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Abstract

Human embryonic stem (hES) cells derived from the inner cell mass of the blastocyst
propagate by self-renewal and can give rise to all cells of the body. However, they have
a tendency to spontaneously differentiate in vitro, an effect which can be abrogated by
culture at low, 5% oxygen tensions. This response is mediated by hypoxia inducible
factors (HIFs) and in particular HIF-2a. However, the mechanism of this regulation is
still unknown. Chromatin immunoprecipitation (ChIP) analysis showed that HIF-2a
directly binds to a predicted hypoxia response element (HRE) in the proximal promoter
of OCT4, NANOG, SOX2, GLUT1 and eNOS under hypoxic conditions. An increased
level of enrichment (P<0.01) was observed in hES cells cultured at 5% oxygen whereas
no significant binding was observed in cells maintained at 20% oxygen. Interestingly,
HIF-2a induced an array of histone modifications that are associated with gene
transcription within the predicted HRE site for all the genes analysed. ChIP assays
showed that the chromatin state is more accessible and transcriptionally active in hES
cells cultured under hypoxic conditions. In contrast, a heterochromatin state exists in the
HRE of OCT4, SOX2, NANOG, GLUT1 and eNOS in hES cells cultured under 20%
oxygen tension. This was also confirmed using pyrosequence analysis which revealed a
significant hypomethylation pattern (P<0.01) in the HRE site within the OCT4 proximal
promoter in hES cells cultured at 5% oxygen compared to those maintained at 20%
oxygen. hES cells were then used as a model to investigate the mechanisms acquired by
resident stem cell populations to maintain an undifferentiate and proliferative state at the
site of injury which are characterized by hypoxia and oxidative stress. Interestingly, an
enhanced euchromatic state was found when hES cells were exposed to
hypoxia/reoxygenation for 72 hours. Surprisingly, this was sustained by HIF-2a which
was found significantly enriched within the HRE of all core pluripotency genes but
particularly within the NANOG gene promoter. Furthermore, HIF-2a was found
responsible of the establishment of a multiprotein complex thereby allowing interaction
with an oct-sox cis-regulatory element in the NANOG promoter and sustaining self-
renewal. Thus, these data have uncovered a novel role of HIF-2a as a direct regulator of
key transcription factors controlling self-renewal and epigenetic modifications which
enhances the regenerative potential of hES cells exposed to hypoxia and reoxygenation.
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Chapter 1

Introduction



1.1 Stem Cells

Stem Cells (SCs) are unspecialized cells that are able to proliferate by self-renewal and
differentiate into one or more cell types. Traditionally, SCs are classified into different
groups based on their differentiation potential or potency (Behr et al., 2010) (Figure
1.1):

e totipotent SCs, such as the zygote have the ability to differentiate into embryonic
and extraembryonic cell types and thus are able to develop into the entire
organism

e pluripotent SCs, such as embryonic stem cells (ES cells) have the potential to
differentiate into all the three germ layers: endoderm, mesoderm and ectoderm.

e multipotent SCs are more lineage restricted than pluripotent SCs. Multipotent
SCs are able to differentiate into any cell of a specific lineage but not into cells
of other lineages. An example of a multipotent SC is the haematopoietic SC
which can give rise to all blood cells.

e unipotent SCs are the most lineage restricted being able to produce only one
type of cell. An example of a unipotent SC is the spermatogonial SC.
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Figure 1.1 Stem Cell potency

Schematic representation of the stem cell lineage potential. Adapted from Pauwelyn and
Verfaille et al. (2006).




1.1.1 Pluripotent SCs

Pluripotency is the ability of cells to self-renew and differentiate into all the cells of the
body. The property of "self-renewal™ means that it is possible to maintain an unlimited
number of genetically identical SCs in culture (Thomson and Marshall, 1998). Due to
this capacity, pluripotent SCs provide an excellent model to investigate early human
development, to study genetic disease and as an in vitro system for toxicology testing.
Furthermore, hES cells have the potential to treat degenerative disorders such as

Alzhaimer’s disease and Type 1 diabetes.

Different types of pluripotent SCs have been characterized: embryonic carcinoma cells,

embryonic germ cells and induced pluripotent SCs.

1.1.1.2 Embryonic carcinoma (EC) cells

Mouse embryonic carcinoma (EC) cells are derived from gonadal tumours,
teratocarcinomas and are considered the malignant counterpart of pluripotent ES cells
(Martin, 1981; Thomson et al., 1998). Teratocarcinomas are tumours that arise from the
gonads of inbred strains and are characterized by the presence of pluripotent cells as
well as of cells differentiated from all the three germ layers (endoderm, mesoderm and
ectoderm) (Martin and Evans, 1975). Mouse EC cells show similarities in morphology
and developmental capacity to SCs, however, they are usually aneuploid and thus often
possess genetic mutations and abnormal karyotypes (Martin, 1981). For this reason it is
difficult to differentiate these cells into a specific cell type. Nevertheless, the use of
mouse EC lines like P19, provided insight in the understanding of embryonic
development and differentiation of ES cells (McBurney and Rogers, 1982). Numerous
human EC cell lines have now been established with the aim of investigating
mechanisms of human embryonic cell differentiation. Among the human EC lines,
NTERAZ cells is one of the most commonly used (Andrews et al., 1984b; Damjanov et
al., 1994; Pera et al., 1989).



1.1.1.3 Embryonic germ cells (EG cells)

Human Embryonic germ (EG) cells are derived from primordial germ cells (PGCs)
isolated from the gonadal ridge and mesenteries of 5-9 week post-fertilization human
embryos (Shamblott et al., 1998). These cells are precursors of gametes (sperm and egg)
which retain the ability to generate pluripotent SCs. Human EG cells share some
characteristics in common with mouse ES and EG cells such as the property of
unlimited self-renewal and the ability to differentiate into all three germ layers (Matsui
et al., 1992; Resnick et al., 1992; Shamblott et al., 1998). Unlike the EC cells, EG cells
maintain a more stable karyotype and undergo epigenetic modifications such as genome
demethylation and X chromosome inactivation and do not form teratomas in vivo which
allows these cells to be a useful tool to investigate human development (Turnpenny et
al., 2003). However, human EG cells are difficult to maintain in vitro due to a tendency
to undergo spontaneous differentiation and therefore further characterization is required
to fully elucidate their potential. Recently, a rare population of germ SCs have been
isolated from adult mice and human ovaries (White et al., 2012). This exciting
discovery has generated controversy in the field (Telfer and Albertini, 2012; Telfer et
al., 2005; Tilly et al., 2009), but offers great potential for the treatment of infertility due

to premature menopause or ovarian failure.



1.1.2 Embryonic Stem cells

1.1.2.1 Preimplantation development

Pluripotent SCs are transiently expressed in the Dblastocyst, the final stage of
preimplantation development. A blastocyst develops 5-6 days after fertilization in the
human and is composed of 2 distinct cell types: the trophectoderm and the inner cell
mass (ICM) (Figure 1.2).

Blastocyst
A...,’fl'\rgghectoderm

"

Figure 1.2 Blastocyst stage embryo

As development progresses, the cells of the blastocyst continue to divide and the
blastocoel cavity expands. The ICM cells segregate into the hypoblast and the epiblast
(Coucouvanis and Martin, 1999). During gastrulation, the epiblast cells give rise to the
three germ layers: endoderm, mesoderm and ectoderm (Figure 1.1). All three germ
layers will form specific organs such as lung, liver, pancreas and intestine from the
endoderm, heart, skeletal muscle and blood from the mesoderm, and skin and neurons
from the ectoderm (Aplin, 1996; Murry and Keller, 2008).

1.1.2.2 Mouse embryonic and epiblast SCs

ES cells are derived from the ICM of a blastocyst, these pluripotent cells proliferate by
self-renewal and have the capacity of differentiate into all three germ layers (Martin,
1981). Mouse ES cells were discovered independently by two groups (Evans and



Kaufman, 1981; Martin, 1981) and were found to express the same markers and pattern

of differentiation as mouse EC cells.

Pluripotent cells also can be derived from the epiblast of the early postimplantation
mouse embryo (Tesar et al., 2007). Although EpiSCs are pluripotent, they display a
heterogeneous expression of lineage commitment markers and therefore have a more
limited developmental potential than mouse ES cells. Hence, the ICM-like state of
mouse ES cells have been designated as “naive” whereas EpiSCs have been termed
“primed” (Nichols and Smith, 2009).

1.1.2.3 Human ES (hES) cell discovery

In 1998, James Thomson described the first ES cell line derived from the ICM of a
human blastocyst generated through In vitro fertilization (IVF) (Thomson et al., 1998).
This was a significant milestone in developmental biology due to the potential of hES
cells to be used to treat degenerative disorders. However, despite the potential of these
cells for regenerative medicine, their application raises several ethical issues regarding
the destruction of embryos. In an attempt to overcome some of these concerns,
methodologies have emerged where hES cell lines have been derived from either single
blastomeres, or poor quality embryos unsuitable for transfer (Klimanskaya et al., 2006;
Zhang et al., 2006). However, for many, ethical issues remain about the use of any

form of human embryo, regardless of perceived quality and developmental potential.

It is thought that over 300 hES cell lines have now been derived (Candan and
Kahraman, 2010). However, among the cell lines there are some differences in terms of
lineage markers (Abeyta et al., 2004; Rao et al., 2004), X chromosome inactivation and
chromosome stability (Baker et al., 2007; Enver et al., 2005). Furthermore, genes
involved in metabolism and epigenetics have also been found to be differentially
expressed across the cell lines (Tang et al., 2010a). The reasons for these differences are

still unknown but seem to be the effect of long-term culture.



1.1.2.4 Induced Pluripotent Stem (iPS) cells

The cloning of “Dolly” the sheep by Wilmut et al. (1997) demonstrated that is possible
to reprogram the nucleus of a mammalian differentiated cell into an undifferentiated
state. This discovery was achieved using a technique called somatic cell nuclear transfer
(SCNT). In this process, the nucleus derived from a somatic cell is introduced into an
enucleated oocyte and the cells are fused by subjecting them to an electrical pulse. This
activates the egg allowing it to develop into an embryo (Wakayama et al., 2001; Wilmut
et al., 1997). These experiments proved it was possible to clone a mammal and provided
the possibility of generating patient specific ES cells for therapeutic purposes (Figure
1.3). However, the application of this technique presents ethical concerns not only since
it would be dependent on the availability of donated human embryos, but also the use of
SCNT which is extremely inefficient (Yamanaka, 2008). Another approach used to
obtain pluripotent cells was the somatic cell fusion which required the fusion of a hES
cell with a human fibroblast cell (Cowan et al., 2005). However, the pluripotent cells
obtained with this method displayed abnormal karyotype (Yamanaka, 2008). Finally
Takahashi and Yamanaka discovered that the ectopic expression of the transcription
factors OCT4, SOX2, c-MYC and KLF4 via retroviral vectors were sufficient to
reprogramme human dermal fibroblasts into pluripotent SCs and the first human
induced pluripotent stem (iPS) cells were produced (Takahashi and Yamanaka, 2006)
(Figure 1.3).
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Figure 1.3: Different strategies to convert somatic cells to pluripotent cells using
nuclear reprogramming

(A) A somatic cell can be injected into an enucleated oocyte using the technique of the
SCNT; (B) Fusion of a hES cell with a somatic cell; (C) ectopic expression of OCT4,
SOX2, KLF4 and c-MYC can reprogram somatic cells into induced pluripotent (iPS)
cells. Adapted from Amabile et al. (2009).

iPS cells have now been derived from human fetal fibroblasts using lentiviral vectors
carrying OCT4 and SOX2 in combination with NANOG and Lin28 homolog (Lin28)
instead of c-MYC and KLF4 (Yu et al., 2007). Moreover, pluripotent SCs have also
been produced from several cell types using different combinations of factors like
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OCT4, SOX2, NANOG and Lin28, that have been recognized to contribute to the
reprogramming (Giorgetti et al., 2009; Haase et al., 2009; Yu et al., 2007). In contrast,
c-MYC and KLF4 have been found to be important for clonal recovery (Park et al.,
2008b).

iIPS cell lines have now been generated from patients with specific diseases like
Amyotrophic Lateral Sclerosis (ALS) (Dimos et al., 2008), Down syndrome (DS;
trisomy 21), Adenosine Deaminase Deficiency-related severe combined
immunodeficiency (ADA-SCID), Parkinson disease (PD) and Juvenile-onset, type 1
Diabetes Mellitus disease (JDM) (Park et al., 2008a). The generation of these cell lines
will help to produce in vitro disease models and lead to new drug discoveries. However,
although important advances have been made, the efficiency of iPS cell derivation
remains low and the reprogramming process is associated with the acquisition of
mutations when the iPS cell are cultured (Gore et al., 2011) limiting the differentiation
potential. One of the major concerns that limit the therapeutic use of these cells is that
retroviruses can integrate into the genome leading to cell dysfunction and tumorigenesis
in patients. To overcome this problem, new approaches have been developed including
transient transfections (Okita et al., 2008), adenoviral vectors (Stadtfeld et al., 2008),
removable transposon systems (Yusa et al., 2009) and the use of small molecules and
soluble factors to mediate the reprogramming (Kim et al., 2009a; Woltjen et al., 2009;
Zhou et al., 2009). More recently, iPS cells have been generated using synthetic
modified MRNA (Warren et al., 2010) and microRNA (Judson et al., 2009). However, it
is still not known which of these methods is suitable for optimal reprogramming and
further studies will be required before iPS cells can be used for therapeutic applications.
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1.1.3 Multipotent SCs

1.1.3.1 Adult SCs

Adult Stem Cells (ASCs) are undifferentiated cell populations found in the body after
development that display limited self-renewal and are able to generate all cell types of
the tissue from which they originate (Choumerianou et al., 2008). However, compared
to hES cells, ASCs, such as Bone Marrow (BM), are well suited for clinical purposes
and pose minimal ethical objection (Choumerianou et al., 2008). In addition, ASCs can
be used for autologous treatment of degenerative, traumatic and congenital diseases as
they can be isolated from the patient and thus do not initiate an immune response
(Choumerianou et al., 2008). BM is one of the best sources of adult SCs. Indeed, BM
contains multipotent SCs such as hematopoietic SCs (HSC) and mesenchymal SCs
(MSCs). For this reason, BM cells have been used for therapeutic purposes to cure
several diseases like lymphomas and leukaemias (Broxmeyer, 2010; Leeb et al., 2010).
HSC were isolated for the first time from mouse BM (Spangrude et al., 1988) and have
the property to give rise to all cell types of blood (Orkin, 2000). MSCs can be isolated
not only from BM but also from postnatal organs and tissues, such as umbilical cord
and adipose tissue (da Silva Meirelles et al., 2006; Lindroos et al., 2009) and are able to
differentiate osteoblasts, chondroblasts, adipocytes, muscle cells and cardiac cells
(Pittenger et al., 1999). Other ASCs are the mammary SCs, intestinal SCs, endothelial
and the neuronal SCs. One example of an adult stem cell population which is leading to

interesting advances in the treatment of damaged tissue is the cardiac stem cell.

1.1.3.2 Cardiac SCs

Until recently, the heart had been considered a post-mitotic organ which has already
reached terminal cell differentiation. However, studies have now revealed that the heart
has endogenous regenerative properties and is regulated by stem cell compartments
(Leri et al., 2005). Evidence for the regenerative potential of the heart has come from
the discovery that cardiac niches are characterized by the presence of cardiac
stem/progenitor (CSP) cells (Urbanek, 2006). Once isolated from the heart, these cells
display the ability to differentiate into cardiomyocytes and represent a useful tool for
cardiac regeneration therapies (Bearzi et al., 2007; Messina et al., 2004; Tateishi et al.,
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2007). Indeed, these cells have been found to express typical heart stem cell factors such
as c-Kit (Bearzi et al., 2007) or stem cell antigen-1 (Sca-1) (Oh et al., 2003). In addition,
it has been possible to isolate from heart a specific progenitor population of cells called
“side population cells” capable of differentiating into functional cardiomyocytes and to
grow into cardiospheres in vitro (Messina et al., 2004; Pfister et al., 2005). In the
ischaemic heart, these cells have been found to differentiate in to cardiomyocytes not
only through fusion with host cardiomyocytes but also through trans-differentiation
(leda et al., 2010; Messina et al., 2004; Tateishi et al., 2007). Recent studies have
demonstrated that CSP cells can regenerate cardiomyocytes and improve myocardial
function in mouse models of ischemia or myocardial infarction (Ellison et al., 2013;
Welt et al., 2013). These studies highlight the great potential that CSP cells possess for
regenerating damaged heart tissue although further research is required to fully

understand the regulatory mechanisms of these cells.
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1.1.4 Derivation of hES cells

A hES cell line is derived from the ICM of a blastocyst, the final stage of
preimplantation embryo development. To derive a hES cell line, the zona pellucida is
first removed from the blastocyst through pronase digestion and the ICM is isolated by
immunosurgery. The blastocyst is incubated in an anti-human serum antibody and
complement lysis used to lyse trophectoderm cells. The ICM is isolated and placed on
mitotically inactive mouse fibroblasts (Reubinoff et al., 2000; Thomson et al., 1998)
(Figure 1.5). hES cells can also be derived using the blastocyst outgrowth method in
which the blastocyst hatches from its zona pellucida and outgrowths, the ICM is
mechanically isolated and transferred to mitotically inactive mouse fibroblasts
(Reubinoff et al., 2000).
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Figure 1.4 Schematic representation of hES cell derivation
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1.1.5 Culture of hES cells

hES cells require specific factors that allow cell survival, proliferation and maintainance
of self-renewal and are cultured on a feeder layer of extracellular matrix support in an
appropriate medium. hES cells tend to grow in colonies maintaining cell to cell contact.
Hence, when dissociated into single cells, the cloning efficiency and survival of these
cells is limited (Peerani et al., 2009). Furthermore, hES cells tend to spontaneously
differentiate in suboptimal culture conditions and form aggregates called embryo bodies

(EBs) which contain cells of all three germ layers (Reubinoff et al., 2000).

1.1.5.1 Culture on feeder cell layers

Feeder cell layers are important for the establishment of pluripotent hES cell cultures.

1.1.5.1.1 Mouse and human feeder layers

hES cells require meiotically inactivated mouse embryonic fibroblast (MEFs) feeder
cell layer as growth support (Thomson et al., 1998). Furthermore, immortalize MEF cell

lines, called STO, can also be used as a feeder layer (Park et al., 2003).

Despite the advantages of the using a MEF feeder layer, the risk of zoonosis transferring
animal pathogens limits the applications of hES cells for transplantation. For this
reason, several types of human feeder cells were developed such as skin or fetal muscle
cells (Amit et al., 2003; Richards et al., 2002), placenta fibroblast cells (Genbacev et al.,
2005), bone-marrow derived cells (Cheng et al., 2003) and immortalized fibroblast cells
derived from differentiated hES cells (Xu et al., 2004). Thus, these feeders provide an

alternative to the use of mouse feeders that are safer for clinical applications.

The use of MEFs or human feeder layers is important to prevent hES cell differentiation
but the critical factors produced by the fibroblast feeder layers remain unknown
(Eiselleova et al., 2008; Thomson and Odorico, 2000). However, it seems that the
presence of soluble factors released by the feeder supports in culture is beneficial for the
maintenance of hES cells pluripotency. Indeed, human feeder cells produce basic
fibroblast growth factor (bFGF) and Activin A important for the establishment of the
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self-renewal state (Eiselleova et al., 2008; Prowse et al., 2007) whereas MEFs do not
produce bFGF (Eiselleova et al., 2008). Other important factors secreted by both human
and MEF feeders that support the pluripotent and undifferentiated state of hES cells are
the transforming growth factor beta 1 (TGFB1), the bone morphogenetic protein
(BMP4) and the Laminin-511 (Eiselleova et al., 2008; Hongisto et al., 2012; Lim and
Bodnar, 2002).

1.1.5.1.2 Feeder free culture

In 2001 a method was described to maintain hES cells in feeder free conditions using
Matrigel or laminin pre-coated plates in serum free medium conditioned by mouse
embryonic fibroblast (MEFs) feeders (Xu et al., 2001). This allowed hES cells, to be
maintained, differentiated and also transfected with lentiviral vectors without any
interference from MEF cells (Lebkowski et al., 2001). Matrigel is a gelatinous protein
mixture extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma a tumour
rich in extracellular matrix (Kleinman and Martin, 2005). Matrigel also contains type
collagen IV, bFGF, insulin growth factor-1, platelet growth factor (PDGF) and other
signalling molecules essential for the self-renewal state (Hughes et al., 2010). Matrigel
is one of the most used feeder free substrates for long term culture of pluripotent SCs.
However its composition can vary between batches and resulting in problems with SC
maintenance. Other feeder free support have been developed using recombinant
fibronectin (Amit et al., 2004), recombinant vitronectin (Braam et al., 2008) or laminin
(Rodin et al., 2010). These are very important feeder free supports that allow the

expansion of hES cells without the risk of zoonosis.

