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ANALYSIS OF THE HAEMATOPOIETIC
TRANSCRIPTOME IN DEVELOPMENT

Myrto Areti Kostadima

All the cells of an individual share the same genetic code. The reg-
ulation of gene expression is among the key processes that confers
cell identity by ensuring that a specific subset of genes are active in
a given cell type. Understanding gene regulation is vital in unravel-
ling the impact of genetic variation on both normal development and
disease. This thesis investigates gene expression and its regulation
during the development of blood cells, called haematopoiesis, with
a focus on platelets. Platelets are small enucleated cells that are im-
portant for vascular wound healing after injury and are produced by
megakaryocytes, their bone-marrow residing precursors.

MEIS1 is a transcription factor known to be necessary for platelet
production. In the first part of this thesis, I analysed gene expression
and MEIS1 binding profiles in megakaryocytes. By integrating these
data with public DNA-binding profiles of other key regulatory pro-
teins, as well as by computational analysis, I confirmed the functional
role of MEIS1 and showed that it frequently co-binds with other key
regulatory proteins.

Blood cell production proceeds in a hierarchical fashion from a mul-
tipotent stem cell. The formation of mature blood cell types relies on
the correct regulation of all intermediate stages. As part of the Blue-
print consortium, I studied the transcriptional landscape of rare hae-
matopoietic progenitors. Transcriptional analysis of these cells identi-
fied changes in the expression of genes and transcript isoforms bet-
ween cell types and lineages with much greater depth and resolution
than previous studies.

In the last part I integrated the above datasets with the aim to
identify potential novel transcriptional regulators in megakaryocytes.
This integrative analysis established nuclear factor I/B (NFIB) as a
candidate. Using additional evidence from other resources, I identi-

tied NFIB as specific to the megakaryocytic lineage.
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This thesis analyses whole-genome transcriptome and binding data
in relation to critical stages of blood system development. I examined
the specific mechanisms of MEIS1-mediated gene regulation in mega-
karyocytes, as well as applying a global analysis of the full transcrip-
tional landscape of early haematopoietic progenitors. In addition to
providing an invaluable resource for the scientific community, the cur-
rent study provides an example of how such data can be exploited to

gain new insights into gene regulatory processes.
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PREFACE

"Blood cannot be converted to water" say the Greeks, em-
phasising the importance of blood ties. The significance of con-
sanguinity, however, is not a social phenomenon of modern
societies. Ancient Greeks, Egyptians, Romans and also native
Americans were all highly respectful of kinship, forming social
units based on these relationships. For example, all Achaeans
from Epirus to Crete belonged to one nation, for they shared

the same blood (Meletis and Konstantopoulos, 2010).

But why do we use the term "blood ties" to describe kinship?

According to Rogers (Rogers, 2010),

"Aristotle emphasised the importance of blood in
heredity. He thought that blood supplied generat-
ive material for building all parts of the adult body,
and he reasoned that blood was the basis for passing
on this generative power to the next generation. In
fact, he believed that the male’s semen was purified
blood and that a woman’s menstrual blood was her
equivalent of semen. These male and female contri-

butions united in the womb to produce a baby."

Hence, Aristotle’s (384 - 322BC) notion of blood as the basis of
heredity is still prevalent in everyday expressions that describe
ancestry, despite it being far away from the prevailing model of

inheritance.

Throughout history, blood held a key role in nutrition and
religion as well. Homer, Aristotle, Hippocrates and Galen con-
sidered blood as the ultimate food that served as nutrient to
the body and its organs. Even nowadays, blood consumption
is part of the diet of the Maasai tribe in Africa (Arhem, 1989)
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and the Hua people in Papua New Guinea. Despite being con-
sidered a cannibalistic act, it is culturally justified for the Hua
people to consume human blood (Meigs, 1987). Religions, how-
ever, have appeared to differ in their beliefs about blood con-
sumption. Judaism, for example, forbade men to consume any
blood on the grounds that "Blood belongs to God alone, for
life is in blood" (Soler, 1997). Christianity, however, accepts the
ritual of "consuming Christ’s blood" to achieve the fusion of
Man with God. In this case, though, blessed red wine repres-
ents the blood of Christ. Blood sacrifices were also popular in
various cultures and constituted a gift to the gods in return for

fertility, health or good harvest (Dalton, 1974).

In the area of physiology, the importance of blood for the
life of Animalia has triggered extensive research. Ancient Greeks
were the first to identify blood as an indispensable factor for
human and animal life (Meletis and Konstantopoulos, 2010).
From that point on, blood circulation and the haematopoietic
system were extensively studied (Khan et al., 2005) and the
discoveries made led to two medical breakthroughs in the 20th

century: blood transfusions and bone marrow transplantations.

The first studies on the blood system reported the existence
of two types of blood vessels: the veins and the arteries. In
500 BC, Alcmaeon of Croton first distinguished between lar-
ger more interior blood vessels and smaller superficial ones.
Although some have claimed that he was the first one to distin-
guish between veins and arteries, this is highly unlikely (Lloyd,
1991), and this is attributed to the Greek physician, Herophilos
(335-280 BC). Claudius Galenus (129-c216), known as Galen of
Pergamon, identifies that although both veins and arteries carry
blood, they have separate distinct functions, based on the dis-
covery that the venous blood is darker, whereas the arterial is
brighter and thinner. His discoveries, however, led him to two

incorrect theories (Rocca and Galen, 2003). First, he claimed



that the circulatory system consisted of two one-way separate
systems, rather than a unified one, and second, he argued that
venous blood originates in the liver, while arterial blood from
the heart. The circle is completed with the regeneration of the

blood in either (Grant, 2000).

Much later, Ibn-al-Nafis (1213-1286), an Egyptian physician
and a great admirer of Galen’s work, refuted the prevailing the-
ories about a direct pathway in the heart between the left and
right chambers. He instead provided a detailed description of
the blood circulation to and from the lungs (West, 2008). Sim-
ilar findings by Spanish Michael Servetus (1511-1553) were not
met with enthusiasm in Europe and Serevetus was burned as
a heretic. At the same time Andreas Versalius (1514-1564) also
critised Galen’s work and with his work paved the way for the
tirst drawings of the vein valves published by Hieronymus Fab-
ricius (1537-1619). William Harvey, a pupil of Fabricius, is cred-
ited with the discovery of circulation. He published ’Exercitatio
Anatomica de Motu Cordis et Sanguinis in Animalibus” in 1628, in
which he demonstrated that there had to be a direct connection
between the venous and arterial systems throughout the body,
and not just the lungs (Power, 1897). The capillary system that
connects arteries and veins, though, was later discovered by
Marcello Malpighi (1628-1694) in 1661.

A few years later, in 1666, the first attempts to transfuse
blood were conducted by Richard Lower between dogs (Tubbs
et al., 2008; Walton, 1974) and between dog and human (Lower,
2002), while the first attempt for human-to-human transfusion
was undertaken by Dr James Blundell in 1818 (1791-1878) (EI-
lis, 2007; Howell, 1828). Blood transfusions, though, were not
a common practice in Britain until 1921, when the British Red
Cross organised the first voluntary blood service (Miller, 2010).
During the second World War the huge numbers of injured
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people and the constant need for blood transfusions led to ad-

vances in the way blood is stored and transfused.

In the meantime, Karl Landsteiner (1868-1943), the so-called
father of blood transfusion, discovered the main blood groups
by mingling serum and blood cells of six individuals (Land-
steiner, 1900; Rous, 1947). He found that transfusion between
individuals of the same blood group did not lead to destruc-
tion of the blood cells, providing a safe way for the blood
transfusion between humans. In 1900, Landsteiner discovered
three blood groups, which he called A, B and C. The latter one
was later renamed to O. A year later, Landsteiner’s colleagues,
Alfred von Decastello and Andriano Sturti, identified another
blood group which they called AB (von Decastello and Sturli,
1902). The work of Landsteiner and his colleagues led to the

modern system of classification of blood groups.

In 1985, blood transfusions changed dramatically after a
high number of people became infected with HIV. The free love
movement of the 1960 had liberated people’s sexuality. The con-
sequences of this were first observed among gay people in early
1980; the syndrome was initially called GRID (Gay-Related Im-
munoDeficiency). When haemophiliacs also began to develop
GRID, it was apparent that the syndrome was not a "privilege"
of homosexuals. In the last decades, several tests against in-
fectious elements, such as Hepatitis and HIV, have been intro-
duced in blood transfusions to ensure its safety (Berkman,
1988). According to the World Health Organisation (WHO,
2013), nearly 83 million blood donations were collected glob-
ally in 2011, however only sixty countries collect 100% of their

blood supply from voluntary donors.

Following World War II, the threat of nuclear bombs was
high and scientists began examining ways to save individu-

als exposed to radiation. Their observation was that irradiation



destroys the bone marrow; hence its replacement by a healthy
bone marrow sample might be the solution. Unfortunately, for
the individuals exposed to such high doses of irradiation bone
marrow failure was only part of the symptoms, as they also
suffered from multiple organ failure making their recovery im-
possible. However, this idea prompted further experiments for
patients with bone marrow diseases. In 1956, Dr E. Donnall
Thomas (1920-2012) demonstrated that normal blood produc-
tion could be restored by transplanting bone marrow-derived
cells from one man into his identical twin brother, who was
suffering from advanced leukemia, after total body irradiation
(Thomas et al., 1957). Bone marrow transplantations were not
performed on a large scale, though, until the discovery of the
human histocompatibility antigens by Jean Dausset (1916-2009)
(Dausset, 1958; Dausset and Nenna, 1952). The development of
histocompatibility test between patient and donors resulted in
bone marrow transplantations between siblings in 1968 and bet-
ween unrelated individuals in 1973. Still today bone-marrow
transplantations are the only stem cell therapy routinely per-
formed. Such successful medical inventions have drawn signi-
ficant interest on the haematopoietic system, more commonly
known as blood system, which has become one of the most
studied and characterised systems. As such, it serves as a model

system for biological investigation and clinical applications.
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INTRODUCTION

1.1 INTRODUCTION TO HAEMATOPOIESIS

The number of blood cells being formed per day varies
among individuals, but on average a healthy adult produces ap-
proximately 10'-10"2 new blood cells (Stites et al., 1997). This
high demand of cells in the peripheral circulation requires an ef-
ficient and tightly regulated process of blood formation, called

haematopoiesis.

There are several sites of haematopoiesis during develop-
ment and depending on the mammalian developmental stage,
haematopoiesis can be classified as either primitive or definit-
ive. In the early stages of mammalian development, primitive
haematopoiesis takes place in the yolk sac producing red blood
cells (Ueno et al., 2006). Subsequently definitive haematopoie-
sis occurs first in the aorta gonad mesonephros (AGM) shortly
after the first wave of primitive haematopoiesis and later in
the foetal liver and then in the bone marrow. Additional sites
of haematopoiesis are the thymus and the spleen (reviewed

in (Dzierzak and Speck, 2008)).

The final products of haematopoiesis can be split in three
main groups: red blood cells or erythrocytes, platelets and throm-
bocytes, and white blood cells or leukocytes. The daily blood
cell production is divided in 2x1 0" red cells, 1x10'° white cells
and 4x10" platelets (ENCYCLOPAEDIA BRITANNICA).

The word
haematopoiesis
comes from the
ancient Greek
words: aiyoa,
which means
"blood”, and
rowely, which
means "to

make”.



INTRODUCTION

1.1.1  The haematopoietic system

All different blood cell types are derived from a multipo-
tent undifferentiated cell known as the haematopoietic stem cell
(HSC). Extensive analysis using fluorescence activating cell sort-
ing and monoclonal antibodies against cluster differentiation
antigens (CD) suggest that haematopoiesis occurs in a hierarch-
ical fashion (reviewed in (Orkin and Zon, 2008; Seita and Weiss-
man, 2010)). The production of any of these cells consists of sev-
eral differentiation steps, where undifferentiated cells, which
are called precursors or progenitors, progressively commit to
lineages of increasingly restricted differentiating potential. The
haematopoietic system can be represented as an inverted tree
structure, with the haematopoietic stem cell sitting at the root of
the tree and its leaf nodes representing the mature blood cells
(see Figure 1). The sequence of differentiation steps required to
produce a mature blood cell from a haematopoietic stem cell is

called a lineage differentiation.

Haematopoietic stem cells sit at the top of the haematopoi-
etic system and possess two essential characteristics for hae-
matopoiesis. They can differentiate into progenitor cells that in
turn commit to lineages of increasingly restricted potential to
produce mature blood cell types. Their differentiation ability is,
therefore, essential to replenish circulating blood cells, some of
which are short-lived. Exclusive differentiation of the haemato-
poietic stem cells would deplete the stem cell pool. To avoid
this, haematopoietic stem cells can also self-renew, maintaining
the stem cell population intact. Haematopoietic stem cells are,
therefore, required to maintain a balance between self-renewal
and differentiation to meet the high demands for both stem cell
and mature cells. This dual nature has been made possible by

asymmetric cell divisions (Giebel et al., 2006).
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INTRODUCTION

In normal circumstances, haematopoietic stem cells are mostly
in a quiescent state (G, phase of the cell cycle) (Bradford et al.,
1997; Cheshier et al., 1999; Yoshihara et al., 2007). They only un-
dergo cell division to self-renew or differentiate, a decision that
is determined by the microenvironment in which they reside,
called the niche. Schofield (1978) first introduced the term ‘niche’
and according to Wang and Wagers (2011) the niche: ".. includes
specific cell types, anatomical locations, soluble molecules, sig-
nalling cascades and gradients, as well as physical factors, such

as shear stress, oxygen tension and temperature".

Haematopoietic stem cells reside mainly in the bone mar-
row, the only site of haematopoiesis in adults. Wang et al. (1997)
showed that they are rare, with only one cell in 3x10° bone mar-
row cells having the regenerative properties of a haematopoie-
tic stem cell. Haematopoietic stem cells can also be found in the
mobilised peripheral blood (McCredie et al., 1971), where their
frequency is one in 10° cells (Wang et al., 1997).

Once a haematopoietic stem cell commits to differentiation,
it loses its self-renewal ability, while initially maintaining multi-
potency. The resulting multipotent cells are called multi potent
progenitors (MPP). At this point the haematopoietic system
has to make the first commitment choice between two main
branches; the lymphoid and the myeloid. MPPs can progress
into one of these branches by differentiating into one of the two
oligopotent progenitors called common lymphoid progenitor

(CLP) and common myeloid progenitor (CMP), respectively.

One of the three main blood products, leukocytes, are re-
sponsible for the defense of our bodies against disease or infec-
tion. The term "leukocytes” describes a range of blood cells: gra-
nulocytes, monocytes and lymphocytes. The lymphoid branch,
which stems from the CLPs, produces three different types of
lymphocytes: T cells and B cells, which form the adaptive im-
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mune system, and natural killer (NK) cells that are part of
the innate immune system. The role of lymphocytes is to at-
tack pathogens or tumour cells. In the case of T and B cells,
this is achieved through antigen-specific receptors. The lack of
such receptors on NK cells classifies them as components of the
less specialised immune response of the innate immune system.
However, the NK cells are considered to be lymphocytes be-
cause of their morphology, their expression of many lymphoid
markers, and their origin from the common lymphoid progen-

itor cell in the bone marrow (Vivier et al., 2011).

Lymphocyte precursors reside in the bone marrow, from
where they migrate when they are still immature to different
peripheral organs. T cell precursors migrate to the thymus to
undergo maturation and at the end of the maturation process
they migrate to other lymphoid organs, such as the spleen (Starr
et al., 2003). B cells leave the bone marrow to migrate to the peri-
pheral lymphoid tissue in order to mature (Bonilla and Oettgen,
2010). NK cells can mature both in the bone marrow and the
peripheral lymphoid organs before entering the blood circula-

tion.

While B cells are responsible for the production of antibod-
ies and NK cells for destroying damaged or cancerous cells, T
cells show remarkable diversity of functions depending on their

subtype. T cells are further split into:

1. T helper cells, whose role is to help B and T cells and

macrophages (mature monocytes),

2. Regulatory T cells that modulate the immune responses in
order to reduce any damage caused by them and maintain

tolerance against our own antigens,

3. Cytotoxic T cells that kill virally infected or cancerous

cells.
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The role of communicator between the adaptive and im-
mune system falls on the dendritic cells (reviewed in (Merad
et al.,, 2013)). These cells can derive from both myeloid and
lymphoid branches of the haematopoietic system (Manz et al.,
2001a,b; Shigematsu et al., 2004; Traver et al., 2000), though the

functional differences between these two types are not yet clear.

The other main branch of haematopoiesis, the myeloid, is
further split into two sub-branches: the granulocyte/monocyte
and the megakaryocyte/erythrocyte, which stem from the gra-
nulocyte/monocyte progenitors (GMP) and the megakaryocy-
te/erythrocyte progenitors (MEP), respectively. The GMP can
give rise to granulocytes and monocytes, which are the remain-
ing components of the immune system, while the MEP lineage
produces the erythrocytes (red blood cells) and the thrombo-
cytes (platelets), which are the two more abundant cells in the
blood.

Granulocytes and monocytes form the innate immune sys-
tem, which is the first line of defense against antigens, along
with NK cells. In contrast to T and B cells, this subgroup of
leukocytes has a limited function because they identify only
the common features of pathogens. Depending on their role,
granulocytes and monocytes can be grouped into the cell eat-
ers, called phagocytes and include neutrophils, macrophages
and dendritic cells, and the non-eaters that include basophils

and eosinophils.

The term ‘granulocytes” describes a subgroup of leukocytes
produced by the myeloid branch that are characterised by the
presence of granules in their cytoplasm. The white blood cells

sharing this feature are:

1. Basophils, which participate in allergic reactions by pro-

ducing histamines,
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2. Eosinophils, cells that attack bacteria and parasites by se-

creting toxic proteins, and

3. Neutrophils, which are the only cell eaters among the gra-
nulocytes. Neutrophils reside in the bone marrow until
maturity and are the most abundant phagocytes in the
circulating blood. Their role is to attack and engulf invad-

ing microorganisms.

The role of monocytes is to produce the other two types
of phagocytes; macrophages and dendritic cells. Under nor-
mal conditions, monocytes differentiate to replenish the current
pool of macrophages and dendritic cells, while during infection
monocytes circulate into the blood and travel to the sites of in-
fection to produce new macrophages or dendritic cells. Macro-

phages are large eaters of cellular debris and pathogens.

Finally, the megakaryocytic erythroid branch of the haema-
topoietic system gives rise to erythrocytes through a process
called erythropoiesis, or thrombocytes through a process called
megakaryopoiesis, via their megakaryocytic erythroid progen-
itors. Both platelets and red blood cells are small enucleated
cells with a discoid-shaped cytoplasm, although they perform
completely different functions. Erythrocytes are responsible for
carrying oxygen and carbon dioxide between the lungs and
the tissues, while thrombocytes maintain haemostasis by sur-
veying the vessel wall for damage and if damage is identified,
thrombocytes initiate a multi-step repair process that leads to

the formation of a platelet clot.

1.1.1.1  Megakaryopoiesis and platelet production

Platelets are short-lived cells that circulate in the blood sur-
veying the vascular wall for injury. On average they live for
7-10 days and need to be replenished continuously. An adult
produces about 4x10'platelets daily. Platelets are produced by

their bone-marrow residing precursors, called megakaryocytes.

9
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Megakaryocytes are the largest type (averaging 50-100 um
in diameter) of precursor cells that lie in the bone marrow.
To produce platelets, megakaryocytes go through a maturation
process, called megakaryopoiesis (reviewed in (Italiano, 2013;
Patel et al., 2005)). During their maturation, megakaryocytes
stop dividing, but continue to replicate their DNA in a series
of endomitotic cell cycles (Martin et al., 2012; Ravid et al., 2002).
At the end of the maturation process, megakaryocytes are poly-
ploid containing from 16 to 256 copies of their genome (Odell
et al., 1965) and with a large cytoplasm that is full of platelet-

specific granules (Handagama et al., 1987).

Platelet production occurs through long, thin extensions of
the megakaryocyte cytoplasm (Italiano et al., 1999). Such cyto-
plasmic remodelling and maturation is achieved by microtu-
bules that extend throughout the cytoplasm creating the pro-
platelets (Schwer et al., 2001). The last essential step in plate-
let biogenesis is the filling of nascent platelets with organelles
and alpha and dense granules. Motor proteins attached to the
microtubules carry the necessary components for platelet func-
tion from the cytoplasm to the proplatelets. These organelles
then become trapped in the proplatelet ends and the microtu-
bules elongate and separate the proplatelet from the megaka-
ryocytic cytoplasm (Richardson et al., 2005). At the end of
thrombopoiesis small anucleated cell fragments are released

into the blood stream.

1.1.2  Alternative views to the "classical” model of haematopoiesis

Linear representations are widely used to analyse normal
haematopoiesis. Although these representations oversimplify
the haematopoietic development, it provides a useful frame-
work in which to consider the properties of the intermediate

cell populations. However, numerous studies have provided
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evidence that this over-simplified version does not depict real-

ity in all aspects (Orkin, 2000).

One of the most recent findings suggests the existence of
another type of progenitors that is not included in the clas-
sical haematopoietic ontogeny described above. These progen-
itors, termed early lymphoid progenitors (ELP) or lymphoid-
primed multipotent progenitors (LMPP) have lost their megaka-
ryocytic and erythrocytic potential (Igarashi et al., 2002). Using
an additional cell surface marker, Flt3, researchers have isol-
ated this subset of multipotent progenitors (Adolfsson et al,,
2005; Christensen and Weissman, 2001) and suggest that the
loss of the potential to produce granulocytes is the last stage
before the transition to lymphoid restricted progenitors (Ad-
olfsson et al., 2001; Akashi et al., 2005). According to the "re-
vised" model, the LMPPs can be added on top of the CLPs in
the hierarchy tree with the ability to produce neutrophilic gra-
nulocytes only, while common myeloid progenitors can give
rise to eosinophilic and basophilic granulocytes (Gorgens et al.,

2013).

Another theory that has emerged in recent years concerns
the haematopoietic stem cell pool. Comparative studies bet-
ween haematopoietic stem cells from young and aged mice
identified that these two populations are different (Geiger and
Van Zant, 2002; Marley et al., 1999) in many features includ-
ing their ability to home to the bone marrow (Morrison et al.,
1996), in their surface immune-phenotype (Liang et al., 2005;
Marley et al., 1999), cell cycle properties, gene expression and
lineage bias. In aging mice the haematopoietic stem cells pro-
duce more myeloid cells rather than lymphoid, which is con-
sistent with the age-related impairment of the immune system.
Similar studies in human bone marrow haematopoietic stem
cells confirmed these findings. The haematopoietic stem cells

in aged individuals were reported to be more frequent and less

11
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quiescent. In addition, both in vitro and in vivo differentiation
showed a myeloid-bias of the aged haematopoietic stem cells
compared to their young counterparts. The same bias was also
found in transplantation experiments, where the lymphoid pro-

geny was not as efficiently generated (Pang et al., 2011).

Despite this observed lineage bias, the belief was that these
cells still emerge from a homogeneous stem cell population.
However, recent studies have shown that the stem cell pool is
heterogeneous and contains subsets of cells that differ in their
life span, cycling status and lineage bias even within young
mice. The haematopoietic stem cells are now thought to be
split into myeloid-biased, lymphoid-biased and unbiased and
their lineage bias is maintained even after serial transplanta-
tions (Beerman et al., 2010; Challen et al., 2010; Dykstra et al.,
2007; Muller-Sieburg et al., 2002). Recently, Sanjuan-Pla et al.
(2013) identified and isolated a subset of HSCs primed towards
the megakaryocytic lineage, with a propensity for short- and
long-term reconstitution of platelets. This HSC subtype can also
give rise to myeloid- and lymphoid-biased HSCs, placing it at
the top of the hierarchy of all HSC subtypes.

The above mentioned studies have been performed in mice
and there is no evidence that these findings are true for human
haematopoiesis. It is, therefore, essential to examine the human

haematopoietic system for such characteristics.

1.1.3 Isolation of haematopoietic cells using cell surface antigens

Over the last thirty years extensive studies on haematopoi-
esis have focused on the identification and characterisation of
homogeneous cell populations at various stages along the dif-
ferentiation of multipotent haematopoietic stem cells to mature
blood cells. The introduction of new technologies such as mul-

ticolor fluorescent-activated cell sorting and monoclonal anti-
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bodies greatly contributed to these efforts. The haematopoietic
tree described in the section above summarises three decades

of findings by researchers all over the world.

The self-renewal and differentiation properties of the hae-
matopoietic stem cells were well known before the isolation
of these cells due to bone marrow transplantations (Till and
McCulloch, 1961). Historically haematopoietic stem cells have
been defined based on their competence to reconstitute the hae-
matopoietic system in lethally irradiated mice (Spangrude et al.,
1988) and primates (Berenson et al., 1988, 1991; Smith et al,,
1991). The regenerative properties of stem cells marked a whole
new era in medicine for their clinical use in transplantations
and gene therapies. Despite their importance HSC molecular
characterisation has lagged behind, also due to the low num-

ber of cells present in any sample.

The first attempts to distinguish the bone marrow compart-
ment with self-renewing ability reported that CD34 is a gly-
coprotein present in the surface of haematopoietic progenitor
cells (Andrews et al.,, 1986; Brown et al., 1991; Civin et al.,
1987; Katz et al., 1985). Little is still known about the functions
of CD34; Krause et al. (1996) presented a comprehensive re-
view of its expression, structure and clinical use. Despite the
CD34+ fraction defining stem cells in clinical settings, CD34
on its own is not sufficient as an HSC marker, due to the fact
that the CD34+ fraction of the bone marrow contains cells that
are already committed to either the monomyeloid, lymphoid
or erythroid lineage (Andrews et al., 1989; Loken et al., 1987;
Mayani et al., 1989; Sutherland et al., 1989).

Subsequent studies aimed at identifying cell populations
within the CD34" that did not bear any lineage-associated mark-
ers (Lin™). In 1991, Terstappen et al. (1991) show that CD38

is only expressed in the fraction of CD34" bone marrow cells

13
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that also express other lineage specific markers. Hence, CD38 is
identified as a negative marker of multipotency and an increase
of CD38 indicates differentiating CD34 " cells. Apart from form-
ing long term cultures, CD347CD38" cells are also able to re-
constitute haematopoiesis in irradiated mice (Bhatia et al., 1997;
Conneally et al., 1997). In parallel other groups identified en-
riched haematopoietic stem cells using antigens against CDgo
(also called Thy1) (Baum et al., 1992; Craig et al., 1993) or a
specific CD45 protein isoform, termed CD45RA (Mayani et al.,
1993). CD45 is a transmembrane protein that has five different
protein isoforms that differ in their extracellular domain (Lynch,
2004). Out of the five CD45 isoforms, the two longest ones are
the ones termed CD45RA. Mayani et al. (1993) reported that
the CD34" CD45RAY"CD71'" cell population contains multi-
progenitor cells, while the expression of CDgo in the CD34% cell
population establishes long term cell cultures and has reconstit-

utive abilities when transplanted in lethally irradiated mice.

