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The transcription factor SOX7 plays a central role in the development of the
cardio-vascular system. Its expression is tightly regulated at the onset of blood and
endothelium specification and its sustained expression in immature blood cells blocks
differentiation and promotes proliferation, leading to the accumulation of immature
blood cells. This striking effect on early blood specification led to the hypothesis that
the mis-expression of Sox7 may confer a proliferative or survival advantage to adult
cells and that Sox7 might be implicated in the emergence or maintenance of leukaemia
initiating cells.

Analysis of SOX7 expression in multiple cases of human leukaemia revealed
that this transcription factor was significantly and specifically expressed in B-Cell
Acute Lymphoblastic Leukaemia (B-ALL). Based on this observation, I first
investigated in a mouse model the consequences of Sox7-enforced expression on the
homeostasis of adult haematopoiesis and during the B cell differentiation. In vitro,
Sox7-enforced expression impaired the differentiation of B cells and induced the
proliferation of immature progenitor cells. /n vivo, Sox7-enforced expression also
blocked B cell differentiation, caused splenic enlargement and induced the
accumulation of fibrotic fibres in the bone marrow, all signs of a pre-leukaemic stage.
To investigate the role for SOX7 in the formation and maintenance of human
leukaemia, I knocked-down the expression of SOX7 in B-ALL cell lines. This resulted
in a significant decrease in the proliferation of these B-ALL cells in vitro. Upon
engraftment in vivo, I observed that the down-regulated expression of SOX7 induced a
significant increase in survival rate.

Altogether, the findings presented in this thesis demonstrate for the first time the
correlation between SOX7 expression and the B-ALL and the maintenance of immature
progenitor cells by Sox7-enforced expression.
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Chapter 1

Chapter 1

1. Introduction

1.1. Haematopoietic development

Haematopoiesis is the process by which all the different cell lineages that form
the blood and immune system are generated from a common multipotent stem cell
(Cumano and Godin, 2007). During embryogenesis the haematopoietic, vascular and
cardiac systems are the first to develop because they become soon essential for the
transportation of oxygen to developing tissues of the rapidly growing embryo (Copp,
1995; McGrath and Palis, 2005).

The gastrulation resulting in the formation of the mesoderm germ layer that, in
the mouse embryo, begins at embryonic day (E) 6.5 is the first process leading to the
generation of blood cells in the embryo (Gardner, 1979; Tam and Behringer, 1997). The
mesoderm cells migrate away from the posterior region of the primitive streak and
localize between the primitive ectoderm and visceral endoderm germ layers forming
blood islands (Lawson et al., 1991; McGrath and Palis, 2005). These cells will form
various extra-embryonic structures, such as the chorion, the amnion, the allantois and
the yolk sac (Lawson et al., 1991), that are necessary for normal embryonic
development (McGrath and Palis, 2005).

Mammalian haematopoiesis is subdivided into two main systems, the embryonic
primitive system and the definitive system, of which only the latter persists in the adult

life (Orkin and Zon, 2008). During primitive haematopoiesis, the first blood cells are
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generated around E7-7.5 in the blood islands of the extra-embryonic yolk sac (McGrath
and Palis, 2005; Palis et al., 1995). These first circulating cells are primitive erythroid
cells, which are large nucleated erythroblasts carrying out oxygen and nutrients to the
developing tissues. These primitive erythroid cells express both embryonic (C, BH1 and
ey) and adult (a1, a2, f1 and $2) haemoglobin genes (Brotherton et al., 1979; McGrath
and Palis, 2005). In addition to primitive erythroid cells, the generation of some
megakaryocytes and macrophages also takes place during primitive haematopoiesis
(Lacaud et al., 2001; Palis et al., 1999). This first transient wave lasts about 48 hours
(Lacaud et al., 2001), and then, as the embryo increases in size, this early circulatory
system is replaced by the definitive system between E8.25 and E10.5 (Keller et al.,
1993; Palis et al., 1999). The definitive system is characterized by a first transient wave
occurring in the blood island that give rises to erythroid-myeloid progenitors (EMP)
(Bertrand et al., 2007; Medvinsky et al., 2011). This population migrates into the liver
where it is involved in the production of foetal definitive erythrocytes. Between E8.5
and E11.5 in the mouse embryo, haematopoiesis shifts to intra-embryonic para-aortic
splachnopleura (P-Sp) site, this site later develops into the aorta-gonads-mesonephros
(AGM) region (Dzierzak and Speck, 2008). This definitive haematopoietic system gives
rise to the myeloid, lymphoid and definitive erythroid lineages, including the
haematopoietic stem cells (HSCs) (Cumano and Godin, 2007; Dzierzak, 2005). The first
evidence of intra-embryonic haematopoiesis was revealed from experiments conducted
in avian embryos. Transplanting chick yolk sac cells into quail embryo before
circulation resulted in production of quail derived haematopoietic cells suggesting that
the extra-embryonic haematopoiesis moved to the embryo proper (Dieterlen-Lievre,
1975). Only cells deriving from the AGM region retain the long-term reconstitution

(LTR) ability upon engraftment in adult recipient mice (Medvinsky and Dzierzak,
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1996). In particular, only clusters associated with the ventral part of the dorsal aorta
contains HSC with LTR capacity (Taoudi and Medvinsky, 2007). In contrast, at E10.5
yolk sac-derived cells do not retain LTR ability but can produce B and T cells
suggesting the presence of a lympho-myeloid progenitor population generated before
the emergence of HSCs in AGM at E10.5 (Boiers et al., 2013; Yoshimoto et al., 2011).
From E11.5, HSCs are found in the yolk sac, whether they are de novo generated or
transported there through the circulation is still a matter of debate.

Thereafter, from E11.5 until birth, the liver becomes progressively the main site
of haematopoiesis where progenitors generated previously at other sites migrate, expand
and differentiate. After birth and during all adult life, haematopoiesis occurs in the bone
marrow (Figure 1.1) (Costa et al., 2012a; Jagannathan-Bogdan and Zon, 2013; Lacaud
et al., 2004a; Ottersbach and Dzierzak, 2009).

Interestingly, some studies revealed a role for the placenta in definitive
haematopoiesis and in the generation of HSCs. HSCs were detected in this site around
E10.5 and expanded until E12.5-E13.5, retaining the ability to reconstitute recipient
mice (Gekas et al., 2005; Ottersbach and Dzierzak, 2005). Additionally, other sites,
such as the chorion, allantois, vitelline and umbilical arteries have been described as
source haematopoietic activity (Downs et al., 2004; Gordon-Keylock et al., 2013; Inman
and Downs, 2007). New sites for haematopoietic activities have recently been reported
in the mouse head vasculature between E10.5-11.5 (Li et al., 2012b) and in haemogenic
endocardium (Nakano et al., 2013). However, the relative contribution of each of the

above sites to the final pool of adult HSCs is not yet clear and remains to be determined.
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Figure 1.1. Anatomical sites of haematopoiesis.

A) Mesodermal cells generate haemangioblasts through the posterior primitive streak,
which migrate in the blood island in the yolk sac. At E7.5 primitive haematopoiesis is
initiated in the extra-embryonic part of the embryo. Blood cells emerge at E10.5 in the
AGM region, placenta, vitelline and umbilical arteries. From E12 until birth, the foetal
liver becomes the main site of haematopoiesis. Finally, after birth and during the adult
life the bone marrow replace the foetal liver for blood production. B) Timeline of
haematopoietic activity during mouse development. AGM: aorta-gonads-mesonephros;
E: embryonic day.
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1.2. Blood cell formation

The close spatial and temporal development of the haematopoietic and
endothelial cells, that occurs in parallel in the yolk sac, observed in chick embryo by
Sabin and colleague led to the hypothesis that a unique precursor called angioblast gives
rise to endothelial cells, blood plasma and erythrocytes (Sabin, 1920). Later on, Murray
substituted the term angioblast with haemangioblast indicating a common mesodermal
progenitor cell that retains the potential to give rise to both lineages: haematopoietic and
endothelial (Downs, 2003; Nishikawa, 2012).

In support of this hypothesis haematopoietic cells and blood vessels express
many common surface receptors, such as the foetal liver kinase 1 (FLK1), the FMS
(colony stimulating factor 1 receptor) like tyrosine kinase 1 for vascular endothelial
growth factor (FLT1), the tyrosine kinase with immunoglobulin-like and EGF
(epidermal growth factor) -like domains 1 (TIE1) and TEK (endothelial-specific
receptor tyrosine kinase) receptor tyrosine kinase for angiopoietin (TIE2) (Downs,
2003; Lacaud et al., 2004b). In addition, the deletion of FlkI compromised the
formation of both endothelium and haematopoiesis inducing early death of homozygous
embryos between E8.5 and E9.5. At E7.5, both yolk sac blood island and blood vessels
were not observed in embryo deficient for Flkl (Shalaby et al., 1995). Similarly,
deficiency in the ETS transcription factor Etv2 leads to a complete absence of both
vasculature and blood cells (Lee et al., 2008; Wareing et al., 2012).

The in vitro differentiation of embryonic stem (ES) cell generates three-
dimensional structures called embryoid bodies (EBs). Cells within EBs give rise to
haematopoietic, endothelial, neuronal and muscle cells (Keller, 1995). Using the ES/EB
system, Choi and colleagues identified the in vitro equivalent of the haemangioblast,

termed the blast colony-forming cell (BL-CFC). Based on this model, the BL-CFC
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appears as a transient population before the development of any other haematopoietic
lineage precursor around day 2.5-3.5 of EB differentiation (Choi et al., 1998). Indeed,
the BL-CFCs express FLK1 and the mesodermal marker Brachyury and give rise to
blast colonies with endothelial, haematopoietic and vascular smooth muscle potential
(Fehling et al., 2003). These data were also supported by in vivo studies using GFP-
Bry™" transgenic embryos where the haemangioblast population (BRY FLK1") was
identified in the posterior region of the primitive streak of the embryo (Huber et al.,
2004).

At later stage of development, the presence of clusters of haematopoietic cells
and HSCs closely associated with the endothelial cells of the dorsal aorta in the AGM
region, the vitelline and umbilical arteries and allantois/placenta region led to the
hypothesis of the existence of endothelial cells with haematopoietic potential, termed
haemogenic endothelium (Figure 1.2) (Ciau-Uitz et al., 2014; Jaffredo et al., 1998).
Labelling chick endothelial cells with acetylated low-density lipoproteins (Acetyl-
LDL), it was possible to demonstrate the derivation of CD45" haematopoietic cells from
Acetyl-LDL positive endothelial cells in the dorsal aorta. Moreover, infecting aortic
endothelial cells with LacZ retroviral vector, Jaffredo and colleagues also demonstrated
that a haemogenic population is expressed transiently in the aorta (Jaffredo et al., 2000).
In addition, Nishikawa and colleagues demonstrated the generation of haematopoietic
colonies in vitro from VE-cadherin’ endothelial cells extracted from yolk sack of E9.5
mouse embryos (Nishikawa et al., 1998). Using transgenic mice carrying the Gfp
reporter gene under the control of Ly-64 (Scal) gene permitted to mark all functional
HSCs. In the AGM region GFP" cells were localized to the endothelial layer of the wall
of the dorsal aorta confirming the generation of haematopoietic cells from endothelial

cells (de Bruijn et al., 2002).
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Figure 1.2. Generation of haematopoietic cells in the dorsal aorta.

Haemogenic endothelial cells line wall of the dorsal aorta in the AGM region.
Subsequently, haemogenic endothelial cells differentiate and generate the
haematopoietic cluster containing haematopoietic stem cells. Finally, haematopoietic
progenitor cells are released in the circulation. AGM: aorta-gonads-mesonephros.

Experiments performed using inducible VE-cadherin-Cre line permitted to trace the
endothelial cells in AGM region. As already reported, VE-cadherin” cells generated
HSCs and the ability to produce haematopoietic cells decreased from the early to later
mesenchymal populations (Zovein et al., 2008).

Additionally, Oberlin and colleagues observed the origin of haematopoietic cells
from the aorta in human embryo. Human CD34'CD31'CD45  endothelial cells were
sorted from the dorsal aorta and after culturing on stromal cells generated both
lymphoid and myeloid cells (Oberlin et al., 2002).

Recent studies have now demonstrated that the haemangioblast also give rise to
haematopoietic precursors through the formation of an intermediate haemogenic
endothelial stage (Eilken et al., 2009; Lancrin et al., 2009). This intermediate cell
population is characterized by the expression of cKIT and TIE2, is SCL-dependent and
gives rise to the primitive and definitive haematopoietic progenitors (Figure 1.3). The

generation of definitive haematopoietic cells, characterized by the expression of cKIT,
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Figure 1.3. Scheme of haemangioblast differentiation.

The haemangioblast originates from the mesoderm cell and represents the common
precursor for endothelial, haematopoietic and vascular smooth muscle lineages. The
haemogenic endothelium gives rise to the two distinct waves of haematopoiesis, the
primitive and definitive populations.
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CD41 and CD45 and the down-regulation of TIE2, requires the transcription factor
RUNXI. In contrast, primitive erythroid cells, that are CD45 negative, are RUNXI-
independent (Lancrin et al., 2010).

Live imaging technology together with confocal microscopy was used to
observe the emergence of haematopoietic cells in real-time in the aorta of Ly64-GFP
mouse embryo (E9-E11). GFP" haematopoietic cells observed to bud off from ventral
CD31°GFP" endothelial cells (Boisset et al., 2010). Few months later, Lam and
colleagues showed that RUNX1 expression tracked the emergence of haematopoietic
cells from endothelial cells in the dorsal aorta of zebrafish Runx/-GFP embryos. Using
Runx1-GFP/Kdri-mCherry double mutant, they specifically observed the expression of
RUNXI in mCherry" endothelial cells that subsequently develop haematopoietic cells
(Lam et al., 2010).

In addition, other studies established a hierarchical organization during HSC
development in the dorsal aorta. VE-cadherin ' CD45 CD41" cells were identified as pre-
HSC type I and were distributed throughout the dorsal aorta. These cells then matured
into definitive HSCs via the acquisition of CD45 expression that characterized a second
population called pre-HSC type II (Rybtsov et al., 2011).

Past these stages of early haematopoietic development, the HSCs, characterized
by the properties of self-renewal and multi-potentiality, reside in the foetal liver, then,
in the bone marrow and generate, upon specific signals, multipotent progenitors (MPP).
These progenitors are part of the so-called LSK compartment characterized by the
expression of SCA1 and cKIT and the absence of the lineage differentiation markers
(Spangrude, 1994). Multipotent progenitors retain the ability to generate both lymphoid
and myeloid cells. The exact progression for the development of the haematopoietic

lineages generates strong debates, however to date a classical view of the
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haematopoietic hierarchy remains commonly accepted (Ema et al., 2014). In this
classical hierarchy, MPP cells generate common myeloid precursor (CMP) and common
lymphoid precursor (CLP), which later differentiate into more specific lineages (Orkin
and Zon, 2008; Seita and Weissman, 2010). CMP gives rise to two populations:
megakaryocyte-erythroid progenitors (MEP) and granulocyte-macrophage progenitors
(GMP). The former generates megakaryocytes and erythrocytes while the latter gives
rise to granulocytes and macrophages. In contrast, CLP generates dendritic cells, natural
killer (NK) cells, T and B lymphocytes (Figure 1.4) (Cumano and Godin, 2007; Orkin,
2000). In addition, both CMP and GMP can give rise to dendritic cells compared to

MEP that cannot (Traver et al., 2000; Manz et al., 2001).

HSC

Megakaryocyte Erythrocyte  Mast \\‘
/ cell
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Figure 1.4. Scheme of haematopoietic hierarchy.

Haematopoietic stem cells (HSC) generate multi-potent progenitors (MPP) that give rise
to common myeloid (CMP) and lymphoid (CLP) progenitors. Subsequently, CMP gives
rise to two different populations: megakaryocyte-erythroid progenitors (MEP) and
granulocyte-macrophage progenitors (GMP) that generate mature myeloid cells while
CLP generates lymphoid cells.
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All these populations were identified through analysing the expression of
specific cell surface markers combined with functional assays. In the mouse
haematopoietic hierarchy, the multipotent progenitors differ from HSCs for the
expression of the CD34 marker. While cells progress to later stages, the oligopotent
progenitors lose their expression of SCA1 acquiring the expression of IL7Ra and FcyR
for CLP and CMP, respectively. In particular, different levels of FcyR expression
characterize the myeloid compartment. Absence, low or high expression levels of this
marker distinguish MEP, CMP and GMP, respectively (Orkin, 2000). Similarly to the
mouse haematopoietic development, similar populations characterize the human
haematopoietic hierarchy with discrimination between subsets through the expression of
different cell surface markers (Seita and Weissman, 2010). Human HSCs are
characterized by the LIN'CD34'CD38CD90" immuno-phenotype. Multipotent
progenitors lose the expression of CD90, while oligopotent progenitors acquire the
expression of CD38. The CLP population is characterized by the expression of the
CDI10 marker while the myeloid compartment expresses IL3Ra. Similar to FcyR
expression in mouse, low and high expression levels of IL3Ra distinguish CMP and
GMP. In contrast, MEP is negative for the expression of IL3Ra (Figure 1.5). Finally,
the generation of mature blood cells progress via the maturation of lineage restricted

progenitors.
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Figure 1.5. Scheme of cell surface markers for haematopoietic progenitors in
mouse and human haematopoietic development.

Haematopoietic stem cells (HSC) are located at the top of the haematopoietic hierarchy.
HSC are characterized by the properties of self-renewal and multipotency. During the
maturation process, HSCs progressively lose their self-renewal capacity and become
more committed to mature blood lineages. Multipotent progenitors (MPP) differentiate
into oligopotent progenitors that subsequently generate mature blood cells through
lineage restricted progenitors.
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1.3. Introduction to B lymphocytes: roles and functions

Lymphocytes are small round cells of about 9 microns in size and represent 20%
of the white blood cells in the peripheral blood. They are classified as mononuclear cells
as they contain a round non-lobulated nucleus and show a high nucleus:cytoplasm ratio.
The life span of lymphocytes varies between few days and months or years for memory
cells (Sprent and Tough, 1994).

The term B lymphocyte refers to a group of cells that express on their cell
surface different immunoglobulin (Ig) receptors recognizing specific antigenic epitopes.
Antigenic epitopes are molecules from the body (self) or from pathogens (non-self) that
are toxic for the organism and that can be recognized and bound by a specific antibody.
Indeed, the term antigen originates from antibody generator (Khan et al., 2013).

The immunoglobulins consist of two heavy chains and two light chains. The
former is composed of one variable region and three constant regions while the latter
consists of one constant and one variable region (Woof and Kerr, 2004). During B cell
differentiation the rearrangement of the heavy chain precedes the light chain
rearrangement. The rearrangement between the D and J region occurs in the pro B cells
while the formation of the VDIJ region occurs in the late pro B cells (Gonzalez et al.,
2007). Once the heavy chain rearrangement is completed, cells express the pre-BCR
complex on their cell surface. This complex consists of the heavy chain; Iga-IgP dimer
and the two surrogate light chain molecules, VpreB and A5 (Kitamura et al., 1991).
Cells that expressed functional pre-BCR proceed with maturation. Once activated, the
main role of B lymphocytes is the production of immunoglobulins or antibodies
produced to kill pathogens (Obino and Lennon-Dumenil, 2014).

As part of the humoral immune response, B cells regulate or mediate other

functions important for the immune system. Acting as antigen-presenting cells, they can
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initiate T-cell immune response. B cells are also involved in cytokines production, the
regulation of lymphoid tissue organization and wound healing. Roles in transplanted
tissue rejection and tumour immunity have also been described (Figure 1.6) (Bao et al.,

2014; LeBien and Tedder, 2008).

Antibody production
Antigen \ ( \ ( Cytokine production:
presentation \( Lo IFNy
) o2 © IL6
\o 2% IL10
[o)

_ / Lymphoid organ
T cell immune organization

response
@_ >
—
Dendritic cell // \\A
regulation
@ Tumour
Wound
Figure 1.6. Scheme of B cell functions.

immunity
The two main functions of B cells are the production of antibodies and the presentation
of the antigen to T cells. Once activated, B cells produce cytokines that initiate the T
cell immune response or regulate dendritic cells. B cells are involved in the lymphoid
organ organization and wound healing but also in the rejection of transplanted organs or
tumour immunity.

healing Transplant
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1.4. Stages of B cell development in mouse

B cell development initiates in the foetal liver during mid and late gestation.
Then, it moves to the bone marrow after birth where it continues throughout life. Only
10% of immature B cells leave the bone marrow and enter into the periphery (Sprent
and Tough, 1994). These immature B cells enter into the spleen through the blood
circulation, where they develop into mature B cells (Loder et al., 1999).

Each stage of the mouse B cell development can be identified by the expression
of specific surface markers and genes (Figure 1.7). Mouse B cells can be sub-divided
into two sub-populations based on Hardy’s classification: less mature cells expressing
the protein tyrosine phosphatase B220 (CD45R) and CD43 (leukosialin) while the more
mature cells express only the surface marker B220 (Hardy and Hayakawa, 1991).

Then, the B220'CD43" population can be further sub-divided into three different
fractions according to their expression of BP-1 and CD24 (heat stable antigen, HSA).
BP-1 is a type II trans-membrane protein that retains glutamyl-aminopeptidase activity
while CD24 is a cell adhesion molecule, anchored to the cell surface through a glycosyl-
phosphatidylinositol (Wu et al., 1989). The fraction A represents the pre-pro B cells and
lacks the expression of both BP-1 and CD24 markers. In fraction B, cells called pro B
cells initiate the immunoglobulin heavy chain (IgH) D-J rearrangement and express
only the CD24 marker. The last fraction within the immature B220'CD43" population is
the fraction C representing the late-pro B cells. In this sub-population cells initiate the
IgH V-DJ rearrangement and express both BP-1 and CD24 markers. Then, B cell
development proceeds into more mature steps. Three different sub-populations can also
be identified in the B220'CD43" fraction according to the expression of IgM and IgD.
Fraction D contains small pre B cells characterized by the absence of both

immunoglobulins. Then, cells proceed to fraction E in which the immature B cells
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express only IgM, having successfully rearranged a functional light chain to form a cell
surface expressed immunoglobulin. Finally, the last step of B cell differentiation in the
bone marrow is represented by the fraction F. This fraction contains mature B cells that
express both IgM and IgD (Hardy and Hayakawa, 1991; Hardy et al., 2007; Miosge and

Goodnow, 2005).

Pre-pro B Pro B Late- Small Immature-B Mature-B
pro-B pre-B

O-O-0-0~0~0-0

Ig rearrangement: D-J V-DJ
CD43

B220

CD24

BP1 T

IgM

IgD —_—

Figure 1.7. Scheme of mouse B cell development.
B cells are generated by common lymphoid progenitors (CLP). The immature
populations (B220'CD43") are subdivided based on the expression of CD24 and BP1

markers. The mature (B220'CD43") populations instead are subdivided based on the
expression of IgM and IgD.
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The mouse peripheral B cell maturation occurs in the spleen (Figure 1.8).
Immature B cells IgM™€"[gD™ move from the bone marrow and enter the red pulp of the
spleen. Several studies have been performed to identify subsets of immature and mature
spleen B cells. Loder and colleagues classified two immature transitional populations by
staining with IgM, IgD, CD23 and CD21 antibodies. Once in the spleen, the IgM"€"
immature B cells are called transitional type 1 (T1) where they acquire low level of IgD,
CD23 and CD21 markers. After about one day, T1 cells move into the white pulp of the
spleen. These cells, called transitional type 2 (T2), acquire high level of IgD and CD21
and intermediate level of CD23 (Loder et al., 1999). Allman and colleagues have
proposed another classification by introducing the expression of AA4.1 marker to
discriminate three immature transitional B cells. The transitional type 1 (T1) population
is IgM™" CD23™ and AA4.1". The transitional type 2 (T2) cells are IgM™®", CD23" and
AA4.1" while the transitional type 3 (T3) cells are IgM"", CD23" and AA4.1" (Allman
et al., 2001).

Then, follicular B cells proceed through B cell maturation expressing
intermediate level of IgM, high level of CD21 and CD23 but no AA4.1. Finally, another
cell population resides in the white pulp and in particular in the marginal zone where it
takes its name from, marginal zone B cells (MZB). The MZB cells, generated by the
marginal zone progenitor cells (MZP), are characterized by high expression of both IgM
and CD21 markers and lack of CD23 expression (Loder et al., 1999; Pillai and

Cariappa, 2009; Srivastava et al., 2005).
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Figure 1.8. Scheme of mouse peripheral B cell development.

Once naive cells enter the spleen, they differentiate into transitional cells. There are two
populations of transitional cells: T1 and T2 B cells. T2 B cells then can differentiate
into follicular type 1, type 2 or marginal zone progenitor cells. The latter generates
marginal zone B cells that reside in the spleen red pulp area.

1.5. Stages of B cell development in human

Similar to mouse B lymphopoiesis, human B cell development occurs in the
bone marrow where haematopoietic stem cells differentiate into naive mature B
lymphocytes thought a series of maturing B cell progenitors. The second stage of B cell
differentiation takes place in secondary lymphoid tissues such as lymph nodes and
spleen (Nagasawa, 20006).

The classification of human B cells has been based on the murine ones but
differences in biology between the two species resulted in the identification of some

specific markers only for human B cells (LeBien and Tedder, 2008). It is possible to
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distinguish five different sub-populations during human B cell maturation in the bone
marrow (Figure 1.9). The first sub-population is the pro B cell characterized by the
expression of CD22 and CD34 and high level of CD38. Pro B cells migrate to a niche
rich in IL7-expressing cells promoting the production of several transcription factors
such as PAXS5, PU.I, EBFI, E2A, RAGI and RAG2 (Nagasawa, 2006). Upon
recombination between the D and J segments of the IgH locus initiated by RAG/ and
RAG2, pro B cells mature into pre B-I cells. These cells express CD19 together with
high level of CD10 and CD38. At this stage, the second part of the IgH locus
rearrangement occurs between the V segment and the D-J joint. Then, cells with a
functional V-DJ exon differentiate into pre B-II cells that express CD20 and high level
of CD45. With the acquisition of IgM, CD10"'CD20" cells differentiate into immature B
cells. Finally, after passing the negative selection process where cells with an auto-
reactive BCR are deleted, naive mature B cells leave the bone marrow and circulate
thought the blood circulation. This fully functional population is characterized by the
expression of CD22, IgM and IgD and does not depend on the second step maturation in
the spleen as it happens in mouse B cell development (Hystad et al., 2007; LeBien,
2000; Perez-Andres et al., 2010).

Naive mature B cells then move in the spleen. Descatoire and colleagues
recently identified four different populations within IgD IgM 'CD27 B cells using first
the MEMSS5 antibody against CD45RB and ABCB1 marker and then CD24 and CD38
markers. The expression of the transporter ABCB1 was detected by the extrusion of the
mito-tracker green (MTG) fluorescent dye. The naive B cells are negative for both
markers, MTG'MEMS5'". Transitional cells are characterized only by the expression of
MTG (ABCBI1) and CD24 markers. Transitional type 1 cells are separated from

transitional type 2 cells based on their high expression of CD38 marker. The last two

37



Introduction

sub-populations identified are: MTGMEMS55" and MTG'MEMS55". When cultured on
OP9hDLLI, these cells acquire the expression of CD27 becoming marginal zone B-like
cells. Furthermore, MTGMEMS55" cells, based on their gene expression profile and
non-mutated Ig status, represent a marginal zone progenitor population while
MTG MEMS5" represent the marginal zone B cells (Figure 1.10) (Bemark et al., 2012;

Descatoire et al., 2014; Koethe et al., 2011).
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Figure 1.9. Scheme of human B cell development.

B cells are generated by common lymphoid progenitors (CLP). Each step of human B
cell development is characterized by different sub-populations that express specific
markers.
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T1 B cell T2 B cell MZ B cell
ABCB1 - - + -
CD24 + + - -
CD38  ++ + - -
MEM55 - - + +
CcD27 - - - +
IgD - - - +
IgM - - - +

Figure 1.10. Scheme of human peripheral B cell development.

Naive mature B cells move in the spleen and differentiate into transitional cells.
Transitional B cells express CD24 marker. ABCB1" cells represent the marginal zone
progenitors while ABCB1MEMS55'CD27 IgM'IgD" cells represent the marginal zone

B cells.
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1.6. Transcription factors important for B cell development

All the different stages of B cell differentiation described in the previous section
are not only characterized by the expression of cell surface markers but are also
coordinated by specific sets of transcription factors that drive and control the progress

of the B cell maturation (Figure 1.11).

[ E2A ] [PAXS]

OBF1
l EBF1 IRF4

HSC l CLP l Pro B l Pre-B Immature-B
Q —T"O f Q

IKAROS LEF1 SOX4 IRF8 AIOLOS

ty

Figure 1.11. Scheme of transcription factors that regulate B cell differentiation.
Each stage of B cell differentiation is driven by different genes. The commitment into
common lymphoid progenitors (CLP) is induced by PU.1 and IKAROS transcription
factors. Later on, the expression of three key transcription factors, E2A, early B cell
factor 1 (EBF1), paired box protein 5 (PAXS5) occurs in a sequential order to drive the
differentiation into Pro B cells. Interferon-regulatory factor 4 and 8 (IRF4/8) control the
maturation into Pre-B cells. Finally, OCT (octamer-binding transcription factor)-
binding factor 1 (OBF1) and AIOLOS are important for the final step of B cell
maturation into immature B cells.

Two important transcription factors, PU.1 and IKAROS, are fundamental for the
commitment of the haematopoietic stem cells to common lymphoid progenitors. PU.1 is
a transcription factor belonging to the ETS family which expression is important for the
early stages of haematopoietic development. PU.1 contains the ETS DNA binding
domain at the C-terminal that recognizes the sequence 5°-GGAA/T-3’ and two
transactivation domains at the N-terminal, one rich in glutamine and the other rich in

acidic residues. PU.1 is also characterized by the presence of a PEST domain, important
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for protein-protein interaction. A lack of B lymphocytes, T lymphocytes, macrophages
and neutrophils has been reported in mice deficient for Pu./. Moreover, these mice died
at embryonic day 18.5 (E18.5) (McKercher et al., 1996; Scott et al., 1994). The
deficiency in Pu.! also induced a reduction in progenitors corresponding to a decreased
expression of FLT3 and IL7Ra. This diminution in the expression of IL7Ra is due to
the absence of PU.1, which normally binds to the IL7Ra promoter (DeKoter et al.,
2002). PU.1 has also been shown to be important for myeloid differentiation.
Interestingly, the levels of PU.1 expression are extremely critical for cell fate decision
toward B lymphoid or myeloid lineages. Indeed, DeKoter and colleagues, transducing
foetal liver haematopoietic Pu./”" progenitors with PU.1 virus, have described that only
low levels of PU.1 promote B cell differentiation while high levels of PU.1 induce
myeloid development (DeKoter and Singh, 2000).

The second key transcription factor that drives B cell specification at the very
early stages of the haematopoietic hierarchy is IKAROS. Ikaros, a key gene for the
lymphoid development, encodes for five different isoforms, /k-1-5, all important for
lymphocyte development. The IKAROS proteins contain six zinc finger domains, four
of which located at the N-terminal and two at the C-terminal. The N-terminal DNA
binding domain recognizes the 5’-GGGAA/T-3" motif while the C-terminal domain
induces the formation of homodimers or heterodimers (Georgopoulos et al., 1997).
Mice homozygous for the deletion of the DNA binding domain in Zkaros gene lack T
and B lymphocytes and also progenitors. In contrast, erythroid and myeloid lineages
were intact in these mutant mice mutant (Georgopoulos et al., 1994). In the mouse strain
Plastic (Plstc), a single point mutation in the lkaros-DNA-binding domain resulted in a
severe phenotype with lack of B and T lymphocytes and impaired erythroid and

myeloid differentiation. This severe phenotype might be explained by the fact that
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IKAROS cannot bind the DNA because of the point mutation and as a consequence all
IKAROS complexes are inactivated (Papathanasiou et al., 2003).

Three transcription factors have been found to be essential during the
differentiation of CLP towards pro B cells. The first one is the gene that encodes for
E2A, basic helix-loop-helix (HLH) transcription factor giving rise to E12 and E47
proteins through alternative splicing. These proteins, together with HEB and E2-2, are
called E proteins because of their specific binding to the E box motif, 5’-CANNTG-3".
E proteins can form homodimers and, through the recruitment of co-activators, can act
as transcriptional activator. Otherwise, E proteins, when forming heterodimers with
Class II bHLH, can act as transcriptional activator or repressor depending on the
recruited proteins. Finally, when E proteins heterodimerise with inhibitor of DNA
binding (ID) proteins, they cannot bind to the DNA and therefore targeted genes are not
transcribed (Kee, 2009). To demonstrate the critical role for E2A during B cell
differentiation, the insertion of a neomycin resistance cassette into the £/2 exon was
used to generate E2a” mutant mice. These mice lacked pre-B and mature B cells
together with a failure in Ig rearrangement. Moreover, a dramatic decrease in the levels
of Pax5, Ragl, mb-1 and CD19 was reported in the foetal liver of those mutant mice
(Bain et al., 1994). These results were confirmed by the studies performed by Zhuang
and colleagues in which E2a inactivation was done by the deletion of the bHLH

bHLH .
mice showed a

domain, essential for both DNA binding and dimers formation. £2a
high percentage in neonatal death. The surviving mice were smaller in size compared to
wild-type controls. Moreover, they lacked B cells while all other blood lineages were
intact (Zhuang et al., 1994). Both E2A isoforms, E12 and E47, act in concert to promote

B cell differentiation, although E47 is necessary at an earlier stage than E12. Bone

marrow cells from mice deficient for £12 or E47 have been analysed. A blockage at the
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pre pro B stage was observed in £47” mice while only a slight decrease in pre B cells
was reported in £/ 27 mice (Beck et al., 2009).

The second transcription factor involved in the early stages of B cell
differentiation is EBF1. This protein is characterized by a DNA binding domain at the
N-terminal that binds the 5’-CCCNNGGG-3’ motif, a HLH dimerization domain and a
transactivation domain at the C-terminal. The role of EBF1 in B cell development has
been shown using Ebf1”~ mice. The deletion of EbfI was induced by the replacement of
the DNA binding domain with the neomycin resistance cassette. These mice have a
complete block in B cell maturation at the pro B stage, lacking of IgM 'B220" mature B
cells. This phenotype resembles E2a deficiency with normal T lymphocytes and
myeloid differentiation (Lin and Grosschedl, 1995). The B cell impairment in Ebf1”~
B220'IL7" B cell progenitors can be rescued by the expression of EBF1. Cells
reactivated the expression of B cell genes such as A5, VpreB, Ragl and Rag2 and
underwent V-DJ rearrangement of the /gH locus (Medina et al., 2004). Moreover, Maier
and colleagues reported the synergistic activation of Mb-1 transcription by EBF1 and
RUNXI1 during early B cell differentiation. Using a luciferase assay, they showed that
EBF1, RUNXI and CBFp activated the MbI promoter more strongly than single factors
(Maier et al., 2004). Methylation of the MbI promoter decreases towards B cell
commitment. In mice deficient for £2a or EbfI, where B cell development is impaired,
the Mb1 promoter remains hypermethylated suggesting a role in chromatin remodelling
of MbI promoter for both genes (Hagman and Lukin, 2006).

The last main transcription factor involved in the early stages of the B cell
differentiation is PAXS. This protein contains a DNA-binding domain at the N-terminal
and a transactivation domain at the C-terminal. The DNA-binding domain recognizes

the 5’-GCATC/GAT/AGCGTA/GC/A-3’ sequence. Pax5 deletion causes a block in B
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cell developmental at an early pro B cell stage with a severe impairment in the V-DJ
rearrangement. Pax5” pro B cells, cultured in the absence of IL-7, did not undergo
further differentiation in contrast to control pro B cells maturing into IgM" B cells.
However, the re-expression of Pax5 in Pax5” pro B cells rescued the B cell phenotype
in vitro (Nutt et al., 1999). Using conditional PaxJ5 inactivation in pro B cells, Mikkola
and colleagues showed a requirement for Pax5 to initiate B cell commitment and the
ability to reconstitute T cell in Rag2”" mice in vivo (Mikkola et al., 2002). The Pax5"
pro B cells can be expanded in vitro and induced to differentiate into osteoclasts, T
cells, NK-cells, macrophages, granulocytes and dendritic cells (Nutt et al., 1999).
However, Pax5"~ pro B cells engrafted in vivo failed to reconstitute the host with the
entire haematopoietic system (Nutt et al., 1999; Rolink et al., 1999) suggesting that the
loss of Pax5 induces the maintenance of progenitor cells with multi-lineage potential
but not long-term in vivo repopulation capability.

Apart from these three key transcription factors, two other transcription
regulators, both members of the high-mobility group (HMG) box family, are important
for the progression to pro B cells. One is SOX4 that belongs to the SOX family of
transcription factors. SOX4 protein is part of the SOX C group, together with SOX11,
SOX22 and SOX24. This protein is composed by a HMG DNA-binding domain at the
N-terminal and a trans-activation domain rich in serine at the C-terminal (Bowles et al.,
2000). Mice deficient for Sox4 died at E14 due to general oedema and valvular
insufficiency. Upon engraftment of Sox4”" foetal liver cells in recipient mice,
reconstitution of the myeloid and T cell compartment was normal. In contrast, B cell
development was impaired with a reduction in CD43"B220" pro B cells and the absence
of more mature CD43'B220" pre B cells in the bone marrow. When culture in the

presence of IL7, Sox4™" foetal liver cells were less responsive and therefore proliferated
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more slowly than control cells (Schilham et al., 1996).