1.1.5.1.3 Cell culture media for pluripotent SCs

Culture media is essential for providing nutrients for the maintenance of pluripotent
SCs. Initially, culture of hES cells required the addition of fetal bovine serum (FBS) or
human serum (HS) to the culture media with feeder cells as well as in feeder-free
conditioned medium. Subsequently, a serum-free alternative, Knockout™ serum-
replacement medium was discovered, that allowed more standardized and
undifferentiated culture of hES cells (Amit et al., 2004; Richards et al., 2002). Among
the soluble factors that sustain hES cell pluripotency there are the fibroblast growth
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(FGFs) factors, and in particular FGF2 or bFGF, which have been found important in
cell differentiation, proliferation and self-renewal (Amit et al., 2004; Basilico and
Moscatelli, 1992; Dvorak et al., 2005; Xu et al., 2005a). The precise mechanism behind
the role of FGF2 is still not known. However, it has been found that FGF2 directly
regulates OCT4, one of the master genes of pluripotency in hES cells, through the ERK
signalling pathway (Brumbaugh et al., 2012). Other factors involved in the regulation of
hES cell pluripotency together with FGF2 are the members of the TGFp/activin and
nodal signalling family that are activators of the SMAD2/3 pathway (Vallier et al.,
2009). It has been demonstrated that SMAD2/3 interacts with NANOG to increase its
expression (Xu et al., 2008). Another member of the TGFp family is the growth
differentiation factor 3 (GDF3) a factor that blocks hES cell differentiation mediated by
BMP-4 and maintain pluripotency (Skottman et al., 2006). However, the precise
molecular signals that are crucial for maintaining the self-renewal state are still
unknown. Recently, several xeno-free media have been produced that can support long
term cultures of undifferentiated hES cells (International Stem Cell Initiative et al.,
2010; Ludwig et al., 2006; Rajala et al., 2007). One of the most widely used xeno-free
media is TeSR1, an animal—free medium that supports the derivation and culture of hES
cells (Ludwig et al., 2006). These media contain different cocktails of molecules and
proteins like TGFP and bFGF and have been tested in several culture conditions.
However, the use of these media is still limited due to the lack of knowledge regarding
the optimal culture conditions for pluripotent SCs and the soluble factors that sustain the
undifferentiated state.

1.1.6 Morphological characterization

hES cells have a similar phenotype compared to mouse and human EG cells. They
display a high nuclear to cytoplasmic ratio and typical nuclear and chromatin structures
(lamina, heterochromatin domain and nuclear speckles) (Meshorer and Misteli, 2006;
Reubinoff et al., 2000; Thomson et al., 1998). hES cells display characteristics typical
of the ICM cells. In particular, they present large nuclei with a well-developed
endoplasmic reticulum, Golgi complexes and immature mitochondria with few christae
(Sathananthan et al., 2002).
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1.1.6.1 Surface antigens

Human pluripotent SCs, ECs and EpiSCs express similar surface antigens that have
been associated with self-renewal. For instance, hES cells express a series of surface
antigens like the stage specific embryonic antigens 3 and 4 (SSEA-3,SSEA-4) that are
globoseries glycolipids (Andrews et al., 1996; Thomson et al., 1998; Thomson and
Marshall, 1998) whereas SSEA-1 is only expressed upon early differentiation (Pera et
al., 1988). Another characteristic of hES cells is the expression of antigens that are
associated to the pericellular matrix proteoglycan like TRA-1-60, TRA-1-81 and
GCMT-2 which detects the keratin sulphate/chondroitin sulphate pericellular matrix
proteoglycan (Cooper et al., 1992). hES cells also contain alkaline phosphatase activity
(Badcock et al., 1999). The differentiation of EC and ES cells is characterized by the

loss of expression of all these markers typical of the undifferentiated state.

1.1.6.2 Molecular Markers of Pluripotency

Pluripotent SCs are also defined by the presence of key transcription factors which have
been genetically characterized thereby confirming their importance in embryo

development.

OCT4 (or Pou5f) is a POU domain transcription factor which binds the octamer motif
ATGC(A/T)AATT found in the regulatory domains of specific genes (Scholer, 1991).
Oct4 expression has been extensively study since it has been found to be essential for
the pluripotency of ES cells (Yeom et al., 1991). Oct4 is essential for the establishment
of pluripotency in cells of the ICM as Oct4-deficient mouse embryos display
differentiation along the trophoblast lineage (Nichols et al., 1998). Oct4 has also been
found responsible for the bFGF secretion by the ICM thereby providing paracrine
signals which are important for the trophectoderm development (Nichols et al., 1998).
Furthermore it has been shown that OCT4 is required for the establishment of the
pluripotency together with SOX2 (Ambrosetti et al., 2000; Yuan et al., 1995) and
NANOG (Chambers et al., 2003; Mitsui et al., 2003). Interestingly, a recent study has
shown that Oct4 overexpression led to the up-regulation of differentiation markers of all

three germ layers (Radzisheuskaya et al., 2013). This interesting finding reveals that
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Oct4 not only is important for the establishment of self-renewal, but also for mouse ES
cell differentiation.

SOX2 belongs to the SOX (Sry-related HMG box) a group of proteins which bind an
amino acid high mobility group (HMG) domain in the minor groove of the DNA helix.
This process is energetically expensive for the cell leading to an increase in DNA
bending, thus, SOX2 binds the DNA with a high dissociation constant (Nishimoto et al.,
1999). SOX2 is co-expressed with OCT4 in human ES, EG and EC cells regulating the
expression of several target genes like FGF4 and undifferentiated embryonic cell
transcription factor (UTF) and cooperatively binds to DNA, with the low affinity POU-
specific domain and HMG domain adjacent to each other (Ambrosetti et al., 2000).

NANOG is the third partner of this core of pluripotency factors, playing a central role
for the maintenance of a robust pluripotent state acting together with OCT4 in hES cells
(Chambers and Smith, 2004). The name Nanog is derived from the Celtic name “Tir nan
Og” land of the ever-young. NANOG is expressed in vivo in the ICM of blastocysts and
when over-expressed is able to support prolonged culture of mouse ES cells
independently of the LIF (leukemia inhibitory factor) and STATS3 signalling which are
required for the mantainance of mouse ES cells (Mitsui et al., 2003). Several studies
report that Nanog biochemically interacts with Oct4 (Xie et al., 2006; Zhang et al.,
2007) and that this cooperation is important for the pluripotency state in mouse epiblasts
and ES cells (Mitsui et al., 2003). Interestingly, Nanog is not homogeneously expressed
in murine ES cells; a highly expressing Nanog population is pluripotent while a low
expressing Nanog population possess Gata6, an endodermal marker (Singh et al., 2007).
Therefore, it is possible that Nanog could play a critical role in balancing pluripotency
and differentiation in ES cells (MacArthur et al., 2012). The expression of these
transcription factors is fundamental to ensure hES cell identity, indeed, silencing of
Oct4 and Sox2 expression has been found to induce differentiation of ES cells into
trophectoderm cells (Masui et al., 2007; Nichols et al., 1998) while loss of Nanog

induced formation of extraembryonic endoderm cells (Mitsui et al., 2003).
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1.1.7 The oct-sox cis regulatory element

The POU and the HMG domain contained by Oct4 and Sox2 respectively are two
elements important for the maintenance of a pluripotent cell state (Avilion et al., 2003,
Nichols et al., 1998). The POU/HMG ternary complex bound to composite oct-sox
elements characterized by two enhancer elements separated each other by 3bp or Obp
which mediate specific protein-protein and DNA-protein interactions (Remenyi et al.,
2003; Williams et al., 2004b). Previous studies have characterized the regulatory
regions important for Oct4 expression in the early mouse embryo and found that a distal
enhancer in the Oct4 proximal promoter is important for the expression of this
transcription factor within the morula, ICM and ES cells (Yeom et al., 1996). Alignment
between the upstream proximal promoter of Oct4 revealed the presence of 4 conserved
regions (CR1, CR2, CR3 and CR4) which display a high degree of homology across
species (Nordhoff et al., 2001) and, interestingly, the CR4 overlaps with the distal
enhancer containing the composite oct-sox element (Chew et al., 2005). For the Sox2
gene, two regulatory regions called SRR1 and SRR2 (Sox regulatory region 1 and 2) are
known to regulate Sox2 expression in ES cells (Tomioka et al., 2002). These two
regulatory regions are also bound by Oct4 and Sox2 in both human and mouse ES cells
(Trott et al., 2012). The Oct4-Sox2 interaction forms a transcriptional autoregulatory
loop in which Oct4 and Sox2 proteins bind their own regulatory element (Figure 1.5 A

and B) leading to increased expression and self-renewal properties (Chew et al., 2005).
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Figure 1.5: Synergic regulation of Oct4 and Sox2 through the oct-sox element

Schematic representation of the interconnection between Oct4 and Sox2 and their
respective genes (A) and the autoregulation motif within the Oct4 gene is represented in
B. The transcription factors are represented by the blue ovals while the regulatory
elements are represented by the pink rectangles. The solid arrow indicates the direct
binding to the cis regulatory element and the dashed arrow represents the protein
synthesis by the respective genes. Figure adapted from Chew et al. (2005).

Oct4 may also bind the regulatory motif of Sox2 in a closed loop, termed the
“multicomponent loop motif” thought to allow the switch between self-renewal and
differentiation in ES cells (Figure 1.6) (Chew et al., 2005).
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Figure 1.6: Multicomponent loop motif

Schematic representation of the multicomponent loop motif displayed by Oct4 and Sox2
showing the interconnection between the two genes. The transcription factors are
represented by the blue ovals while the regulatory elements are represented by the pink
rectangles. The solid arrow indicates the direct binding to the cis regulatory element and
the dashed arrow represents the protein synthesed by the respective genes. Figure
adapted from Chew et al. (2005).

As described above, both Oct4 and Sox2 interact with each other and with Nanog in the
core network of pluripotency circuitry (Boyer et al., 2005). It has been found that Fgf4,
Utf1 and Fbx15 as well as Nanog, Sox2 and Oct4 are targets of the Oct4 and Sox2 since
each of these target genes possesses the composite oct-sox cis element (Chew et al.,
2005; Nishimoto et al., 1999; Okumura-Nakanishi et al., 2005; Rodda et al., 2005;
Tokuzawa et al., 2003; Tomioka et al., 2002; Yuan et al., 1995). In particular, it has
been demonstrated that Oct4 and Sox2 interact with a composite oct-sox cis regulatory
module in the Nanog proximal promoter and that this regulatory element is necessary
for pluripotency expression in mouse and in human ES cells (Kuroda et al., 2005;
Rodda et al., 2005). Within the Nanog promoter the oct-sox composite element acts as
an enhancer, is transcriptionally active in both sense and non-sense orientation and is
highly conserved among species (Rodda et al., 2005). This highlights the presence of a
high degree of interaction among transcription factors required for the self-renewal of
ES cells.
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1.1.8 The core regulatory circuitry

OCT4, SOX2 and NANOG form a core and act together to regulate their own
promoters, through the establishment of an autoregulatory loop which activates the
expression of protein coding and miRNA genes important for the ES cell state (Young,
2011). This regulatory circuit maintains the pluripotent state of hES cells through a
positive-feedback-control that takes place on their own promoters and regulatory genes.
Indeed, through ChIP assays coupled with DNA microarrays it was found that OCT4,
SOX2 and NANOG co-occupy the same DNA regions in hES cells (Figure 1.7) (Boyer
et al., 2005; Kim et al., 2008). Almost 352 genes are bound simultaneously by OCT4,
SOX2 and NANOG in undifferentiated hES cells (Boyer et al., 2005). Furthermore,
OCT4, SOX2 and NANOG are also bound to their own promoters in an autoregulatory
loop that is important to maintain ES cells identity (Boyer et al., 2005). This mechanism
of regulation sustains ES cell self-renewal until they differentiate into a specific cell
type under particular stimuli or developmental cues (Chambers and Smith, 2004). The
functions of these key transcription factors are tightly linked so that any change in the

circutry would produce changes in gene expression and cell fate (Boyer et al., 2005).
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Figure 1.7: Core regulatory circuitry in ES cells
Schematic representation (A) of the feedforward transcriptional regulatory circuitry and
(B) the autoregulatory loop formed by OCT4, SOX2 and NANOG. Regulator factors

are represented in blue, gene promoters in pink. Adapted from Boyer et al.(2005).

Other studies have found that the core regulatory circuitry interacts also with other
transcription factors such as Klf4 (Kruppel-like factor 4), Esrrb (Estrogen receptor-
related B) and Tcf4 (T cell factor 4) which help to maintain the expression state
important for ES cell pluripotency and self-renewal. At the same time, this core
contributes to repression of lineage-specific genes preventing exit from the pluripotent
state (Boyer et al., 2005; Johnson and Nasr-Esfahani, 1994). Further characterization of
the transcriptional activity and protein network of the core pluripotency factors in ES
cells has uncovered complex pathways controlling self-renewal (Kim et al., 2008;
MacArthur et al., 2012). In particular, it has been found that almost 28 distinct feedback
loops are responsible for regulating the pluripotency network in ES cells. Nanog has
been shown to be the central element in this network as loss of Nanog expression was
associated with a loss of pluripotency and an increased differentiation of ES cells that
was rescued when Nanog was re-introduced (Chambers et al., 2007; MacArthur et al.,
2012). Recent data has also found a relationship between the activity of Nanog and the
fibroblast growth factor 5 (Fgf5) whose differential expression defines the presence of
several sub-networks in ES cells that reveal the existence of heterogeneity in the
expression of key regulators of pluripotency (Trott et al., 2012). These fluctuations in
the expression of pluripotency genes could affect the long term culture of ES cells and
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warrants further investigations (Chambers et al., 2007; Macfarlan et al., 2012). The
identification of targets regulating the core pluripotency network including additional
transcription factors and chromatin regulators in different environmental conditions will
allow of a more comprehensive and detailed map of the transcriptional regulation of ES

cells to be discovered.

1.1.9 Additional levels of pluripotency regulation

The transcription factors Oct4, Sox2 and Nanog form a multiprotein complex composed
by a wide range of protein-protein interactions. A proteomic study of ES cells using
epitope-tagged Nanog, Oct4 and Sox2 discovered the presence of a “mini interactome”
in which Nanog, Oct4, Sox2 and other factors such as Dax1, Nacl, Sall4, Tcfcp211,
Zfp281 and Rex1 are associated with each other but also with other transcription factors
(Ding et al., 2012; Gao et al., 2012; Wang et al., 2006). This high degree of protein
interconnection is required for the self-renewal of ES cells and small changes in the
transcription factors landscape is likely to block the self-renewal of ES cells and induce
differentiation (Gao et al., 2012). Other studies have been performed to better define the
core circuitry of pluripotency. A genome wide study revealed that the genomic
distribution of the histone modifications (H3K4me3 and H3K27me3) that characterize
the bivalent chromatin state in ES cells are associated with the core pluripotency
circuitry (Kim et al., 2008). Another study examined the genome wide binding of the
core pluripotency genes to the co-activator p300 and the transcription factor insulator
CCCTC (CTCF) showing that the presence of co-activators is also necessary for the
establishment of the core of pluripotency (Chen et al., 2008). These studies
demonstrated that the core transcriptional circuitry is formed by transcription factors
that work closely together and used a specific algorithm to define a further 600 genes
bound by Oct4, Sox2 and Nanog in ES cells (Chen et al., 2008). Interestingly, it was
found that Oct4 was responsible for a cis loop within the Nanog promoter (Levasseur et
al., 2008). Furthermore, recent work from Apostolou et al (2013) documented a Nanog
specific chromatin “interactome” in mouse ES cells and in iPS cells which suggest a
role for chromatin structure in controlling pluripotency and self-renewal (Apostolou et
al., 2013). Further analysis also revealed the presence of a third level of integration
among the core pluripotency and other cellular processes like DNA repair, replication
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and transcriptional elongation (Sikorski et al., 2011; Wang et al., 2012). Given this high
degree of integration among the core of pluripotency genes, signal transduction and
chromatin organization it is possible to assume that a 3D signalling crosstalk allows
mouse ES cells to coordinate the response to environmental cues and to maintain their
pluripotency. However, it is still not known whether these interactions will also take
place in hES cells and the role of other transcription factors in the transcriptional
network of pluripotency.
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1.2. Hypoxic Regulation of Human

Embryonic Stem Cells

1.2.1 Effect of environmental oxygen on preimplantation embryo

development

hES cells are difficult to maintain in culture due to their tendency to spontaneously
differentiate, an effect likely due to a suboptimal culture environment (Reubinoff et al.,
2000; Thomson et al., 1998; Thomson and Marshall, 1998). This effect could be
prevented by culturing these cells under low oxygen tension. In vivo, pluripotent ES
develop from the inner cell mass of the blastocyst which in hamster, rabbit and rhesus
monkey, have been shown to reside in a hypoxic environment (Fischer and Bavister,
1993). Indeed, a substantial decrease from 10% to 1% oxygen tension has been found as
the embryo moves from oviduct to uterus (Fischer and Bavister, 1993). The functional
significance of this reduced oxygen tension in the reproductive tract could be to protect
the blastocyst from reactive oxygen species. In fact, a decreased reactive oxygen species
formation has been observed in mouse embryo cultured at low oxygen tension
compared to those cultured at 20% oxygen (Goto et al., 1993). This finding is really
important as reactive oxygen species are involved in the retardation of early embryonic
development (Guerin et al., 2001; Johnson and Nasr-Esfahani, 1994; Tarin, 1996) and
DNA damage (Takahashi et al., 2000). Several studies demonstrated that culturing
preimplantation embryos at lower oxygen concentration (5-7%) increases blastocysts
formation (Batt et al., 1991; Bernardi et al., 1996; Dumoulin et al., 1999; Farrell and
Foote, 1995; Pabon et al., 1989; Umaoka et al., 1992) and, also embryo quality
(Thompson et al., 2000). Moreover bovine blastocysts produced under low oxygen
contained more inner cell mass cells than those under 20% oxygen tension (Harvey et
al., 2004). Furthermore, reduced oxygen tension has also been found to regulate
cytotrophoblast proliferation and differentiation in humans and mice (Adelman et al.,
2000; Genbacev et al., 1996; Genbacev et al., 1997). Similar findings have also been
confirmed in other studies where embryos cultured at a reduced oxygen tension
displayed an increased pregnancy and live birth rate after embryo transfer (Kasterstein
et al., 2013; Meintjes et al., 2009) compared to those cultured at atmospheric oxygen

26



tension. Furthermore, the global gene expression pattern of mouse embryos cultured
under hypoxic conditions (5% oxygen tension) was similar to that of in vivo derived
embryos (Rinaudo et al., 2006).

1.2.1.1 Effect of environmental oxygen tension on hES cells maintenance

Studies described above highlighted the benefit of culturing embryo under hypoxia and
were fundamental to better understand the maintenance and the appropriate culture
conditions for hES cells. To date, atmospheric oxygen remains the culture environment
routinely used in laboratories. However, it has been demonstrated that hES cells
cultured under hypoxic conditions, display less differentiation than normoxic colonies
(Ezashi et al., 2005). This feature was demonstrated by analyzing the gene and protein
expression profile of pluripotency markers OCT4, SOX2 and NANOG which was found
increased in hES cells cultured under low oxygen tension (Forristal et al., 2013;
Forristal et al., 2010; Westfall et al., 2008). In contrast, culture of hES cells at 20%
oxygen displayed smaller colonies, a decreased proliferation and a significantly reduced
expression of all self-renewal markers (Forristal et al., 2010). Recently, Lengner et al.
(2010) described for the first time the establishment of a hES cell line derived and
cultured at low oxygen tension. Using these cells they demonstrated that hES cells
cultured at 5% oxygen not only displayed a more immature state and a decreased
differentiation but prevented X chromosome inactivation (XCI) (Lengner et al., 2010).
These data further indicate that high oxygen concentrations induce XCI. Low oxygen
was found also to reduce chromosome instability and aberrations compared to hES cells
cultured at atmospheric oxygen tension (Forsyth et al., 2006). However, despite these
interesting findings, controversy remains over the benefit of culturing hES cells under

hypoxic conditions.
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1.2.2 Hypoxia Inducible factors: the transcriptional regulators of the

hypoxia response

Under conditions of low oxygen tension cells mount a physiological response to ensure
adequate levels of ATP production (Wenger, 2002). Many processes involved in oxygen
homeostasis are mediated by the Hypoxia Inducible Factors (HIF). HIFs activate the
expression of several oxygen responsive genes involved in energy metabolism,
vasculogenesis, cellular proliferation and apoptosis (Carmeliet et al., 1998; Goda et al.,
2003; lyer et al., 1998; Tacchini et al., 1999). HIFs were discovered through the
identification of the minimal hypoxic response element (HRE) (A/G)CGTG in the 3’
enhancer of the erythropoietin gene (Semenza and Wang, 1992). HIF-a is a
phoshorylation-dependent protein which is able to bind the major groove of the DNA
under hypoxic conditions (Wang and Semenza, 1993). The first HIF-1 protein
discovered is an heterodimeric complex, formed of an HIF-1o and a constitutive
expressed HIF-1p (also called ARNT aryl hydrocarbon receptor nuclear translocator)
subunit (Keith et al., 2001; Wang and Semenza, 1993, 1995). Either HIF-1o and HIF-
1B belong to the basic helix-loop-helix (bHLH)-Per/Arnt/Sim domains (PAS) family,
which present several conserved domains including the bHLH region for DNA binding
and 2 PAS domain for the dimerization and gene targeting (Wang et al., 1995),
moreover ARNT is also able to bind transcriptional coactivators such as p300/CBP
(Arany et al., 1996). Subsequently, two other HIFa subunits were discovered that
revealed a more restricted tissue expression compared to HIF-1a and their roles remain
to be fully characterized. These two factors were called HIF-2a or endothelial PAS
(EPAS) (Flamme et al., 1997; Tian et al., 1997), and HIF-3a (Gu et al., 1998). To date,
less is still known about HIF-2a and HIF-3a and their roles remain to be fully

characterized.