To separate haematopoietic stem cells from multipotent pro-
genitors, loss of CDgo is sufficient in the CD34"CD38 CD45RA ™~
compartment (Majeti et al., 2007). Notta et al. (2011) went fur-
ther to show that, within the CDgo™ compartment integrin ITGA6
(CD49f) identities the HSC able to long term repopulate.

The finding that the CD34™ cells form a heterogeneous pop-
ulation of progenitors, sparked extensive research to identify of
what other more committed progenitors consist. In 1993, Fritsch
et al. (1993) reported that a fraction of the CD34" cells that
does not express CD45RA comprises early myeloid precursors.
It was not until 2002 that the separation of three different my-
eloid progenitors was achieved within the Lin~CD347CD38"
compartment (Manz et al., 2002). Common myeloid progenit-
ors that can give rise to both erythroid and myeloid popula-
tion have a IL-3Ra'®"CD45RA~ phenotype. More committed
progenitors are identified through IL-3RatCD45RA™ for the
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granulocytic/monocytic branch and IL-3Ra~CD45RA™ for the

megakaryocytic/erythroid one.

For the isolation of early lymphoid progenitors there were
two studies reporting either CD1o0 (Galy et al., 1995) or CD7 (Hao
et al., 2001). Within the Lin-CD34*CD38" subpopulation, Galy
et al. (1995) identified a fraction of cells that express CD10 and
CD45RA on their surface. Later study, though, examined the
Lin~CD347CD38~ compartment for a subpopulation that ex-
pressed CDy7. Both these populations are devoid of any myeloid
differentiating potential, while producing all of the lymphoid

and dendritic cells.

1.2 GENE EXPRESSION AND ITS REGULATION

Despite the functional and phenotypic differences between
cells, such as the different cell types of the haematopoietic sys-
tem described above, in any given individual all cells share the
same genetic code. The diversity of the cells is achieved through
a well-orchestrated process of decoding the common genetic in-
formation in a cell-type specific manner. This process is termed
gene expression. Understanding gene expression under normal
conditions improves our understanding of gene expression in
disease, which is in turn invaluable for medical advances that

aim to restore normal function of the affected cells.

1.2.1  From DNA to RNA and proteins, or simply gene expression

Proteins are the key components of cells, carrying out di-
verse functions that are essential for the maintenance and nor-
mal function of a cell. In all living cells the genetic information
is encoded in the DNA, which are long double-stranded mo-
lecules (Watson and Crick, 1953) formed by four types of re-
peating monomers (A, C, G and T). The flow of genetic inform-

ation follows the path from DNA to RNA to protein; a prin-
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Figure 2: Central dogma of Molecular Biology. The dogma classifies the
transfers of information between the three macromolecules, DNA, RNA and
protein into: general transfers (straight line), special transfers (dotted line),
and unknown transfers.

ciple holding true in all cells from bacteria to humans, termed
the central dogma of molecular biology that was formulated by

Fancis Crick in 1958 (Crick, 1958) (see Figure 2).

During transcription, only certain segments of DNA, the
genes, are used as a template for the synthesis of RNA mo-
lecules, called precursor mRNA (pre-mRNA). The products of
transcription go through several processing steps, including 5’
capping, poly-A tail addition and splicing, which turn them
into processed messenger RNA (mRNA). The mRNA is then
exported from the nucleus, where it was synthesised, to the
cytoplasm, where it will be translated into a protein. Although
the general rule dictates that proteins are the final products
of gene expression, sometimes the process terminates with the
production of RNAs. In these cases the gene transcribed does
not encode for a protein, but for certain types of RNA that
along with proteins serve various cellular functions. The most
common types of non-protein-coding RNAs along with their

functions are summarised in Table 1.

Table 1: Types of non-protein-coding RNAs (reviewed in (Eddy, 2001)).
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Name Abbreviation Function Reference

ribosomal RNA RNA form the basic structure of the ribosome and (Attardi and Amaldi, 1970)
catalyse protein synthesis

transfer RNA (RNA central to protein synthesis as adaptors between (Lengyel and Soll, 1960)
mRNAs and amino acids
function in a variety of nuclear processes, includ-

small nuclear RNA snRNA . . Y P (Busch et al., 1982)
ing the splicing of pre-mRNAs

small nucleolar RNA snoRNA used to process and chemically modify rRNAs (Eliceiri, 1999)

microRNA miRNA regulate gene expression typically by blocking (Lau et al., 2001; Lee and Ambros, 2001)
translation of selective mRNAs

small interfering RNA SRNA turn off gene expression by directing degrada- (Hamilton and Baulcombe, 1990)
tion of selective mRNAs

long non-coding RNA lincRNA function in diverse cell processes, including te- (Ulitsky and Bartel, z013)
lomere synthesis, X-chromosome inactivation

In bacteria, genes are located in uninterrupted stretches of
DNA. In contrast, genes in higher eukaryotes contain both cod-
ing (exons) and non-coding (introns) regions (Berget et al., 1977;
Chow et al., 1977). Both exons and introns are transcribed into
pre-mRNA. However, introns are spliced out by a ribonucleo-
protein complex, called spliceosome, during the pre-mRNA pro-
cessing step (Jurica et al., 2004; Matlin and Moore, 2007). The
splicing step offers the possibility to generate greater protein
complexity in eukaryotes, as alternative splicing, which is the
removal of introns and different stitching of the remaining ex-
ons, can generate various protein isoforms from the same DNA

locus (Matlin et al., 2005).

1.2.2 Regulation of gene expression

Cell identity and normal cell functions are maintained through

tight spatio-temporal regulation of gene expression. Not all
genes are expressed at a given time and in any given cell. Even
those that are expressed, though, are controlled as to how much
proteins they produce depending on the cell’s needs and ex-
ternal stimuli. The control of gene expression can be exercised
at any stage of the transition from DNA to proteins. Hence, we
can identify six levels of regulation during this process (Alberts,

2008) :

1. Transcriptional control: regulation of the transcription of

a gene. This is the most prevalent mechanism of gene ex-

17
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pression regulation, and special mention is made to it in

the following section.

2. RNA processing control: regulation of processing and spli-
cing of pre-mRNAs. For example, alternative splicing, de-
scribed above, determines which protein isoforms are ex-

pressed.

3. RNA transport and localisation control: only fully pro-
cessed mRNAs are transported out of the nucleus. Oth-

erwise, they are degraded.

4. mRNA degradation control: performed by siRNAs through
the RNA-induced silencing complex (RISC) and sequence-
specific binding onto the target mRNA.

5. Translational control: performed either through the mRNA
surveillance system, such as the nonsense mediated mRNA
decay mechanism, which eliminates defective mRNAs prior
to translation, or through miRNAs, which bind in a se-
quence-specific way onto mRNAs and regulate their sta-

bility and translation.

6. Post-translational control: in order to become functional
certain synthesised proteins may require additional activ-

ation or deactivation or sub-cellular localisation.

1.2.3 Elements of transcriptional requlation

In marked contrast to the expectation that the human gen-
ome contains over a hundred thousand genes, the completion
of the Human Genome Project (described in Section 1.3) re-
vealed that there are only 35,000, an estimation that was later
dropped to approximately 21,000 (International Human Gen-
ome Sequencing Consortium, 2001, 2004). A subset of these
genes encode for proteins that regulate the transcription of genes,

including some times their own. They are called transcription
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factors and constitute the trans-acting regulatory elements be-
cause their function extends beyond their own genomic region.
In the human genome it is estimated that at around 10% of the
annotated protein coding genes are transcription factors (Vaquer-
izas et al., 2009). To regulate transcription, transcription factors
bind to DNA regulatory sites. The genomic loci where the tran-
scription factors are bound are called transcription factor bind-
ing sites (TFBSs) and constitute the cis-regulatory elements. These
cis-regulatory elements can be classified into promoters, en-
hancers, silencers, and insulators among others (Maston et al.,
2006b). Both promoters and enhancers are short genomic loci
that serve as platforms for the binding of transcription factors.
While promoters are located either in the immediate vicinity
upstream of genes, enhancers can be many kilobases away from

the gene they regulate (Spitz and Furlong, 2012).

The next level of transcriptional control involves the pack-
aging and the accessibility of DNA and it is referred to as
epigenetic. DNA packaging and compaction in the nucleus is
achieved through chromatin, a structure combining DNA and
proteins. The fundamental repeated subunit of chromatin is the
nucleosome (Kornberg, 1974), around which 146 bp of DNA
are wrapped (Luger et al., 1997). The nucleosome is a protein
octamer composed of four histones (H2A, H2B, H3 and Hy),
present in two copies each that heterodimerise in H2A /H2B
and H3/H4. The chromatin structure is dynamic and subject to

continuous modifications (Bell et al., 2011).

The set of these inheritable modifications that do not alter
the DNA sequence itself are called the epigenome. Epigenetic
modifications include methylation of the cytosine DNA nuc-
leotides (Bird, 2002), nucleosome re-positioning (Whitehouse
etal., 1999) and enzymatic modifications on the histone tails (All-
frey and Mirsky, 1964; Kouzarides, 2007; Zhang and Reinberg,

2001). In the last few years, great advances in the field of genom-
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ics (reviewed in Section 1.3.1) have facilitated the completion of
genome-wide studies of the epigenome and how it affects tran-
scription. These studies have identified chromatin states that
are associated with specific cis-regulatory elements that confer
a certain transcriptional output; either enhancement or inhibi-

tion (reviewed in (Bell et al., 2011; Zhou et al., 2011)).

In those studies, different chromatin signatures have been
used to identify promoters and enhancers. Promoters are in
general defined by a H3K4 tri-methylation (H3K4me3) and a
H3K27 acetylation (H3K2yac) signal when active, while they
bear a repressive histone mark, H3K27 tri-methylation (H3K27me3)
when inactive (reviewed in (Lenhard et al., 2012)). Absence of
H3K4me3 and enrichment of H3K4 monomethylation (H3K4me1)
are indicative of enhancer regions (ENCODE Project Consor-
tium, 2007; Heintzman et al., 2007). When these are present
along with H3K27 acetylation (H3K27ac), this chromatin state
strongly correlates with enhancers that are in proximity of act-
ive genes (Bonn et al., 2012; Creyghton et al., 2010; Rada-Iglesias
et al., 2011), while lack of H3K27ac is associated with repressed
enhancers. Active enhancers are also nucleosome free, as re-
vealed by DNase I hypersensitivity studies, and show low methyl-

ation of cytosines (Xu et al., 2007).

1.2.4 Key regulators of haematopoiesis

Haematopoietic multipotent cells exhibit lineage priming,
which is the low expression of lineage specific genes (Hu et al.,,
1997). In undifferentiated cells, these lineage regulators are marked
by ‘bivalent’ chromatin states at their promoter and are sub-
ject to complex regulation including the interplay of enhan-
cers and promoter elements and are also associated with an
increased likelihood of transcriptional induction during differ-
entiation (Adli et al.,, 2010). Hence, lineage commitment and

subsequent differentiation of multipotent cells involves activa-
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tion of lineage-specific and inhibition of ‘lineage-inappropriate’
genes. These lineage-specific programs are orchestrated by tran-
scription factors that affect differentiation through their expres-
sion levels (Iwasaki et al., 2003), timing (Iwasaki et al., 2006)
and co-operative or antagonistic interplay with other transcrip-
tion factors (Dahl et al., 2003; Iwasaki et al., 2006). In this sec-
tion, I review a set of transcription factors whose key regulatory
role in haematopoiesis has been established through knockout
or over-expression studies in model organisms (summarised in
Table 2).

1.2.4.1 Regulators of HSC induction and maintenance

Specification of haematopoiesis is dependent on the right
set of cues that promote differentiation of a haematopoietic-
endothelial precursor, called haemangioblast, in to the haema-
topoietic lineage (Lacaud et al., 2001). Different studies have
pointed out transcription factors that are important for either
primitive or definitive haematopoiesis, or both. For example,
SCL/TAL1 and its associated partner, LMO2, are individually
crucial for both processes (Patterson et al., 2007; Robb et al.,
1995; Shivdasani et al., 1995a). RUNX1 (Okuda et al., 1996; Wang
et al., 1996) and MLL (Ernst et al., 2004), however, are essential
only for the definitive haematopoiesis (Ernst et al., 2004), while
SOX17 knockout has major effect in primitive haematopoiesis

only (Kim et al., 2007).

The transcription factors that are essential for the induction
of haematopoeisis are not always required for the normal func-
tion of the haematopoietic stem cells. Conditional inactivation
of SCL and RUNX1, for example, does not affect adult hae-
matopoietic stem cell function (Mikkola et al., 2003). However,
these two transcription factors were identified to act synergist-
ically as gatekeepers of blood stem cell development, along
with GATA2 (Wilson et al., 2010). Haematopoietic stem cells

also express transcription factors that are important for their
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Table 2: Altered haematopoietic phenotypes from knockout (-) or over-expression (+) of transcription factors. The altered phenotypes were either a
functional defect (func), a decreased (decr) or increased (incr) number of cells, a complete lack of cells (lack), or a block in maturation (matur). Table
adapted from (Laiosa et al., 2006).

TF TF mwam—% HSC B T NK EOS BAS GRAN MACRO NEUTR ERY MK References
RUNX1 RUNT induc™ matur~  matur™ incr— matur™ (Growney et al., 2005; Ichikawa et al., 2004)
SCL/TAL1 | bHLH induc—/+ lack— lack— Aﬂmlsm et al., 1998; Mikkola et al., 2003; Robb et al.,
1995; Wilson et al., 2010)
MLL SET induc™ /func™ lack™ (Ernst et al., 2004; McMahon et al., 2007)
GATA1 ﬂ>ﬂ> zinc- matur— matur— matur— (Fujiwara et al., 1996; Shivdasani et al., 1997; Yu et al.,
finger 2002)
GATA2 O.>H> zinc- func—/+ matur* incrt (Ikonomi et al., 2000; Persons et al., 1999; Tsai et al.,
finger 1994)
LMO2 SET induc—/func— matur— (Patterson et al., 2007; Warren et al., 1994; Yamada
et al., 1998)
FLIz ETS inert func—  matur—/incrt (Hart et al., 2000; Spyropoulos et al., 2000; Zhang
et al., 1995)
PBX1 TALE X func— lack™ lack™ (Ficara et al., 2008; Sanyal et al., 2007)
homeodomain
ETS1 ETS matur—  func—  func— (Barton et al., 1998; Bories et al., 1995; Eyquem et al.,
2004)
GABPA ETS func™ func™ matur™ (Yang et al., 2011; Yu et al., 2010, 2011)
NFE2 bZIP matur— (Shivdasani et al., 1995b)
Kruppel C2H2- -
KLF t
! type zinc-finger matur (Nuez et al., 1995)
MEIS1 TALE . func—/incrt func— lack— (Azcoitia et al., 2005; Cvejic et al., 2011; Hisa et al.,
homeodomain 2004; Wang et al., 2006)
HOXA9 Homeodomain induc™ /func™ decr™ (Lawrence et al., 1997)
HOXB4 Homeodomain | induc™/func™/iner™ (Brun et al., 2004; Sauvageau et al., 1995)
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specification and/or maintenance, which in addition have cru-
cial roles in lineage specification in the later stages of haema-
topoiesis. These factors include RUNX1 (Ichikawa et al., 2004)
and MEIS1 (Hisa et al., 2004) with a megakaryocytic role, SCL
with an involvement in erythroid and megakaryocytic differen-
tiation (Mikkola et al., 2003) and PU.1 and CEBPA with a role
in myeloid priming (Reddy et al., 2002).

Of particular interest is the switch of expression between
two members of the GATA family, GATA1 and GATA2, early
in haematopoietic differentiation. GATA2 is highly expressed
in haematopoietic stem cells and indispensable for the induc-
tion and maintenance of these cells (Tsai et al., 1994). Its over-
expression, though, downstream of the stem cell compartment
blocks any lineage differentiation (Persons et al., 1999), suggest-
ing that decrease of GATA2 expression is essential for commit-
ment in differentiation. Expression of GATA2, and the resulting
self-renewal capacities of haematopoietic stem cells are disrup-
ted by GATA1 that antagonises GATA2 by competitively bind-
ing to the upstream regulatory element of GATA2. When ex-
pressed, GATA1 binds to this site, blocking the positive feed-
back loop of GATA2 and prompting haematopoietic stem cells

to commit to differentiation (Grass et al., 2003).

1.2.4.2 Regulation of megakaryopoiesis and erythropoiesis

GATA1 and GATA2 are also involved in the regulation of
gene expression in the megakaryocytic-erythroid branch, with
GATA1 widely expressed in the myeloid lineage and indispens-
able for eosinophil development (Yu et al., 2002). GATA1 defi-
cient mice die between E10.5 and E11.5 because of severe an-
emia (Fujiwara et al., 1996; Pevny et al., 1991) and later studies
pointed out that GATA1 regulates the switch of fetal to adult
haemoglobin (Bacon et al., 1995). Its essential role in megaka-
ryocytes was not identified until after a conditional knockout in

these cells, which caused impaired megakaryocytic maturation
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and reduced platelet production (Shivdasani et al., 1997). How-
ever, the ablation of GATA1 does not prevent haematopoietic
progenitors to commit to the megakaryotic erythroid lineage,
suggesting a role in late maturation of these cells (Laiosa et al.,
2006). As for GATA2, it was shown to re-program an erythro-
leukemic cell line (K562) into the megakaryocytic lineage (Iko-

nomi et al., 2000).

GATA transactivation is achieved through the recruitment
of co-factors of the FOG (friend of GATA) transcription factor
family (Fox et al., 1999). Mice deficient in a member of this
family, FOG1, exhibited a similar erythroid phenotype to that
of GATA1 null mice (Tsang et al., 1998), suggesting synergistic
regulation between FOG1 and GATAT1 in erythroid cells. How-
ever, the lack of FOG1 caused a more severe impairment in
the megakaryocytes than the one observed in GATA1 deficient
cells (Tsang et al., 1998). A similarly severe megakaryocytic
phenotype was only observed after double knockout of both
GATA1 and GATA2, implying a GATA1-independent role for
FOG1 in these cells (Tsang et al., 1998), likely mediated through
GATA2 (Chang et al., 2002).

Despite their importance in these cells, none of the tran-
scription factors mentioned so far is responsible for lineage-
specification in the megakaryocytic or erythroid lineage. This is
achieved through an antagonistic interplay between transcrip-
tion factors, a frequently employed means of reinforcing lin-
eage choices in the haematopoietic system (Graf and Enver,
2009). In this case the duet of transcription factors includes FLI1
and KLF1, which drive progenitors to the megakaryocytic and
erythroid lineage, respectively. FLI1, however, has a dual role
in megakaryopoiesis, as it also regulates late stages of megaka-
ryocytic maturation as well (Pang et al., 2006). FLI1, along with
GABPA, belong to the ETS transcription factor family, whose

members are key regulators throughout haematopoiesis. Their
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function is usually induced by their interaction with proteins of
other families (Verger and Duterque-Coquillaud, 2002). In con-
trast to FLI1, GABPA regulates early megakaryocytic regulation

(reviewed in (Tijssen and Ghevaert, 2013)).

Finally, NFE2 is a regulator of proplatelet formation. The
NEFE2 protein is a heterodimer consisting of a large p45 subunit
and a small p18 subunit (Igarashi et al., 1994). It is expressed in
both megakaryocytes and erythroid cells. NFE2 deficient mice
die of hemorrhage and exhibit a complete lack of circulating
platelets caused by a blockage in the proplatelet formation (Le-
cine et al.,, 1998). In erythroid cells, there are several NFE2
binding sites in the genomic locus controlling the expression of
adult globins (Talbot and Grosveld, 1991). The effect of knock-
out of either NFE2 or either of its subunits independently, how-
ever, has only a mild effect in erythroid development (Martin

et al., 1998).

1.2.4.3 HOX genes and their co-factors, PBX1 and MEIS1

Of special interest in development in general, but also for
its role in haematopoiesis is the HOX transcription factor fam-
ily. It consists of 39 genes organised in four genomic clusters
(A - D) and spread over four different chromosomes (reviewed
in (Duboule, 2007)). HOX genes, with the exception of those
in cluster D, are expressed in various blood cell types. Their
expression peaks in haematopoietic stem and progenitor cells
and is either absent or significantly down-regulated along com-
mitment (Giampaolo et al., 1994; Moretti et al., 1994; Sauvageau
et al., 1994). The importance of HOX genes in the function and
maintenance of haematopoietic stem cells is evident from the
fact that over-expression of some of these rescues the lack of
HSCs observed in MLL ™/~ mice, suggesting that MLL is regu-

lating their expression in these cells (Ernst et al., 2004).
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HOXB4 and HOXAg are two of the HOX genes extensively
studied in haematopoiesis. HOXB4 over-expression is sufficient
to promote haematopoietic stem cell expansion (Sauvageau et al.,
1995). However, HOXB4 knockout in mice causes a modest re-
duction in the stem cell numbers (Brun et al., 2004), suggest-
ing a potential redundancy among the HOX genes. In contrast,
HOXAg is the HOX gene causing the most severe haemato-
poietic phenotype when knocked out, as it impairs the stem
cells” repopulating activity and defects in multiple other lin-
eages (Lawrence et al., 1997). For HOX proteins to confer their
specificity, however, they require to interact interactions with
other transcription factors, such as the TALE homeobox tran-
scription factors (Chang et al., 1996). Through interaction with
these co-factors their binding affinity, specificity, and/or stabil-

ity increase significantly (Abramovich et al., 2005).

MEIS1 is one of the TALE homeobox proteins interacting
with HOX genes. It is expressed in the haematopoietic stem cell
compartment (Abramovich et al., 2005) and positively regulates
the expansion and pool size of the HSCs (Wang et al., 2006). Ho-
mozygous MEIS1 knockout mice exhibit an embryonic lethal
phenotype characterised by multiple haematopoietic defects such
as extensive bleeding due to complete lack of megakaryopoiesis
(Azcoitia et al., 2005; Hisa et al.,, 2004) and severe reduction
in the number and colony-forming potential of haematopoie-
tic stem cells (Wang et al., 2006). In-depth studies of MEIS1 in
zebrafish defined its role in haematopoiesis and vasculogenesis
more precisely. Cvejic et al. (2011) showed a complete ablation
of thrombocyte formation (the zebrafish equivalent of megaka-
ryocytes) and substantial effects on erythropoiesis and vascu-
logenesis. In vitro studies with primary human cells have also
shown that MEIS1 can affect myeloid differentiation and prolif-

eration (Abramovich et al., 2005).
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Hox proteins form heterodimers and/or trimers with mem-
bers of the PBX and MEIS gene families at different stages of
haematopoiesis in order to modulate their gene function (Pineault
et al., 2002). HOX proteins from paralog groups 1-10 can gain
specificity through cooperative binding with PBX family mem-
bers, whereas HOX proteins from paralog groups 9-13 have
been shown to cooperatively bind DNA with members of the
MEIS family (Abramovich et al., 2005). The interaction of PBX1
with co-repressors, such as histone deacetylases, mediates re-
pression, while MEIS1 contains a C-terminal domain that pro-

motes transcactivation in response to cell signals.

1.3 NEXT-GENERATION SEQUENCING

The Human Genome Project was an ambitious research pro-
ject that proved to be a milestone in the field of genomics. It
was formally launched in 1990 and was aiming to identify all
the genes in the human genome and determine all of its three
billion nucleotides within 15 years (Collins et al., 2003). Sim-
ultaneously, bioinformatic analysis tools and databases were
built, greatly expanding the impact of this project in human

biomedical research.

When the project was conceived, Sanger sequencing was
widely used to decipher genomic sequences. Sanger sequen-
cing, published in 1977 (Sanger et al., 1977), had revolution-
ised the existing sequencing technologies that were based on
cleavage of short sequences of nucleotides and their identific-
ation using their migration characteristics on two-dimensional
chromatography paper (Gilbert and Maxam, 1973). For 30 years
after the first published method by Sanger and Coulson (1975),
Sanger sequencing was still extremely popular despite its lack

of throughput.
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A next revolution in sequencing was achieved with the in-
troduction of the first next-generation sequencing platform, the
GS 20 (454 Life Sciences). The first whole genome to be se-
quenced by this method was the bacteria Mycoplasma genitalia
at 96% coverage and 99.96% accuracy (Margulies et al., 2005).
Similar to Sanger sequencing, next-generation sequencing con-
sists of iterative steps of nucleotide incorporation, followed by
a detection step where the output, either light or pH change,
is captured and a wash step, where any blocking terminators
are removed. However, these steps are performed in parallel on
millions of DNA fragments. What made possible this parallel-
isation of the process was the invention of flow cells, where the

different DNA fragments are spatially separated.

Prior to loading the DNA fragments onto the sequencing
machine, the DNA is converted into a library of DNA frag-
ments. During this process the DNA is fragmented and a set of
platform specific adaptors are ligated on to the DNA fragments.
Once the library is loaded, the fragments attach to the comple-
mentary adaptors that are on the flow cell. Then the fragments
are amplified in situ on the flow cell. This amplification step is
needed to provide sufficient signal during each DNA reaction

step.

Currently, four next-generation sequencing platforms are
available: Roche 454, Illumina, SOLiD and Ion Torrent. These
platforms differ in their amplification step, sequencing approaches
and output (reviewed in (Mardis, 2013; Pareek et al., 2011)),

with Illumina being the most widely used platform.

All platforms come with their own base-calling algorithms,
that translate images to sequences and their equivalent confid-
ence, called quality scores. The output of a sequencing run,
after base-calling, is a FASTQ file (Cock et al., 2010) that con-
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tains all the reads that passed each algorithms quality thresholds

along with their equivalent quality scores.

Compared to Sanger sequencing, next-generation sequen-
cing produces shorter lengths and slightly less accurate res-
ults (Pareek et al., 2011). However, the advantage of massive
parallel sequencing producing millions of reads exceeds by far
such limitations. Nevertheless, it also introduces several sources
of errors and biases, during both library preparation and se-
quencing. These include PCR amplification errors and biases,
adaptor ligation biases and base calling errors due to different
phasing (fragments within a cluster of amplified fragments are
at different phases of elongation due to inefficient cleavage of

prior terminators).

Efforts to eliminate the PCR amplification step needed for
signal boosting led to the introduction of new platforms for
sequencing, termed third or next-next-generation sequencing
machines. Those aim to sequence single DNA molecules. Some
of the new commercial platforms in this category are: Oxford
Nanopore, Helicos Heliscope and Pacific Biosciences. Single
molecule sequencing could eliminate some of the biases and
errors introduced by current technologies. However, the lack of
abundant signal due to the single molecules poses great chal-
lenges in the implementation of these platforms. Despite hav-
ing being announced already two years ago, few of those plat-
forms have become available to sequencing centres. One of the

major drawbacks being their high error rates (Mardis, 2013).