The other member of the HMG box family involved in B cell development
towards pro B cells is LEF1. Together with TCF1, TCF3 and TCF4, LEF1 is part of the
LEF1/TCF family of transcription factors and contains a HMG DNA-binding domain at
the C-terminal and a [-catenin binding domain at the N-terminal. The context-
dependent activation domain occupies the central part of the protein and promotes the
formation of multi-protein enhancer complexes. Using a LacZ model, Reya and
colleagues analysed the expression of Lef! in vivo. They observed the expression of
LEF1 during B cell development. LEF1 is expressed in foetal liver and bone marrow
mainly in B220'BP1” B cells. Moreover, in Lef/”” mice B cell maturation was blocked
at the pro B stage in the foetal liver. The reduced growth and survival of B cells was
related to defects in normal WNT signalling (Reya et al., 2000).

Two key transcription factors belonging to the interferon regulatory factor (IRF)
family are critical for the differentiation into pre B cells. These proteins are composed
of a DNA-binding domain at the N-terminal that recognizes the 5’-
AAAGGAAGTGAAACCA-3’ motif and a trans-activation and regulatory domain at
the C-terminal. At 10 to 15 weeks of age, an expansion of T and B lymphocytes was
observed in Irf4”" mice. A closer analysis of B cell development showed no differences
in early B cell maturation. Defects were observed in the peripheral B cell maturation
with a strong reduction in CD23"B220" B cells and the absence of CD23"¢"B220" B
cells. In addition, these mice showed a decrease in immunoglobulin production that
resulted in an impaired immune response (Mittrucker et al., 1997). In contrast, the
deletion of IRF8, induced by the insertion of the neomycin resistance cassette into the
second exon, impaired the production of IFNy and induced defects in macrophage

production that evolved in chronic myelogenous leukaemia (Holtschke et al., 1996).
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Interestingly, the combination of the two single knock-outs arrested B cell development
at the pre B stage. Irf4”Irf8" lacked immature IgM" B cells in the bone marrow and
IgM" peripheral B lymphocytes. In these mice, the pre B cell population showed a high
proliferative rate due to an increase in the expression levels of the pre-BCR complex.
This increase in the expression of the pre-BCR resulted from a specific failure in the
down-regulation of 15 and VpreB genes (Lu et al., 2003).

Finally, the last step of B cell development is regulated by OBF1 and AIOLOS.
The octamer-binding transcription factor (OCT)-binding factor 1 is composed of a
POU-domain interaction site at the N-terminal and a trans-activation domain at the C-
terminal. Obf1 null mice showed normal early B cell development. In contrast, they
showed impairment in peripheral B cell with an important reduction in mature
IgM'IgD" cells. In addition, antibody production was affected by the loss of ObfI and
this phenotype correlated with a lack of germinal centers (Nielsen et al., 1996).
Similarly to IKAROS, the AIOLOS protein contains six zinc finger domains, four of
which located at the N-terminal and two at the C-terminal. The N-terminal DNA-
binding domain recognizes the 5’-GGGAA/T-3" motif while the C-terminal domain
induces the formation of homodimers or heterodimers. Aiolos” mice showed an
increase in pre B cells and a diminution in marginal zone B cells, B1 B cells and
recirculating IgM'IgD" cells. These mice did not have problem in antibody production
but instead showed spontaneous germinal centers formation. Moreover, Aiolos deficient
mice developed systemic lupus erythematous, an autoimmune disease, characterized by
the production of auto-antibodies (Wang et al., 1998). Sun and colleagues performed
analysis on mice double knock-out for both ObfI and Aiolos. Surprisingly, the
production of auto-antibodies was completely abolished suggesting an essential role for

OBF1 in the autoimmune response. The early stages of B cell development were not
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affected by the loss of these two transcription factors. Instead, the immature B220 IgM"
population was severely decreased. These data supported the requirement of those two

factors in the transition from pre B cells to immature cells (Sun et al., 2003).

1.7. Immunoglobulin rearrangement

The somatic gene rearrangement of the immunoglobulin and T cell receptor is a
specific process occurring only in B and T cells, respectively.

Four different regions compose the immunoglobulin heavy chain (IgH) locus,
which are: variable (V), diversity (D), joining (J) and constant (C). Each of them is,
then, subdivided in several exons. The first step of the /gH locus rearrangement results
in the rearrangement of one segment of D region to one of the J region. The second part
of the rearrangement brings one segment of V region next to the DJ region forming the
VDJ region (Figure 1.12). Consequently, the enhancer, located between the J and C
regions is now closer and can activate the promoter associated with the V region. The
pre-mRNA is transcribed and can be processed in two different ways. One generates
VDIJ with Cp while the other produces VDIJ together with Cd (Gonzalez et al., 2007).

The rearrangement of the light chain can occur on the lambda (A) or kappa (k)
genes. The former one is composed by several segments of the V region and four
segments of the C region, each of them separated by J region. The latter contains several
segments of the V region and J region and only one C region (Figure 1.13). The A light
chain recombination only occurs when the rearrangement of the k chain is not
successful (Gonzalez et al., 2007).

Finally, once both heavy and light chains are translated, they are assembled
together in the endoplasmic reticulum and then the immunoglobulin is expressed at the

cell surface membrane.
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Figure 1.12. Schematic diagram of IgH rearrangement.

The IgH locus is composed by four different regions: V (V,=1000), D (D,=15), J and C.
The first step of the /gH locus rearrangement occurs between one segment of D region
to one of the J region. The second step, instead, completes the rearrangement bringing
one segment of V region next to the DJ region. The DNA rearrangement is catalyzed by
RAGI1 and RAG2 that recognize the recombination signal sequences (RSS). In the
heavy chain the one turn RSS is located close to the D region while the two turn RSS is
close to the V and J regions.
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Figure 1.13. Schematic diagram of light chain rearrangement

The IgK locus is composed by the V (V,=300), J and one C regions. The rearrangement
occurs between one segment of the V region and one segment of the J region. The
rearrangement of the /gL locus occurs only when the rearrangement of the k chain is not
successful. The /gL locus is composed by several segments of the V region and four
segments of the C region, each of them separated by J region. The rearrangement brings
one segment of the V region next to one segment of the J region. RAGI and RAG2
recognizing the recombination signal sequences (RSS) catalyzed the DNA
recombination. In the k light chain the one turn RSS is close to the V region while the
two turn RSS is near the J region. These positions are opposite in the A light chain, one
turn RSS on J region and two RSS on V region.
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The DNA rearrangement is catalysed by two proteins: RAG1 and RAG2. These
proteins recognize the recombination signal sequences (RSS). The RSS are a conserved
nonamer and heptamer separated by 12 or 23 base pair depending on one or two turns of
the DNA helix. The DNA recombination occurs always between one and two turns
RSS. In particular, in the heavy chain the one turn RSS is located close to the D region
while the two turns RSS is close to the V and J regions. On the contrary, in the k light
chain the one turn RSS is close to the V region while the two turns RSS is near the J
region. These positions are opposite in the A light chain, one turn RSS on J region and
two RSS on V region (Male et al., 2006).

It has been shown that RAGI and RAG2 are sufficient to induce Ig
recombination. Their expression is restricted to lymphoid organs but RAGI1 is also
expressed in the central nervous system in mice (Chun et al., 1991). Deletion of Rag!
abrogates the maturation of B and T lymphocytes. T cells were negative for CD4 and
CDS8 in the thymus while B cell were IgMIgD™ both in the spleen and in the bone
marrow. Moreover, no detectable IgM was reported in the serum (Mombaerts et al.,
1992). Similarly to Rag/” mice, the deletion of Rag2 induced a block in B cell
development with no IgM" cells in bone marrow, spleen and serum. All the B220" cells
in the bone marrow were also CD43" suggesting a blockage in the immature stage of B
cell maturation before Ig rearrangement. As in Rag/ mutant, T cells were not detected
in Rag2 null mice and the TCR rearrangement was undetectable (Shinkai et al., 1992).

Once the immunoglobulin binds to an antigen, B cells can undergo a process
called switch recombination. During this process, cells change their heavy chain
constant region resulting in a production of different classes of immunoglobulin. The
switch recombination does not alter the specificity of the antigen binding site but

instead alters the antibody’s effector function. Indeed the constant region is bound by
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different protein receptors such as Fc receptors that change the antibody function. There
are five different classes of immunoglobulin: IgM, IgD, IgE, IgG and IgA. The IgG
class is subdivided in four sub-classes both in mice and humans while two classes only
in human form the IgA class. The switch recombination is activated by T-cell dependent
responses together with signals from cytokines such as IL4, TGFf and IFNy (Stavnezer,
1996). The recombination occurs upstream of the C region between specific sequences
containing a tandem repeat sequence rich in G, called switch (S) regions that vary in
length from 1 to 12 Kb (Dunnick et al., 1993). Activation-induced cytidine deaminase
(AID) deaminases cytosines in uracils in S regions. The repair of the uracils by base
excision repair (BER) induces single-strand DNA breaks (SSB). Then, the mismatch
repair (MMR) converts SSB into double-strand DNA breaks (DSB) initiating the end-
joining intra-chromosomal DNA recombination (Stavnezer et al., 2008).

The other process occurring in mature B cells is the somatic hypermutation
(SHM) of the variable region. Similarly to switch recombination, the SHM is initiated
by AID that replaces amino acid in the V regions of H and L chains. Most of the
mutations are single base changes; more frequently transitions C to T or G to A than
transversions C to A or G and G to C or T (Peled et al., 2008). AID, deaminating a
cytidine, creates a uridine:guanosine mismatch. This brings three different pathways. In
the first one, the replication machinery read the U as T creating a transition C to T
mutation. In the second pathway uracil DNA glycosylase enzymes (UNG) removes the
U leaving a site without a base that is, then, filled with any nucleotides by BER. The
third way of generating mutation is through MMR that recognizes and excises the
strand containing the U base. Then, proliferating cell nuclear antigen (PCNA) recruits
error-prone polymerases to fill the gap. The SHM process increases the affinity and the

specificity of binding between immunoglobulin and antigen and is mostly detected in
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activated and memory B cells (Neuberger and Milstein, 1995; Peled et al., 2008).

1.8. IL7 signalling

The IL7 receptor (IL7R) is composed by two chains: a and common vy (yc). The
first one is mainly expressed in lymphoid cells and has a high specificity for binding to
IL7 while the second one is expressed by different haematopoietic cells and is important
for initiating the cascade downstream of IL7R (Jiang et al., 2005).

Knock-out for //7 induced a decrease in spleen cellularity and impaired B cell
development. Interestingly, this phenotype was more severe in mice deficient for //7r
(Carvalho et al., 2001). Inserting the neomycin resistance cassette in the third exon of
the 1/7r gene generated 1/ 7r”" mice. The cellularity of thymus, spleen and lymph node of
these mice was reduced. The reduction in thymus cellularity reflected a T cell
impairment characterized by a blockage at the CD4 CD8 CD25" stage. Moreover, B cell
development was blocked as well. In particular, /7" mice were able to generate B cells
only until the pre pro B cell stage (Peschon et al., 1994).

Differences between mice and human in IL7-dependent B cell development
have been reported. Interestingly, while IL7R is essential for B cell generation in mice,
patients with severe combined immunodeficiency (SCID) caused by /L7Ra deficiency
have been shown to maintain normal CD19" B lymphocytes but to have diminished
natural killer cells and T-lymphocytes. In addition, SCID patients showed normal /L7
mRNA levels (Puel et al., 1998). Giliani and colleagues have identified more cases of
SCID due to /L7R mutations. Their analyses confirmed the role of IL7R in human T cell
development. Moreover, mutations found in o chain might not compromise the function
of the IL7 receptor (Giliani et al., 2005).

Both IL7R chains do not have tyrosine kinase activity; therefore they require
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other kinases to initiate the downstream signalling. The o chain is associated with Janus
Kinase 1 (JAK1) while the y. chain is associated with JAK3.

The JAK family is formed by four kinases: JAK1-3 and TYK2 that play important roles
in signalling (Quintas-Cardama and Verstovsek, 2013). JAK3 is mainly expressed in
haematopoietic cells and its deletion in mice induced a reduction in both B and T cells
(Nosaka, 1995).

When IL7 binds to its receptor, the two receptor-chains dimerize bringing JAK1

close to JAK3. This close association between the two kinases induces a trans-
phosphorylation. Activated JAK kinases phosphorylate the tyrosine residues on the a
chain of the IL7R (Clark et al., 2014; Corfe and Paige, 2012); the phosphorylation on
the IL7Ra recruits the signal transducer and activator of transcription SA (STATS5A)
and 5B (STATSB). After being phosphorylated, STATS proteins dimerize and enter in
the nucleus where they induce the transcription of target genes (Clark et al., 2014; Corfe
and Paige, 2012) (Figure 1.13).
The STAT family comprises seven members (STATI, 2, 3, 4, 5A, 5B and 6) that play
critical roles in signal transduction pathways (Paukku and Silvennoinen, 2004).
Different studies have been done to demonstrate the critical role for STATS proteins for
lymphoid development. Mice carrying a deletion for Stat5a/b died prenatally. Star5”
foetuses were anaemic with a reduction in spleen and thymus cellularity. Analysis of B
cell development suggested a decrease in CD19'B220" cells in the spleen and foetal
liver together with an accumulation of pre pro B cells (Yao et al., 2006).

The phosphorylation on the IL7Ra can also recruit phosphatidyl-inositol 3-
kinase (PI3K), an enzyme that phosphorylates the third position of the phosphatidyl-
inositol generating phosphatidyl-inositol-3,4,5,-trisphosphate (PIP3). Activation of the

PI3K induces phosphorylation of AKT. Finally, AKT regulates by phosphorylating
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FOXO that enters in the nucleus and induces the transcription of target genes (Clark et

al., 2014; Corfe and Paige, 2012) (Figure 1.14).

IL7Ra

JAK1

Figure 1.14. Schematic representation of IL7 signaling pathway.

IL7 binds to the IL7 receptor that is formed by two chain: a and y.. After IL7R
dimerization, the two JAK kinases activate and phosphorylate the tyrosine residues on
IL7Ra. This phosphorylation recruits signal transducer and activator of transcription 5
(STATS). After being phosphorylated, STATS proteins dimerize, enter in the nucleus
and induce the transcription of target genes. IL7Ra can also recruit phosphatidyl-
inositol 3-kinase (PI3K). PI3K generates phosphatidyl-inositol-3,4,5,-trisphosphate
(PIP3) and phosphorylates AKT. Finally, AKT phosphorylates FOXO that enters in the
nucleus and induces the transcription of target genes.
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The PI3K kinase is composed of one regulatory subunit, p50a, p55a or p85a,
and one catalytic subunit, p110. Mice deficient for p85 and its isoforms died after birth.
To bypass the problem of this early lethality in p85a ™ mice, Fruman and colleagues
investigated the role of PI3K in lymphocyte development injecting p85a ™ ES cells in
Rag2”" blastocysts. p85a” Rag2” mice had a decrease in B220" cells in the spleen and
in serum immunoglobulin but an increase in pro B cells in the bone marrow (Fruman et
al., 1999). In contrast, mice lacking the catalytic subunit, p/700, showed a reduction in
B1 cells and CD21"€"CD23"" marginal zone B cells in the spleen. Similarly to p85a™
Rag2™”", defect in the production of immunoglobulin was reported in mice deficient for
pl1106 (Clayton et al., 2002). In addition, the deletion of both p//06 and p110a induced
a block at the pre B cell stage and impairment in IgM" immature cells suggesting an

essential role for p//0a in B cell development (Ramadani et al., 2010).

1.9. BCR signalling

During B cell maturation, immunoglobulin rearrangement is controlled at two
main checkpoints. The first one occurs in pre B cells to check the functional
rearrangement of the heavy chain (/gH) locus while the second one controls the
functional rearrangement of the light chain loci (/gx or /g4) in immature B cells.

In the pre B cell stage, only cells that have successfully completed the IgH
rearrangement and expressed a pre-BCR at the cell surface, are positively selected and
can progress to the proliferative stage. This phase is called proliferative phase resulting
in five cell divisions and is driven by both IL7 and pre B cell receptor (BCR) signalling.
Successively, cells undergo a maturation phase that involves the rearrangement of the
light chain « locus (Miosge, 2005). The Pre-BCR complex is composed of the heavy

chain, Igp, the two surrogate light chain (SLC) molecules, VpreB and A5, and Iga-Igf
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dimer. Jgu mutant mice lacked B220" mature cells in blood and spleen and IgM in the
serum. Moreover, B cells, unable to assemble the pre-BCR receptor, were stopped at the
pre B cell stage in the bone marrow suggesting an important role for the heavy chain p
during B cell maturation (Kitamura et al., 1991). In Mundt’s study, VpreBI and VpreB2
sequences were disrupted by the insertion of neomycin and hygromycin resistance
cassettes, respectively. VpreBI” VpreB2” mice showed defects in B cell maturation.
Specifically, cells were blocked at the pre B cell stage. Indeed, a marked decrease in the
number of IgM’ immature and IgM'IgD" mature B cells was observed in the bone
marrow of these double mutant mice (Mundt et al., 2001).

Similarly to VpreBl and VpreB2, Kitamura and colleagues have reported the
importance of A5 in B cell development by disrupting the expression of this gene with a
neomycin resistance cassette inserted in the A locus. The deletion of 45 induced a
blockage at the pre B stage of the B cell maturation in the bone marrow while the
peripheral B cells was partially affected. B cells in blood and spleen were activated but
were dramatically reduced in number (Kitamura et al., 1992).

The pre-BCR complex interacts with the Iga-IgPB heterodimer to perform and
initiate signalling. Iga (CD79a, mbl) and IgP (CD79b, B29) are two signal transducers
carrying an immuno-receptor tyrosine activation motif (ITAM) in their cytoplasmic tail
(Miosge and Goodnow, 2005).

Transgenic experiments were used to demonstrate the essential function of Iga
and IgP in the BCR complex. The truncated IgP and Iga proteins were generated
introducing a stop codon in their locus. The two transgenic mice showed a B cell
impairment leading to an increase in pro B cells and a decrease in pre B cells. These
defects were more pronounced in Iga” than in Ig8”". When crossed together, in double

mutant mice the blockage was at pre B stage as reported in Igf”~ (Reichlin et al., 2001).
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To investigate the function of the ITAM phosphorylation of Iga in B cell,
tyrosine residues were replaced by phenylalanine residues within the ITAM motif

FF/FF). This mutation did not affect B cell differentiation in the bone marrow.

(Igo
However, peripheral B cells, marginal zone B cells and B1 cells were reduced in
number and the T cell dependent response was less efficient. This phenotype changed

dramatically when Iga’""*"

was combined with truncated /gf. Cells were blocked at the
pro B cell stage demonstrating the importance of the phosphorylation of ITAM for B
cell maturation (Kraus et al., 2001).

Cells, that positively pass the pre-BCR checkpoint, proceed to the maturation
phase where they initiate the rearrangement of the immunoglobulin light chain (/gL)
locus. During the rearrangement of the light chain, allelic exclusion occurs resulting in
the generation of a single light chain. This process increases the diversity and the
specificity of antibody. The light chain rearrangement stops when one light chain and
one heavy chain associated together. Consequently, cells differentiate and are selected
for their ability not to react to the self in the bone marrow prior to enter into the blood
circulation (Nossal, 1994).

Antigen binding to the BCR complex induces the phosphorylation of tyrosine
residues within the ITAM motif in the cytoplasmic tail of Iga-IgP heterodimer by SRC
kinases such as LYN, FYN and BLK. This phosphorylation recruits and phosphorylates
the spleen tyrosine kinase (SYK). Syk” fetuses showed haemorrhages and died after
birth. When Syk™ foetal liver cells were transplanted in Ragl deficient mice, B cell
impairment was observed. No IgM'IgD" mature B cells were detected in the bone
marrow and reduced number of pre B cells was also observed suggesting impairment in

the pre-BCR signal transduction that partially blocked the progression and maturation

of pro B cell (Turner et al., 1995). This partial blockage in B cell maturation was
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probably due to the activation of a SYK-independent pre-BCR signalling through ZAP-
70, the only other kinase in the SYK family. To address this possibility, Schweighoffer
and colleagues generated mice deficient for both Syk and Zap-70. The absence of both
kinases induced an arrest at the pro B stage with no detectable pre B cells and a failure
of heavy chain allelic exclusion affecting therefore a correct BCR signalling
(Schweighoftfer et al., 2003).

Activated SYK initiates the downstream cascade for BCR signalling. It
phosphorylates B cell linker protein (BLNK) that successively recruits the SRC-related
tyrosine kinase BTK. SYK, together with BTK, phosphorylates and activates PLCy2.
PLCy2 generates diacylglycerol (DAG) and inositol-1,4,5-triohosphate (IP3) from
phosphatidyl-inositol-4,5-bisphosphate (PIP;). DAG activates the protein kinase C
(PKC) while IP; induces the release of Ca*" from the endoplasmic reticulum. The
increase in Ca”" induces the translocation of NFAT into the nucleus where it regulates
the expression of target genes. In addition, the mitogen-activated protein kinase
(MAPK) signalling is also activated by SOS, BNLK, VAV1 (Figure 1.15) (Miosge and
Goodnow, 2005).

To confirm the essential role for BLNK in B cell development, B/nk mutant
mice were generated. An accumulation of pro B cells was reported suggesting a
blockage in the maturation to pre B cells. Moreover, less IgM ™ mature peripheral B cells
were detected in the spleen (Pappu et al., 1999).

Another element crucial for BCR signalling is the SCR-related tyrosine kinase
BTK. Mutation in this kinase resulted in X-linked agammaglobulinemia (XLA) in
human and X-linked immunodeficiency (xid) in mouse. This immunodeficiency disease
is characterized by the absence of circulating B cells. Inactivating the Btk gene with the

insertion of the LacZ gene, Hendriks and colleagues reported defect in the maturation
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step to IngOWIgDhigh population in the spleen and in particular during the transition
from pre B cell to immature B cells in the bone marrow (Hendriks et al., 1996). In Btk
deficient mice, the phosphorylation of PLCy2 was markedly reduced resulting in an
arrest of phosphatidyl-inositol hydrolysis and calcium release suggesting the importance

of the BTK-PLCy2 crosstalk during the BCR signalling (Takata and Kurosaki, 1996).

Antigen

Pre-BCR

Igu

SLC 1
i/ﬁQQ/ﬂ

/ - (e
MAPK Ca?* Y

signaling N‘F@‘/

Figure 1.15. Schematic representation of BCR signaling pathway.

Pre-BCR is composed by the heavy chain (Igu), two surrogate light chain (SLC)
molecules (VpreB and A5) and Iga-Igf dimer. The antigen binds to the BCR complex
and induces SRC kinases to phosphorylate the ITAM motif in the Iga-Igp cytoplasmic
tail. This phosphorylation activates spleen tyrosine kinase (SYK) that initiates the BCR
signalling. SYK phosphorylates B cell linker protein (BLNK) and together with BTK,
phosphorylates and activates PLCy2. PLCy2 generates diacylglycerol (DAG) and
inositol-1,4,5-triohosphate (IP3). DAG activates the protein kinase C (PKC) while IP;
induces the release of Ca*" from the endoplasmic reticulum inducing the translocation
of NFAT into the nucleus where regulates target gene expression. Another signalling
pathway activated during the BCR cascade is the mitogen-activated protein kinase
(MAPK) signaling.
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1.10. The SOX family of transcription factors

The Sex-determining region Y-box (SOX) family of transcription factors was
first defined in mammals based on sequence conservation within the High Mobility
Group (HMG) box initially identified in the testis-determining factor SRY (sex
determining region Y) (Gubbay et al., 1990; Sinclair et al., 1990). The HMG domain is
a DNA-binding motif of about 79 amino acids and consists of three alpha helices
forming an L-shape with an angle of about 80° between the two arms (Kondoh and
Kamachi, 2010). The HMG domain superfamily is composed of two subfamilies:
TCF/SOX/MATA and HMG/UBF. The former group typically binds to a single specific
sequence while members of the latter group have a HMG domain that is less sequence-
specific in binding (Bowles et al., 2000; Soullier et al., 1999). The SOX family usually
binds the minor groove of the DNA, specifically to the sequence motif 5’-
(A/T)(A/T)CAA(A/T)G-3’, causing unwinding and bending of the DNA helix (Bowles
et al., 2000; Laudet et al., 1993; Stros et al., 2007). This binding characteristic
distinguishes the SOX family proteins from other transcription factors, which usually
bind to the major groove of the DNA. The DNA-binding affinity of HMG domain can
be modulated by phosphorylation. Four phosphorylation sites are localized within the
conserved HMG domain and control the SOX binding activity (Siino et al., 1995).
Apart from being responsible for DNA binding, the HMG domain is also necessary for
intracellular transport regulation and interactions with partner proteins. Two nuclear
localization signals (NLS) have been identified within the HMG domain, located at the
N and C termini of the conserved domain, respectively. These NLS motifs are required
for a complete nuclear translocation (Sudbeck and Scherer, 1997). The N-terminal NLS
binds to calmodulin, a calcium binding protein involved in the calcium signalling, or to

exportin-4, a nuclear export receptor. On the contrary, the C-terminal interacts with
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importin-f that mediates nuclear translocation through the nuclear membrane.
Acetylation of the lysine residues in the C-terminal NLS motif enhances SOX nuclear
import while deacetylation of these residues relocates the SOX proteins to the
cytoplasm. Another conserved motif within the HMG domain is the short sequence
named nuclear export signal (NES). The export receptor CMR1 binds to the NES
sequence and facilitates the cytoplasmic translocation of SOX proteins (Malki et al.,
2010).

The SOX family comprises 20 members in mice and humans (Schepers et al.,
2002). Based on sequence and structural motif, the SOX family is divided into eight
groups, from A to H with the group B subdivided into B1 and B2 (Table 1.1) (Bowles et
al., 2000). Within each group, SOX proteins have at least 70% of amino acid sequence
identity whereas SOX proteins from different groups have low amino acid sequence
similarities. All SOX proteins, however, share more than 50% amino acid similarity
within the HMG box. This family of transcription factors has been implicated in cell
fate decisions in numerous developmental processes and can act as activators or
repressors depending on the cellular context and their associated interacting proteins
(Wegner, 1999). A number of SOX proteins contain, within the C-terminal region,
trans-activation domains whose activity is often promoter and partner-dependent

(Kamachi et al., 2000).
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Sox Group Genes Functions Species and Chromosomal location
A Sry Testis determination Mouse Y(3cM); Human Yp11.3
B1 Sox1 Lens development Mouse 8(4cM); Human 13q34

Sox2 Neural induction Mouse 3(15cM); Human 39g26.3
Sox3 Neural determination Mouse X(24.3cM); Human Xq27
B2 Sox14 Interneuron specification, limb development Mouse 9(53cM); Human 3g22
Sox21 CNS patterning Mouse 14(50cM); Human 13g32
C Sox4 Heart, lymphocyte, tymocyte development Mouse 13(20cM); Human 6922.3
Sox11 Neuronal, glia maturation Mouse 12(11cM); Human 2p25
Sox12 Development of tissues Mouse 2(86¢M); Human 20p13
D Sox5 Chondrogenesis Mouse 6(69.5cM); Human 12p11.1
Sox6 Chondrogenesis Mouse 7(55cM); Human 11p15.3
Sox13 Arterial wall, pancreatic islets development Mouse 1(70cM); Human 1q31
E Sox8 Development of tissues Mouse 17(8cM); Human 16p13.3
Sox9 Chondrogenesis, sex determination Mouse 11(69.5cM); Human 17925
Sox10 Neural crest specification Mouse 15(46.5cM); Human 22q13
F Sox7 Vascular and tissues development Mouse 14(28cM); Human 8p22
Sox17 Endoderm specification Mouse 1(7cM); Human 8q11.2
Sox18 Vascular, hair follicle development Mouse 2(96¢cM); Human 20p13.3
G Sox15 Myogenesis Mouse 11(39¢cM); Human 17p13
H Sox30 Male germ cell maturation Mouse 11(20cM); Human 5q35

Table 1.1. Sox family members

1.11. SOX F subfamily group
The SOX family of transcription factors are subdivided into eight groups, as

mentioned above. The F group subfamily comprises 3 members: SOX7 together with its

close homologues SOX17 and SOX18 (Bowles et al., 2000).

1.11.1. SoxF genes: gene and protein structure

The murine Sox7 gene is located on chromosome 14 band D while its human
counterpart is found on chromosome 8, at position p22 and contains 2 exons and one
intron. Both murine and human SOX7 proteins are around 380 amino acids in length
and share 87.4 per cent identity (Takash et al., 2001; Taniguchi et al., 1999). The high
sequence similarities observed between mouse and human SOX7 proteins suggests
conservation in their functions (Schepers et al., 2002).

The murine Sox17 and Sox18 are located on chromosome 1A1 and 2H4 respectively,
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while their human counterparts are located on chromosome 8, at position q11.23 and on
chromosome 20q13.33, respectively. The conserved intronic positions within the Sox7,
Sox17 and Sox18 loci suggest that those genes have a common ancestor (Bowles et al.,
2000; Takash et al., 2001). Like other SOX proteins, SOX F factors selectively bind,
through their HMG domain, the heptameric consensus DNA sequence, 5’-
(A/T)(A/T)CAA(A/T)G-3’. Subsequently, SOX F proteins are able to activate
transcription via a C-terminal trans-activation domain adjacent to the HMG domain
(Hosking et al., 1995; Taniguchi et al., 1999). Finally, a short amino acid motif
(DXXEFD/EQYL) mediating B-catenin interaction has been identified in all members
of the SOX F group, with the exception of SOX17 in the zebrafish (Figure 1.16) (Sinner

et al., 2004; Takash et al., 2001).
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Figure 1.16. Schematic representation of the mouse SOX F proteins.

The SOX F proteins are composed by two domains: the HMG domain and the trans-
activation domain. Two nuclear localization signals (NLS) within the HMG domain are
located at the N and C termini of the conserved domain, respectively. The N-terminal
NLS domain binds to calmodulin while the C terminal NLS interact with importin-p.
The trans-activation domain activates the transcription. A short amino acid motif
(DXXEFD/EQYL) mediating B-catenin interaction is located within the trans-activation
domain.
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1.11.2. SoxF genes: mode of transcriptional activation

SOX proteins bind to specific DNA-binding sites through their HMG domains.
However, the SOX proteins are not sufficient on their own to promote a regulatory
function; additional binding sites for other transcription factors are usually found nearby
the SOX-binding sites. Transcriptional activation or repression is then mediated through
cooperation between SOX proteins and binding partner (Figure 1.17) (Kamachi et al.,

2000; Kondoh and Kamachi, 2010).
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Figure 1.17. Schematic representation of SOX-partner factor interaction.

SOX protein binds to specific DNA-binding sites through their HMG domains. Then,
when the SOX-partner factor interacts with SOX and its DNA-binding site, this protein
complex is able to mediate its transcriptional activity.
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The ability of SOX F factors to orchestrate gene transcription depends on
different molecular properties including DNA-binding and bending, specific target
selection, and interaction with co-factors, partner proteins (MEF2C, -catenin, SMAD3)
and growth factor signalling pathways (VEGFs). In particular, SOX18 interacts via its
HMG domain with myocyte enhancer factor 2C (MEF2C) in endothelial cells (Hosking
et al., 2001) and SOX17 interacts with SMAD?3 repressing its transcriptional activity in
lung epithelial cells (Lange et al., 2009).

In addition, some studies reported that SOX7 is implicated as a potential
modulator of many essential signalling pathways, such as fibroblast growth factor
(Murakami et al., 2004), WNT/B-catenin (Kormish et al., 2010; Takash et al., 2001) and
Nodal (Zhang et al., 2005a). Indeed, it has been reported that SOX7 is involved in the
activation of Fgf3 transcription, competing with GATA4, in mouse embryonal
carcinoma cell line while SOX17 showed a much weaker activity (Murakami et al.,
2004). Over-expression of SOX7 and SOX17 induced B-catenin degradation in colon
cancer cell lines. Guo and colleagues, using Sox7 mutant construct, showed that -
catenin binding motif is necessary for Sox7 binding to B-catenin (Guo et al., 2008).

Overall, the biochemical nature of SOX F interaction and function still remains unclear.

1.11.3. SoxF genes: roles and functions

The role of the SoxF genes is best characterized in the development of the
cardiovascular system. A detailed analysis of SoxF expression in the cardiac region of
developing mouse embryo reveals that Sox7 and Sox/8 are expressed in the pre-cardial
region at E8.25 and in the heart tube at E8.5, while Sox/7 is undetectable (Sakamoto et
al., 2007). A first observation on the role for Sox/8 in cardiovascular development was

suggested by the cardiovascular defects seen in semi-dominant mutations in Sox/8.
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Moreover, the co-injection of Sox7 and Sox/8 morpholinos strongly inhibited
cardiogenesis in Xenopus suggesting an essential role of the two SoxF genes in this
development process (Zhang et al., 2005b). FLK 1" progenitors derived from embryonic
stem cells expressed high level of Sox7 that subsequently decreased when FLK1" cells
progressed to cardiogenic development (Nelson et al., 2009). Recently, Wat and
colleagues reported cardiac defects and congenital diaphragmatic hernia (CDH) in mice
deficient for Gata4 or Sox7. Deletion of the second exon of Sox7 resulted in death
before El14.5 in Sox7'“?““? embryos prior to diaphragm and cardiovascular
development (Wat et al., 2012). In addition, duplication of SOX7 was found in child
born with cardiac defects (Long et al., 2013).

All three SoxF members are also co-expressed in vascular endothelial cells
(Sakamoto et al., 2007; Takash et al., 2001). Knocking-down of these genes causes
limited effect on blood circulation. Both Sox/8 and Sox7 are expressed at very early
steps of endothelial differentiation. In fact, expression of Sox/8 begins at E7.5 in yolk
sac blood islands and endothelial cells of the allantois. By E8.25-8.5 Sox7 and Sox/8
but not Sox/7 are detected in the nascent pair of dorsal aorta (Pennisi et al., 2000;
Sakamoto et al., 2007). At E9-9.5, SoxF expression becomes evident in smaller
branching vessels and inter-somitic vasculature (Pennisi et al., 2000; Sakamoto et al.,
2007; Young et al, 2006). At that stage, which corresponds to primitive
lymphangiogenesis, Sox /8, but not the other two SoxF genes, is expressed in lymphatic
endothelial cells. Sox/8 deficiency causes lymphatic dysfunction suggesting that Sox/8
is critical for lymphatic vasculature in mice (Francois et al., 2008; Irrthum et al., 2003).
Several studies have been shown that simultaneous knock-down of both Sox7 and Sox18
in zebrafish resulted in fusion between the major vessels with a failure in the formation

of arterio-venous identity (Cermenati et al., 2008; Herpers et al., 2008; Pendeville et al.,
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2008). Moreover, Sox7 and Sox18 regulated arterial specification via binding of Notch
ligand Delta-like ligand 4 (DLL4) (Sacilotto et al., 2013). In addition, recent findings
show that in certain strain (mixed 129/CD1 genetic background) of mice Sox7 and
Sox17 are uniquely up-regulated during lymphatic development in the absence of Sox/8
and are able to functionally substitute for Sox/8 both in vitro and in vivo (Hosking et al.,
2009). Other studies revealed that both Sox7 and Sox/7 are highly expressed in the
extra-embryonic endoderm (Hudson et al., 1997; Murakami et al., 2004; Shirai et al.,
2005). During endoderm formation, GATAS acts to induce Casanova (CAS) expression
down-stream of Nodal signalling. Over-expression of CAS in zebrafish one-eyed-
pinhead (Oep) mutant embryos, which lack of Nodal signalling, induced the expression
of the endodermal markers SOX17 and FOXA2 (Alexander and Stainier, 1999; Aoki et
al., 2002). Seguin's study on human ES cells revealed that stable endoderm progenitors
can be established by constitutive expression of Sox7 or Sox/7, producing extra-
embryonic endoderm and definitive endoderm progenitors, respectively (Seguin et al.,
2008). Indeed, a role for Sox/7 in endoderm development was highlighted using
Sox17" embryos. These embryos showed defects in gut definitive endoderm formation
(Kanai-Azuma et al., 2002). Other studies reported that SOX7 and SOX17 regulated
endoderm formation via binding of the parietal endoderm-specific enhancer of laminin-
al. Silencing of Sox7 with short interfering RNA in embryonal carcinoma cells
suppressed laminin-al production and GATA4 and GATA6 expression (Futaki et al.,
2004; Niimi et al., 2004).

