K. L.,
EMA, H. & NAKAUCHI, H. 2013. Clonal analysis unveils self-renewing lineage-restricted
progenitors generated directly from hematopoietic stem cells. Cell, 154, 1112-1126.

YAMAZAKI, S., EMA, H., KARLSSON, G., YAMAGUCHI, T., MIYOSHI, H., SHIODA, S., TAKETO, M.
M., KARLSSON, S., IWAMA, A. & NAKAUCHI, H. 2011. Nonmyelinating Schwann cells
maintain hematopoietic stem cell hibernation in the bone marrow niche. Cell, 147,
1146-58.

YAMAZAKI, S., IWAMA, A., TAKAYANAGI, S., ETO, K., EMA, H. & NAKAUCHI, H. 2009. TGF-beta
as a candidate bone marrow niche signal to induce hematopoietic stem cell
hibernation. Blood, 113, 1250-6.

YANG, L., BRYDER, D., ADOLFSSON, J., NYGREN, J., MANSSON, R., SIGVARDSSON, M. &
JACOBSEN, S. E. 2005. Identification of Lin(-)Scal(+)kit(+)CD34(+)Flt3- short-term
hematopoietic stem cells capable of rapidly reconstituting and rescuing myeloablated
transplant recipients. Blood, 105, 2717-23.

YANG, R. Z., HUANG, Q., XU, A., MCLENITHAN, J. C,, EISEN, J. A., SHULDINER, A. R., ALKAN, S.
& GONG, D. W. 2003. Comparative studies of resistin expression and phylogenomics
in human and mouse. Biochem Biophys Res Commun, 310, 927-35.

ZAKRZEWSKI, W., DOBRZYNSKI, M., SZYMONOWICZ, M. & RYBAK, Z. 2019. Stem cells: past,
present, and future. Stem Cell Res Ther, 10, 68.

ZEIGLER, B. M., SUGIYAMA, D., CHEN, M., GUO, Y., DOWNS, K. M. & SPECK, N. A. 2006. The
allantois and chorion, when isolated before circulation or chorio-allantoic fusion, have
hematopoietic potential. Development, 133, 4183-92.

ZENG, H., YUCEL, R., KOSAN, C., KLEIN-HITPASS, L. & MORQY, T. 2004. Transcription factor Gfil
regulates self-renewal and engraftment of hematopoietic stem cells. EMBO J, 23,
4116-25.

ZHANG, D. E., ZHANG, P., WANG, N. D., HETHERINGTON, C. J., DARLINGTON, G. J. & TENEN, D.
G. 1997. Absence of granulocyte colony-stimulating factor signaling and neutrophil
development in CCAAT enhancer binding protein alpha-deficient mice. Proc Natl Acad
SciUS A, 94, 569-74.

ZHANG, J., NIU, C., YE, L., HUANG, H., HE, X., TONG, W. G., ROSS, J., HAUG, J., JOHNSON, T.,
FENG, J. Q., HARRIS, S., WIEDEMANN, L. M., MISHINA, Y. & LI, L. 2003. Identification of
the haematopoietic stem cell niche and control of the niche size. Nature, 425, 836-41.

ZHANG, P., IWASAKI-ARAI, J., IWASAKI, H., FENYUS, M. L., DAYARAM, T., OWENS, B. M.,
SHIGEMATSU, H., LEVANTINI, E., HUETTNER, C. S., LEKSTROM-HIMES, J. A., AKASHI, K.
& TENEN, D. G. 2004. Enhancement of hematopoietic stem cell repopulating capacity
and self-renewal in the absence of the transcription factor C/EBP alpha. Immunity, 21,
853-63.

ZHANG, S. 2008. The role of aberrant transcription factor in the progression of chronic myeloid
leukemia. Leuk Lymphoma, 49, 1463-9.

ZHAO, M. & LI, L. 2015a. Osteoblast ablation burns out functional stem cells. Blood, 125, 2590-
1.

ZHAO, M. & LI, L. 2015b. Regulation of hematopoietic stem cells in the niche. Sci China Life Sci,
58, 1209-15.

147



ZHAO, M., PERRY, J. M., MARSHALL, H., VENKATRAMAN, A., QIAN, P., HE, X. C., AHAMED, J. &
LI, L. 2014. Megakaryocytes maintain homeostatic quiescence and promote post-injury
regeneration of hematopoietic stem cells. Nat Med, 20, 1321-6.

ZON, L. I. 2008. Intrinsic and extrinsic control of haematopoietic stem-cell self-renewal.
Nature, 453, 306-13.