HIF-2a is known to target HREs the hypoxia responsive genes but in specific cell types
like vascular endothelial cells, kidney fibroblasts, hepatocytes and in many tumours
associated with von-Hippel-Lindau (VHL) diseases (renal clear cell carcinomas and
hemangiomas) (Hu et al., 2006), a mechanism independent of HIF-1a. In renal clear cell

carcinoma (RCC) cells, isolated from VHL patients, only HIF-2a was expressed and not
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HIF-1a, suggesting that HIF-2a plays a specific role during tumorigenesis (Maxwell et
al., 1999). HIF-3a is the least characterised HIFa subunit but is expressed in specific
cell lines like lung, cerebral cortex, and hippocampus (Heidbreder et al., 2003; Yoshida
et al., 2001). Moreover, HIF-3a has been implicated in the hypoxic response of alveolar

epithelial cells, but the mechanism is not fully elucidated (Li et al., 2006).

Both HIF-2a present a great homology with HIF-1a, and also heterodimerise with the
ARNT at the HRE in the promoter of oxygen sensitive genes. They also have the same
functional domain structure (Figure 1.8), in addition to the bHLH and the PAS domain
they present two transactivation domains (N-TAD and C-TAD), separated by an
inhibitory domain (ID), that is important for the normoxic repression of the TAD
domain, and an oxygen-dependent degradation domain (ODD) that is responsible of the
normoxic instability of the HIFa proteins (Jiang et al., 1996; Jiang et al., 1997; Pugh et
al., 1997). HIF-3a differs from HIF-1a and HIF-2a due to the lack of the TAD domain
in the C-terminal, thus HIF-3a is unable to recruit transcriptional regulators. The TADs
are important for the recruitment of co-activators like CBP/p300, SRC-1 (steroid or
nuclear receptor co-activator) and TIF2 (transcriptional intermediatory factor 2) (Ema et
al., 1999; Gu et al.,, 1998). These coactivators act as histone acetyltransferases that
connect HIF to the transcriptosome and perform chromatin remodelling required for the
transcription. C-TAD is hydroxylated in an oxygen dependent manner and inhibits the
HIF binding to CBP/p300 during normoxia (Sang et al., 2002). The ID is localized
between the two TADs and function as a repressor of the transcriptional activity of N-
TAD and C-TAD under normoxia (Jiang et al., 1997), while the ODD is important for
the oxygen-dependent degradation of HIFs through the ubiquitin-proteasome pathway
and serves as a starting point for the hypoxic signalling pathway (Huang et al., 1998).
The combinations of these domains allow HIF stabilization and transcriptional

activation under hypoxic conditions.
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Figure 1.8: Schematic diagram of the HIF-a and HIF-1p proteins

Schematic representation of HIF-1o, HIF-2a, HIF-3a and HIF-1B showing different
functional domains (coloured boxes). The modifications of specific residues are noted
above each, and the proteins that perform those modifications are indicated. Coloured

bars below each protein delineate particular interaction regions within HIF proteins that

are important for their function. Adapted from Rocha et al. 2007.
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1.2.3 Non-redundancy of HIFs

Despite HIF-1a, and HIF-2a sharing a high degree of homology, experiments on mice
null for HIF-1a and HIF-2a loci showed distinct embryonic lethal phenotypes therefore
they seem to have non-redundant functions. HIF-1a -/- embryos dies around the 11" day
(E11) of gestation with vascular defects, cardiovascular malformations and failure of
neural tube closure due to mesenchymal cell death (lyer et al., 1998; Kotch et al., 1999).
Mice heterozygous for HIF-1a display normal development but present right ventricular
hypertrophy, aberrant vascular remodelling and pulmonary hypertension (Kline et al.,
2002; Yu et al., 1999). In contrast, mice null for HIF-2a -/- are embryonic lethal by
E12.5-E16.5 due to bradycardia (Tian et al., 1998), or in some cases mice die shortly
after birth from respiratory distress syndrome (RDS) due to failure of alveolar type II
cells in the lung (Compernolle et al., 2002). HIF-1p null mice are embryonic lethal at
E10.5 and display yolk sac and placental deficiency and a reduced rate of

haematopoietic progenitors (Nishi et al., 2004).

1.2.4 Regulation of HIFs

The ODD has an important role for the normoxic turnover of the HIFs as it interacts
with the oxygen sensing/transduction pathways (Huang et al., 1998). In the presence of
oxygen, the prolyl-4-hydroxylase proteins (PHDs) hydroxylate two specific proline
residues (Pro402 and Pro564) of the HIF-o subunit leading to protein inactivation
(Flomenberg et al., 2005; Ivan et al., 2001) (Figure 1.6). Ratcliffe and his group
identified three prolyl hydroxylase domains (PHDs) 1, 2 and 3 in C.elegans (Epstein et
al., 2001; Ratcliffe, 2007). The PHDs are dyoxygenase that require oxygen, iron and 2-
oxoglutarate as substrate and are able to transfer one oxygen atom in the proline residue
of the HIF-a subunits while the second oxygen reacts with 2-oxoglutarate leading to the
formation of succinate and carbon dioxide (Wenger, 2002). Therefore PHDs are the
sensors that directly modulate the response of HIFs to physiological oxygen
concentration. Hydroxylated HIF-a is recognized by the von-Hippel-Lindau (pVHL)
protein, an E3 ubiquitin ligase complex, which is rapidly ubiquitinated and degraded in
the proteosome (Huang et al., 1998; Ivan et al., 2001; Jaakkola et al., 2001). For
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proteosomal degradation of HIF-a the pVHL first interacts with several proteins
(Figure 1.8):
e Elongins Band C

Elongins B and C form a binary complex that is able to activate the transcriptional
elongation activity of elongin A (Aso et al., 1995). This elongin complex increases the
RNA polymerase 1l elongation by suppressing the basal DNA transcription machinery.
pVHL binds the elongin B-C complex through the C-terminal residue 157-172, which
has a high similarity to the elongin A (Aso et al., 1996).

e Cullin 2
pVHL binds to cullin 2 (Cul-2), a member of the cullin family (Lonergan et al., 1998;

Pause et al., 1997). Cullins are a family of proteins first identified in Caenorabditis
elegans (Kipreos et al., 1996) which function as negative regulators of the cell cycle.
Furthermore, they display significant sequence similarity to yeast Cdc53 which is
responsible for protein ubiquitination and degradation (Peters, 1998).

Cdc53 bind to Cdc34, which is an E2 ubiquitin-conjugating enzyme, to Skpl (S-phase
kinase-associated protein 1) which is an assembly factor, and an F-box protein (an
homolog of the cyclin F) that confer target specificity (Peters, 1998). This multi-factor
complex is called SCF (Skpl, Cdc53 and F box) (Skowyra et al.,, 1997) that is
responsible of an ubiquitin-mediated proteolysis.

The elongin-SHI complex is similar to the SCF complex, and in particular, pVHL
interacts with Cul-2 via elongins B and C in a similar manner to the SKp1 of the SCF

complex binds Cdc53 to the F-box protein (Lonergan et al., 1998).

e Rbx 1

Rbx1 is an evolutionarily conserved protein that contains a RING-H2 fingerlike motif
which complexes with pVHL, Cul-2 and elongins B and C leading to degradation by the
cellular ubiquitination machinery. The homolog of Rbx1 in yeast is an activator of the

Cdc53-containing SCF ubiquitin complex (Kamura et al., 1999) (Figure 1.8).
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Thus, through the interaction with these proteins, the pVHL is able to target HIF-o for

proteosomal degradation by the ubiquitin complex.

—
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Figure 1.9: pVHL target HIF-1a for the proteosomal degradation by the ubiquitin
complex

During hypoxia HIF-a is stable dimerizes with HIF-p and binds to the HRE of target
genes to enhance transcription. In normoxia HIF-a is recognized by the pVVHL targeting
it for proteosomal degradation by the ubiquitin complex. Adapted from Mole at al 2001.
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In normoxia pVHL binds to amino-acids 557-571 and 380-417 in HIF-1o and to
aminoacids 517-534 and 383-418 in HIF-2a, while with the C-terminal domain binds
elongins. Ubiquitin is then transferred to a HIF residue marking it for degradation by the
proteosome (Cockman et al., 2000; Iliopoulos et al., 1996; Lisztwan et al., 1999; Ohh et
al., 2000; Tanimoto et al., 2000). Under hypoxic conditions, the PHDs and pVHL
binding, are inactivated due to oxygen deficiency, preventing the hydroxylation of the
proline residues of the HIF (Jewell et al., 2001). This leads to stabilization of the HIF-a
protein subunits which then are able to translocate from the cytoplasm to the nucleus
where they can bind with HIF1-B, forming an active transcriptional complex to activate
target genes (Jewell et al., 2001) (Figure 1.10).

The regulation by pVHL is the major mechanism by which HIFs are degraded, however
there is also an additional mechanism of regulation that involves the p53 tumour
suppressor gene (An et al., 1998). p53 encodes for a transcription factor that regulates
cellular response to several stimuli including hypoxia. Under normoxic conditions, p53
interacts with Mdmz2, an E3 ubiquitin-ligase binding protein that also mediate HIF
degradation by the proteasome. Under hypoxia, HIF-a protein is stabilized and can
recruit target genes (Ravi et al., 2000). In addition, a negative regulator of HIF-a
functions is the factor inhibiting HIF (FIH) (Lando et al., 2002). FIH mediates HIF
hydroxylation through the C-terminal transactivation domain and inhibits the
association between HIFs and protein co-activators like p300-CBP (CREB binding
protein) (Ruas et al., 2005).
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Figure 1.10: HIF activity under hypoxic and normoxic conditions.

In normoxia, hydroxylation promotes HIF-o association with pVHL and HIF-a
destruction via the ubiquitin/proteasome. In hypoxia, these processes are inhibited,
allowing HIF-a subunits (both HIF-1a and HIF-2a) to escape proteolysis, dimerize with
HIF-1pB and activate transcription via HREs. Adapted from Ratcliffe et al. (2007).
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1.2.4.1 Alternative mechanisms of HIF regulation

There are alternative mechanisms by which the HIF-a subunits are regulated under
normoxic conditions. Some of these mechanisms involve cytokines, insulin-like growth
factorl and 2, epidermal growth factor, interleukin 18, platelet-derived growth factor
(Feldser et al., 1999; Gorlach et al., 2001; Jung et al., 1999; Stiehl et al., 2002; Zelzer et
al., 1998). How these factors might act is not fully understood but there may be
common kinase pathways that increase the stability of the HIFs factors and activate cell-
type specific receptors. Two important mechanisms involved in HIF-oo regulation,

involve nitric oxide (NO) and reactive oxygen species production (ROS):

1.2.4.1.1 Nitric Oxide

NO is a free radical which is an important signalling molecule but high levels can be
toxic (Moncada and Palmer, 1991). NO is synthesized from L-arginine by the NO
synthases (NOSs) (Ignarro, 1990). Three isoforms of NOS have been characterized: the
constitutively expressed neuronal NOS (nNOS), the endothelial NOS (eNOS) and the
inducible NOS (iNOS) (Kobzik et al., 1995) each displaying a specific pattern of
expression. NO is important for signal transduction and takes part in several pathways
like the glycogen synthase kinase 3 beta (GSK3B) signal transduction pattern in
mitochondrial respiration (Ignarro, 1991; Waldman and Murad, 1987). Moreover NO
and excessive production of NO is associated with infections and acute and chronic
inflammation (Beckman and Koppenol, 1996). In mouse ES cells, NO signalling seems
to play an important role in the control of differentiation by improving self-renewal
(Tejedo et al., 2010). NO also affects HIF-o activation via several concentration
dependent mechanisms including, NO metabolites and oxygen availability. In particular,
in human embryonic kidney (HEK-293) cells, low NO concentrations have been shown
to induce HIF-1a degradation, while high levels stabilize HIF-1a during normoxia

mimicking the hypoxic response (Mateo et al., 2003).

36



1.2.4.1.2 Regulation of HIF-1a by NO during hypoxia

During hypoxic conditions, low oxygen levels reduce cytocrome ¢ oxidase (CcO), an
enzyme of the mitochondrial electron transport chain (Xu et al., 2005b). NO competes
with oxygen for binding CcO leading to a reduction in oxygen consumption and
inducing a condition called “metabolic hypoxia” in which, oxygen consumption in
mitochondria is prevented by NO (Moncada and Erusalimsky, 2002). This leads to an
increase in the amount of oxygen available for prolyl hydroxylase that can hydroxylate
HIF-1a and generate a condition in which cells fail to register hypoxia (Hagen et al.,
2003; Moncada and Erusalimsky, 2002). NO has also been found to modulate and
decrease HIF-1a accumulation and DNA binding by PHD activity due to inhibition of
CcO (Hagen et al., 2003) (Figurel.11).
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Hypoxia

Figure 1.11: Schematic representation of the HIF-la regulation by NO during
hypoxia.

Competition for oxygen binding between NO and cytocrome-c oxidase to replace PHD
activity. NO can raise intracellular free iron that increases PHD activity. FIH (Factor
inhibiting HIF interacts with PHD in order to hydroxylate HIF and lead to its
degradation trough the proteasome. Adapted from Olson and van der Vliet (2011).
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1.2.4.1.3 Regulation of HIF-1a by NO during normoxia

NO has been shown to stabilise HIF-1a in normoxia leading to its accumulation and
activity (Sandau et al., 2001). In particular, NO interacts with the non-heme Fe**and
inhibits PHD and FIH, preventing the hydroxylation of the proline residues that target
HIF-1a for degradation through the proteosome. Also, NO and NO donors or S-
nitrosothiols (SNOs) like S-nitroso-N-acetylcysteine (SNOAC) (Palmer et al., 2007) or
S-nitroso-N-acetyl-penicillamine (SNAP) lead to HIF-1a accumulation and stabilization
through PIBK/AKT and MAPK pathway activation by a process called S-nitrosylation
(Schleicher et al., 2009). Through this mechanism, SNOs block pVHL recruitment and
consequently leads to HIF-1a stabilization. Furthermore, SNOs inhibits FIH (factor
inhibiting HIF) and enhance the HIF-C-TAD activity (Figurel.12).
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Normoxia

Figure 1.12: Schematic representation of the HIF-la regulation by NO during
normoxia.

NO inhibits PHD and FIH interacting with Fe** preventing HIF degradation. NO also
increases HIF-1a levels through activation of the MAPK pathway which stabilizes HIF-
la by S-nitrosylation. S-nitrosylation of VHL protein prevents HIF-1o degradation.
Adapted from Olson and van der Vliet (2011).
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1.2.4.1.4 ROS

Recent evidence indicates reactive oxygen species (ROS) as important signalling
molecules that mediate changes in oxygen tension and in hormone responses, growth
factors and mechanical stress. Moreover ROS appear to have a role in both hypoxic and
normoxic HIF-a regulation (Haddad, 2002; Haddad and Land, 2001). In particular,
under normoxia, the increased levels of ROS upregulate HIF-a modulating signalling
pathways like hydroxylases or kinases and phosphatases. Under hypoxic conditions
NADPH oxidases, cytochrome b NAD(P)H oxidoreductases (Goldberg et al., 1988; Zhu
et al., 1999) and mitochondria produce ROS and in particular hydrogen peroxide (H,O,)
which is a reactive oxygen species. H,0- is responsible for proline hydroxylase activity

and induces HIF-a proteosomal degradation (Fandrey et al., 1994).

1.2.5 HIF target genes

Cells and organs need to adapt to changes in oxygen supply through the activity of
HIFs. HIFs bind a cis-acting core consensus HRE in the promoter and enhancer of over
200 genes with varying functions (Semenza et al., 1991). The interaction between HIF-
a /B complex and HRE is necessary but not sufficient for the activation of hypoxic
genes since a functional HRE often contains additional binding sites for transcription
factors that amplify the hypoxic response (Wenger, 2002). HIFs may thus interact with
adjacent proteins and transcription factors to form multiprotein complexes which are
different in every hypoxia inducible gene. For instance, HIF-a interacts with ATF-1
(Activating Transcription Factor 1) and CREB-1 (CAMP-Responsive Element-Binding-
1) in the lactate dehydrogenase A gene (Ebert and Bunn, 1998), with AP-1 (Activator
Protein-1) in the VEGF (Vascular Endothelial Growth Factor) gene (Damert et al.,
1997) and with the hepatic nuclear factor 4 (HKF4) in the erythropoietin gene (Galson
et al., 1995). All these factors cooperate with CBP/p300 (CREB binding protein and
p300 are two transcriptional factors with acetyltransferase activity) and are responsible
for the fully functional transcription complex on the HRE (Figure 1.13). Often it has
been observed that HREs multidimerize with other HREs (Rolfs et al., 1997), as
observed in the transferrin HRE and the glucose transporter 1 (GLUT1) (Wenger,
2000).
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Figurel.13: Schematic representation of HIF-1a binding on HRE of specific target

genes.
The diagram shows the HIF-1a/p300/CBP complex on the HRE site and the
transcriptional activation of HIF-1a target genes driven by the RNA polymerase I

complex. Adapted from Wenger at al. (2000).

1.2.5.1 Glucose Metabolism

Several genes involved in glucose uptake and glycolysis are identified as target genes of
HIF-1la (Hu et al., 2003). For example, during the early stages of implantation, the
embryo is exposed to an anoxic environment, cellular ATP is formed through the
anaerobic glycolysis through the up-regulation of specific glycolytic enzymes and
glucose transporters (Rodesch et al., 1992; Sakata et al., 1995). HIF-1a has been found
as a modulator of the enzymes in the glycolytic pathway and specifically of the glucose
transportes 1 and 3 (GLUT1 and GLUT3) (Chen et al., 2001) whose enhanced activity

is associated with increased glucose utilization in hypoxia.
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1.2.6 HIF-2a and hypoxic regulation of hES cells

HIF-a subunits have been found to activate genes that contain the HRE sequence
located in the promoter region of hypoxia responsive genes (Wenger, 2002) and HIF-2a
is able to target this sequence independently to HIF-1a, suggesting that they have
different roles (Forristal et al., 2010). Indeed HIF-2a has a unique function in specific
tissues and tumours, such as tumours associated with VHL disease or renal clear
carcinoma (Harris, 2002; Maxwell et al., 1999). Moreover, it has been found that some
hypoxia inducible genes are specifically targeted by HIF-2a rather than HIF-1a (Jiao et
al., 2006). In mouse ES cells, HIF-2a has been found as a direct upstream regulator of
OCT4, binding to HRE sequences situated in specific Conserved Regions (CR3 and
CR4) in the 5’ promoter sequence of this gene. It has been found that all the CR (1, 2, 3
and 4) are identical in human, bovine and mouse (Nordhoff et al., 2001), but HIF-2a
only recognises CR3 and CR4 in the human OCT4 promoter in RCC cells (Covello et
al., 2006). This interaction indicates a potential role of HIF-2a in the regulation of hES
cell maintenance. Interestingly, using SiRNA HIF-20. was found to regulate the
expression of OCT4, SOX2 and NANOG during hypoxic culture, and thus have an
important role as a modulator of pluripotency in hES cells (Forristal et al., 2010). This
highlights the importance of culturing hES cells under hypoxic conditions. Moreover, it
has been found that when HIF-2a is silenced, cells display a decrease in number and
colony size (Forristal et al., 2010). However, it remains to be determined whether there
is a direct interaction between HIF-2a and the promoter region of pluripotency genes in
hES cells. Also, in hES cells the mechanism of hypoxic regulation is different since
HIF-1a is only transiently expressed for ~48h of hypoxic culture and HIF-2a seems not
to be degraded in normoxic conditions (Forristal et al., 2010), suggesting a potential
different mechanism of regulation. Taken together, this information suggest that among
the HIFs, HIF-1a is responsible for the adaptive response to hypoxia while HIF-2a is
responsible for the long term response to environmental oxygen by regulating hES cell
cells pluripotency and proliferation and differentiation (Forristal et al., 2010).
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1.3. Epigenetic remodelling and Stem
Cells

Epigenetics may be defined as “the study of changes in gene function that are
mitotically and/or meiotically heritable and that do not entail a change in DNA
sequence”(Wu and Morris, 2001). In fact, epigenetics include all changes in chromatin
structure, including DNA repair, replication and recombination, DNA methylation,
histone chemical modifications and miRNA expression.