Finally, SOXF proteins were also reported to be involved in the blood
development program. Kim and colleagues have shown that SOX17 is specifically
expressed in foetal and neonatal HSCs. Sox/7 deletion leads to severe haematopoietic

defects including loss of foetal and neonatal but not adult HSCs (Kim et al., 2007).
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Over-expression of Sox/7 in adult haematopoietic bone marrow cells enhanced the
multi-lineage reconstitution resembling foetal haematopoiesis with a high
myeloid:lymphoid ratio. Moreover, ectopic Sox/7 expression induced an increase in
immature progenitor cells, spleen size together with extramedullary haematopoiesis but
it is not sufficient to cause leukaemia (He et al., 2011). Two recent studies reported a
role for SOX17 in the formation of haemogenic endothelium. Over-expression of Sox/7
in endothelial cells derived from human embryonic stem cells (hESC) maintained the
proliferation of CD34"CD43"CD45"°" haemogenic endothelial cells (Nakajima-Takagi
et al., 2013). In addition, the use of Sox/7-GFP mice also showed that Sox/7 is an
important transcription factor expressed in haemogenic endothelium and HSC
development (Clarke et al., 2013).

Sox7 and SoxI8 are also expressed at the onset of blood development; both
being transiently expressed in FLK1® mesodermal precursor cells undergoing
specification to the haematopoietic program. Sox7 is expressed in gastrulating embryos
(E7.5) in mesodermal masses in the yolk sac. Using inducible Sox7 ES cells, the
enforced expression of Sox7 blocked the haematopoietic differentiation while enhanced
the proliferation of haematopoietic precursors (Gandillet et al., 2009). Similarly to
enforced expression of Sox7, over-expression of Sox/8 induced proliferation of early
haematopoietic precursors. In contrast, the enforced expression of Sox/7 enhanced cell
death (Serrano et al., 2010). Recently, it has been shown that SOX7 is expressed in
haemogenic endothelium cells. SOX7 binds the promoter of the endothelial marker VE-

cadherin and induced its expression (Costa et al., 2012b).
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1.12. Sox genes and solid tumours

The expression of many Sox genes is up-regulated in several tumour types in
human: their role in tumour development, growth and metastasis however remains to be
determined. Few studies to date have clearly implicated SOX transcription factors in
carcinogenesis. One of the most significant publications reported that the maintenance
of glioma-initiating stem cells was dependent on an autocrine TGF-f pathway
controlling Sox2 expression. SOX2, a crucial factor for the maintenance of neural stem
cells plays an essential role in the retention of glioma-initiating cells. Inhibition of TGF-
B signalling decreased the tumorigenicity of glioma-initiating cells by promoting their
differentiation, as the expression of Sox2 was no longer maintained (Ikushima et al.,
2009). The expression of Sox2 has been also reported in lung and esophageal squamous
cell carcinomas and its expression is important for cell proliferation (Bass et al., 2009).
In addition, the expression of SOX2 has been analysed in primary breast tumour
samples and cutaneous squamous cell carcinoma (SCC). Its expression correlated with
high K167 proliferation index, high risk of recurrence in breast cancer and with tumour
expansion in SCC suggesting a possible role for SOX2 as prognostic marker in these
two types of cancer (Finicelli et al., 2014; Siegle et al., 2014). Another study reported
the correlation between SOX2 expression and poor prognosis in cancer, in particular in
colorectal cancer (CRC). Moreover, Lundberg and colleagues showed that SOX2
expression is regulated by BRAF. Indeed, blocking BRAF downstream signalling in
CRC cell line transduced with mutated BRAF induced a decrease in SOX2 expression
(Lundberg et al., 2014). Since SOX2 expression increased in ovarian cancer samples,
Wang and colleagues have also investigated its role in this type of cancer. They found,
using an in vitro migration assay, that the over-expression of SOX2 enhanced migration

and invasion of ovarian cancer cell lines suggesting a role for SOX2 in metastasis
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formation (Wang et al., 2013).

In addition, Sox/ has been identified as an antigen expressed in para-neoplastic
neurological syndrome associated with small cell lung cancer (Tschernatsch et al.,
2009). Indeed, the use of SOX1-antibodies has been reported to be highly specific for
this disorder. Moreover, the presence of SOXB1 group (SOXI, 2, 3) antibodies has
been detected in small cell lung carcinoma and the correlation between clinical
parameters of less aggressive disease and seroreactivity suggests that these antibodies
are indicators of better prognosis in this kind of tumour (Vural et al., 2005). Several
studies describe the presence of SoxC (Sox4, 11, 12) gene expression in different
tumours. Sox4 and Sox/[ are highly expressed in most medulloblastomas. Increased
Sox4 expression is also associated with prostate, colon, non-small cell lung tumours and
high expression of Sox// is associated with gliomas, non-B cell lymphomas and
epithelial ovarian tumours (Medina et al., 2009; Penzo-Mendez, 2010). In addition,
increased level of Sox4 has been reported in endometrial cancers. Interestingly, Saegusa
and colleagues showed that Sox7 induced the up-regulation of Sox4 expression, showing
a complex network between SOX members (Saegusa et al., 2012).

Sox genes of the group E and D are expressed in various types of gliomas. In
particular, Sox5, Sox9 and Sox/0 are generally expressed at levels similar to those in
adult brain tissues while Sox6, Sox8 and SoxI3 are up-regulated in many
oligodendrogliomas (Schlierf et al., 2007).

Regarding SoxF genes, Sox17 has been shown to negatively regulate canonical
WNT/B-catenin signalling, to inhibit human hepatocellular carcinoma cells growth (Jia
et al., 2010), to be down-regulated in colon cancer and induced by WNT activation in
the early stage of gastrointestinal tumourigenesis but down-regulated by methylation

during malignant progression (Du et al., 2009). In addition, methylation of the promoter
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was also observed in circulating tumour cells (CTC) from primary breast cancer
(Chimonidou et al., 2013).

Analysis of the promoter methylation was also reported for SOX/8 in primary
samples of non-small cell lung cancer and surrounding tissues. This study showed an
increased methylation in non-small cell lung cancer tissues compared to healthy lung
tissues (Azhikina et al., 2011). In addition, Duong and colleagues studied the role of
SOX18 in tumour lymphangiogenesis and observed that SOXIS8 is expressed in
lymphatic vessels during tumour growth in mice engrafted with melanoma cells. In
contrast, partial loss of Sox/8§ dramatically decreased the lymphatic vessel density and
diameter. Moreover, the impairment in tumour neolymphangiogenesis correlated with a
decrease in cancer cell metastasis (Duong et al., 2012). Recently, it has been shown that
SOX18 is expressed in ductal breast carcinoma and ovarian cancer. Its high expression
correlated with poor prognosis in both tumours and therefore it can be used as
prognostic marker (Pula et al., 2014; Pula et al., 2013).

Sox7 is considered a tumour related gene as its expression is down-regulated in
several types of cancer, in particular, prostate, colorectal, lung and breast cancer (Guo et
al., 2008; Stovall et al., 2014). The restoration of Sox7 expression induces colorectal
cancer cell apoptosis, inhibits proliferation and colony formation suggesting that Sox7 is
a tumour suppressor gene in this specific cellular context (Zhang et al., 2009). A role for
SOX7 as tumour suppressor is also reported in lung cancer. Indeed, its expression is
down-regulated and associated with methylation of CpG islands in the upstream region
of the SOX7 gene (Hayano et al., 2013). Moreover, SOX7 expression can be used as a
prognostic marker in patients with lung adenocarcinoma since decreased SOX7 level
correlated with poor prognosis (Li et al., 2012a). The hypermethylation of SOX7

promoter was also observed in breast cancer cell lines. In these cell lines the re-
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expression of SOX7 inhibited proliferation in vitro and tumour growth in vivo (Stovall
et al., 2013). Despite SOX7 down-regulation in several tumours, one example has been
reported for increased expression level for Sox7 in pancreatic and gastric cancer cell

lines (Katoh, 2002).

1.13. Leukaemogenesis

Leukaemogenesis is the pathological process underlying leukaemia
development. Leukaemia is the term used to describe malignant cancers of the bone
marrow and blood characterized by the uncontrolled increase in blood cells.

Leukaemias are clinically subdivided into a variety of categories. According to
the classical division, these cancers are divided into acute and chronic forms. The acute
form is characterized by the rapid increase of more undifferentiated blood cells that
makes the bone marrow unable to produce healthy blood cells. In this type of
leukaemias the treatment is immediately required because the malignant cells can enter
into the bloodstream and spread to the body. The chronic forms of leukaemia are
characterized by an excessive increase of more differentiated blood cells and, in this
case, the treatment is not necessary immediately since the disease takes months or years
to progress (Pui et al., 2012).

In addition, leukaemias are also subdivided into two sub-groups, lymphoblastic
or lymphocytic and myeloid or myelogenous, according to which types of blood cells
are involved in the malignancy. The term lymphoblastic indicates that the mutation
takes place in cells that normally form lymphocytes. Instead, the myeloid term indicates
that the affected cells derive from myeloid lineage: red cells, white cells and platelets.
Today’s leukaemia classification is based on the World Health Organization (WHO)

classification that requires morphology, immuno-phenotyping, cytogenetic and
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molecular studies (Vardiman, 2010). Thus, the four major types of leukaemia are Acute
Myeloid Leukaemia (AML), Acute Lymphoblastic Leukaemia (ALL), Chronic Myeloid
Leukaemia (CML) and Chronic Lymphoblastic Leukaemia (CLL). ALL is the most
common paediatric cancer while the three other types occur mainly in adults. In
particular, ALL occurs in 75-80 per cent of childhood leukaemias while AML occurs in
20 per cent. In contrast, 2 per cent of childhood leukaemias represent CML and only
few cases of CLL are reported (Miller et al., 1995).

ALL were first subdivided in three different categories based on cell
morphological feature following the French-American-British (FAB) criteria: L1, L2
and L3 (Bennett et al., 1976). However, the introduction of immuno-phenotype,
cytogenetic and molecular genetic analysis in the diagnosis of leukaemia changed the
FAB classification. Today’s classification is based on the WHO classification that
recognizes two main groups of ALL: precursor B cell and precursor T cell
leukaemia/lymphoma. The most recurrent mutations in ALL are TEL-AMLI, E2A-PBX,
BCR-ABLI, MLL-AF4 and hyperdiploidy (Collins-Underwood and Mullighan, 2010).

AML are subdivided in eight different categories accordingly to the FAB
classification: M0-M7 (Bennett et al., 1976). As for ALL, the WHO classification
integrates the immuno-phenotypic, cytogenetic and molecular characteristics to the
FAB classification. For AML, the main molecular genetics mutations are translocations
between chromosome 8 and 21 (RUNXI/RUNXITI or AML/ETO), inversions in
chromosome 16 (CBFB/MYHI1) and translocations between chromosome 15 and 17
(PML/RARA) (Valk et al., 2004). Furthermore, mutations within the tyrosine kinase
receptor FLT3 and c-KIT have been shown to confer AML in association with
mutations in other genes such as CEBPA, WT1, NRAS and NPMI (Betz and Hess,

2010).
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For CLL, the four most common chromosome abnormalities are deletion of
13q14, trisomy 12, deletion at 11q23 and 17p13 deletion or mutation that involves the
P53 tumour suppressor gene (Butler and Gribben, 2010). Finally, most CML are
characterized by a translocation where parts of the two chromosomes 9 and 22 swap
places. The translocation results in the production of a BCR-ABL fusion gene created by
the Abelson tyrosine kinase ABLI gene on chromosome 9, region q34 and a part of the

break point cluster BCR gene on chromosome 22, region q11 (An et al., 2010).

1.14. B cell-Acute Lymphoblastic Leukaemia

ALL has an annual incidence of 39.9 per million and occurs more than AML in
children. Moreover, ALL shows a peak of incidence between the age of 2 and 5 years
and is more frequent in male than female (Bhayat et al., 2009). Symptoms and signs of
ALL are quite variable but include fever in about 50-60% of patients. Patients are
neutropenic and anaemic resulting in fatigue, lethargy and bone pain. Moreover,
patients are characterized by pallor, ecchymosis and bone tenderness. Liver, spleen and
lymph nodes are often enlarged due to extramedullary haematopoiesis. Some patients
also manifest ocular haemorrhages. Furthermore, the increase in white blood cell count
(>10x10°/L) and the decrease in platelet counts (50x10°/L) resulting in
thrombocytopenia are confirmed by blood analysis (Pui, 2012b).

Diagnosis can be done only with blood analysis but most frequently is in
association with bone marrow aspirate. Fibrosis of the bone marrow can cause problems
during the aspiration. Therefore, biopsy procedures became necessary. A morphology
analysis is associated with the analysis of the immuno-phenotype of the leukaemic cells
for a definitive diagnosis (Pui and Evans, 2006).

ALL are primarily induced by the mis-expression of oncogenes, mutated
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transcription factors and fusion proteins generated by chromosomal translocations.

These alterations transform haematopoietic stem or progenitor cells into leukaemic cells

altering the balance between differentiation and self-renewal capacity.

hyperdiploidy (25%), TEL-AMLI1 (22%), MLL rearrangement (8%), E2A-PBX1 (5%),
BCR-ABL (3%) and MYC (2%). The frequency of these alterations is slightly changed
in adult B-ALL leukaemia. 25% of ALL patients have BCR-ABL, 10% MLL

rearrangements, 7% hyperdiploidy, 4% MYC, 3% E2A-PBX and only 2% TEL-AMLI1

The most frequent mutation occurring in childhood B-ALL leukaemias are

(Figure 1.18) (Pui et al., 2004).

Figure 1.18. Frequency of the most common mutations in child and adult ALL.

The blue bar represents mutations in childhood ALL while the red bar shows mutations
in adult ALL. Percentages corresponding each mutation are reported on the bars. The
most common mutation in childhood ALL are hyperdiploidy and TEL-AML1 while
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BCR-ABL is mainly detected in adult ALL.
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The translocation between chromosome 12 p13 and 21 22 forms the fusion
protein TEL-AMLI1, also known as ETV6-RUNXI, and is associated with good
prognosis in ALL. The protein-protein interaction domain of the TEL is fused to the
DNA-binding and transcriptional regulatory domain of AMLI1. TEL is part of the ETS
family transcription factors and it has been found to rearrange not only with AMLI but
also with other genes such as ABL, JAK2 (Zelent et al., 2004). RUNX1 is a transcription
factor belonging to the RUNX transcription factor family together with RUNX2 and
RUNXA3. It is characterized by the DNA-binding RUNT domain and forms a complex
with CBFp. This complex is essential in haematopoiesis and has a main role in both
lymphoid and myeloid lineages (Speck, 2001).

The fusion protein binds to the DNA, recruits histone deacetylases and therefore inhibits
transcriptional activity. Over-expression of Tel-amll in bone marrow cells impaired B
cell differentiation leading an increase in pre and pro B cells in vivo. Moreover, an
accumulation of SCA1 cKIT" cells has been reported together with an increased self-
renewal capacity in vitro. Despite this increase in progenitors, the TEL-AMLI1 fusion
protein is not sufficient to induce leukaemia in vivo (Fischer et al., 2005). In another
model, retroviral transduction of Tel-amll in bone marrow cells induced transplanted
mice to develop ALL; however, only one in nine mice developed B-ALL (Bernardin et
al., 2002). Tel-amlI transgenic mice have been generated in which the expression of the
fusion gene was under the control of the immunoglobulin heavy chain promoter. These
mice did not develop leukaemia suggesting the requirement of other genes or mutation
for leukaemogenesis (Andreasson et al., 2001). Indeed, Li and colleagues showed that
low-dose irradiation could accelerate the formation of leukaemia. Similarly, loss of
Cdkn2a in Tie2-Cre/Tel-amll mice decrease the survival rate to 128 days compared to

164 days for Cdkn2a null mice (Li et al., 2013). Recently, another mouse model has
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been developed for TEL-AMLI1 in which the expression of the fusion gene is under the
control of the Etv6 promoter. Since Tel-amll mice did not alter the haematopoiesis, they
were then crossed with Sleeping Beauty transposase. The generated mice developed B-
ALL showing an accumulation of pro B cells. Genomic DNA from those mice was also
analysed for identifying potential mutations acting together with the fusion gene. They
identified mutations in Ebf1, E2a, Epor, Met, Cbpa and Rasgrfl, all possible candidates
to induce leukaemia together with 7el-aml (van der Weyden et al., 2011).

Translocations involving the mixed-lineage leukaemia (MLL) transcription
factor are frequent in ALL. The fusion occurs between the N-terminal portion of MLL
and the C-terminal part of one of more than 70 partners. MLL, orthologue of the
Drosophila Trithorax, is a histone-lysine N-methyltransferase and regulates the
appropriate expression of HOX genes during development. Ml knock-out mice die
around E10.5 with hypoplasia of the branchial arches and involution of the maxillary
process (Yu et al., 1998).
The MLL-AF4 translocation is associated with poor prognosis and a quick evolution of
B-ALL. AF4 gene is a member of AF4/LAF4/FMR2 gene family and encodes for a
transcription factor (Nilson et al., 1997). Several studies have been done to analyse the
aetiology of the disease. Analysis performed on identical twins suggested an in utero
origin of the fusion between MLL and AF4 (Greaves, 2003). The presence of the MLL-
AF4 translocation is important for the highly aggressive phenotype of B-ALL. Indeed,
the inhibition of MLL-AF4 using short interfering RNAs induced impairment in
proliferation and clonogenic potential in human leukaemia cell lines. In addition, HOX
genes were decreased together with stem cell genes inducing haematopoietic
differentiation. After transplantation, the inhibition of MLL-AF4 in leukaemia cell lines

prolonged survival in vivo (Thomas et al., 2005b). The absence of MLL-AF4 human
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models makes it difficult to understand the formation of B-ALL induced by this
common translocation. In contrast, different murine models have been proposed but
they do not recapitulate the human disease correctly. Mll-af4 knock-in mice generated
by homologous recombination, by Chen and colleagues, results in an increase
proliferation of both myeloid and lymphoid lineages. Moreover, they developed mixed
lymphoid and myeloid hyperplasia and B cell lymphoma only after a very long latency
period (Chen et al., 2006). The difficulties in producing a good model for MLL-AF4 in
mouse brought, for the first time, Montes and colleagues to study the impact of this
translocation in human cells. The over-expression of MLL-AF4 in human cord blood
derived CD34" human stem progenitor cells (HSPC) induced an increase in clonogenic
potential and proliferation in vitro. Upon transplantation in vivo, cord blood derived
CD34" HSPC over-expressing MLL-AF4 showed multi-lineage haematopoietic
engraftment capacity and no differences in blood cell count and organs size and failed
to initiate leukaemia (Montes et al., 2011). Similarly, MLL-AF4 expressing human
embryonic stem cells (hESC) activated the expression of HOX genes and differentiated
towards hemogenic precursors displaying an endothelial fate to the disadvantage of
haematopoietic commitment. In addition, the MLL-AF4 expression in hESC derived
CD45" haematopoietic cells did not induce proliferation in vitro and failed to engraft in
vivo (Bueno et al., 2012). Overall, these studies suggested that MLL-AF4 translocation
is not sufficient to induce leukaemia. Targeting the appropriate cell type, inducing
MLL-AF4 expression at physiological level and providing secondary mutation, such as
FLT3, might be required for the development of the disease.

The pre B cell leukaemia homeobox (PBX1) protein is one HOX-DNA-binding
co-factor that generally fuses to the transcriptional trans-activator domain of the E2A

(also known as TCF3) transcription factor resulting in the production of E2A-PBX1
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fusion protein. This alteration disrupts the expression of E2a target genes and Hox
genes expression. When this fusion protein was over-expressed in mouse bone marrow
cells, no alteration in cell growth in vitro were observed. Moreover, upon
transplantation, these cells resulted in the formation of AML suggesting that E2A-PBX1
retains a leukaemic potential not limited to B cell malignancy (Kamps and Baltimore,
1993). Mice carrying Eu-E2a-Pbx1 construct died in 5 months developing lymphoma.
In pre-malignant mice, a decrease in both B and T cells was observed together with an
increase in apoptotic cells in the thymus (Dedera et al., 1993). Later on, Bijl and
colleagues proposed another model for E2A-PBX1 where the expression of the fusion
gene is under the lymphoid-specific promoter/enhancer elements. Only reduced
numbers of T cells were observed in these mice at two months of age. At later stage,
mice developed B-ALL. When crossed with CD3e” to reduce T cell tumours, E2a-
Pbx1/CD3e” mice developed B-ALL. The appearance of B-ALL was accelerated by
pro-viral insertional mutagenesis that induced Hoxa genes over-expression suggesting
the requirement of secondary mutation for the acceleration of leukaemia formation (Bijl
et al., 2005).

The Philadelphia chromosome is the most common translocation observed in
CML but it is also seen in acute leukaemia, and results from the fusion between the
BCR and ABL genes. The BCR gene is located on chromosome 22 and encodes for a
protein that has serine/threonine kinase activity, while the ABL gene is on chromosome
9 and encodes for a non-receptor tyrosine kinase. The N-terminal oligomerization
domain of BCR is essential for the constitutive activation of the ABL tyrosine kinase
(Pendergast et al., 1991; Zhao et al., 2002). Two BCR-ABL fusion proteins can be
produced from different breakpoints: p210 and p190. BCR-ABL’"’ mutant mice,

generated by inserting the BCR-ABL sequence into the Bcr locus, developed B-ALL
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with more than 30% of blast cells in the bone marrow (Castellanos et al., 1997).
Interestingly, BCR-ABLP" and BCR-ABL™' fusion proteins cause different
leukaemias. The former induces only B-ALL while the latter induces B but also T and
myeloid leukaemias. In addition, the latency period for the appearance of the disease is
short for BCR-ABL'* and long BCR-ABLP*!? (Honda et al., 1998; Voncken et al.,
1995). Another model for BCR-ABLP*' has been described where the expression of the
fusion gene is under the control of the cytoplasmic tyrosine kinase 7ec promoter. The
generated mice developed B-ALL and died 4 months after birth. In contrast, the
progeny of one of these mice developed myeloproliferative disease with features of
CML after one-year (Honda et al., 1998).

All these studies highlighted the complexity of modelling human disease
showing in most cases that the chromosomal translocations are not sufficient to induce
the formation of leukaemia. Therefore, secondary mutations are thought to occur and to
accelerate the process of leukaemogenesis. Among them, over-expression of the FLT3
tyrosine kinase receptor induces an uncontrolled cell growth in ALL. Cases of ALL also
report mutations or deletion of genes involved in the tumour suppressor retinoblastoma
protein (RB) or TP53 pathways (Pui et al., 2004).

The treatment of ALL normally consists of three different phases: remission-
induction, consolidation and continuation therapy. The first phase aims to eradicate
more than 99% of leukaemia cells and to restore a normal haematopoietic system.
Drugs typically used in this phase are glucocorticoids, vincristine, asparaginase or
anthracycline. Two weeks after the start of the induction treatment, the number of blasts
is measured in the patient’s bone marrow to analyse the minimal residual leukaemia.
When more than 1 % of minimal residual leukaemia is measured, treatment is

intensified. The use of imatinib is also included in this phase in patients positive for
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BCR-ABL. The second phase of the treatment aims at reducing relapse eradicating
drug-resistant residual leukaemic cells. Some of the drugs used in this phase are
corticosteroids, vincastine and asparaginase. The last phase of the treatments is
normally used to prevent the relapse. The therapy usually lasts for about two years with
the use of mercaptopurine and methotrexate every week. Cranial irradiation and
dexamethasone, highly penetrable, are also administrated to high-risk patients to
prevent central nervous system (CNS) relapse. Patients with high-risk ALL and with
poor initial response to treatment might require allogeneic haematopoietic stem cell
transplantation (Pui et al., 2004; Pui et al., 2008).

The increase of drug-resistant patients in the population and difficulties in
targeting transcription factors with drugs result in the necessary need of new treatment
protocols and therefore in the generation of new therapeutic strategies. The use of small
molecules targeting RNA and histone deacetylation or DNA methylation has been
developed (Thomas et al., 2006).

Briefly, the RNase enzyme Dicer generates small interfering RNA of 21-28 base
pair long (siRNA) by cleaving long double-strand RNA. Then, the RNA-induced
silencing complex (RISC) removes one strand from the siRNA duplex. The remaining
strand binds to the complementary RNA sequence inducing the silencing of the target
gene (Heidenreich, 2009). Specific siRNA synthesized to bind the BCR-ABL fusion
gene were used to down-regulate the mRNA and protein level of the fusion gene both in
CML and ALL cell lines and primary CML samples. The reduction in the BCR-ABL
expression correlated with a decrease in proliferation in cell lines (Scherr et al., 2003).
Moreover, Wohlbold and colleagues showed that the reduction of BCR-ABL protein
induced by anti-BCR-ABL siRNA enhanced the sensitivity to imatinib in imatinib-

resistant cells (Wohlbold et al., 2003). Another example of use of siRNA in ALL was
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performed using human ALL cell lines carrying the MLL-AF4 translocation. The
inhibition of MLL-AF4 expression induced apoptosis, differentiation and increase in
survival in vivo (Thomas et al., 2005b). Altogether, these studies demonstrate a possible
use of siRNA for the treatment of ALL.

DNA methylation is a process regulated by methyltransferases (DNMT) that
catalyse the addition of one methyl group to cytosine. This process occurs often in CpG
islands and modulates transcriptional regulation (Robertson, 2002). Histone
deacetylation occurs when histone deacetylases (HDAC) deacetylate lysine residues on
histone tails and induces transcription inhibition (Johnstone, 2002). Analysis on
paediatric ALL and AML patients showed that HDAC activity was increased in primary
leukaemia cells compared to healthy peripheral blood and bone marrow samples
(Sonnemann et al., 2012). Since many genes are hypermethylated or silenced by histone
deacetylases in cancer, the use of DNA demethylating agents or HDAC inhibitors
provides a new therapeutic approach (Claus et al., 2005).

Another way to treat leukaemia is through the development of new therapies
targeting leukaemia stem cells. The term leukaemia stem cells refer to a population that
retain the ability of self-renewal and to generate the tumour (Bomken et al., 2010; Chen
et al., 2013; Guzman and Jordan, 2004).

In contrast to AML where the leukaemia stem cells reside in the immature CD34'CD38"
population, in the ALL was more difficult to identify cells with immuno-phenotype
similar to HSC. The self-renewal property was not only observed in CD34'CD19" cells
but also in more differentiated B cell precursors such as CD34'CD19" (Castor et al.,
2005; Kong et al., 2008; Le Viseur et al., 2008). Therefore, the hierarchy that mimics

the normal haematopoietic development is not suitable for describing ALL.
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1.15. SOX and leukaemia

The expression of most SOX proteins is linked to several solid tumours as
described in the previous section, but some of them, in particular members belonging to
group C and F, are also reported to act in non-solid tumours such as leukaemia and
lymphoma disease.

Pu.1 expression levels are reduced in murine bone marrow cells transduced with
Sox4 resulting in AML. Sox4 regulates Pu. expression through the binding to the TCF-
binding site in Pu./ (Aue et al., 2011). When mouse bone marrow Pml/Rara cells are
retroviral transduced with Sox4 and transplanted in vivo, cells become more aggressive
and mice developed AML faster than the control, Sox4 or Pml/Rara alone (Omidvar et
al., 2013). Another study reported the role of Sox4 in AML. Knock-down of Sox4 in
C/ebpo. deficient progenitor cells reduced their self-renewal activity while induced their
differentiation toward macrophages. Moreover, inactivation of C/EBPa resulted in the
over-expression of Sox4 that induced leukaemogenesis in AML (Fung et al., 2013;
Zhang et al., 2013).

As already reported, Sox4 is important for early B cell development and
therefore its mis-expression might be involved in B cell disease. It has been recently
shown that SOX4 is highly expressed in BCR-ABL1 ALL and correlated with poor
prognosis. Sox4 promoter was hypomethylated and Sox4 expression induced the
activation of PI3K/AKT and MAPK signalling (Ramezani-Rad et al., 2013). In
addition, Ma and colleagues demonstrated that Sox4 is important for the proliferation of
leukaemia cells together with 7¢f7/1. Deletion of Sox4 in progenitor B cells reduced
proliferation in vitro and in vivo with an increase in survival in vivo (Ma et al., 2014).

More than 90% of mantle cell lymphoma (MCL) cases expressed the

transcription factor SOX11. Its expression is also associated with hairy cell leukaemia,
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Burkitt lymphoma and immature lymphocytic neoplasms (Xu and Li, 2010). High
expression level of SOXII are related to the presence of the t(11;14) translocation,
CCND1 expression and poor prognosis suggesting a possible use of SOX11 expression
as prognostic marker for distinguishing B-CLL from more aggressive MCL
(Meggendorfer et al., 2013; Wasik et al., 2014).

In addition, some AML patients are characterized by the down-regulation of
SOX17. In particular, low level of SOXI7 corresponds to short overall survival
compared to SOX17 high expressing patients suggesting the low SOX17 expression as a
risk factor (Tang et al., 2014). This down-regulation of SOX/7 in AML might be due to
methylation of the SOXI/7 promoter. The analysis of the WNT signalling inhibitor
methylation performed by Griffiths and colleagues reported indeed SOX77 methylation
in 29% of primary AML samples (Griffiths et al., 2010).

Only one study reported SOX7 expression in blood malignancy, in particular
with myelodisplastic syndrome (MDS). This disease is characterized by a decrease in
mature blood cells and often can evolve in AML. Fan and colleagues analysed the
methylation status of CpG islands in MDS samples. They found that SOX7 promoter
was methylated and that the methylation status correlated with a decrease in survival
suggesting the use of SOX7 methylation as a prognostic marker for MDS (Fan et al.,
2012). In addition, Gandillet and colleagues showed, by using a Tet-on doxycycline-
inducible expression system, that the enforced expression of Sox7 in early committed
haematopoietic precursors promoted their self-renewing capacity and blocked their
differentiation to mature primitive and definitive lineages. Thus, the sustained
expression of Sox7 was sufficient to completely alter the balance between proliferation

and differentiation at the onset of haematopoiesis (Gandillet et al., 2009).
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1.16. Aim of the project

SOX7 is a transcription factor belonging to the SOX F group whose expression
is modulated at the onset of blood specification. The blockage in differentiation and
enhance in proliferation of haematopoietic precursors induced by Sox7-sustained
expression (Gandillet et al., 2009; Serrano et al., 2010) has led to the hypothesis that the
mis-expression of Sox7 may confer a proliferative or survival advantage to adult cells
and that Sox7 may be implicated in the emergence or maintenance of cancer initiating
cells.

Therefore, my project investigated whether Sox7-enforced expression confers a
proliferative advantage to adult cells, whether this may lead to leukaemogenesis and
whether this over-expression is associated with cases of human leukaemia. In particular
in this project, I investigated in a mouse model, both in vitro and in vivo, the
consequences of Sox7-enforced expression on the homeostasis of adult haematopoiesis
and the induction of haematological malignancies. Then, since the expression of SOX7
correlates with B-ALL, my project also aimed to analyse the consequences of Sox7-
enforced expression on B cell differentiation in adult bone marrow cells. Finally, I
analysed the requirement of SOX7 for leukaemia formation in human leukaemia cell
lines both in vitro and in vivo.

In summary, the work presented in this thesis demonstrates for the first time that
SOX7 is expressed in B-ALL and its enforced expression blocked B cell differentiation
at an immature stage with a stem cell signature. Moreover, the down-regulation of
SOX7 in human leukaemia cell lines induced a decrease in proliferation both in vitro
and in vivo. Understanding the mechanism by which Sox7-enforced expression blocks B
cell differentiation might improve the development of new drugs for leukaemia

treatment.
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Chapter 2

2. Material and methods

2.1. DNA and RNA manipulation techniques

2.1.1. Genomic DNA isolation

For mouse genotyping analysis, genomic DNA was extracted starting from
20,000 cells from bone marrow or spleen. Cells were re-suspended in 25 pl of PBS and
were incubated at 95°C for 8 minutes. Then, 1 pl of 20 mg/ml proteinase K and 5 pl of
0.1X PBS were added to the cells and were incubated at 55°C for 30 minutes.
Proteinase K was heat-inactivated at 95°C for 8 minutes. 1 pl of extracted genomic
DNA was used as template DNA for genotyping PCR using primers (Sigma) and
GoTaq DNA polymerase mix (Promega).

For cloning procedure, genomic DNA was extracted using the Wizard genomic
DNA Purification Kit (Promega) according to manufacturer’s protocol. Briefly, cells
were lysed using cell lysis solution and proteins were removed by the salt-precipitation
step. The genomic DNA was concentrated by isopropanol precipitation and finally re-
suspended in water.

Then, 100 ng of extracted genomic DNA was used as template DNA for cloning
PCR using primers (Sigma) and GoTaq DNA polymerase mix (Promega) or Phusion

DNA polymerase (Finnzymes).
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2.1.2. RNA isolation and cDNA synthesis

Cells were collected by centrifugation and total RNAs were extracted using
RNeasy Mini or Micro kit (Qiagen). Briefly, samples were lysed and homogenized.
Then, the lysate was added onto the RNeasy silica membrane and washed to remove
any contaminants. Finally, the RNA was eluted in water and measured using a
Nanodrop ND 1000 spectrophotometer (Thermo Scientific).

Up to 2 ng of RNA was reverse transcribed with random hexamers primer
(Roche) to generate cDNA using the Omniscript Reverse Transcriptase kit (Qiagen),
according to manufacturer’s protocol. In summary, primers, RNase inhibitor, buffer,
dNTPs and Omniscript reverse transcriptase were added to the template RNA and
incubated for 60 minutes at 37°C.

For Affymetrix analysis, total RNAs were treated with DNase I to remove any
DNA contamination using RNase-Free DNase (Qiagen) and further processed as

described in section 2.1.3.

2.1.3. Polymerase Chain Reaction (PCR)

For genotyping, 1 ul of gDNA (~100ng) was incubated in a final volume of 10
pl with GoTaq DNA polymerase mix (Promega) and 0.5 mM of target-specific primers
(Sigma) (Table 2.1). The thermal cycling conditions were as follows: 3 minutes at 95°C,
followed by a three-step PCR for 35 cycles of 95°C for 30 seconds, 60°C for 30
seconds, 72°C for 1 minutes and a final extension at 72°C for 5 minutes.

For cloning, ~100 ng of gDNA was incubated in a final volume of 20 ul with 0.2
ul Phusion DNA polymerase (Finnzymes), 4 pl of 5X Phusion HF Buffer, 0.4 pul 10
mM dNTP and 0.5 mM of each primers (Sigma) (Table 2.2). The thermal cycling

conditions were as follows: 30 seconds at 98°C, followed by a three-step PCR for 35
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cycles of 98°C for 10 seconds, 64°C to 68°C for 30 seconds, 72°C for 1 minutes per Kb

and a final extension at 72°C for 10 minutes. The presence of amplification was

evaluated by running the samples on a 0.8-1% agarose gel.

Modification Database number

Cre

WT/A
Sox7 o

WT/KO
Sox7

AWS53
AWS54
AX42
AV3l

AX42
AV3l

AX42
AV26

AX42
AV26

Primer sequence
gecetgeattaccggtcgatgecaacga

Product size (bp)
band: 726

gtggcagatggcgcggcaacaccatt

gggttaccgeacttaagagaca

WT band: 195

ggaagtcctacccgacctaate

gggttaccgcacttaagagaca

KI band: 345

ggaagtcctacccgacctaate

gggttaccgcacttaagagaca

Table 2.1. List of primers used for genotyping

Primer name
pGIPZ msert F
pGIPZ msert R
pGIPZ-sFFV promoter F
pGIPZ-sFFV promoter R
pGIPZ-GFP_F
pGIPZ-GFP_R
pGIPZ-mCherry F
pGIPZ-mCherry R
pGIPZ-Luciferasel F
pGIPZ-Luciferasel R
pGIPZ-Luciferase2 F
pGIPZ-Luciferase2 R
Sall-EBF1prox short F
EcoRV-EBFlprox short R
Xhol-Efl-Tomato FW
RsrlI-Efl-Tomato REV

Database number
AU35
AU36
AU37
AU38
AU39
AU40
AU41
AU42
AU43
AU44
AU45
AU46

BJ13
BJ14
BB48
BB49

WT band: 1832

agaatagtcagggctggtcaag
gggttaccgcacttaagagaca KO band: 357
agaatagtcagggctggtcaag

Primer sequence Use

gtatataaaattattca
agaggggcggaatttg
acagggacagcagatcca
ttgtacaaacttgtgattc
getctttaaaggaaccaa
cagatcgaagttcagggt
aagcaggctctttaaagg
ttgctttccacatcgecgge
acttcgatctgctgaaact
atgatcggtagcttcttttg
catcatcatggatagcaaga
ggtgtccaagtccaccacct

gtcgacgctctccegtetectee
gatatctgtcattttccacaaccag
ctcgagggctecggtgeccgte
cggtccgttacttgtacagetcg

cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sftv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sftfv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sftv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sftv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sffv-GFP-Luciferase vector
cloning of shRNA-sftv-GFP-Luciferase vector
cloning of EBF1 promoter

cloning of EBF1 promoter

cloning of MLLAF4-EF1-Tomato vector
cloning of MLLAF4-EF1-Tomato vector

Table 2.2. List of primers used for cloning. F stands for forward and R for reverse.
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2.1.4. Quantitative real-time Polymerase Chain Reaction

Quantitative real-time PCR (qQRT-PCR) reactions were performed in triplicate on
a ABI 7900 system (Applied Biosystems) using the Exiqon Universal Probe Library
(Roche) and Universal PCR Master Mix TagMan (Applied Biosystems). The sequences
of the primers used for quantitative RT-PCR are listed in Table 2.3.
For each sample, 1 ul cDNA was incubated in a final volume of 10 ul with Universal
PCR Master Mix TagMan (Applied Biosystems), 0.1 ul Exiqon Universal Probe
Library (Roche) and 0.2 pl of both forward and reverse target-specific primers (Sigma).
The thermal cycling conditions used to validate gene expression changes were as
follows: hold for 10 minutes at 95°C, followed by a three-step PCR for 40 cycles of
95°C for 15 seconds, 55°C to 60°C for 25 seconds, and 72°C for 30 seconds. The
expression of each target gene was evaluated using a relative quantification approach (-
ACT method) with B-2microglobulin or B-actin as the internal reference for human and

mouse genes, respectively. The reactions were performed in triplicates.