148



Appendix 1: Gating strategies used for BM HSC characterisation and isolation

C-kit
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Bone marrow was collected from the femurs of 3-onth old mice. Cells were immuno-stained with antibodies to

enable discrimination of distinct stem and progenitor population by flow cytometry (Table 3.1).
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Appendix 2: Ct values for qRT-PCR analysis of RNA from HSC and progenitor

populations from WT male mice

LT-HSC
ST-HSC
MPP
GMP
CcMmP
MEP
Megakaryocyte
immature
TerllS-
immature
Terll9+
mature erythro

LT-HSC
ST-HSC
MPP
GMP
CMP
MEP
Megakaryocyte

immature Ter119-

immature Ter119+
mmature
erythroature

31.85
29.49
3033
29.44
29.27
33.65
29.86

31.23

29.74
35.25

352
33.76
32.53
30.56

323
34.04
30.48

31.63

31.64

35.71

B2M ctvalue

32.14
29.18
30.38
29.42
29.42
33.79
29.95

31.91

29.76

35.52

B2M ctvalue
35.59
33.68
32.79
30.46
32.52
34.28
30.49

31.74

315

35.69

32.25
2941
3044
29.55
29.48
34.08
29.95

31.86

29.82
35.14

35.5

32.44
30.65
32.55
33.88
30.58

31.82

31.79

35.7

35.8
36.95
34.94
35.93
35.85
38.56

29.1

3741

Retnlg ctvalue

35.54
36.62
34.99
36.19
35.47
38.56
28.97

37.26

33.43
37.63
Retnlg ct value

38.81
38.71
37.11
38.23
38.49
38.69
29.87

37.64

35.37

36.21

35.89
36.37
35.17
36.06
36.07
3834
29.52

Male 1
KsL

Cd11b, Gri,
ckit
CdD11b, c-kit
CD11b, Grl

Male 2
KSL
Cd11b, Gri,
ckit

CdD11b, c-kit
CD11b, Grl

Male 3
KSL
Cd11b, Gr1,
ckit
CdD11b, c-kit
CD11b, Grl
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30.15

24.02

26.79
23.01

27.86

221

26.23
22.88

29.25

28.43

28.67
30.05

B2M
30.34

24.04

26.87
23.04

B2M
27.26

22.07

26.43
22,71

B2M
29.25

28.47

28.8
29.79

30.23

24.02

26.83
2297

27.88

22.25

26.62
22.84

29.25

28.41

28.93
30.01

38.75

26.25

30.57
21.81

34.94

23.55

30.6
21.94

35.92

30.28

34.85
29.7

Retnlg
39.09

26.11

31
21.88

Retnlg
35.77

23.58

30.67
22.47

Retnlg
35.75

30.22

34.96
29.78

38.8

26.32

30.72
22.06

35.45

23.67

30.71
22.09

36.65

30.53

35.22
29.89



Appendix 3: Ct values for qRT-PCR analysis of RNA from HSC and progenitor

populations from WT female mice

Female 1 B2M ctvalue Retnlg ctvalue Female 2 B2M ctvalue Retnlg ctvalue
LT-HSC 31.33 3131 31.45 37.04 36.36 36.74 LT-HSC 34.69 34.51 34.78 39.44 39.75 38.77
ST-HSC 31.96 31.99 32,05 37.44 37.63 36.71 ST-HSC 29.81 29.99 30.05 35.92 35.9 36.15
MPP 34.42 34.67 34.43 38.44 38.48 38,53 MPP 32.81 329 32.95 38.93 38.98 38.64
GMP 30.62 30.36 30.43 36.04 36.81 36.39 GMP 27.24 27.24 27.13 33.67 33.25 33.37
CcMmP 29.61 29.81 29.91 3523 34.84 34.92 cMmP 29.55 29.55 29.69 35.98 35.86 36.16
MEP 28.55 28.53 28.58 3298 33.46 33.48 MEP 29.3 29.43 29.35 35.51 35.31 35.37
Megakaryo Megakaryo
cyte 29.31 29.31 29.56 29.84 29.82 30.2 cyte 30.63 30.75 30.72 30.55 30.65 30.96
immature immature
Ter119- 29.91 30.05 30.32 35.18 35.33 35.13 Ter119- 30.87 31.34 30.9 35.97 35.61 35.66
immature immature
Ter119+ 313 31.48 31.7 37.53 38.48 38.74 Terl19+ 32.69 32.79 32.8 38.94 39.46 38.69
mature mature
erythro 36.76 36.55 37.23 38.8 39.39 39.69 erythro 33.42 33.89 33.95 36.85 36.6 37.29
Female 3 B2M ct value Retnlg ctvalue Female 1 B2M Retnlg
LT-HSC 33.96 34.1 34.17 39.27 39.18 39.57 Cd11b, Gr1,
ST-HSC 287 28.75 28.93 3577 35.39 35.26 ckit 31.07 31.23 30.74 32.37 32.38 32.51
MPP 29.32 29.27 29.35 32.86 32.64 32.45 CdD11b, c-
GMP 3331 3207 3292 3694 3738  37.52 CDH"": — 323_,;791 3234'91" gzg; gg‘;z 352';7 gggi
CMP 26,96 26,97 27.22 33.96 33.57 34.45 ! ’ ’ : ’ ’
MEP 30.44 30.2 30.24 3521 35.54 35.33 S B2M Retnlg
Megakaryo Cd11b, Grl,
Evie EE2 ELLAIE] 2 E2nt i St ckit 25.19 25.53 25.37 26.58 26.86 26.71
immature CdD11b, c-
Ter119- 27.04 27.05 26.96 30.62 31.29 30.36 kit 37.66 37.56 37.08 38.69 373 37.84
immature CD11b, Grl  22.86 23.29 23.28 21.45 21.62 21.54
Ter119+ 29.42 29.46 29.42 32 31.91 3221
il Female 3 B2M Retnlg
erythro 38.82 38.21 39.32 37.93 37.93 36.71 Cd11b, Grl,
ckit 25.35 24.98 25.23 26.4 26.4 26.76
CdD11b, c-
kit 33.2 33.09 33.16 37.49 37.11 36.78
CD11b, Grl  23.74 24.44 2452 21.82 22.09 22.15
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Appendix 4: PCR-based genotyping of WT and RETNLy KO mice that were used in