1.3.1 Next-generation sequencing applications

The continuously plummeting cost of next-generation se-
quencing and its accessibility outside of large sequencing centres
created a gradual increase in the range of sequencing applic-

ations (Shendure and Ji, 2008). The earliest sequencing pro-
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jects aimed at creating reference genomes for model organisms.
Nowadays, however, whole genome sequencing projects have
expanded to various species, even extinct ones (Noonan et al,,
2006), making it possible to perform phylogenetic studies. Us-
ing the reference genomes as a scaffold we can then re-sequence
different individuals to assess genetic variation within the pop-
ulation. Finally, even within an individual we can identify ge-
netic and epigenetic differences between different cells and con-
ditions or study various processes that are taking place within

a cell.

Table 3: List of widely-used next-generation sequencing applications (table
adapted from (Shendure and Lieberman Aiden, 2012)). ChIP-seq: chromatin
immunoprecipitation sequencing, CLIP-Seq: cross-linking immunoprecipit-
ation sequencing, DNA-seq: DNA sequencing, DNase I-seq: DNase diges-
tion sequencing, FAIRE-seq: formaldehyde-assisted isolation of regulatory
elements sequencing, MNase-seq: microccocal nuclease digestion sequen-
cing, Ribo-seq: ribosome profiling sequencing, and RNA-seq: RNA sequen-
cing.

Method Starting material Example reference
ChIP-seq DNA sequence (Johnson et al., 2007)
CLIP-seq RNA sequence (Yeo et al., 2009)
DNA-seq DNA sequence (Margulies et al., 2005)
DNase I-seq DNA sequence (Margulies et al., 2005)
FAIRE-seq = DNA sequence (Gaulton et al., 2010)
Hi-C DNA sequence (Lieberman-Aiden et al., 2009)
Methyl-seq DNA sequence (Brunner et al., 2009)
MNase-seq DNA sequence (Margulies et al., 2005)
Ribo-seq RNA sequence (Ingolia et al., 2009)
RNA-seq RNA sequence (Marioni et al., 2008)

Shendure and Lieberman Aiden (2012) provide a detailed
review of all available sequencing applications, some of which
are summarised in Table 3, and briefly describe the library
preparation steps of each one. In the following sections I will
provide an overview of the two sequencing applications used
in this thesis: RNA-seq and ChIP-seq.
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1.3.2 ChIP sequencing

Chromatin immunoprecipitation (ChIP) is a technique to
map the protein-DNA interactions and epigenetic marks that
regulate gene expression (Solomon et al., 1988). A ChIP pro-

tocol consists of the following steps:

1. cross-linking of proteins onto the DNA using formalde-
hyde,

2. nuclei isolation and lysis,
3. DNA extraction followed by fragmentation,

4. immunoprecipitation of the DNA fragments using a spe-

cific antibody against the protein of interest, and

5. reverse cross-linking to dissociate proteins from the DNA

fragments.

What remains to be done is identify the genomic loci that the

protein was bound to.

The first ChIP-seq experiments were published in 2007 (John-
son et al., 2007; Robertson et al., 2007), and since then thou-
sands have followed making ChIP-seq one of the most widely
used and standardised next-generation sequencing applications.
With certain modifications, the ChIP protocol described above
can be used to study epigenetic modifications such as histone
marks (Barski et al., 2007, Mikkelsen et al., 2007), nucleosome
positioning (Schones et al., 2008) and DNA methylation (Down
et al., 2008). During library preparation for ChIP-seq, the im-
munoprecipitated DNA needs to be subjected to size selection,
typically between 200-300 bp, using gel electrophoresis. The
ENCODE and modENCODE consortia have developed a set
of working standards and guidelines for ChIP experiments to

address such issues (Landt et al., 2012).
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Bioinformatics analysis usually consists of an alignment step
in the beginning, where the reads are aligned back to the ref-
erence genome. Popular aligners include Bowtie (Langmead
et al.,, 2009) and BWA (Li and Durbin, 2009). This step is fol-
lowed by identification of enriched regions by tools called peak
callers (Fejes et al., 2008; Jothi et al., 2008; Xu et al., 2010; Zhang
et al., 2008). Downstream analysis depends on the type of ques-
tions addressed and can include de novo motif analysis and peak

annotation in respect to nearest genes among other.

1.3.3 RNA sequencing

The transcriptome is the full repertoire of transcripts ex-
pressed in a cell at a given developmental stage and condition.
Identifying the transcriptome is essential for understanding the
cellular mechanisms governing both developmental and dis-
ease states. The study of the transcriptome aims to catalogue
and quantify the full set of transcripts, identify their splicing
patterns, accurately define their 5" and 3" ends and identify
even subtle differences between different conditions (Ruan et al.,

2004).

Sanger sequencing has proven useful also in identifying the
nucleotide sequence of RNAs. Using cDNA or expressed se-
quence tags (ESTs), researchers were able to identify transcripts
in a high-cost, low-throughput and not quantitative way (Adams
et al., 1991; Gerhard et al., 2004). One of the most commonly
used tools for the quantification of transcript expression is qPCR,
which has a limited throughput however, making it impractical

for genome-wide studies.

The invention of microarrays revolutionised transcriptom-
ics, as they offer genome-wide profiling of transcript expres-
sion. Microarray platforms contain thousands of DNA probes

(approximately 50 bp long) targeting specific regions of genes.
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The transcriptome in question is fragmented, converted into
cDNA strands, labeled with fluorescent dyes and finally incub-
ated along with the probes. The cDNA fragments are hybrid-
ised onto the complementary probes. Light excitation of the
fluorescent dyes follows. A camera captures the light emitted
and specific algorithms quantify the expression based on the

probe intensity (Augenlicht and Kobrin, 1982).

Throughout the years more specialised microarray platforms
were designed to tackle specific tasks, including exon arrays for
splice junction detection and quantification (Clark et al., 2002),
and genomic tiling arrays for higher genome resolution (Ber-
tone et al., 2004; Cheng et al., 2005; Yamada et al., 2003). Mi-
croarrays are straightforward to use, rapid and cost-effective,
but have several limitations, such as low reproducibility, high
background and cross-hybridisation levels, limited dynamic range
and intensity saturation points, they measure relative transcript
abundance and are problematic for repeated sequences (Shen-

dure, 2008).

Microarrays, in addition, require prior knowledge of the
sequences, which is not always available, especially for non-
model organisms. To overcome the limitations posed by mi-
croarrays, tag-based techniques were developed (reviewed in (Har-
bers and Carninci, 2005; Ruan et al., 2004)), such as serial ana-
lysis of gene expression (SAGE) (Velculescu et al., 1995), cap
analysis of gene expression (CAGE) (Shiraki et al., 2003) and
massive parallel signature sequencing (MPSS) (Brenner et al.,
2000a,b). However, these approaches are only based on a short

signature sequence, not allowing for transcript isoform discov-

ery.

Soon after the development of next-generation sequencing
platforms, these were introduced in the field of transcriptomics.

Next-generation sequencing replaced previous technologies in
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identifying and quantifying transcripts at genome-wide level (Morin

et al.,, 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008;
Wilhelm et al., 2008). This application is termed RNA-seq (re-

viewed in (Costa et al., 2010; Wang et al., 2009)).

Cell lysis and RNA extraction are the initial steps of a RNA-
seq experiment. The majority of the total RNA is ribosomal
RNA (rRNA) (Lindberg and Lundeberg, 2010), and unless a
project focuses on studying rRNAs, library preparation proto-
cols include a rRNA removel step of sort. Otherwise the sequen-
cing pool will be dominated by these molecules. There are two
ways to remove rRNA: either by enriching for poly(A)* tails
or by depleting rRNA from the total RNA. The former tech-
nique captures mostly mature RNA molecules (mRNAs), while
the latter one captures the whole transcriptome including non-
coding (ncRNA), micro (miRNA) and premature RNAs (pre-
mRNA).

Following RNA extraction, single strand RNA molecules
are converted into double stranded cDNA(ds cDNA), because
current sequencing technologies are unable to sequence RNA
directly. For short RNA molecules following ds cDNA synthesis
library preparation includes only the adaptor ligation step de-
scribed above. However, longer molecules require to be frag-
mented. In this case a ds CDNA library is constructed either by
fragmenting ds cDNA using DNAse1 treatment or sonication,
or fragmenting RNA by RNA hydrolysis or nebulisation (de-
tailed protocols for these two techniques can be found in (Costa
et al., 2010)). Each of these techniques come with different bi-
ases in gene coverage with the former one introducing a bias
towards the 3" end of the transcripts, and the latter one to-
wards the very 5" and 3" ends (Wang et al., 2009). Another con-
sideration during library preparation is whether to maintain
the information about the orientation of transcripts by the use

of strand-specific protocols (Cloonan et al., 2008; Lister et al.,
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2008). Finally, platform-specific adaptors are ligated onto the

cDNA fragments as a last step prior to sequencing.

Bioinformatic analysis of RNA-seq data starts with aligning
the reads to the reference sequence, assuming a reference gen-
ome or transcriptome is available. Reads can be aligned either
to the reference transcriptome using an unspliced aligner, or
the reference genome using a splice-aware aligner. The advant-
age of aligning to the reference genome is the identification of
novel features. Engstrom et al. (2013) reported major perform-
ance differences among eleven splice-aware aligners based on
an assessment of their alignment yield, basewise accuracy, mis-
matches and exon junction discovery. Based on the benchmark-
ing results the authors concluded that four (GSNAP (Wu and
Nacu, 2010), GSTRUCT (unpublished), MapSplice (Wang et al.,
2010) and STAR (Dobin et al., 2013)) out of the eleven aligners
perform better, with STAR being the fastest among all.

Post-alignment analysis includes the quantification of gene
or transcript isoform expression. The RNA-seq data are "digital’
and the quantification of expression is based on the one-to-one
relationship between RNA fragments and reads. The quantifica-
tion process requires a normalisation step that takes into consid-
eration the length of the gene or transcript and the total number
of reads mapped. Expression is reported in Fragments Per Ki-
lobase of transcript per Million mapped reads (FPKMs). Down-
stream analysis can include guided assembly of the transcrip-
tome, where the assembly uses any existing transcript annota-
tion as a guide (Trapnell et al., 2010b) and differential expres-
sion analysis for the identification of statistically significant dif-
ferences in expression levels between different conditions (An-

ders et al., 2013; Robinson et al., 2010; Trapnell et al., 2012).

RNA-seq is a powerful, multi-purpose technique for the

quantification of expression levels, allele-specific expression, iden-
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tification of differential splicing, RNA-editing and gene fusions.
It provides an estimation of absolute expression levels and a
large dynamic range. Both library preparation and bioinform-
atic analysis steps are however undergoing constant modifica-
tions due to the many challenges posed by this complex tech-
nique. In addition to the biases and errors of next-generation
sequencing described before, RNA-seq introduces more dur-
ing the library preparation step. Several reactions cause sample
loss. Reverse transcription for the cDNA generation may intro-
duce errors. Certain biases are introduced by the use of random

hexamers and the fragmentation step as described above.

1.3.4 Integrative approaches enabled by next-generation sequencing

The plethora of available next-generation sequencing applic-
ations, the increasing accessibility because of cost decrease and
of course the availability of public data sets are crucial factors
that enable researchers to gain biological insights at unpreced-
ented depth. To this end, the integrative analysis of next-gener-
ation sequencing data is of great importance. Unique but com-
plementary data sets can address long-standing and complex
biological questions (reviewed in (Hawkins et al., 2010)). Large
combinatorial genomics projects include the ENCODE (ENCODE
Project Consortium, 2012) and the Cancer Genome Atlas (McLendon

et al., 2008).

A lower-scale example of integrative analysis is exome se-
quencing coupled with RNA sequencing. Exome sequencing is
a cost-effective alternative to whole-genome sequencing that en-
ables the identification of variants within the coding regions of
the genome and their flanking regions (Bamshad et al., 2011). It
is an application widely used to identify causative single nuc-
leotide polymorphisms (SNPs) in the coding sequences. To dis-
tinguish SNPs that may have an effect on the transcript and in

turn on the protein generated, it is essential to identify those
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that are located on regions transcribed in related cells using
RNA-seq data. During my PhD I was involved in three collab-
orative projects aiming at identifying causative genes for two
platelet-related diseases; the grey-platelet syndrome (GPS) (Al-
bers et al., 2011) and the thrombocytopenia with absent radius
(TAR) syndrome (Albers et al., 2012), and one identifying the
underlying gene of the Vel blood group (Cvejic et al., 2013).
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TRANSCRIPTIONAL LANDSCAPE OF
MEGAKARYOCYTES AND THE MEIS1
TRANSCRIPTION FACTOR

2.1 RNA SEQUENCING OF MEGAKARYOCYTES
2.1.1  Previous studies of gene expression profiles in blood cell types

Previous studies of the gene expression profile of megaka-
ryocytes were based on microarray platforms. These include
the comparison between normal and disease state megakaryo-
cytes (Tenedini et al., 2004), in vitro derived megakaryocytes
and uncultured progenitors (Shim et al., 2004) or other blood
cell types (Balduini et al., 2006; Fuhrken et al., 2008; Kim et al.,
2002; Lim et al., 2008; Macaulay et al., 2007). In addition to the
above studies that were conducted at single time points, hu-
man megakaryocytes have also been profiled at different stages
of maturation in order to identify sets of genes that are con-
tinuously up- or down-regulated throughout megakaryopoiesis
(Raslova et al., 2007). Therefore, our current knowledge of gene

expression in megakaryocytes is relative to other blood cell

types.

Following these smaller scale studies, several groups have
focused on larger experiments with the aim of characterising
the expression profiles of several distinct blood cell types. These
gene expression studies generated large sets of data that serve
in turn as useful resources for the scientific community. The
tirst dataset, published in 2009 and called HaemAtlas hereafter,
is a study performed in Cambridge that focused on identifying

cell-type-specific genes of eight mature blood cell types using Il-
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lumina bead arrays (Watkins et al., 2009). In 2011, Novershtern
et al. (2011) presented the largest gene expression dataset of
haematopoietic cells, referred to as DMAP dataset hereafter. A
total of 38 purified populations of blood cells were analysed, ex-
panding previous knowledge to include rare blood progenitor

cells (Novershtern et al., 2011).

More recently RNA sequencing has also been used for the
characterisation of the transcriptome of blood cells. Specifically
in platelets, in 2011, Rowley et al. (2011) sequenced poly(A)*
selected RNA from primary human and mouse platelets to
identify differences in the transcriptome of the two species. Two
years later, Bray et al. (2013) used ribosome-depleted RNA to
generate the full transcriptome of human platelets. To date, the
complete transcriptional landscape of the megakaryocyte lin-

eage has not been resolved.

In this chapter, I analyse RNA-seq data from human mega-
karyocytes and integrate these data with ChIP-seq data of known
regulators of the blood system, aiming to study certain aspects

of the regulation of transcription in the platelet precursors.

2.1.2  Quality control of megakaryocyte RNA-seq data

Megakaryocytes were produced in vitro by culture from cord
blood-derived CD34" haematopoietic stem cells. The cell pop-
ulation at the completion of the culture contained 70-90% of
cells with a megakaryocytic phenotype, with the majority being
CD417CD42b"CD34 . Libraries of non-strand specific poly(A) "
selected RNA were sequenced on the Illumina platform, gener-
ating paired-end 76bp reads (see section 2.4.1 for more details).
The cell culture and the RNA-seq library were prepared by Dr
Pete Smethurst and Dr Katrin Voss, in Prof Willem Ouwehand’s
lab, Department of Haematology, University of Cambridge.
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Figure 3: Gene expression of a set of marker genes in our megakaryocyte
RNA-seq data. The selected marker genes are: ITGA2B: Integrin alpha-
IIb, GP6: Platelet glycoprotein VI, PF4: Platelet factor IV, SELP: P-selectin,
DNM3: Dynamin 3, TFRC: Transferrin receptor, GYPA: Glycophorin-A,
RHD: Blood group Rh(D) polypeptide, HBA1/2: Haemoglobin subunit al-
pha, KEL: Kell blood group glycoprotein, DARC: Duffy antigen/chemokine
receptor, ACTB: Actin cytoplasmic 1, GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase.

These markers that are expected to be expressed in megakaryocytes (green -
ON) show high levels of transcription. The set of negative control genes (red
- OFF) are expected to be either not transcribed or transcribed at lowel levels
in megakaryocytes. Surprisingly, some of these that are characteristic of al-
ternate lineages (e.g. TFRC, which is traditionally associated with nucleated
red blood cells) are present in our dataset as well. The two housekeeping
genes (black - HK) are also highly transcribed as expected.

To assess the quality of our megakaryocyte RNA-seq data-
set, I examined the expression levels of selected lineage-specific
erythroid and megakaryocytic genes. Three different gene sets
were used. The first comprises genes that are highly and uniquely
expressed in megakaryocytes (ITGA2B, SELP, DNM3, GP6 and
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PF4) (Gewirtz et al., 1989; Tomer, 2004a), the second includes
genes that encode blood group antigens and haemoglobins as
negative controls ( GYPA, KEL, RHD, DARC, HBAA1, HBAA2,
HBB and TFRC) (Anstee, 1995; Tanner, 1993), and the third set
contains two ubiquitously expressed genes (ACTB and GAPDH).

In our dataset the megakaryocyte-specific genes are all highly
expressed. Unexpectedly, I also observe transcription of some
of the negative control genes (see Figure 3). For example, the
level of transcription of haemoglobin beta (HBB) is similar to
that of dynamin 3 (DNM3), which has been associated with a
significant role in late megakaryopoiesis (Niirnberg et al., 2012).

There are two possible explanations for this:

1. A contamination of the cell population with erythroid
cells. Even less than 1% of red cells could generate a high
signal for haemoglobins or other erythroid cell surface

proteins, since these are highly expressed in erythroblasts.

2. A significant overlap of the transcriptional programs bet-
ween megakaryocytes and erythroblasts. However, sim-
ilar mRNA expression does not always guarantee similar
protein expression, or in this case cell surface expression

of the antigens in megakaryocytes.

Given that the cell population was 70-90% megakaryocytic,
it is highly likely that our population was contaminated with
early erythrocytes. To discriminate between these two hypo-
theses, I also examined the expression level of the transferrin re-
ceptor (TFRC or CDy1), which is necessary for development of
erythrocytes (Levy et al., 1999). TFRC is also highly expressed
in our dataset, supporting the contamination explanation. How-
ever, this does not exclude the possibility that the gene tran-
scriptional profiles of megakaryocytes and erythrocytes might
overlap substantially. To test this hypothesis, one needs to com-

pare RNA-seq data from megakaryocytes and erythrocytes. In
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case the expression level of the haemoglobins or other red blood
specific genes is similar in the two cell types, then we can con-
clude that there has been some contamination in our cell popu-
lation, whereas if the expression level is considerably higher in
erythroblasts, then the two cell types exhibit substantial overlap
in their transcriptional machinery. These datasets will be avail-
able later through the BLUEPRINT consortium (see Chapter 3)

and a comparison may then be carried out.

2.1.3 Comparison of megakaryocyte RNA-seq with microarray data-

sets

To test how comparable our megakaryocyte RNA-seq data
are to publicly available microarray datasets, I compared gene
expression levels between the two studies on a genome-wide
scale. To perform this comparison, I first used the HaemAtlas
dataset (Watkins et al., 2009), as the megakaryocyte differenti-
ation protocol was identical in both projects, minimising any
technical variability due to cell derivation. The Illumina mi-
croarray probes were matched to Entrez gene IDs according to
the re-annotation of the microarray platform (Barbosa-Morais

et al., 2010).

The two different measures of expression in megakaryo-
cytes are positively correlated with a squared Spearman cor-
relation (p?) of 0.637. Nevertheless, some genes show highly
inconsistent expression between the HaemAtlas and the RNA-
seq experiments (see Figure 4). A manual inspection of some of
the disconcordant results between the two platforms revealed

the following reasons for this discrepancy:

1. The gene is targeted by more than one microarray probe,
and the intensity of those probes vary substantially. In this
case, capturing only the maximum value may not be rep-
resentative. Repeating the comparison using the average

probe signals did not improve the correlation observed
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Figure 4: Comparing gene expression levels in megakaryocytes obtained from RNA sequencing and microarrays. The log, (FPKM + 1) value for each
gene (x axis) is plotted against the log, transformed normalised probe intensity from the HaemAtlas (Watkins et al., 2009) dataset (y axis). The added
unit to the FPKM values was used to avoid negative log, values given that the FPKM values can be equal or greater than o. For genes targeted by
more than one probe on the Illumina array, I used the maximum probe intensity reported among the probes.



2.1 RNA SEQUENCING OF MEGAKARYOCYTES 47

(data not shown). While this approach amended some of
the observed inconsistencies, it also created new ones, re-
flecting discrepancies inherent to the microarray design

that cannot be completely resolved.

2. The probe on the microarray is not correctly targeting the
gene to which it is assigned. For example, the probe might
target a low-complexity region, an intron or matches to
the reverse strand of the transcript; such cross-hybridisa-

tion targets confound accurate expression level estimates.

In both cases, the inconsistencies can be attributed to the lim-
ited sampling of the gene body intrinsic to the Illumina microar-

ray platform.

One of the megakaryocytic specific genes, platelet factor IV
(PF4, see Section 2.1.2), is an example of inconsistent gene ex-
pression between the two datasets. In this case, the microarray
probe is targeting a part of the 3" UTR that is expressed at much

lower level than the rest of the gene.

I followed the same approach to compare the megakaryo-
cyte RNA-seq data to the other large haematopoietic study,
DMAP, by Novershtern et al. (2011). The two datasets correlate
poorly with a squared Spearman correlation (p?) of 0.37. Within
the set of highly divergent genes, those such glycoprotein VI
(GPVI) and von Willebrand Factor (VWF) are highly expressed
in the RNA-seq data, whereas GYPA is highly expressed in the
microarray data. Given that GPVI is over-expressed in more ma-
ture megakaryocytes (Lagrue-Lak-Hal et al., 2001), the above
findings could suggest that the two cell populations profiled
are at different stages of megakaryocytic maturation. Similarly,
VWFEF is expressed in early ploidy megakaryocytes (Tomer, 2004b).
Indeed, in the DMAP dataset, the cell surface markers used for
flow cytometric selection of megakaryocytes are CD34~ CD41" CD61" CD45™,
excluding CD42 which appears later during megakaryocytic
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maturation than CD41 and CDé61 (Lepage et al., 2000). Lepage

et al. also reported that cell cultures exclusively expressing CD41" CD61"

generate more primitive erythroid progenitor cells than CD42"
CD41" CD61" cultures. This potentially explains the high ex-
pression of GYPA (an erythrocytic specific gene, see Section 2.1.2)
in the DMAP dataset.

In summary, using the HaemAtlas data, the sequencing and
array data on megakaryocytes are highly correlated. This is con-
sistent with previous comparisons between the two different
technologies, which reported similar findings (Marioni et al.,
2008). In the case of the DMAP dataset the poor correlation can
be explained by the differences in the maturation stage of the

megakaryocytes.

The HaemAtlas project also reported a set of 256 genes that
were identified as megakaryocyte specific. These were determ-
ined by comparing megakaryocytes to all other mature blood
cell types included in the study. Genes were reported only if
they were consistently up-regulated in megakaryocytes with
at least a 2-fold change in expression. To further compare our
RNA-seq data with the HaemAtlas megakaryocyte data, we ex-
amined the gene expression levels of these megakaryocyte spe-

cific genes.

Most of the 256 genes are highly expressed in the RNA-seq
dataset with a median log,(FPKM + 1) value of 4.5 (see Fig-
ure 5(a)). However, twelve out of 256 genes have low expression
values (0 < FPKM < 1) suggesting that these genes are lowly or
not expressed at all in megakaryocytes. The individual expres-
sion levels of the top and bottom genes of this set can be seen
on Figure 5(b). These results highlight the limitations of the re-
lative measurements made using microarrays and show how
RNA sequencing can be used to complement, improve and ex-

pand on the results obtained by microarray experiments.
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Figure 5: Gene expression of 256 megakaryocyte unique genes (Watkins
et al., 2009) in the megakaryocyte RNA-seq dataset.

(a) The distribution of gene expression values of the 256 megakaryocyte
specific genes verifies that the majority is expressed in our dataset (min =
0.2, median = 4.5, max = 11.3). A threshold of 1 FPKM is often used to
distinguish between expressed and not expressed genes.

(b) Barplot of the expression levels of the bottom (left panel) and top (right
panel) megakaryocyte unique genes as these were ranked based on their
FPKM values. The genes depicted in the left panel have a low FPKM value
(< 1) despite having been defined as specific to megakaryocytes.

2.1.4 Splice junction analysis of megakaryocyte RNA-seq dataset

Alternative splicing of genes gives rise to multiple mRNA
products from the same genomic locus. It is one of the biolo-
gical mechanisms used to create high protein complexity (Lopez,
1998). As a first step towards determining the set of transcript
particular to megakaryocytes, I identified the splice junctions
in our RNA-seq dataset and then compared them to annonated

ones from public databases.

To identify splice junctions, I aligned the RNA-seq reads to
the human genome using a splice-aware aligner. I then extrac-
ted the splicing information based on spliced read alignments.
I only considered unique alignments where at least 10bp of the
read had been aligned on either side of the splice junction. Eng-
strom et al. (2013) showed that splice sites with low read sup-
port, tend to be false positives. Therefore, to reduce the number

of false positive splice junctions, the above generated set was
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0/100

Class # Y%

Annotated 165,740 99.02 h

Novel 439 0.26

Partially novel 736  0.44

Novel within gene 416 0.25

Novel between genes 52 0.03 50

Novel

Novel between genes
BNovel within gene

Partially novel

iplice Junction Classification

Figure 6: The Table shows the number of splice junctions defined by the
spliced reads of the megakaryocyte RNA-seq dataset. In total there are
167,435 splice sites that are spanned by at least 10 reads. The majority of
these splice junctions is annotated in Ensembl vyo. The novel splice junc-
tions can be classified into four categories: novel: none of the ends of the
splice junction is annotated, partially novel: one of the ends of the splice
junction is annotated, novel within gene: the splice junction is novel, but the
ends are annotated within the same gene, and novel between genes: the splice
junction is novel, but the ends are annotated in different genes.

further filtered to retain those that were supported by a min-
imum of ten reads. In total, there were 167,338 splice junctions
that fulfilled the above criteria. To determine which of those
are novel, I compared them to a set of annotated splice junc-
tions from Ensembl vyo. The majority of the splice junctions

are already annotated (see Figure 6).

I then classified the novel splicing events based on whether
either of the ends of the splice junction were already annot-
ated (partially novel) or not (novel). In case both ends were
annotated, I examined whether the ends originated from the
same gene (novel within gene), or from different genes (novel
between genes). Only few of these belonged to the latter cat-
egory, while the majority of the novel splice junctions are par-
tially novel and the rest are equally distributed among novel

and novel within gene (see Figure 6).
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Transcription Factor ‘ # peaks ‘

MEIS1 26,726 MEIS1 peaks

GATA1 4,457

CATA2 2,039 e
FLI1 8,260

RUNX1 6,883

SCL 3,063

Figure 7: Number of peaks identified per transcription factor in human
megakaryocytes. Venn diagram shows the number of MEIS1 peaks that
co-localise with at least one other transcription factor from: FLI1, GATA1,
GATA2, RUNX1 and SCL.