2.1.5. Plasmid construction

pGIPz vectors containing shRNA sequence against SOX7 were bought from
Openbiosystem. The CMV promoter was replaced by the sFFv promoter. Two vectors
containing shRNA sequence against SOX7 (SCBR1079 and SCBR1080) and the vector
containing the sFFv promoter-GFP-2A-Luciferase construct (SCBR1207) were digested
using SanDI (Fermentas) and Notl-HF (Biolabs) restriction enzymes. The digested
samples were run on a 0.8% agarose gel for bands extraction. The bands (~ 9608 bp for
the vector SCBR1079/1080 and ~ 3313 bp for the insert extracted from SCBR 1207)
were extracted and purified using the QIAquick Gel Extraction Kit (Qiagen). Ligation

was then performed using T4 ligase (Roche). Finally, bacteria were transformed and
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Gene name Database number

Sox7
VE-cadherin
Gfil
C/EBPg¢
IRF8
Pax5
E2A
B-actin
Sox7
Sox17
Sox18

B2M

Forward: AI25
Reverse: AI26
Forward: AN34
Reverse: AN35
Forward: AA35
Reverse: AA36
Forward: BD24
Reverse: BD25
Forward: BD26
Reverse: BD27
Forward: BD16
Reverse: BD17
Forward: AF26
Reverse: AF27
Forward: H66
Reverse: H67
Forward: AK18
Reverse: AK19
Forward: AK10
Reverse: AK11
Forward: AK06
Reverse: AKO7
Forward: AK33
Reverse: AK34

Primer sequence
cagcaagatgctgggaaag
tgcatcatccacatagggtct
gttcaagtttgccctgaagaa

gtgatgttggeggtattgt

tccgagticgaggacttttg
agcggeacagtgacttete
tcceetgeagtaccaagtg
gteccttgagaagggeact
ccggcaagcaggattaca
gctttgtctcectetttaaactte
acgctgacagggatggte
ggggaacctccaagaatcat
ctgagcagcccgtacctet
agggoccatttcatctgtag
tgacaggatgcagaaggaga
cgctcaggaggagcaatg
ctcagggcagggaggtct
geactcggataaggagagtce
acgccgagttgagcaaga
tctgeetcetccacgaag
gtgtgggeaaaggacgag
agctccttccacgcetttg
atctgagcaggttgctccac

gaccaagatgttgatgttggataa

Probe Species

#97

#56

#7

#74

#10

#83

#22

#106

#57

#61

#28

#32

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Human

Human

Human

Human

Chapter 2

Table 2.3. List of primers used for quantitative real-time polymerase chain

reaction
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colonies were processed for DNA extraction following the plasmid purification kit
protocol (Qiagen). DNA was digested using Agel and PshAl restriction enzymes and
sequenced to confirm that the cloning was performed correctly and no mutation had
been introduced. The same approach was used to generate the control vector. The pGIPz
control vector containing the scramble sequence (SCBR1245) was generated by ligating
the ~ 9608 bp fragment from the vector containing EF1-Tomato-Scramble sequence
(SCBR1247) and the ~ 3313 bp fragment from the vector containing sFFv promoter-
GFP-2A-Luciferase construct (SCBR1207). The new vectors, SCBR1201, SCBR1202
and SCBR1245 (thereafter referred to as shSOX7 2, shSOX7 3 and Scramble) were
used for transfecting leukaemia cell lines.

For the generation of the MSCV vector containing the human MLL-AF4
sequence, the EF1-Tomato sequence was amplified by PCR from the SCBR1247 vector
with primers containing Xhol and Rsrll restriction sites. Then, the amplified fragment
was inserted in the TOPO vector using the TOPO-TA cloning kit (Invitrogen) in order
to simplify the cloning process. The pMSCV-flag-MLL-plAF4-ESC vector
(SCBR1316) was cut with RsrlIl and Xhol restriction enzymes and ligated with the EF1-
Tomato fragment. The correct expression of the protein from the MSCV-MLL-AF4-
EF1-Tomato vector was validated in transduced HEK293 cell line.

In order to generate a Luciferase reporter vector, the human EBF1 promoter
region was amplified by PCR from RS4;11 gDNA using specific primers (Table 2.2).
The amplified fragment was inserted in the pCR 2.1-TOPO vector using the TOPO-TA
cloning kit (Invitrogen). Briefly, the amplified fragment was incubated together with
salt solution and pCR 2.1-TOPO vector for 5 minutes at room temperature and then
transformed into competent E.Coli cells. Successively, the EBF1 promoter fragment

and the PGL4 luciferase vector (SCBR1064) were cut with EcoRV and Kpnl and the
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Right fragments were ligated together.
All constructs were sequenced on a 3130 Genetic Analyzer (Applied

Biosystems).

2.1.6. Gene expression microarray, Ingenuity pathway analysis, GSEA

analysis

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and tested for
RNA quality on an Agilent Bioanalyzer 2100 (Agilent Technologies). The RNA was
incubated at 65°C for 2 minutes to denature prior to loading onto the chip. Amplified
cDNA was produced from the total RNA samples using the Ovation Pico WTA System
V2 (NuGEN Technologies; 3302-60). The amplified cDNA was then fragmented and
labelled using the Encore Biotin Module (NuGEN Technologies; 4200-60). Then, the
cDNA library was hybridized to Affymetrix mouse exon 1.0 ST array. Background
adjustment and data normalization was performed with the Robust Multi-array Average
(RMA) algorithm. The probesets were subsequently filtered by Affymetrix detection
above background (DABG) scores. A probeset was kept if its DABG p-value was less
than 0.01 in at least 2 samples. After these filtering steps, 189,956 probesets
(representing 22,140 unique genes) remained for differential gene expression analysis.
Annotations and cross-mappings between probesets, exons and genes were obtained
from Ensembl mouse genome build 70 using the R/BioConductor package Annmap
(Bioconductor 2.14). The microarray analysis was performed by the Molecular Biology
core facility and the data normalization was performed by Hui Sun Leong, member of
the Bioinformatics group at the CRUK-Manchester Institute.

The computational method, Gene Set Enrichment Analysis (GSEA), was used to

determine a priori defined set of genes statistically significant and concordant
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differences between the two biological samples: Sox7"°" and Sox7"¢" (Subramanian,
Tamayo, 2005; Mootha, Lindgren, 2003). Ingenuity IPA software was utilized for
analysing and accurately interpreting the biological meaning in our genomic data

(Ingenuity).

2.2. Protein expression and manipulation assay

2.2.1. Protein extraction and Western blotting

Protein samples were isolated using the home-made lysis buffer (50 mM, NaCl
150 mM, 0.1% SDS, 0.5% NaDeoxyclorate, 1% NP40, 1:1000 Protease inhibitor
cocktail (Sigma)) and quantify using Bradford assay (BioRad). Electrophoresis was
carried out using 10% NuPAGE Novex Bis-Tris Mini Gels and NuPAGE MOPS SDS
Running Buffers (Invitrogen). 50-100 mg of protein extracts were loaded into the
polyacrylamide gel together with Loading Buffer 4X and Reducing Agent 10X and
electrophoresed for 45 minutes at 50V, then for 1 hour at 120V. The SeeBluePlus2 1X
marker was used as molecular weight indicator. Gels were blotted onto nitrocellulose
membranes using Mini iBlot Gel Transfer Stacks Nitrocellulose (Invitrogen). The
nitrocellulose membranes were incubated for 5 minutes with Ponceau S solution
(Sigma) for rapid reversible detection of protein bands. Membranes were washed with
PBS with 0.1% Tween-20 and non-specific binding was blocked by overnight
incubation at 4°C in blocking buffer (PBS with 0.1% Tween-20 and 5% fat-free
powdered milk (Marvel)).

Subsequently, the membranes were incubated with an anti-SOX7 sheep
polyclonal antibody (home-made) overnight at 4°C. After six washes of 10 minutes

each with PBS-0.1% Tween-20, the membranes were incubated with a secondary HRP
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labelled donkey anti-sheep antibody (Table 2.5). After six washes of 10 minutes each
with PBS-0.1% Tween-20, signal was developed using the ECL Western Blotting
Detection Reagent (GE-Healthcare Bio-Sciences). Films were developed using a MAS

automated developing machine.

2.2.2. Immunohistochemistry staining

Organs were fixed in 4% paraformaldehyde overnight at 4°C. Paraffin sections
were cut at a thickness of 10 um, de-waxed in xylene twice for 5 minutes, re-hydrated
through graded alcohol solutions for 1 minute in each and then washed with running
water for 2 minutes. Reticulin staining was performed using the Gordon and Sweet’s
stain. To this end, sections were incubated for 5 minutes in a potassium permanganate
(3% sulphuric acid) solution followed by washes in tap water. Next, 1.5% oxalic acid
was applied until clear. After washes in tap water, sections were incubated with 2%
ferric ammonium sulphate for 15 minutes. Multiple washes in distilled water were
performed before applying the ammoniacal silver solution (10% silver nitrate,
ammonium hydroxide and 3% sodium hydroxide solution). Sections were washed in
distilled water and then were fixed in 10% formalin for 5 minutes. After washes in tap
water, slides were stained with 5% sodium thiosulphate for 2 minutes to remove
unreduced silver. Sections were first rinsed in tap water and incubated in 0.2% gold
chloride for 3 minutes and then after washes in tap water, 0.1% neutral red was applied
for 10 second. Finally, slides were dehydrated, cleared and mounted on clear glass
covered by a coverslip.

The CD45R (B220) staining was performed using the following steps. Sections
were incubated with Dako target retrieval solution (S2369) at 125°C for 1 minute, and

then cooled to 90°C for 10 seconds. Slides were brought back to room temperature by
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placing them in running water for 3 minutes. Each section was surrounded with a pap
pen (brand) to ensure sections did not dry. Endogenous peroxidase was blocked in 0.3%
TBS for 10 minutes. After washing thoroughly in running water for 5 minutes, blocking
solution (10% rabbit serum) was applied for 30 minutes. Blocking solution was
removed and antibody anti-CD45R (BD Biosciences) was applied overnight at 4°C or
Rat IgGG2b antibody at equivalent concentration as isotype control. After washing twice
in TBS for 5 minutes, a rabbit anti-rat biotinylated antibody (Dako) was applied for 30
minutes at room temperature (Table 2.4). Slides were washed twice in TBS for 5
minutes and were stained with Strep-AB-Complex—HRP (Dako K0377, 9 ul solution A,
9 ul solution B and 1 ml TBS). Two washes in TBS for 5 minutes were performed
before applying the commercial DAB solution (K3468, 1 drop of chromagen to 1 ml
buffer) to the sections for 5 minutes. Sections were well rinsed in running water for 3-5
minutes and then counterstained with 1X Gills Haematoxylin for 1 minute, followed by
washing in water for 1 minute, dipped in alkaline water for 30 seconds, washed again in
water for 1 minute. Finally, slides were dehydrated, cleared and mounted on clear glass
covered by a coverslip. Pictures were taken using a slide scanner machine (Laica
SCN400).

These immunohistochemistry staining were performed by members of the Histology

facility at the CRUK-Manchester Institute.

Antibody Host Species Manufacturer cat. Number Dilution Incubation Use
anti-Sox7 Sheep  Mouse Home made - 1/2000 ON 4°C WB
Secondary HRP Donkey  Sheep Sigma A3415 1/5000 1h RT WB
anti B220 Rat Mouse BD Biosciences 553084 1/10 ON 4°C IHC

Table 2.4. List of antibodies for western blotting (WB) and immunohistochemistry
(IHC)
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2.2.3. Luciferase reporter assay

HEK?293 cells were seeded at a density of 50,000 cells per well onto 24-well
plates. The next day cells were washed and transfected with the DNA mixes using
Geneluice kit (Novagen) according to protocol’s manufacturer. Each DNA mixture
contained 0.3 ng of Renilla vector (SCBR1066) and 50 ng of Firefly Luciferase reporter
construct (SCBR EBF1promoter) and a total of 140 ng expression constructs in pcDNA
vector. The DNA mixture was added to the Geneluice transfection reagent and then,
after 5-15 minutes incubation at room temperature, was dropped wise to cells. Forty-
eight hours after the transfection, cells were lysed in 200 pl of lysis solution. 10 pl of
lysate were used for measurement using the Dual-Luciferase reporter assay system
(Promega). The Luciferase activity was acquired using the GloMax-Multi Detection
System machine (Promega). All Firefly luciferase values were normalized to the

respective Renilla internal control.

2.3. Cell culture and maintenance

2.3.1. Culture of Human Embryonal Kidney 293 T (HEK293), Platinum-

Ecotropic retroviral packaging -human embryonal kidney (Plat-E) and

human cervix carcinoma (HeLa)

HEK?293, Plat-E and HeLa cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM, Lonza) supplemented with 10% foetal calf serum (FCS, PAA
Laboratories), 2 mM L-Glutamine (Gibco) and 50 pg/ml penicillin/streptomycin

(Gibco). All cell lines were cultured at 37°C in a humidified 5% CO, incubator.
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2.3.2. Culture of mouse stromal cell line: OP9 and OP-DL1

OP9 and OP9-DLI1 cells were expanded in alpha-minimum essential medium (a-
MEM, Lonza) supplemented with 20% foetal calf serum (FCS, PAA Laboratories), 50
pg/ml penicillin/streptomycin (Gibco) and 2 mM L-Glutamine (Gibco) and cultured at

37°C in a 5% 0,%-5% CO, incubator.

2.3.3. B cell-OP9 co-culture

OP9 stromal cell line supports in vitro the differentiation of B cells. Prior to co-
culture, OP9 cells were expanded as described above in section 2.3.2. Before the start of
the co-culture, OP9 cells were seeded onto 6-well plates at a density of 40,000 cells per
well and mitotically inactivated by irradiation at 30 Grays (Gy) for 21.9 minutes. Single
cell suspensions obtained from bone marrow were plated on irradiated OP9 in RPMI
(Roswell Park Memorial Institute, Lonza) supplemented with 20% foetal calf serum
(FCS, PAA Laboratories), 2 mM L-Glutamine (Gibco), 5 pg/ml Kit Ligand (KL), 2
pg/ml Interloukin-7 (IL-7) and 5 pg/ml FLT3 (all from Prepotech) and cultured at 37°C
in a humidified 5% CO, incubator. Twice a week cells were harvested, counted and re-

plated onto fresh irradiated OP9 cells.

2.3.4. Culture of leukaemia cell lines

Sup-B15 (BCR-ABL (el-a2)), REH (TEL-AMLI1), RS4;11 (MLL-AF4 (el0-
e4)), BV173 (BCR-ABL), 697 (TCF3-PBX1), SD1 (BCR-ABL) and NALMG6
(PDGFRB-ETV6) are human B cell precursor leukaemia cell lines, MV4-11 (MLL-AF4
(e9-e5)) is a human acute monocytic leukaemia cell line. The Sup-B15, MV4-11 and
REH cell lines were expanded in RPMI (Roswell Park Memorial Institute, Lonza)

supplemented with 10% foetal calf serum (FCS, PAA Laboratories) and 1% L-
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Glutamine (Gibco). The SD1 and NALM6 were cultured in the same medium with the
addition of 50 pg/ml penicillin/streptomycin (Gibco). The BV173 and 697 were
cultured in the medium described above with 20% foetal calf serum (FCS, PAA
Laboratories), 1% L- Glutamine (Gibco) and 50 pg/ml penicillin/streptomycin (Gibco).
The RS4;11 cell line was expanded in alpha-minimum essential medium (a-MEM,
Lonza) supplemented with 10% foetal calf serum (FCS, PAA Laboratories) and 2 mM
L-Glutamine (Gibco). All the cell lines were cultured at 37°C in a humidified 5% CO,

incubator.

2.3.5. Culture of primo-graft B-ALL samples

CD13 5.2 (very high-risk sample-VHRO03), CD13 11.2 (standard-risk sample-
SR03), CD19 3.1 (high hyperdiploidy), CD20 1.1 (ETV6-RUNX1), 694E (high level of
minimal residual disease-MDR hi) and TR (high hyperdiploidy) are primo-graft B-ALL
samples. These samples have been engrafted and amplified in vivo. These human
samples were expanded in StemSpan medium (Stem cell technology) supplemented
with 10% foetal calf serum (FCS, PAA Laboratories), 2 mM L-Glutamine (Gibco), 25
pg/ml penicillin/streptomycin (Gibco), 50 ng/ml human stem cell factor (hSCF), 50
ng/ml mFLT3, 20 ng/ml hTPO, 20 ng/ml hIL3, 10 ng/ml hIL6 and 10 ng/ml mIL7 (All
from Prepotech). All primo-graft samples were cultured at 37°C in a humidified 5%

CO, incubator.

2.3.6. Proliferation assay
A total of 0.25-1 million cells were plated in a 6-well plate in the presence of
their growth medium. Cells were counted every 3 days and re-seeded in their growth

medium for about 10-12 days. Data are shown as the mean of absolute cell number from
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two or three wells.

2.3.7. Mouse haematopoietic colony forming assay

Single cell suspensions obtained from bone marrow were plated at a density of
40,000 cells per 35 x 10 mm dishes (BD Falcon) in semi-solid medium supplemented
with haematopoietic cytokines. The media contained 55% methylcellulose (10 g/L),
10% serum (Stem Cell Technology), 10% protein-free hybridoma medium (PFM,
Gibco), 2 mM L-Glutamine (Gibco), 180 pg/ml transferrin, 0.5 mM ascorbic acid,
4.5x10* M MTG, 1% KL, 1% IL-3, 1% thrombopoietin conditioned medium, 1 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF), 5 ng/ml IL-11, 2 U/ml
erythropoietin (Ortho-Biotech), 5 ng/ml IL-6, 10 ng/ml macrophage colony-stimulating
factor (M-CSF) (all from R&D system) and Iscove’s Modified Dulbecco’s Medium
(IMDM, Lonza). When indicated, 1 ug/ml of doxycycline (Dox) was added to the semi-
solid medium. Haematopoietic colonies were counted according to their morphology.
For serial clonogenic replating assay colonies were dissociated with PBS and re-plated
in fresh semi-solid medium every 3-4 days. For haematopoietic colony forming assay,
colonies were counted after 10-12 days in culture. Data are shown as the mean number

of colonies from three dishes and bars represent standard deviation of the mean.

2.3.8. Human colony forming assay

Human leukaemia cell lines were plated in the a-MEM (Lonza) containing 55%
methylcellulose (10 g/L), 10% serum (Stem Cell Technology), 10% protein-free
hybridoma medium (PFM, Gibco), 2 mM L-Glutamine (Gibco), 180 pg/ml transferrin,
0.5 mM ascorbic acid, 4.5x10* M MTG, 1% mouse KL, 10 ng/ml human IL-7, 200

ng/ml human IL-3, 3 ng/ml human IL-6 and 10 ng/ml hSCF (All from Peprotech).
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Cultures were maintained at 37°C, 5% CO,, Haematopoietic colonies were counted

according to their size and morphology. Data are shown as the mean number of colonies

from three dishes and bars represent standard deviation of the mean.

2.3.9. Flow cytometry analysis and cell sorting

Single cell suspensions from adult bone marrow, B cell culture, haematopoietic
colonies, mice blood samples or human cell line and primary samples were stained and
analysed with FACSCalibur or LSRII and sorted with Influx or Aria flow cytometers
(all BD Biosciences).

Staining for sorting was performed in IMDM with 10% FCS, whereas cell
surface staining for analysis was performed in PBS with 10% FCS. Cells were
incubated with the primary antibodies for 30 minutes on ice or at 4°C, then washed in
PBS with 10% FSC and stained with the secondary antibodies for 30 minutes on ice or
at 4°C. After the secondary staining, cells were washed in PBS with 10% FSC and re-
suspended in PBS with 10% FSC for cell surface staining or IMDM with 10% FCS for
sorting. Monoclonal antibodies and streptavidin used for staining are listed in table 6.
Data were analysed using the FlowJo software (TreeStar).

For magnetic activated cell sorting (MACS) of cKIT positive cells or lineage
negative (MAC1", GRI1°, B220, CD4 and TER119") cells, cells were collected by
centrifugation and washed in PBS with 5% FSC. Ten million cells of single cell
suspension from adult bone marrow were incubated in 50ul of PBS with 5% FSC with
biotin-labelled antibodies (eBioscience, Table 2.5) for 20 minutes on ice. Then, cells
were washed in PBS with 5% FSC and incubated with anti-biotin magnetic beads
(Miltenyi Biotec) for 20 minutes on ice. After washing, biotin-antibody labelled cells

were isolated using LS Separation Columns (Miltenyi Biotec) following the
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Antibody Fluorochrome Manufacturer Dilution Species
IgM FITC eBioscience 1/200 Mouse
AA4.1 FITC eBioscience 1/200 Mouse
MACI PE eBioscience 1/200 Mouse
GRI1 PE eBioscience 1/600 Mouse
B220 PE eBioscience 1/200 Mouse
CD24 PE eBioscience 1/200 Mouse
SCA1 PE eBioscience 1/200 Mouse
TER119 PE eBioscience 1/300 Mouse
CD4 PE eBioscience 1/200 Mouse
CD23 PE eBioscience 1/200 Mouse
CD45.2 PE eBioscience 1/600 Mouse
BP-1 biotin eBioscience 1/100 Mouse
MACI biotin eBioscience 1/300 Mouse
GRI1 biotin eBioscience 1/300 Mouse
B220 biotin eBioscience 1/300 Mouse
CD4 biotin eBioscience 1/300 Mouse
TER119 biotin eBioscience 1/300 Mouse
CD71 biotin eBioscience 1/1000  Mouse
CD25 biotin eBioscience 1/300 Mouse
IgDh biotin eBioscience 1/100 Mouse
CD45 biotin eBioscience 1/200 Human
CD19 PE-Cy7 eBioscience 1/300 Mouse
Strepavidin PE-Cy7 eBioscience 1/300 Mouse
GR1 PE-Cy7 eBioscience 1/500 Mouse
cKIT APC eBioscience 1/100 Mouse
CD43 APC eBioscience 1/200 Mouse
IgM APC eBioscience 1/100 Mouse
CD8 APC eBioscience 1/300 Mouse
CD41 APC eBioscience 1/200 Mouse
CD45.1 APC eBioscience 1/300 Mouse
CD45.2 APC eBioscience 1/200 Mouse
VE-Cadherin  Alexa-Fuor647 eBioscience 1/200 Mouse
CD19 Pacific blue eBioscience 1/300 Mouse
CD19 Pacific blue eBioscience 1/100 Human
CD21/CD35 eFluor 450 eBioscience 1/100 Mouse
B220 eFluor 450 eBioscience 1/100 Mouse

Table 2.5. List of antibodies used for flow cytometry analysis
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manufacturer’s protocol. Briefly, cell suspension was applied onto LS Column,
previously inserted into an MACS Separator. LS column was washed two times with
PBS buffer and all unlabelled cells were collected. When interested in labelled cells, 5
ml of PBS buffer was added to the LS column, previously removed from the MACS

separator, and labelled cells were flushed out from the column.

2.3.10. Lentivirus production and transduction

Non-silencing and Sox7 shRNA were purchased from Open Biosystems and
expressed in a modified version of pGIPZ with a sFFv promoter replacing the CMV
promoter as described in the plasmid construction section. For the second-generation
lentivirus production, HEK293 cells were seeded onto 150 x 25 mm dishes (BD Falcon)
at a density of about 40,000 cell/cm®. Mix of 20 pg of pGIPZ vector containing non-
silencing and Sox7 shRNA, 13 ng packaging (pCMVAS.9) plasmid and 7 pg envelope
(pMDG.2) plasmid were precipitated by adding 1/18 volume of 5M NaCl and two
volumes of 100% ethanol. The next day, cells were transfected according to BD
CalPhos Mammalian transfection kit protocol (Clontech). Briefly, 2X HBS solution was
slowly vortexed while adding the solution composed by the mix of plasmids, 2 M
Calcium solution and sterile water. The transfection solution was gently mixed and then
added dropwise to plated HEK293 cells. Cells were incubated at 37°C in a humidified
5% CO, incubator for twenty-four hours. On day 3, medium was removed from the
plates and replaced with fresh medium. On day 4, 5 and 6 virus supernatant was
collected, centrifuged at 1000-2000 rpm for 10 minutes at 18 °C. Then, virus
supernatant was filtered over a 0.45 um filter (BD Falcon) into a sterile bottle (BD
Falcon) and store at 4°C for no more than a week. Finally, produced viruses were

concentrated by single or double ultra-centrifugation (Sorvall). First, all viruses were
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pelleted at 20,000 rpm at 4°C for two hours. Supernatants were discarded by decanting;
pellets were re-suspended in PBS or in appropriate cell medium and aliquots were
stored at -80°C. Viral titres were expressed as HeLa-cell-transducing units per millilitre
(TU/mL). Viruses were used to transduce cell line according to their titration.

The day before the transduction, leukaemia cell lines were split. On day 2,
150,000 cells were plated in one well of a 12-well plate and transduced at a MOI of 3-
50 in culture media with the addition of polybrene (8 pg/ml) by spinoculation for 30
minutes at 1200 rpm at room temperature. Cells were incubated at 37°C in a humidified
5% CO; incubator for about two hours, then washed with PBS and re-plated into fresh
medium. Seventy-two hours later, cells were analysed for GFP expression by FACS.
When required, GFP positive cells were sorted or selected by addition of puromycin

(0.4-0.8 pg/pl).

2.3.11. Cell cycle analysis

The cell cycle staining was performed according to Click-iT EdU Flow
Cytometry Assay Kits manufacturer’s protocol (Invitrogen; A10202). One million cells
were incubated with 10 uM EdU (5-ethynyl-2-deoxyuridine, nucleoside analogue to
thymidine) for 10 minutes to 4 hours depending on the cell dividing time. Then, cells
were harvested and fixed with Click-iT fixative solution for 15 minutes at room
temperature, protected from light. After washing in 1% BSA with PBS, cells were
permeabilized adding 1X saponin-based permeabilization and wash buffer. Click-iT
reaction cocktail containing the fluorescent dye azide (Alexa Fluor 647) was prepared
according to manufacturer’s protocol and incubated for 30 minutes at room temperature,
protected from light. Cells were washed with 1X saponin-based permeabilization and

wash buffer and incubated for DNA content detection with Violet 406 for 30 minutes at
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room temperature, protected from light. EQU detection is based on a reaction between
the azide and the alkyne in the EdU. Acquisition analysis was performed on a LSRII

cytometer.

2.3.12. Apoptosis analysis

The apoptosis staining was performed according to PE Annexin-V Apoptosis
Detection Kit I manufacturer’s protocol (BD Pharmingen). In summary, cells were
washed twice with PBS and 100,000 cells were re-suspended in 100 pl of 1X Binding
Buffer. Cells were stained with Annexin-V and 7-Amino-Actinomycin (7-AAD)
antibodies for 15 min at room temperature in the dark. After adding 400ul of 1X
Binding Buffer, cells were analysed by flow cytometry. Viable cells are 7-AAD"
Annexin-V’, early apoptotic cells are 7-AAD” Annexin-V' and apoptotic cells are 7-

AAD" Annexin-V".

2.3.13. May-Griinwald-Giemsa staining

50,000-500,000 cells were centrifuged onto slides using a Cytospin 3 centrifuge
(Shandon) for 5 minutes at 800 rpm at medium acceleration and left to dry. Slides were
fixed with methanol for 10 minutes and stained with 5 volumes of O-Dianidisine, 1
volume of 3% Hydrogen Peroxide and 1 volume of Sodium Nitroferricyanide mix for
10 minutes protected from light. After rinsing with water, slides were stained with May-
Griinwald solution (Merck) for 2-3 minutes, rinsed with water and stained with a 1 in 20
dilution of Giemsa’s stain solution (VWR) for 20 minutes. Finally, slides were rinsed

with water, left to dry and mounted with coverslip.
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2.4. In vivo assays

2.4.1. Tet-on doxycycline-inducible expression system

The Doxycycline inducible Sox7-24-GFP transgenic mice (iSox7) carry two
transgenes allowing the inducible expression of Sox7 as previously described (Gandillet
et al., 2009). One transgene, inserted into the Hprt locus, encodes the Sox7 sequence
linked to GFP via a 2A viral peptide sequence under the control of a Tet responsible
element. The second transgene inserted into the Rosa locus encodes a reverse
tetracycline trans-activator. The stimulation with doxycycline initiates the transcription
of both Sox7 and GFP, allowing to monitoring the expression of Sox7 through GFP
expression. All animal work was performed under regulations governed by the Home

Office Legislation under the Animal Scientific Procedures Act of 1986.

2.4.2. Cre recombinase transgenic mice

A previous member of the laboratory, Andrzej Mazan, generated the conditional
lox P Sox7-targeted transgenic lines.

In CD19-Cre transgenic mice the deletion of Sox7 gene is restricted to CD19
positive B cells. Blood, bone marrow and spleen were analysed by staining for all blood
lineages. Unsorted and sorted CD19" cells from spleen and bone marrow were
genotyped for Sox7 deletion.

The conditional deletion of Sox7 gene in Mx[-Cre transgenic mice was induced
by Cre recombinase specifically in haematopoietic stem cells by intra-peritoneal
injection of polyinosinic-polycytidylic acid (plpC). Mice were injected with 7 doses of
plpC (600 ng per dose) every 2-3 days. Two, thirty and forty-four days after the final

plpC dose, blood samples were analysed to assess the deletion level of the Sox7 gene.
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Once complete deletion was confirmed, blood, bone marrow and spleen cells were

analysed by staining for all blood lineages.

2.4.3. Transplantation and tumourigenicity assay

One million bone marrow cells from iSox7 mouse were re-suspended in PBS
and transplanted intravenously into sub-lethally irradiated (125 ¢Gy) NSG mice. After
reconstitution of the haematopoietic system, these mice were fed with or without
doxycycline diet pellet (Harlan). Every two months, one mouse per group (no Dox and
Dox) was sacrificed and blood, bone marrow, spleen, liver and thymus were analysed.

For tumourigenicity assay, one or two million cells from iSox7 colonies serially
expanded in semi-solid culture were re-suspended in PBS and injected intravenously in
NSG mice. Tumour growth was assessed every four weeks by blood analysis and every
week by weight measuring and general health monitoring for signs of ill health
(evidenced by piloerection, hunched posture, loss of response to environment). Mice
were sacrificed around 10 months after the injections.

For transplantation of human leukaemia sample, RS4;11 and NALM®6 cells or
primary cells were transduced with lentiviruses as described above in section 3.10. A
total of 150,000-2,000,000 transduced RS4;11 cells, 30,000-250,000 transduced
NALMG6 cells or 400-2000 transduced primary cells were sorted and transplanted
intravenously into sub-lethally irradiated (125 ¢Gy) NSG mice. Blood samples were
analysed every 3 weeks and organs were analysed when required due to mouse
sickness. Moreover, IVIS imaging was performed every 2-3 weeks in mice injected
with transduced cells containing the Luciferase reporter construct as described in
section 2.3.

All the procedures for injecting cells in vivo were performed by members of the
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BRU facilities at the CRUK-Manchester Institute. All animal work was performed
under regulations governed by the Home Office Legislation under the Animal Scientific

Procedures Act of 1986 and was approved by the British Home Office.

2.4.4. In vivo imaging

Mice were injected intra-peritoneally with a Luciferin solution (dose of 75
mg/kg; PerkinElmer). Then, mice were placed into a clear Plexiglas anaesthesia box
(3% isofluorane). After the mice were fully anesthetized, they were transferred to the
nose cones in the imaging chamber (IVIS Lumina, Caliper Life Sciences). The imaging
time is 30 seconds-1 minute per side (dorsal/ventral). The intra-peritoneal injection of
Luciferin solution was performed by members of the BRU facilities at the CRUK-

Manchester Institute.

2.5. Statistical analyses
Data have been statistically analysed using a Student’s t Test. Significant

differences are indicates with * for p<0.05 and with ** for p<0.01.
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Chapter 3

3. Investigation of the consequences of Sox7-enforced
expression on adult haematopoiesis during myeloid

differentiation

3.1. Introduction

During embryonic development, the specification of the haematopoietic
programme is orchestrated by transcription factors in response to signals from
environmental factors. Many transcriptional regulators, growth factors and signalling
cascades have been identified as part of these complex networks (Dzierzak and Speck,
2008). To fully understand these developmental processes, key elements within these
regulatory networks still remain to be identified.

In order to identify novel regulators of blood specification, a gene expression
profiling was performed on sub-populations isolated at various stages of the
haematopoietic differentiation of mouse embryonic stem cells. This analysis led to the
identification of several novel genes, among which the transcription factor Sox7, whose
expression is modulated at the onset of blood specification.

Previous work performed in our laboratory established that Sox7-sustained
expression in haematopoietic precursors blocked further differentiation while promoting
self-renewal and that Sox7 knock-down greatly impaired the generation of endothelial

and haematopoietic precursors. Altogether, this work demonstrated the importance of
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SOX7, along with its close homologue SOX18, in controlling the balance between
proliferation and differentiation at the onset of haematopoietic specification (Gandillet
et al., 2009; Serrano et al., 2010).

Given the profound impact of Sox7-sustained expression on embryonic blood
differentiation, my project has investigated how the enforced expression of Sox7 might
affect the adult haematopoietic system. The first hypothesis I tested was whether Sox7-
enforced expression conferred a proliferative advantage to adult haematopoietic cells.
Secondly, I have defined which adult haematopoietic cells were responsive to Sox7-
enforced expression and finally, I have characterized the immuno-phenotype of cells
proliferating upon Sox7-enforced expression.

To this end, an elegant model previously established in the laboratory was used
to elucidate the above hypothesis. This model system carries two transgenes allowing
the inducible expression of Sox7 as previously described by Gandillet and colleagues

(Gandillet et al., 2009) (Figure 3.1).

ROSA locus: HPRT locus:
Dox

,—»rtTA activator ,—> Sox7 2A Gfp
| ]/ -Iil—-:-
pR26 TRE ‘ .

Figure 3.1. Doxycycline-inducible expression system.

Sox7 coding sequence, together with GFP sequence, is inserted into the HPRT locus.
Adding doxycycline (Dox) to the cells results in the binding of the reverse tetracycline
activator (rtTA) to the tetracycline responsive element (TRE) and drives expression of
SOX7-2A-eGFP.
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One transgene is inserted into the Hprt locus and encodes the Sox7 coding sequence
linked to a Gfp-neomycin cassette via a 2A viral peptide sequence under the control of a
Tet responsible element. The 2A sequence mediates the co-translational cleavage of the
poly-protein SOX7-2A-GFP (Ryan and Drew, 1994). The second transgene, inserted
into the Rosa locus, encodes a reverse tetracycline trans-activator. The introduction of
doxycycline in the culture conditions induces the transcription of Sox7 and Gfp allowing

monitoring the expression of SOX7 via GFP detection.

3.2. Results

3.2.1. Sox7-enforced expression induces the proliferation of bone marrow

cells.

In order to investigate the consequences of Sox7-enforced expression on the
homeostasis of adult haematopoiesis, the outcome of Sox7 ectopic expression in cells
derived from the doxycycline inducible Sox7 transgenic mice (thereafter referred to as
iSox7) has been analysed in vitro. The bone marrow was extracted from wild type (wr)
and iSox7 transgenic mice and serial clonogenic replating assays were performed in
myeloid semi-solid culture in the presence or in the absence of doxycycline. Every
three-four days, colonies were counted and the same number of cells was re-plated in
fresh semi-solid medium to assess the clonogenic potential of those cells. Different
assays were performed at each replating round (Figure 3.2 A). As shown in figure 3.2 B,
the numbers of colonies steadily increased with each replating of iSox7 bone marrow
cells in the presence of doxycycline while a progressive decrease in colonies number
was observed in the absence of doxycycline. In parallel, cells from w¢ mice were tested

as control. In both conditions, a gradual decrease in colonies formation was observed
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upon serial replating as reported in the iSox7 sample cultured without doxycycline.
Since no differences were identified between wt samples and iSox7 cultured without

doxycycline, only the latter was used as control in the subsequent experiments.
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Figure 3.2. Sox7-enforced expression induces proliferation of bone marrow cells.
A) Scheme of the protocol used for serial replating assay. The bone marrow was
extracted from femurs of inducible Sox7 transgenic or wt mice and serial replating
assays were performed in semi-solid culture in the presence or in the absence of
doxycycline. Different assays were performed at each replating. B) The iSox7 and wt
bone marrow cells were plated in semi-solid culture and colonies were counted every
three-four days at each plating rounds. The bar chart shows the colony number for each
plating rounds (n=3; **P<0.01). Bar graph is representative of four independent
experiments.