RNA-seq analysis of purified KSL HSC

A

Genomic DNA was isolated from ear-clip samples taken from mice at weaning. PCR was performed using primers
listed in Table 2.1 and the PCR product was run on a 1.5% w/v agarose gel. The three WT (A, 582bp) and three

KO (B, 339bp) PCR products are indicated.
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Appendix 5: Ct values for qRT-PCR validation of genes identified by RNA-seq

Male 1
B2M
Hba
Hbb
Camp

5100a8

Male2
B2M
Hba
Hbb

Camp

510028

3173
29.88
2851
3219
3353

3163
29,61
2875
29.29
3037

Wr1
3162
29.99
28.46
3187
336

w12
3147
29.6
28.68
29.33
30.44

3158
29.84
2877
3228
33.75

3161
29,63
2874

29.2
3057

B2M
Hba
Hbb
Camp
5100a8

B2M
Hba
Hbb
Camp
5100a8

33.12
31.66
30.15
3139
32.75

32,01
29.72
2891
30.7
3182

Retnlg KO 1
32.95
3159
30.24
312
328

Retnlg KO 2
31.95
29.79
28.88
30.87
32,04

33.25
31.38
30.41
3113
33

31.93
29.75
29.08
3091
32

Female 1
B2M
Hba
Hbb
Camp

510028

Female 2

B2M
Hba
Hbb
Camp
$100a8

Female 3

B2M
Hba
Hbb
Camp
$10028

30.08
3539
un
301
3184

34.19
34.24
338
32,03
3451

34.81
3497
339
3292
37.19

30.13
35.84
3417
30.31
32.09

W12

34.19
34.54
33711
31.93
34.96

34.52
35.01
33.66
33.n
36.97

29.95
35.58
34.74
30.34
322

344
34.55
33.95
3192
35.38

34.42
3477
33.82
33.57
37.24

B2m
Hba
Hbb
Camp
510028

B2M
Hba
Hbb
Camp
510028

B2m
Hba
Hbb
Camp
510028

3091
31.96
31.23
28.68
29.41

3437
36.13
35.36
3473
38.69

356
3527
34.73
31.59
34.51

Retnlg KO
30.82
21
31.15
2857
29.83

Retnlg KO 2

34.16
3598
35.35
35.14
387

Retnlg KO

35.36
35.62
34.44
L5

34,63

30.84
31.97
31.29
28.67
30.15

34.48
3597
35.45
3498
38.77

3542
35.27
34,52
3132
3473

A) male mice, B) female mice.
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Appendix 6: Ct values for qRT-PCR assessment of selected Retnly influenced genes in

RETNLy KO KSL HSC following addition of exogenous Retnly protein

A

Male
M1 Retnlg
KO KSL
M1 Retnlg
KOKSL +
Retnlg
protein
M2Retnlg
KO KSL
M2 Retnlg
KOKSL +
Retnlg
protein
M3 Retnlg
KO KSL
M3 Retnlg
KO KSL +
Retnlg
protein

B

Female
F1Retnlg KO
KSL

F1Retnlg KO
KSL+ Retnlg
protein

F2 Retnlg KO
KSL

F2 Retnlg KO
KSL+ Retnlg
protein

F3 Retnlg KO
KSL

F3 Retnlg KO
KSL+ Retnlg
protein

29.46

29.78

31.32

30.75

26.63

34.68

309

30.2

31.22

31.53

2731

27.39

B2M
29.62

29.91

31.45

30.76

26.61

353

B2M

30.92

30.15

31.29

31.69

27.19

27.42

29.57

29.9

31.19

30.86

26.37

3471

31

30.22

31.07

31.49

27.27

27.65

37.44

35.52

36.53

37.79

34.38

No Ct

38.94

38.89

37.98

37.62

35.42

34.63

A) male mice, B) female mice.