1.3.1 Chromatin regulatory mechanisms in SCs

DNA in the nucleus of eukaryotic cells is packaged by a core of histones into chromatin
(Kornberg, 1974). The nucleosome is the repeating unit of chromatin and is formed by
146bp of DNA wrapped in 1.7 superhelical turns around an octamer of hisones (H2A,
H2B, H3 and H4 and the linker histone H1). There are three levels of chromatin
organization (Figure 1.14):

e The first level of chromatin organization is the “beads-on-a-string” fiber with 11nm

diameter (euchromatin which is rich in active gene transcription)

e The interaction between DNA and the linker histone (H1) organizes the nucleosome in

a more compact fiber of 30nm (heterochromatin which is inactive)

e The high-order chromatin compaction of the 30nm fiber in the metaphase

chromosomes up to 1000nm in thickness
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Figure 1.14: Different levels of chromatin compactions

Adapted from Freeman W.H et. al (2005).

Much speculation has occurred regarding the stable and heritable epigenetic
mechanisms present in ES cells. In fact the pluripotency and self-renewal, typical
characteristics of these cells, are conferred by an unique transcriptional regulation that is
the consequence of a balance between euchromatin and heterochromatin dynamic
structure (Meshorer and Misteli, 2006). The chromatin of hES cell is euchromatic and
transcriptionally active due to the presence of acetylated histones that increase nuclease
accessibility (Levings et al., 2006). In contrast, when hES cells start to differentiate,
they display a condensed chromatin which is more compact and repressive due to the
dynamic incorporation of specific histone variants and structural proteins (Dai and
Rasmussen, 2007; Meshorer et al., 2006). The plasticity of hES cell chromatin is
fundamental for the rapid transcriptional changes which occur during differentiation and

lineage commitment.

OCT4, SOX2 and NANOG are key transcription factors in the maintenance of ES
pluripotency. These factors form a “core-regulatory circuitry” (Boiani and Scholer,
2005; Boyer et al., 2005) through feedback mechanisms that ensure the pluripotency
state in ES cells. Interactions between the core pluripotency network and chromatin
specific remodelling enzymes are essential to stabilize the chromatin in an open

structure accessible to gene transcription and to preserve plasticity and pluripotency.
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1.3.1.1 Chromatin-Remodelling Complexes

Differentiation of ES cells into specific cell lineages is a process that involves global
epigenetic changes in chromatin structure, gene expression and leads to the silencing of
stem cell genes and the activation of specific genes. These changes occur at the
chromatin level and include regulatory mechanisms such as histone modification, DNA
methylation and ATP-dependent chromatin remodelling.

1.3.1.1.1 ATP-dependent chromatin remodelling

ATP-dependent chromatin remodelling enzymes are important regulators of the
pluripotent state. There are almost 30 genes that encode for the ATP remodelling
enzymes that have been grouped in families based on the ATPase domain. One of the
most studied, is the complex SWI/SNF (SWitch/Sucrose Non Fermentable), a yeast
nucleosome remodelling complex, composed of several proteins which are highly
conserved among different species like flies (Brahama-associated proteins), worms and
mammals (Ho et al., 2009). The mammalian homologues the mSWI/SNF or BAF
(Brg/Brahama-associated factors) has an ATPase subunit that is necessary for
development and differentiation and colony morphology in ES cells (Fazzio et al., 2008;
Hansis et al., 2004; Schaniel et al., 2009; Singhal et al., 2010). Studies in mouse ES
cells have shown that the BAF subunit undergoes several changes when cells start to
differentiate into neuronal progenitors and that mice deficient in these ATPase subunits
die at the 2-cell embryo (Bultman et al., 2006). These studies demonstrated that there is
a specialized BAF complex, called esBAF (Ho et al., 2009), that is important in
maintaining the self-renewal and pluripotency in mouse ES cells (Gao et al., 2008; Ho
et al., 2009; Yan et al., 2008). esBAF present specific subunits that are typical for ES
cells: an ATPase Brg (Brahama-related gene), two factors BAF155 and BAF60a (Ho et
al., 2009) and a protein structural domain or chromodomain which is important for
chromatin remodelling (Ho et al., 2009). The eBAF complex interacts directly with the
enhancers and promoters of the core pluripotency network, OCT4, SOX2 and NANOG
(Figurel.15) (Ho et al., 2009) repressing the transcription of differentiation genes.
esBAF also has a role in allowing LIF-STAT3 (leukemia inhibitory factor-signal
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transducer and activator of transcription 3 signalling) signalling pathway which is
important for self-renewal of mouse ES cell (Ho et al., 2011).
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Figure 1.15: Schematic representation of the esBAF complex and its interaction
with the core pluripotency transcriptional circuitry.

Diagram showing the esBAF complex and its interaction with the pluripotency
transcriptional circuitry to block differentiation genes and maintain pluripotency
(colored boxes are the BAF subunits: homodimer BAF155, Brg, BAF47, BAF53, BAF
200, BAF 60, BAF57, polybromo subunit, actin molecule). Domains that allow the
subunits to interact with DNA and the protein structural domain (Chromodomain) are

explained in the key (Lessard and Crabtree, 2010).



1.3.1.1.2 NuRD complexes

The mammalian NuRD (Nucleosome Remodeling Deacetylase) complex contains
several subunits with both ATP-dependent chromatin remodelling and HDAC (Histone
Deacetylase Activity) activities (Wade et al.,, 1998). The complex requires a
SNF2/SWI2-related chromatin remodelling ATPase (Mi-2), a member of the MBD
family of methyl CpG binding domain proteins (MBD3), histone deacetylases (HDAC1
and HDAC?2), a histone binding protein (RbAp46/p48), a protein of unknown function
(known as p66), and a subunit encoding the metastasis-associated proteins (MTAL,
MTA2, or MTA3) (Wade et al., 1999) (Figure 1.17). These complexes possess either
transcriptional repressive and activating functions and have been extensively studied in
hematopoietic stem cell self-renewal (Wade et al., 1999; Williams et al., 2004a;
Yoshida et al., 2008) and also in ES cell pluripotency and differentiation (Yoshida et al.,
2008). Indeed, NURD physically interacts with LSD1 (lys-specific demethylase 1)
leading to silencing of active gene enhancers that are critical for ES cell differentiation
(Whyte et al., 2012) suggesting a role for LSD1 in the transition of ES cells into a
different developmental stage.

A sub-family of the NuRD complexes called NODE (Nanog and Oct4 associated
deacetylase) is able to interact with NANOG and OCT4 and the core of pluripotency
circuitry to maintain pluripotency. The NODE complexes have yet to be fully
characterized and it is still not clear whether they could be responsible for the regulation

of self-renewal or developmental progression (Liang et al., 2008; Wade et al., 1999).
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Figure 1.16: Schematic representation of the NURD complex.

Schematic representation of the nucleosome compacted chromatin of a repressed gene
(A) and the relaxed chromatin of an actively transcribed gene (B). The Mi-2/NuRD
complex has a role in modifying the chromatin structure to initiate and maintain gene
repression. HAT= histone acetylases; Pol ll=polymerase type IlI; Basal factors:

transcription of machinery. Adapted from Denslow and Wade 2007.
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1.3.1.1.3 ISWI complexes

The ISWI (Imitation Switch protein) is a SWI-like ATP-dependent chromatin
remodeling factor that was identified in D. melanogaster (Eberharter and Becker, 2004).
This ATPase is formed by different complexes: NURF (nucleosome remodeling factor),
ACF (chromatin-assembly factor) and CHRAC (chromatin accessibility complex)
(Dirscherl and Krebs, 2004). In mammals, the ISWI ATPase is called SNF2H or
SNF2L, two functionally distinctive subunits. For instance, SNF2L is present in the
NURF complex and in the CERF (CECR2-containing remodelling factor), while
SNF2H is present in the NoRC (nucleolar remodelling complex), in the WICH (WSTF
ISWI chromatin remodelling) complex, ACF and CHRAC complexes (Dirscherl and
Krebs, 2004). Among these complexes, NURF and NoRC are important for
transcriptional activation and repression, while ACF, CHRAC and WICH are involved
in the regulation of nucleosome assembly, in DNA replication and in chromosome
segregation but their specific functions in embryonic and ASCs is still unclear
(Bozhenok et al., 2002; Eberharter et al., 2001; Hamiche et al., 1999; Langst et al.,
1999; Strohner et al., 2001).

1.3.1.1.4 Tip60-p400 complexes

The Tip60-p400 complexes have either histone acetyltransferase or chromatin-
remodelling activities so they can be activator or repressors of transcription (Cai et al.,
2003a; lkura et al., 2000). The principal activity of these complexes is to mediate the
incorporation and acetylation of histone variant H2AZ in the nucleosome (Sapountzi et
al.,, 2006). It has been observed that mice null for these complexes die before
implantation (Gorrini et al., 2007) and that depletion of Tip60-p400 subunits can block
self-renewal in ES cells and influence cell morphology (Fazzio et al., 2008). Tip60-
p400 also mediates histone acetylation in both active and repressed genes in ES cells
(Fazzio et al., 2008).
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1.3.1.1.5 CHD1 complexes

The CDH (tandem chromodomain of human) family of ATPase, comprises nine
chromodomain-containing members that are classified in three subfamilies based on
their principal domain: subfamily I (CHD1 and CHD2), subfamily Il (CHD3 and
CHD4), subfamily Il (CHD5, CHD6, CHD7, CH8 and CHD9) (Hall and Georgel,
2007). Among these factors, CDH1 has been extensively studied as being responsible
for the maintenance of chromatin in an open and hyperdynamic conformation in

undifferentiated ES cells, preserving lineage plasticity (Gaspar-Maia et al., 2009).

Overall, the hyperdynamic structure of hES cell chromatin is compacted when cells exit
the pluripotent state and start differentiating. Chromatin remodellers are fundamental to
prevent chromatin compaction (CHD1 complexes) and to repress lineage specific genes
(esBAF, Tip60-p400). Transition from self-renewal to specific lineage commitment
changes chromatin structure lead to the silencing of pluripotency genes (esBAF and
NURD complexes). At the same time, esBAF complexes are able to reverse cell
differentiation and reactivate pluripotency genes like OCT4, a process that occurs
during nuclear reprogramming observed in Xenopus laevis oocytes (Gaspar-Maia et al.,
2009) (Figurel.17).
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Figure 1.17: Schematic representation of the chromatin remodelling complexes

involved in the maintenance of pluripotency.

Adapted from Ho and Crabtree, 2010.
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1.3.1.1.6 Polycomb and Trithorax group proteins

Polycomb Group (PcG) and Thritorax Group (TrxG) are multiprotein complexes that
maintain chromatin in a silent or active state and have been implicated in stem cell
maintenance (Boyer et al., 2006; McMahon et al., 2007; Pasini et al., 2007). There are
two important PcG with distinctive and non-overlapping repressive functions: PRC1 is
an E3 ubiquitin ligase responsible for chromatin condensation and gene silencing (de
Napoles et al., 2004; Francis et al., 2004; Francis et al., 2001; Morey et al., 2012) and
PRC2 catalyses the tri-methylation of histone H3 lysine 27 (H3K27me3) (Cao et al.,
2002; Cao and Zhang, 2004). The Thritorax group is also a multiprotein complex
responsible for transcriptional activation catalysing the H3K4me3 histone modification
and stabilization of transcription on the start site. Together, PcG and TrxG form a
bivalent and transcriptional chromatin as they can switch the transcription from inactive
to active (Boyer et al., 2006; Lee et al., 2006; Mikkelsen et al., 2008). In particular
PRC1 and PRC2 have been found to be regulators of lineage commitment in ES cells by
silencing genes causing inappropriate differentiation (Pasini et al., 2007). Genome wide
analysis has also indicated that OCT4, SOX2 and NANOG are target genes of PcG
(Bernstein et al., 2006; Boyer et al., 2006; Lee et al., 2006) and that another factor,
JARID2, member of the JumonjiC (JmjC) domain, forms a complex with PcG and
promotes the recruitment of the pluripotency genes (Pasini et al., 2010; Peng et al.,
2009). These interactions are not fully characterized but seem to regulate the balance

between self-renewal and differentiation in ES cells.
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1.3.2 DNA Methylation and pluripotency

DNA methylation is a covalent modification of the DNA that involves the addition of a
methyl group on the cytosine C5 of CpG island dinucleotides. The reaction is catalyzed
by the DNA methyltransferases (DNMTs) and usually occurs on 70-80% of the
cytosines that precede a guanosine in the DNA sequence. These particular sequences are
called CpG dinucleotides (Bird, 2002). In some genome regions it is possible to find
dense clusters of CpGs, usually of 300-3000 base pairs called CpG islands (Gardiner-
Garden and Frommer, 1987). It has been estimated that CpG islands are associated with
70% of human promoters and also with developmental genes (Davuluri et al., 2001;
Saxonov et al., 2006). The methylation status of all genes with CpG island rich
promoters, is inversely related to gene expression (Li et al., 1993). This is thought to be
due to interference with transcription factor binding or recruitment of repressor factors
(Bogdanovic and Veenstra, 2009) and has been implicated in cell differentiation, X
chromosome inactivation and tissue specific gene expression (Farthing et al., 2008).
There are three DNA methyltransferases: DNMT3A, DNMT3B and DNMT1 and one
regulatory protein DNMT3L that shows no methyltransferase activity but is responsible
for de novo methylation in germ cells (Jia et al., 2007). Among these enzymes,
DNMT3A and DNMT3B cause DNA methylation by targeting unmethylated CpG sites,
while DNMT1 is important for methyltransferase maintenance during cell division and
preferentially hemi-methylates CpG islands through interaction with UHRF1 (Ubiquitin
like, containing PHD and RING finger domain 1) (Avvakumov et al., 2008; Sharif et
al., 2007). It has been demonstrated that in mouse ES cells, DNMT3L together with
DNMT3A and DNMT3B interact with histones, in particular with the unmethylated
Lysine 4 of H3 (H3K4) leading to DNA methylation. These DNA methyltransferases
are also responsible for the DNA methylation state of the blastocyst (Okano et al., 1999;
Otani et al., 2009; Zhang et al., 2010). Interestingly, the DNMTSs are highly expressed in
ES cells and defects in expression have been associated with hypomethylation and
reduced differentiation capacity (Chen et al., 2003). DNMTSs, can methylate histones
and being responsible for gene transcription. In embryonic and somatic SCs there is an
inverse relationship between DNA methylation and histone H3K4 methylation (Hodges
et al., 2009; Meissner et al., 2008), while other histone modifications like H3K36me3,
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H3K9me3 and H3K27me3 have been involved in DNA methylation of specific
chromatin regions (Dhayalan et al., 2010) (Figure 1.18).

H3K36me3

Figure 1.18: Schematic representation of the interaction between DNA

methyltransferases and the unmodified Lys4 of Histone H3

Adapted from Denis et al. (2011).

Silencing of gene expression is associated with DNA methylation through the
interaction with methyl-CpG binding proteins or in association with HDAC (Histone
deacetylase) or by blocking transcription factors (Robertson et al., 2000). CpG islands
of actively expressed genes are unmethylated, while silent genes tend to be methylated
(Razin and Cedar, 1991), so promoters of pluripotency genes like OCT4, SOX2 and
NANOG in ES cells, are unmethylated and became methylated when cells differentiate
(Meissner et al., 2008). However, the precise epigenetic signature of hES cells is still
not completely known therefore several studies are needed. In particular, studies on
cancer cells have allowed a better understanding of the epigenetic mechanisms that
occur in hES cells. In fact, it has been found that hES cell and cancer cells have some
common characteristics such as their ability to survive in long term culture, for this
reason they could have a similar epigenetic pathway that is currently being studied
(Altun et al., 2010; Bibikova et al., 2008). One of the most important studies to
determine whether it is possible to identify a pluripotent ES cell from a differentiated
cell was the discovery that hES cells have a unique DNA methylation signature
(Bibikova et al., 2006). ES cells possess high methylation levels in 23 genes encoding
proteins involved in cell signalling, stress and apoptosis, cell cycle progression and

HLA locus, compared to cancer cells. Also DNA methylation decreases during early
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embryonic development in the zygote as the paternal genome is demethylated while the
maternal genome displays low methylation until the eight cell stage where the
methylation pattern is then reactivated (Reik et al., 2001). Sequencing-based methods of
high-throughtput molecular analysis developed in recent years have shown that the
methylation profile of hES cell vary enormously when cells are going to differentiate
and also that the majority of unmethylated genes correspond to housekeeping and
pluripotency genes, while a set of methylated genes with low CpG sites were associated
with cell differentiation (Fouse et al., 2008).

1.3.3 Histone modifications

Post-translational modifications of histone residues are associated with transcriptional
activation or repression (Kouzarides, 2007; Vermeulen et al., 2010). Histones are
subject to several modifications like acetylation, methylation, phoshorylation,
ubiquitination. For instance lysine acetylation is associated with gene repression, while
lysine methylation is related to both activation and repression based on the particular
residue modified (Wang et al., 2009). Also, histones in a lysine residue can be mono-
,di-or tri-methylated and be responsible for gene expression or silencing (Wang et al.,
2009).

1.3.3.1 Modifications at active promoters (H3K4me3 and H3/H4Ac)

Histone H3/H3Ac, H3K4me3 or H4K4me2 marks are associated with transcriptional
activation (Santos-Rosa et al., 2002) and have been found in the promoters of all
transcribed genes. Other modifications like H3K36me3 and H3K79me3 were found
only in actively transcribed regions (Edmunds et al., 2008). A balance between histone
methylation and demethylation is important for gene activation and silencing. For
instance, trimethylation of H3K4 is catalysed by lysine methyltransferase and in
particular by the SET-domain of the Trithorax group while its deregulation is mediated
by histone demethylases such as the Jumonji domain containing (Jmjd) family (Klose
and Zhang, 2007). It has been recently discovered that the demethylation of
H3K4me2/3, H3K27me2/3 or H3K29me2/3 is particularly important for hES cell self-
renewal, pluripotency, differentiation (Klose and Zhang, 2007; Peng et al., 2009;
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Yamane et al.,, 2006). Acetylation of H3 and H4 is also associated with gene
transcription. This modification is catalyzed by HAT (histone acetyltransferase) and
HDAC (histone deacetylase) enzymes (Xu et al., 2007) that interact with remodelling
proteins allowing chromatin to be in an open conformation accessible to transcription

factors.

1.3.3.2 Modifications at silenced promoters (H3K27me3 and H3K9me3)

Methylation at specific histone residues like H3K9, H3K27 and H4K20 is associated
with gene repression and usually occurs in transposons, repetitive sequences or
pericentromeres (Mikkelsen et al., 2007). It is still unclear which enzymes are
responsible for these modifications but it is known, for example that H3K9me3 is
catalyzed by several lysine methyltransferase (HMT) like SUV39h, SetDB and G9a
which are able to methylate DNA through the interaction with MBD proteins (methyl
binding domain proteins) and HDACs to form a higher-order chromatin structure that is
inaccessible to transcription (Agarwal et al., 2007; Fujita et al., 2003). H3K27me3 is
methylated by subunits of the Polycomb group and is a marker for silenced genes and,
in ES cells is important for lineage commitment (Lee et al., 2007). The level of
chromatin compaction in ES cells seems to be an epigenetic barrier for somatic
reprogramming as it has been demonstrated that G9a or JHDMZ2A knock down
increases the efficiency of iPS cells (Ma et al., 2008).