110



Chapter 3

Large colonies, round and tight in appearance, were observed when Sox7
expression was induced while only few small colonies were identified in the control
cultures. In the presence of doxycycline, most colonies were GFP positive (Figure 3.3
A) and expressed increasing level of Sox7 upon serial replating as indicated by the qRT-

PCR analysis (Figure 3.3 B).
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Figure 3.3. Colonies express increasing level of Sox7 upon serial replating.

A) Colonies formed by iSox7 bone marrow cells. Representative picture of iSox7 and
iSox7" colonies obtained in clonogenic replating assay (Leica scan and software, scale
bar: 100 um). B) Quantitative RT-PCR analysis of Sox7 transcript levels relative to
Bactin at 1*" and 3" plating round in iSox7 bone marrow cells cultured with or without
doxycycline. Error bars indicate mean + standard deviation (n=3). Bar graph is
representative of four independent experiments.
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Next, analysis of the cell cycle was performed to further demonstrate the
induction of proliferation by Sox7-enforced expression. The EdU incorporation together
with the DNA content dye can easily and clearly separate cells into the different stages
of the cell cycle. In particular, it is possible to distinguish cells in the GO-G1 state, in the
DNA synthesis, S phase, and the G2 state (Schorl and Sedivy, 2007). In parallel to the
increase in clonogenic potential, a 5-fold increase in the frequency of cells in the S-

phase of the cell cycle analysis was also observed (Figure 3.4).
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Figure 3.4. Sox7-enforced expression induces proliferation of bone marrow cells.
A) The cell cycle status was assessed after 4 hours of EdU incubation of iSox7 bone
marrow cells cultured with or without doxycycline. Percentage of cells is shown in the
indicated gates. FACS plots are representative of four independent experiments. B) The
bar chart shows the percentage of cells in the GO/G1, S and G2 phases shown in A.
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In addition, the morphology of cultured cells was analysed. Upon serial
replating, the iSox7-induced colonies contained more immature blast-like cells and
fewer macrophages compared to the control cultures as observed by May-Griinwald
Giemsa staining (Figure 3.5).

Altogether, these data suggest that Sox7 over-expression, to some extent,
impaired haematopoietic differentiation and induces proliferation, a findings similar to

what was observed in embryonic haematopoiesis (Gandillet et al., 2009).
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Figure 3.5. Sox7-enforced expression impairs haematopoietic differentiation of
bone marrow cells.

A) May-Griinwald-Giemsa staining of iSox7 bone marrow cells cultured with or
without doxycycline at the plating round 2 (Leica scan and software, scale bar: 50 um).
Red arrows indicate immature blast-like cells. Pictures are representative of four
independent experiments. B) The bar chart shows the number of macrophages,
neutrophils and blast cells shown in A.
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3.2.2. Characterization of Sox7-expressing cells
Next, the immuno-phenotype of Sox7-expressing cells was investigated using FACS
analysis. During the serial replating, the increase in proliferation was paralleled with an

increase in the frequency of SOX7::GFP-expressing cells as shown in figure 3.6.
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Figure 3.6. The increase in proliferation is reflected by an increase in the
frequency of SOX7::GFP-expressing cells.

A) Representative FACS plot of SOX7::GFP and CD45 expression profiles of iSox7
bone marrow cells cultured with doxycycline. Percentages are shown in the indicated
quadrants. B) Percentage of SOX7::GFP positive cells are shown in the bar chart. Error
bars indicate mean =+ standard deviation (n=3). FACS plots and graph are representative
of four independent experiments.

FACS analysis revealed two sub-populations based on their level of SOX7::GFP
expression: SOX7::GFP"" and SOX7::GFP"#". Different markers were included in the
analysis; in particular, MAC1 and GR1 were used for identifying myeloid cells, CD45
for haematopoietic cells and cKIT for progenitor cells. Moreover, the endothelial cell

marker, VE-cadherin (CDHS5), was included in the analysis since it was previously
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shown to be a transcriptional target of SOX7 at the onset of haematopoietic
development (Costa et al., 2012). The immuno-phenotypic characterisation of the two
SOX7::GFP sub-populations revealed that most SOX7::GFP"" cells were MAC1™¢",
CD45Me"  cKIT™Y, CD34", GR1°"M&"  VE_cadherin™ and CD48"" while the
SOX7::GFP™®" cells were MAC1"", MAC1"¥, CD45"¢", ¢KIT"", CD34", GR1", VE-

cadherin™® and CD48"#" (Figure 3.7).
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Figure 3.7. Characterization of Sox7-expressing cells.

Representative FACS plot of SOX7::GFP, MACI1, GR1, CD45, VE-cadherin, cKIT,
CD34 and CDA48 expression profiles of iSox7 bone marrow cells cultured with
doxycycline at the plating round 1 and 4. Percentages are shown in the indicated gate.
SOX7::GFP"¥-expressing cells are gated in blue while SOX7::GFP"¢"-expressing cells
are in red. FACS plots are representative of four independent experiments.
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In this analysis, we observed a progressive increase in the frequency of cells
double positive for VE-cadherin and SOX7::GFP expression (Figure 3.8 A). Moreover,
further analysis of the immuno-phenotype revealed an increase in the frequency of the
SOX7:GFP'cKIT® population upon serial replatings suggesting that a
SOX7::GFP"cKIT " blast-like population may maintain the clonogenic potential of iSox7
bone marrow cells (Figure 3.8 B). Given the presence of this blast-like population, a
detailed analysis of the expression of haematopoietic stem cell markers was performed.
This analysis revealed an increase in the frequency of Lineage” SCA1" ¢cKIT" (LSK)
fraction upon serial replating as well as an increase in the LSK CD48" population
(Figure 3.9) suggesting that Sox7-enforced expression may induce the proliferation of a
progenitor subset.

Altogether these findings reveal that the enforced expression of Sox7 in bone

marrow cells not only enhances proliferation but also blocks lineage maturation.
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Figure 3.8. Sox7-enforced expression induces the expression of ¢cKIT and VE-
cadherin positive cells.

The percentage of SOX7::GFP-cKIT double positive (A) and SOX7::GFP-VE-cadherin
double positive (B) cells is shown in the bar chart for iSox7 positive colonies during the
four plating rounds. Error bars indicate mean + standard deviation (n=3).
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Figure 3.9. Sox7-enforced expression induces an increase in the frequency of LSK
cells.

Representative FACS plot of cKIT, SCAI, CDI150 and CD48 expression profiles of
iSox7 bone marrow cells cultured with doxycycline at the plating round 1 and 4.
Percentages are shown in the indicated quadrants. SCA1 cKIT plot is gated on Lineage
negative population. FACS plots are representative of four independent experiments.

3.2.3. The cKIT'GFP"®" sub-population contains the clonogenic potential

and requires the sustained expression of Sox7 to proliferate.

To define whether Sox7 expression was essential for the maintenance of the
clonogenic potential, doxycycline was removed from the culture and the colonies were
counted after one week (Figure 3.10 A). As shown in the figure 3.10 B and C, Sox7
expression was essential to maintain the formation of colonies since removal of
doxycycline dramatically and significantly reduced both clonogenic and proliferative
potential.

In order to address whether SOX7::GFP-expressing cells were able to maintain
the clonogenic potential, SOX7::GFP" and SOX7::GFP" sub-populations were sorted

from colonies obtained after 3 successive passages and replated in the presence or in the
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absence of doxycycline (Figure 3.11 A). After one week in culture, only the
SOX7::GFP" cells replated in the presence of doxycycline were able to generate
colonies and to maintain a high proliferative potential (Figure 3.11 B-C). Altogether,
these data suggests that SOX7::GFP-expressing cells maintain the clonogenic potential

upon Sox7-enforced expression.
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Figure 3.10. Sox7 expression is essential to maintain the formation of colonies.

A) Scheme of the protocol used for doxycycline removal assay. Serial replating assays
were performed in semi-solid culture in the presence of doxycycline. After the plating
round 4, 100,000 iSox7" bone marrow cells were cultured in semi-solid culture with or
without doxycycline. After one week in culture, cells were analysed. B) The bar chart
shows the colony number for each sample (n=3; **P<0.01). C) The cell cycle status
was assessed after 4 hours of EdU incubation of iSox7" bone marrow cells cultured with
or without doxycycline. Percentages of cells are shown in the indicated gates. Graph
and FACS plots are representative of two independent experiments.
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Figure 3.11. SOX7::GFP-expressing cells are able to maintain the clonogenic
potential.

A) Scheme of the protocol used to address whether SOX7::GFP-expressing cells are
able to maintain the clonogenic potential. Serial replating assays were performed in
semi-solid culture in the presence of doxycycline. After the plating round 3, iSox7"
bone marrow cells were sorted based on SOX7::GFP expression and 100,000 sorted
cells were cultured in semi-solid culture with or without doxycycline. After one week in
culture, cells were analysed. B) The bar chart shows the colony number for each sample
(n=3; **P<0.01). C) The cell cycle status was assessed after 4 hours of EAU incubation
of SOX7::GFP" iSox7" bone marrow cells cultured with or without doxycycline.
Percentages of cells are shown in the indicated gates. Graph and FACS plots are
representative of two independent experiments.
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A detailed immuno-phenotypic analysis performed in these experiments
revealed the presence of three different sub-populations within the iSox7" replating
cultures based on SOX:GFP and cKIT staining: SOX7:GFP"cKIT,
SOX7::GFP"8"cKIT and SOX7::GFP""¢cKIT". To define their nature and clonogenic
potential, these three sub-populations were sorted and replated in semi-solid culture
with or without doxycycline (Figure 3.12 A). When compared to the other sub-
populations, the SOX7::GFP"¢"¢cKIT" sub-population gave rise to more colonies after
one week in culture with doxycycline (Figure 3.12 B) and showed a high proliferative
potential as determined by EdU incorporation (Figure 3.12 C). In addition, analysis of
the cell morphology revealed that the SOX7:GFP™¢"¢cKIT" sub-population in the
presence of doxycycline contained fewer macrophages and monocytes but more small
immature blast-like cells (Figure 3.12 D).

Altogether, these data revealed that the SOX7::GFP"" cells expressing cKIT
seem to best maintain the capacity to produce colonies and appears to be the most

responsive to enforced Sox7 expression.
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Figure 3.12. SOX7::GFP"¢"cKIT -expressing cells are able to maintain the
clonogenic potential and show less sign of haematopoietic differentiation.

Scheme of the protocol used to address whether SOX7::GFP-expressing cells are able to
maintain the clonogenic potential. Serial replating assays were performed in semi-solid
culture in the presence of doxycycline. After the plating round 3, iSox7" bone marrow
cells were sorted based on SOX7::GFP and cKIT expression and 100,000 sorted cells
were cultured in semi-solid culture with or without doxycycline. After one week in
culture, cells were analysed. B) The bar chart shows the colony number for each sample
(n=3; *P<0.05). C) The cell cycle status was assessed after 4 hours of EdU incubation
of SOX7::GFP"8"cKIT" bone marrow cells cultured with or without doxycycline.
Percentages of cells are shown in the indicated gates. Graph and FACS plots are
representative of three independent experiments. D) May-Griinwald-Giemsa staining of
iSox7 bone marrow cells cultured with doxycycline after one week (Leica scan and
software, scale bar: 50 um). Yellow arrows indicate neutrophils, green arrows indicate

macrophages, dark red arrows indicate monocytes and red arrows indicate immature
blast-like cells.

121



SOX?7 and adult haematopoiesis

3.2.4. Differential responsiveness of splenic and thymic cells to Sox7-

enforced expression.

To define which cell types could be targeted by Sox7-enforced expression the
above experiments were repeated starting from spleen and thymus cells. The spleen and
thymus were extracted from iSox7 transgenic and wt mice. During the following weeks
serial replatings of iSox7 and wt cells were performed in semi-solid culture in the absent
or presence of doxycycline and colonies were counted and analysed (Figure 3.13 A). As
presented in figure 3.13 B, the number of colony significantly increased, during the
successive serial replatings, only in the iSox7 spleen cells in the presence of
doxycycline. On the contrary, thymus cells were not able to response to Sox7-enforced
expression.

To define whether Sox7 was essential for the maintenance of the clonogenic
potential of spleen cells, doxycycline was removed from the culture and the colonies
were counted after one week. As shown in the figure 3.13 C and D, Sox7 expression
was essential to maintain the formation of colonies since removal of doxycycline
dramatically and significantly reduced the clonogenic and proliferative potential.

In addition, analysis of the immuno-phenotype of SOX7::GFP" cells revealed
that most cells within the colonies were MAC1", GR1" and cKIT"" (Figure 3.13 E) as
observed in the bone marrow cell-derived cultures.

Hence, these data revealed that, in addition to bone marrow cells, a subset of

cells within the spleen is also responsive to Sox7-enforced expression.
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Figure 3.13. A subset of cells within the spleen is responsive to enforced Sox7
expression.

A) Spleen and thymus cells were extracted from inducible Sox7 transgenic or wt¢ mice
and serial replating assays were performed in semi-solid culture in the presence or in the
absence of doxycycline. B) The bar chart shows the colony number for each plating
rounds (n=3; **P<0.01). C) After the plating round 4, iSox7" spleen cells were cultured
in semi-solid culture with or without doxycycline for one week. The bar chart shows the
colony number for each sample (n=3; *P<0.05). D) The cell cycle status was assessed
after 4 hours of EdU incubation of iSox7" spleen cells cultured with or without
doxycycline. E) Representative FACS plot of SOX7::GFP, MACI1, GR1 and cKIT
expression profiles of iSox7 spleen cells cultured with doxycycline at the plating round
4. SOX7::GFP""-expressing cells are gated in blue while SOX7::GFP™#"-expressing
cells are in red. Percentages are shown in the indicated gates. Graphs and FACS plots
are representative of three independent experiments.
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3.2.5. Sox7-enforced expression induces the proliferation of progenitor cells

derived from adult bone marrow.

To extend those findings and further define which subset of cells within the
bone marrow were responsive to Sox7-enforced expression, specific subset of
haematopoietic progenitors (HSC, MPP, LSK CD48", LMPP) were isolated from iSox7
bone marrow and tested in serial clonogenic replating assays (Figure 3.14 A).

A preliminary experiment was performed sorting cells only based on cKIT
expression (Figure 3.14 B). All haematopoietic progenitor cells are included in the cKIT
positive sub-population while the cKIT negative sub-population contains more mature
and differentiated haematopoietic cells. As expected, colonies were obtained only from
the cKIT positive sub-population. The induction of Sox7 expression seemed not to
increase the formation of colony in this particular condition (Figure 3.14 C). Next, a
more detailed analysis was carried out to determine which subsets of progenitors within
the bone marrow were responsive to Sox7-enforced expression. Based on specific
immuno-phenotypes, subsets of haematopoietic progenitors were sorted using well-
known markers and plated in the semi-solid culture. The HSC, MPP and LSK CD48"
populations ware isolated gating first on lineage” SCA1" and cKIT" cells; then, CD48
and CD150 were used to further define the three sub-populations. HSCs are CD150"
CD48", MPPs are CD150" CD48™ while LSK CD48" cells are positive for both CD150
and CD48 (Figure 3.15 A).

As shown in figure 3.15 B, all sorted sub-populations of progenitors were able to
generate colonies upon Sox7-enforced expression in serial replating. Colonies were
maintained upon serial replating when Sox7 expression was induced while clonogenic

potential was lost in the control cultures.
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Figure 3.14. Sox7-enforced expression induces the proliferation of ¢cKIT" cells.

A) Schematic representation of haematopoietic hierarchy. B) cKIT" and cKIT cells
were sorted from iSox7 bone marrow cells. C) cKIT" and cKIT cells were cultured in
semi-solid culture with and without doxycycline for clonogenic replating assays. Bar
chart shows the colony number for each sample (n=3; ** P< 0.01). Graph and FACS
plot are representative of two independent experiments. HSC: haematopoietic stem
cells, MPP: multi-potent progenitors, LSK: Lineage’ SCA1" c¢KIT', LMPP: lympho-
primed multi-potent progenitors, CLP: common lymphoid progenitors, CMP: common
myeloid progenitors.

The more differentiated progenitors LMPP were sorted using the expression of the
FLT3 receptor (Figure 3.15 C). Similarly, LMPP cells were able to generate colonies
only in the presence of doxycycline while no colonies were observed in the control.
Moreover, a gradual increase in colony number was observed upon Sox7-enforced
expression (Figure 3.15 D).

These data reveal that Sox7-enforced expression is able to induce the

proliferation of progenitors at several levels of the blood lineage hierarchy.
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Figure 3.15. Sox7-enforced expression induces the proliferation of a subtype of
cells with blast-progenitor characteristic at different level of blood lineage

specification.
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A) HSC, MPP and LSK CD48" cells were sorted from iSox7 bone marrow cells gated
on LIN'SCA1 cKIT" population. B) HSC, MPP and LSK CD48" cells were cultured in

semi-solid culture with and without doxycycline for clonogenic replating assays. C)

LMPP cells were sorted from iSox7 bone marrow cells gated on LIN'SCA1 c¢KIT"

population. D) LMPP cells were cultured in semi-solid culture with and without
doxycycline for clonogenic replating assay. Bar charts show the colony number for each
plating rounds (n=3; ** P< 0.01). Bar graphs are representative of one independent

experiment.
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3.2.6. Impact of Sox7-enforced expression on the haematopoietic

differentiation of p53” bone marrow cells

Sox7-enforced expression might not be sufficient for the development of overt
haematological malignancy. If this hypothesis is true, the cells responsive to enforced
Sox7 could represent a pre-leukaemic population and therefore require a second hit to
induce overt malignancy. As a model system, the deletion of p53 was used since it has
been reported that in cases of acute myeloid leukaemia the loss of the p53 response
pathway is associated with disease progression (Krejci et al., 2008). Bone marrow was
extracted from p53'/'iSox7 transgenic mice. Serial clonogenic replating assays of p53‘/'
iSox7 cells were performed in semi-solid culture in the absent or presence of
doxycycline and the colonies were counted and analysed by flow cytometry.

As shown in the graph presented in figure 3.16 A, the colony numbers increased
more significantly during the successive replatings of p53”iSox7 bone marrow-derived
cells in the presence of doxycycline. Colonies were tight and round in appearance and
were expressing GFP when Sox7 was induced (Figure 3.16 B). Level of SOX7::GFP
expression gradually increased upon Sox7-enforced expression (Figure 3.16 C). In
addition, analysis of the cell morphology in p53”iSox7 culture with doxycycline
showed an increased frequency of immature blast-like cells and a decrease in
macrophages compared to the control population (Figure 3.16 D-E).

To further define whether Sox7 is essential for the maintenance of the
clonogenic potential, doxycycline was removed from the culture and the colonies were
counted after one week. As shown in the figure 3.17 A and B, Sox7 expression was
essential to maintain the formation of colonies since removal of doxycycline

dramatically reduced the clonogenic and proliferative potential.
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Figure 3.16. Sox7-enforced expression induces proliferation of p53”iSox7 bone
marrow cells.

A) The p537iSox7 bone marrow cells were plated in semi-solid culture and colonies
were counted every three-four days at each plating rounds. The bar chart shows the
colony number for each plating rounds (n=3; *P<0.05). B) Representative picture of
p537iSox7 and p53”iSox7" colonies obtained in clonogenic replating assay (Leica scan
and software, scale bar: 100 um). C) Percentage of SOX7::GFP positive cells are shown
in the bar chart. D) May-Griinwald-Giemsa staining of p353”iSox7 bone marrow cells
cultured with or without doxycycline at the plating round 2 (Leica scan and software,
scale bar: 50 um). Red arrows indicate immature blast-like cells. E) The bar chart shows
the number of macrophages, neutrophils and blast cells shown in D. Graphs are
representative of three independent experiments.
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In order to confirm that SOX7::GFP-expressing cells are able to maintain the
clonogenic potential, SOX7::GFP" and SOX7::GFP" sub-populations were sorted from
colonies obtained after 3 successive replatings and replated in the presence or in the
absence of doxycycline as performed in the p53 wt background. After one week in
culture, SOX7::GFP" cells replated in the presence of doxycycline were able to generate
colonies (Figure 3.17 C-D) at a 3-fold increased frequency that in the control.
Altogether, these data demonstrate that SOX7::GFP-expressing cells maintain

the clonogenic potential upon Sox7-enforced expression.
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Figure 3.17. SOX7::GFP-expressing cells are able to maintain the clonogenic
potential.

A) After the plating round 4, p53”iSox7" bone marrow cells were cultured in semi-solid
culture with or without doxycycline for one week. The bar chart shows the colony
number for each sample (n=3; *P<0.05). B) The cell cycle status was assessed after 4
hours of EdU incubation of p53”iSox7" bone marrow cells cultured with or without
doxycycline. Percentages of cells are shown in the indicated gates. C) After the plating
round 3, p53”iSox7" bone marrow cells were sorted based on SOX7::GFP expression
and cultured in semi-solid culture with or without doxycycline. D) The bar chart shows
the colony number for each sample after a week in culture (n=3; *P<0.05). Graphs and
FACS plots are representative of one independent experiment.
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Then, the immuno-phenotype of those cells was investigated by FACS analysis.
The analysis of the p537"SOX7::GFP" cells showed an immuno-phenotype similar to the
one observed previously for p53”7"SOX7::GFP" cells with however a marked increase
in the frequency of SOX7::GFP™" cells. In summary, p53""SOX7::GFP"" cells are
MAC1"  cKIT™ and VE-cadherin™" while p53"SOX7::GFP™" cells are
MAC1"" ¢KIT"" and VE-cadherin® (Figure 3.18). This flow cytometric analysis also
revealed the presence of three sub-populations of cell based on SOX7::GFP and cKIT
expression in the context of the p53”iSox7 bone marrow-derived cells similarly to the

previous experiments performed on the wt background.
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Figure 3.18. Characterization of p53”"Sox7-expressing cells.

Representative FACS plot of SOX7::GFP, MACI, cKIT and VE-cadherin expression
profiles of p53”iSox7 bone marrow cells cultured with doxycycline at the plating round
4. Percentages are shown in the indicated quadrants. SOX7::GFP""-expressing cells are
gated in blue while SOX7::GFP"#"-expressing cells are in red. FACS plots are
representative of three independent experiments.
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To define their nature and clonogenic potential, these three sub-populations were
sorted and replated in semi-solid culture. After one week in culture in the presence of
doxycycline, the SOX7::GFPM&"cKIT" sub-population formed more colonies when
compared to the other populations (Figure 3.19). Therefore, the double positive sub-
population seems to best maintain the capacity to produce colonies and appears to be
the most responsive to enforced Sox7 expression as it was observed for the
SOX7::GFPME"cKIT" population on the p53""* background.

Altogether, these data confirm the results previously obtained showing that bone
marrow cells are responsive to enforced Sox7 expression. Furthermore, the absence of
pS53 seems to considerably increase the formation of colonies and frequency of

SOX7::GFP"&"cKIT" cells compared to p353 wt cells.
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Figure 3.19. SOX7::GFP"¢"cKIT -expressing cells are able to maintain the
clonogenic potential.

A) After the plating round 3, p53”iSox7" bone marrow cells were sorted based on
SOX::GFP and cKIT expression and 100,000 sorted cells were cultured in semi-solid
culture with or without doxycycline. B) After one week in culture, colonies were
counted. The bar chart shows the colony number for each sample (n=3; *P<0.05;
**pP<0.01). Graph is representative of two independent experiments.
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3.2.7. In vivo experiments

To assess in vivo whether Sox7 expression may confer a leukaemic potential,
mouse iSox7" clonogenic colonies derived from serial replatings were injected into
NOD-SCID IL2Ry" mice (NSG) mice fed or not with doxycycline. These recipient
mice have impaired immunological functions, featuring an absence of mature T and B
cells, a lack of functional NK cells and deficiencies in cytokine signalling. As a
consequence, engraftments of injected cells are better than in other mice with little to no

graft rejection.

3.2.7.1. iSox7" or p53” iSox7" colonies generated in semi-solid
culture do not retain the ability to engraft in vivo
To assess in vivo whether Sox7 expression may confer a leukaemic potential,
iSox7" and p53” iSox7" clonogenic colonies derived from serial replatings were injected
into immuno-compromised mice fed or not with doxycycline (Figure 3.20 A). Blood
sample analysis and weight measurement was performed every 4 weeks to assess the
impact of Sox7 expression on the possible development of haematological malignancy.
Following the weight of the iSox7" or p53” iSox7" mice until 24 weeks after the
injection showed no significant changes (data not shown). Furthermore, analysis of the
blood samples showed no engraftment of the injected cells; CD45.1 expression, which
marks the recipient cells, was readily detected while CD45.2 expression, marking the
donor cells was not observed (Figure 3.20 B).
A possible reason for the lack of CD45.2 detection, and therefore of
engraftment, might be due to the high VE-cadherin expression observed on iSox7
injected cells that does not allow homing of these cells to the bone marrow. Another

interpretation for the lack of donor cells detection in blood samples might be that these
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cells are blocked in the bone marrow and therefore difficult to detect in the peripheral
blood. To address these hypotheses the analysis of spleen and bone marrow cells of the
mice fed with and without doxycycline were performed. As shown in figure 3.20 C,
cells derived from both mice did not express VE-cadherin and no SOX7::GFP
expression was detected. This analysis revealed that the iSox7" or p53” iSox7" cells did
not engraft. Therefore, based on these experiments it seems that colonies generated in
semi-solid culture did not retained the ability to engraft and therefore, these cells do not

seem to have the ability to confer leukaemia or other haematological malignancy.

3.3. Summary of findings

Given the striking impact of Sox7-expression on embryonic haematopoiesis, I
hypothesized that the mis-expression of Sox7 in adult cells may confer a proliferative or
survival advantage while blocking lineage maturation. Hence, Sox7 might be implicated
in the emergence or maintenance of leukaemia initiating cells.
Based on this hypothesis, I have analysed the outcome of Sox7 ectopic expression in
cells derived from adult mice harbouring an inducible Sox7 transgene. To define
whether Sox7 enforced expression induces proliferation in adult cells I used a serial
clonogenic replating assay. Interestingly, I observed a progressive increase in colony
numbers in replating assays performed with iSox7 bone marrow cells in the presence of
doxycycline while no significant changes were detected in the other conditions, wild-
type bone marrow cells in the presence or absence of doxycycline and iSox7 bone
marrow cells without doxycycline. To extend this finding and further define the nature
of the cell types amplified upon Sox7-enforced expression the serial clonogenic-
replating assay was performed using spleen and thymus cells. In this case, I also

observed a progressive increase in colony numbers upon serial replating in culture
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Figure 3.20. Sox7" or p53” iSox7" colonies generated in semi-solid culture do not
retain the ability to engraft in vivo.

A) Schematic representation of the in vivo assays. After the plating round 4, p537-
iSox7" or iSox7" bone marrow cells were injected into immuno-compromised mice fed
or not with doxycycline. Every four weeks mice were weighted and blood samples were
analyzed. B) Engraftment analysis performed at 16 weeks after injection.
Representative FACS plots of CD45.1 (recipient cells) and CD45.2 (donor cells)
expression profiles of blood samples from immuno-compromised mice fed with or
without doxycycline. C) Representative FACS plots of SOX7::GFP and VE-cadherin
expression profiles of bone marrow and spleen cells from immuno-compromised mice
fed with or without with doxycycline. Percentages are shown in the indicated gates.
FACS plots are representative of two independent experiments.
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derived only from iSox7 spleen cells in the presence of doxycycline suggesting that a
subset of cells within the spleen are also responsive to enforced Sox7 expression.

Next, I evaluated whether the increase in proliferation reflected an increase in
the frequency of SOX7::GFP-expressing cells within the bone marrow and spleen cell
replating cultures. During the serial replating FACS analysis was performed and indeed
revealed an increase in the frequency of SOX7::GFP" cells. I also characterized the
immune-phenotype of cells induced to proliferate upon Sox7 induction and the FACS
analysis has shown two sub-populations based on the SOX7::GFP expression. The bulk
of SOX7:GFP"® cells were MAC1"®"*¥, CD45"¢", cKIT"", CD34,, GRI’, VE-
cadherin™®" and CD48"¢". The flow cytometry analysis has also revealed the presence
of a sub-population of cells with different level of cKIT and SOX7::GFP expression.
Further replating of the sorted populations revealed that the SOX7:GFP"$"cKIT"
subpopulation contains most of the clonogenic potential as it best maintained the
capacity to produce colonies.

To evaluate the extent of differentiation of cells amplified upon Sox7-enforced
expression the morphology of the cells derived from these replatings has been analysed.
The analysis revealed that Sox7-enforced expression impairs haematopoietic
differentiation as was previously observed in embryonic haematopoiesis (Gandillet et
al., 2009).

I also investigated the hypothesis that a second hit, such as the deletion of p353,
might be necessary to induce haematological malignancy. This experiment has further
validated the results obtained in the experiments carried out on wt background, that
bone marrow cells are responsive to enforced Sox7 expression that the
SOX7::GFP"€"cKIT" sub-population contains most clonogenic potential, and that Sox7-

enforced expression impairs haematopoietic differentiation.
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To assess in vivo whether Sox7 expression may confer a leukaemic potential,
iSox7" and p53”iSox7" clonogenic colonies derived from serial replating have been
injected into immuno-compromised mice fed or not with doxycycline. The iSox7" and
P53 iSox7" bone marrow cells did not show sign of engraftment and therefore did not

appear to confer leukaemia.
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4. SOX7 expression in human leukaemia samples

4.1. Introduction

Acute lymphoblastic leukaemia (ALL) is the most frequent type of cancer in
children. Childhood ALL is curable in most cases and the survival rate is about 80 per
cent. On the contrary, the rate of cure for adults is only 40 per cent (Pui et al., 2004; Pui
et al., 2008). Progresses have been made in the treatment of leukaemia but there is a
great demand for the development of new less toxic therapies. Therefore, a better
understanding of the molecular mechanisms underlying the emergence and maintenance
of ALL is fundamental.

Several SOX family members play an important role in tumour development. In
particular, it has been reported that the expression of SOX7 is frequently down-regulated
in many solid tumours such as prostate, colon and endometrial cancers (Chan et al.,
2012; Guo et al., 2008). However, the possible role of SOX7 in blood malignancy has
not been investigated to date. Gandillet and college have reported using a murine model
that Sox7 knock-down in vitro significantly inhibits haematopoietic differentiation and
that the enforced expression of Sox7 in the earliest committed haematopoietic
precursors promotes proliferation while blocks their differentiation (Gandillet et al.,
2009).

Of interest, one of the downstream targets of SOX7 identified in embryonic
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haematopoietic cells is EVI-1 (unpublished data). Over-expression of Evi-1 occurs with
high frequency in leukaemic patients and is an independent negative prognostic
indicator. Furthermore, preliminary data indicate the over-expression of SOX7 in few
cases of childhood ALL (Trentin et al., 2009). Based on these facts, it was tempting to
speculate that SOX7 might be implicated in leukaemia development.

Therefore, analysis of the expression of SOX7 transcripts in human cases of
leukaemia was performed to confirm and extend this preliminary report. My aim here
was to determine whether SOX7 was up-regulated in haematological malignancies, in
both paediatric and adult samples and whether the possible increased expression

correlated with specific type of leukaemia.

4.2. Results

4.2.1. SOX7 is not expressed in healthy bone marrow samples

Since preliminary data indicated the over-expression of SOX7 in few cases of
childhood ALL (Trentin et al., 2009), one important question to address was whether
SOX7 is expressed in healthy non-leukaemic samples.

To address this question, different existing datasets were used in the analysis.
The gene expression database from the University of Stanford was consulted for the
expression of Sox7 in mouse haematopoiesis. As shown in figure 4.1 A Sox7 transcripts
were not detected in any haematopoietic compartment. Moreover, in the Oncomine
database SOX7 is reported not to be expressed in both healthy human bone marrow and
blood samples (Figure 4.1 B).

To confirm and validate those data, Sox7 expression was analysed in healthy w¢

mouse bone marrow samples since healthy human bone marrow or blood samples were
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Figure 4.1. Sox7 is not expressed in healthy samples.

A) Gene expression commons (https://gexc.stanford.edu/) on mouse haematopoiesis
model submitted by Jun Seita (Stanford University) Reference: PubMed ID:, GEO GSE
ID: 34723. BM: bone marrow, SP: spleen. B-C) SOX7 expression in human healthy and
leukaemia samples (Anderson’s study on the graph B and Haferlach’s study on the
graph C, modified from Oncomine database, ** P<0.01).
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no available. In particular, since SOX7 appears to be expressed mainly in ALL, mouse
bone marrow cells were sorted based on the expression of B lymphoid markers.
Different populations were sorted starting from the common lymphoid progenitors to
mature B cells as shown in figure 4.2. In particular, CLP population was sorted based
on the absence of Lineage markers and the presence of cKIT and SCA1 markers. The
three immature B cell sub-populations (Pre-pro B, Pro B and Late-pro B) were sorted
according to their specific expression of B220, CD43, BP-1 and CD24 markers. The
more mature B cell sub-populations (Small pre B, Immature B and Mature B) were
sorted based on their expression of B220, IgD and IgM. All the sub-populations were
gated on live cells, 7AAD". Then, qRT-PCR was performed on the cDNA prepared
from these sorted sub-populations and the expression of Sox7 was analysed. In addition,
Pax5, a well-known transcription factor involved in B cell development, was also
included in the analysis as a positive control. As expected, Sox7 was not detectable in
any sub-populations. On the contrary, Pax5 was detectable at good level in most B cell
sub-populations except for the most immature CLP (Figure 4.3).

Altogether, these results suggest that SOX7 is not expressed in both mouse and
human healthy bone marrow samples and indicate that SOX7 expression detected in

cases of human ALL might be directly linked to the malignancy.
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Figure 4.2. Sorting strategy of B cell sub-populations.

Representative FACS plots of B cell markers expression profile of bone marrow cells.
A) CLP population was sorted based on Lineage, SCA1, cKIT and IL7 expression. B)
Immature B cells were sorted based on B220, CD43, CD24 and BP1 expression. C)
Mature B cells were sorted based on B220, CD43, IgD and IgM. Sorted populations
were gated on live cells 7AAD". Percentages are shown in the indicated gates. FACS
plots are representative of one independent experiment.
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Figure 4.3. Sox7 is not expressed in mouse B cell sub-populations.

Quantitative RT-PCR analysis of Sox7 and Pax5 transcript levels relative to Pactin in
sorted B cell sub-populations from mouse bone marrow. Error bars indicate mean =+
standard deviation (n=3). Graph is representative of one independent experiment.

4.2.2. SOX7 is over-expressed in human B-Acute Lymphoblastic Leukaemia

samples

To determine whether SOX7 was up-regulated in haematological malignancies
and whether the possible increased expression correlated with specific type of
leukaemia, QRT-PCR was performed on cDNA isolated from several childhood and
adult acute lymphoblastic leukaemia samples.

Interestingly, in both childhood and adult human leukaemia samples tested, the
detection level for SOX7 transcripts was relatively high when compared to SOX17 or
SOXI8 transcripts that were not detected or at very low levels (Figure 4.4 A-C). SOX7
expression appeared heterogeneous across all leukaemia samples tested but in some of
these genotypes the expression was much higher than in others, in particular in some of
the childhood ALL samples such as ETV6-RUNX1, MLL and progenitor B. Moreover,
childhood bone marrow AML samples were tested for SOX7 expression as well.

One out of three patients expressed high level of SOX7 and this expression was

much higher than any of those observed in AML samples (Figure 4.4 D).
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Figure 4.4. SOX7 is expressed in B-ALL.

Quantitative RT-PCR analysis of SOX7 and SOXIS8 transcript levels relative to
B2microglobulin in childhood and adult human B-ALL samples (A-C). Human
Childhood AML samples are shown in panel D. Average between samples is indicated
in the graphs.
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To define whether SOX7 is significantly expressed at higher levels in specific
leukaemias more samples should be tested; however, I did not have access to more
patient samples. To overcome this limitation, the Oncomine microarray database was
consulted (Rhodes et al., 2004); analysis of leukaemia datasets supported my qRT-PCR
data revealing the expression of SOX7 in large cohorts of B-ALL samples but not in
other types of haematological malignancies (Andersson Leukaemia study, 127 samples

and Haferlach Leukaemia study, 2096 samples) (Figure 4.5).
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Figure 4.5. SOX7 is specifically expressed in human B-ALL.

SOX7 expression in human healthy samples and in different types of leukaemias
(Anderson’s study on the bar graph A and Haferlach’s study on the bar graph B,
modified from Oncomine database; ** P<0.01). AML: Acute Myeloid Leukaemia, B-
ALL: B Cell- Acute Lymphoblastic Leukaemia, B-ALL Childhood: B-Cell childhood
Acute Lymphoblastic Leukaemia, CLL: Chronic Lymphocytic Leukaemia, CML:
Chronic Myelogenous Leukaemia, MDS: Myelodysplastic Syndrome, Pro B-ALL: Pro-
B Acute Lymphoblastic Leukaemia, T-ALL: T-Cell Acute Lymphoblastic Leukemia.
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Moreover, the analysis clearly showed a specific increase in SOX7 expression in B-ALL
when compared to the expression of its close homologues, SOX17 and SOXI8, which
are more heterogeneously expressed across all types of leukaemias (Figure 4.6). This
analysis was performed for datasets from three independent studies analysed from the
Oncomine database as shown by the heatmap representations in figure 4.6.