Hba
37.45

35.28

37.05

37.56

34.56

No Ct

Hba

38.76

38.86

38.02

37.93

34.8

34.76

37.68

35.87

36.7

37

33.98

No Ct

38.8

38.78

37.83

37.84

3513

34.11

32.02

30.46

35.85

33.36

3241

38.21

30.76

35.37

35.55

30.93

3218

5100a8
31.85

30.77

35.75

33.28

32.29

39

$100a8

30.7

30.96

35.26

35.7

31.22

31.69

154

32.01

30.88

35.78

33.39

32.83

3847

30.73

31.03

35.25

35.78

30.61

32.28

34.18

30.65

37.69

33.78

32.75

36.82

31.58

31.18

36.39

36.89

32.21

31.89

Camp
3457

30.68

3833

339

32.44

36.53

Camp
31.69

31.2

36.7

36.15

32.13

31.65

3431

30.53

37.36

33.47

32.83

36.86

31.59

31.06

36.19

36.64

3217

32.04

32.96

33.76

36.31

35.09

30.01

395

35.35

33.34

36.09

36.14

31.06

31.27

cDa7
33.27

33.64

35.69

34.93

30.34

39.07

cDa7

35.39

33.46

35.99

36.02

3133

31.16

33.57

33.13

36.28
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30.2

35.99

3334

36.14
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Appendix 7: Ct values for qRT-PCR assessment of selected RETNLy-influenced genes in

RETNLy KO KSL HSC following transduction with RETNLy-expressing lentivirus

A

Male B2M Hba 5100a8 Camp €47
M1 Retnlg KO KSL 2876 28.61 28.65 373 3693 37.59 3079 3084 30.98 32,98 33 33.12 31.64 31.56 3149
AUGETA KlSI.* 3108 3129 3148 3755 3788 37.05 32,56 3251 323 3312 3293 32.96 35.85 35.58 359
Retnlg plasmid
M3 Retnlg KO KSL 28.67 28.64 2871 33.06 3332 33.03 29.49 2937 2952 31.01 31.25 31.17 32.04 32.26 319
B G K.Sh 30.77 30.95 3137 36.45 37.18 37.08 325 3243 32.28 348 3435 3477 34.55 34.94 34.55
Retnlg plasmid
M2 Retnlg KO KSL 3094 30.82 30,69 36.85 3654 36.22 3478 3438 34.463 36.7 36.54 36.69 35.55 35.25 35.21
A K.SU 34.64 34.47 3446 3748 3733 37.62 35.5 35.5 35.65 33.46 33 33.75 38.58 383 38.64
Retnlg plasmid
Female BIM Hba 510028 Camp 47
F1Retnlg KO KSL 31.62 316 31.82 38.08 38.24 3861 34.62 34.36 347 35.48 35.61 35.48 36.57 36.25 36.76
i R"’"‘ngmkfd“ Rele 3172 2 a;a9 a4 w8 w2 A7 %56 B/IT NG Mo NoG 3638 361 3677
F1KOKSL 2833 28.18 28.23 3379 3378 3336 38.77 393 3893 3137 3126 31.07
F1KOKSL +Retnlg plasmid ~ 29.23 29.86 29.78 3314 331 32.96 37.19 37.66 3703 37.84 3339 33.66 3369
FAKOKSL 29.88 29.61 2955 336 3385 33.65 38.64 38.07 376 37.37 39.24 37.61 32.89 33 3367
FAKOKSL +Retnlg plasmid 306 30.6 30.53 3362 33.76 33.43 38.41 38.46 38.14 39.7 36.08 31717 34.99 34.76 34.07

A) male mice, B) female mice.
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Appendix 8: qRT-PCR assessment of the level of RETNLy RNA in RETNLy KO KSL

HSC after transduction with RETNLy-expressing lentivirus
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Sorted RETNLy KO LinKit* cells were transduced by an over expression RETNLy lentivirus. The cells were placed
in culture media supplemented with growth factors. After 24 hours of incubation, GFP+ KSL HSC were sorted.
The level of selected genes was examined by qRT-PCR. (A) The result of KSL HSC from 3 RETNLy KO male

mice. (B) The result of KSL from 3 RETNLy KO female mice.
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