57



1.3.4 High-order chromatin structures

Recent studies have reported that, beyond the “nucleosomes-0on-a string” structure, there
is a higher order chromatin organization that has important consequences on gene
regulation and pluripotency of ES cells. The technique of Chromatin conformation
capture (3C) to study spatial genomic organization has allowed researchers to
demonstrate that Oct4 is responsible for a high order chromatin structure within the
Nanog promoter in ES cells (Levasseur et al., 2008). The presence of long range
interactions in the Nanog promoter is responsible for bringing together distant
regulatory elements to enhance Nanog expression (Levasseur et al., 2008). These high
order chromatin interactions are mediated by the insulator protein CTCF, cohesin and
Mediator chromatin co-activators which co-occupy several loci within the enhancers
and core promoter of pluripotency genes (Kagey et al., 2010; Tutter et al., 2009).
Indeed, silencing of Mediator and cohesin has been found to induce differentiation in
ES cells as a consequence of the loss of chromatin looping formation (Kagey et al.,
2010). Furthermore, a recent study showed the presence of a particular network of
chromatin interactions between promoters and enhancers called “topologically
associating domains” (TAD) which regulates not only gene expression, but also nuclear
lamina organization (Dixon et al., 2012). The boundaries of the TAD are enriched for
CTCF insulator binding proteins which also modulate TAD function (Dixon et al.,
2012). However, it is not known which other proteins are involved in these interactions
and how chromatin organization changes during ES cell differentiation. A recent study
documented the genome-wide chromatin interactions of Nanog in mouse ES or human
iPS cells and showed that key pluripotency factors are able to bring together the Nanog
interacting genes to enhance its transcriptional activation (Apostolou et al., 2013). These
interactions were also mediated by Mediator and cohesin components which have been
found responsible for a 3D chromatin organization within Nanog in ES and iPS cells
(Apostolou et al., 2013). More recently, it has been found that Polycomb complexes are
responsible of the long-range chromatin interactions in mouse ES cells in which
pluripotency genes occupy distinct nuclear spaces that relates to the open/closed
chromatin state (Denholtz et al., 2013). Finally, non-coding RNAs (IncRNASs) have also
been found involved in ES differentiation through the formation of chromatin loops or

through binding to chromatin modifiers (Wang et al., 2011). Although, the in vivo
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significance of these findings is still unclear they highlight the importance of high order

chromatin structure in pluripotency and differentiation of ES cells.

1.3.5 MicroRNAs (miRNA) and epigenetics

miRNA are small non-coding RNAs that are involved in target gene silencing either
through translational repression or degradation (Lee et al., 1993). In the nucleus miRNA
are transcribed by RNA polymerase 1l (Pol I1) into long segments of non-coding RNA
called primary miRNAs or pri-miRNA (Lee et al., 2004). Pri-miRNA are then
processed by a complex containing RNase 111 Drosha and the binding protein DiGeorge
syndrome critical region gene 8 (DGCRS) into the precursor miRNAs or pre-miRNA
(Kim et al., 2009c). Pre-miRNAs are exported into the cytoplasm by Exportin-5 and
processed by another RNase 111, Dicer into a functional mature final miRNA (Lee et al.,
2002). More than 1000 miRNAs have been found in the human and are important for
modulating gene expression. Interestingly, miRNAs might control both epigenetic
mechanisms or induce epigenetic modifications within a target gene (Chuang and Jones,
2007). In particular, several miRNAs have been found to have a role in the control of
chromatin structure by regulating histone modifier molecules, such as the polycomb
complex and histone deacetylase (HDAC) (Godlewski et al., 2008; Noonan et al.,
2009). For instance, in prostate cancer, downregulation of miR-449a, causes
overexpression of HDAC-1 leading to an increased cancer invasiveness (Noonan et al.,
2009). In mouse ES cell differentiation, miRNAs seem to have a role in the
establishment of the de novo DNA methylation. Indeed, mutations in Dicer block the
activity of the ES-specific miR-290 and impair Oct4 DNA methylation and subsequent
mouse ES cell differentiation. (Sinkkonen et al., 2008). Furthermore, several miRNAs
such as miRNA-1 and 133, are involved in the control of mouse ES cell commitment by
promoting mesoderm differentiation (Ivey et al., 2008) This mechanism of miRNA
regulation remains still unknown but it has been found that the expression of some
miRNAs is transcriptionally repressed in undifferentiated ES cells and then activated
when cells start to differentiate (Singh et al., 2008). However, further studies using
targeted silencing of the miRNAs pathways will be needed to fully elucidate their role

on gene expression, epigenetics and ES cell fate.
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1.3.6 Chromatin Modifications in response to Hypoxia

Although HIF regulation is well described in literature, little is known about the
epigenetic changes that are associated with the hypoxic response. However, there is

increasing evidence that adaption to hypoxia, influences chromatin remodelling through

several epigenetic mechanisms:

Epigenetic regulation of VHL and PHD in HIF stabilization

(Hatzimichael et al., 2010; Hatzimichael et al., 2009)

e Open chromatin conformation around the HIF binding sites and
interaction between HIF and co-factors (Kallio et al., 1998)

e Histones demethylase enzymes play an important role in gene
transcription during hypoxia (Beyer et al., 2008)

e Hypoxia changes histone modifications and DNA methylation pattern

(Johnson et al., 2008)

1.3.6.1 Role of HIF co-factors in the hypoxic response

HIF co-activators like histone acetyltransferases (HATS), histone deacetylases
(HDACSs), p300-CREB binding protein (CBP), and the SWI/SNF chromatin
remodelling complex, play an important role in modifying the chromatin and making it
more accessible to the transcription factors (Wang et al., 2010). HATs are enzymes
associated with transcriptional activation and, through their ability to acetylate histones
and recruit remodelling factors, release the chromatin in an open conformation
(Peterson and Laniel, 2004; Shogren-Knaak et al., 2006). p300-CBP are important HIF
co-factors as they have HAT activity and interact with the transcription machinery
elements increasing gene transcription (Arany et al., 1996; Kalkhoven, 2004). These co-
factors are regulated by hypoxia and usually interact with the 2 trans-activation domains
(NTAD and CTAD) of the HIF protein (Dames et al., 2002; Ruas et al., 2010). During
normoxia, Factor Inhibiting HIF (FIH-1) hydroxylates a conserved asparagine residue
within the CTAD domain of HIF, blocking the interaction between HIF and p300/CBP,
while under hypoxia, FIH-1 is inhibited and HIF can interact with p300/CBP.

Recently, a kinase linked to glucose metabolism, pyruvate kinase M2 (PKM2) has been
found to interact with HIF-1a in MEFs and Hela cells (Luo et al., 2011). This protein

60



seems to interact also with prolyl hydroxylase 3 (PHD3) forming a feedback loop that is
able to enhance HIF-1a activity (Luo et al., 2011). Among the HIF-1a co-activators,
minichromosome maintenance (MCM) proteins have also been found important in
regulating HIF-1a transcriptional activity in human embryonic kidney (293T) cells
(Hubbi et al., 2011). MCM proteins are down-regulated under hypoxia but present an
increased expression in normoxia where they enhance HIF-1a degradation (Hubbi et al.,
2011). Furthermore, it is well established that hypoxia can increase or decrease specific
histone maodifications in hypoxia-responsive genes leading to their activation or

repression as is summarized in table (Table 1.1).
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Gene Event Reference

Hypoxia-induced genes:

VEGF (Vascular Endothelial
Growth Factor)

(Johnson et al., 2008)
(Jung et al., 2005)

EPO (Erythropoietin) (Wang et al., 2010)

(Wang et al., 2004)

EGR1 (Early growth response (Johnson et al., 2008)

protein-1)

ADM (Adrenomedullin)

GDF15 (differentiation factor
15)

(Krieg et al., 2010)

HMOX1 (Heme oxygenase) (Zhou et al., 2010)

DAF (Insulin-like receptor)

Table 1.1: Hypoxia induced histone modifications in the promoter regions

of hypoxia inducible genes.

Table showing histone modifications that occur at the promoter region of the hypoxia
inducible genes. Events associated with transcriptional activation are highlighted in
green while those associated with transcriptional repression are highlighted in red. Up
and down arrows indicate the increase or decrease of histone modifications respectively.
Adapted from Perez-Perri et al. (2011).
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Another mechanism of chromatin regulation is mediated by the HDACs (histone
deacetylases) (Yang and Seto, 2003) which negatively regulate gene transcription (Chen
and Sang, 2011) but are able to modulate HIF transcription either positively or
negatively. In particular while HDAC1 seems to exert a negative effect on HIF target
genes (Lee et al., 2010a; Lee et al., 2010b), HDAC4, HDACS5 and HDAC7 promote
activation on the HIF target genes (Kato et al., 2004; Seo et al., 2009). Furthermore, to
enhance gene expression, HIF interacts with p300/CBP co-activator to form a
multiprotein complex with HDAC4, HDAC5 and HDAC7 on HIF target genes
promoter (Figure 1.19).

F—— Hypoxia

/FIH—1

Figure 1.19: HIF target gene induction through p300/CBP and HDACA4, 5, 7

cooperation during hypoxia.

p300/CBP interacts with HIF and acetylates histones in HIF target promoter. Interaction
between HIF and p300/CBP is mediated in hypoxia through FIH-1 inhibition. HDAC4,
5 7 form a complex with HIF and p300/CBP leading to an increase in HIF

transcriptional activity. Adapted from Perez-Perri et al. (2011).
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1.3.6.2 Role of Chromatin remodelling factors during hypoxia

One of the most important and best characterised chromatin remodelling factor is the
SWI/SNF complex that increase the access of transcription factors to the DNA using the
energy derived from ATP hydrolysis (Tang et al., 2010b). During hypoxia, the
SWI/SNF complex is involved in the transcriptional activation of HIF and its target
genes (Kenneth et al., 2009; Wang et al., 2004) through changes in the enhancer and
promoter chromatin structure (Figure 1.20). Another chromatin modifier complex,
ISWI, an actin dependent chromatin regulator, is involved in the cellular response to
hypoxia (Melvin et al., 2011). In particular, ISWI is required for FIH expression and its
deletion has been associated with an increase in apoptosis under hypoxia revealing a

potential role of ISWI as a survival factor (Melvin et al., 2011).

Figure 1.20: Schematic representation of the SWI/SNF chromatin remodelling
complex and its activity on the promoter of HIF target genes.

Schematic representation of the SWI/SNF chromatin remodelling complex which

activates the expression HIF target genes. Adapted from Perez-Perri et al. (2011).
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1.3.6.3 Role of the Jumonji-Domain under hypoxia

Histone methylation at lysine (K) or arginine residues is an important modification that
regulates gene expression leading either to an enhancement or repression of gene
transcription. Usually, histone H3 methylated at lysine residue 4, 36 and 79 is associated
with gene transcription, while histone H3 methylated at lysine residue 9 and 27 and
histone H4 methylated at lysine 20 are the markers of gene suppression and chromatin
inactivation (Jenuwein and Allis, 2001; Peterson and Laniel, 2004; Shi and Whetstine,
2007). Over recent years it has been demonstrated that methylation is a process that
involves either histone methyltransferases or demethylases (HDMs) (Shi and Whetstine,
2007). Among the histone demethylase family, the Jumonji C (JmjC)-domain
containing histone demethylase (JHDM) is the best characterized to have a role in
hypoxia (Krieg et al., 2010). In fact, some members of the JHDM family seem to be
expressed during hypoxia in order to restore the histone demethylase activity that is
blocked under hypoxic conditions. In this way the JHDM family play an important role

in histone homeostasis (Xia et al., 2009).

In particular, JIMJID1A (JmjC histone demethylases protein 1), is necessary for the
hypoxic activation of several hypoxia inducible genes that are targets of HIFs and,
moreover, JMJD1A is a HIF target gene that may serve to maintain the chromatin in an
open conformation accessible to the activation of hypoxic genes (Krieg et al., 2010). In
contrast, inhibition of the JARID1A (Jumonji/ARID domain containing protein 2)
histone demethylase seems to promote H3K4me3 activity during hypoxia (Zhou et al.,
2010) (Figure 1.21).
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Figure 1.21: Schematic representation of the JHDM during hypoxia.

Low oxygen concentration inhibits JARID1Aand increases JMJD1A leading to an
increase in H3K4me3 and a decrease in H3K9me2 in the target promoter. Adapted from
Perez-Perri et al. (2011).

1.3.6.4 Other proteins mediating histone modifications in hypoxia

Specific histone modifications are associated with the presence of histone modifiers that
have an important role under hypoxia. Indeed, hypoxia enhances the levels of the N-
methyltransferase 2 (G9a) which increases the expression of H4K9me2 and induces the
repression of several hypoxia inducible genes (Chen et al., 2006). G9a is also
responsible of the methylation of Reptin, a subunit of the Tip60 lysine acetyltransferase
5, in mouse embryo and MEFs cells (Lee et al., 2010a). Reptin is a negative regulator of
tumor growth and invasion as, through the recruitment of HDACI, it regulates the
expression of several hypoxia inducible genes such as VEGF, BNPI3 and PGKI (Lee et
al., 2010a). In contrast, methylation of Pontin, a chromatin remodelling factor, by G9a
is responsible of tumor invasiveness under hypoxia (Lee et al., 2011). Finally, the
histone variant H2AX seems to be required for the neovascularisation process in Huvec
cells and mice under hypoxic conditions (Economopoulou et al., 2009). These studies
provide further evidence that the hypoxic response is mediated not only by histone

modifications but also by histone modifiers.
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1.3.7 DNA methylation under hypoxia

DNA methylation and chromatin modifications are interconnected by the interactions
that occur between DNMTs and HMTs. Indeed, G9a has been found to induce the de
novo DNA methylation within the Oct3/4 gene through the interaction with DNMT3A
and DNMT3B (Gidekel and Bergman, 2002). This mechanism occurs during
gastrulation when the embryo starts to divide into the 3 germ layers and led to Oct3/4
inactivation through an increase of local heterochromatin formation (Feldman et al.,
2006).

One of the first evidence of the influence of hypoxia on DNA demethylation has been
observed in hepatoma cells where HIF-1o was able to modulate the expression of
MAT2A (Methyonine adenosyltransferase 2A), a marker of genomic methylation (Liu
etal., 2011). These data correlated with increased tumor size and invasiveness.

DNMT1 and DNMT3A down-regulation under hypoxia contribute to the tumor-
associated CpG demethylation which affects tumour progression in human colorectal
cancer (Skowronski et al., 2010). Finally, previous data in neural progenitor cells
showed that DNA methylation regulates the activity of HIF-1a hypoxia-regulated
microRNASs, such as miR-210, independently of its expression (Xiong et al., 2012).
However, more epigenetic mechanisms that are responsible of HIFs activation under

hypoxia remain still to be elucidated.

Although chromatin and DNA modifications play an important role in gene regulation
under hypoxia, very little is still known regarding the hypoxic regulation of hES cells.
Hence, more research is required in order to understand the epigenetic modifications
that occur under hypoxia and their biological role. The characterization of these factors
will help to elucidate the transcriptional regulation of pluripotency genes in hES cells

cultured under hypoxic conditions.
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1.4 Hypoxia Preconditioning in Stem

Cell therapy

Ischaemic preconditioning (IPC) was first observed by Murry et al. (1986) who
demonstrated that exposure to short cycles of ischemia (hypoxia) with intermittent
reperfusion of oxygen allowed the heart to be more resistant to a future lethal episode
(Murry et al., 1986). To date, IPC represents one of the most powerful mechanisms of
protection against ischaemic injury. The IPC induces two distinct windows of
protection, the “first window of protection” occurs immediately following the IPC
stimulus and lasts 3 to 4 h. After this step the protective effect wanes and re-appears
after 12 to 24 h up to 72h which is called the “second window of protection” or delayed
IPC (Hausenloy et al., 2010; Kuzuya et al., 1993). However, translated into clinical
practice, this effect is limited by the difficulties in manipulating an injured heart.
Indeed, several studies are now focused on discovering the mechanisms which underly
the protective effect of IPC. It is believed that IPC involves multiple signalling
pathways including growth factors (VEGF, IGF), mitochondrial Karp channels,
cytokines and nitric oxide (Huffmyer and Raphael, 2009) therefore, current pre-clinical
studies are based on non-genetic strategies to improve the survival and function of SCs
and progenitor cells (Mahaffey et al., 1999; Ross et al., 2005).

1.4.1 In vitro and ex vivo ischaemic and hypoxic preconditioning in SCs

Conditions developed in vitro to mimic IPC are usually based on the use of hypoxia or
anoxia followed by reoxygenation, termed hypoxic preconditioning (HPC) (Li et al.,
2009; Sharma et al., 2008). HPC protocols are usually based on multiple cycles of brief
hypoxia with intermitted reoxygenation (Williams and Benjamin, 2000) or a single
long-term exposure to hypoxia followed by reoxygenation (Cai et al., 2003b). Such
HPC protocols have been shown to induce cytoprotection in stem and progenitor cells in
vitro through multiple signalling molecules such as NOS2 (Xi et al., 2002), HIF-1a,
VEGF, EPO (erythropoietin) and chemokines C-X-C chemokine receptor type 1
(CX3CR1) and 4 (CXCR4) (Hu et al., 2008; Hung et al., 2007). However, one of the

major problems to overcome is the poor survival and retention of transplanted stem and
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progenitor cells in the ischaemic environment which, in the ischemic myocardium, has
been found due to necrosis, ROS, inflammatory response and apoptosis (Goussetis et
al., 2006; Terrovitis et al., 2010). These limitations reduce the clinical application of
preconditioning to a few cases such as remote ischemic preconditioning (RIPC) that
uses ischemic insult applied to limbs or legs to protect the CNS (Przyklenk and
Whittaker, 2011). However, HPC has been found to increase the survival and
cytoprotection of SCs and progenitor cells also in in vivo studies using clinical ischemic
models in which HPC improved the functional recovery of the ischaemic tissue (He et
al., 2009; Kubo et al., 2008; Uemura et al., 2006; Volkmer et al., 2010). Using this
approach, transplantation of hypoxic preconditioned MSCs into mice ischaemic
myocardium was able to reduce the infarct size, increase angiogenesis and improve the
functionality of the heart tissue (Hu et al., 2008). These affects are attributed to the
increase of survival signals including signal transduction pathways that up-regulate
proteins such as growth factor VEGF (Potier et al., 2007), anti-apoptotic proteins like
Bcl-2 (Francis and Wei, 2010; Theus et al., 2008), antioxidants like heme oxygenase-1,
catalase and superoxide dismutase (Peterson et al., 2011), transcription factors like HIF-
la (Liu et al., 2010) which activates other signal transduction pathways like PI3K/Akt
(Francis and Wei, 2010), CXCR7 anti-apoptotic proteins (Liu et al., 2010) and miR-210
(Kim et al., 2009b).

1.4.2 Effect of preconditioning on the differentiation and engraftment of
SCs

Several studies are now focusing on the functional improvement of HPC to promote an
efficient differentiation of SCs in the target tissues after transplant (Theus et al., 2008).
However, the role of HPC in SC differentiation is still controversial. Numerous studies
have demonstrated that hypoxia is able to induce rat MSC differentiation compared to
the normoxic cultures, through the stabilization of HIF-1a (Lennon et al., 2001; Ren et
al., 2006). In contrast, other studies have demonstrated that hypoxia inhibits
differentiation of human bone marrow derived MSC (Potier et al., 2007; VVolkmer et al.,
2010) and adipose derived mesenchymal stem cells (Malladi et al., 2006; Wang et al.,
2005). Similar controversial results were also been observed in studies on mouse and
human ES cells where HPC was found to increase stem cell neural differentiation after

transplantation (Francis and Wei, 2010; Theus et al., 2008) while in another study the
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short term exposure of human MSCs to hypoxia inhibited differentiation (Potier et al.,
2007). It is likely that differences in species and cell type used, together with variation
in the duration of hypoxia may explain these differing results. In terms of engraftment
functionality, an in vitro study demonstrated that HPC increases the gap-junctional
intercellular comunication between the neural SCs subjected to preconditioning and the
host cells (Jaderstad et al., 2010). Furthermore, it has been found that HPC induces the
secretion of soluble factors which serve for the differentiation of MSC cardiomyocytes
(Xie et al., 2006). However, it is still not known whether the effect of HPC in promoting
cell differentiation and engraftment can be maintained when cells are transferred into
adult tissues. Early studies on mouse and pig MSCs and peripheral blood mononuclear
cells showed that HPC increases survival, angiogenesis and resistance against oxidative
stress when these cells were transplanted into a mouse ischemic tissues (Jaussaud et al.,
2013; Kubo et al.,, 2008; Wei et al., 2012). These works are encouraging and
demonstrate that HPC is able to enhance cell survival and could be a useful approach

for application of SC based therapies for tissue repair.

1.4.2.1 Stem cell migration and proliferation

In SC therapies it is important to consider the ability of the transplanted stem or
progenitor cells to migrate to the injured tissue and enhance repair and regeneration.
Exposure to hypoxia and reoxygenation has been shown to enhance cell migration of
stem and progenitor cells through the activity of chemokines such as CXC3R1 and
CXCR4 (Hung et al., 2007; Rosova et al., 2008) and MSC adhesion through the up-
regulation of CXCR4 and CXCRY7 (Liu et al., 2010). The induction of these chemokine
receptors has been shown to be driven by HIF-1a (Schaniel et al., 2009; Tang et al.,
2009). In addition, HPC enhances the migratory function of preconditioned stem
progenitor cells through the up-regulation of cytokine signalling, KDR/VEGF
expression and tyrosine kinase receptor (Rosova et al., 2008). Since SCs reside in
physiological niches where the level of oxygen is about 2-7% (Levesque and Winkler,
2011), it is important to consider the endogenous microenvironment in which these cells
are derived in order to maintain their characteristics and to evaluate how these cells
respond to a hypoxic environment in injured tissues. Studies investigating the effect of
hypoxia on SC proliferation have shown that, compared to the routine normoxic culture

condition of 20% oxygen, human MSCs cultured at 1% oxygen reduce their
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proliferative potential (Hung et al., 2007). In contrary, bone marrow derived MSC
cultured under 2% oxygen showed an increased proliferation (D'lppolito et al., 2006).
However, this might be due to the differences in the hypoxic conditions, cell type and
culture (Das et al., 2010). Importantly, short term exposure to hypoxia did not affected
the proliferative state of hES cells and human MSCs which is important for the
therapeutic applications of HPC (Francis and Wei, 2010; Rosova et al., 2008).