To conclude, this catalogue of splicing events is the initial
step towards elucidating the set of transcripts present in mega-
karyocytes. In Section 2.3.2, I will focus on the novel splice junc-
tions in order to study novel transcription start sites in megaka-
ryocytes and to examine if these can be linked to the transcrip-
tion factor MEIS1.

2.2 MEIS1I CHIP SEQUENCING IN MEGAKARYOCYTES

As described in more detail in Section 1.2.4.3, MEIS1 has
a dual role in haematopoiesis: promoting cell proliferation of
heamatopoietic stem cells and maintaining normal megakary-
opoiesis (Cai et al., 2012). Megakaryopoiesis and subsequent
platelet formation is blocked in MEIS1 deficient mice (Azcoitia
et al., 2005; Hisa et al., 2004) and zebrafish (Cvejic et al., 2011).
The severe phenotype observed led us to study the binding
activity of MEIS1 in human megakaryocytes, with the aim to

determine its regulatory targets.

2.2.1  MEIS1 binding profile in human megakaryocytes

To identify potential MEIS1 binding sites, Dr Sylvia Niirn-
berg (a PhD student at the time in Prof Willem Ouwehand’s
lab, Department of Haematology, University of Cambridge) per-
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formed chromatin immunoprecipitation using a MEIS1 anti-
body in human megakaryocytes followed by sequencing. Sub-
sequent bioinformatic analysis of the MEIS1 ChIP-seq data (see
Section 2.4.5) revealed 26,726 peaks of signal enrichment (see
Figure 7). To examine the relative distribution of MEIS1 bind-
ing sites in promoters, intergenic or intragenic regions, I de-
termined the proportion of MEIS1 peaks in each category of
genomic loci. A similar number of MEIS1 peaks are located in
promoter regions, introns and intergenic regions, and only 2%

of peaks are found in exons (see Figure 9).

Of the 244 megakaryocytic specific genes described in Sec-
tion 2.1.3 (256 in total minus 12 that have low expression in
the RNA-seq dataset), 192 are bound by MEIS1 in their pro-
moter region. To further test for enriched biological functions
of the MEIS1 bound genes, I then examined the set of genes
with a MEIS1 promoter occupancy for over-represented gene
ontology terms and pathways. This gene set is highly enriched
for platelet specific terms and pathways (see Table 4), support-
ing the significance of MEIS1 in megakaryopoiesis and platelet

function.

Table 4: Enriched Gene Ontology terms, KEGG and Reactome pathways
among the genes bound by MEIS1 in the promoter region. Only the top 2
terms for each category are being shown. P-values have been corrected for
multiple testing using the Benjamini-Hochberg procedure.

Category Term ‘ P-value ‘ g-value ‘
Biological Process platelet activation 7.95e-18 | 1.78e-14
Biological Process blood coagulation 1.07e-16 | 7.39e-14
Cellular Compartment | platelet alpha granule 2.97e-08 | 7.93e-06
Cellular Compartment | actin filament bundle 2.89e-05 | 7.01e-05
KEGG ECM-receptor interaction 2.18e-06 | 2.05e-04
KEGG Focal adhesion 5.11e-06 | 2.40e-04
Reactome Hemostasis 1.41e-18 | 2.61e-16
Reactome Platelet activation, signaling and aggregation | 9.96e-17 | 9.17e-15

To examine whether a consensus sequence binding motif

can be detected among the MEIS1 peaks, I performed de novo
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Figure 8: Conserved motifs within MEIS1 peaks and expression of TALE
homeodomain genes in megakaryocytes

(a) The conserved motifs within MEIS1 peaks represent sequence-specific
binding of transcription factor families that are known regulators of mega-
karyocytic gene expression; (a) TALE homeodomain, (b) ETS, and (c) SP1 -
Zinc finger proteins. De novo motif discovery was performed using MEME
on 100 bp long sequences around the summit of the peaks. The search was
restricted to 3 motifs between 6 and 30 bp in length.

(b) Expression levels of TALE homeodomain genes in megakaryocytes;
MEIS1: Homeobox protein Meis1, MEIS2: Homeobox protein Meis2, MEIS3:
Homeobox protein Meis3, PBX1: Pre-B-cell leukemia transcription factor
1, PBX2: Pre-B-cell leukemia transcription factor 2, PBX3: Pre-B-cell leuk-
emia transcription factor 3, PBX4: Pre-B-cell leukemia transcription factor 4,
PKNOX1: Homeobox protein PKNOX1, and PKNOX2: Homeobox protein
PKNOXz2.

motif discovery analysis, applying MEME (Bailey and Elkan,
1994) to the set of 100 bp sequences flanking each peak summit.
Three motifs were found to be conserved among the MEIS1
peaks, summarised in Figure 8. To test for similarity between
these motifs and known transcription factor binding sequences,
I used Tomtom (Gupta et al., 2007) to search against the JAS-
PAR (Bryne et al., 2008) and Uniprobe (Robasky and Bulyk,
2011) databases. The three different motifs are representatives
of: (a) members of the Three Amino acid Loop Extension (TALE)
Homeodomain transcription factor subfamily, (b) members of
the E-Twenty-Six (ETS) family, and (c) the SP1 transcription
factor. In more detail, motif (a) represents the sequence-specific
binding of several TALE homeodomain proteins, the subfam-
ily of transcription factors to which MEIS1 belongs. Motif (b)

resembles those associated with members of the ETS transcrip-
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tion factor family, whose members have been shown to be key
regulators of haematopoiesis (Fisher and Scott, 1998). Finally,
motif (c) is similar to the motif for the transcription factor SP1,
which has been implicated in the regulation of gene expression

in megakaryocytes (Gannon and Kinsella, 2008).

Motif (a), representing members of the TALE Homeodo-
main family, is similar to the hexameric DNA sequence that
MEIS and PKNOX proteins preferentially bind to (Berthelsen
et al., 1998; Chang et al., 1997; Ferretti et al., 2000; Shen et al.,
1997) according to in vitro selection of target sequences. Penkov
et al. (2013), however, recently showed that this motif in mice
embryos is found in genomic regions bound by MEIS factors,

either alone or dimerised with PBX family members.

In humans, there are four PBX (PBX1, PBX2, PBX3 and PBX4)
and two PKNOX (PKNOX1 and PKNOX2) genes. According
to our RNA-seq data, MEIS1, PBX1 and PBX2 are the most
highly expressed genes among the TALE homeodomain mem-
bers. PBX3 and PKNOXa1 are also expressed, but at lower levels
(see Figure 8(b)). Multiple TALE homeodomains are expressed
in megakaryocytes and each binds similar DNA sequences. Given
that they are also frequently found to form dimers or trimers
with HOX genes, further ChIP-seq experiments will be needed
to infer how the TALE homeodomain members (MEIS, PBX and
PKNOX) orchestrate transcription in megakaryocytes.

2.2.2  Combining MEIS1 binding sites with publicly available ChIP-

seq datasets

Transcriptional regulation is a complex process that involves
extensive cooperation of multiple transcription factors (reviewed
in Spitz and Furlong (2012)). The motifs of different transcrip-
tion factors within MEIS1 peaks that I identified in the previ-

ous section suggest that MEIS1 can act in tandem with other
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regulatory factors in megakaryocytes. To identify potential co-
occupancy of MEIS1 with other key regulators of haematopoi-
esis (previously discussed in Chapter 1), I integrated our MEIS1
dataset with ChIP-seq data of five additional transcription factors
profiled in human megakaryocytes (Tijssen et al., 2011). The set
of transcription factors included GATA1, GATA2, RUNX1, FLI1
and TAL1/SCL. The number of peaks identified for each tran-

scription factor is summarised in Figure 7.

Intersection of the MEIS1 peaks with those identified for
all the other five transcription factors reveal a substantial over-
lap between MEIS1 and at least one other transcription factor.
As shown in Figure 7, 10,532 MEIS1 peaks (39.4%) co-localise
within a window of 100 bp with another transcription factor.
The much lower number of peaks identified for the transcrip-
tion factor set from Tijssen et al. (2011) could imply that not all
transcription factor binding sites were identified and therefore
the numbers of MEIS1 co-localising binding sites may be much

higher than observed.

The proximity of transcription factor binding sites with re-
spect to genes can give some indication of the regulatory pro-
cesses the binding event could be involved in. When binding
to the proximal promoter, transcription factors typically dir-
ectly regulate the expression level of the gene in question, of-
ten in conjunction with other factors. Binding in the gene body
can regulate the level of expression, as well as affecting the
transcriptional and splicing machinery. Intergenic binding sites
can correspond to enhancers, or represent non-functional bind-

ing (Maston et al., 2006a).

Of the five transcription factors, FLI1 and RUNX1 are pre-
dominantly recruited to promoter regions. In the case of RUNX1
the percentage of peaks within promoter regions reaches 50%.
In contrast, GATA1, GATA2 and SCL have a stronger binding



56

TRANSCRIPTOME OF MEGAKARYOCYTES AND MEIS1TI REGULATION

preference towards introns and intergenic regions; with GATA2
mostly situated intergenically, and SCL in introns. Compared
to these two trends, MEIS1 lies somewhere in the middle with
peaks evenly distributed among promoter regions, introns and

intergenic regions (see Figure 9).

Annotation of TF peaks

100 -

75 -
Features
. Promoter regions

50 - . Exons
. Introns
. Intergenic

25-

0 -

1 1 1 1 1 1
FLIL RUNX1  MEIS1  GATA2  GATAl SCL
Transcription factors

Percentage

Figure 9: Annotation of FLI1, GATA1/2, MEIS1, RUNX1 and SCL peaks in
human megakaryocytes. RUNX1 anf FLI1 show strong preference towards
promoter regions, while GATA1/GATA2 and SCL are predominantly loc-
ated in intergenic or intronic regions. MEIS1 peaks are equally distributed
among promoters regions, introns and intergenic regions. All six transcrip-
tion factors show low numbers of peaks located in exons. The peaks were
assigned to promoter regions (from 5000bp upstream the transcription start
site to 500 bp downstream), collapsed exons, introns and intergenic regions.
Peaks were classified in these four groups based on the Ensembl v7o annota-
tion.

I then examined if the binding of MEIS1 ia altered depend-

ing on if these sites co-localise with another transcription factor
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Percentage

Figure 10: Annotation of two groups of MEIS1 binding sites; those that co-
localise with at least another transcription factor and those that do not.
MEIS1 peaks co-localising with other transcription factors are more of-
ten found in promoter regions rather than MEIS1 peaks only (**P-value <
2e739). A different trend is observed though in the intergenic and intronic
regions, where MEIS1 peaks are not found to overlap with other transcrip-
tion factors (*P-value < 2~ 19).

binding site. The most striking change is to promoter regions,
where MEIS1 peaks are more often found to co-localise with
another transcription factor (see Figure 10). This finding is sup-
ported by the fact that promoters are crucial for gene regulation
and usually bound by a large number of regulatory elements

that tightly orchestrate gene expression (Farnham, 2009).

A different trend was observed for intronic and intergenic
binding sites. Here, MEIS1 binds exclusively more often (see
Figure 10). Binding to intergenic regions can be interpreted as
either non-functional binding or preference of the transcription
factor to enhancer regions. This is consistent with ChIP-seq ex-
periments in mouse embryos. Penkov et al. (2013) reported that
MEIS exclusive peaks are predominantly located in intragenic
or intergenic regions in mouse embryos rather than promoters,
suggesting that MEIS proteins show a preference for enhancers.
For a number of intronic and intergenic MEIS1 peaks in mega-
karyocytes, we will see in Section 2.3.2 that MEIS1 binds in the

vicinity of unannotated transcription start sites.

x5k
*
* ’_‘
Region # MEIS1 only peaks | # co-binding peaks | Total Peaks
Promoters 4,821 4,869 | 9,690 B
Introns 5,579 2,707 || 8,286 .
Exons 439 227 666
Intergenic 5,355 2,729 | 8,084
Total 16,194 10,532 || 26,726 i
- i
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2.2.3 Co-localising binding events between MEIS1 and FLI1, GATA1/2,
RUNX1 and SCL

Tijssen et al. (2011) reported a considerable over-representation
of co-localisation of the five transcription factors, FLI1, GATA1,
GATA2, RUNX1 and SCL, in megakaryocytes. To explore how
often and in which combination of these five transcription factors
MEIS1 co-localises, I split the overlapping peaks into subgroups
based on the combination of transcription factors bound to each

region.

High numbers of FLI1 and RUNXz1 peaks, which either loc-
alise individually or together, overlap with MEIS1 peaks (see
Table 5). Similarly, GATA1/2 and SCL co-localise with MEIS1
when no other transcription factor is bound within a 100bp win-
dow. However, such co-occupancy is observed at much lower
numbers. This is potentially due to the overall lower numbers
of peaks identified for these three transcription factors (see Fig-

ure 7).

Notably, 135 out of the 144 regions, where all five transcrip-
tion factors co-localise, are also bound by MEIS1 as well. Al-
though the absolute number is not as high as those highlighted
in Table 5, genes bound by all six transcription factors show
enrichment for a haematopoietic related KEGG pathway (see
Table 6). Conversely, a similar gene ontology term, KEGG and
Reactome pathway enrichment analysis for the genes bound by
the ten most frequent combinations of the six factors did not
reveal such enrichment. One example is the genes bound by
both FLI1 and MEIS1, which is the most frequent combination

of transcription factor co-localisation (see Table 6).

Peak annotation of the 10 most frequently observed com-
binations of co-localising transcription factors (highlighted in

Table 5) suggests that these followed similar patterns to the
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localisation observed for the individual transcription factors
(see Figure 11). For example, FLI1 and RUNX1 peaks when
co-localising with MEIS1 (either together or separately) retain
a strong preference towards promoter regions. The only dif-
ference reported is for GATA2-MEIS1 co-localisation which is
mainly found in promoter regions, despite the majority of GATA2
only peaks being located in intergenic regions. Gene ontology
enrichment analysis of the genes bound by MEIS1 and GATA2
in the promoter regions did not reveal any platelet or megaka-

ryocytic specific function.

Table 5: Combination of transcription factors co-localising with MEIS1. The
top 10 most frequent combinations are highlighted in orange.

Transcription factor combination # peaks

GATA2 - RUNX1
GATA2 - FLI1
GATA2 - SCL

RUNX1 - SCL 67
GATA1 - GATAz2 - FLI1 58
GATA1 - GATA2 - RUNX1 53
GATA1 - GATA2 - SCL 50
GATA1 - FLI1 - RUNX1 191
GATA1 - RUNX1 - SCL 117
GATA:2 - FLI1 - RUNX1 31

Continued on next page
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Table 5 — Continued from previous page

Transcription factor combination # peaks
GATA:2 - FLI1 - SCL 14
GATA2-RUNX1-SCL 2
FLI1 - RUNX1 - SCL 122
GATA1 - GATA2 - FLI1 - RUNX1 77
GATA1 - GATA2 - FLI1 - SCL 52
GATA1 - GATA2 - RUNX1 - SCL 41
GATA1 - FLI1 - RUNX1 - SCL 221
GATA:2 - FLI1 - RUNX1 - SCL 1
GATA1 - GATA2 - FLI1 - RUNX1 - SCL 135

Table 6: Enriched Gene Ontology terms, KEGG and Reactome pathways
among the genes bound by MEIS1 and FLI1, or RUNX1, or all six transcrip-
tion factors (MEIS1, FLI1, GATA1/2, RUNX1 and SCL). For categories with
multiple terms, only the top 2 terms for each category are shown. P-values
have been corrected for multiple testing using the Benjamini-Hochberg pro-

cedure.
Category Term P-value q-value
Biological Process RNA processing 4.53€-21 2.31e-17
. | Biological Process mRNA metabolic process 7.95e-20 | 2.03e-16
E Cellular Compartment | intracellular < 1.00e-60 | < 1.00e-60
= | Cellular Compartment | intracellular part < 1.00e-60 | < 1.00e-60
é KEGG Spliceosome 2.24€-10 4.58e-08
Reactome Gene Expression 4.12€-40 2.48e-37
Reactome mRNA Processing 7.09e-14 1.07€-11
Biological Process cellular metabolic process 4.87e-16 | 2.46e-12
& | Biological Process primary metabolic process 7.24€-14 1.42€e-10
E Cellular Compartment | intracellular 4.10e-48 2.79€-45
>|'2 Cellular Compartment | intracellular part 3.79e-44 1.20e-41
Z | KEGG Systemic lupus erythematosus 4.83e-14 | 9.90e-12
E Reactome Amyloids 5.84e-23 1.78e-20
Reactome Meiotic Recombination 5.84e-23 1.78e-20
Reactome Hemostasis 7.95€-05 0.003
= | Reactome Zinc influx into cells by the SLC39 gene family | 8.85e-05 0.003
Reactome Zinc transporters 2.66e-04 0.005

2.2.4 Enrichment of other transcription factor motifs within MEIS1

binding sites

The low number of available ChIP-seq data sets in mega-
karyocytes limits analysis to identify transcription factors that

might co-occupy genomic regions with MEIS1. Identification of
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Figure 11: Annotation of ten most frequent co-localisations of MEIS1 peaks
with the set of five transcription factors from Tijssen et al. (2011). GATA2
peaks that co-localise with MEIS1 are more frequently located on promoter
regions, than GATA2 only peaks.
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transcription factor binding sites can also be performed using
strictly computational methods. These methods rely on posi-
tion weight matrices that represent known DNA binding mo-
tifs for each transcription factor. However, genomic sequences
that match these motifs are not necessarily functional within
any cell-type and under any condition. Thus, computational
analysis can be used as a discovery tool, but results need to
be validated within the cell population of interest in order to
identify functional binding sites. Based on a set of curated pos-
ition weight matrices that model the sequence-specific binding

of human transcription factors (Jolma et al., 2013), I examined
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the top 1000 MEIS1 peaks (sorted by P-value) for enriched bind-

ing site motifs.

For this analysis transcription factors are grouped into fam-
ilies based on the type of DNA binding domains they share.
Different members of the same transcription factor family bind
nearly identical DNA sequences and often exhibit redundant
functionality. Members of the TALE homeodomain are an ex-
ample of this behaviour of closely related members of a tran-
scription factor subfamily (see Section 2.2.1). Hence, any motif
matches found for a transcription factor through the computa-
tional analysis in the MEIS1 peaks, may be used to infer results
for other members of the transcription factor family. Taking ad-
vantage of the gene expression data, I filtered out transcription

factors that are not expressed in megakaryocytes.

Consistent with the results of the de novo motif analysis
in Section 2.2.1, there is a large fraction of members of the
homeodomain and E-twenty-six transcription factor families
with motifs that are enriched within the top 1000 MEIS1 peaks
(see Table 7). In addition to the TALE homeodomains, a subfam-
ily of homeodomains identified previously (see Section 2.2.1),
two other homeodomain subfamily motifs are also enriched.
These include the TGIF and DLX subfamilies, of which TGIF1/2
and DLX1, respectively, were enriched and expressed. Regard-
ing the TGIF proteins, there is evidence in the literature that
these co-regulate transcription with MEIS2, through opposing
effects (Yang et al., 2000). In the case of DLX1, no evidence
exists for co-regulation with MEIS proteins. It does, however,
regulate multiple signals from TGF-beta superfamily members

during blood production (Chiba et al., 2003).

Binding sites of the ETS family feature predominantly within
MEIS1 peaks and most of the members are also expressed in

megakaryocytes. Two members of the ETS family, FLI1 and
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GABPA, are already known regulators of late and early mega-
karyopoiesis, respectively (Pang et al., 2006). In the case of FLI1
the co-localisation with MEIS1 has been already described in
megakaryocytes through analysis of ChIP-seq data (see Table 5).
Other regulators of megakaryopoiesis from this transcription
factor family include ETS1 and ERG. Over-expression of ETS1
promotes megakaryocytic differentiation to the erythroid lin-
eage (Lulli et al., 2006), while ERG is required for both normal
haematopoietic stem cell and megakaryocyte homeostasis (Kruse

et al., 2009).

The integrative analysis of ChIP-seq data for the MEIS1,
GATA1/2, FLI, RUNX1 and SCL transcription factors in Sec-
tion 2.2.3, showed that MEIS1 frequently co-occupies genomic
regions with one or more of the other five transcription factors.
In this computational motif analysis FLI1 was enriched, how-
ever I also expected to find GATA1/2, RUNX1 and SCL en-
riched. None of these four factors were reported, due to the
lack of a position weight matrix that models their sequence spe-
cificity. Nevertheless, other members of the transcription factor

families to which they belong were identified.

SCL is a member of the basic helix loop helix (bHLH) fam-
ily. Five bHLH family members were enriched and expressed
in megakaryocytes (see Table 7), including USF1. USF1 expres-
sion has been studied within haematopoietic progenitor cells
and was found to be induced by thrombopoietin, the cytokine
that drives megakaryocytic differentiation (Kirito et al., 2003).
Moreover, USF1 trans-activates platelet factor 4, a megakaryo-
cytic specific gene, along with MEIS1 in rat megakaryocytes (Okada
et al.,, 2004). Regarding GATA family members, the curated
dataset of position weight matrices contains data for only GATA4/5/6.
Although these three GATAs are all found enriched within MEIS1

peaks, none of them was reported because they are not ex-
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pressed in megakaryocytes. The paralogues for RUNX1, RUNX2
and RUNX3, are both enriched and expressed (see Table 7).

The basic leucine zipper (bZIP) transcription factor family is
also involved in regulation of megakaryopoiesis through Nfe2
and Mafg proteins. Mice deficient in either of these two pro-
teins exhibit reduced platelet production, despite having a nor-
mal number of megakaryocytes (Shavit et al., 1998; Shivdasani
et al., 1995b). Although these two proteins are included in the
curated dataset of position weight matrices, neither was repor-
ted as enriched. Nonetheless, three other members of this fam-
ily, XBP1, DBP, and CREB2, were identified. No evidence was
found in the literature however, that links any of these tran-

scription factors to megakaryopoiesis or platelet production.

Finally, among the enriched transcription factor families,
there are also two, RFX and NFI, that have not been previ-
ously studied in the context of megakaryopoiesis. In the case
of REX members, Fuhrken et al. (2008) through microarray ex-
periments and gene ontology enrichment analysis identified
RFX5 as a potential regulator in megakaryocytes. There is no
evidence in the literature that links NFI proteins to megaka-
ryopoiesis. However, another member of the NFI transcription
family has been shown to promote erythroid differentiation (Star-

nes et al., 2010).

In summary, analysis of MEIS1 ChIP-seq data confirms MEIS1
as an important regulator of megakaryopoiesis, and shows its
regulatory function is tightly intertwined with those of other
key transcription factors of haematopoiesis. Using computa-
tional analysis to identify known transcription factor motifs
present in the MEIS1 binding regions, and considering only
genes that were determined to be expressed in megakaryocytes
by RNA-seq, I identified a list of candidate factors that may in-
teract with MEIS1 and participate in the regulation of megaka-
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ryopoiesis. Further experiments are required to validate these
candidates and elucidate their role in megakaryopoiesis. In Chapter 4,

I investigate the function of NFI proteins in megakaryopoiesis.

2.3 INTEGRATION OF MEIS1 PEAKS WITH MEGAKARYOCYTIC

GENE EXPRESSION

Analysis of the high-throughput sequencing techniques de-
scribed above - ChIP-seq and RNA-seq - provides substantial
understanding for functional genomic studies in megakaryo-
cytes. Moreover, integrative analysis of these data can offer a

deeper insight into dynamic genome function.

2.3.1  MEIS1 and gene expression in megakaryocytes

10g2(FPKM + 1)

10g,(FPKM + 1)

Class Class

(a) (b)

Figure 12: Comparison of range of gene expression: (a) between genes
bound and not bound by MEIS1 and (b) between genes with a MEIS1 peak
in either promoter or intergenic regions.

(a) MEIS1 has a positive effect on gene expression with genes bound by
MEIS1 showing a log, transformed median gene expression of 3.34, com-
pared to 0.18 for those not bound by MEIS1. (b) MEIS1 peaks located in
promoter regions have a stronger effect on gene expression compared to
those in intragenic regions. The first set has a a log, transformed median
expression value of 3.65, whereas the latter is 1.02

To study the effect of MEIS1 on gene expression in mega-

karyocytes, I initially compared the expression levels between
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genes bound by MEIS1 and those not bound by it. MEIS1 has a
positive effect on gene expression, as the genes bound by MEIS1
(median = 3.34) show higher expression values to the ones not
bound by it (median = 0.18) (see Figure 12(a)). The location of
the MEIS1 peak appears to be important for the effect on gene
expression. The expression values of genes with a MEIS1 peak
in their promoter regions are higher compared to those genes
that have an intragenic MEIS1 peak (see Figure 12(b)). The lat-
ter gene set has in turn higher expression values than the genes
not bound by MEIS1 at all.

12 -

class

E not bound

E co—occupied intragenic regions

(o]
1

- exclusive intragenic regions
E co—occupied promoter regions

log,(FPKM + 1)

E exclusive promoter regions

I
|

o
1

1 1 1 1 1
=} 2] [%2] (2] ]
c c c c o
> 2 i) 2 X
=] o) =) o) >
Q ) ) 9] )
= 2 L 2 2
o 1) ) . .
SN S -

[} o)

> > IS S

IS ISl o o

= = = =

c c o o

° Q ° 2

@ = = ‘D

S 3 3 =

g E 2 5

° @ X N

o
o
o o
Class

Figure 13: Comparison of the range of gene expression of five different gene
sets in megakaryocytes suggest that there is no difference in the gene expres-
sion levels between genes bound exclusively MEIS1 or MEIS1 co-localising
with any other transcription factor.

As described in Section 2.2.3 MEIS1 peaks often co-localise

with other transcription factors. Therefore, I further split the
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Figure 14: Ranges of expression for four groups of genes; those with an
exclusive MEIS1 peak in the promoter region (exclusive), genes with a
MEIS1 peak co-localising with any of the other five transcription factors
(co-occupied), genes without a MEIS1 peak, but with a binding site for any
of the other five transcription factors (other TFs), and genes devoid of bind-
ing sites occupied by any of the six transcription factors (not bound). Genes
with a binding site for any of the six transcription factors within their pro-
moter region show higher gene expression than those bound by none.