In addition, to investigate whether SOX7 expression correlated with a specific
type of mutation within B cell subtypes of leukaemias, the Oncomine database was
consulted once again. Two independent studies were analysed; the first study showed an
increased in SOX7 expression in samples carrying the ETV6-RUNXI1 translocation
while a decrease in SOX7 expression was observed in samples with the BCR-ABL
fusion gene (Figure 4.7 A). These differences were largely attenuated in the second
study where more samples were included in the analysis (Figure 4.7 B). Therefore,
these data suggest that SOX7 expression does not correlate with a specific type of
translocation or mutation involved in B-ALL.

Altogether, these results suggest that SOX7 is specifically expressed in human

B-ALL samples.
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Figure 4.6. SOX7 is specifically expressed in human B-ALL.

SOX7 expression dataset of human leukaemia samples obtained by Oncomine
microarray database. Three different studies are shown (A-C). AML: Acute Myeloid
Leukaemia, B-ALL: B Cell- Acute Lymphoblastic Leukaemia, B-ALL Child: B-Cell
childhood Acute Lymphoblastic Leukaemia, CLL: Chronic Lymphocytic Leukaemia,
CML: Chronic Myelogenous Leukaemia, MDS: Myelodysplastic Syndrome, Pro B-
ALL: Pro-B Acute Lymphoblastic Leukaemia, T-ALL: T-Cell Acute Lymphoblastic
Leukemia.
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4.2.3. SOX7 is expressed in human B-ALL cell lines and primo-graft

samples

To further establish a possible correlation between SOX7 and leukaemia, the
following cell lines were tested for SOX7 expression: SupB15, REH, RS4;11, BV137,
NALMS6, SD1, 697, MV4;11. SupB15, REH, RS4:11, BV137, NALMS6, SD1 and 697
which are all B-cell ALL cell lines while MV4;11 is an AML cell line. The molecular
genetic of SupB15, BV137 and SDI cell lines is characterized by the expression of the
fusion gene BCR-ABL. The REH cell line contains a TEL-AML1 translocation while
RS4:11 and MV4-11 cell lines both contain a MLL-AF4 chromosomal translocation
(e10-e4) and MLL-AF4 (e9-e5). The NALM6 cell line contains a PDGFRB-ETV6
translocation and finally, the 697 cell line is characterized by TCF3-PBX1 fusion gene.

All the B-ALL cell lines, except for SD1, expressed SOX7 transcript at different
levels, from highest expression in the SupB15 and NALMG6 cell lines to lowest
expression in BV173. In contrast, the AML cell line MV4;11 expressed very low level
of SOX7 (Figure 4.8 A) as expected from the human samples analyses described above.
In addition, SOX7 expression levels in all B-ALL cell lines tested were quite
heterogeneous in agreement with SOX7 expression in human primary samples.
Moreover, human B-ALL primo-graft samples were tested for SOX7 expression. These
human samples were amplified by engrafting in mice and represent a very good model
for testing the role of SOX7 in leukaemogenesis. The cytogenetic of TR and CD19 3.1
samples is high hyperdiploidy. CD13 5.2 is a very high-risk sample compared to CD13
11.2 that is a standard-risk sample. The 694E sample contains high level of minimal
residual disease, MLL-AF4 contains the MLL-AF4 chromosomal translocation, and
finally, CD20 1.1 sample contains the ETV6-RUNXI1 fusion gene. As observed in both

primary samples and cell lines, SOX7 was expressed at different levels in all B-ALL
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primo-graft tested (Figure 4.8 B).

In order to determine the protein expression level of SOX7 in these cell lines, a
western blotting analysis was performed using the home-made SOX7 polyclonal
antibody initially derived against mouse SOX7. Immuno-blotting of protein extracts
from three B-ALL lines revealed that this SOX7 antibody cross-reacts with human
SOX7. Protein extract from MS1, a mouse endothelial cell line, was used as a positive
control for SOX7 detection. All cell lines tested expressed readily detectable level of
SOXT7 protein (Figure 4.8 C).

Altogether, these data confirm the expression of SOX7 in multiple B-ALL

subtypes of leukaemias in cell lines and primo-graft samples.

4.3. Summary of findings

Since the sustained expression of Sox7 in early mouse haematopoietic precursors
was sufficient to completely alter the balance between proliferation and differentiation
at the onset of haematopoiesis and the over-expression of SOX7 was observed in few
cases of childhood ALL, it was tempting to speculate that SOX7 might be implicated in
the emergence and/or maintenance of leukaemia.

Based on these facts, I analysed the expression of SOX7 transcripts in multiple
human cases of leukaemia. A qRT-PCR analysis was performed on childhood and adult
human samples and the Oncomine database was consulted for a more complete analysis.
Data indicated high expression levels of SOX7 transcripts in ALL, in particular in B cell
subtypes of leukaemia. Interestingly, the relative expression of SOX7 was high when
compared to SOX17 and SOX18 transcripts that were only detected at minimal level.

In addition, SOX7 expression was heterogeneous across B-ALL samples and did not

correlate with a specific type of translocation or mutation.
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Figure 4.8. SOX7 is expressed in human B-ALL cell lines and primo-graft samples.
Quantitative RT-PCR analysis of SOX7 transcript levels relative to f2microglobulin in
human leukaemia cell lines (A) and primo-graft samples (B). Error bars indicate mean +
standard deviation (n=3). SupB15 (BCR-ABL), NALM6 (PDGFRB-ETV6), REH
(TEL-AML1), RS4;11 (MLL-AF4(el10-e4)), 697 (TCF3-PBX1), BV173 (BCR-ABL)
and SD1 (BCR-ABL) are B-ALL cell lines. MV4;11 (MLL-AF4(e9-e5)) is AML cell
line. TR (high hyperdiploidy), 694E (high level of minimal residual disease), CD13 5.2
(very high-risk sample-VHRO03), CD13 11.2 (standard risk- SR03), MLL-AF4 (MLL-
AF4), CD19 3.1 (high hyperdiploidy) and CD20 1.1 (ETV6-RUNXI1) are all B-ALL
prima-graft samples. C) Western blotting analysis for SOX7 of whole protein extract
from leukaemia cell lines. Ponceau was used as loading control.
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To further document the correlation between SOX7 expression and leukaemia,
cell lines and primo-graft samples were also tested for the expression of SOX7
transcripts. Most B-ALL cell lines tested expressed SOX7 at high level compared to the
AML cell line, used as a negative control. Only one B-ALL cell line, SD1, did not
expressed SOX7 confirming the heterogeneous expression of SOX7 in B cell leukaemia
samples. In addition, similar SOX7 expression levels were observed in most primo-graft
samples tested. The B-ALL cell lines and primo-graft samples represent very good
models to test our hypothesis as they are able to induce leukaemia in mice upon
transplantation and therefore will allow us to test the potential role of SOX7 in
leukaemogenesis.

Overall, these data clearly demonstrated for the first time a tight correlation
between SOX7 expression and B-ALL suggesting a possible role for SOX7 in

leukaemogenesis.
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5. Analysis of Sox7-enforced expression during mouse B cell

differentiation

5.1. Introduction

B cell development is a process mediated by stromal contact and is dependent on
interleukin-7 (Cumano et al., 1990). The IL-7 cytokine is important for the proliferation
of B cell precursors while its presence is no longer necessary for the complete
maturation of B cells expressing the IgM and IgD immunoglobulins (Melamed et al.,
1997). Another factor important for B cell growth is the contact with bone marrow
derived-stromal cells, which mimic the matrix in organs where B cells develop (Clark et
al., 2014; Cumano et al., 1990; Hardy and Hayakawa, 1991).

B lymphopoiesis is characterized by different progressive stages of
differentiation. Briefly, B cell lymphocytes are generated by the common lymphocyte
progenitor cells. Then, CLP cells progress to sequential immature stages encompassing
pro B, pre B and immature B cell sub-populations. Finally B cells become mature when
expressing both IgM and IgD immunoglobulins (Hagman and Lukin, 2006; Li et al.,
1993; Miosge and Goodnow, 2005).

The analysis of Sox7-enforced expression in adult bone marrow cells, performed
in semi-solid culture, showed that the mis-expression of Sox7 in adult cells confers a

proliferative advantage while blocking lineage maturation as was previously observed
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in embryonic haematopoiesis (Gandillet et al., 2009). In particular, progenitor cells
expressing the cKIT marker retained the clonogenic potential.

Moreover, the over-expression of SOX7 was observed in multiple cases of ALL,
in particular it correlated with the B cell subtype of leukaemia. Given these facts, I
therefore investigated how enforced expression of Sox7 might affect adult B cell
differentiation. The first hypothesis I evaluated was whether Sox7-enforced expression
impaired B cell development. Secondly, I defined which haematopoietic sub-population
was responsive to Sox7-enforced expression and finally, I characterized cells

proliferating upon Sox7-expression both in term of immuno-phenotype and genotype.

5.2. Results

5.2.1. Sox7-enforced expression induces the proliferation of bone marrow

cells and impairs B cell differentiation
Since SOX7 is mainly expressed in B-ALL, this part of the project was focused on
investigating the consequences of Sox7-enforced expression during adult B cell
differentiation. The bone marrow was extracted from inducible Sox7 transgenic mice
and serial replating assays were performed on irradiated OP9 culture in medium
supplemented with IL-7 in the presence or in the absence of doxycycline (Figure 5.1).
The IL-7 induces the proliferation of B cell progenitors while the OP9 stroma was used
to support B cell development and maintenance, mimicking the bone marrow
microenvironment (Vieira and Cumano, 2004). During successive passages without
doxycycline, myeloid development was initially observed as measured by the
expression of the surface marker MAC1 but disappeared with time (Figure 5.2 A and B
upper panel).
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Figure 5.1. Scheme of the protocol used for serial replating assay.

The bone marrow was extracted from femurs of inducible Sox7 transgenic mice and
serial replating assays were performed on irradiated OP9 culture in the presence or in
the absence of doxycycline. Different assays were performed at each replating.

In contrast, B lymphopoiesis progressively increased during the time course of the
experiment as detected by the expression of B cell markers, B220 and CD19 (Figure 5.2
A and B lower panel). These data suggest that the culture condition used in the serial
replating assay efficiently induces B cell maturation and maintenance. Interestingly,
when Sox7 expression was induced, the MAC1" population was maintained throughout
the serial replatings while the B220"CD19" population was severely impaired (Figure
5.2 A and B) suggesting a blockage in B cell maturation by Sox7-enforced expression.
As shown in figure 5.3, the number of cells progressively increased upon serial
replatings of iSox7 bone marrow cells in the presence of doxycycline while no or only
modest changes were observed in the absence of doxycycline. The cells cultured with
doxycycline were GFP positive as expected (Figure 5.3 B) and expressed increasing
level of the Sox7 transcript upon serial replating (Figure 5.3 C). In addition, upon serial
replatings, the Sox7-induced cultures contained more immature blast-like cells and
fewer lymphocytes compared to the control cultures as observed by May-Griinwald
Giemsa staining (Figure 5.3 D). Altogether, these data suggest that Sox7 over-

expression impaired B cell differentiation.
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Figure 5.2. The culture condition, used in the serial replating assay, promotes the
growth of B cells.

A) Representative line chart of MAC1" cells and B220°'CD19" cells in iSox7 bone
marrow cells cultured with and without doxycycline. B) Representative FACS plots of
MACI1, SOX7::GFP, CD19 and B220 expression profiles of iSox7 bone marrow cells
cultured with and without doxycycline. Percentages of cells are shown in the indicated
quadrants. Line chart and FACS plots are representative of four independent
experiments.
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Figure 5.3. Sox7-enforced expression induces cell proliferation and impairs B cell
differentiation.

A) The iSox7 bone marrow cells were plated with or without doxycycline on irradiated
OP9 culture for serial replating assay. The bar chart shows the cell number for each
plating rounds (n=3; *P<0.01). B) Representative pictures of iSox7 bone marrow cells
were plated with or without doxycycline on irradiated OP9 culture at plating round 7
(Leica scan and software, scale bar: 500 pum). C) gqRT-PCR analysis of Sox7 transcript
levels relative to Pactin in iSox7 bone marrow cells cultured with or without
doxycycline. Error bars indicate mean + standard deviation (n=3). D) May-Griinwald-
Giemsa staining of iSox7 bone marrow cells cultured with or without doxycycline
(Leica and scan software, 22X magnification). Top panels (from left to right): cells
cultured without doxycycline at plating round 2 and 5. Bottom panels (from left to
right): cells cultured with doxycycline at plating round 5 and 10. Red arrow indicates B
lymphocytes, head arrow indicates immature blast-like cells. Graphs are representative
of 4 independent experiments.
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To define whether Sox7 expression was essential for the maintenance of the
observed phenotype once initiated, doxycycline was removed from the culture and cells
were counted after three or four days. As shown in the figure 5.4, Sox7 expression was
essential to maintain cell growth since removal of doxycycline dramatically reduced the
proliferative potential and accumulation of cells within the culture. These data suggests

that maintenance of the high proliferative potential requires the persistent expression of

Sox7.
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Figure 5.4. Sox7 expression was essential to maintain the cell growth.

A) After the plating round 9, iSox7" bone marrow cells were cultured on irradiated OP9
with or without doxycycline. The bar chart shows the cell number for each plating
rounds (n=3, ¥*P<0.01). B) Cell cycle status of iSox7" bone marrow cells cultured with
or without doxycycline was assessed after 4 hrs of EdU incubation. Percentage of cells
in the GO/G1, S and G2 phases are shown in the indicated gates. Graph and FACS plots
are representative of two independent experiments.

Next, the immuno-phenotype of Sox7-expressing cells was investigated. During
the serial replating, the increase in proliferation was paralleled with an increase in the
frequency of SOX7::GFP-expressing cells as shown in figure 5.5. The B cell markers,
B220 and CD19 and the progenitor marker, cKIT, were included in the flow cytometry
analysis. The expression of VE-cadherin, a direct target of SOX7, was also analysed in
order to further validate the functionality of the induced protein (Costa et al., 2012).

The FACS analysis revealed two different sub-populations based on their level
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Figure 5.5. The increase in proliferation correlates with an increase in the
frequency of SOX7::GFP-expressing cells.

Representative FACS plots of CD45 and SOX7::GFP expression profiles of iSox7 bone
marrow cells cultured with doxycycline. Percentages of cells are shown in the indicated
gates. FACS plots are representative of 4 independent experiments.

of SOX7::GFP expression. In the SOX7::GFP"" sub-population, most cells were cKIT"
flow " VE-cadherin™", B220" and CDI19" while the SOX7::GFP"€" sub-population
contained mostly cKIT"¢", VE-cadherin™€", B220" and CD19 cells (Figure 5.6 A). After
11 passages, most of the cells were within the SOX7::GFP"#" sub-population and were
enriched in progenitor cells expressing high level of cKIT and VE-cadherin (Figure 5.6
A Dbottom panels). In this analysis I also observed a progressive increase in the
frequency of cKIT SOX7::GFP"#" sub-population upon serial replatings suggesting that
a cKIT'SOX7::GFP"" blast-like population may maintain the proliferative potential
within those cultures (Figure 5.6 B).

To better characterize at which stage of B cell differentiation the B220"
SOX7::GFP™ were blocked, a thorough analysis of the expression of B cell
differentiation markers was performed. In particular, early B cells can be sub-divided
into two sub-populations: less mature cells express B220 and CD43 while the more
mature express only B220 (Li et al., 1993). Then, both sub-populations can be sub-
divided into three fractions. The less mature one distinguishes, based on the expression

of BP-1 and CD24, the three fractions: pre-pro B, pro B and late-pro B; whereas the
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Figure 5.6. Characterization of Sox7-expressing cells cultured on OP9.
Representative FACS plots of VE-cadherin, B220, CD19, cKIT and SOX7::GFP
expression profiles of iSox7 bone marrow cells cultured with and without doxycycline
at plating round 9 and 11. Percentages of cells are shown in the indicated gates.
SOX7::GFP" and SOX7::GFP"" population are gated in blue and red, respectively.
FACS plots are representative of three independent experiments. B) Percentage of
SOX7::GFP-cKIT positive cells are shown in the bar chart. Error bars indicated mean
+standard deviation (n=3). Graph and FACS plots are representative of three
independent experiments.
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more mature one identifies small pre B, immature B and mature B fractions based on
the expression of IgM and IgD (Hardy and Hayakawa, 1991) (Figure 5.7 A-B). The
analysis showed the absence of BP-1 and CD24 expression in Sox7-over-expressing
B220°CD43" cells suggesting that these cells were blocked at a pre-pro B
differentiation stage or even earlier within the progenitor compartment (Figure 5.7 C).

Given the presence of blast-like cells as shown in figure 5.5, a detailed analysis
of the expression of haematopoietic stem cell markers was performed. This analysis
revealed an increase in the frequency of the Lineage' SCA1 ¢KIT" (LSK) fraction upon
serial replatings (Figure 5.8 A) suggesting that Sox7-enforced expression may induce
the maintenance and expansion of the LSK compartment which contains stem cells and
early progenitors including HSCs, LMPP, CLP and CMP (Figure 5.8 B).

Altogether these findings reveal that the enforced expression of Sox7 in bone
marrow cells enhances the proliferation of an immature population while blocking B

lineage maturation.
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Figure 5.7. Sox7-enforced expression blocks bone marrow cells at a pre-pro B
differentiation stage.

A) Schematic diagram of B cell differentiation. B) Schematic representation of the B
cell sub-populations. C) Representative FACS plots of BP-1 and CD24 expression
profiles of iSox7 bone marrow cells cultured with and without doxycycline. BP-1 CD24
plots were gated on B220'CD43" cells. Percentages of cells are shown in the indicated
quadrants. FACS plots are representative of four independent experiments.
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Figure 5.8. Sox7-enforced expression induces the expansion of a LSK subset.

A) Representative FACS plots of ¢cKIT and SCA1 expression profiles of iSox7" bone
marrow cells cultured with doxycycline at the plating round 3 and 10. cKIT SCA1 plots
were gated on Lineage” SOX7::GFP" cells. Percentages of cells are shown in the
indicated gates. FACS plots are representative of four independent experiments. B)
Schematic diagram of haematopoietic hierarchy. LSK compartment contains HSC,

LMPP, CMP and CLP populations.
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5.2.2. The cKIT'SOX7::GFP"™®" sub-population contains both myeloid and

lymphoid potential

Next, we investigated the biological potential of the cKIT'SOX7::GFP" blast-
like population and tested whether these cells were able to differentiate into lymphoid,
erythroid and myeloid lineages in the absence of doxycycline. For this purpose,
cKIT'SOX7::GFP" cells were sorted and plated in semi-solid culture to test their
myeloid and erythroid potential and on irradiated OP9 or OP9-DLI to test their B and T
lymphoid potential, respectively (Figure 5.9 A). Analysis of the morphology of the
cKIT'SOX7::GFP" sorted cells confirmed their blast-like phenotype as observed by

May-Griinwald Giemsa staining (Figure 5.9 B).

A Semi-solid culture - Myeloid potential
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' 10-20 days .
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Figure 5.9. Scheme of the protocol used to assess the myeloid and lymphoid
potential of SOX7::GFP""¢cKIT" cells.

A) Representative FACS plot of cKIT and SOX7::GFP expression profile. Sorted
SOX7::GFP"&"cKIT" cells were cultured on semi-solid culture to assess the myeloid
potential while on irradiated OP9/OP9-DLI cells to assess the lymphoid potential. B)
May-Griinwald-Giemsa staining of sorted SOX7:GFP™$"¢cKIT" cells (Leica scan
software, 40X magnification).
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As shown in Figure 5.10 A and B, cKIT'SOX7::GFP" cells were able to generate
erythroid colonies and all types of myeloid colonies such as megakaryocyte,
granulocyte, mast and macrophage colonies. Gene expression analysis of three myeloid
markers (Gfil, C/ebpe and Irf8) was performed to further confirm myeloid identity
(Figure 5.10 C). When plated on irradiated OP9, cKIT 'SOX7::GFP" cells were also
able to generate B220'CD19" B lymphocytes after about 20 days in culture (Figure 5.11
A); the expression of two lymphoid transcription factors, £2a and Pax5, further
confirmed B cell identity (Figure 5.11 B). To test T lymphoid potential,
cKIT'SOX7::GFP" blast-like cells were plated on irradiated OP9-DL1 and cultured for
about 10 days in the presence of high IL-7 concentration. Successively, cells were
transferred to low IL-7 concentration medium for the acquisition of the mature T cell
phenotype. The expression of the immature T cell marker, CD25, appeared after 10
days in culture suggesting that cKIT'SOX7::GFP" cells were also able to differentiate
toward T cell lineage and generate T lymphocytes at the DN2 or DN3 stage (Figure
5.11 C-D).

Next, in order to test whether the cKIT 'SOX7::GFP" population retained the
ability to engraft in vivo, one million cells were injected into sub-lethally irradiated
immuno-compromised recipient mice not fed with doxycycline. Every four weeks post
engraftment, blood sample analysis was performed to assess for donor contribution. The
detection of a small CD45.2" donor cell population was observed overtime indicating
successful engraftment (Figure 5.12 A). However, a progressive decline in the
contribution of donor cells to less than 1 per cent by 16 weeks was observed (Figure
5.12 B), suggesting that either the self-renewing ability of cKIT 'SOX7::GFP"
progenitor cells was very limited in vivo or that the cKIT 'SOX7::GFP" population

contained mainly short-term progenitors.
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Figure 5.10. SOX7 ::GFP""¢cKIT" cells retain myeloid potential.

A) SOX7::GFP"€"cKIT" cells were sorted and cultured in semi-solid culture without
doxycycline for colony assay. The bar chart shows the number of colonies for each
colony types (n=3). B) Representative pictures of colonies obtained in colony assay and
May-Griinwald-Giemsa staining of cells derived from colonies (Leica scan and
software, 22X magnification, scale bar: 500 um. Top panels (from left to right):
erythroid colony, mast colony and granulocytes. Bottom panels (from left to right):
macrophage colony, megakaryocyte colony and macrophages. C) qRT-PCR analysis of
Gfil,C/ebpe and Irf8 transcript levels relative to B-actin in cells cultured in myeloid and
lymphoid conditions. Error bars indicate mean + standard deviation (n=3). Graphs are
representative of three independent experiments.
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Figure 5.11. SOX7::GFP""¢cKIT" cells retain lymphoid potential.

A) Representative FACS plots of CDI9 and B220 expression profiles of
SOX7::GFP"E"cKIT" cells cultured without doxycycline. Percentages of cells are shown
in the indicated quadrant. B) qRT-PCR analysis of Pax5 and E2a transcript levels
relative to B-actin in cells cultured in myeloid and lymphoid conditions. Error bars
indicate mean + standard deviation (n=3). Graphs and FACS plot are representative of
three independent experiments. C) Schematic representation of T cell development. DN
refers to double negative, DP to double positive and SP to single positive. D)
Representative  FACS plots of CD25 and SOX7::GFP expression profiles of
SOX7::GFPME"cKIT cells cultured on OP9-DL1 cells without doxycycline. Percentages
of cells are shown in the indicated quadrants. FACS plot are representative of two
independent experiments
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Figure 5.12. SOX7::GFP""¢cKIT" cells retain the ability to engraft in vivo.

A) Representative FACS plots of CD45.1 and CD45.2 expression profiles of blood
samples from mice injected with SOX7::GFP"€"cKIT" cells. Percentages of cells are
shown in the indicated quadrants. B) Scatter chart of the CD45.2" donor cell percentage
from 4 to 16 weeks after injection. Error bars indicate mean + standard deviation. Graph
is representative of two independent experiments.

In parallel, the ability to induce haematological malignancy was also evaluated
by injecting cKIT'SOX7::GFP' cells into immuno-compromised mice fed with
doxycycline. Cells successfully engrafted in vivo showing low short and long-term
engraftment ability. The frequency of donor cell contribution was slightly lower than in
mice not fed with doxycycline (Figure 5.13 A). Interestingly, the frequency of CD45.2"
cells dramatically increased sixteen weeks post-engraftment in one out of four mice
(Figure 5.13 B), suggesting the emergence of a disease or the maintenance of self-
renewing HSCs at a low frequency upon doxycycline feeding. However, to confirm this
observation, further experiments will need to be performed. Analysis of the lymphoid
and myeloid compartment in the mouse expressing high frequency of CD45.2
expression was performed in order to verify any haematological imbalance upon over-
expression of Sox7 in vivo. In general, cKIT'SOX7::GFP" cells retained multi-lineage

engraftment ability but no haematological malignancy was observed at 32 weeks post-
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engraftment (Figure 5.14).

Altogether, these results suggest that cKIT'SOX7::GFP" cells retain both

myeloid and lymphoid potential and in vivo repopulating ability.
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Figure 5.13. SOX7::GFP"#"cKIT" cells do not develop any type of malignancies in
vivo.

A) Representative FACS plots of CD45.1 and CD45.2 expression profiles of blood
samples from mice injected with SOX7::GFP""cKIT" cells and fed with doxycycline.
Percentages of cells are shown in the indicated quadrants. B) Scatter chart of the
CD45.2" donor cell percentage from 4 to 16 weeks after injection. Graph and FACS
plots are representative of two independent experiments.
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Figure 5.14. SOX7::GFP"#"¢KIT" cells retain a poor multi-lineage engraftment
ability in vivo.

Representative FACS plots of CD45.1, CD45.2, CD19, B220, CDS8, CD4, GR1 and
MACI expression profiles of bone marrow, blood, spleen and thymus samples from
mice injected with SOX7::GFP"E"cKIT" cells. Analysis was performed on organs from
the mouse with high frequency of CD45.2" donor cells at 32 weeks post-engraftment.
Percentages of cells are shown in the indicated quadrants. FACS plots are representative
of two independent experiments.
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5.2.3. Sox7"¢" population is enriched for stem cell genes

To better characterize the impact of Sox7-enforced expression at the molecular
level, global gene expression profilings were performed. Two populations were sorted
based on their level of SOX7::GFP expression, SOX7::GFP*Y and SOX7::GFP™¢"
(Figure 5.15 A) with two biological replicates used for hybridization on mouse exon
arrays. Multidimensional scaling (MDS) plot was used to check the concordance
between replicates and divergence between the two populations. As shown in figure
5.15 B, the two biological replicates were relatively close to each other. Genes that
changed by at least 2-fold between SOX7::GFP'" and SOX7::GFP"" populations with
a FDR< 5% were considered significant (Figure 5.15 C). The gene expression profile
analysis showed 1164 significantly differentially expressed genes. Of these, the
expression of 642 genes was increased and the expression of 522 genes was decreased
in the SOX7::GFP"™" relative to SOX7::GFP™" population (Figure 5.15 D). Genes
significantly increased upon high expression of Sox7 included stem cell genes such as
Gata2, Flt3 and Cd27 (Table 5.1). In contrast, genes significantly decreased upon high
expression of Sox7 contained lymphocyte-associated genes such as Ragi/2, Ebfl, Pax5
and Cdl9 (Table 5.2). These data were further confirmed by gene set enrichment
analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005) performed on all
differentially expressed genes. GSEA clearly demonstrated a significant enrichment of
haematopoietic stem cell genes (Jaatinen and Laine, 2007; Liang et al., 2007) in the
SOX7::GFP"&" population while a significant enrichment of B-lymphocyte-associated
genes (Haddad et al., 2004; Mori et al., 2008) in the SOX7::GFP"" population (Figure
5.16).

In parallel, I performed a canonical pathway analysis using the Ingenuity

Pathway Analysis IPA software. This analysis showed that most of pathways involved
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Figure 5.15. Sort and microarray analysis of Sox7-expressing cells.

A) Representative FACS plots of ¢cKIT and SOX7::GFP expression profiles of iSox7
bone marrow cells cultured with doxycycline. The indicated gates show the two sorted
populations used for microarray analysis. The Sox7"¢" population is gated in red while
the Sox7™ population is in blue. B) Multidimensional scaling (MDS) plot shows the
separation between treatment groups. C) Heatmap of differentially expressed genes.
Genes that changed by at least 2-fold between SOX7::GFP*" and SOX7::GFP"&"
populations with FDR<5% were considered significant. D) For gene-level analysis,
1164 genes were significantly differentially expressed. Of these, 642 were highly
expressed and 522 were poorly expressed in SOX7::GFP"¢" relative to SOX7::GEP"Y
populations.
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A B
Genes highly expressed in Genes poorly expressed in
SOX7::GFPhigh population: SOXT7::GFPhie" population:
Gene P-value Log fold change Gene P-value Log fold change
CDH5 0.00052 2.776087143 RAG1 0.00027 -4.851588571
GATA2 7.03E-05  2.7744595 RAG2 0.00058  -4.238242
SMAD1 0.00139 1.70400375 PAX5 5.09E-06 -3.561190556
CD27 6.33E-05 2.237015 ILYR 0.00031 -3.2314295
FLT3 0.00247 2.250735714 EBF1 0.00022 -4.178694444
RUNX2 1.16E-05 3.201388864 CD79A 0.00058  -4.229631

CD79B 0.00058 -4.456061875
CD19 0.00058 -3.927118889
BLK 0.00058 -2.370453333
BCL2L1 0.00058 -1.598764583

Table 5.1-5.2. List of genes highly and poorly expressed in S‘OX7::GFPhigh
population. A) List of genes highly expressed in SOX7:GFP"®" relative to
SOX7::GFP"" populations. B) List of genes poorly expressed in SOX7::GFP"" relative

low

to SOX7::GFP™" populations. P-value and log fold change are shown in the tables.
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Figure 5.16. SOX7::GFP"" population is enriched for stem cell genes.

A) Gene set enrichment analysis demonstrates significant enrichment of hematopoietic
stem cell genes in SOX7:GFPM®" population. B) Gene set enrichment analysis
demonstrates significant enrichment of B lymphocyte genes in SOX7:GFP"Y
population.
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in B cell development were indeed affected by the enforced expression of Sox7 (Figure
5.17). Overall, many genes involved in B cell development were poorly expressed in
SOX7::GFP"" population (Figure 5.18). Moreover, the Ingenuity disease and function
analysis showed that most genes highly expressed in SOX7::GFP"#" population were in
the haematopoiesis and haematological development categories. Interestingly, several
genes belonged to the cellular growth or cell death and survival categories as
highlighted in table 5.3 (Figure 5.19), findings correlating with the high proliferation
potential of SOX7::GFP"€" cells observed during the in vitro culture.

Taken together, these data further extend the results obtained in vitro showing
that the enforced expression of Sox7 in adult bone marrow cells has a profound impact

on B cell maturation while enhancing a stem cell signature.

B Cell Receptor Signaling

B Cell Development

PI3K Signaling in B Lymphocytes

Altered T Cell and B Cell Signaling in RA

Role of NFAT in Cardiac Hypertrophy

Role of Macrophages, Fibroblasts, Endothelial Cells in RA
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Primary Immunodeficiency Signaling
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Figure 5.17. Pathways involved in B cell development are affected by the enforced
expression of Sox7.
Ingenuity canonical pathways analysis of genes poorly expressed in SOX7::GFP
population are shown in the graph. The bar chart shows the first ten pathways (RA:
Rheumatoid Arthritis).
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Figure 5.18. Genes involved in the B cell development are poorly expressed in

SOX7::GFP"¢" population.

Ingenuity canonical pathways analysis of genes involved in the B cell development
poorly expressed in SOX7::GFP™¢" population. Genes highlighted in purple are down-

regulated in the SOX7::GFP"€" population.
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Figure 5.19. Genes highly expressed in SOX7::GFP"®" population fall in
haematopoiesis and cellular growth categories.

Ingenuity disease and function analysis of genes highly expressed in SOX7::GFP
population is shown in the bar graph. The bar chart shows the first ten disease and
functions.

high

Proliferation Genes Log fold change P-value

AHR 1.690985714  0.000341
CASP3 1.02398125 0.002236
CD27 2.237015 6.33E-05
CD28 1.716735 0.000613
ETS2 3.605361 1.13E-05
FLT3 2.250735714  0.002473
GATA2 2.7744595 7.03E-05
GFI1B 1.47926125 0.0008
IGF2 1.086665357  0.001961
IKZF2 2.819884667 4.97E-05
IL6 2.767303 0.001091
IRF6 1.582841111  0.000403
MYCN 1.531179286  0.000402
PECAM1 1.305463261 0.00122
TCF7 4444998125 2.71E-05

Table 5.3. List of genes involved in cellular growth highly expressed in
SOX7::GFP"" relative to SOX7::GFP"" population
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5.3. Summary of findings

Since SOX7 is mainly expressed in B-ALL, in this part of the project I
investigated the consequences of Sox7-enforced expression on adult B cell
differentiation. The data described in the present chapter reveal for the first time that the
enforced expression of Sox7 in adult bone marrow cells induces proliferation while
blocking B lineage maturation. The immuno-phenotype analysis revealed that
SOX7::GFP"&" cells expressed high level of VE-cadherin and c¢KIT while they were
negative for the expression of the B cell markers, B220 and CD19. Moreover, I

observed a progressive increased in the cKIT 'SOX7::GFP"¢"

population, suggesting
that this blast-like population may maintain the proliferative potential of iSox7 bone
marrow cells.

Further analysis revealed that the SOX7::GFP™" cells were blocked at a pre-pro
B differentiation stage or even earlier in the progenitor compartment while
SOX7::GFP"" cells showed an LSK immuno-phenotype. These in vitro cellular data
were complemented by a molecular profiling analysis, which revealed that the enforced
expression of Sox7 in adult bone marrow cells globally impaired B cell maturation
while enhancing a stem cell signature.

Since an expansion of immature progenitor cells was observed, their ability to
differentiate into lymphoid and myeloid lineages in the absence of doxycycline was
investigated. cKIT'SOX7::GFP" cells retained erythroid, myeloid and lymphoid
potential in vitro as well as repopulating capacity in vivo.

Finally, to assess in vivo whether Sox7 expression may confer a leukaemic potential,
cKIT'SOX7::GFP" cells derived from serial replating were injected into NSG mice fed

with doxycycline to maintain the over-expression of Sox7. The cKIT ' SOX7::GFP" cells

showed repopulating ability but no haematological disease was observed.
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Chapter 6

6. Analysis of Sox7-enforced expression in vivo

6.1. Introduction

The analysis of Sox7-enforced expression in adult bone marrow cells, performed
in semi-solid culture in the presence of myeloid cytokines, showed that the mis-
expression of Sox7 in adult cells confers a proliferative advantage while blocking
lineage maturation as it was previously observed in embryonic haematopoiesis
(Gandillet et al., 2009).

In addition, I also reported the over-expression of SOX7 in multiple cases of
ALL, in particular in B-ALL. Therefore, I investigated how Sox7-enforced expression
might affect adult B cell differentiation, possibly leading to haematological malignancy.
The data, presented in the previous chapter, revealed that the enforced expression of
Sox7 in adult bone marrow cells induces enhanced proliferation while blocking B
lineage maturation. Moreover, an increased in SOX7::GFP"cKIT" population was
observed suggesting that this blast-like population may maintain the proliferative
potential of iSox7 bone marrow cells as observed in the semi-solid culture experiments.
These cells also retained short-term repopulating capacity in vivo.

Given these facts, this part of my project has investigated how enforced
expression of Sox7 affects haematopoiesis in vivo. First, I evaluated whether Sox7-

enforced expression impaired adult B cell differentiation. Secondly, I defined which
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haematopoietic subsets were responsive to Sox7-enforced expression and finally, I

analysed whether Sox7 over-expression conferred a leukaemic potential in vivo.

6.2. Results

6.2.1. Sox7-enforced expression induces B cell impairment in vivo

In order to establish a model system in which Sox7-enforced expression is only
inducible in the haematopoietic system, total bone marrow obtained from iSox7 mouse
was injected into sub-lethally irradiated immuno-compromised mice. After re-
establishment of the haematopoietic system, engrafted mice were fed or not with
doxycycline, and blood, bone marrow, spleen, liver and thymus were monitored over
12-month period (Figure 6.1). Analysis of blood samples for the expression of CD45.2
present on donor cells indicated a full reconstitution of haematopoietic system in both

experimental groups, with and without doxycycline at two weeks post-engraftment

(Figure 6.2).
iSox7 BM
cells o
Every 2 months:
— ., 1 month < Dox'  __, + FACS analysis
oo * |HC analysis

vl + Progenitor assay

=1

Figure 6.1. Scheme of the protocol used to test the over-expression of Sox7 in vivo.
The bone marrow was extracted from femurs of inducible Sox7 transgenic mice and
single cell suspension was injected into sub-lethally irradiated (230 cGy) NSG mice.
After a month, mice were fed with or without doxycycline. Different analyses and
assays were performed every two months for a 12 months period.
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Figure 6.2. Full reconstitution of the haematopoietic system in vivo.
Representative FACS plots of CD45.1 and CD45.2 expression profiles of blood samples
from mice injected with bone marrow extracted from femurs of inducible Sox7

transgenic mice. Percentages of cells are shown in the indicated quadrants. FACS plots
are representative of two independent experiments.

The frequency of the CD45.2" donor cells increased throughout the experiment reaching
68% and 92% in mice fed with or without doxycycline, respectively. The analyses also
indicated that Sox7-enforced expression resulted in a progressive increase in the
frequency of SOX7::GFP" cells in the analysed organs during the time course of the
experiment (Figure 6.3).