1.4.3 Effect of hypoxic preconditioning on endogenous stem and

progenitor cell mobilization

Endogenous stem and progenitor cells may be mobilized from the specific niche(s)
where they reside to various organs and tissues via the bloodstream. This property of
SCs is called “homing” and has been extensively studied as it could serve to recruit
endogenous SCs or progenitor cells to regenerate the injured tissue (Krankel et al.,
2011). Beside homing via the bloodstream, a clonogenic population of proliferative SCs
may also be recruited to an injured tissue for the healing processes, a condition that is
also under investigation for therapeutic purposes (Discher et al., 2009). In particular, it
has been found that HPC is able to mobilize rat MSCs from the niches and to protect the
infarcted tissue from damage (Rosova et al., 2008). Indeed, subsequent studies found
that endothelial progenitor cells and endogenous MSCs are mobilised to the heart of rats
when exposed to HPC (Gyongyosi et al., 2010; Rochefort et al., 2006). Moreover in
response to the HPC, endothelial progenitor cells produced an array of cardio-protective
cytokines and signalling molecules such as eNOS, EPO, VEGF and colony stimulating
factors (Gyongyosi et al.,, 2010; li et al., 2005). Furthermore, another study
demonstrated that rats preconditioned with hypoxia displayed an increase in CD34, a
hematopoietic stem cell marker, and the chemokine CXCR4 in the infarcted hearts
which induced to a reduction of the infarct injury (Lin et al., 2008). Although the
homing effect induced by ischemic/hypoxic preconditioning on endogenous stem and
progenitor cells is intriguing, the major limitation for this approach is that SC
mobilization is required to start a few day before the myocardial infarction to exert its
regenerative effects (Askari et al., 2003). Furthermore, it is important to better
characterize which population of progenitor cells is functionally competent to be
mobilised and recruited to a target tissue in order to allow a significant repair (Krankel
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et al., 2011). This is particularly important in elderly patients as endogenous SC
populations are known to decline with age.

1.4.4 Role of HIFs in Ischemic/hypoxic preconditioning

HIFs play a central role in ischemic/hypoxic preconditioning and neuroprotection
against ischemic injuries (Semenza, 2011). When HIF-a subunits translocate into the
nucleus, following the hypoxic stimuli, they activate several downstream pathways such
as VEGF, EPO, sodium-calcium exchangers-1 (NCX-1), pyruvate dehydrogenase
kinase-1 and uncoupling protein-2 which act as survival signals and help maintain
cellular homeostasis and the balance between oxidative stress and glycolytic
metabolism (Dehne and Brune, 2009; Luo and Semenza, 2011; Semenza, 2011).
Furthermore, VEGF and EPO stimulate angiogenesis and vasculogenesis which are
important for wound healing and functional repair of brain and heart (Hausenloy et al.,
2007; Lee et al., 2000; Li et al., 2011). Beside hypoxia, HIF-1a has been found involved
in inflammatory responses mediated by ROS, NO and antioxidant genes involved in the
regulation of cell fate (Dehne and Brune, 2009). ROS has been found to be a critical
mediator of IPC as it could mimic its protective effect through the opening of the ATP-
sensitive mitochondrial potassium (MitoKatp) channels (Andrukhiv et al., 2006; Murry
et al., 1986). In the heart, ROS stabilize HIF-1a, which then mediated IPC with a
mechanism that is still under further investigation (Bell et al., 2007). Other mechanisms
of IPC protection are activated by the HIFs, for example, mice with a germline deletion
of HIF-2a survive to birth but display multiple organ dysfunctions which are associated
with a decreased expression of antioxidants (Scortegagna et al., 2003). This suggests
that HIF-2a is important for cell survival during IPC through the regulation of
antioxidants enzymes like heme-oxygenase-1, cyclooxygenase-2 and iNOS which have
been associated with an increased resistance to ischemia in mice (Bolli et al., 2002;
Mahfoudh-Boussaid et al., 2012).
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1.4.4.1 Role of HIF-1a on iNOS in ischemia-reperfusion

There is emerging evidence that HIF-1lo displays a protective effect against
ischemia/reperfusion injuries through the activation of the iINOS pathway. INOS is a
target of HIF-1a which has been shown to be cardioprotective in chronic and acute heart
diseases (Bulhak et al., 2006). Previous studies in cardiac myocytes found high
expression levels of INOS in hearts exposed to chronic hypoxia and a substantial
decrease of iNOS when the HIF-1a HRE was mutated (Jung et al., 2000). Furthermore,
in another study, it was found that HIF-1a and eNOS overexpression in a transgenic
mouse strain attenuated the myocardial infarct size and was able to improve cardiac
functionality when hearts were subjected to ischemia/reperfusion (Kido et al., 2005).
Finally, it was demonstrated that HIF-1a directly interacts with iNOS in preconditioned
hearts. Hence, treatment of rats with cadmium induces HIF-1a degradation and
consequently iNOS inactivation thereby blocking the cardioprotective effect of a late
IPC (Belaidi et al., 2008). Although the mechanism regulating the effect of eNOS has
yet to be fully elucidated, the resulting NO produced is able to activate guanylate
cyclase which results in the expression of cGMP that activates protein kinase G leading
to the opening of Kartp channels in mitochondria (Natarajan et al., 2006; Sasaki et al.,
2000). This signalling cascade seems to promote cardioprotection by inhibiting ATP
depletion or limiting cell death through the Bcl2/Bclx pathway (Natarajan et al., 2006).

These studies highlight the importance of INOS and eNOS as a target genes in HIF-1a
mediated cardioprotection and implicate HIF-1a as a therapeutic target in myocardial
ischemia. The HIF signalling pathway is an important therapeutic target for protecting
cells, organs and tissues against ischemia. How HIFs affect the regenerative potential of
SCs or progenitor cells following HPC is still not known. Increased characterization of
these transcription factors might help to elucidate the signal transduction pathways in

which stem/progenitor cells are protected against oxidative stress.
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1.4.5 Epigenetic modifications in hypoxia following reoxygenation

Recent studies suggest that hypoxia is responsible for deacetylation and changes in
histone methylation within the promoters of hypoxia inducible genes (Johnson et al.,
2008). Alterations in the methylation status of DNA and histones following hypoxia-
ischemia remain unknown but may have a profound effect in regulating transcription

and in the healing process.

Epigenetic modifications in brain ischemia

The impact of histone acetylation and methylation in brain ischemia was analysed by
Gao et al. (2006). Using a rat model of traumatic brain injury a significant decrease of
histone H3 acetylation and methylation after 72h of injury was observed suggesting a
role for histone modification within the first hours to days after brain injury (Gao et al.,
2006). Another study demonstrated that enhancing histone acetylation through hystone
deacethylases (HDACS) inhibition resulted in an increased histone methylation which
exerts a neuroprotective effect following injury in the nervous system (Rivieccio et al.,
2009). A recent study, focused on the DNA methylation level in immature rat brain in
response to hypoxia/reperfusion and showed that on day 2 after injury there was a
global decrease of DNA methylation compared to the controls (Kumral et al., 2013).
This resulted in an increased gene expression after the hypoxic/ischemic insult which
was different from previous studies on adult rat brains. However, in the same study, it
was found that ischemia/reperfusion did not increase the level of histone H3K4me3 and
H3K36me3 which was a characteristic of the immature rat brain (Kumral et al., 2013).
Clearly, these preliminary studies demonstrated that hypoxia/reoxygenation have an
effect on epigenetics, however, this might vary within different promoters and cell

culture conditions and therefore requires further characterization.
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Epigenetic modifications in cardiovascular diseases

DNA methylation seems to be associated with cardiovascular conditions such as
atherosclerosis and vascular inflammation. Defects in DNA methylation during
embryonic growth has been found to led congenital heart diseases and risk of
cardiovascular diseases (CVD) as a result of increased methylation of pluripotent or
tissue specific genes (Hobbs et al., 2005). Indeed, animal studies demonstrated that
maternal hypoxia increases the risk of ischemia and reperfusion injury in the heart of
male offspring (Heijmans et al., 2008). This has been found associated with a
modification of the DNA methylation signature of cardioprotective genes such as
protein kinase C epsilon (PKCg) in utero (Patterson et al., 2010). Furthermore, in the
vascular smooth muscle cell ESR1 and ESR2, the atheroprotective estrogen receptors
genes, have been shown to undergo DNA hypermethylation in human atherosclerosis
which decreases the expression of these genes leading to an increased risk of vascular
damage (Post et al., 1999). However, these studies are still in infancy and the
association between CVD and DNA methylation will require further studies.

Histone modification, also have been found implicated in CVD. The majority of the
studies in literature have been focused on eNOS whose differential expression may be
regulated through epigenetics (Ignarro, 1990; Palmer et al., 1987). In fact, eNOS is
expressed in vascular endothelial cells while is repressed in the vascular smooth muscle
cell (VSMC) which reside in the artheries. This differential regulation is mediated by
acetylation of H3K9 and H3K12 and methylation of H3K4 at the proximal promoter of
eNOS in ECs and subsequently transcription activation by RNA Polymerase 1l (Charles
et al., 2010). In VSMCs lack of these specific histone modification blocks eNOS
expression. Interestingly, it has been found that exposure to short-term hypoxia
decreases the expression of eNOS in ECs, a condition that seems to play a role in the
induction of hypoxia inducible genes involved in angiogenesis (Fish et al., 2010). This
condition is reverted following reoxygenation in hypoxic cells where a chromatin
remodelling complex, BRG1, has been found to re-activate the transcriptional active
state of eNOS (Fish et al., 2010). HDAC enzymes also seem to play a role in the

severity of myocardial ischemia and reperfusion. Indeed, it has been found that
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repression of HDACs in ES cells using trycostastin A (TSA), an HDAC inhibitor,
stimulates myogenesis and angiogenesis and improved functional myocardial recovery
after infarcts (Zhang et al., 2012).

Although epigenetic modifications seem to play an important role of HPC in the
ischemic brain and heart, further studies are needed to understand the epigenetic control
of hypoxia/reoxygenation in stem and progenitor cell populations. Given the important
role of HIFs in regulating the regenerative potential of SC populations following
ischemia/reperfusion, an improved knowledge of the epigenetic modifications
associated with the HREs of the hypoxia inducible genes may lead to the identification

of a specific epigenetic signature which promotes angiogenesis and tissue repair.
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1.5 Hypothesis and aims

The hypothesis of this study is that HIF-2a is central for the genetic and epigenetic

regulation of hES cells cultured under hypoxia and reoxygenation.

The specific aims of my thesis are:

To investigate the effect of environmental oxygen tension on hES cell
pluripotency.

To investigate whether HIF-2a binds directly to genes implicated in the hypoxic
regulation of hES cells using Chromatin Immuno Precipitation (ChlP) assays of
hES cells cultured at either 5% or 20% oxygen tension.

To perform luciferase reporter assays in NT2 cells to investigate whether a
potential HRE present in the proximal promoter of the NANOG gene is
functionally active.

To determine the effect of environmental oxygen tension on the DNA
methylation of the OCT4 gene in hES cells cultured at 5% or 20% oxygen.

To analyze whether hypoxia alters the epigenetic state of hES cells cultured at
either 5% or 20% oxygen using ChIP assays.

To investigate the effect of hypoxia followed by reoxygenation on the
expression of OCT4, SOX2 and NANOG in hES cells.

To investigate the effect of hypoxia followed reoxygenation on the chromatin
state within the HRE sites of OCT4, SOX2 and NANOG in hES cells.

To analyse the role of HIF-2a in hES cells exposed to reoxygenation using RT-
gPCR and ChIP assays.

To investigate whether HIF-2a interacts with an oct-sox cis regulatory element
within the NANOG promoter using ChIP assays in hES cells exposed to hypoxia
and reoxygenation.
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Chapter 2

Materials and Methods
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2.1 Cell Culture

2.1.1 Derivation of Mouse Embryonic Fibroblasts (MEFs)

MF1 mice at 12.5 days pregnancy were killed by cervical dislocation and the uterine
horns removed and placed in a petri dish containing PBS (w/o Ca**and Mg?*). Embryos
were isolated from the yolk sac, decapitated, eviscerated and macerated in PBS (w/o
Ca®*and Mg”"). Dissected embryos were washed 3 times with PBS (w/o Ca?*and Mg?®"),
transferred to a 15ml Falcon tube with 2ml of 0.05% Trypsin: EDTA (Life
Technologies) and incubated at 37°C in a water bath for 20mins. 5ml of MEF medium
(Table 2.1) was added to the sample and pipetted vigorously, any large pieces of tissue
were allowed to settle by gravity while the supernatant was transferred to T75 flasks
(using a ratio of 3 embryos/flasks) and 19mlI MEF medium was added and incubated at
37°C. The following day, the medium was replaced and the cells cultured to 90%
confluency before freezing. Cells were also tested for mycoplasma contamination (see
Appendix 1).

Table 2.1 Composition of MEF medium

MEFs medium

90% high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Life

Technologies)
10% FCS (Life Technologies)

1% Penicillin/ Streptomycin (Life Technologies)
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2.1.2 Irradiation of MEF cells

Non-irradiated MEFs were cultured until 90% confluency. MEFs were washed with
PBS and dislodged with 5ml 0.05% Trypsin EDTA. Cells were collected in 5ml MEF
medium centrifuged for 4 mins at 1500 rpm, resuspended in 40ml MEF medium and
irradiated for 23.6min (50G). After irradiating, cells were centrifuged at 1500rpm for
5min and resuspended in 1ml of freezing medium for each T175 flasks (Table 2.2). The
cells were transferred to cryovials contained in isopropanol cryotub and stored at -80°C

for one day before transferring to liquid nitrogen.

Table 2.2 Composition of freezing medium

Freezing medium

90% Fetal Calf Serum (FCS) (Life Technologies)

10% DMSO (Sigma)

2.1.3 Thawing and plating MEFs

The appropriate number of vials (1 vial per 2 x 6 well plates) of irradiated MEFs were
thawed at 37°C, resuspended in MEF medium and centrifuged for 4min at 1500 rpm.
The cell pellet was then resuspended in 1ml MEF medium for each well. Irradiated
MEFs were plated in 6-well plates pre-treated with 1ml of 0.1% gelatin (Sigma) for
30min at room temperature and cultured in a humidified atmosphere containing 5% CO,
and 20% O,. Plates of irradiated MEFs were used to either passage hES cells or to
condition medium for feeder-free hES cells culture. When used to condition medium for
hES cells, 2ml of hES medium (Table 2.3) was added to each well containing irradiated
MEFs and cultured in a humidified atmosphere of 5% CO; and 20% O,. After 24hours
the conditioned medium was removed and stored at 4°C and replaced with fresh hES

cell medium. Plated for conditioned medium were used for a maximum of 2 weeks.
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Table 2.3 Composition of hES cell medium

hES cell medium

knockout DMEM (Life Technologies)

15% knockout serum replacement (Life Technologies),
1% Glutamax 100x (Life Technologies)

0.05mM B-mercaptoethanol

1% non essential amino acids (Life Technologies)
10ng/ml FGF2 (Peprotech Ld)

100ug/ml Penicillin/Streptomycin (Life Technologies)

42ul of 7.5% BSA (Sigma)

2.1.4 Culture of hES cells

Hues-7 hES cells were cultured in 6 well plates on either MEF feeder layers or feeder-
free on Matrigel coated plates in a humidified atmosphere containing 5% CO, and either
20% O, 0r 5% O,.

2.1.4.1 Passaging hES cells onto MEF feeder layers

Before passaging hES cells, the MEF medium was removed from the MEF plates (See
Method section 2.1.3) and replaced with 1ml of hES cell medium (Table 2.3). Hues-7
hES cells were normally passaged every 3 days by removing the medium from the hES
plates and adding 1ml of filtered Collagenase (Table 2.4). Plates are incubated at 37°C
for 4mins in the incubator. The amount of hES medium (Table 2.3) added per well
varied depending on hES cell density. Cells were then gently scraped to avoid single
cell formation, evenly distributed onto previously prepared MEF plates and placed in a
humidified atmosphere of either 20% O, or 5% O, and 5% CO,. hES cells were cultured

for a minimum of 3 passages under hypoxic cultures on MEFs before using.
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Table 2.4 Composition of Collagenase

Collagenase 1mg/ml

50mg collagenase (Life Technologies)

50ml Knockout DMEM (Life
Technologies)

2.1.4.2 Feeder-free culture of hES cells onto Matrigel coated plates

To culture hES cells under feeder free conditions hES cells cultured on MEFs were
passaged onto Matrigel coated plates. Matrigel (BD Bioscience) stocks were made to a
concentration of 6mg/ml of protein and stored at -20°C. The Matrigel stock was then
diluted to a working solution of 0.4mg/ml in ice cold knockout DMEM. Matrigel coated
plates were prepared in advance using 1ml of the working solution for each well of a 6
well plate and incubated at 4°C overnight. hES cells were passaged using 1ml
Collagenase (Table 2.4) per well and incubated for 4min at 37°C. Cells were gently
scraped from the bottom of the plate and resuspended in conditioned medium (See
Method section 2.1.3). The amount of conditioned medium added per well depended on
the density of the hES cells. Matrigel was removed from the fresh pre-coated plates and
Iml of cells and 1ml of conditioned media were added. hES cells were cultured for a
minimum of three passages on Matrigel at both 5% or 20% oxygen before using in any

experiments.
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2.2 RNA Extraction

RNA was isolated from hES cells cultured under feeder free conditions on Matrigel
coated plates at either 20% or 5% oxygen tension on a 6 well plate of Matrigel on day 3
post-passage using Trizol reagent (Invitrogen). Cells were scraped and harvested in 1ml
of Trizol per well. 200ul of chloroform was added to each 1ml of Trizol, allowed to
stand at room temperature for 15mins and centrifuged at 130009 for 15mins at 4°C. The
upper colourless layer, containing the RNA, was transferred to a clean tube and 0.5ml
isopropanol added, allowed to stand for 10 mins at room temperature and centrifuged
for 15mins at 13000g at 4°C. The supernatant was removed and the pellet was washed
with 1ml of 70% ethanol, centrifuged at 75009 for 10mins and allowed to semi-dry in
the air. The pellet was resuspended in 30ul of DEPC water and 1ul of RNAsin
(Promega) was added. The concentration of RNA was determined using the Nanodrop.
A 260/280 ratio of 1.8-2.0 OD was used in experiments.

2.3 DNAse treatment and cDNA preparation

RNA samples were treated with DNAse to avoid any genomic DNA contamination. 1ug
of RNA was incubated in a 10ul total volume containing 10x Reaction buffer, 1yl
DNAse (Invitrogen) and DEPC water for 15 mins at room temperature. Samples were
incubated for 10mins at 65°C with 1ul 25mM EDTA and immediately placed on ice.
RNA was reverse transcribed into cDNA using Moloney murine leukaemia virus
(MMLV) reverse transcriptase (Promega). 1ug RNA was incubated with 1ul Oligo dT
primers (500 mg/ml) at 70°C for 10mins, 5x M-MLV reaction buffer, 10mM dNTPs,
1yl M-MLV RT and DEPC water was added to give a total volume of 40ul and
incubated at 42°C for 60mins. cDNA samples were analyzed with a PCR reaction to test
the presence of genomic DNA contamination. The reaction was performed in 50ul of
10mM dNTPs, 1x Go Tagq buffer, 5uM of each primer (OAZ1 fw
GGCGAGGGAATAGTCAGAGG; OAZ1 rev GGACTGGACGTTGAGAATCC) and
0.75 ul of Go Taq Polymerase (Promega) in a G-Storm thermocycler. The following
cycling parameters were used: 95°C for 5mins followed by 30 cycles at 94°C for 1mins,
58°C for 1min, 72°C for 1 min and 1 cycle at 72°C for 10mins. An amplicon of 224bp
was expected for cDNA while genomic DNA produces a 373bp product.
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2.4 Quantitative Real Time PCR (RT-qPCR)

hES cells cultured at either 20% or 5% oxygen tension were obtained on day 3 post-
passage and the effect of oxygen tension on the expression of hypoxia inducible genes
was analyzed through a quantitative Real Time PCR using Tagman Gene expression
Assays Probes (Applied Biosystem). Real time PCR analysis was performed using
Applied Biosystem reagents in 20ul reactions containing 2x Tagman Universal PCR
Master Mix (Applied Biosystems), 1ul of each probe, 1ug cDNA and DEPC water
using a 7500 Real-Time PCR System. The following cycling parameters were used:
50C for 2mins, 95°C for 10mins, 45 cycles at 95°C for 15s and 60°C for 1min. UBC
was used as housekeeping control gene and all target transcripts were analyzed in
duplicate and normalized to UBC (Table 2.5).