MEIS1 peaks into two subsets; those where MEIS1 binds ex-
clusively and those where MEIS1 co-localises with at least one
other transcription factor. Gene expression in megakaryocytes
does not appear to be altered if MEIS1 binds exclusively or
co-localises with any other transcription factor (see Figure 13).
Finally, I focused solely on promoter regions. In the last com-
parison, I further classified genes not bound by MEIS1 into two
subsets; those bound by any of the FLI1, GATA1/2, RUNX1
and SCL transcription factors and those bound by none in the
promoter region. Promoter bound genes by any of the five tran-

scription factors, but not MEIS1, show a slight decrease in their
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expression values compared to those bound by MEIS1. How-
ever, these genes are still expressed at much higher levels, com-
pared to those not bound by any of the six transcription factors

(see Figure 14).

2.3.2  MEIS1 and novel transcription start sites

Alternative transcription start sites generate different RNA
molecules, contributing to protein complexity. But even in the
case where the protein product is identical among different
RNA molecules, different transcription start sites generate dif-
ferent 5" untranslated regions, that can also be involved in the
regulation of gene expression. For example, the 5 UTR may
harbour a binding site for a miRNA (Bartel, 2009). Niirnberg
et al. (2012) reported that MEIS1 marks an alternate promoter
in the megakaryocytic-like cell line, CHRE, for the DNM3 gene,
leading to the production of a shorter DNM3 transcript. Fol-
lowing this finding, I was interested in identifying if any novel
transcription start sites are being used in human megakaryo-
cytes and how often these coincide with a MEIS1 binding site
within a window of 500bp around the novel transcription start

site.

Using the exons reported by the transcriptome assembly
step and the set of novel splice junctions, described in Section
2.1.4, I identified 120 transcripts that contain unannotated first
exons. 70 of these were assigned by Cufflinks v.2.0.1 (Trapnell
et al.,, 2010a) to known genes. The remaining 50 transcripts
could not be assigned to annotated genes and were reported
as novel. For 22 of the 50 novel genes (see Table 9) and for 35 of
the 70 novel transcripts (see Table 8), a MEIS1 peak is located

in close proximity to the novel transcription start site.

To determine if these novel transcripts can be translated

into proteins, I used the NCBI Open Reading Frame Finder
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Table 8: Transcripts identified in megakaryocytes with a novel first exon. Transcripts were assembled using Cufflinks v2.0.2 and then the first exons
were compared to the annotated exons in Ensembl v.70. Only those having a MEIS1 binding site within 500bp away from their transcription start
site are listed below. Novel transcripts were then examined for potential open reading frames using the NCBI ORF Finder. The inferred open reading
frames were finally compared to those annotated in Ensembl v.70 and grouped into the following categories: no annotated CCDS, when the transcript
does not have an open reading frame, novel, when the inferred translation start and end site are different than any annotated ones, TSS or TES
annotated only, when the translation start or end site, respectively, is shared with one of the annotated ones. If both translation start and end sites are
annotated, then I provide the Ensembl identifier of the transcript and the CCDS identifier if it exists.

Gene Name | Novel Trascript Coordinates Novel First Exon Coordinates Novel Splice Junction Coordinates TF Dominant Transcript | Inferred ORF

AC051649.16 chr11:1918230-1929145 chr11:1918230-1918375 chr11:1918375-1923819:+ MEIS1 YES NO ANNOTATED CCDS

ADAT2 chr6:143745899-143772274 chr6:143771700-143772274 chr6:143768035-143771699:- MEIS1, RUNX1, FLI1 YES NOVEL

ADIPOR2 chr12:1800176-1897901 chr12:1800176-1800379 chr12:1800379-1863423:+ MEIS1, RUNX1, FLI1 NO TSS annotated only (ENSTooo00357103 : CCDS8511)
ARHGAP35 chr19:47362955-47507709 chr19:47362955-47364466 chr19:47364466-47421744:+ MEIS1, FLI1 MAYBE YES TSS annotated only (ENST00000404338 : CCDS46127)
BBC3 chr19:47724078-47734504 chr19:47734186-47734504 chr19:47730011-47734185:- MEIS1 NO TES annotated only (ENST00000439096 : CCDS12697)
CD226 chr18:67528843-67629068 chr18:67628828-67629068 chr18:67614669-67628827:- MEIS1, RUNX1, FLI1 YES ENSTo0000280200 : CCDS11997

CLDN16 chr3:190120036-190129932 chr3:190120036-190120125 chr3:190120125-190122550:+ MEIS1 YES novel

CRYBB2P1 chr22:25843828-25908348 chr22:25843828-25844251 chr22:25844251-25849282:+ MEIS1, RUNX1 NO no annotated CCDS

ELMO1 chr7:36894203-37393629 chr7:37391917-37393629 chr7:37382367-37391916:- MEIS1 YES ENSToo000310758 : CCDS5449

GS1-124K5.12 chr7:66018825-66057496 chr7:66057244-66057496 chr7:66041916-66057243:- MEIS1, RUNX1, FLI1 MAYBE YES no annotated CCDS

KIAAo125 chr14:106345831-106399098 chr14:106345831-106346009 chr14:106346009-106386921:+ all BUT GATA2 MAYBE YES novel

LINCoo674 chr17:66097725-66129305 chr17:66097725-66098100 chr17:66098100-66099083:+ MEIS1 YES no annotated CCDS

MLH3 chr14:75480046-75491920 chr14:75491890-75491920 chri4:75489721-75491889:- MEIS1, FLI1, GATA1 NO novel

NFIB chrg:14081842-14214522 chrg:14214332-14214522 chr9:14179779-14214331:- MEIS1, GATA1, RUNX1, SCL YES ENST00000543693

NOTCH2NL chri:145209070-145281718 chr1:145209070-145209436 chr1:145209436-145248820:+ MEIS1, RUNX1, FLI1 NO TSS annotated only (ENSTo0000362074 : CCDSgo9)
PBX1 chr1:164689978-164821067 chr1:164689978-164690317 chr1:164690317-164761730:+ MEIS1, RUNX1, FLI1 NO novel

PER2 chr2:239164443-239197474 chr2:239197285-239197474 chr2:239186596-239197284:- MEIS1, RUNX1 YES TSS annotated only (ENST00000355768)

PLCH1 chr3:155197762-155273032 chr3:155272957-155273032 chr3:155271985-155272956:- MEIS1, RUNX1, FLI1, SCL YES TES annotated only (ENSTooooo414191 : CCDS33881)
PVT1 chr8:129057556-129113348 chr8:129057556-129057676 chr8:129057676-129082405:+ MEIS1, RUNX1, GATA1 YES no annotated CCDS

PVT1 (I) chr8:129061664-129113348 chr8:129061664-129061994 chr8:129061994-129082405:+ MEIS1 NO no annotated CCDS

SEC16A chr9:139334549-139377574 chrg:139377390-139377574 chrg:139372136-139377389:- MEIS1, FLI1 YES ENSTo0000313050 : CCDS55351

SLC23A2 chr20:4833002-4982176 chr20:4982052-4982176 chr20:4951561-4982051:- MEIS1 MAYBE YES TES annotated only (ENST00000424750)

SMOX chr20:4135883-4167959 chr20:4135883-4136113 chr20:4136113-4155676:+ all NO TSS annotated only (ENSTooo00278795 : CCDS13078)
SYNCRIP chr6:86324618-86353096 chr6:86352515-86353096 chr6:86350282-86352514:- MEIS1 NO novel

THBS1 chr15:39872612-39891084 chr15:39872612-39872789 chr15:39872789-39873331:+ MEIS1 NO novel

TMCC2 chr1:205236716-205240626 chr1:205236716-205237187 chr1:205237187-205238077:+ all BUT GATA2 YES novel

TNFAIP2 chr14:103587785-103603776 chr14:103587785-103587836 chr14:103587836-103589773:+ MEIS1 MAYBE YES TSS annotated only (ENSTo0000560869 : CCDS9979)
TRANK1 chr3:36868311-36986569 chr3:36986278-36986569 chr3:36949945-36986277:- MEIS1 YES TES annotated only (ENST00000428977)

TREML2 chr6:41156774-41169778 chr6:41169649-41169778 chr6:41168824-41169648:- all YES ENST00000483722 : CCDS4853

TREML2 chr6:41156774-41169778 chr6:41169649-41169778 chr6:41168847-41169648:- all YES TES annotated only (ENST00000483722 : CCDS4853 )
UNCs0 chr2:99225307-99234978 chr2:99225307-99225474 chr2:99225474-99226105:+ MEIS1, RUNX1, FLI1 NO novel

ZMYM2 chr13:20533016-20642489 chr13:20533016-20533275 chr13:20533275-20534097:+ MEIS1 NO novel

ZNF777 chr7:149128452-149157812 chr7:149157121-149157812 chr7:149153128-149157120:- MEIS1 YES TES annotated only (ENSTo0000247930 : CCDS43675)
ZNF833P chr19:11750574-11797382 chr19:11750574-11750711 chr19:11750711-11759172:+ MEIS1 YES no annotated CCDS




2.3 INTEGRATION OF MEIS1 PEAKS WITH MEGAKARYOCYTIC GENE EXPRESSION

Table 9: Novel candidate gene targets with a MEIS1 peak within 500bp from
their transcription start site. The gene names are unique identifiers reported
by Cufflinks. The third column includes the transcription factors that are

located within 500bp from the transcription start site.

Gene ID Novel Gene Coordinates TF
NOVEL_GENE.2  chr3:185278080-185278538:- MEISs, FLI1
NOVEL_GENE.4 chr4:56794308-56805121:- MEISs, FLI1, RUNX1
NOVEL_GENE.6  chr4:119199927-119199947:+ MEIS1
NOVEL_GENE.7  chr4:119199931-119200292:+ MEIS1
NOVEL_GENE.11  chr5:55422258-55429200:+ all but GATA2
NOVEL_GENE.13 chr6:27093591-27094241:- MEIS1, RUNX1
NOVEL_GENE.14  chr6:32862006-32862704:+ MEIS1
NOVEL_GENE.18 chr6:137105075-137105412:+ MEIS1
NOVEL_GENE.20 chry:123174647-123175479:+ MEIS1
NOVEL_GENE.21 chr8:8993765-8999186:- MEIS1, GATA1
NOVEL_GENE.22  chr1:111201512-111202208:- MEIS1
NOVEL_GENE.27 chri10:112135904-112136252:- MEISs, FLI1
NOVEL_GENE.28 chr10:112877718-112894332:+ all but GATA1/2
NOVEL_GENE.31  chr11:94801818-94804388:+ MEIS1
NOVEL_GENE.36 chri2:127650445-127650712:+ all but SCL
NOVEL_GENE.38 chr15:102035169-102038884:- MEIS1, GATA1, SCL
NOVEL_GENE.39 chr15:102035169-102039950:- MEIS1, GATA1, SCL
NOVEL_GENE.44  chr21:16333556-16340847:- MEIS1, RUNX1
NOVEL_GENE.47  chrX:65235277-65237031:+ all but GATA2
NOVEL_GENE.48  chrX:65236907-65241220:+ all but GATA2
NOVEL_GENE.50 chr2:68693204-68693605:- MEIS1
NOVEL_GENE.51 chr2:70021205-70026314:- MES1

(http://www.ncbi.nlm.nih.gov/projects/gorf/) on the set of
novel transcripts assembled by Cufflinks (see Table 8). I then
compared the inferred open reading frames to the open read-

ing frames annotated in Ensembl v7o. These were classified as:
1. novel, when neither of their ends is annotated,

2. no annotated CCDS, when there is no annotated coding

sequence for the gene in Ensembl,

3. TSS or TES annotated only, when the translation start site
(TSS) or the translation end site (TES), respectively, are

annotated.
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The list of transcripts with a novel first exon and a MEIS1
peak in the vicinity include transcription factors (see Table 8)
such as ARHGAP35, NFIB and PBX1. ARHGAP35 is a tran-
scription factor that has not been directly linked to megaka-
ryopoiesis, but has been shown to act as a repressor on the
glucocorticoid receptor (LeClerc et al., 1991). The ARHGAP35
transcript expressed in megakaryocytes contains an additional
exon relative to the annotated isoform (see Figure 16(a)), cre-
ating an RNA molecule with a longer 5° UTR. The inferred
translation start site does not seem to be affected. In the case
of PBX1 and TMCC2, however, the megakaryocytic transcript
is much shorter than those annotated (see Figure 16(b, c)), and

the inferred coding sequences are novel.

There is evidence in the literature that PER2 and TMCC2
play a role in platelet formation. Although Perz null mice do
not display a phenotypic reduction in megakaryocyte produc-
tion, an increase in megakaryocytic polyploidy is observed with
a 50% reduction in the number of platelets in the circulating
blood (Zhao et al., 2011). A recent genome-wide association
study identified the TMCC2 locus as correlated to mean plate-

let volume in Europeans (Gieger et al., 2011).

These examples suggest that MEIS1 may play a role in gene
isoform expression in megakaryocytes. However, to systemat-
ically test the hypothesis that MEIS1 drives megakaryocyte-
specific isoform expression, all expressed transcripts must be
considered without limiting the analysis to annotated genes.
To do this, RNA sequencing data are required for closely re-
lated blood cell types where MEIS1 is not expressed. It will
then be possible to compare the expressed transcript variants
at a genome-wide level and draw conclusions about the role of

MEIS1 in megakaryocyte-specific transcription.
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Figure 16: Three examples of novel transcripts in megakaryocytes, for which unannotated transcription start sites are located within close proximity
to a MEIS1 peak. The novel transcripts are highlighted in the orange boxes.

(a) Our RNA-seq data reveal a longer isoform for the transcription factor ARHGAP35. The unnanotated isoform contains a novel 5" exon. (b) The
unannotated isoform for the transcription factor PBX1 is much shorter than those annotated. Its transcription start site is close to a intronic MEIS1
binding site. (c) The novel isoform identified for TMCC2 is also much shorter than those annotated.
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2.4 METHODS

All wet-lab experiments described below have been performed
by members of Prof Willem Ouwehand’s group, Department
of Haematology, University of Cambridge, UK and are only
provided for completeness. I was responsible for the computa-

tional analysis of the data sets produced.

2.4.1 Library preparation and sequencing of megakaryocytic RNA

The cell culture and the RNA-seq library were prepared
by Dr Peter Smethurst and Dr Katrin Voss, in Prof Willem
Ouwehand’s lab, Department of Haematology, University of
Cambridge. Megakaryocytes were obtained from cord blood-
derived CD34" haematopoietic stem cells cultured for 7-12 days
in a medium supplemented with human recombinant throm-
bopoietin, a cytokine that promotes the differentiation of HSCs
into the megakaryocytic lineage, and interleukin-1 (3 (IL1B),
that promotes the expansion of the stem cell pool. At the com-
pletion of the culture about 70-90% of the cells had a megaka-
ryocytic phenotype with the majority being CD41*CD42b™ and
CD34".

Total RNA was prepared from cultured megakaryocytes that
were obtained using the protocol above and RNA was extracted
using Trizol, according to the manufacturer’s protocol (Invitro-
gen, Paisley, UK). The RNA pellet was resuspended in nuclease-
free water (Applied Biosystems, Warrington, UK) and analysed
using the Agilent Bioanalyser 2100 (Agilent, Waldbronn, Ger-
many), which gave a RNA integrity number (RIN) of 8.4. Fol-
lowing DNAase treatment (Turbo DNA-Free, Applied Biosys-
tems), 5 ug of total RNA was used as input for the mRNA
Sequencing kit (Illumina) following the manufacturer’s instruc-
tions, except PCR was performed before gel extraction of a size

range of 150-200bp in the first run and 300-450bp in the second
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run, to obtain the purified library. The library was quantified

by qPCR followed by paired-end sequencing.

Two libraries of poly(A)*-selected RNA originated from the
same biological sample, but with a difference in fragment size
as described above. Both libraries were sequenced on Illumina
Genome Analyzer II yielding 27.5M and 40.5 M paired-end 76

bp reads, respectively.

2.4.2  Pre-alignment quality control

Pre-alignment assessment of the reads was done using the

FASTQC tool (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/). The reads were then aligned to the Homo sapiens high
coverage assembly (hg19) (release February 2009) using GSNAP
version 2011-11-25. Read trimming was disabled and I allowed
for up to 5 mismatches and novel splicing sites at most 300,000
bp apart. Trimming adapters is not an essential step before us-

ing GSNAP, as the tool soft clips adapter sequences.

2.4.3 Post-alignment quality control

To assess the quality of the alignments, I calculated the per-
centage of mapped reads for each lane. GSNAP allows for the
mates of a paired-end read to align in the following ways: "con-

"non non

cordant”, "paired"”, "unpaired"”, and "halfmapping".

1. concordant: a paired-end read has a concordant alignment,
if both mates align to the same chromosome, in the expec-

ted orientation and distance.

2. paired: if either of the orientation or distance is not as ex-
pected, then GSNAP reports a paired alignment. However,

both mates need to align onto the same chromosome.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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3. halfmapping: if only one of the two mates can be aligned
onto the genome, then GSNAP reports a halfmapping

alignment.

4. unpaired: in case the criterion of alignment onto the same
chromosome is violated, then the alignment is classified

as unpaired.

The majority of the reads align uniquely to the human genome
(concordant uniq). Although the second lane had a smaller frac-
tion of reads aligned to the genome, the absolute numbers of
reads with a concordant uniq alignment are comparable bet-

ween the two lanes.

Custom scripts were used to extract the splice junction co-
ordinates from the spliced alignments. For downstream ana-

lysis, the two technical replicates were pooled together.

Alignment types
concordant_mult
. concordant_uniq
halfmapping_mult
. halfmapping_uniq
. paired_mult
paired_uniq_inv
. paired_uniqg_long
paired_uniq_scr

Percentage
o
o

unpaired_mult

unpaired_uniq

i i
MK_lane_1 MK_lane_2
Lanes

Figure 17: Percentage of fragments aligned to the human genome for each
of the two megakaryocytic RNA-seq libraries. Post alignment assessment
of RNA-seq data shows that the majority of our fragments are uniquely
aligned to the human genome.
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2.4.4 Quantification of gene expression and Transcriptome Assembly

Gene and isoform quantification was performed using Cuff-
links v2.0.2 (Trapnell et al., 2010a) and reported in Fragments
Per Kilobase of exon per Million fragments mapped (FPKM).
To catalogue the transcripts present in megakaryocytes, I used
Cufflinks v2.0.2 (Trapnell et al., 2010a). The assembly step used
the existing annotation as a guide, allowing for identification
of novel transcripts as well. The annotation used was Ensembl

Vv70.

2.4.5 Library preparation and sequencing of MEIS1 ChIP

1 million CD34" cells (10e 5 per 1mL; 1mL per well ; 10
wells) were cultured with TPO 100ong/mL and IL1B 10ong/mL
in CellGro. At the end of the culture, the cells were 75% CD41™"
and 58% CDg42b™. Culture and immunophenotyping was pe-
formed as described in Tijssen et al. (2011). ChIP for MEIS1 was
performed as described previously in Niirnberg et al. (2012)
and showed 4 to 5-fold enrichment of a known MEIS1 genomic
binding site (element around rs2038479; identified in Niirnberg
et al. (2012)) by qPCR. The ChIP-seq library was prepared ac-
cording to Illumina ChIP-Seq preparation kit (Part No 1003473).

Sequencing was performed on a HiSeq 2000 Illumina se-
quencer, producing two lanes of 50bp paired-end reads. Again,
the read quality assessment was performed using FASTQC. Reads
were then aligned to the Homo sapiens high coverage assembly
(hg19) (release February 2009) using Bowtie v1.0.0. The set of
parameters used to run Bowtie was "-y -nomaqround -e 120 -v

3 -m 1 -p 8 -best —strata —sam".

Post-alignment quality control was based on the IP enrich-
ment, a control step introduced by Diaz et al. (2012). In this

analysis, the human genome was subdivided into bins of 1kb
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in length and I counted the number of reads aligning to each
bin. For plotting purposes, bins were then sorted based on the

number of reads aligning to each one of them.

2.4.6 MEIS1 downstream analysis

Identification of enriched regions was performed using MACS
v1.4 without a control sample. Only uniquely mapped reads
were considered and duplicated reads were discarded prior to
peak calling. In total, 26,726 peaks were identified. The distri-
bution of aligned reads per peak shows that the majority of the
peaks were supported by a low number of reads. Therefore, to
limit false positive enriched regions, I filtered out any peak that

was covered by fewer than 30 reads.

Cumulative percentage of mapped reads

bin tags

(a) (b)

Figure 18: Post-alignment quality control of the MEIS1 ChIP-seq data.
(a) ChIP enrichment across genome 1kb windows.
(b) Distribution of reads in the MEIS1 enriched regions identified by MACS.

Subsequent peak annotation was performed using custom
R scripts. Motif analysis was performed on the top 1,000 MEIS1
peaks using MEME. I allowed for the identification of a max-
imum of 3 motifs with a length between 6 and 30bp. Finally, mo-
tif enrichment analysis of a curated set of transcription factors
was performed using custom R scripts. The set of curated pos-

ition weight matrices used, which represent the binding spe-
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cificity of each transcription factor, was based on the study
by Jolma et al. (2013). To calculate the P-value of each match
I used 1,000 sequences that were randomly sampled from the
pool of sequences that had the same length as the input and
had the same dinucleotide frequency, as this was defined by
a 1st order Markov model. Input sequences were masked for

repeats using RepeatMasker, before scanning for motifs.



TRANSCRIPTOME ANALYSIS OF
HAEMATOPOIETIC PROGENITOR CELLS: THE
BLUEPRINT PROJECT

3.1 BLUEPRINT AND ITS AIMS

BLUEPRINT (Adams et al., 2012) is a EU-founded consor-
tium that constitutes the European contribution to the Interna-
tional Human Epigenome Consortium (IHEC). IHEC aims to
map 1,000 human epigenomes. BLUEPRINT’s contribution will
be the study of the human epigenome in more than 100 normal
and malignant blood cell types. The goals of BLUEPRINT can

be summarised as follow:

1. Data production and methods development: these consti-
tute the mapping phase. Data sets from normal cell types
will be used to draw the relationships between genomics

and epigenomics.

2. Study of epigenome variation: establishing the variation
of the epigenome across healthy and diseased individu-

als.

3. Identification of biomarkers: in acute lymphoblastic leuk-

emia for prognostic or therapeutic purposes.

4. Drug screening: testing the efficiency of compounds to

reverse disease-related epigenetic states.

Considerable effort is being made in the mapping phase of
BLUEPRINT to isolate healthy blood cell types, from which ref-
erence epigenomes are obtained. Different sequencing applica-

tions are used to characterise the reference epigenome: RNA-
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seq for transcriptome analysis, whole genome bisulfite sequen-
cing for methylome analysis, DNasel hypersensitivity coupled
with sequencing for identification of hypersensitive sites and
ChIP-seq for the IHEC core set of six histone modification marks

(H3K4me3, H3K4me1, H3Kgme3, H3K27me3, H3K27ac, H3K6me3).

This chapter is dedicated to the analysis of the transcrip-
tome of rare haematopoietic progenitors using RNA sequen-
cing. The requirement for a large number of cells for the ma-
jority of the above applications led us to focus on transcrip-
tome analysis in cell types where we were only able to isolate
a small number of cells. This project is a collaboration among
four different research groups: Prof Willem Ouwehand’s group,
Department of Haematology, University of Cambridge, Dr Ro-
deric Guigo’s group, Centre for Genomic Regulation, Barcelona,
Prof Henk Stunnenberg’s group, Nijmegen Centre of Molecular
Life Sciences and Dr Paul Bertone’s group, EMBL-EBI, Cam-
bridge.

3.2 RNA SEQUENCING OF RARE HUMAN HAEMATOPOIETIC

PROGENITORS

3.2.1  Gene expression profiles of haematopoietic progenitors using

whole-genome expression arrays

Despite the fact that the haematopoietic system is one of
the most extensively studied systems in the human body, there
are still many aspects to be explored. The intermediate stages
of differentiation affect the correct formation of mature blood
cells. It is therefore important to study gene expression in hae-
matopoietic progenitors and to identify changes that occur at
the transcriptional level. Advances in fluorescence activated cell
sorting and monoclonal antibodies have made possible the isol-
ation of these rare blood cell types (see Section 1.1.3). To this

end several groups have performed gene expression profiling of
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Table 10: Genome-wide expression studies on human and murine haemato-
poietic progenitors.

HSC MPP CMP LMPP MEP GMP ProB B-NKprog. mature cells Reference
erythrocytes, mega-
=1 a a a a a karyocytes, granulo- (Novershtern et al., 2011)
g cytes, monocytes &
E various lymphoid
(CDgo* & CDgo ™ )* a a a a a (Laurenti et al., 2013)
ex-vivo differenti-
(CD34+ HSPCs)>" ation of HSPCs into (Xu et al.,, 2012)
erythroblasts
Y (LT- & ST-)® a (Mansson et al., 2007)
é;’ NK¢, Tecells, B-
(LT- & ST-)® cells®, morllocytes", (Chambers et al., 2007)
granulocytes®,
erythrocytes®,
(CD41*c-kit"CD34M)9, E11.5¢, E.12.5, E13.57, E14.57, adult®, z (McKinney-Freeman et al., 2012)

a: umbilical cord

b: bone marrow

c: peripheral blood

d: yolk sac

e: spleen

f: fetal liver

g: emryonic stem cell differentiated

haematopoietic progenitors using microarray technology (see
Table 10). Below I provide a summary of these experiments,
in both human and mouse haematopoietic progenitors, from

various sources and developmental stages.

Mansson et al. (2007) studied the gene expression profiles
of three early cell populations in mouse haematopoiesis, long-
term and short-term haematopoietic stem cells and multilymph-
oid progenitors. To identify the different gene regulatory net-
works that govern immature and terminally differentiated hae-
matopoietic cells, Chambers et al. (2007) profiled haematopoie-
tic stem cells and a set of mature blood cell types (T-cell, B-cells,
NK cells, nucleated erythrocytes, monocytes and granulocytes)
from peripheral blood, bone marrow and spleen of adult mice.
Complementary to the previous studies of haematopoietic stem
cells from adult mice, McKinney-Freeman et al. (2012) focused
on the characterisation of gene expression of embryonic haema-
topoietic stem cells in a large study that included 2,500 mur-
ine embryos. Haematopoietic stem cells were purified from em-
bryos at various developmental stages from mid-gestation to
adulthood. In addition they compared these to haematopoietic

stem cells derived from cultured embryonic stem cells.
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Gene expression analysis has also been performed on hu-
man haematopoietic cells, with the study published by Nover-
shtern et al. (2011) being the largest to date (described already
in 2.1.1). Xu et al. (2012) compared fetal to adult erythropoiesis
using differentiated erythrocytes isolated from human fetal liver
and peripheral blood. Combining gene expression data with
histone modifications and transcription factor occupancy data,
they identified enhancers specific to each developmental stage
and new regulators of erythropoiesis. Finally, to study the equi-
valent of multilymphoid progenitors in humans, Laurenti et al.
(2013) isolated haematopoietic stem and progenitor cells from
human cord blood. Their analysis centered around B cell differ-
entiation of the lymphoid system and multilymphoid progenit-

ors in humans.