Since B cell impairment was observed in vitro upon Sox7-enforced expression,
B cell marker expression was analysed in the haematopoietic organs. In line with the in
vitro data, the frequency of cells expressing B220, CD19 and IgM was significantly
decreased in blood, bone marrow and spleen of mice over-expressing Sox7. The
expression of B220, CD19 and IgM was restricted to the SOX7::GFP negative
population while it was absent in the Sox7-expressing cells when compared to the

control (Figure 6.4).
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Figure 6.3. Sox7-enforced expression results in an increase in the frequency of
SOX7::GFP-expressing cells.
Representative FACS plots of SSC and SOX7::GFP expression profiles of blood, bone
marrow, spleen, liver and thymus cells extracted from mice fed with doxycycline.
Percentages of cells are shown in the indicated gates. FACS plots are representative of
two independent experiments.

In general, mature B cells expressing B220 and CD19 or IgM and IgD were mainly
detectable in the control group while a significant decrease in the frequency of cells
expressing these markers was observed in the Sox7 over-expressing samples (Figure 6.5
A-B). The B cell development was further analysed based on the expression of B220
and IgM; expression of these markers distinguishes three different sub-populations from
early B cells to mature B cells. In particular, pre B cells express only low level of B220
while low and high level of both B220 and IgM markers are expressed by immature B
cells and mature B cells, respectively. The Sox7-expressing samples showed an absence
of IgM"B220" mature and IgM'*¥B220"" immature populations compared to the control
showing normal B cell development (Figure 6.5 C).

Altogether, these results reveal that the over-expression of Sox7 impairs B cell

development in vivo, extending further the data obtained in vitro.
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Figure 6.4. Sox7-enforced expression induces the loss of B cell markers in vivo.
Representative FACS plots of B220, CD19, IgM and SOX7::GFP expression profiles of
blood, bone marrow, spleen cells extracted from mice fed with or without doxycycline
(11 months). Percentages of cells are shown in the indicated gates. FACS plot are
representative of two independent experiments.
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Figure 6.5. Sox7-enforced expression induces B cell impairment in vivo.
Representative FACS plots of B220, CD19 (A), IgD, IgM (B) and IgM, B220 (C)
expression profiles of blood, bone marrow, spleen cells extracted from mice fed with or
without doxycycline (11 months). Percentages of cells are shown in the indicated gates.
FACS plots are representative of two independent experiments.
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Since the over-expression of Sox7 1is induced by doxycycline in all
haematopoietic cells, the analysis of all blood lineages was further undertaken. As
described above, the percentage of B220'IgM" cells was significantly decreased in
doxycycline treated samples (Figure 6.6 A). In general, the myeloid and T lymphoid
compartments were not affected by Sox7-enforced expression as shown by the
percentage of MAC1" and CDS8" cells in the bone marrow (figure 6.6 B-C). Of interest,
the percentage of TER119" erythroid cells was increased by the over-expression of Sox7
(Figure 6.6 D). This increase in erythroid cells seems to be due to an accumulation of

reticulocytes but this aspect will be discussed in more detail in the next section.
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Figure 6.6. Analysis of the consequences of Sox7 over-expression on blood lineages.
Scatter chart of the B220'IgM"™ (A), MAC1" (B), CD8" (C) and TERI19" (D) cell
percentage in the bone marrow of mice fed or not with doxycycline. Error bars indicate
mean (n=8 for B220'TgM", MAC1" and TER119", n=3 for CD8"; * P< 0.05). Graphs

are representative of two independent experiments.
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The expression of the haematopoietic marker, CD45, was also analysed. Interestingly,
its expression is reduced of about 10% in both bone marrow and spleen samples
indicating defects in the haematopoiesis (Figure 6.7). This reduction is might be linked
to the absence of the isoform CD45R, also called B220, in the Sox7-expressing cells or
it might be due to the increase of erythrocytes that are CD45 negative.

Overall, these results suggest that Sox7-enforced expression impairs B cell
development and maintenance in vivo while not affecting myeloid and T cell

homeostasis.
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Figure 6.7. Sox7-enforced expression induces a decrease in CD45 expression in
vivo.

Representative FACS plots of SSC and CD45 expression profiles in bone marrow and
spleen cells extracted from mice fed with or without doxycycline (11 months).
Percentages of cells are shown in the indicated gates. FACS plots are representative of
two independent experiments.
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6.2.2. Analysis of haematological parameters using Sysmex fluorescent flow

cytometry

To complement the FACS analysis and to have a clearer overview at a clinical
level, a detail analysis of haematological parameters was performed on blood samples
using the Sysmex technology, a diagnostic tool routinely used in haematology. Sysmex
fluorescent flow cytometry provides high sensitivity for measuring and differentiating
cell types in blood samples. This instrument can classify normal white blood cells, red
blood cells and platelets (Mathers et al., 2008).

To confirm the observation made upon the immuno-phenotypic analysis, the
first parameter taken into account was lymphocytes number. As shown in figure 6.8

lymphocytes number decreased when Sox7 is over-expressed.

Lymphocytes (10°%/L)

- + Dox

Figure 6.8. Sox7-enforced expression induces a decrease in lymphocytes in vivo.
The bar chart shows lymphocyte count in the blood of mice fed with or without
doxycycline. Error bars indicate mean + standard deviation (n=6). Graph is
representative of two independent experiments.

In parallel, several parameters related to red blood cells were analysed.
Interestingly, an increase in the mean red blood cell volume (MCV) was reported. In

detail, both standard deviation (RDW-SD) and coefficient variation of the red cell
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distribution width (RDW-CV) was increased in mice fed with doxycycline suggesting a
high variability in erythrocyte size (Figure 6.9 A). The standard deviation of the red cell
distribution width measured the width of the erythrocyte distribution curve while the
coefficient variation of the red cell distribution width depends on the mean size of
erythrocytes. These results were confirmed by monitoring the morphology of peripheral
blood cells on blood smears. The May-Griinwald staining clearly showed an increase in
size of erythrocytes in mice fed with doxycycline (Figure 6.9 B). The MCV, in
combination with the RDW, is used in the classification of anaemia. An increase in both
MCYV and RDW is associated with pernicious anaemia but further analyses will have to

be done to confirm this clinical aspect (Thomas et al., 2005a).
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Figure 6.9. Sox7-enforced expression induces an increase in erythroid size in vivo.
The bar chart shows three red blood cell volume parameters in mice fed with or without
doxycycline. Error bars indicate mean =+ standard deviation (n=6). Graphs are
representative of two independent experiments. MCV: mean cell volume, RDW-SD: red
cell distribution width-standard deviation, RDW-CV: red cell distribution width-
coefficient variation.

186



Chapter 6

Since the erythrocyte compartment was affected by Sox7-enforced expression, a
more accurate analysis of erythrocyte development was carried out. The erythrocytes
are generated by the expulsion of nucleus from the reticulocytes (Chiabrando et al.,
2014). Therefore, a defect in the erythroid development might be due to an
accumulation of reticulocytes. To verify this hypothesis, a deep analysis of reticulocyte
sub-populations was performed. The reticulocyte development is characterized by
several maturation stages. By removing of the endoplasmatic reticulum, the
reticulocytes develop into mature red blood cells (Figure 6.10 A). To measure the
reticulocytes count, blood samples are incubated with a fluorescent dye for the RNA
content. Then, cells are acquired and counted by flow cytometry using the Sysmex
machine. Therefore, the classification of reticulocyte maturation stages is defined by
their RNA content (Corberand, 1996; Lee et al., 2014). Three main sub-populations are
subdivided using this method. The high florescence reticulocytes (HFR) are
characterized by high level of RNA content and represent the immature reticulocyte
population. In contrast, the low fluorescence reticulocytes (LFR) contains little amount
of RNA and indicates mature reticulocytes. Between these two sub-populations, it is
possible to identify the medium fluorescence reticulocyte fraction (MFR) that contains
medium level of RNA and indicates semi-mature reticulocytes (Figure 6.10 B).

In general, an increase in the percentage of reticulocytes was observed by fluorescent
flow cytometry (Figure 6.11 A). Moreover, an increase in immature and semi-mature
reticulocytes was detected resulting, as expected, in an increase in the immature
reticulocyte fraction. Consequently, the mature reticulocyte sub-population was the only
fraction to be reduced in the performed analysis (Figure 6.11 B). To confirm these
observations, FACS analysis was performed on cells extracted from blood, bone

marrow and spleen based on the expression of CD71 and TER119 markers.
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Figure 6.10. Scheme of reticulocyte development.

A) Schematic diagram of reticulocyte development. B) Scheme of FACS plot for the
reticulocyte fractions. RBC: red blood cell, IRF: immature reticulocyte fraction
(MFR+HFR), LFR: low-florescence reticulocyte (mature reticulocyte), MFR: middle-
florescence reticulocyte (semi-mature reticulocyte), HFR: high-florescence reticulocyte
(immature reticulocyte).
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Figure 6.11. Sox7-enforced expression induces an increase in reticulocytes in vivo.
A) Representative FACS plots of FSC and SFL profiles in blood samples from mice fed
with or without doxycycline (11 months). B) The bar chart shows different reticulocyte
fractions in mice fed with or without doxycycline. Error bars indicate mean + standard
deviation (n=6). Graph is representative of two independent experiments. RET:
reticulocytes, IRF: immature reticulocyte fraction (MFR+HFR), LFR: low-florescence
reticulocyte (mature reticulocyte), MFR: middle-florescence reticulocyte (semi-mature
reticulocyte), HFR: high-florescence reticulocyte (immature reticulocyte).
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In all analysed samples an increase in CD71 "TER119" fraction was observed in Sox7
over-expressing samples (Figure 6.12 A). Moreover, the FACS analysis showed an
accumulation in late basophilic erythroblasts (EryB) in the TER119" population as
reported in figure 6.12 B. Overall, these analyses suggest a defect in the erythroid
maturation.

Sysmex analysis also revealed a defect in platelets formation as shown by the
dramatic and significant drop in platelets count upon Sox7-enforced expression (Figure
6.13 A). Analysis of CD41 and GFP expression revealed that SOX7::GFP-expressing
cells expressed very low level of CD41 (Figure 6.13 B). The megakaryocyte and
erythrocyte lineages arise from the megakaryocyte-erythrocyte progenitors (MEP)
(Murphy et al., 2013; Pang et al., 2005). By analysing the expression of CD41 and
CD71, it is possible to discriminate the megakaryocytes from the erythrocyte cells.
Interestingly, an accumulation of CD41°CD71" cells was observed in the blood of mice
fed with doxycycline suggesting an augment in erythroid progenitors. In contrast, a
decrease in megakaryocyte progenitors was observed relative to the control sample
suggesting a defective megakaryopoiesis upon Sox7 enforced expression (Figure 6.13
C). The low frequency of erythroid progenitors in the control sample correlated with the
presence of TER119" mature red blood cells in the peripheral blood as shown in figure
6.12.

Altogether, these results show that the over-expression of Sox7 affects the

development of several blood lineages.

189



SOX7-enforced expression in vivo

A B
Gated on TER119* cells
A S2
~ ~
~ ~|| EryB ||EryA
5 EryA S3 5| =Y Y
S Sl s4 || s3
EryB S4
EryC
EryC S5 S5
TER119 FSC
Gated on TER119* cells
- Dox + Dox - Dox + Dox
A - 104
~ = : 3
8 8 03 18.6 0 0 0.178 %
1024 102
10" 10"
10° T = 100 y T T T T
o 800 1000 [ 200 400 600 800 1000
10* 10% 5 g
3 3 £
10 0.307 'y 0.433 g
10° 10? 8
T Q
o] 6.69 o] | 366 @
10° T T T T ™ 100 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
10* 10*
c
3
07 759 3.09 ] 3.86 -
%)
10?2 1024
o' 16 ol 123
: 10° T T T T = 100 T T T T T
10 10% g [ 200 400 600 800 1000 0 200 400 600 800 1000 o
Ll »
TER119 FSC

Figure 6.12. Sox7-enforced expression induces an increase in immature
erythrocytes.

A) Representative FACS plots of CD71 and TER119 expression profiles of blood, bone
marrow, spleen cells extracted from mice fed with or without doxycycline (11 months).
B) Representative FACS plots of CD71 and FSC expression profiles of blood, bone
marrow, spleen cells extracted from mice fed with or without doxycycline (11 months).
Percentages of cells are shown in the indicated gates. FACS plots are representative of
two independent experiments. EryA: early basophilic erythroblasts, EryB: late
basophilic erythroblasts, EryC: poly/orthochromatic erythroblasts.
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Figure 6.13. Sox7-enforced expression induces a decrease in platelets.

A) The bar chart shows platelets count in the blood of mice fed with or without
doxycycline. Error bars indicate mean + standard deviation (n=6). B) Representative
FACS plots of CD41 and SOX7::GFP expression profiles of blood cells extracted from
mice fed with or without doxycycline (11 months). Percentages of cells are shown in the
indicated gates. C) Representative FACS plots of CD41 and CD71 expression profiles
of blood cells extracted from mice fed with or without doxycycline (11 months).
Percentages of cells are shown in the indicated gates. Mk: megakaryocyte, Ery:
erythrocyte. Graph and FACS plots are representative of two independent experiments.
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6.2.3. Sox7-enforced expression induces bone marrow failure and

splenomegaly

To investigate whether Sox7-enforced expression induces signs of malignancy,
the status and morphology of extracted organs was carefully analysed. Organs were first
weighted then; they were used for flow cytometry analysis, morphologic analysis and
immuno-histochemistry staining.

Sox7-enforced expression induced clearly splenomegaly demonstrated by a
significant increase in spleen size. Moreover, a partial hepatomegaly was also observed
in Sox7-over-expressing samples (Figure 6.14 A-B). Furthermore, the spleen
architecture was completely altered. The spleen is characterized by two main
compartments: white pulp and red pulp. The red pulp is involved in filtering the blood
and recycling iron from old erythrocytes while the white pulp represents the lymphoid
regions within the spleen (Mebius and Kraal, 2005). In particular, the lymphoid follicles
were disrupted in Sox7-enforced expressing samples compared to the control samples
where a clear distinction between the follicles and red pulp is visible (Figure 6.14 C).

Together, these results might explain the disruption of the spleen architecture
due to the loss of B cells in the Sox7-expressing samples.

In order to confirm the association between the altered structure of follicles and
the B cell impairment as shown by the immuno-phenotypic analysis, immuno-
histochemistry analysis was performed on femur and spleen sections for the B cell
marker, B220. In line with all previous data, this analysis revealed that Sox7-enforced
expression resulted in a dramatic decrease in B220 expression both in the bone marrow
and in the spleen compared to the controls (Figure 6.14 D).

Haematopoietic imbalance and sign of splenomegaly suggested bone marrow failure.

One of the diagnostic criteria for bone marrow abnormality is the presence of fibrotic
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Figure 6.14. Sox7-enforced expression induces splenomegaly, spleen architecture
disruption and decrease in B220 expression in vivo.

A) Representative pictures of spleen and liver of immuno-compromised mice feed with
and without doxycycline (Leica and scan software, scale bar: 0.75 cm). B) The bar
graph shows spleen and liver weight in grams. Error bars indicate mean + standard
deviation (n=8; **P<0.01). C) Haematoxylin and eosin stained spleen sections of
immuno-compromised mice engrafted with iSox7 bone marrow cells fed with and
without doxycycline (Leica and scan software, scale bar: 100 um, higher magnification
in the bottom panels). D) Immunohistochemistry of femur sections in the upper panels
(Leica and scan software, magnification: 10X) and spleen sections in the bottom panels
(Leica and scan software, magnification: 0.5X) stained with anti-B220. Pictures and
graphs are representative of two independent experiments.
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fibres (Kuter et al., 2007). To this end, reticulin staining was performed on femur
sections. As suspected, fibrotic structures were identified in the bone marrow of Sox7-
expressing samples (Figure 6.15 A). The staining showed a diffuse fibre network
including thick and reduplicated fibres similar to Grade 3 of the modified Bauermeister
scale (Kuter et al., 2007; Thiele and Kvasnicka, 2005). These data suggest the presence
of a non-favourable structure and environment for haematopoiesis within the bone
marrow.

The first organ able to replace the function of the bone marrow for blood
production is the spleen. Indeed, in order to restore the levels of blood formation, spleen
has to increase its size to react to the high demand of blood cells from the organism.
The increase in size correlated with the presence of fibrosis in the spleen of Sox7-
expressing samples (Figure 6.15 B). Splenic fibrosis is often induced by injury or
inflammation and occurs as reparative process (Suttie, 2006). In particular, a dense
network of thick reticulin fibres throughout the spleen was observed in the Sox7 over-
expressing samples compared to the few fibres restricted to the vessel walls in the
control. These results might indicate that the fibrosis reported in the spleen has a more
structural function than a pathological one like in the bone marrow. This might be
explained by the fact that the bone marrow has a limited space delimited by femoral
bone while the spleen has less restriction in space.

Altogether, these results confirmed a decrease in B cell differentiation, and

documented bone marrow failure and splenomegaly.
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Figure 6.15. Sox7-enforced expression induces fibrosis in bone marrow and spleen.
A) Reticulin stained femur sections of immuno-compromised mice engrafted with iSox7
bone marrow cells fed with and without doxycycline (Leica and scan software,
magnification: 60X). B) Reticulin stained spleen sections of immuno-compromised
mice engrafted with iSox7 bone marrow cells fed with and without doxycycline (Leica
and scan software, magnification: 22X). Pictures are representative of two independent
experiments.
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6.2.4. Sox7-enforced expression induces extra-medullary haematopoiesis

Since sign of extra-medullary haematopoiesis was observed, the presence of
progenitors in the spleen and liver was next investigated using clonogenic-replating
assay. Cells were extracted from the organs and single cell suspension was plated in
semi-solid culture without doxycycline. As shown in the figure 6.16, cells, extracted
from the spleen and liver of mice fed with doxycycline, were enriched for progenitors as

demonstrated by the significant increase in colony number.
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Figure 6.16. Sox7-enforced expression induces extra-medullary haematopoiesis.

A) Spleen and liver cells were extracted from engrafted immuno-compromised mice fed
with or without doxycycline and cultured in semi-solid culture without doxycycline for
progenitor assay (n=3, ** P<0.01; * P<0.05). B) Representative picture of colonies
obtained in the progenitor assay (Leica scan and software, scale bar: 100 um). Pictures
and graphs are representative of two independent experiments.

To assay the functionality of these extra-medullary generated progenitors, spleen
cells, extracted from mice fed with doxycycline, were injected into sub-lethally
irradiated recipient mice (Figure 6.17 A). FACS analysis revealed that spleen cells
retained the ability to engraft recipient mice as reported by the expression of CD45.2"
donor cells in the blood circulation (Figure 6.17 B). Moreover, cells retained both short
and long-term engraftment capacity as shown in figure 6.17 C by the persistence of

CD45.2" cells at 16 weeks post engraftment.
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Figure 6.17. Progenitor cells within the spleen retain both short and long-term
engraftment capacity.

A) Scheme of the protocol used to test the presence of progenitor cells in spleen. Spleen
cells were extracted from mice engrafted with bone marrow cells from inducible Sox7
transgenic mice fed with doxycycline. Single cell suspension was injected into
irradiated secondary recipients. Engraftment analysis and multi-lineage analysis were
performed. B) Representative FACS plots of CD45.1 and CD45.2 expression profiles of
blood samples from secondary recipients. Percentages of cells are shown in the
indicated quadrants. C) Scatter chart of the CD45.2 positive cell percentage in mice fed
without doxycycline. Error bars indicate mean (n=4). Graph and FACS plots are
representative of two independent experiments.
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To investigate the multi-lineage engraftment capability of these cells, cells from
the haematopoietic organs were extracted at 20 weeks post engraftment and analysed
for lineage contribution. In particular, the expression of CD71 and TER119 markers
were analysed for presence of erythroid cells, MAC1 and GR1 for myeloid cells, IgM
and B220 or CD4 and CDS8 for B and T lymphoid cells, respectively. As shown in
figure 6.18, CD45.2" spleen cells retained the ability to contribute to all lineages in all
organs analysed.

Given that the over-expression of Sox7 induces an accumulation of progenitor
cells in vitro and causes haematological imbalance in vivo, spleen cells were tested for
their ability to induce haematological malignancy upon secondary transplantation in
mice fed with doxycycline (Figure 6.19 A). No defects in the ability to engraft were
observed by flow cytometry analysis for the expression of CD45.2" cells (Figure 6.19
B-C). In addition, analysis of the multi-lineage engraftment was assessed in the
haematopoietic organs upon secondary transplantation. Only, and as expected, a defect
was observed in the production of B lymphocyte cells in the bone marrow compartment
but no malignancy was identified (Figure 6.20).

Overall, these results demonstrate the presence of extra-medullary
haematopoiesis in spleen and liver and that the infiltrated progenitors retain long and

multi-lineage engraftment in vivo.
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Figure 6.18. Progenitor cells within the spleen retain multi-lineage engraftment
ability.

Representative FACS plots of TER119, CD71, GR1, MAC1 CD19, B220, CD8 and
CD4, expression profiles of blood, bone marrow, spleen and thymus samples from
secondary recipients. Analysis was performed at 20 weeks post engraftment. FACS
plots are gated on CD45.2" donor cells. Percentages of cells are shown in the indicated
quadrants. FACS plots are representative of two independent experiments.
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Figure 6.19. Progenitor cells within the spleen retain both short and long-term
engraftment capacity upon doxycycline treatment.

A) Scheme of the protocol used to test the ability to induce haematological malignancy
of progenitor cells in spleen. Spleen cells were extracted from immuno-compromised
mice engrafted with bone marrow cells from inducible Sox7 transgenic mice fed with
doxycycline. Single cell suspension was injected into irradiated secondary recipients fed
with doxycycline. Engraftment analysis and multi-lineage analysis were performed. B)
Representative FACS plots of CD45.1 and CD45.2 expression profiles of blood samples
from secondary recipients. Percentages of cells are shown in the indicated quadrants. C)
Scatter chart of the CD45.2 positive cell percentage in mice fed with doxycycline. Error
bars indicate mean (n=4). Graph and FACS plots are representative of two independent
experiments.
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Figure 6.20. Progenitor cells within the spleen do not induce haematological
malignancy upon doxycycline treatment.

Representative FACS plots of TER119, CD71, GR1, MAC1 CDI19, B220, CD8 and
CD4, expression profiles of blood, bone marrow, spleen and thymus samples from
secondary recipients fed with doxycycline. Analysis was performed at 20 weeks post-
engraftment. FACS plots are gated on CD45.2" donor cells. Percentages of cells are
shown in the indicated quadrants. FACS plots are representative of two independent
experiments.
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6.3. Summary of findings

In order to investigate the contribution of Sox7-enforced expression to
haematopoietic malignancy, sub-lethally irradiated immuno-compromised mice were
injected with total bone marrow derived from iSox7 mouse. In this in vivo model, the
over-expression of Sox7 is only inducible in haematopoietic cells. The analyses first
indicated that Sox7-enforced expression resulted in a progressive increase in the
frequency of SOX7::GFP" cells in the analysed organs during the time course of the
experiment. Moreover, the expression of the B cell markers was significantly and
severely impaired in blood, bone marrow and spleen samples. In contrast, the myeloid
and T lymphoid compartments were not affected by Sox7-enforced expression. Of
interest, the percentage of TER119" erythroid cells was increased by the over-
expression of Sox7.

A detailed analysis of haematological parameters was performed using the
Sysmex apparatus during the time course of the experiment. Briefly, the analysis
confirmed a drop in lymphocyte number when Sox7 is over-expressed. An accumulation
of immature erythrocytes was also revealed in Sox7-expressing samples. In parallel, an
increase in the frequency of reticulocytes was observed revealing defects in the
erythroid maturation. In addition, a defect in platelets formation was also observed by
the dramatic and significant drop in platelets count in Sox7-enforced blood samples.

Next, to have a full picture of the consequences of Sox7 over-expression in vivo,
the morphology of the organs were analysed. Interestingly, I observed a significant
increase in spleen size while a modest one in the liver. The spleen architecture was
completely altered; in particular the lymphoid follicles were disrupted. In parallel to this
imbalance in the lymphoid organization, I also observed that Sox7-enforced expression

results in a dramatic decrease in B220 expression both in the bone marrow and in the
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spleen compared to the control. To complement these analyses and to confirm bone
marrow failure, the presence of reticulin fibres were investigated. Both, bone marrow
and spleen contained fibrotic fibres upon Sox7-enforced expression. Diseases with
increased bone marrow fibrosis are often associated with abnormalities in
megakaryocyte and platelets production. Therefore, the presence of fibres in the bone
marrow might be due to the impairment in platelet formation but further investigations
have to be done.

Finally, since the bone marrow was fibrotic and the development of several
haematopoietic lineages was compromised, the presence of extra-medullary
haematopoiesis in secondary haematopoietic organs was analysed. As hypothesized, the
main production of blood cells was displaced to the spleen and liver. These organs were
enriched in progenitor cells that retained long-term and multi-lineage engraftment
capacity.

Given these haematological imbalances upon Sox7-enforced expression in vivo,
I extended this series of experiments analysing to determine whether the continued
over-expression of Sox7 upon secondary transplantation might lead to more pronounced
haematological malignancy. The progenitor cells derived from the spleen did show
long-term and multi-lineage repopulating ability but no significant haematopoietic

imbalance or haematological diseases were observed.
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Chapter 7

7. SOX7 in leukaemogenesis

7.1. Introduction

Acute lymphoblastic leukaemia is one of the most frequent cancers in children.
Treatment of acute lymphoblastic leukaemia has improved substantially in last years
reaching 80 per cent of 5-year survival rate in children compared to 40 per cent in adult.
However, there are still poor prognosis cases associated with relapse or resistant ALL
(Pui et al., 2004; Pui et al., 2008). Therefore, the identification of new molecular targets
or understanding of the molecular mechanisms of action of primary genetic lesions
involved in leukaemia is definitely necessary.

In general, leukaemia is induced by the mis-expression of proto-oncogenes,
mutated transcription factors or chromosomal translocation. The most common
alterations in children are hyperdiploidy (25%), TEL-AML1 (22%) and MLL
rearrangements (8%) while BCR-ABL and MLL rearrangements in adults with a
frequency of 25% and 10%, respectively (Pui et al., 2004).

SOX7 expression has been considered a tumour related gene. Its expression is
down-regulated in many solid tumours such as prostate, colon and breast cancers (Guo
et al.,, 2008; Chan et al., 2012). A study reported by Gandillet and colleagues has
suggested a possible role for SOX7 in blood malignancy. Using a murine model, they
have reported that Sox7 knock-down in vitro significantly inhibits haematopoietic

differentiation and that the enforced expression of Sox7 in the earliest committed
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haematopoietic precursors promotes proliferation while blocking their differentiation
(Gandillet et al., 2009).

Since the expression of SOX7 is specifically found in multiple cases of B cell
acute lymphoblastic leukaemia and its enforced expression in adult bone marrow cells
induced B cell impairment, the next step in my project was to define the possible
relationship between SOX7 expression and leukaemogenesis in human cell lines by
knocking-down SOX7 using shRNA. First, I analysed the requirement of SOX7
expression for cell growth and colony formation in vitro. Then, since these cell lines are
able to induce leukaemia in mice, I studied the possible role for SOX7 in
leukaemogenesis testing whether SOX7 expression was required for the engraftment and

formation of leukaemia in vivo.

7.2. Results

7.2.1. Down-regulation of SOX7 induces a significant decrease in

proliferation in vitro

To investigate the role for SOX7 in leukaemogenesis, the expression of SOX7
was knocked-down in human leukaemia cell lines using two different shRNA
constructs. Both the shRNAs and Scramble control constructs carry sFFV as a promoter
and GFP-2A-FireflyLuciferase to monitor the transduced cells both in vitro and in vivo.
The efficiency of eight independent shRNAs to knock-down SOX7 expression was
tested in HUVEC cells by analysing SOX7 expression levels by qRT-PCR and SOX7
protein levels by western blotting as reported in figure 7.1.
SOX7 expression level was down-regulated by all the shRNA constructs. All shRNAs

worked extremely but so the sShRNA 2 and 3 were chosen to carry on further analysis
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Figure 7.1. Efficiency of shRNA against SOX7 in HUVEC cells.

A) Quantitative RT-PCR analysis of SOX7 transcript level relative to f2microglobulin
in HUVEC cells transduced with different shRNA against SOX7. HEK cells were used
as a negative control. Error bars indicate mean =+ standard deviation (n=3). B) Western
blotting analysis for SOX7 of whole protein extract from HUVEC cells transduced with
different shRNA against SOX7. Protein extract from MS1 cell line was used as a mouse
positive control. Ponceau was used as loading control. SOX7 molecular weight is 42-49
KDa. Graph and western blotting are representative of one experiment.
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due to their high efficiency and their different binding to the SOX7 locus as reported by

the blast alignment analysis in figure 7.2.

Scale 2 kbt i
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Figure 7.2. Binding of shRNAs to SOX7 locus.

Representation of the binding of the different shRNA to the human SOX7 locus.
shRNAs are indicated as sense together with a number. Only shRNA 4, 5 and 7 are
binding to SOX7 coding sequence, all the other shRNAs are binding to the UTR region.
The alignment was performed using BLAST browser.

Four different B-ALL leukaemia cell lines were transduced with lentiviruses
carrying the shRNA against SOX7 or the control construct. The molecular genetic of
REH cell line is characterized by the expression of the fusion gene resulting from the
TEL-AMLI1 translocation while RS4:11 cell line contains a MLL-AF4 chromosomal
translocation (el10-e4). The NALMS6 cell line contains a PDGFRB-ETV6 translocation
and finally, the 697 cell line is characterized by TCF3-PBX1 fusion gene.

Leukaemia cell lines were efficiently transduced with the lentiviruses as reported by the
frequency of more than 90 per cent of GFP expression after puromycin selection
(Figure7.3). The efficiency of the knock-down was tested by qRT-PCR. As observed in
figure 7.4, SOX7 expression was decreased of about 50% by the two shRNAs against
SOX7 compared to the control one. In addition, the knock-down efficiency with
shSOX7 3 worked slightly better than the one performed with shSOX7 2.

To test whether the down-regulation of SOX7 might affect the proliferation of these

leukaemia cell lines, cells were cultured in their growth medium for more than 12
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Figure 7.3. GFP expression in transduced leukaemia cell lines.

Representative FACS plots of SSC and GFP expression profiles of RS4;11, NALMS6,
697 and REH human leukaemia cells transduced with two different shRNAs against
SOX7 (shSOX7 2, shSOX7 3) and or control construct (Scramble). Percentages of cells

are shown in the indicated quadrants. FACS plots are representative of two independent
experiments.
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Figure 7.4. The two shRNAs against SOX7 induce a decrease in SOX7 expression
in human leukaemia cell lines.

Quantitative RT-PCR analysis of SOX7 transcript level relative to f2microglobulin in
RS4;11 (A), NALM6 (B), 697 (C) and REH (D) human leukaemia cells transduced with
two different shRNAs against SOX7 (shSOX7 2, shSOX7 3). Leukaemia cells
transduced with a control construct (Scramble) were used as a positive control. Error
bars indicate mean + standard deviation (n=3, * P<0.05, ** P<0.01). Bar graphs are
representative of two independent experiments.
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To test whether the down-regulation of SOX7 might affect the proliferation of
these leukaemia cell lines, cells were cultured in their growth medium for more than 12
days. Interestingly, the down-regulation of SOX7 in RS4;11 and NALM6 with both
shRNAs induced a significant decrease in cell growth compared to the control sShRNA
in vitro (Figure 7.5 A-B). A less pronounced decrease in cell growth was also observed
for 697 cells while no differences were seen for the REH cell line (Figure 7.5 C-D). To
further demonstrate the effect of SOX7 knock-down on proliferation, analysis of the cell
cycle status was performed via EAU incorporation This analysis confirmed the results
obtained in the proliferation assay, revealing a reduction of about 5% and 10% in the
frequency of cells in the S-phase of the cell cycle for RS4;11 cells transduced with
shSOX7 2 and shSOX7 3, respectively. This diminution in the frequency of cells in the
phase of DNA replication of the cell cycle correlated with an increase in the frequency
of cells in the G1 phase. The down-regulation of SOX7 induced a decrease of 6% in the
frequency of cells in the S-phase of the cell cycle in NALMS6 cells. As expected, the
decrease in cell frequency in the S-phase of the cell cycle was less in 697 cells while no
significant differences were observed in REH cell line (Figure7.6).

Since leukaemia cells were proliferating less when SOX7 was down-regulated,
the next step was to determine whether the reduction in proliferation resulted from cells
dying by apoptosis. To this end, cells were analysed by flow cytometry for Annexin-V
expression to the phosphatidylserine on the extracellular membrane of apoptotic cells.
Overall, cells were viable and were not going under apoptosis. An increased in the
frequency of Annexin-V 7ADD" cells was only observed in REH cells transduced with
shSOX7 2 (Figure 7.7) but did not correlate with a decrease in proliferation. Altogether,
these results suggested that the down-regulation of SOX7 in leukaemia cell lines, except

in REH, induces a significant decrease in proliferation in vitro.
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Figure 7.5. SOX7 down-regulation induces a decrease in proliferation in human
leukaemia cell lines.

Proliferation assay performed with RS4;11 (A), NALM6 (B), 697 (C) and REH (D)
human leukaemia cells transduced with two different shRNAs against SOX7
(shSOX7 2, shSOX7 3) or control construct (Scramble). A total of 0.25-1 million cells
were plated in the presence of their growth medium. Cells were counted every 2-3 days
and re-seeded in their growth medium for about 12 days or more. Data are shown as the
mean of absolute cell number from three wells (n=3, * P<0.05). Graphs are
representative of three independent experiments.
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Figure 7.6. SOX7 down-regulation induces a decrease in the frequency of cells in
the S phase of the cell cycle in human leukaemia cell lines.

Cell cycle status of RS4;11, NALM6, 697 and REH human leukaemia cells transduced
with two different shRNAs against SOX7 (shSOX7 2, shSOX7 3) or control construct
(Scramble) was assessed after 20 minutes to 2 hours of EAU incubation around 20 days
after transduction. Percentages of cells in the G0/G1, S and G2 phases are shown in the
indicated gates. FACS plots are representative of two independent experiments.
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Figure 7.7. SOX7 down-regulation does not induce apoptosis in human leukaemia
cell lines.

Representative FACS plots of 7AAD and Annexin-V expression profiles on RS4;11,
NALMSG6, 697 and REH human leukaemia cells transduced with two different sShRNAs
against SOX7 (shSOX7 2, shSOX7 3) and or control construct (Scramble). The analysis
was performed around 20 days after transduction. Percentages of cells are shown in the
indicated quadrants. FACS plots are representative of two independent experiments.
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7.2.2. Down-regulation of SOX7 induces a significant decrease in colony

formation

Next, to test whether SOX7 down-regulation may induce the cells to differentiate
or to lose their clonogenic capacity, transduced cell lines were cultured in semi-solid
colony assay. After ten days in culture, the down-regulation of SOX7 induced a
significant decrease in colony formation in RS4;11, NALM6 and 967 cell lines, but not
in REH (Figure 7.8 A-D). Moreover, the colonies formed by cells transduced with
shRNA against SOX7 were extremely reduced not only in number but also in size as
shown in figure 7.9 A-D.

Altogether, these data revealed that the down-regulation of SOX7 in leukaemia

cell lines induces a significant decrease in colony formation.

7.2.3. Down-regulation of SOX7 induces a significant increase in survival

and a slight decrease in organs infiltration in vivo

Next, to investigate on the role of SOX7 in leukaemogenesis in vivo, leukaemia
cell lines transduced with shRNAs against SOX7 and control were injected into non-
irradiated immuno-compromised mice. Upon engraftment in recipient mice, the knock-
down of SOX7 expression in RS4;11 cell line induced a slight but significant increase in
survival in vivo (Figure 7.10) in line with the reduced proliferation observed in vitro. In
particular, an increase of 11 and 14 days was reached for the groups with the two
different shRNAs, respectively.

In order to improve the down-regulation of SOX7 expression, RS4;11 cells were
transduced with both shRNAs against SOX7. The presence of the two shRNA together
did not further improve SOX7 knock-down or a decrease in proliferation (Figure 7.11).

As these cells presented a similar level of GFP-luciferase expression as the scramble
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Figure 7.8. SOX7 down-regulation induces a decrease in colony formation in
human leukaemia cell lines.

Human leukaemia cell lines were plated in semi-solid culture and colonies were counted
after 10 days in culture. The bar chart shows the colony number in RS4;11 (A),
NALMS6 (B), 697 (C) and REH (D). Error bars indicated mean + standard deviation
(n=3, * P<0.05, ** P<0.01). The analysis was performed around 20 days after
transduction. Graphs are representative of three independent experiments.
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Figure 7.9. SOX7 down-regulation induces a decrease in colony size in human
leukaemia cell lines.
Representative picture of colonies obtained in semi-solid culture assay (Leica scan and

software, scale bar: 100 pum). Pictures are representative of three independent
experiments.

100pm

1OOLm

216



Chapter 7

100 . : '
I__|.|'
II 1
— 1
() 1
= '
> | S,
|
3 [ ]
(7] 50 1 1
N ,
== RS4:11 Scramble I
-L: RS4;11shSOX7_2 :
*%* 1
' RS4;11 shSOX7_3 1
0 T T 1 1
0 20 40 60

Days

Figure 7.10. SOX7 down-regulation in RS4;11 human leukaemia cell line induces
an increase in survival in vivo.