Table 2.5: TagMan Gene expression Assay probes (Applied Biosystems)
used for the RT-gPCR

Gene TagMan Gene expression Assay
OCT4 Hs 01895061 ul

SOX2 Hs 00602736_s1

NANOG Hs 02387400_g1

UBC Hs 00824723 _m1

HIF-2a Hs 01026142_m1

JMJD2B Hs 00943636_m1

JMJD2C Hs 00909579 _m1

JMID1A Hs 00218331_m1
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2.5 Immunocytochemistry

hES cells cultured on MEFs at 5% and 20% oxygen tension were washed twice in PBS,
fixed in 4% paraformaldehyde for 20min at room temperature and washed in PBS. Cells
were blocked in 3% donkey serum for 1h for surface molecules and with 3% donkey
serum containing 0.1% tritonX-100 for 1h for intracellular proteins. Primary antibodies
(Table 2.6) diluted in appropriate block were incubated over-night in a humidified
chamber a 4°C. The cells were washed 3 times over 30 mins in PBS before incubating
in the appropriate secondary antibody (Table 2.6) for 1h in a humidified chamber in the
dark. Cells were washed 4 times over 30mins with PBS and mounted in vectashield

containing DAPI (Vecta Laboratories, Peterborough, UK).

Table 2.6 Primary and secondary antibodies wused for the

Immunocytochemistry with appropriate dilutions.

Primary Antibodies Dilutions Secondary Antibodies Dilutions
mouse IgM anti-TRA-1-60 | 1:100 anti-mouse IgM conjugated —FITC | 1:200
(Santa Cruz) (Sigma)
mouse IgM  anti-SSEAL | 1:100 anti-mouse IgM conjugated —FITC | 1:200
(Santa Cruz) (Sigma)
mouse  1gG  anti-OCT4 | 1:100 anti-mouse IgG conjugated-FITC | 1:100
(Santa Cruz) .
(Sigma)

rabbit olyclonal  anti- | ,. . . .

POy 1:500 goat anti-rabbit Alexa 488 1:700

SOX2 (Millipore)
mouse IgG anti-NANOG
(AbCam)

(Molecular Probes)
1:50 anti-mouse IgG conjugated-FITC | 1:100
(Sigma)
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2.6 Chromatin Immuno Precipitation (ChIP) analysis

2.6.1 Cross-linking and nuclei preparation from cell cultures

Chromatin from Hues-7 hES cells was isolated from 18 (6 well) plates on day 3 post-
passage. Proteins were crosslinked to DNA by adding 1% formaldehyde (Sigma) to cell
culture medium for 10min and blocked with 0.125M glycine for 5min at room
temperature. Cells were scraped into 4ml of cold PBS supplemented with 0.5mM PMSF
(Sigma) and collected by centrifugation at 4°C for 10 min at 1000 rpm. Nuclei were
lysed twice with 5 volumes of lysis buffer (5mM PIPES pH 8, 85mM KCI, 0.5% NP40),
supplemented with protease inhibitors (Sigma), incubated on ice for 10min and
sonicated in 100ul of sonication buffer (1% SDS, 10mM EDTA, 50mM Tris HCI pH8)

for each sample to immunoprecipitate.

2.6.2 Sonication

Hues-7 hES cell chromatin was sonicated on ice using a microultrasonic cell disruptor
(Soniprep 150 Ultrasonic, Sanyo) to shear DNA to an average fragment size of about
400-1000 bp. Nuclei were centrifuged at 14000 rpm for few seconds and supernatant
transferred to a new tube. To check the fragment size, 2ul of the total sonicated
chromatin was loaded on a 0.8% agarose gel. Once the correct fragment size was
obtained, the chromatin was centrifuged at 14000 rpm for 10mins at 4°C and the

supernatantant transferred to a new tube and stored at -80C for several months.

2.6.3 Chromatin IP

Sonicated chromatin was diluted 1:200 and quantified using the Nanodrop (Nanodrop
ND-1000, Labtech). 20 to 100ug of chromatin for each sample was precleared with
20ul of protein A/G plus agarose beads (Santa Cruz) for 1h at 4°C on a rotating
platform. Samples were centrifuged at 14000 rpm for 5min and the supernatant diluted
1:10 with 0.01% SDS, 10mM EDTA, 50mM Tris HCI pH8 supplemented with protease
inhibitors and divided equally among samples. ChIP assays were performed using 10ug
of the following antibodies: HIF-2o (Novus Biologicals), normal rabbit IgG (Santa
Cruz). For histone modifications analysis the following antibodies were used:
H3K9me3 (Abcam), H3K4me3 (Abcam), H3K36 me3 (Abcam). Samples were
immuno-precipitated over night with gentle rotation at 4°C. Saturated protein A/G plus
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agarose, was prepared using 20ul of protein A/G plus agarose beads (Santa Cruz) and
1ug/ul of sonicated Salmon Sperm DNA (Sigma) and BSA and incubated with gentle
rotation at 4°C. The day after, saturated protein A/G plus agarose, was to each IP

sample and incubated on a rotating platform for 1-2 h at 4°C.

2.6.4 Chromatin IP and washing

The control IgG was centrifuged for few seconds at 14000 rpm and the supernatant was
collected as input sample. The immuno-complexes were washed in ice as followed:

10 times with 600ul buffer A (0.1% SDS, 2mM EDTA, 20mM Tris HCI pHS8, 1%
Triton X-100, 500mM NacCl), 8 times with 600 ul buffer B (0.1% SDS, 2mM EDTA, 20
mM Tris HCI pH8, 1% Triton X-100, 1 M NaCl), 3 times with 600ul TE (10mM Tris
HCI H8, 1mM EDTA) buffer. For each wash protein A/G plus agarose beads were
centrifuged for a few seconds, the supernatant removed and 600ul of washing buffer
added, mixed at room temperature and incubated on a rotating platform for 5min at 4°C,

before being centrifuged.

2.6.5 Elution

After the last wash, every sample was centrifuged again at 14000 rpm for few seconds
to remove any traces of buffer. Antibody/protein/DNA complexes were eluted from the
beads by adding 2 x 200ul of elution buffer (1% SDS, 100mM NaHCO3), incubated

15min with gently rotation at 4°C. Both eluates were collected in the same tube.

2.6.6 Reverse Formaldehyde crosslinks

Samples from the previous steps were centrifuged at 14000 rpm for 5mins to remove
any trace of beads. To each supernatant 200mM NaCl was added and incubated over

night at 65°C to reverse formaldehyde crosslinks.

The following day all the samples were incubated for 2h at 42°C with a mixture of 1 ul
RNAse A (20ug/ml), 1ul of proteinase K (20ug/ml) (Life Technology), 10mM EDTA,
40mM Tris HCI pH6.5. DNA extraction was performed with an equal amount of
phenol: chloroform: isoamyl alcohol (25:24:1) (Life Technology) for each sample,
mixed at room temperature and kept on ice for 30min. Samples were centrifuged for

20min at 14000 rpm at 4°C and the supernatants precipitated with 1/10 volume of 3M
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Sodium Acetate pH5, 10ug of glycogen (Life Technology) as carrier, 2.5 volumes of
100% ethanol overnight at -20°C. Precipitated samples were washed with 500ul of 70%
ethanol and the pellets were allowed to dry completely in air before being resuspended

in 30ul of H,O for each IP and 100ul of H,O for the input sample (Figure 2.1)
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Figure 2.1: Schematic representation of ChIP assay procedure

89



2.7 Hypoxia Responsive Elements (HRE) amplification

2.7.1 Primer Design

All primers sequences, that overlap the HRE in the proximal promoter region of the

genes of interest, were designed using Primer 3 and analyzed through bioinformatics
software like BLAST and Electronic PCR to test their specificity (Table 2.7).

Table 2.7: PCR primers designed within predicted HREs for the indicated

genes.
Gene Primer Forward Primer Reverse Amplicon
5 3|5 30 | SIz€
CR30CT4 | GCCTGCAATGAGAAGCCTTA | GCCTGTCTGTGAGGGATGAT | 191bp
CR40OCT4 | TGGCAGACAGCAGAGAGATG | GTCTGCCGGAGGTCTACAA 206bp
SOX2 AGATGTGGCTGGGGCTAAG GACCCAAACCTCTGTCCTCA | 196bp
NANOG AGGTCTCACTGTGCCTCCTC | AAGACCAGCCTGACCAACAT | 201bp
GLUT1 CCTCCCTTCCAAGGGTAACT | CCAGCATAGGCTAGGACCAC | 249bp
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2.7.2 HRE PCR Analysis

PCR detection of the proximal gene target promoter region was performed in 20l
reaction mix containing 1X Go Taq buffer (Promega), 10mM dNTPs, 10uM of each
primer and 1/10 volume of DNA and nuclease free water on an G-Storm thermocycler
instrument. The thermal profile consisted of 1 cycle at 95°C for 5mins followed by 30
cycles at 94°C for 2mins, 58°C for 45sec, 72°C for 45secand 1 cycle at 72°C for 5mins.

Amplified products were separated on a 1.5% agarose gel.

2.7.3 HRE Real time PCR Analysis

Reverse cross-linked DNA was analysed through a quantitative Real Time PCR in 5ul
reaction containing 1/10 ChIP DNA, 2.5ul 2x Tagman Universal PCR Master Mix
(Applied Biosystems), 0.25ul Custom Probes designed using the Primer Express 3.0
design tool (Applied Biosystem) (Table 2.8, 2.9 and 2.10) and the gPCR was performed
using an ABI 7900 HT Fast Real Time System (Applied Biosystems) in a 384 wells
plate. Percentage of input was calculated for each sample compared three independent
ChiP assays on chromatin of hES cells cultured at either 20% oxygen , 5% oxygen or
after 72h post hypoxia.
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Table 2.8: TagMan Custom probes designed to cover the predicted HREs
sites in OCT4, NANOG, SOX2A and SO2G

OCT4 CR3 Sequence (5°— 3’) Amplicon
size

Forward TGAGAAGCCTTACTTAAGTCGACAGA | 96bp

Reverse TCAGCGTGCCCAGTC

Probe TTCGAAGCTGTGGGGAGC

NANOG Sequence (5°— 3’) A_mplicon
size

Forward TGGAAACGTGGTGAACCTAGAA 83bp

Reverse AACCGAGCAACAGAACCTGAA

Probe TATTTGTTGCTGGGTTTGT

SOX2G Sequence (5°— 3’) Amplicon
size

Forward CGGCCACCACAATGGAAA 96bp

Reverse TCCCTCCCACGCAGAGTTC

Probe AGGCTGGTTCTGCT

SOX2 A Sequence (5°— 3°) Amplicon
size

Forward AACGGACGTGCTGCCATT 85bp

Reverse TGTCCCGACGTAAAGATTTCAA

Probe CCCTCCGCATTGAG
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Table 2.9: TagMan Custom probes designed to cover the predicted HREs

sites in eNOS, GLUT1. TagMan probe was also designed to cover a region
between 2 HREs in the FOXP3 gene.

eNOS Sequence (5°— 3’) f}g:eplicon
Forward CGTGTACGTGTGTATGTGAAGATACCT | 77bp
Reverse CTGAGCCTTCTTTG

Probe TCTGTGCAGGAAGCAGGGA

GLUT1 Sequence (5°— 3’) ,SAEaneplicon
Forward CAAATGTGTGGATGTGAGTTGC 51bp
Reverse CCATCACGGTCCTTCTTCATG

Probe AGGCTGAGCGTGTAAA

FOXP3 Sequence (5’ 3) ?irzr;pl icon
Forward CCCCAGAGACCCTCAAATATCC 56bp
Reverse CCCGAGGCAGGCAGAGA

Probe CTCACTCACAGAATGGT
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Table 2.10: TagMan Custom probes designed to cover the predicted oct-

sox cis-regulatory element sites in the NANOG and OCT4 proximal

promoter and in SOX2 distal intron and the control probe to detect the

intermediate region in the NANOG proximal promoter

NANOG oct-sox element Sequence (5’ 3’) Amplicon
size

Forward CGGTTTTCTAGTTCCCCACCTA 56bp

Reverse CCAAGGCCATTGTAATGCAA

Probe TCTGGGTTACTCTGCAGCT

OCT4 oct-sox element Sequence (5’ 3’) Amplicon
size

Forward GCCGTCTTCTTGGCAGACA 64bp

Reverse CCCCAGGACAGAACCATCAC

Probe AGAGAGATGCATGACAAAG

SOX2 oct-sox element Sequence (5’ 3’) Amplicon
size

Forward GGCCAGCCATTGTAATGCATAT 66bp

Reverse GAGCAAGAACTGGCGAATGTG

Probe CGGATTATTCACGTGGTAAT

NANOG intermediate region Sequence (5’ 3’) Amplicon
size

Forward GGGTTTGTCTTCAGGTTCTGTTG 65bp

Reverse GCTGCAGAGTAACCCAGACTAGGT

Probe CGGTTTTCTAGTTCCC
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2.8 Statistical analysis

An Anderson-Darling normality test was performed to determine whether data were
normally distributed. Relative gene expression differences between cells cultured at 5%
and 20% oxygen tension were analysed using a 1-sample t-test. Percentage of Input
(non-immunoprecipitate chromatin) was calculated as 100x2 [t ("Pu0-Ct (P £or each
sample. Differences in chromatin relative enrichment between cells cultured at 5% and
20% oxygen tension were analysed using a Student’s t-test. A value of P<0.05 was
considered significant. Differences between HIF-2a binding to the oct-sox element or
intermediate region were determined using an Anova test followed by a Fisher’s test.

All data are presented as a mean £ SEM
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Chapter 3

Mechanisms by which HIF-2a regulates
hES cell pluripotency under hypoxic

conditions
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3.1 Introduction

3.1.1 hES cells morphology

hES cells are derived from the inner cell mass of the blastocyst and are defined as
pluripotent and self-renewing cells (Thomson et al., 1998) making them a useful tool for
tissue replacement and regenerative medicine. However, hES cells are difficult to
maintain in culture as they tend to spontaneously differentiate in vitro so several criteria
have been established to assess and validate hES cells cultures. In particular, studies on
long-term stability of hES cells, have indicated that the expression of characteristic
markers remain sustained following prolonged periods of cultures on MEFs feeder
layers (Richards et al., 2002) or on Matrigel with conditioned media (Rosler et al.,
2004).

Among surface markers, hES cells lines exhibit the expression of TRA1-60, TRA1-81
and SSEA-4, that allow the characterization of several glycolipids and glycoproteins
originally identified in human preimplantation embryos (Andrews et al., 1984a). In

contrast, SSEA-1 is only expressed upon hES cell differentiation (Pera et al., 1988).

Among the nuclear self-renewal transcription factors hES cells express OCT4 (Rosner
et al., 1990; Yeom et al., 1991), NANOG (Chambers et al., 2003) and SOX2(Yuan et
al., 1995). Recent studies suggest that another criterion for characterizing hES cells is
the analysis of the epigenetic profile in order to demonstrate that hES cells derived and
maintained in several culture conditions may respond differently to environmental
stimuli (Hawkins et al., 2011; Hoffman and Carpenter, 2005). In fact, emerging
evidence showed that the environment in which these cells are derived is particularly
important in order to improve the hES cells cultures (Lengner et al., 2010). These
observations take into account that in vivo, preimplantation embryos develop in the
uterine tract which is characterized by low oxygen tension (Fischer and Bavister, 1993)
a condition known to improve human embryo development (Calzi et al., 2012).
Moreover, culture of hES cells under low oxygen concentrations has been found

beneficial for their maintenance in terms of increased self-renewal and pluripotency
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(Forristal et al., 2013; Forristal et al., 2010; Westfall et al., 2008) and reducing
chromosomal aberrations (Forsyth et al.,, 2006). Indeed, previous published data
demonstrated that hES cells cultured at 5% oxygen maintained a more pluripotent
phenotype compared to cells cultured at 20% oxygen which displayed spontaneous
differentiation (Forristal et al., 2010). Furthermore hES cells cultured under hypoxia
displayed more rounded and defined colonies while those maintained at atmospheric

oxygen tension were enlarged and diffuse (Forristal et al., 2010).
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3.1.2 Hypoxia Inducible Factors

3.1.2.1 Effect of Hypoxia Inducible Factors on pluripotency genes

Many processes involved in oxygen homeostasis are mediated by the hypoxia inducible
factors (HIFs). These are heterodimers formed of a constitutively expressed HIF-13
(also called ARNT aryl hydrocarbon receptor nuclear translocator) subunit and one of
the three different HIF-o subunits (HIF-1a, HIF-20, HIF-3a) (Keith et al., 2001; Wang
and Semenza, 1993, 1995). All three HIF-a subunits bind a canonical recognition
sequence (A/G)CGTG termed a hypoxic response element (HRE), in the proximal
enhancer or promoter of HIF target genes (Semenza and Wang, 1992). It is widely
recognized that HIFs activate the expression of several oxygen responsive genes
including those involved in energy metabolism, vasculogenesis, cellular proliferation
and apoptosis (Carmeliet et al., 1998; Goda et al., 2003; lyer et al., 1998; Tacchini et al.,
1999). Although HIF-1o and HIF-2a display many similarities, they have different
target genes. HIF-1a has been found to be ubiquitously expressed and has a main role in
the hypoxic response (Semenza and Wang, 1992). HIF-2a has been found in specific
cell types like vascular endothelial cells, kidney fibroblasts, hepatocytes and in many
tumors associated with VHL diseases (renal clear cell carcinomas and hemangiomas)
(Hu et al., 2006) and seems to play a role during tumorigenesis (Maxwell et al., 1999).
Some hypoxia inducible genes are specifically targeted by HIF-la such as the
phosphoglycerate kinase (PgK), the pro-apoptotic gene BCL2 and the heme oxygenase-
1 (HO-1) and IL-8 (Loboda et al., 2009; Raval et al., 2005) whereas others are induced
by HIF-2a such as the erythropoietin gene and transforming growth factor a (TGFa)
(Rankin et al., 2007; Raval et al., 2005). Moreover, in mouse ES cells, HIF-2a has been
found as a direct upstream regulator of OCT4, binding to HRE sequences situated in
specific Conserved Regions (CR3 and CR4) in the 5 promoter sequence of this gene. It
has been found that all the CR (1, 2, 3 and 4) are identical in human, bovine and mouse
(Nordhoff et al., 2001), but in RCC (Renal Clear Carcinoma) cells HIF-2a has been
found to recognise only CR3 and CR4 in the human OCT4 promoter (Covello et al.,
2006). Recently, it has been also documented a role for HIF-2a in the long term
adaptation to hypoxia through the control of pluripotency in hES cells (Forristal et al.,
2010). Indeed, this study revealed that HIF-2a regulates the expression of OCT4, SOX2

and NANOG during hypoxic culture (Forristal et al., 2010). However, it remains to be
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determined whether there is a direct interaction between HIF-2o and the promoter
region of genes regulating self-renewal in hES cells.