A common characteristic of the above-mentioned studies
is that they have all been performed on microarray platforms.
BLUEPRINT aims to incorporate sequencing applications to in-
vestigate in further detail the expression profiles of haemato-
poietic progenitor cells. This will provide greater opportunities
to identify novel features, perform analyses at transcript level

and characterise cell-/lineage-specific splicing events.

3.2.2 RNA-seq library preparation

Rare haematopoietic progenitors were isolated from cord
blood using the cell surface markers summarised in Table 11.
The cell isolation was performed in Prof Willem Ouwehand
group, Department of Haematology, University of Cambridge,
UK. RNA isolation and subsequent RNA-seq libraries were pre-
pared in Prof Stunnenberg’s lab, Nijmegen, the Netherlands.
Poly(A)™ RNA was sequenced on a HiSeq 2000 machine yield-
ing on average 160 million paired-end reads of 100bp length

(see Section 3.5.1 for detailed RNA-seq library preparation).
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The haematopoietic cell types profiled include: haemato-
poietic stem cells (HSC), multipotent progenitors (MPP), com-
mon lymphoid progenitors (CLP), common myeloid progen-
itors (CMP), granulocyte/monocyte progenitors (GMP), and
megakaryocyte/erythrocyte progenitors (MEP) (summarised in
Figure 19). BLUEPRINT aims to generate three biological rep-
licates per cell type. However, at the time of this writing not all
samples have been produced (available replicates are indicated

in Figure 19).

Table 11: Cell surface markers for the isolation of haematopoietic progenit-
ors (reviewed in (Seita and Weissman, 2010)). The third column represents
the proportion of each subclass found within the CD34™" fraction.

HSC: haematopoietic stem cell, MPP: multipotent progenitor, CLP: common
lymphoid progenitor, CMP: common myeloid progenitor, MEP: megakaryo-
cyte/erythrocyte progenitor, GMP: granulocyte/monocyte progenitor

‘ Cell type ‘ Cell surface phenotype HSPCs from CD34" cells (%)
HSC Lin"CD341TCD38 CDgo"CD45RA™ 1
MPP Lin~CD341tCD38 CDgo  CD45RA™ 7
CLP Lin~"CD341tCD38"CD10"CD45RA™ 0.5
CMP Lin~CD34+tCD38*IL-3Ra'"”CD45RA~ 8
MEP Lin~CD341tCD38"IL-3Ra~CD45RA™ 4
GMP Lin"CD341TCD38"IL-3RaTCD45RA™ 4

3.2.3  Quality assessment of progenitor datasets

To determine the quality of our RNA-seq data, we com-
puted basic post-alignment statistics, such as the percentage of
mapped reads, computed in collaboration with Pawan Poudel,
Prof Ouwehand’s lab, Department of Haematology, University
of Cambridge (see Section 3.5.2.1). Following quantification of
gene expression in each sample, I examined various cell surface

markers and known regulators of the haematopoietic system.

Principal component analysis indicated a clear separation
between haematopoieitc stem cells and the rest of the samples

(see Figure 20), as seen also by Laurenti et al. (2013). However,
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Figure 19: Hierarchical representation of the haematopoetic progenitor cells
profiled for the mapping part of the BLUEPRINT project. The numbers in
red indicate biological replicates produced so far.

HSC: haematopoietic stem cell, MPP: multipotent progenitors, CLP: com-
mon lymphoid progenitors, CMP: common myeloid progenitors, GMP: gra-
nulocyte/monocyte progenitors, MEP: megakaryocyte/erythrocyte progen-
itors.

all other samples clustered closely, with the MPPs being closer
to HSCs than any other cell type. The close clustering of all
samples but HSCs can be explained by the fact that each of
these cell types are similar immature haematopoietic progen-
itor cells. Moreover, the reduced complexity of the sequencing
samples caused by low initial cell numbers (see Table 11) re-
duces our capacity to identify subtle changes and differences

in genes with low level of expression.



3.2 RNA SEQUENCING OF RARE HUMAN HAEMATOPOIETIC PROGENITORS

HSC CMP GMP CLP
100 i .
| HSC
50
N :
£ |
a ]
. i
. CMP® o e T
. :
. = °
i GMP
°
. | CLP,
T T T : T T T
150 -100 -50 0 50 100 150
Dim. 1

Figure 20: Sample clustering based on the first two dimensions of the prin-
cipal component analysis (PCA) on the haematopoietic progenitors RNA-
seq datasets. PCA was performed on protein coding genes that are ex-
pressed (FPKM > 1) in at least one cell type.

3.2.3.1 Expression levels of cell surface markers

Overall expression of the genes encoding various cell sur-
face markers, listed in Table 11, agrees with their cell surface
presentation (see Figure 21). In some cases, discussed in more
detail below, expression does not follow the expected pattern.
In interpreting these discrepancies, it is important to keep in
mind that mRNA expression does not always correlate with
protein expression and/or cell surface expression of the anti-
gens. Therefore, despite the fact that these cells express genes
that encode for surface receptors, there is no guarantee that
these are translated and that they would be on the cell surface.
The discrepancies I observe may be due to intermediate regu-
latory mechanisms between gene expression and cell surface

expression of proteins.

Each of the multipotent progenitors (one haematopoietic
stem cell sample and two multipotent progenitor samples) tran-

scribe CD38 (see Figure 21), despite the fact that multipotency
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Figure 21: Expression levels of various cell surface markers in the BLUE-
PRINT data.

The selected marker genes are: CD10: Neprilysin, CD34: Hematopoietic pro-

genitor cell antigen CD34, CD38: ADP-ribosyl cyclase 1, CDgo: Thy-1 mem-

brane glycoprotein, CD45RA: Receptor-type tyrosine-protein phosphatase

C, IL-3Ra: Interleukin-3 receptor subunit alpha, ACTB: Actin cytoplasmic 1,
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase, HK: housekeeping
genes.

in the haematopoietic cells is characterised by the absence of
CD38 on the surface of these cells (Terstappen et al., 1991).

In the case of interleukin-3 receptor (IL-3Ra), cell surface ex-

pression distinguishes among the common myeloid progenit-

ors (low expression), granulocyte/monocyte progenitors (pos-
itive) and megakaryocyte/erythrocyte progenitors (negative).
However, my analysis showed that at the transcriptional level
common myeloid progenitors and granulocyte/monocyte pro-
genitors express this gene at similar levels, while the expression
decreases in the megakaryocyte/erythrocyte progenitors. How-

ever, IL-3Ra transcription is not abolished there, as one might



3.2 RNA SEQUENCING OF RARE HUMAN HAEMATOPOIETIC PROGENITORS 89

expect due to its absence from the cell surface of these cells
(see also Figure 24). Finally, the expression of CD45RA is high
in granulocyte/monocyte progenitors and common lymphoid
progenitors in accordance with its presence on the cell surface
of these cell types. However, these are not the only haemato-
poietic progenitors where CD45RA is expressed, as it is also
found in multipotent haematopoietic progenitors where there

is no expression of this marker on the cell surface.

The discrepancies described above highlight the differences
between gene expression levels and cell surface presentation

and are in no case indicative of any problems with the samples.

3.2.3.2 Expression levels of key haematopoietic requlators

The second assessment I made using the RNA-seq data was
based on key regulators with known lineage specific expression
and function in haematopoiesis. The gene set includes those

expected to be expressed in:

1. haematopoietic stem cells due to their regulatory role in
stem cell proliferation and renewal (HOXB4, NOTCH1,
GATA2),

2. common lymphoid progenitors because they are involved

in the lymphoid development (EBF1, SPI1),

3. granulocyte/monocyte progenitors due to their role in the

granulocyte/monocyte development (IRF8), and

4. megakaryocytic/erythroid progenitors because they pro-
mote the erythroid (GATA1) and

5. megakaryocytic differentiation (GATA2).

The expression levels of these key transcription factors in our
dataset are all consistent with their described regulatory roles

in blood development (see Figure 22).
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Figure 22: Gene expression of known key haematopoietic regulators. Width
corresponds to expression level relative to the maximum expression of the
gene across all cell types.

The selected marker genes are: EBF1: Early B-cell factor, SPI1: Transcription
factor PU.1, NOTCHz1: Neurogenic locus notch homolog protein 1, HOXB4:
Homeobox protein Hox-B4, IRF8: Interferon regulatory factor 8, GATAz2:
Endothelial transcription factor GATA-2, GATA1: Erythroid transcription
factor.

3.2.4 Identification of cell-type and lineage-specific genes

Gene expression constitutes the basis of a cell’s phenotype.
By identifying sets of genes that are specific to a cell type or
lineage, we may be able to delineate the mechanisms that drive
developmental progression. The absence of replicates for some
cell types limits the power of the analysis presented below.
However, the same methods will be applied to the full data

set when the remainder of the samples have been produced.
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Figure 23: Expression patterns of multipotent progenitor-specific genes. Ex-
ample of gene sets that are either expressed in the stem cell compartment
(blue shaded), all progenitors but haematopoetic stem cells (yellow), or in
the multipotent cells (green shaded). Width corresponds to expression level
relative to the maximum expression of the gene across all cell types.

PRDM14: PR domain containing 14, ZFPM2: zinc finger protein - FOG
family member 2, TAL2: T-cell acute lymphocytic leukemia 2, SOX13: sex
determining region Y-box 13, NFATC4: nuclear factor of activated T-cells
cytoplasmic calcineurin-dependent 4, UHRF1: ubiquitin-like with PHD and
ring finger domains 1, BEX5: brain expressed X-linked 5, AFAP1L2: actin
filament associated protein 1-like 2, ANOg: anoctamin 9, MLLT3: myel-
oid/lymphoid or mixed-lineage leukemia translocated to 3, MPZL2: myelin
protein zero-like 2, HHEX: hematopoietically expressed homeobox.

To identify cell type-specific genes, I performed differential
expression analysis among all available cell types aiming to
identify genes that change in any cell type (see Section 3.5.2.1).
Cell type-specific genes can then be determined by filtering
those that change in a single cell type. For the lineage-specific
examples demonstrated below, I considered genes that are over-
expressed during the lineage differentiation and are absent in

all the other cell types.

3.2.4.1  Cell type-specific expression of epigenetic factors

Epigenetic modifications constitute an additional level of

regulation of gene expression, as described in Chapter 1. The
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Figure 24: Shared gene expression patterns between lineages. Width corres-
ponds to expression relative to the maximum expression of the gene across
all cell types.

MPO: myeloperoxidase, AZU1: azurocidin 1, IL-3RA: interleukin 3 receptor,
alpha, IGLL1: immunoglobulin lambda-like polypeptide 1, CHEK1: check-
point kinase 1, CHEKz2: checkpoint kinase 2, TFDP1: transcription factor
Dp-1.

low number of haematopoietic progenitor cells makes direct
epigenetic profiling impossible with current technologies. There-
fore, it is of great interest to identify epigenetic regulators with
distinct gene expression profiles among haematopoietic progen-

itors.

In Chapter 1, I described that hypomethylated regulatory
regions are usually permissive for transcription factor binding
and subsequent transcriptional activation, while hypermethyl-
ated regions are associated with epigenetic silencing. The result-
ing trascriptional repression is mediated by transcription factors
that recognise methylated DNA and inhibit transcription via
recruitment of co-repressors that modify chromatin (Klose and
Bird, 2006). Three families of chromatin modifiers have been
identified that mediate this process; the methyl-binding domain
proteins, including MBD1, MBD2, MBD4 and MECP2; the zinc-
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finger proteins KAISO (or ZBTB33), ZBTB38 and ZBTB4 (Filion
et al., 2006; Prokhortchouk et al., 2001); and the SET-and-RING
finger-associated proteins, including UHRF1 and UHRF2 (re-
viewed in (Clouaire and Stancheva, 2008; Prokhortchouk and

Defossez, 2008; Sasai and Defossez, 2009)).

In my analysis, two of these chromatin modifiers were iden-
tified with distinct profiles in the haematopoietic progenitors;
UHRF1 is expressed in all progenitor cells except the haemato-
poietic stem cell, while ZBTB38 is specific to common lymphoid

progenitor.

In contrast to UHRF1, transcription of PRDM14 is specific to
haematopoietic stem cells. PRDM14 is a member of the PRDM
transcription factor family that possesses histone methyltrans-
ferase activity (Volkel and Angrand, 2007). Another member
of this family, PRDM16, is required for maintenance of hae-
matopoietic stem cells (Chuikov et al., 2010), while PRDM14
is highly expressed in haematopoietic malignancies (Dettman
and Justice, 2008; Dettman et al., 2011) and has been extens-
ively studied in embryonic stem cells, where it promotes self-re-
newal (Tsuneyoshi et al., 2008). In embryonic stem cells, PRDM14
binds DNA in a sequence-specific manner in vitro, inhibiting
the expression of differentiating markers, while promoting the
expression of genes involved in self-renewal (Ma et al., 2011).
One of the targets of PRDM14 is DNMT3B, a DNA methyl-
transferase that functions in de novo methylation, and through
PRDM14 embryonic stem cells inhibit the expression of DNMT3B,
retaining a DNA hypomethylated state (Leitch et al., 2013). Taken
together, these findings suggest that a similar DNA methyla-
tion program might be in place in haematopoietic stem cells to

retain a permissive chromatin state.
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Figure 25: Gene expression patterns of cell type specific genes. Width corres-
ponds to expression relative to the maximum expression of the gene across
all cell types.

ZBTB38: zinc finger and BTB domain containing 38, ZNF468: zinc finger
protein 468, PTPRO: protein tyrosine phosphatase receptor type O, IL7R: in-
terleukin 7 receptor, CDg6: CDg6 molecule, LYZ: lysozome, CSF1R: colony
stimulating factor 1 receptor, LGALS1: lectin galactoside-binding soluble
1, HGF: hepatocyte growth factor, APOC1: apolipoprotein C-I, DHRSg: de-
hydrogenase/reductase member 9, CNRIP1: cannabinoid receptor interact-
ing protein 1, GFI1B: growth factor independent 1B transcription repressor,
OGGa: 8-oxoguanine DNA glycosylase, PBX1: pre-B-cell leukemia homeo-
box 1.

3.2.4.2 Lineage-specific gene expression

The sets of lineage-specific genes identified contain both
genes with known lineage-specific functions and genes with
no known function in haematopoiesis (see Figure 25). The ma-
jority of the genes that are expressed exclusively in common
lymphoid progenitors include adaptive immune response re-
lated genes, such as PTPRO (Aijo et al., 2012), CDg6 (Fuchs
et al., 2004) and IL-7R (Corcoran et al., 1996), and a zinc-finger
transcription factor, ZNF468 that has not yet been studied within
the lymphoid system. Similarly, for the granulocytes/monocyte
progenitors, the genes showing cell type-specific expression are

linked to innate immune responses, including LYZ (Kitaguchi



3.2 RNA SEQUENCING OF RARE HUMAN HAEMATOPOIETIC PROGENITORS

et al.,, 2009), LY86 (Miyake et al., 2000) and HGF (Nakamura
et al.,, 1994), or CSF1iR (Sherr, 1990), which is a receptor for
colony stimulating factor (CSF), a cytokine that controls the pro-

duction, differentiation, and function of macrophages.

In contrast, for most of the megakaryocyte/erythrocyte pro-
genitor specific genes identified there is no evidence in the lit-
erature for any role within these two lineages. Only GFI1B has a
known function in erythroid /megakaryocyte biology (Randrianarison-
Huetz et al., 2010). Finally, within the stem cell compartment
I also observed a set of lineage specific transcription factors
expressed. These include important transcription regulators in
megakaryocytes like ZFPM2 (Gieger et al., 2011) and NFATC4 (Muller
et al., 2009), or SOX13 in granulocytes (Chambers et al., 2007).

This observation is consistent with other studies, where lineage-
specific factors were found to have dual roles in haematopoiesis;
maintaining stem cells and promoting lineage-specific differen-

tiation (Cai et al., 2012; Iwasaki et al., 2005).

3.2.4.3 Shared expression of genes

Another expression profile identified was that of genes that
show similar expression profiles in multiple lineages. The first
set consists of immune response related genes that are expressed
in both lymphoid progenitors and granulocyte/monocyte pro-
genitors, in accordance with the role of the mature cells of these
two lineages in the immune system. The second set consists
of three members of the cell cycle progression KEGG pathway,
CHEK1, CHEK2 and TFDP1 (see Figure 24), which are specific
to the myeloid branch. These findings are explained by the con-
stant high demand for myeloid cells in the circulating blood,
such as the two most abundant cells, platelets and erythrocytes,

require a continuous proliferation of their precursors.
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3.3 COMMON MYELOID PROGENITOR BREAKPOINT

A more in-depth analysis was performed on the CMP break-
point where the presence of the full replicate set made this pos-
sible. Moreover, this breakpoint is of special interest to me be-
cause it contains the precursors of megakaryocytes and leads to
the production of platelets. One of the main aims of this project
was to identify changes in the expression profiles of the differ-
ent cell types. Using RN A-sequencing data such changes can be
identified at the gene and the transcript isoform level. The dif-
ferential expression analysis at the transcript isoform level has
become possible with RNA-sequencing that, for the first time,

allows the identification, for example, of isoform switching.

3.3.1 Gene-level differential expression analysis

The tree structure of the haematopoietic system requires a
more complex differential expression analysis that extends bey-
ond the simple pair-wise comparison models for the identifica-
tion of differentially expressed genes. I performed an analysis
that aimed to capture genes that show a different expression
pattern, irrespective of the type of change, in at least one of
the cell types involved in the comparison (see Section 3.5.2.1).
At the common myeloid progenitor breakpoint, after filtering
for non-expressed genes (FPKM<1 in all three cell types), there
were 750 genes identified as differentially expressed among the
common myeloid, the megakaryocyte/erythrocyte and the gra-
nulocyte/monocyte progenitors. As mentioned previously, the
analysis strategy described in this section can be applied to the

whole dataset once this becomes available.

Of the 750 differentially expressed genes, four are epigen-
etic factors (FAM83D, ASH2L , CHAF1B, TFPT), five are spli-
cing factors (DNAJC6, PRPF3, NSRP1, CTNNBL1, FAM50B) and

thirty nine are transcription factors (see Figure 26). Among the
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Figure 26: Heatmap of differentially expressed transcription factors in the
CMP breakpoint. Genes were called differentially expressed if the posterior

probability of the second model is greater than o.5.

differentially expressed transcription factors identified, there
are several known regulators of haematopoiesis, such as GATA1,
GATA2, KLF1, TAL1 (see Section 1.2.4), but also numerous Krup-
pel C2Ha2-type zinc-finger proteins, with no function associated.
To test for enriched biological functions, I examined for any
over-represented gene ontology terms and pathways. The gene

set is highly enriched for immune system terms and the haema-

topoiesis KEGG pathway (see Table 12).

The enriched GO terms and pathways identified include
terms associated with immune system processes and functions,
as well as haematopoietic cell lineage differentiation, which are
consistent with the three blood cell types compared. Two of

the differentially expressed genes of the enriched cytokine-cy-
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tokine receptor signaling pathway are CSF1 and its receptor
CSF1R (see Figure 27). CSF1 is a cytokine that controls the mac-
rophage differentiation and function (reviewed in (Chitu and
Stanley, 2006)). The significant over-expression in granulocy-
te/monocyte progenitors of its receptor (previously identified
in Figure 25) is, therefore, consistent with its role. However, it
is of interest that the cytokine itself is significantly up-regu-
lated in common myeloid and megakaryocyte/erythrocyte pre-
cursors. In 1958, Bessis (1958) described that the maturation of
erythrocytes occurs in islands in the presence of a macrophage
that extends and surrounds the maturing red blood cells (Palis,
2004). Taken together, the significantly higher expression of
CSF1 in megakaryocyte/erythrocyte precursors could be a sig-
nal for differentiating macrophages to home around the matur-
ing blood erythroblasts enabling the normal release of mature
red cells in the blood.

Table 12: Enriched Gene Ontology terms, KEGG and Reactome pathways
among the differentially expressed genes at the CMP breakpoint. P-values
have been corrected for multiple testing using the Benjamini-Hochberg pro-
cedure. Only the top 5 terms for the Biological Function category are shown.

Category Term ‘ P-value ‘ g-value ‘
Biological Process immune system process 6.03e-08 | 2.41e-04
Biological Process immune response 2.72€-07 | 5.43€-04
Biological Process regulation of immune system process 3.74€-06 | 4.22e-03
Biological Process defense response to Gram-positive bacterium | 4.22e-06 | 4.22e-03
Biological Process myeloid leukocyte mediated immunity 8.86e-06 | 7.08e-03
Cellular Compartment | cell periphery 5.68e-08 | 7.93e-06
Cellular Compartment | plasma membrane 1.59€-07 | 2.42€-05
KEGG Hematopoietic cell lineage 1.65e-08 | 2.65e-06
KEGG Malaria 9.20e-05 | 7.41e-03
KEGG Cytokine-cytokine receptor interaction 8.08e-04 | 0.043

3.3.2 Transcript-level differential expression analysis

As mentioned above, with the use of RNA-seq technology
we can also examine differences at the transcript level. Using

a similar approach to the differential expression analysis at
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Figure 27: Gene expression of CSF1 and its receptor, CSF1R, in the Blueprint
data.

the gene level described above (see Section 3.5.2.1), I identified
1,803 differentially expressed transcripts at the CMP breakpoint.
Of these, 28 are epigenetic factors, 48 are splicing factors and
150 are transcription factors. Among the top 10 enriched Re-
actome pathways, three are related to the function of the im-
mune system and haemostasis, which are in concordance with
the cell types that were analysed (see Table 13). However, no
cell type specific function is enriched in the top 10 GO terms.
Other enriched Reactome and GO terms are related to metabol-
ism. The enrichment analysis results differ from those obtained
at the gene level, suggesting that cell type functions may be

regulated at the gene level, whereas differential expression of
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transcripts seems to be involved in the fine-scale tuning of cel-

lular mechanisms, such as metabolism and RNA processing.

Table 13: Enriched Gene Ontology terms, KEGG and Reactome pathways
among the differentially expressed transcripts at the CMP breakpoint.
P-values have been corrected for multiple testing using the Benjamini-
Hochberg procedure. Only the top ten results are shown for the categories
with more enriched terms.

Category Term P-value q-value
Biological Process cellular metabolic process 9.79e-13 5.42€-09
Biological Process cellular macromolecule metabolic process 4.82e-12 1.33e-08
Biological Process primary metabolic process 4.59e-11 8.46e-08
Biological Process metabolic process 6.66e-11 9.21e-08
Biological Process gene expression 8.70e-11 9.45€-08
Biological Process RNA processing 4.82e-12 1.16e-06
Biological Process nitrogen compound metabolic process 1.19e-08 8.24€-06
Biological Process RNA metabolic process 3.59e-08 2.20€-05
Biological Process cellular nitrogen compound metabolic process 4.66e-08 2.58e-05
Molecular Function RNA binding 2.54€-09 3.67€-06
Molecular Function binding 6.88e-07 4.973-04
Molecular Function catalytic activity 1.91e-06 7.14€-04
Molecular Function protein binding 1.98e-06 7.14€-04
Molecular Function nucleoside phosphate binding 2.93e-06 7.31e-04
Molecular Function organic cyclic compound binding 3.03e-06 7.31e-04
Molecular Function nucleotide binding 3.97e-06 8.20e-04
Molecular Function nucleic acid binding 3.62e-05 6.53€-03
Molecular Function ATP binding 4.61€-05 7.40€-03
Molecular Function small molecule binding 5.42€-05 7.62e-03
Cellular Compartment intracellular 1.60€-30 1.18e-27
Cellular Compartment intracellular part 2.41€-29 8.90e-27
Cellular Compartment organelle 3.71€-23 9.12e-21
Cellular Compartment membrane-bounded organelle 7.24€-23 1.34€-20
Cellular Compartment intracellular organelle 1.09e-22 1.61e-20
Cellular Compartment intracellular membrane-bounded organelle 2.39e-22 2.94€-20
Cellular Compartment cytoplasm 2.08e-21 2.19e-19
Reactome Gene Expression 3.34€-16 2.00e-13
Reactome Metabolism 8.94e-14 2.68e-11
Reactome Immune System 8.87e-12 1.77€-09
Reactome Metabolism of proteins 2.15€-07 3.22€-05
Reactome Disease 1.11€-06 1.33€-04
Reactome Membrane Trafficking 1.63e-06 1.63e-04
Reactome Signalling by NGF 9.11€-06 7.81e-04
Reactome Cytokine Signaling in Immune system 1.23€-05 9.22€-04
Reactome Adaptive Immune System 1.39€-05 9.28e-04
Reactome Hemostasis 2.10€-05 1.26e-03
Reactome Metabolism of lipids and lipoproteins 2.39€-05 1.31€-03
Reactome Metabolism of carbohydrates 4.07€-05 1.99e-03
Reactome tRNA Aminoacylation 4.31€-05 1.99€-03
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3.3.3 Isoform usage differential expression analysis

In addition to identifying transcripts with a differential ex-
pression profile among the three cell types at the CMP break-
point, differential expression analysis can also be performed for
the proportion of transcript isoforms expressed for each gene.
This provides a direct way to interrogate whether isoforms are
being used in a different proportion independently of the ex-
pression level of the gene. I focused on differentially expressed
protein coding transcripts, as a change in the produced pro-
tein isoform may imply a change in protein function. The func-
tion of proteins relies on their functional domains, therefore
isoform switching is particularly interesting if there is a dif-
ference in protein domain between the differentially expressed
transcript isoforms. Manual inspection of the differentially ex-
pressed protein coding transcript isoforms revealed two inter-
esting examples in which differential splicing in each cell type

encodes for proteins with alternative protein domains.

The first example is a zinc finger transcription factor, ZNF836,
that has not been functionally characterised. The full-length
protein isoform of ZNF836 contains two protein domains: one
Kruppel domain at the N-terminus and a twenty four C2H2
zinc-finger domain at the C-terminus (see Figure 28(b)). At the
transcript level the zinc-finger domain is encoded by the last
exon, which is only expressed in the GMPs (see Figure 28(a)),
while CMPs and MEPs express a shorter transcript that con-

tains only the Kruppel domain.

The second interesting finding is GFI1B, a transcription factor
belonging to the C2H2 zinc-finger family. It has a known regu-
latory role in megakaryotic and erythroid development and dif-
ferentiation (Randrianarison-Huetz et al., 2010). In accordance
with its function in haematopoiesis, GFI1B has already been

identified as a MEP specific gene through my initial analysis
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Figure 28: ZNF836 transcript and protein isoform expression in the CMP breakpoint. (a) Differential transcript isoform in the ZNF836 locus. All three
cell types express the long isoform that contains all the annotated exons. However, CMPs express a shorter isofom too, that contains an exon skipping
event (highlighted in the blue rectangle). CMPs may also express a novel transcript isoform too based on the novel splice junction observed at their 3’
end. (b) The shorter isoform contains two C2Hz2 zinc-finger proteins less than the longer one.
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(see Section 3.2.4.2) and as a gene down-regulated in GMPs ac-
cording to the polytomous analysis (see Section 3.3.4). At the
transcript level, all three cell types express the full-length tran-
script isoform that encodes for a protein that contains six C2Hz2-
type zinc-finger domains (see Figure 29(b)). However, CMPs
also express a shorter isoform that skips one of the exons con-
tained in the full-length transcript (see Figure 29(a)). This exon
skipping event results in the production of a protein isoform

that contains only four C2Hz2-type zinc-finger domains.