RS4;11 leukaemia cells were transplanted intravenously into non-irradiated immuno-
compromised mice and survival percentage was calculated using the Kaplan—Meier
survival curve (n=4 mice per group). Log-rank (Mentel-Cox) test was used to analyze
the P value (** P<0.01). Graph is representative of three independent experiments.
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Figure 7.11. Transduction with both shRNAs does not improve the knock-down of
SOX7.

A) Quantitative RT-PCR analysis of SOX7 transcript level relative to f2microglobulin
in RS4;11 human leukaemia cells transduced with one or two shRNAs against SOX7
(shSOX7 2, shSOX7 3, shSOX7 2+3). Leukaemia cells transduced with a control
construct (Scramble) were used as a positive control. Error bars indicate mean =+
standard deviation (n=3). B) Proliferation assay performed with RS4;11 human
leukaemia cells transduced with one or two shRNAs against SOX7 or control construct.
A total of 0.25-1 million cells were plated in the presence of their growth medium. Data
are shown as the mean of absolute cell number from three wells (n=3, * P<0.05).
Graphs are representative of one independent experiment.
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shRNA control cells (Figure 7.12), they were used for in vivo assays to monitor the
early stages of leukaemia progression using an in vivo imaging system (IVIS) to
monitor Luciferase activity. The chemical substance, Luciferin, penetrates the
membrane of cell and when oxidized under the catalytic effects of Luciferase and ATP,
a bluish-green light is produced (Hastings, 1996). Interestingly, the increase in survival
corresponded with a decrease in proliferation and in organs infiltration in vivo (Figure
7.13). In particular, mice injected with RS4;11 cells transduced with both shRNAs
showed signs of luciferase activity starting between 2 and 3 weeks after injection
compared to the control shRNA that instead showed the first signs of luciferase activity
already between one and two weeks after injection. Moreover, in the control group it
was possible to observe the evolution of the leukaemia. First, leukaemic cells homed to
the bone marrow, then they started to circulate throughout the body and finally they
infiltrated the spleen. The analysis showed a massive bone infiltration, in particular
along the spine and the skull from 3 weeks after injection. These IVIS results are
extremely interesting because they might suggest an involvement of SOX7 in migration
but more analysis have to be done to confirm this hypothesis. On the contrary, mice
injected with RS4;11 cells transduced with both shRNAs showed bone infiltration along
the spine and the skull starting from week 4 only in two mice out of four. Importantly,
at 6 weeks after the injection leukaemic cells were still spread throughout the body
compared to the control mice where leukaemic cells completely infiltrated the spleen.
To further confirm the lower level of infiltration of leukaemic cells in the spleen
upon SOX7 knock-down, leukaemia cells were counted on spleen section from
engrafted mice. The May-Griinwald staining showed leukaemia cells in dark purple due
to their high nucleus:cytoplasm ratio (Figure 7.14 A). This analysis revealed a

significant decrease in leukaemia cells infiltration in spleen from the groups engrafted
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with the two different shRNAs compared to the control group (Figure 7.14 B).
Altogether, these data suggested that the down-regulation of SOX7 induces a

significant increase in survival and a delay in organs infiltration in vivo.

A Scramble shSOX7_2+3

SSC

987

RS4;11

GFP
Figure 7.12. GFP expression in transduced leukaemia cell lines.
Representative FACS plots of SSC and GFP expression profiles of RS4;11 human
leukaemia cells transduced with two different sShARNAs against SOX7 (shSOX7 2+3) or

control construct (Scramble). Percentages of cells are shown in the indicated quadrants.
FACS plots are representative of two independent experiments.
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Figure 7.13. SOX7 down-regulation in RS4;11 human leukaemia cell line induces a
delay in organ infiltration in vivo.

Mice were injected intraperitoneally with a Luciferin solution (dose of 75 mg/kg;
PerkinElmer). After mice were fully anesthetized, they were transferred into the
imaging chamber (IVIS Lumina, Caliper Life Sciences). The imaging time is 30
seconds-1 minute per side (dorsal/ventral). A represents the control group (Scramble)
while B the group with SOX7 knock-down. One mouse (*) from the group with SOX7
knock-down died between 4 and 5 weeks.
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Figure 7.14. SOX7 down-regulation in RS4;11 human leukaemia cell line induces a
decrease in spleen infiltration in vivo.

A) May-Griinwald-Giemsa staining of spleen sections from mice engrafted with RS4;11
human leukaemia cells transduced with two different sShRNAs against SOX7 (shSOX7 2
and shSOX7 3) or control construct (Scramble). B) Bar chart shows the number of
leukaemia cells per each section. Data are shown as the mean of cell number counted
from four different areas in each section. Error bars indicate mean =+ standard deviation
(n=4, Leica scan and software, magnification: 40X). Graph is representative of three
independent experiments.
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7.3. Summary of finding

Since SOX7 expression correlated with B-ALL and its over-expression in adult
bone marrow cells induced B cell impairment, this part of the project has investigated
the role for SOX7 in leukaemogenesis. To this end, I have knocked-down the expression
of SOX7 in four different human leukaemia cell lines using two different shRNAs.
Interestingly, the down-regulation of SOX7 induced a significant decrease in
proliferation in vitro in RS4;11, NALM6 and 697 cell lines. In contrast, this effect was
not observed in the REH cell line. I reported that SOX7 over-expression correlates with
B-ALL but does not correlate with a specific type of translocation or mutation involved
in B-ALL. Therefore, it is interestingly to notice no significant effects by SOX7-knock-
down in REH cells. Further analyses will need to be done in order to verify whether this
is linked to this specific cell line or to insufficient down-regulation of SOX7.

Upon engraftment in immuno-compromised mice, I observed that the knock-
down of SOX7 expression in RS4;11 cell line induced a slight but significant increase in
survival and a delay in spleen infiltration in vivo.

To test whether the down-regulation of SOX7 may induce cells to lose their
clonogenic ability, I performed a colony assay. After ten days in culture, the down-
regulation of SOX7 induced a significant decrease in colony formation in RS4;11,
NALMSG6 and 697 leukaemia cell lines.

To further characterise the knock-down of SOX7 in human leukaemia cell lines I
have performed a gene expression analysis. The analysis suggested a possible induction
in B cell maturation upon SOX7 knock-down in leukaemia cells explaining the drop off
in colony formation in semi-solid culture. The microarray analysis also suggested a
possible involvement of SOX7 in the migration and cell movement confirming the delay

in organ infiltration observed by IVIS imaging in vivo.
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Together, these results suggest that the down-regulation of SOX7 affected the

proliferation of leukaemia cell lines both in vitro and in vivo.

224



Chapter 8

Chapter 8

8. Discussion

8.1. SOX7 and the maintenance of immature progenitor cells

The haematopoietic program is driven by several transcription factors in
response to specific signals. During the last decades, many transcriptional regulators,
growth factors and signalling cascades have been shown to play a role in this process
but deep understanding of the molecular mechanism underling the blood formation is
required and other factors important for this process still remain to be identified. These
findings will increase our ability to generate novel, more efficient therapies for blood
malignancies such as leukaemia.

The Sex-determining region Y-box (SOX) family of transcription factors was
first defined in mammals based on sequence conservation within the High Mobility
Group (HMG) box initially identified in the testis-determining factor SRY (sex
determining region Y) (Gubbay et al., 1990 Sinclair et al., 1990). Based on sequence
and structural motif, the SOX family is divided into eight groups, from A to H. All SOX
proteins share more than 50% amino acid similarity within the HMG box while at least
70% within members of the same group (Bowles et al., 2000). The SOX factors bind,
through their HMG DNA-binding domain, specifically to the sequence motif 5’-
(A/T)(A/T)CAA(A/T)G-3’ (Bowles et al., 2000; Laudet et al., 1993; Stros et al., 2007).

The F group subfamily comprises 3 members: SOX7 together with its close
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homologues SOX17 and SOX18. The murine SoxF genes are located on chromosome
14D, 1A1 and 2H4 for Sox7, Sox17 and SoxI8, respectively. Both human SOX7 and
SOX17 are found on chromosome 8 while SOXI/8 on chromosome 20 (Bowles et al.,
2000).

Sox7 1is expressed at the onset of blood specification in particular it marks
haemogenic endothelium. Its enforced expression in FLK1" cells impairs the generation
of mature blood cells sustaining the expression of endothelial markers (Costa et al.,
2012). Previous work performed in our laboratory established that Sox7-sustained
expression in haematopoietic precursors blocked differentiation while promoting self-
renewal. Moreover, Sox7 knock-down greatly impaired the generation of endothelial
and haematopoietic precursors. Altogether, this work demonstrated the importance of
SOX7, along with its close homologue SOX18, in controlling the balance between
proliferation and differentiation at the onset of haematopoietic specification (Gandillet
et al., 2009; Serrano et al., 2010).

Given the striking impact of Sox7-expression on embryonic haematopoiesis, I
hypothesized that the mis-expression of Sox7 in adult cells may confer a proliferative or
survival advantage while blocking lineage maturation. In the present thesis, I reported
the outcome of Sox7 ectopic expression in cells derived from adult mice harbouring an
inducible Sox7 transgene. Using a serial clonogenic-replating assay, I demonstrated that
the enforced Sox7 expression in bone marrow cells induces an increase in colony
formation together with increased proliferation. As expected, Sox7-expressing cells
were positive for VE-cadherin but also for MAC1 and CDA48. Interestingly, the
immune-phenotype analysis of Sox7-expressing cells also revealed the presence of a
sub-population of cells with different level of cKIT and GFP expression showing that

the SOX7::GFP™¢"¢cKIT" sub-population contains most of the clonogenic potential.
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Overall, these findings revealed that Sox7-enforced expression impairs haematopoietic
differentiation as previously observed in embryonic haematopoiesis (Gandillet et al.,
2009). Similarly, over-expression of Sox/7 in adult haematopoietic cells induced an
expansion of haematopoietic progenitors in vivo. Moreover, Soxl7-expressing
CD48"LSK cells expressed MAC1, VE-cadherin and AA4.1 foetal HSC markers (He et
al., 2011).

Interestingly, the expression of VE-cadherin has been reported in Philadelphia”
ALL cell lines and primary samples. Its down-regulation with siRNA or VE-cadherin
antagonist induced an increase sensitive to chemotherapy agents while its over-
expression in Philadelphia™ ALL cell lines resulted in an increase in survival upon
chemotherapy treatment (O'Leary et al., 2010). Since VE-cadherin is a transcriptional
target of SOX7, at least in mouse, and since SOX7 is widely expressed in B-ALL, it is
tempting to speculate that SOX7, inducing the expression of VE-cadherin, might be
implicated in poor prognosis B-ALL.

Since I discovered that SOX7 is mainly expressed in B-ALL, I aimed to
investigate the consequences of Sox7-enforced expression on adult B cell
differentiation. The data described in this thesis revealed for the first time that the
enforced expression of Sox7 in adult bone marrow cells induces proliferation while
blocking B lineage maturation. Similarly to the results obtained during the serial
replating performed on semi-solid culture supplemented with myeloid cytokines, an
increase in Sox7-expressing cells highly positive for VE-cadherin and cKIT was
observed. The blockage during the B cell differentiation was at the pre-pro B stage or
even earlier in the progenitor compartment. Moreover, a molecular profile analysis
confirmed that the enforced expression of Sox7 in adult bone marrow cells globally

impaired B cell maturation while enhancing a stem cell-like identity.
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In contrast to cells serially expanded in semi-solid culture, SOX7::GFP"cKIT"
cells cultured on OP9 were able to retain repopulating ability in vivo. This might be due
to the culture conditions used and more probably due to the possible role for Sox7 in B
cell leukaemogenesis. In addition, SOX7::GFP 'cKIT" cells showed an higher frequency
of engrafted cells when mice were fed with doxycycline. This might be explained by the
maintenance of immature progenitor cells by doxycycline treatment.

Overall, these results are very interesting and clearly suggest a role for Sox7 in

the maintenance of an immature progenitor population.

8.2. SOX7 and B-ALL

Since the sustained expression of Sox7 in early mouse haematopoietic precursors
was sufficient to completely alter the balance between proliferation and differentiation
at the onset of haematopoiesis, it was tempting to speculate that SOX7 might be
implicated in the emergence and/or maintenance of leukaemia.

Analysis of SOX7 expression in multiple cases of human leukaemia revealed for
the first time a tight correlation between SOX7 expression and B-ALL. SOX7 expression
was heterogeneous across B-ALL samples and did not correlate with a specific type of
translocation or mutation. Moreover, in order to verify whether SOX7 expression
correlated with specific sub-populations within B-ALL, primary samples were sorted
based on the expression of CD19 and then on CD38 and CD34. SOX7 was not
specifically expressed at higher level in any of the sorted sub-populations suggesting the
homogeneity of its expression through B-ALL sub-populations (data not shown).

Recently, it has been shown that SOX7 is expressed in human splenic marginal
zone B cells. Its expression is about eight times more than in naive cells. Interestingly,

microarray analysis also showed SOX7 expression already in marginal zone progenitors
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at low level but such level increased in marginal zone B cells. Moreover, murine MZB
cells did not express Sox7 (Descatoire et al., 2014). This study indicates the expression
of SOX7 in a specific subset of B cell cells in human and its absence in the
corresponding subset in mouse, highlighting possible key differences in the regulation
of SOX7 between mouse and human. It remains to be explored whether there is a link
between SOX7 expression in MZB cells and the expression of this factor in B-ALL.

Differences between mice and human in B cell development have been already
reported. In particular, IL7R is essential for B cell generation in mice but it is not for
human where instead is important for T cell development (Giliani et al., 2005; Puel et
al., 1998). Importantly, Descatoire’s study reported again differences in gene expression
in mouse and human in B cell sub-populations. These differences between mice and
human in B cell development have to be considered when interpreting experiments.

To investigate the role for SOX7 in leukaemogenesis, I have knocked-down the
expression of SOX7 in four different human leukaemia cell lines using two different
shRNAs. Interestingly, the down-regulation of SOX7 induced a significant decrease in
proliferation in vitro in leukaemia cell lines. The incomplete decrease in proliferation by
SOX7 knock-down in these cell lines let me speculate that the leukaemia cells may
require SOX7 expression to growth and also that the down-regulation of SOX7 was not
stable or sufficient. Indeed, it seems that cells, grown in culture, adapted and most
probably bypassed, through unknown mechanisms, the down-regulation of SOX7.
Therefore, it will be important to find an alternative method to improve the knock-down
of SOX7. The use of inducible shRNA construct might be a solution to homogenously
and acutely silence SOX7.

Upon engraftment in immuno-compromised mice, | observed that the decrease

in proliferation in vitro resulting from knocking-down SOX7 expression in RS4;11 cell
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line correlated with a significant increase in survival and a delay in spleen infiltration in
vivo. Interestingly, the IVIS analysis in vivo suggested a possible involvement of SOX7
in the migration and cell movement. This is an aspect of the project that will need to be
further investigated.

Similar to SOX7, SOX4 is expressed at high levels in ALL primary samples and
cell lines while at low levels in AML (Ma et al., 2014). Analogous to the knock-down
of SOX7 in leukaemia cell line, the down-regulation of Sox4 results in a comparable
phenotype. Recently, two studies analysed the role for Sox4 in acute leukaemia
progression. Ma and colleagues deleted Sox4 gene in pro B cells carrying the p190
BCR-ABL fusion protein. They observed a decrease in proliferation and colony
formation in vitro and increase in survival in vivo (Ma et al., 2014). In addition, the
deletion of Sox4 in AML C/ebpa deficient LSK cells reduced significantly colony
formation and induced myeloid maturation both in vitro and in vivo (Zhang et al., 2013).

Together, these studies and the results reported in this thesis suggest a role for

SOX genes in acute leukaemia.

8.3. SOX7 and haematopoietic imbalance

In order to investigate the contribution of Sox7-enforced expression to
haematopoietic malignancy, sub-lethally irradiated immuno-compromised mice were
injected with total bone marrow derived from iSox7 mouse. As observed in vitro
culture, the B cell development was also impaired in vivo. Of interest, the over-
expression of Sox7 induced an increase in immature erythrocytes that reflected an
increase in reticulocytes. Furthermore, the defects in the erythroid maturation have been
observed in parallel to defect in platelets formation. These impairments in myeloid

lineages maturation resemble to defects observed in Runx/ deficient mice. Runx!”" mice
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died at E12.5 due to necrosis and haemorrhaging in the central nervous system. A
complete block in definitive erythropoiesis, myelopoiesis and lymphopoiesis was
reported as well suggesting a defect in an early haematopoietic progenitor cells (Okuda
et al., 1996; Wang et al., 1996). Furthermore, in the absence of Runxl, haemogenic
endothelium cells accumulate and the few haematopoietic cells produced are restricted
to a primitive erythroid fate (Lacaud et al., 2002). A key role for RUNXI in
megakaryocyte development has been described through the conditional deletion of this
factor in adult mice using Mx/-Cre mice. These experiments revealed the presence of
immature megakaryocytes with low level of polyploidy in the bone marrow (Ichikawa
et al., 2004). Microarray analysis performed on Runx!”"Pf4-Cre, where the deletion of
RunxI occurred only in megakaryocytes, revealed the down-regulation of many genes
(Itgal/2, Mkl and Myl9) involved in the megakaryopoiesis (Pencovich et al., 2013).

Importantly, in the set of in vivo experiments, reported in this thesis, the over-
expression of Sox7 occurred in all haematopoietic cells at all different maturation
stages. The observed phenotype is the cumulative result of a series of events and
therefore, these results have to be interpreted carefully. Overall, these data suggest a
possible direct or more probably indirect role for Sox7 in both erythroid and
megakaryocytic lineages. However, further analyses will be necessary to demonstrate
this hypothesis.

Next, an alteration of the organs morphology was observed upon Sox7-enforced
expression. The spleen was enlarged showing an altered architecture. Enlargement of
the spleen is a sign of leukaemia. Indeed, patients with acute leukaemia often show
increased in spleen size (Pui, 2012b). Similarly to Sox7-enforced expression, mice
reconstituted with Sox/7-expressing cells exhibited signs of leukaemia showing

increased spleen size together with extra-medullary haematopoiesis. In contrast, the
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splenic architecture was normal in Sox/7-enforced expressing samples (He et al., 2011).

Bone marrow failure upon Sox7-enforced expression was confirmed by the
presence of reticulin fibres. Interestingly, fibrotic fibres were reported in the spleen as
well. Diseases with increased bone marrow fibrosis are often associated with
abnormalities in megakaryocyte and platelets production. The generation of collagen
and reticulin fibres is mediated by the presence of cytokines such as transforming
growth factor B (TGFp), fibroblast growth factor (FGF), vascular endothelial growth
factor (VEGF) and platelet-derived growth factor (PDGF) produced by
megakaryocytes. Increased expression of FGF in megakaryocytes and increased
expression of TGFp receptor in endothelial cells have been reported in patients with
myelofibrosis (Chou et al., 2003). Moreover, it has been shown that the two types of
fibres have different clinical implication. Reticulin fibres show less strong correlation
with disease severity compared to collagen fibres (Thiele and Kvasnicka, 2005). An
increase in bone marrow fibres has also been described in patients with ALL or AML
(Hann et al., 1978; Manoharan et al., 1979). Moreover, it has been shown that SOX7 is
expressed in patients with myelodisplastic syndrome but its role in fibrosis formation as
not been investigated yet (Fan et al., 2012). Therefore, the presence of fibres in the bone
marrow in mice engrafted with Sox7-expressing cells might be due to the impairment in
megakaryocyte and platelet formation but further investigations will have to be
performed.

Extra-medullary haematopoiesis was observed in secondary haematopoietic
organs, spleen and liver. These organs were enriched in progenitor cells that retained
long-term and multi-lineage engraftment capacity. These set of experiment further
confirm the results obtained on semi-solid culture and on OP9 suggesting that enforced

expression of Sox7 maintains the proliferation of immature progenitor cells.
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The continued over-expression of Sox7 upon secondary transplantation did not
lead to blood disease. No haematological malignancies were observed probably because
mice were sacrificed before the appearance of the disease. Similarly and as mentioned
previously, constitutive expression of Sox/7 in bone marrow cells was not sufficient to
induce leukaemia; however, mice over-expressing Sox/7 died with features of
leukaemia within 374 days after transplantation (He et al., 2011). In addition, the
expression of Sox7 was induced in all haematopoietic cells and created, as mentioned
above, a mis-regulation of different blood lineages. Probably, in order to induce
leukaemia sequential and critical events have to occur on a specific sub-population
prone to promote such disease. For instance, since the in utero origin for some ALL has
been reported (Greaves, 2003), infecting embryonic haematopoietic cells with retroviral
construct expressing Sox7 might be closer to recapitulate the events occurring during
human leukaemia development. Also, the level of Sox7 over-expression might be an
important factor to consider for the development of a blood disease. Not all the
engrafted cells were positive for the expression of GFP. This might suggest a possible

silencing of the HPRT locus that, therefore, cannot be activated by doxycycline.

8.4. SOX7 and second hit to induce leukaemia

Since no haematological malignancies were observed upon Sox7-enforced
expression, the requirement of a second hit seems necessary. I first analysed whether the
deletion of p53 might cooperate with Sox7 over-expression to induce blood malignancy.
P53 is a tumour suppressor protein that controls the apoptotic cell death response upon
stress. Inhibition of P53 results essential for the progression of many cancers (Vousden
and Lu, 2002). In some cases of AML with AMLI-ETO translocation, loss of P53 is

associated with tumour progression (Krejci et al., 2008) and in some cases of AML with
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MLL fusion genes drug resistant is observed due to diminished P53 activity (Zuber et
al., 2009). In ALL patients, P53 mutations are observed in 8.2 per cent of cases and are
detected mainly in patients negative for fusion genes (Chiaretti et al., 2013). In addition,
monoallelic P53 deletions have been reported in 11 per cent (5/46) ALL patients
(Studniak et al., 2013).

The experiments carried out with loss of p53 further confirmed that Sox7-
enforced expression impairs haematopoietic differentiation and that the cKIT'GFP"€"
sub-population contains most clonogenic potential. The deletion of p53 only increases
the colony formation but when injected in vivo did not show sign of engraftment and
therefore did not appear to confer leukaemia. Therefore, these experiments suggest that

the deletion of p53 does not cooperate with Sox7 over-expression to induce blood

malignancy.

8.5. SOX7 and B cell differentiation

To define a possible role for Sox7 in murine adult lymphopoiesis, the function of
Sox7 was explored during B cell development by using conditional deletion of Sox7
gene mediated by CD/19-Cre. In this experimental set-up, Cd/9 promoter controls the
expression of the Cre recombinase that deletes Sox7 sequence, flanked by LoxP sites
(Appendix 1 A). Therefore, the deletion of Sox7 occurs only in CD19-expressing B
cells.

After confirming the deletion of Sox7 gene by genotyping, organs were analysed
for any defects in lymphoid development (Appendix 1 B). No significant differences in
the frequencies of B cells were reported between CD/9-Cre mice and control in the
analysed organs. Only a slight low level in the intensity of B cell markers was observed

in CD19-Cre mice (Appendix 1 C). Overall, these preliminary results suggest that the
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deletion of Sox7 in B cells do not confer any impairment in B cell development. The
absence of any defects might be explained by the fact that the expression of Sox7 might
be important in the early stages of B cell maturation therefore deleting Sox7 in CD19"
cells might be too late in the development. For this reason, a possible role for Sox7 in
early haematopoietic progenitor was analysed upon conditional deletion using the Mx1-
Cre transgenic mice. In these mice, the deletion of Sox7 occurs in all haematopoietic
cells. The introduction of poly-inosinic-poly-cytidylic acid (plpC) by intra-peritoneal
injection activates the Mx/ promoter that drives the Cre recombinase expression
(Appendix 2 A). Seven doses of plpC were injected in mice and peripheral blood was
analysed 2 days and 30 days after the final dose to verify a complete deletion of Sox7
gene. Deleted band was observed in both homozygous Sox7""/MxI-Cre” and
heterozygous Sox7"""/Mx1-Cre*. No band was observed for the Cre recombinase in the
analysed samples suggesting an incomplete deletion of Sox7 or defects in the PCR
analysis. Then, 44 days after the final dose of plpC, organs were analysed for any
defects in haematopoietic development and homeostasis. No significant differences in
the frequencies of B cells were reported, both in the bone marrow and spleen, in mice:
plpC treated heterozygous Sox7""/Mx1-Cre” and homozygous Sox7""/MxI-Cre” and
plpC untreated heterozygous Sox7"/"/Mx1-Cre* mouse. A slight decrease in mature
IgM'B220" B cells was observed mainly in the bone marrow only in heterozygous
Sox7""/Mx1-Cre” mouse treated with plpC compared to the controls mice. Once again,
the intensity of CD19 marker was slightly lower in the heterozygous Sox7""/Mx1-Cre"
mouse treated with plpC compared to the controls (Appendix 2 B-C). Interestingly, in
this experimental set-up, a decrease in the intensity of B220 marker was also observed
in the heterozygous Sox7"""/Mx1-Cre” mouse treated with plpC.

Together, these preliminary results showed that the deletion of Sox7 in adult B
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or HSC cells do not significantly impair mouse B cell development and homeostasis.
Maybe, Sox7 is important for B cell development in a different contest, in particular it
might have a role during the early haematopoiesis in the foetal liver rather than in the
adult lymphopoiesis. Also, Sox7 might become important upon activation of B cells or
upon stress. It might be interesting generate immune-responses in Sox7""/Mx1-Cre*
mice and analyse the B cell memory formation.

Therefore, changes in when and where to analyse the impact of Sox7 deletion

might reveal a function for Sox7 in B cell development or activity.

8.6. How SOXT7 blocks B cell differentiation?

The results presented in this thesis clearly suggest a role for Sox7 in the
maintenance of an immature progenitor population. However, the underlying
mechanisms are still not clear. It has been reported in the literature that RUNX1 has a
role in B cell development, in particular at the pre B cell stage. Runx/ deficient mice
showed a decrease in early B cell progenitors that is rescued by the expression of Bcl2
(Niebuhr et al., 2013). Niebuhr and colleagues also reported the down-regulation of
genes involved in the B cell development such as Ebf1, Pax5, Src-kinases, Irf4/8, SpiB
and Zkzf3 in RunxI-deficient cells (Niebuhr et al., 2013). Interestingly, these genes were
also down-regulated in Sox7-expressing cells cultured on OP9. Of note, only Blk kinase
gene was down-regulated upon Sox7-enforced expression while the expression of other
genes, within the Lyn subfamily of SRC-family kinases, such as Hck, Lck and Lyn were
decreased in Runx/ null cells. The down-regulation of the SRC kinase, B/k, might be
directly related to B cell impairment in Sox7-expressing cells. SRC kinases are
important for the activation of the BCR signalling. Recently, it has been shown that

BLK contributes to the BANK1-PLCy2 interaction upon BCR stimulation. Its silencing
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with siRNA in human B-cell line reduced the association between BANK1 and PLCy2
(Bernal-Quiros et al., 2013). Therefore, a possible link between an impaired BCR
signaling and the blockage of Sox7-expressing cells at the pre-pro B stage might be
underlying the observed phenotype. However, further analyses of BCR signaling in
bone marrow cells cultured on OP9 will need to be performed to test this hypothesis.
Another study on the role of RUNX1 in B cell lymphopoiesis showed in Runx1-
deficient pro B cells an accumulation of the repressive mark, H3K27 trimethylation, at
the EbfI proximal promoter. In addition, RUNX1-CBFf binding was observed on two
RUNX recognition sites (RRS) on EbfI proximal promoter (Seo et al., 2012).
Moreover, unpublished data from our group suggest that RUNXI and SOX7 can
physically interact with each other (data not shown). Therefore, I hypothesized a
possible mechanism of action where SOX7 binds RUNX1 preventing the activation of
EBF1 by RUNXI. To this end, I cloned the human EBFI proximal promoter sequence
into a FireFly-Luciferase vector (Appendix 3 A) and performed Luciferase assay with
human SOX7, human RUNXI and Chfp plasmids alone or in combination in HEK293
cells (Appendix 3 B). As reported in appendix 3, SOX7 can activate EBF] proximal
promoter but less than RUNX1 and CBFp. In particular, one-fold increase in Luciferase
activity was observed by RUNXI1 while more than 2-fold were reported by CBFf
compared to SOX7. All the combinations between the three factors activated EBF
proximal promoter whit no significant differences compared to CBFf alone.
Interestingly, the presence of SOX7 in combination with RUNXI increased the
Luciferase activity compared to RUNXT1 alone. Unfortunately, these data do not support
the formulated hypothesis but this preliminary result might suggest that SOX7 binding
to EBFI proximal promoter. In addition, it is worth noting that the proposed mechanism

might not work in HEK293 cells and therefore, similar experiments have to be
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performed in specific context such as B cells.

8.7. Conclusive remarks and future works

The results described in present thesis revealed for the first time the correlation
between SOX7 expression and B-ALL. Moreover, the over-expression of Sox7 in adult
bone marrow cells impaired B cell maturation and induced an accumulation of
immature progenitor cells both in vitro and in vivo. In addition, Sox7-enforced
expression also impaired erythroid and megakaryocyte/platelets lineages. Sox7-enforced
expression induced splenomegaly, bone marrow failure with fibrosis and extra-
medullary haematopoiesis in vivo. Importantly, the down-regulation of SOX7 in human
leukaemia cell line induced a decrease in proliferation in vitro that correlates with an
increase in survival in vivo.

To extend and complement the data presented in this thesis, further experiments
will have to be performed to address the role of SOX7 in the proliferative and
leukaemogenic potential observed in B-ALL cell lines. Preliminary in vivo studies with
NALMSG6 and 697 cell lines have been initiated. Results were not as successful as with
the RS4;11 cell line (data not shown). This might be linked to the different mutations
carried by these cells that confer a very high proliferative potential in these specific
leukaemia cell lines. Therefore, since the expression of SOX7 seems essential for the
proliferation of leukaemic cells, it is important to down-regulate SOX7 enough to affect
proliferation. To better control the knock-down of SOX7, these B-ALL lines will be
transduced with scramble or SOX7 shRNA using an inducible system. Subsequently,
leukaemic cells will be analyzed in vitro for proliferation and clonogenicity as well as in
vivo for leukaemogenic potential upon the acute deletion of SOX7 expression. Similar

experiments will also be performed in primary B-ALL samples.
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These complementary experiments should possibly help us to establish conclusively the
critical role of SOX7 in promoting proliferation and leukaemogenesis in other B-ALL
cell lines and primary samples. Moreover, since no haematological malignancies have
been observed upon Sox7-enforced expression in mouse models, the requirement for
other mutational events might be necessary. One candidate might be the fusion gene
MLL-AF4 since it expression is not sufficient to recapitulate the human disease when
expressed on its own. To this end, I cloned the human MLL-AF4 translocation in a
retroviral vector that contains the Tomato reporter gene under the control of the EfI
promoter (Appendix 4). Preliminary experiments were performed to test the
transduction efficiency in cKIT™ mouse bone marrow cells. A new set of experiments
will be carrying out on progenitor bone marrow cells extracted from inducible Sox7
mice. Then, transduced cells will be engrafted in recipient mice and Sox7 over-
expression will be induced by doxycycline. These in vivo experiments should define a
possible co-operation between SOX7 and MLL-AF4 for leukaemia induction.

To identify the downstream effectors of SOX7 function in B-ALL, global
transcriptome changes occurring upon SOX7 knock-down in B-ALL cell lines using the
Affymetrix All-Exon array platform or RNA-seq will be performed. Comparative
analysis will allow the identification of genes specifically modulated upon SOX7 down-
regulation and common between different B-ALL cell lines. To complement this
analysis and determine SOX7 direct targets, SOX7 chromatin immuno-precipitation
followed by massive parallel DNA sequencing (ChIP-seq) will be performed in the B-
ALL cell lines. The combined analysis of transcriptome and ChIP-seq datasets should
define a list of target genes regulated by SOX7 in B-ALL cell lines.

Altogether, these experiments will help to establish a list of candidate genes

likely involved in the molecular program controlling the balance between differentiation
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and proliferation of haematopoietic precursors. Finally, identifying the molecular
mechanism underlying SOX7 activity will help to define novel potentially druggable

targets.
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Appendix 1.

A
WT allele
— Exon1 Exon2
Targeted allele LoxP FRT LoxP LoxP
— Exon1 —‘— En2 SA IRES| LacZ pA—‘—< hBactP | Neomycin | pA Exon
FRT
CD19-Cre
Recombined allele
Exon2
— Exon1 —‘— En2 SA IRES| LacZ pA
FRT LoxP
B Cre PCR Sox7 WT/KO Sox7 WT/FL
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Deletion of Sox7 using a costitutive Cre/LoxP recombinase system.

A) Schematic representation of the Sox7 WT, targeted and recombined alleles. Cre
recombinase, expressed in CD19" cells, deletes the region between the two LoxP sites.
B) Bone marrow and spleen genotyping PCR. Agarose gel electrophoresis detects 357
bp (KO) and 1832 bp (WT) PCR products originating form Sox7""** and 345 bp (fl) and
195 bp (WT) PCR products originating form Sox7"""; Cre band: 726 bp; BM: bone
marrow; SP: spleen C) Representative FACS plots of CD19, B220 and IgM expression
profiles from bone marrow and spleen cells of wild-type and CDI9-Cre mice.
Percentage cells are shown in the indicated quadrants. FACS plots are representative of
3 independent experiments.
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Appendix 2.
A
WT allele
—* Exon1 |l L Exon2 |
Targeted allele LoxP FRT LoxP LoxP

En2 SA| IRES| pA pA

FRT
Mx1-Cre
Recombined allele
Exon2
En2 SA IRES LacZ pA—t { }
FRT LoxP
Cre PCR Sox7 WT/FL
B
Blood Bone marrow Spleen Blood Bone marrow Spleen
1 3571 35 71357 13 57 1 35 7 1 3 517
400
300
Sox7 WT/KO
Blood Bone marrow Spleen
1 3 5 7 1 3 5 7 1 3 5 7
plpC treated mice:
#1: heterozygous Sox7**"/Mx1-Cre" (no band)
#3: homozygous Sox7™#/Mx1-Cre* (band)
#5: heterozygous Sox7*“|Mx1-Cre* (band)
plpC untreated mouse:
#7: heterozygous Sox7“/|Mx1-Cre* (band)
400
300
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Bone marrow Spleen

0.4 26.5 0.3 48.0

B220
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B220
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Sox7*“#/Cre

Sox 7" /Cre*

plpC

Sox7*“#/Cre*

Sox7*“#/Cre*

No plpC

Deletion of Sox7 using an inducible Cre/LoxP recombinase system.

A) Schematic representation of the Sox7 WT, targeted and recombined alleles. Cre
recombinase is induced by injecting intra-peritoneally polyinosinic-polycytidylic acid
(plpC) and deletes the region between the two LoxP sites in haematopoietic stem cells.
B) Blood, bone marrow and spleen genotyping PCR. Agarose gel electrophoresis
detects 357 bp (KO) and 1832 bp (WT) PCR products originating form Sox7""* and
345 bp (1) and 195 bp (WT) PCR products originating form Sox7"""; Cre band: 726 bp;
(plpC treated mice: #1: heterozygous Sox7"”/Mx1-Cre” (no band), #3: homozygous
Sox7""/Mx1-Cre* (band), #5: heterozygous Sox7""/MxI-Cre" (band); plpC untreated
mouse: #7: heterozygous Sox7"""/Mx1-Cre* (band)). C) Representative FACS plots of
CD19, B220 and IgM expression profiles from bone marrow and spleen cells of
heterozygote or homozygote Sox7/Mx1-Cre mice treated or not with plpC. Percentage
cells are shown in the indicated quadrants. FACS plots are representative of 1
independent experiment.
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EBF1pp/pGL4.10 vector:

Human EBF1 Firefly SV40 late poly
proximal promoter Luciferase2 (A) signal

—gﬂ:l— L

RRS1 RRS2

HEK 293

0.25 1§

Cloning of EBF1 proximal promoter and Luciferase assay.

A) Representative scheme of the Luciferase vector. The pGL4.10 vector contains the
human EBFI proximal promoter sequence and the FireFly-Luciferase sequence. B)
Luciferase assays show the activity of EBF1pp/pGL4.10 construct activated by human
SOX7, human RUNXI and Chfp plasmids alone or in combination in HEK293 cells.
Bars represent the mean Luciferase intensity relative to control £ S.E.M (n=3; * P<
0.05; ** P< 0.01). Bar graph is representative of 2 independent experiments. RLU
means relative luciferase units.

274



Appendices

Appendix 4.
A
MSCYV control vector:
—— MMSV/LTR GFP
MSCV-MLL-AF4 vector:
— MMSVATR ——  MLL-AF4 | — EF1[Tomato}-
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Cloning of MLL-AF4 translocation.

A) Representative scheme of the MSCV vectors. The MSCV control vector contains the
GFP sequence while the MSCV-MLL-AF4 vector contains the human MLL-AF4
sequence together with Tomato reporter gene under the control of EF1 promoter. B)
Representative picture of cKIT™ bone marrow cells transduced with MLL-AF4 or
control retrovirus. Cells infected with the control retrovirus, expressing GFP protein,
result green while cells infected with the MLL-AF4 retrovirus, containing Tomato
protein, result red (n=1; scale bar: 100um).
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