The changes in transcript isoform expression among the dif-
ferent cell types may reflect changes in protein structure and
function, especially if these changes result in protein domain
disruptions as in the examples described above. Functional as-
says are required, however, to establish if these differentially
expressed transcript isoforms are translated into proteins and
what is the role of the different resulting protein isoforms in

haematopoiesis.

3.3.4 Cell type-specific gene and transcript isoform expression

The differential expression analysis described above defines
which genes and transcript isoforms change among the differ-
ent cell types of the CMP breakpoint. However, it is essential
to define the directionality of these changes and to identify
clusters of genes that show similar gene expression profiles.
To determine sets of distinct gene expression patterns, I per-
formed a Bayesian polytomous analysis. The principle behind
polytomous analysis is the simultaneous estimation of the pos-
terior probabilities of all possible models among the three cell
types. Therefore, apart from the general differential expression
analysis described above, I performed three additional com-
parisons, where each of the three cell types was compared to
the other two. The input to the polytomous analysis was the

posterior probabilities of five models, of which model-o con-
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Figure 30: Heatmap of normalised expression of the cell type specific genes
identified through the polytomous analysis.
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stitutes the baseline model, where no expression changes are
observed, while models 2, 3 and 4 describe cell type-specific
changes. For instance, model-2 includes genes that are differen-
tially expressed in CMPs compared to both MEPs and GMPs

(see Section 3.5.2.1 and Figure 34).

The polytomous analysis computes a posterior probability
for each of the models per gene (see Figure 35). The majority
of the genes do not change among the three cell types, hav-
ing a higher posterior probability for model-o. By filtering out
these genes and performing a K-means clustering on the model
posterior probabilities of the remaining ones, I initially identi-
fied three clusters of genes, one for each cell type of the CMP
breakpoint (see Figure 30). Then based on the normalised ex-
pression values of the genes, each cluster is split into two sub-
clusters, one for the up-regulated and one for the down-regu-
lated genes within each cell type. The same analysis was per-
formed at the transcript level (see Figure 31). The numbers of
genes and transcripts in each of the six sub-clusters are sum-

marised in Table 14.

Granulocyte/monocyte progenitors show a higher number
of cell type specific genes and transcripts within the common
myeloid progenitor breakpoint compared to the other two cell
types, with the majority of these genes being up-regulated. This
observation is in accordance with the isolation strategy, in which
common myeloid progenitors and megakaryocyte/erythrocyte
progenitors differ only at the level of surface expression of IL-
3Ra, and with the notion that common myeloid progenitors are
required to differentiate more frequently in the megakaryocy-
te/erythrocyte lineage. Also there is evidence that granulocy-
te/monocyte progenitors are a mixed population, originating
from both common lymphoid primed progenitors and com-
mon myeloid progenitors (Adolfsson et al., 2005; Gorgens et al.,

2013).
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Table 14: Identification of clusters of cell type specific genes and transcripts
in the CMP breakpoint. Genes and transcripts were divided into three
clusters using a K-means algorithm (K=3), firstly on the posterior probab-
ilities of the five models to identify the cell type specific features and then
on the normalised expression values of the genes and transcripts.

CMP MEP GMP

UP | DOWN | UP | DOWN | UP | DOWN
0 80 190 78 198 189 171
S
o0

Total #: 906
n
a | 133 443 127 534 549 374
3
=
® | Total #: 2,162

A gene ontology and pathway enrichment analysis in each

of the six sub-clusters (see Table 15) revealed the following:

1. Enrichment of ion binding related terms for the genes that
are down-regulated in the CMPs, which is consistent for
example with the iron uptake function of red blood cells,
one of the products of the megakaryocyte/erythrocyte lin-

eage.

2. Cell cycle related genes are enriched among the up-reg-
ulated MEP specific genes, in accordance with the much
higher demand for platelet and erythrocyte production

and consequent higher proliferation of their progenitors.

3. Genes related to the immune response were enriched both
among the down-regulated genes in MEPs and up-regu-
lated genes in GMPs.

4. Genes related to the megakaryocytic and erythroid lin-
eages were enriched among the down-regulated genes
specific to GMPs.
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Figure 31: Heatmap of standardised expression of the cell type specific tran-
script isoforms identified through polytomous analysis.
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3.3.5 Nowvel splice junctions

In addition to the analysis described above on the annot-
ated features of the human genome, we can also identify novel
splice junctions based on the aligned reads onto the human gen-
ome using a spliced aligner (see Section 3.5.2.2). Identification
of novel splice junctions was performed in collaboration with
Dr Lu Chen, Department of Haematology, University of Cam-
bridge. Alignments were only considered if at least 10 bp of the
read had been aligned on either side of the splice junction and
to limit any false positive splice junctions, the set of splice junc-
tions were further filtered to retain those that were supported

by a minimum of ten reads.

Table 15: Enriched Gene Ontology terms, KEGG and Reactome pathways
among the six clusters of cell type specific genes identified at the CMP
breakpoint. For categories with multiple terms, only the five most signi-
ficant terms for each category are shown. P-values have been corrected for
multiple testing using the Benjamini-Hochberg procedure.

Category Term p-value q-value

Cellular Compartment tight junction 4.95€-04 4.65€-02

% KEGG Tight junction 2.49e-03 4.99e-02

:% KEGG Cell adhesion molecules (CAMs) 2.57€-03 4.99€-02
i; Molecular Function ion binding 3.20€-05 1.29€-02
< Z Molecular Function cation binding 7.19e-05 1.45€-02
5 (% Molecular Function zinc ion binding 2.01€-04 2.70€-02
a Molecular Function metal ion binding 2.72€-04 2.74€-02
Molecular Function transition metal ion binding 4.31€-04 3.47€-02

KEGG Systemic lupus erythematosus 1.57€-17 5.34e-16

% Reactome Nucleosome assembly 4.83e-14 1.76e-12
Reactome Cell Cycle 7.37€-04 8.07e-03

Biological Process immune system process 6.18e-10 1.55€-06

Biological Process immune response 1.50€-09 1.88e-06

Biological Process leukocyte migration 1.90e-07 1.58e-04

Biological Process regulation of immune system process 1.85€-06 1.16€-03

Biological Process defense response 5.72e-06 2.82€-03

g Biological Process leukocyte chemotaxis 9.31e-06 3.33€-03
*:5) Biological Process cell activation 1.24€-05 3.87€-03
& Biological Process interferon-gamma-mediated signaling pathway 1.95€-05 4.91e-03
E § Biological Process immune effector process 2.22€-09 4.91e-03
8 Biological Process cellular component movement 2.29e-05 4.91€-03
Biological Process cell migration 2.35e-05 4.91e-03

Molecular Function phosphatidylinositol 3-kinase binding 2.57€-05 1.25€-02

Molecular Function cytokine receptor binding 1.11€-04 1.80€-02

Molecular Function CD8 receptor binding 1.11€-04 1.80e-02

Molecular Function 2’-5'-oligoadenylate synthetase activity 3.31€-04 3.22€-02

Cellular Compartment plasma membrane part 2.51€-04 3.03€-02

Cellular Compartment cell periphery 2.55€-04 3.03e-02

Cellular Compartment actin cytoskeleton 4.48e-04 3.03€-02

Biological Process immune response 1.51€-07 3.44€-04

Biological Process innate immune response 2.88e-07 3.44€-04

Biological Process defense response 1.36e-06 1.08e-03

Continued on next page

ur
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Table 15 — Continued from previous page

Category Term P-value g-value
Biological Process response to cytokine stimulus 8.70e-06 4.15€-03
Biological Process cellular response to organic substance 1.37€-05 5.46e-03
Biological Process cellular response to interferon-gamma 1.90€-05 5.68e-03
Biological Process cytokine-mediated signaling pathway 4.42€-05 1.17€-02
Biological Process interferon-gamma-mediated signaling pathway 5.11€-05 1.22€-02
Biological Process signal transduction 8.80e-05 1.50e-02
Cellular Compartment cell periphery 3.59e-05 5.03€-03
Cellular Compartment membrane part 7.33e-04 3.30€-02
Cellular Compartment ruffle 7.50€-04 3.30€-02
Cellular Compartment focal adhesion 8.14e-04 3.30e-02
Cellular Compartment actin filament 8.72e-04 3.30€-02
Cellular Compartment cell-substrate adherens junction 9.95€e-04 3.30€-02
Cellular Compartment cell surface 1.00e-03 3.30€-02
Biological Process immune system development 6.54e-07 1.67€-03
Biological Process hematopoietic or lymphoid organ development 4.61e-06 5.87e-03
Biological Process immune system process 9.69e-06 8.07e-03
Biological Process myeloid cell differentiation 1.27€-05 8.07e-03
Biological Process hemopoiesis 2.83e-05 1.44€-02
Biological Process erythrocyte development 6.11€-05 2.33e-02
Biological Process megakaryocyte differentiation 8.90e-05 2.33e-02
Biological Process platelet formation 9.13€-05 2.33e-02
Biological Process regulation of biological quality 1.10€-04 2.33€-02
Biological Process basophil differentiation 1.10€-04 2.33e-02
Biological Process eosinophil fate commitment 1.10€-04 2.33€-02
Biological Process embryonic hemopoiesis 1.25€-04 2.45€-02
Biological Process single-organism developmental process 2.31€-04 4.20e-02
§ Biological Process unsaturated fatty acid biosynthetic process 2.74€-04 4.65€-02
8 Molecular Function enhancer sequence-specific DNA binding 5.50e-06 2.95€-03
Molecular Function enhancer binding 9.14€-05 3.10e-03
Molecular Function glutathione transferase activity 9.14€-04 1.63€-02
Molecular Function identical protein binding 1.58e-04 2.12€-02
Molecular Function phosphotransferase activity, nitrogenous group as ac- | 2.69e-04 2.71€-02
ceptor
Molecular Function 1-phosphatidylinositol-5-phosphate 4-kinase activity 3.03€-04 2.71€-02
Molecular Function protein dimerization activity 3.76€-04 2.88e-02
Molecular Function creatine kinase activity 6.01€-04 4.03€-02
Cellular Compartment cytoplasm 1.90€-04 1.70€-02
Cellular Compartment mitochondrial matrix 5.74€-04 3.36e-02
Cellular Compartment mitochondrion 1.00€-03 4.90€-02
KEGG Systemic lupus erythematosus 3.05e-07 3.75€-05
Reactome Factors involved in megakaryocyte development and 9.98e-05 2.64€-02
platelet production
Reactome Meiotic Recombination 2.81e-04 2.65€-02

In total, there were 101,496 splice junctions that fulfilled
the above criteria. To determine whether any of these splice
junctions are novel, he compared them to annotated splice sites
from Ensembl v7o. The majority of the splice junctions are already
annotated (see Table 16). The novel splicing events were then
classified based on whether either of their ends is already an-
notated (partially novel), not annotated or the splicing pattern
was novel between known splicing sites (novel splicing pattern).

Only few of these belonged to the latter category, while the ma-
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jority of the novel splice junctions are either novel or partially

novel.

Table 16: The Table shows the number of splice junctions present at the
three cell types of the CMP breakpoint, as these were defined by the spliced
alignments of the RNA-seq dataset. In total there are 109,729 splice sites that
are spanned by at least 10 reads in at least two of the three replicates per
cell type. The majority of these splice junctions is annotated in Ensembl v7o.
The novel splice junctions were classified into three categories: novel: none
of the ends of the splice junction is annotated, partially novel: one of the ends
of the splice junction is annotated, novel splicing pattern: the splice junction
is novel, but its ends are annotated.

Class Junctions Percentage
Annotated 101,496 92.50
Novel 1,626 1.48
Partially novel 3,822 3.48
Novel splicing pattern 416 0.25
Total: 109,729

3.4 CONCLUSIONS

The production of blood cells is a tightly regulated process
that includes consecutive intermediate stages of increasingly re-
stricted differentiating potential. A part of the BLUEPRINT pro-
ject mapping phase, focused on a set of six rare haematopoietic
progenitors that were isolated from cord blood and subjected to
transcriptome profiling using RNA sequencing. In contrast to
previous gene expression studies performed on these cell types
(summarised in Section 3.2.1), the datasets presented here con-
stitute the first genome-wide analysis of the poly(A)* transcrip-

tome of these cell types.

The goal of this project was to catalogue and analyse the
transcripts expressed in these rare cells by building an ana-
lysis pipeline that will allow for the identification of cell type

and lineage specific expression at two different levels: genes
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and transcripts. The structure of the haematopoietic system
requires a more sophisticated differential expression analysis
model that extends beyond simple pair-wise comparisons. Us-
ing the common myeloid, megakaryocyte/erythrocyte and gra-
nulocyte/monocyte progenitors I first identified changes in any
of the three cell types and then classified the directionality of
the changes. The latter was achieved using a Bayesian polytom-
ous analysis that does not rely on pre-defined thresholds for

the capture of different scenarios.

In addition to known regulators of haematopoiesis, the ana-
lysis presented in this chapter identified a host of genes not
currently associated with blood development. Also highlighted
is a further level of regulation for those closely related cell types.
Genes are not only turned activated or repressed, but isoform
switching preferentially occurs with protein domains being in-
cluded or excluded in transcripts. Follow-up experiments are
required to examine whether these candidate genes or tran-

script isoforms play an important role in blood development.

3.5 MATERIAL AND METHODS

The cord blood collection and all wet-lab experiments de-
scribed below have been performed by members of Prof Willem
Ouwehand’s group, Department of Haematology, University of
Cambridge, UK and Prof Henk Stunnenberg’s group, Nijmegen
Centre of Molecular Life Sciences, Nijmegen, The Netherlands
and are only provided for completeness. I was responsible for
the computational analysis of the data sets produced and have
acknowledged any other person involved in the data analysis

process.
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3.5.1 Cord blood collection and progenitors cell isolation

Cord blood was collected with informed consent (REC 12/EE/0040)
at the Rosie Hospital, Cambridge University Hospitals and pro-
cessed within 18 hours. CD34" progenitors were isolated from
cord blood using the EasySep progenitor cells enrichment kit
with platelet depletion (STEMCELL cat. 19356) according to
the manufacturer instructions. Isolated cells from up to 3 cord
blood units were pooled and then sorted on an ARIA III flow
cytometer in six different populations (defined as shown in
Table 11), using the following antibodies (for an example of

cell sorting and gate setting see Figure 32):

1. Lin™ PECy5 (CD2 #BD 555328 20ul / test; CD3 #BD 561006
2oul / test; CD11b #BD 561686 20ul / test; CD14 #Invitro-
gen MHCD1418 5ul / test; CD19 #BD 555414 20ul / test;
CDs56 #BD 555517 20ul / test; GPA #NHSBT 1/100)

2. CD38 FITC (#BD 560982 20ul / test)
3. CD34 APC (#BD 560940 20ul / test)
4. CDgo PECy7 (#BD 561558 5ul / test)

5. CD45RA Pacific Blue (#Invitrogen MHCD45RA28 5ul /
test)

6. CD123/IL-3Ra PerCP (#BD 560904 20ul / test)
7. CD10o PE (#BD 561002 20ul / test)

Sorted cells (20000 to 200000; with purity > 99% ) were cent-
rifuged, resuspended in Trizol (Invitrogen) and stored at -8o
degrees Celsius. Cell isolation and purification was performed
in Prof Willem Ouwehand’s lab, Department of Haematology,
University of Cambridge.

RNA-seq libraries were prepared using the SMARTer Ul-
tra Low RNA and Advantage 2 PCR kit both from Clontech,
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Figure 32: Example of progenitor cell sorting and gate setting. Gates were
established using a fluorescence minus one strategy.

following manufacturer instructions using 100pg of total RNA
as input for each sample. Samples were indexed using NEXT-
flex adapters (Bioo Scientific) and paired-end sequencing was
performed on a HiSeq 2000 machine using TruSeq reagents (II-

lumina) according to manufacturer’s instructions.

3.5.2 Bioinformatic analysis workflow

Large projects like this one require a well-thought analysis
pipeline. Any analysis, however, depends on the questions and
hypothesis that have generated such data. The project’s aim
are to create a catalogue of transcripts expressed in the early
human haematopoietic progenitors, and to identify changes in

gene expression occurring during the first stages of blood form-
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Figure 33: Workflow of the bioinformatics analysis performed on the RNA-
seq data. The tools used in each step and their versions are listed on the

side.

ation. Therefore, the first step was to decide on which tools to

use to achieve such goals.

To address these questions, we built two separate analysis

workflows that would focus on the already annotated transcripts

and on the identification of novel transcript isoforms. A graphic

overview of this pipeline can be found in Figure 33. The pipeline

design was a result of extensive discussions between members

of Prof Willem Ouwehand’s group, Department of Haemato-

logy, University of Cambridge, including Augusto Rendon, Lu

Chen, Ernest Turro, and members of the EMBL - European

Bioinformatics Institute, including Myrto Kostadima, Remco

Loos from Dr Paul Bertone’s lab and David Richardson from
Dr Paul Flicek’s lab.

For both pipelines, the FASTQ files were trimmed first for

the sequencing adapters and then for the SMARTer kit adapters
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using Trim Galore! v 0.2.8. Adapter trimming was performed
by Pawan Poudel, Prof Willem Ouwehand’s lab, Department of
Haematology, University of Cambridge.

3.5.2.1 Transcriptome mapping

The trimmed reads were aligned to the Ensembl v7o hu-
man transcriptome using Bowtie 0.12.8 by Pawan Poudel. The
number of reads aligned to the human transcriptome are sum-
marised on Table 17.1 then used the MMSEQ v1.0.5 (Turro
et al., 2011) analysis pipeline to quantify gene and transcript

isoform expression.

Table 17: Percentage of reads aligning to the human transcriptome Ensembl
v70 using Bowtie vo.12.8.

Sample ID | Total number of reads | Number of reads mapped Percentage | Number of unmapped reads Percentage
§ Coo2UUB1 172,481,943 73,755,811 (42.76%) 98,723,265 (57.24%)
& | Cozo15T1 181,799,291 139,333,441 (76.64%) 42,464,044 (23.36%)
= Co02UUB2 169,991,894 98,124,196 (57.72%) 71,866,287 (42.28%)
5) Co02UUB3 172,009,365 94,999,977 (55-23%) 77,003,407 (44.77%)
Coyo15T3 184,806,802 148,709,976 (80.47%) 36,096,081 (19.53%)
% Co7002T2 195,410,930 143,030,270 (73.19%) 52,379,152 (26.80%)
C12001RP3 167,136,700 127,126,407 (76.06%) 40,008,538 (23.94%)
Co7002T3 171,032,184 100,611,206 (58.83%) 70,417,647 (41.17%)
% Co0o2UUB4 176,049,028 106,984,181 (60.77%) 69,060,982 (39.23%)
C12001RP4 137,506,194 87,205,573 (63-42%) 50,297,372 (36.58%)
Co7002T4 195,846,106 150,294,464 (76.74%) 45549504 (23.26%)
% C12001RP2 178,155,896 112,904,383 (63.37%) 65,245,035 (36.62%)
Coyo15T4 156,581,333 126,241,633 (80.62%) 30,338,778 (19.38%)

Differential expression analysis was performed using MM-
DIFF v 1.0.5, that allows for a flexible model comparison, which
is ideal for the tree structure of the haematopoietic system.

MMDIFF was used for the analysis described in Sections 3.2.4,
3.3.1, 3.3.2 and 3.3.3.

In Section 3.2.4, differential expression analysis was per-
formed using all available progenitors RNA-seq samples. The

two models compared were:
1. gene expression in all cell types is similar

2. gene expression is different in at least one cell type
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The prior probability that the second model is true was set to
o.1. Differentially expressed genes were then selected if they
were expressed in at least one cell type (FPKM > 1) and the

posterior probability of the second model was greater than o.5.

Similarly, MMDIFF was used at the CMP breakpoint to identify

differentially expressed genes (Section 3.3.1), transcripts (Sec-
tion 3.3.2) and isoform usage (Section 3.3.3). The second model

used in these comparisons is animated in Figure 34, designated

model-1.
CMP
®
MEP (@ & GMP & GMP
model-1 model-2
CMP CMP
MEP (& & GMP | MEP @ & GMP
model-3 model-4

Figure 34: Polytomous analysis alternative models at the CMP breakpoint.
The baseline model (model-0) represents features in which expression does
not change.

The analysis described above was used to identify changes
in expression, it does not however identify the type of changes.
To determine the directionality of changes, I performed poly-
tomous model selection that compares multiple models. The
baseline model (model-o0) was always the same and assumed
that expression is similar in all cell types. The alternative mod-

els considered at the CMP breakpoint are shown in Figure 34.
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Model-1 is described above, and the other models compared

any two cell types to the third.

Then assuming a prior probability of 0.5 for model-o and
0.125 for each of the other models, I computed the posterior
probability of each model for each feature. I filtered any fea-
tures that were not expressed in at least one cell type and fea-
tures that showed a higher posterior probability for model-o
(meaning that they do not change expression among the dif-
ferent cell types), I used a K-means (K=3; one for each cell
type) clustering on the posterior probabilities of the five mod-
els for the remaining features, aiming to identify cell type spe-
cific changes. To identify whether genes were up- or down-reg-
ulated, I performed a second K-means clustering (K=2) on the
normalised expression values of the features of each of the three

sets identified by the previous clustering step.

3.5.2.2 Genome mapping

Identification of novel splicing events cannot be achieved us-
ing the alignments onto the transcriptome. For this purpose, the
trimmed reads were aligned to the Homo sapiens high coverage
assembly (hg19) (release February 2009) using GSNAP version
2012-07-20 (Wu and Nacu, 2010) (step performed in collabora-
tion with Dr Lu Chen, Prof Willem Ouwehand’s group, Depart-
ment of Haematology, University of Cambridge) and GEM (Marco-
Sola et al., 2012). The latter alignment step was done in Dr Ro-
deric Guigo’s group. For the GSNAP alignment, read trimming
was disabled, a maximum of 7 mismatches were allowed and
novel splicing sites were limited to a maximum of 300,000 bp
apart. Following this step, in collaboration with Dr Lu Chen,
custom Perl scripts were used to identify the splice junctions
that were present in each sample. Splice junctions that were
not supported by both aligners and by less than ten reads were

removed.
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Figure 35: Posterior probability of the five different models studied in the
polytomous analysis at the CMP breakpoint.






THE ROLE OF NFIB IN MEGAKARYOPOIESIS

4.1 INTRODUCTION

In Chapter 2, I focused on the MEIS1 transcription factor
and its binding profile in human megakaryocytes. Integrative
analysis of MEIS1 binding data with data of other key tran-
scriptional regulators of haematopoiesis showed that these tran-
scription factors were frequently co-localising, suggesting that
MEIS1 is highly integrated in the gene regulatory circuit in
megakaryocytes and providing evidence that other factors might

be involved.

The aim of the following analysis was to identify other tran-
scription factors that may be involved in the regulation of mega-
karyopoiesis. To do so, I analysed the gene expression pro-
files of all human transcription factors across early haemato-
poietic progenitors and megakaryocytes, integrating the RNA-
seq datasets presented in the previous chapters. My analysis
focused only on those human transcription factors for which
experimental evidence of regulatory function existed (Vaquer-
izas et al., 2009). Candidate transcription factors were selected
if they were found to be expressed at higher levels in megaka-
ryocytes compared to their precursor cells, the megakaryocy-
te/erythrocyte progenitors (MEPs). In addition, I required that
these transcription factors were lowly or not expressed in eryth-

rocytes.
The set of transcription factors that fulfill the above-mentioned

criteria includes: BCL6B, DLX1, IRX3, MAFB, MEIS3P2, MSC,
MYCN, NFIB, RCOR2, SALL2, SIX5, TEAD4, TFEB, VDR, ZFPM2,
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Figure 36: Gene expression of candidate transcription factors across various
haematopoietic cell types. Expression data for early haematopoietic progen-
itors come from the BLUEPRINT dataset (see Chapter 3 for details), while
the megakaryocytic and erythrocytic RNA-seq libraries were produced inde-
pendently in Prof Willem Ouwehand’s group, Department of Haematology,
University of Cambridge, UK (see Chapter 2 and section 4.4.3, respect-
ively).

HSC; haematopoetic stem cell, MPP: multipotent progenitor, CMP: com-
mon myeloid progenitor, MEP: megakaryocyte/erythrocyte progenitor, MK:
megakaryocyte, and EB: erythrocyte

and ZNF260. With the exception of five genes, the rest show
a rather low expression in megakaryocytes, but still over the
threshold of 1 FPKM (see Figure 36). This gene set was fur-
ther filtered for genes that have low or no expression in other
mature blood cell types. Given that the BLUEPRINT dataset,
described in Chapter 3, did not encompass mature blood cell
types, I referred to publicly available microarray studies, such
as the DMAP (Novershtern et al., 2011) and HaemAtlas (Watkins
et al., 2009) datasets, for the expression of these transcription

factors (see Figure 37).

Upon examination of the expression values of the candid-
ate transcription factors, I discarded three from further analysis
because they showed no noticeable difference in gene expres-
sion across the different cell types; these are BCL6B, HSF4, and
MSC. Four more transcription factors (MAFB, TFEB, VDR and
ZNF260) were dropped from the list because their expression
profiles showed higher expression in other cell types. For ex-

ample, consistent with its role in monocytic differentiation (Kelly
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Figure 37: Gene expression of 16 candidate transcription factors in: (a) the
DMAP dataset (Novershtern et al., 2011), and (b) the HaemAtlas dataset
(Watkins et al., 2009).

et al., 2000), MAFB is highly expressed in monocytes and gra-
nulocytes.

The remaining nine transcription factors showed a higher
expression in megakaryocytes, however for only two of these
(NFIB and SALL2) there was an agreement among our RNA-
seq datasets and the HaemAtlas indicating that their expres-
sion values were significantly higher (see Figures 36 and 37(b)).
However, this finding was not supported for either of the genes
in the DMAP dataset 37(b), where expression of NFIB and
SALL2 was low in megakaryocytes. Such discrepancies could

be attributed to the difference in maturation stages of the mega-
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karyocytes profiled by each study, an observation discussed

previously in Chapter 2.

To summarise, my analysis identified NFIB and SALL2 as
the most promising candidates for megakaryocyte specific tran-
scription factor. To my knowledge, neither gene has been stud-
ied within the context of hematopoiesis. SALL2 is a C2H2-type
zinc finger protein (Sweetman and Munsterberg, 2006) that plays
a significant role during the development of the neural tube (Bohm
et al., 2008). NFIB is a member of the nuclear factor I transcrip-
tion family. Members of this family have already been identified
as potential MEIS1 co-binding transcription factors in megaka-
ryocytes. These findings prompted me to look further into the
nuclear factor I proteins and their potential role in megakary-

opoiesis.

4.2 THE NUCLEAR FACTORITRANSCRIPTION FACTOR FAM-

ILY

The nuclear factor I (NFI) family of genes was initially dis-
covered in a study investigating adenovirus DNA replication
(Nagata et al., 1982). Host NFI was shown to recruit the viral
DNA polymerase onto the origin of replication, mediating the
formation of the DNA replication pre-initiation complex (Ar-
mentero et al., 1994; Chen et al., 1990; de Jong and van der
Vliet, 1999). Later studies revealed that the NFI family of pro-
teins is identical to the sequence-specific CCAAT-box binding
transcription factor (Jones et al., 1987; Santoro et al., 1988) that
had already been identified as an important transcription ini-
tiation protein (Benoist et al.,, 1980; Efstratiadis et al., 1980;
Morgan et al., 1987). Therefore, several distinct functions have
been ascribed to NFI proteins. Even within the context of regu-
lation of gene expression, different NFI protein products exhibit
different roles, either activating or repressing transcription (re-

viewed in (Gronostajski, 2000)).
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The NFI family consists of four family members: NFIA, NFIB,
NFIC and NFIX (Kruse et al., 1991; Rupp et al., 1990), which
are encoded by four paralogous genes in mammals (Qian et al,,
1995). Analysis of individual gene knockout mice have revealed
a range of phenotypes (see Table 18). Both NFIA and NFIB defi-
cient mice die around birth. NFIA mutants suffer from a range
of neurological deficits (das Neves et al., 1999; Lu et al., 2007;
Shu et al., 2003), while loss of NFIB results in abnormal lung
maturation. In addition to these acute phenotypes, mice lack-
ing NFIB also exhibit nervous system defects (Steele-Perkins
et al., 2005). On the contrary, NFIC or NFIX knockout do not
cause lethality. NFIX deficient mice show abnormal brain de-
velopment (Chaudhry et al., 1997), while NFIC mutants exhibit
tooth defects (Steele-Perkins et al., 2003). Absence of a reported
platelet phenotype is not surprising, as NFIB is not expressed in
mouse megakaryocytes or platelets based on publicly available

RNA-seq data (Rowley et al., 2011).

Table 18: Phenotypes from knockout studies of nucelar factor I proteins in
mice.

‘ Protein ‘ Knock-out phenotype References
NEIA perinatal lethality (das Neves et al., 1999; Shu et al., 2003)
neurological deficits (Lu et al., 2007)
NFIB perinatal lethality (Koehler et al., 2010)

neurological deficits

NFIC | tooth defects (Steele-Perkins et al., 2003)

NFIX brain development abnormalities | (Campbell et al., 2008)

The NFI proteins usually contain two domains located at
the N- and C-termini of the proteins (reviewed in (Gronostajski,
2000), see Figure 38(a)). The N-terminal DNA-binding and di-
merisation domain is highly conserved in all NFI proteins and
species. The functions assigned to this domain include site-
specific DNA binding, dimerisation with NFI proteins and in-
teraction with adenovirus DNA polymerase (Gounari et al., 1990;
Mermod et al., 1989). The C-terminal part of the DNA-binding

and dimerisation domain contains four cysteine residues con-
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served among all NFI proteins that are sufficient for low-affinity
DNA binding, while the N-terminal part is a basic alpha helix
domain that increases the affinity of the DNA binding (Dekker
et al., 1996). NFI proteins bind to DNA either as hetero- or ho-
modimers to the dyad symmetric consensus sequence TTGGC(N5)GCCAA
with high affinity (Hennighausen et al., 1985; Leegwater et al.,,
1985; Nowock et al., 1985), or to consensus half sites with re-

duced affinity (Meisterernst et al., 1988).

The C-terminal transactivation and repression domain of
NFI proteins is highly variable in amino acid sequence and
rich in proline residues (proline rich domain) (Paonessa et al.,
1988; Santoro et al., 1988). The functions ascribed to this domain
are transactivation or repression of expression and inhibition
of DNA binding (Mermod et al., 1989; Roulet et al., 1995). The
proposed transactivation mechanisms include interaction with
basal transcription factors under the effect of growth factors,
direct displacement of repressive histones or interaction with
co-activators (Alevizopoulos et al., 1995). Similarly, repressive
regulation of gene expression can occur through direct compet-
ition with other transcription factors or attachment to hetero-

logous DNA-binding domains (Gronostajski, 2000).

4.2.1  Gene expression of Nuclear Factor I proteins in haematopoiesis

Of the four members of the NFI gene family, NFIA and re-
cently NFIX have been studied within the context of haema-
topoiesis. NFIA over-expression in haematopoietic progenitors
favours the cells differentiation into the erythroid rather than
the granulocytic lineage (Starnes et al., 2010). NFIX deficiency
has been shown to increase apoptosis of murine stem and pro-

genitor cells (Holmfeldt et al., 2013).

To determine which members of the NFI family may have

a role in haematopoiesis, I examined the gene expression pro-
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Figure 38: NFI protein domain structure and alternative splicing.

(a) Graphical representation of the general splicing of NFIs and their protein
domains (adapted from (Gronostajski, 2000)). NFI proteins are encoded in
11 exons in all species. Exon 2 encodes the largest part of the N-terminal
DNA-binding and dimerisation domain. This can be further split into a basic
alpha helix loop and a domain, containing four cysteine residues conserved
in all NFI proteins and species. Exons 3-11 encode the transactivation or re-
pression domain.

(b) Graphical representation of NFIB and NFIC mRNAs, as these were iden-
tified by the megakaryocytic RNA-seq data set. Both NFIB transcript iso-
forms lack the DNA-binding and dimerisation domain, while NFIC con-
tains both. The addition of exon 12 in the NFIB transcript does not affect the
C-terminal domain. The alternative splicing, however, between exons 8-12,
encodes a shorter domain.

tiles of all NFIs in expression datasets of human haematopo-
etic cells (HaemAtlas, DMAP and BLUEPRINT, see Figure 39).
The expression pattern of NFIA is consistent with its role in
erythroid differentiation, as NFIA is highly expressed only in
erythrocytes among the mature blood cells and its expression
decreases in the granulocyte monocyte progenitors. Its expres-

sion is also high in the multipotent progenitors.

NFIX is also specific to erythrocytes, but rather the late
stages of erythroid differentiation (see Figure 39(b)), while its
expression is moderate in the progenitors with the exception of
common lymphoid progenitors (CLP), where it has the highest
expression among the progenitor cell types. Although not a sub-
ject of this analysis, it would be interesting to examine if NFIX,
along with NFIA, plays a role in erythroid differentiation. NFIC
does not have any cell type specific expression. It is expressed

in almost all haematopoietic progenitors and mature cells. The
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Figure 39: Gene expression of all four members of the NFI gene family in the:
(a) BLUEPRINT, (b) DMAP (Novershtern et al., 2011), and (c) HaemAtlas
(Watkins et al., 2009) data sets.

only significant change is observed in granulocytes and mono-

cytes, where its expression is slightly higher (see Figure 39(c)).
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NFIB is also expressed in the stem cell compartment other
than in the megakaryocytes. It has already been shown that
NFIB plays a role in stem cell proliferation and/or differen-
tiation within the epithelial-melanocyte compartment (Chang
et al.,, 2013), and in neuronal development (Namihira et al.,
2009). Expression of NFIB in haematopoietic stem cells suggests
that it might have a similar role in this stem cell compartment
as well. It has generally been observed that certain lineage-spe-
cific transcription factors are also expressed in the haematopo-
etic stem cells, either due to lineage priming (Hu et al., 1997) or

their dual roles in haematopoiesis (Cai et al., 2012).

To conclude, three of four members of the NFI gene family
have a cell type specific expression among mature blood cell
types: NFIB in megakaryocytes and NFIA and NFIX in eryth-
rocytes. However, NFIB is not the only member of the family
expressed in megakaryocytes, as NFIC is also expressed at sim-

ilar levels.

4.2.2  NFIB and NFIC isoform expression in human megakaryocytes

Several splice variants have been reported for the NFI genes,
introducing further diversity in the family (Paonessa et al., 1988;
Santoro et al., 1988). To determine the transcript isoforms ex-
pressed in megakaryocytes, I examined the RNA-seq data in-
troduced in Chapter 2. As described in Section 2.3.2, I had
already identified a novel transcription start site for NFIB that
is marked by a MEIS1 binding site. As shown in Figure 40, the
novel isoform is the major one, as there is no read coverage
over the first two annotated exons. To verify the presence of the
novel transcription start site in the NFIB locus, I looked for a
compatible chromatin signature. Consistent with the RNA-seq
data, publicly available FAIRE-seq data (Paul et al., 2013) show
a peak over the transcription start site marking a region of open

chromatin that is easily accessible (see Figure 40). The incom-
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Figure 40: NFIB expression in megakaryocytes. Analysis of the RNA-seq data suggests that the megakaryocytic NFIB gene contains a novel tran-
scription start site that is also marked by a binding site where MEIS1, FLI1, GATA1 and SCL co-localise. No read coverage is observed over the first
two annotated exons. In addition, there are two different splicing events at the 3" end of the gene suggesting more than one transcript isoform is
expressed.
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patible splice junctions observed close to the 3" end of the NFIB
locus also suggest that there is more than one splice variant
expressed. In the case of NFIC, there is one isoform expressed

that exhibits previously annotated splicing events.

Protein domains are distinct functional units and they are
usually responsible for the function of a protein. It is there-
fore essential to identify the domains encoded by the NFIB
and NFIC transcriptional isoforms. As described above, NFI
proteins usually consist of two domains with distinct functions.
Compared to the general structure of the NFI mRNAs (reviewed
in (Gronostajski, 2000) and shown in Figure 38(a)), NFIB tran-
scripts usually contain an additional exon at the 3" end (de-
noted exon 12 in Figure 38(b)). This exon, however, does not
seem to interfere with the transactivation or repression domain.
The megakaryocytic NFIB mRNAs lack the DNA-binding and
dimerisation domain, which is encoded by exon 2 that is not
transcribed in human megakaryocytes. This finding suggests
that NFIB lacks the ability to bind directly to DNA and dimer-
ise with other NFI proteins. Differential 3" end splicing gives
rise to variable transactivation and repression domains that
may confer altered functional specificity. The NFIC expressed
transcript contains both annotated domains. Further functional
assays are needed to verify whether these proteins dimerise or
bind to the DNA.

To validate the novel NFIB transcript isoform and its tran-
scription start site, Frances Burden (Prof Willem Ouwehand’s
group, Department of Haematology, University of Cambridge,
UK) performed a 5" race PCR (see section 4.4.4). The PCR
products were then sequenced and aligned to the human gen-
ome (see Figure 42). The novel transcription start site was val-
idated. Moreover several other products were identified, sug-
gesting that even shorter transcript isoforms of NFIB may be

expressed in megakaryocytes. These shorter transcriptional iso-
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forms could not be identified in RNA-seq data, as they overlap

annotated exons.

4.2.3 NFIB protein expression in human megakaryocytes

Immunoblotting analysis was performed by Dr Mattia Frontini
(Prof Willem Ouwehand’s group, Department of Haematology,
University of Cambridge, UK) using megakaryocytes protein
extracts to detect protein level of the two NFIs in human mega-
karyocytes (see section 4.4.6). The western blot confirmed that
there are several NFIB protein isoforms in human megakaryo-
cytes, whereas only one protein isoform was detected for NFIC
(see Figure 43). All of these are consistent with our RNA-seq

and 5’ race data.

4.3 DISCUSSION

Integrative analysis of the transcriptome data from haema-
topoietic progenitors with the megakaryocytic transcriptome
data revealed novel potential transcription factors regulating
megakaryopoiesis. One of these candidates is Nuclear Factor
I/B (NFIB). Investigation of other datasets that contain gene ex-
pression profiles of mature blood cells showed that NFIB is a
transcription factor specific to megakaryocytes. These analyses
prompted further biochemical characterisation of this transcrip-

tion factor.

NFIB is a member of the nuclear factor I family. Of the four
family members, NFIB and NFIC are expressed in megakaryo-
cytes. Our megakaryocyte RNA-seq data showed that one of
the isoforms transcribed in the NFIB locus in megakaryocytes
is novel. In addition, MEIS1 binds in the proximity of the un-
annotated transcription start site along with other transcription
factors. By western blot analysis, we were able to show that the

detected isoforms of NFIB and NFIC were present as protein
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Figure 42: Detection of the NFIB isoforms transcription start site through 5" race PCR. The analysis confirmd the novel transcription start site identified
using the RNA-seq data set. Multiple products also suggest the expression of a much shorter transcript isoform that could have not been identified
using only the RNA-seq data because all of its exons overlap with the longer one.
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Figure 43: Detection of NFIB and NFIC proteins in human megakaryocytes.
Western blot experiment using antibodies against NFIB and NFIC confirm
the expression of the two gene products in megakaryocytes. NFIB expresses
multiple protein isoforms in megakaryocytes, (around 40, 35 and 32 kDa),
however, none of these represents the full-length isoform, which would be
expected at around 70 kDa. NFIC expresses only one (full-length) variant. .

in megakaryocytes. Consistent with our RNA-seq and 5’ race
data, the western blot analysis showed more than one protein
isoform for NFIB.

The diversity of NFI products and functions have already
been highlighted in various studies (Alevizopoulos et al., 1995;
Mermod et al., 1989; Roulet et al., 1995) and reviewed in (Grono-
stajski, 2000), suggesting that also in megakaryocytes the vari-
ous NFI products might perform independent functions. In the
case of NFIB, the proteins translated in megakaryocytes do not
contain the DNA-binding and dimerisation domain. This find-
ing suggests that NFIB does not dimerise either with itself or
NFIC proteins, or binds directly to DNA. This leads to an open

question about its functional role.

The C-terminal domain of NFI proteins that is present in

megakaryocytes can function in opposite ways in the regula-
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tion of transcription, either as an activator or repressor. To de-
termine if and how NFIB regulates gene expression in megaka-

ryocytes we have set up the following experiments:

1. ChIP-seq profiling to identify DNA binding sites, where
NFIB might be bound through co-factors. Integration of
the binding sites with the megakaryocytic gene expres-

sion data will help us define its role in gene regulation.

2. functional assays to identify any megakaryocytic specific
phenotypes by knock-down and overexpression. We will
knockdown NFIB using shRNA or over-express it (either
full-length isoform or the C-terminal domain only) in CD34"
cells and test their colony forming potential during mega-
karyocytic differentiation. These experiments could also
be coupled with gene expression assays to assess any gene

expression changes.

Similar experiments are also under way for NFIC.

4.4 MATERIAL AND METHODS

All wet-lab experiments described below have been performed
by members of Prof Willem Ouwehand’s group, Department
of Haematology, University of Cambridge, UK and are only
provided for completeness. I was only responsible for the com-

putational analysis of the data sets presented in this chapter.

4.4.1  Erythroblasts cell culture and RNA-seq library preparation

The cell culture and the erythroblasts RNA-seq library were
prepared by Dr Pete Smethurst and Dr Katrin Voss, in Prof
Willem Ouwehand’s lab, Department of Haematology, Univer-
sity of Cambridge. Erythroblasts were obtained from cord blood-
derived CD34" haematopoietic stem cells by cultures for 7-12

days in a medium supplemented with erythropoietin, a cytokine
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that promotes the differentiation of HSCs into the erythrocytic
lineage, and interleukin-3 (IL3). At the completion of the cul-
ture about 70-90% of cells are of erythrocytic nature with the
majority being CD36"CD71"CD235a".

Total RNA was prepared from erythroblasts that were ob-
tained using the protocol above and extraction of RNA was
according to the Trizol method (Invitrogen, Paisley, UK). The
RNA pellet was resuspended in nuclease-free water (Applied
Biosystems, Warrington, UK) and analysis by Agilent Bioana-
lyser 2100 (Agilent, Waldbronn, Germany) gave a RNA integ-
rity number (RIN) of 8.4. Following DNase treatment (Turbo
DNA Free, Applied Biosystems), 5 ug of total RNA was ap-
plied to the mRNA Sequencing kit (Illumina) following the
manufacturer’s instructions, however, PCR amplification of the
library was performed before gel extraction of a band range of
150-200bp to obtain the purified library. This was quantified by
qPCR followed by paired-end sequencing.

One library of poly(A)*-selected RNA was sequenced on
the Illumina Genome Analyzer II, yielding 30.5M paired-end
76 bp reads.

4.4.2  Pre-alignment quality control

Pre-alignment assessment of the reads was done using the
FASTQC tool (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Then reads were aligned to the Homo sapiens high cov-
erage assembly (hg19) (release February 2009) using GSNAP
version 2011-11-25. Read trimming was disabled and I allowed
for up to 5 mismatches and novel splicing sites at most 300,000
bp apart. Trimming off adapters is not an essential step before

using GSNAP, as the tool soft clips adapter sequences.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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4.4.3 Quantification of gene expression

Gene and isoform quantification was performed using Cuff-
links v2.0.2 (Trapnell et al., 2010a) and reported in Fragments
Per Kilobase of exon per Million fragments mapped (FPKM).

The annotation used was Ensembl v7o.

4.4.4 5 race PCR

5" race PCR was carried out using 5’/3" Race kit 2nd gener-
ation (Roche 03353621001) according to manufacturer instruc-

tions with the following oligonucleotides for NFIB:
1. SP1 CTAGCCTTCGTTGGTGAGATAACCAG
2. SP2 GGAATTAGTGATTGTAAGTGCTGCA
3. SP3 CACATATCGATTGGCTTGAGATGTGC

The RNA was isolated from megakaryocytes cultured from CD34
cells isolated from apheresis cones. See below for culture de-

tails.

4.4.5 Megakaryocytes culture

CD34% cells were isolated from apheresis cones using an
AUTOmacs pro and cultured in Cellgro (CellGenix) supplemen-
ted with TPO (CellGenix) 10oong/ml and IL1f3 (R&D). On day
10 megakaryocytes were sorted (>95% purity) using an anti-
CD42b PE conjugated antibody and a PE positive selection kit
(STEMCELL).

4.4.6  Immunoblotting and antibodies

Primary megakaryocytes were lysed in Laemmli buffer by

boiling the cell pellets for 10 minutes; 10° cells equivalents were
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loaded in each lane and transferred onto PVDF membranes.

Membranes were probed with the following antibodies:

1. NFIB Abcam AB11989 and AB 80835.

2. NFIC Bethyl Laboratories A303123A and A303124A.
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DISCUSSION

5.1 CONCLUSIONS

Next-generation sequencing has revolutionised the field of
genomics, providing a genome-wide dimension to known as-
says and allowing for the development of a host of new tech-
niques to interrogate gene expression and its regulation. Its
predominant applications include the identification of protein-
DNA interaction at genomic loci (ChIP-seq), transcriptome ana-
lysis (RNA-seq) and DNA methylation analysis. Irrespective of
the application, next-generation sequencing provides unpreced-
ented amounts of biological data, creating a need for compre-
hensive bioinformatics analysis, to handle and process the res-
ulting big data sets, and more importantly to extract biological
insights from them. In this thesis, two next-generation sequen-
cing applications have been used on several cell-types of the
haematopoietic system in an attempt to study gene expression

and its regulation in this well-studied system.

The main focus of my thesis has been to gain further under-
standing in the process that leads to the formation of platelets.
To this end, I examined the gene and transcript isoform expres-
sion of megakaryocytes and their precursors. For the first time,
RNA sequencing was applied to human megakaryocytes for
the identification of splicing events and the quantification of the
transcript isoform expression. This data set was integrated with
genome-wide binding profiles of known regulators of haema-
topoiesis, including FLI1, GATA1, GATA2, RUNX1,SCL/TAL1
and MEIS1.
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The integrative analysis showed frequent co-localisation of
these six transcription factors in megakaryocytes and confirmed
the already known key regulatory role of MEIS1 in megakary-
opoiesis and platelet production. Moreover I found several ex-
amples of novel transcription start sites bound by MEIS1, sug-
gesting that it regulates megakaryopoiesis through the control

of gene isoform expression.

Platelet production, similarly to the production of any other
mature blood type, proceeds in a hierarchical fashion. During a
tightly regulated differentiation process, haematopoietic stem
cells commit to differentiation through a sequence of increas-
ingly lineage-restricted progenitor cells. As part of the BLUE-
PRINT consortium, I analysed RNA sequencing data sets of
six rare haematopoietic progenitor cells with the aim to char-
acterise the transcriptome of the intermediate cell types of the
haematopoietic system. These datasets constitute the first in-
depth analysis of cell-type and lineage-specific expression of
transcript isoforms in rare precursors. My analysis provides
insight not only into gene-level expression, as partly covered
by previous microarray-based studies, but extends to the tran-
script level. In addition to the genome-wide study of transcrip-
tion in these cells, I identified two examples where the altern-
ative splicing of transcript isoforms affects functional domains
generating protein isoforms with potentially diverse functions

among the different cell types.

While genome-wide data sets like those analysed in the
first two chapters of my thesis allow to comprehensively de-
scribe binding and expression in the given cell types, it remains
a major challenge to translate this knowledge into functional
insights into gene regulation. The final chapter of my thesis
provides an example of how an integrative analysis of various
datasets, including those in Chapters 2 and 3, can enable the

identification of novel regulators in megakaryopoiesis. Combin-
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ing the gene expression profiles of transcription factors in me-
gakaryocyte/erythrocyte precursors with those in megakaryo-
cytes and erythroblasts. I was able to identify candidate regu-
lators of megakaryopoiesis. Further integration with publicly
available datasets of mature blood cells” gene expression identi-
tied NFIB as a transcription factor with megakaryocyte specific

isoforms.

5.2 FUTURE PERSPECTIVES

As sequencing costs decrease, it has become easier to con-
duct genome-wide assays for a comprehensive characterisation
of the functional genome and transcriptome. Large consortia,
such as the ENCODE (ENCODE Project Consortium, 2012) and
NIH Roadmap Epigenome (Bernstein et al., 2010), have gener-
ated an in-depth reference of widely used cell-lines and primary
cells. Similarly, as a member of the Blueprint consortium I as-
pire to continue working towards the generation of an extensive
annotation of the epigenome of different primary blood cells,
which will assist our continuous efforts to study normal and

malignant blood cell functions.

This thesis provided an example of how the integrative ana-
lysis of different next-generation sequencing data sets can re-
veal potential regulators of gene expression in megakaryocytes.
However, such findings require further functional validation.
In the case of NFIB follow-up studies are needed to establish
whether NFIB has a central role in the gene regulatory network
of megakaryocytes. Functional assays examining the phenotype
of the knockout and the over-expression of different isoforms
of this transcription factor will shed light on its role. Screening
of NFIB interactions will also help us identify novel interactors.
In addition, ChIP-sequencing of NFIB and NFIC will be essen-
tial to identify at which genomic loci these transcription factors

bind, if at all. If proven essential for megakaryopoiesis, the iden-
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tification of NFIB can open new directions in the on-going ef-
forts of many groups to generate functional platelets in vitro.
Patients with thrombocytopenia are in constant need of plate-
lets transfusions, which are obtained through blood donations.
Repeated transfusions, though, might result in rejection of the
transfused platelets by the recipients (Schiffer, 2001). Therefore,
it has become critical to identify those transcription factors that
can enhance the production of platelets from induced pluri-
potent stem cells, which can be obtained from the same pa-
tients (Takayama et al., 2010), overcoming any problems posed
by the expression of antibodies in the patients against donor

platelets.

Moreover, the analysis of novel transcription start sites in
megakaryocytes coinciding with MEIS1 binding revealed sev-
eral novel regulatory regions in megakaryocytes. However, ad-
ditional information is needed to perform a comprehensive ana-
lysis that catalogues all active gene regulatory elements in mega-
karyocytes. To achieve this, ChIP sequencing of key histone
modification marks, DNasel hypersensitivity and DNA methyl-

ation experiments are required. Those data will shortly be provided

by the BLUEPRINT consortium. Such datasets may then be in-
tegrated with the transcription factor binding sites presented
in Chapter 2 in order to gain further insight to the regulatory

mechanisms active during megakaryopoiesis.

The data sets presented in this thesis, along with all others
generated within Blueprint, will become publicly available in
several formats and through different websites, in order to be
accessible to all types of interesting parties, from computational
biologists to wet-lab scientists and clinicians. Thus creating a
rich information background of the normal function of blood
cell types, which can be then used for the delineation of the
mechanisms perturbed in disease. High-throughput genotyp-

ing has brought to light a wealth of common and rare variants,
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a number of which is located outside protein-coding regions,
making the identification of their functional consequences diffi-
cult. Integrative approaches of functional genomics data within

a disease-relevant context are therefore required in order to

draw the relationship between genotypes and phenotypes (Knight,

2012). For example, genome-wide characterisation of the regu-
latory elements in megakaryocytes can be used to study the
mechanisms through which functional genomics variants affect
platelet function, volume or count. Such systematic analyses
will expand our understanding of common variants already
identified through GWAS studies (Gieger et al., 2011) and rare
bleeding disorders investigated by the BRIDGE-BPD consor-
tium ( https://bridgestudy.medschl.cam.ac.uk/bpd.shtml).

RNA sequencing of megakaryocytes has led to the identi-
fication of novel intergenic transcripts that originate from pre-
viously unanottated genomic regions. In recent years, growing

evidence of long non-coding RNAs (lincRNAs) role in regula-

tion of gene expression of neighboring genes has emerged (Paralkar

and Weiss, 2013). Combining histone modification marks with
transcriptome data in megakaryocytes will enable the identi-
tication of such RNAs. In addition, using the Blueprint RNA-
sequencing data we can classify the lincRNAs identified into
cell-type or lineage-specific within progenitors and the megaka-
ryocytic-erythroid branch. Any interesting findings would then
be validated by performing knockout experiments coupled with
either microarray gene expression profiling or qPCR to examine

changes in gene expression levels.

In this thesis, the megakaryocytes profiled were cord-blood
stem cell in vitro derived megakaryocytes, which are the closest
available model for in vivo megakaryopoiesis. Megakaryocytes
are extremely rare in the bone marrow and access to human
bone marrow is limited, making any genome-wide studies of

these cells impossible due to the high numbers of cells required.
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DISCUSSION

The constant progress in sequencing technologies and the in-
troduction of single-cell sequencing techniques will allow us to
study the transcriptome of single bone-marrow derived mega-
karyocytes (reviewed in (Shapiro et al., 2013)). With this ap-
proach, we shall be able to overcome any homogeneity issues
present in megakaryocyte cell cultures, such as the different
levels of ploidy. Once single cell sequencing becomes more pre-
valent, transcriptome analysis of megakaryocytes will allow us
to investigate the different stages of maturation of these cells to
identify revelant changes in gene expression. In the longer term,
single-cell epigenetic assays may provide access to epigenome

of rare cell types.
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