3.1.2.2 Effect of hypoxia on glucose metabolism

Cellular response to hypoxia is a mechanism that allows cells to adapt to environmental
cues. The response to oxygen deprivation involves the activation of several hypoxia-
inducible genes that leads to cell adaptation (Hu et al., 2003). Metabolic genes and in
particular glucose transporters such as GLUT1 are extensively regulated by HIFs under
environmental oxygen tension (lyer et al., 1998). Glucose transporter expression
increase the amount of glucose uptake by the cellular metabolic system (Flier et al.,
1987). In particular, GLUT-1 seems to be an important regulator of glucose metabolism
in mouse ES cells, placenta, brain and retina (Flier et al., 1987; Froehner et al., 1988;
Kahn and Flier, 1990). Shifting from oxidative phosphorylation to the oxygen
independent glycolysis is one the most conserved mechanism of cellular response to
hypoxia (Hu et al., 2003). Similar mechanisms also occur in ES cells and iPS cells
which display a glycolytic metabolism (Folmes et al., 2011; Varum et al., 2011).
Interestingly, a recent study showed an increase of glucose uptake together with high
levels of GLUT-1 expression in hES cells cultured at 5% oxygen suggesting that
environmental oxygen regulates energy metabolism and self-renewal of hES cells
(Forristal et al., 2013). Importantly, GLUT-1 is a hypoxia inducible gene which is
regulated by HIF-1a in RCC, endothelial cells (Hu et al., 2003) and also in trophoblast-
derived cell lines (Hayashi et al., 2004). Less is still known about the role of HIF-2a in
the regulation of glucose metabolism. However, it is likely that in hES cells the hypoxic
regulation of energy metabolism is different since HIF-1a is degraded after 48 hours of
exposure to hypoxia while HIF-2a is stabilized and translocates to the nucleus (Forristal
et al., 2010). This suggests that the glycolytic metabolism in which hES cells rely might
be regulated by HIF-2a through a direct interaction with glucose transporters genes like
GLUTL1 and suggest a new mechanism by which environmental oxygen regulates
glucose utilization in hES cells.
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3.1.2.3 Role of HIFs on eNOS

Nitric oxide (NO) is a signalling molecule that is responsible for several biological
effects such as cell survival and proliferation in different types of tissues (Li et al.,
2002; Tejedo et al., 2004). NO has different isoforms (iNOS, eNOS and nNOS) each
displaying a specific pattern of expression (Kobzik et al., 1995). Among them eNOS,
the endothelial form of NO, is expressed in endothelial and tumour cells and seems
involved in the pathway of Nestin-and Notch which regulate tumour invasiveness
(Charles et al., 2010). Since the solid tumour microenvironment is hypoxic, HIFs and in
particular HIF-2a, has been found to regulate signalling pathways in cancer SCs (Li et
al., 2009) and has been associated to highly aggressive tumour phenotype. Interestingly,
HIF-2a. modulates eNOS expression under hypoxia in human endothelial cells (Coulet
et al., 2003) which suggests the presence of an autocrine loop that regulates cancer SCs
in hypoxic conditions. However, this mechanism has not been elucidated but could have
several implications on the role of signalling molecules not only in different SCs niches
but also in stem cell self-renewal. Indeed, NO was found to modulate OCT4 expression
in mouse bone marrow SCs (Chu et al., 2008) suggesting a role for NO and its isoforms
in the regulation of stem cell pluripotency. Furthermore, several studies have
documented a role for eNOS in the regulation of hES differentiation and self-renewal
(Mujoo et al., 2006; Tejedo et al., 2010). However, the mechanisms involved in the
regulation of these signalling pathways are still unknown. As hypoxia regulates hES cell
pluripotency (Forristal et al., 2010), the aim of this work will be to investigate whether
HIF-2a regulates eNOS expression.
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3.1.3 Study Aim

The aim of this chapter is to analyse the role of hypoxia in hES cell maintenance.
Specific aims of this chapter were:
e To characterize hES cell pluripotency under normoxia (20% oxygen) or hypoxia
(5% oxygen) using immunocytochemistry and RT-gPCR analysis.
e To determine whether endogenous HIF-2a interacts directly with predicted HRE
sites in the proximal promoter of OCT4, SOX2, NANOG, GLUT1 and eNOS in
hES cells cultured under low oxygen tension.
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3.2 Materials and Methods

RT-gPCR was used to analyse the effect of environmental oxygen tension on the
expression of nuclear transcription factors OCT4, NANOG and SOX2 using Tagman
probes (See Methods section 2.4).

3.2.1 Validation of Tagman probes used for RT-qPCR

The efficiency of Tagman probes is guarantee to be >90% but to verify this, the

amplification efficiency of OCT4 and UBC was calculated.

To determine whether the ddCt method could be used to quantify gene expression, the
efficiency of each probe was determined. PCR amplification efficiency is the amount of
amplicon produced in every reaction and for every molecule of the target gene, and is
expressed as a percentage value. When the amplicon doubles in quantity during
amplification then the PCR assay has 100% efficiency and the slope of the standard
curve will be -3.32. Standard curves with a slope between -3.1 and -3.6 are considered
acceptable. The amplification efficiency is calculated from the slope of each graph
using the equation:

% Efficiency = (100¥51°P9.1) x 100
This method assumes that the efficiency between two genes tested is close to 100%, and
vary between 90-110%. The Pearson value (R?) showed on the standard curve
represented the precision of all the replicates and generally, when the data are perfectly
aligned, the R? is between 0 and 1.
A 4-log dilution range was obtained using 10-fold serial dilution of cDNA. Each
dilution was amplified in triplicate with OCT4 and UBC Tagman probes and a plot of
Ct against log cDNA concentration was used to determine efficiency. The 4-log
measurements showed a Pearson coefficient (R?) value of 0.99 or 99% and a slope of -
0.3 for both UBC and OCT4 (Figure 3.7). This result confirmed the purity of the
Tagman probes and the replicate experiments indicated that the amplification efficiency
increased when using a broader range of dilutions for the cDNA template.
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Figure 3.1: OCT4 probe displays 99% efficiency

Efficiency of UBC (A) and OCT4 (B) primers is calculated from the gradient generated
from 4-log diluitions. Difference in Ct value between OCT4 and UBC are represented in
C.
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3.2.2 Culture of Ntera-2 cells

Ntera-2 (NT2) cells, a pluripotent human testicular embryonic carcinoma cell line, were
cultured in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 1%
Penicillin/Streptomycin (Invitrogen) in 75cm? tissue culture flasks (Greiner Bio One,
Glos, UK) at 37°C with 5% CO; in a humidified atmosphere. Cells at 90% confluency
were washed in PBS and trypsinized with 1ml 0.05% trypsin-EDTA (Invitrogen) and
incubated for 5min in incubator to detach cells from the flask. Cells were suspended in

5ml of DMEM to neutralise trypsin and diluted 1:4 with fresh growth medium.
3.2.3 Western Blot Analysis

3.2.3.1 Protein extraction and quantification

Proteins were isolated from Hues-7 hES cells cultured either at 20% or 5% oxygen from
3 wells of a 6 well plate. 80ul of RIPA buffer (37.5 mM Tris buffer, 0.25% sodium
deoxycholate, 1% NP40, 0.75 mM sodium orthovanadate, 1mM sodium fluoride, 1mM
phenylmethylsulfonyl fluoride and protease inhibitor (Roche) was used to lyse cells.
Samples were incubated for 20mins on ice prior to being sonicated for 30 sec and
centrifuged for 10mins at 4°C. A Bradford assay was performed to determine the total
protein concentration. A series of 5 dilution of BSA (bovine serum albumin) between 2
and 20ug were made in 1ml of H,O. A volume of 180 pl of each serial dilution was
mixed with 20ul of Bradford reagent (Biorad) and used to generate a standard curve of
595 nm absorbance. The concentration of protein in each collected sample, after dilution

1/1000 was calculated from measurements of the absorbance at 595 nm (Figure 3.2).
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Figure 3.2: Representative BSA standard curve for protein quantification

3.2.3.2 Western Blot

Cell extracts (75ug) were mixed with 1M DTT (Sigma), 4x sample buffer (Invitrogen)
and RIPA buffer to make a total volume of 45ul. Protein samples were denatured by
boiling for 5mins prior loading on a 12% SDS polyacrylamide running gel (2.5ml 1.5M
Tris pH 8.8, 100ul 10% SDS, 3ml acrylamide, 5ml H,O, 100ul 10% ammonium
persulphate, 5ul TEMED) with a 4% stacking gel (695ul 0.9M Tris pH 6.8, 50ul 10%
SDS, 625ul acrylamide, 3.63ml H,O, 50ul 10% ammomium persuphate, 5ul TEMED).
Gel electrophoresis was performed at 55mA for approximately 70mins in 1X Running
Buffer diluted from a 5X stock solution (15.1g 25mM Tris pH 8.3, 94g 250mM glycine,
900ml H,0, 50ml 10% SDS for a total volume of 1L). Proteins were transferred to a
nitrocellulose membrane (Amersham Hybond-ECL) using the Mini Trans-Blot
Electrophoresis Transfer cell (Biorad) which was run at a constant 250mA for 2h in 1X
Transfer buffer (2.93g glycine, 32ml 1.5M Tris pH 8.3, 200ml methanol to a total
volume of 1L). Membrane was blocked for 1.5h with 1X Western Wash buffer diluted
from a 10X stock solution (24.2 g Tris 80g NaCl, Tween-20 to 1% pH 7.6 ) containing
5% non-fat dry milk (NFDM) before being incubated with a rabbit anti-HIF-2a
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antibody (Nowvus) diluted 1:5000 in 1X Western Wash buffer over night at 4 °C. The
membrane was then washed with 1X Western Wash buffer for 35 mins at room
temperature (1 X 15 mins, 2 X 10 mins washes) before being incubated with an HRP
conjugated anti-Rabbit 1gG antibody (Amersham) diluted 1:50000 in 5% NFDM for 1h
at room temperature. After washing for 35 mins at room temperature, the membrane
was drained and treated with ECL kit (Lumigen). Solution A and B provide by the ECL
kit (Lumigen) were mixed in equal volumes, spread on the membrane and left for 1min
in the dark. Protein signal was detected by film impression in dark room. The membrane
was either exposed to autoradiography film and Chemidoc XRS system (Bio-Rad) for
protein visualization. An autoradiography film was exposed to the membrane for a time
variable depending on the signal intensity. After exposition, the film was incubated for
2-5 minutes in the developer solution (Kodak), rinsed in water, incubated s for 5
minutes in fixing solution (Kodak) and rinsed in water before being air-dried. Images of
dried films were acquired by scanning. After detection of the primary antibody, the
membrane was washed in 1X Western Wash buffer and incubated with a B-actin-HRP
tagged antibody diluted 1:50000 in 5% milk for 1h. After the incubation, the membrane
was washed in 1X Western Wash buffer as described previously and then exposed to
ECL and autoradiography as described above.

3.2.4 DNA extraction from hES cells

hES cells cultured at 5 and 20% oxygen tension on a 6 well plate of Matrigel were
collected on day 3 post passage in 600ul RLT Lysis Buffer (Qiagen). The lysate was
passed 5 times through a 20-gauge needle (0.9 mm diameter) fitted to a syringe,
transferred to an AllPrep DNA (Qiagen) spin column and centrifuged for 30s at 13000
rpm. 500ul Buffer AW1(Qiagen) was added to the column and centrifuged for 15s at
10.000 rpm to wash the spin column membrane, after this step, 500ul of Buffer AW2
(Qiagen) was added to the column and centrifuged for 2mins at full speed. DNA
samples were eluted with 50ul of Buffer EB (Qiagen), incubated at room temperature

and centrifuged at 13000 rpm
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3.2.5 NANOG promoter amplification

A 630 bp region of from -512 to + 207 from the transcription start site of NANOG
promoter was amplified with specific primers that contain Xhol and HINDIII restriction
sites (NanogXho fw: CTCGAGCGGCTGGTTTCAAACTCCTGA; NanogHINDIII rev:
TTCGAACCGGATGCTTCAAAGC) (Figure 3.3). A tail with extra bases has been
added to the 5’ of each primer to stabilize the sequence (highlighted in red). A PCR
reaction was performed in 20ul reaction mix containing 1X Go Taq buffer (Promega),
10mM dNTPs, 10uM of each primer, 100ng of DNA isolated from hES cells cultured at
5% oxygen tension (Method Section 3.2.4) and nuclease free water on an G-Storm
thermocycler. The thermal profile consisted of 1 cycle at 95°C for 5mins followed by 40
cycles at 94°C for 2mins, 58°C for 45sec, 72°C for 45sec and 1 cycle at 72°C for 5mins.

Amplified products were separated on a 1% agarose gel.
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Agacacccaccaccatgcgtggctaatttttgtatttttagtagagaggg =512
ggtttcgccatgttggccaggctggtttcaaactcctgacttcaggtgat
ccgcctgccacggcectcecccaatttactgggattacaggggtgggccaccg
cgcccggcectttttecttaatttttaaaaatattaaagttttatcccatte
ctgttgaaccatattcctgatttaaaagttggaa-gtgaacctaga -301 HRE
agtatttgttgctgggtttgtcttcaggttctgttgctcggttttctagt
tccccacctagtctgggttactctgcagectacttttgcattacaatggcec
ttggtgagactggtagacgggattaactgagaattcacaagggtgggtca
gtagggggtgtgcccgccaggaggggtgggtctaaggtgatagageccttce
ATTATAAATCTAGAGACTCCAGGATTTTAACGTTCTGCTGGACTGAGCTG
GTTGCCTCATGTTATTATGCAGGCAACTCACTTTATCCCAATTTCTTGAT +1
ACTTTTCCTTCTGGAGGTCCTATTTCTCTAACATCTTCCAGAAAAGTCTT
AAAGCTGCCTTAACCTTTTTTCCAGTCCACCTCTTAAATTTTTTCCTCCT
CTTCCTCTATACTAACATGAGTGTGGATCCAGCTTGTCCCCAAAGCTTGC AAGCTT HINDIIT
CTTGCTTTGAAGCATCCGACTGTAAAGAATCTTCACCTATGCCTGTGATT +207
TGTGGGCCTGAAGAAAACTATCCATCCTTGCAAATGTCTTCTGCTGAGAT
GCCTCACACGGAGACTGgtaagaaagaaatttatccttgaaaggccaagt
tccttaagggaaaagagagaaggagagagggttaagggatcatttccecctce
ttgagcaatgatggaccattactataaagaagtgttattatcaactaatc
ctctggaaacccctttttccattataacttggtggcacctgccecctttgaa
ctatgtcccaggtctcaggagtgtgcattgagttgaaggacacagaattc

Figure 3.3: NANOG promoter sequence showing the location of the -437bp to
+207bp amplicon

Diagram showing the location of the NANOG PCR amplicon and respective primers at
-437 bp to +207 bp from the transcription site (+1) highlighted in red. Forward primer is
shown in pink and reverse primer in blue. The HRE site at -301 bp is highlighted in
pink while the HINDIII restriction site is highlighted in yellow.
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3.2.6 TOPO vector cloning

The PCR product was cloned directly into the TOPO cloning vector kit (Invitrogen)
(Figure 3.4) in 6pl reaction containing 4ul of 10X PCR Buffer (100mM Tris-HCI, pH
8.3, 500mM KCI, 25mM MgCl,, 0.01% gelatin), 1ul of Salt Solution (1.2M NacCl,
0.06M MgCly) and 1ul (10ng/ul) of TOPO vector. After 5mins incubation at room
temperature, 6ul of ligation were incubated with the One Shot TOP10 competent
bacteria strain (Invitrogen) on ice for 30mins. The reaction was heat shocked at 42°C
for 30sec, incubated on ice for 2mins before 250ul of SOC medium (2% Tryptone, 0.5
% Yeast Extract, 10mM NaCl, 2.5mM KCI, 10mM MgCl,, 10mM MgSO4, 20mM
glucose) was added. The mixture was incubated at 37°C for 1h in a shacking incubator
and then spread on a LB (Luria Bertani 10g/l Tryptone; 5g/l Yeast Extract; 5g/1 NaCl;
15¢/l Agar) with 100ug/ml Ampicillin plate and incubated over-night at 37°C. Selected
colonies were inoculated in 3ml of LB media and incubated over-night at 37°C before
plasmid DNA was purified using a QlAprep Miniprep Kit (Qiagen Crawley, UK) (See
Appendix 2).
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IncZ ATG
M13 Reverse Hipd Kl Sacl BswHI  Spol
CAG GAR ACA GCT RIG ACE ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC CTT TGT CGh TAC TAC TAA TGC GGI TCG AARC CAT GGC TICG AGC CIA GGT GAT
Bst1 EcoRl 1

]
GIA ACG GCC GCC AGT GTG' CTG GAA TTC GCC cn{i GGC GAA TTC TGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CGG GALY TTC CCG CTT AAG ACG

EOTH\" BliO(I Mln‘l Xlinl NM‘IIJICDEI MIHI
AGAR TAT CCh TCA CAC TGG CGG COG CTC GAG CAT GCh TCT AGA GGG CCC AAT TOG |CCC TAT
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT COC GGG TTA AGC |GGG ATA

¥
T7 Promoter W13 Forward (-20) Primer

AGT GAG TCG TAT Ti AAT TCA ([CTG GCC GTC GTT TThA CGT CGT GAC TGG GAA RAC
TCA CTC AGC ATR A TTA AGT [GAC OG5 CAG CAR AAT T &Ch GCA CTG ALDC CTT TTG

Comments for pCR®2.1-TOPO®
3931 nucleotides

LacZa fragment: basaes 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-408
1 origin; bases 548-985

Kanamycin resistance ORF: bases 1318-2113
Ampigillin resistance ORF: bases 2131-2981
pUC origin: bases 3136-3809

Figure 3.4: Schematic representation of the TOPO vector (Invitrogen)
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3.2.7 Restriction analysis

To evaluate if selected colonies were successfully cloned into the TOPO vector, a
restriction analysis using Xhol and HINDIII enzymes was performed in a 20ul reaction
containing 1X NEB reaction buffer 2 (New England Biolabs), 10X BSA, 20u/ul of each
enzyme and 5ul of DNA. The reaction was incubated at 37°C for 3h and then loaded on
a Nancy (Sigma) stained 1% agarose gel. A specific band of the expected 630 bp
product was cut from the gel and purified using the QIAquick Gel Extraction Kit
(Qiagen, Crawley, UK) (See Appendix 3), eluted in 30ul of sterile water and
concentrated in the SpeedVacuum until desired volume of 6 ul was obtained. The
correct identity of the product was determined by sequence analysis using primers
M13FW (TGTAAAACGACGGCCAGT) and M13Rev (CAGGAAACAGCTATGAC).
PCR product was sequenced by Geneservice - Source BioScience plc. using 1 ng/ul for
every 100 bp of PCR product and 3.2 pmol/pl of sequencing primers.

3.2.8 Cloning in the pGL3 basic control vector

The pGL3 control vector (Promega) contains a gene for firefly luciferase that catalyzes
a bioluminescent reaction in which the luciferin is converted in oxyluciferine, producing
light (Figure 3.5). The pGL3 control vector also presents a functional promoter which is
lost after the digestion with Xhol/HINDIII used to generate compatible ends in order to
clone the specific NANOG insert. The vector displays the presence of the Amp gene to
allow the identification of transformant colonies. 5ug of the pGL3 control vector was
digested with 25U each of either Xhol and HINDIII in 50pul final volume at 37°C for
3h. To ensure the vector was digested, it was ran on an agarose gel and the expected
product extracted using the QIAquick Gel Extraction kit (Qiagen, Crawley, UK) (See
Appendix 3). DNA was quantified using the NanoDrop and concentrated in the
SpeedVacuum until the volume of 6ul. Half of the digested wvector was
dephosphorylated to avoid self-ligation of the PGL3 vector. The dephosphorylation
reaction was performed in a total volume of 25ul by mixing the digested DNA with 5U
of Antarctic phosphatase (NEB) in the restriction enzyme buffer and incubating at 37°C
for 1h. After this time the reaction was heat-inactivated by incubating at 65°C for 5min.

Digested pGL3 control vector was ligated with the digested NANOG insert in 10yl
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reaction containing 6ul of NANOG digested promoter fragment, 2ul digested pGL3
control vector, 1ul Ligase Buffer (New England Biolabs) and 1pul ligase (New England
Biolabs). The ligation was transformed in One Shot TOP10 competent bacteria strain
(Invitrogen) on LB agar plates supplemented with Ampicillin. Individual colonies were
picked and grown in 3ml LB with 100ug/ul Ampicillin at 37°C over-night. Small scale
plasmid DNA preparation was performed using the QIAprep Miniprep Kit (Qiagen
Crawley, UK) (See Appendix 2). To confirm the presence of the NANOG promoter
insert in the pGL3 control vector, 1ug of all DNA preparations was digested with 20U/1
of HINDIII for 1h and then Xhol was added to each sample and digested at 37°C for 2h.
Plasmids were purified using Genopure Plasmid Maxi kit (Roche) following

manufacturer’s instructions (See Appendix 5).
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Figure 3.5: Schematic representation of the pGL3 control vector (Promega)
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3.2.9 Production of pGL3-NANOG HRE mutant

pGL3-NANOG HRE mutant construct was generated using the same procedure of the
pGL3-NANOG construct with the exception that the pGL3-NANOG construct was used
as PCR template for the mutagenesis. Mutagenic primers were designed to change the
HRE sequence (acgtg) into an Xhol restriction site (acTCgAG) (Table 3.1). Primers
were designed using a bionformatic web site: http://bioinformatics.org/primerx and

following the protocol of the QuickChange Manual (Stratagene, Texas, USA). 4ng of
the pGL3-NANOG construct was amplified using 0.2ul of Pfu DNA polymerase with
2.5 pmoles/ul of forward and reverse primers, 10mM of dNTPs, 0.6ul of DMSO and
10x PfuUltra Buffer (Stratagene Texas, USA) in a total volume of 20ul. PCR was
performed on a G-Storm thermocycler using the following cycling conditions: 1 cycle at
98°C for 30sec followed by 18 cycles at 98°C for 10sec, 55°C for 30sec, 72°C for 30sec
and 1 cycle at 72°C for 5mins. Resulting PCR products were digested with Dpnl
enzyme at 37°C for 1h. Dpnl only cleaves at methylated sites found on the parental
strand of the plasmid but not in the PCR product (Figure 3.6). 2ul of digested PCR
product was used to transform TOP10 supercompetent cells (Invitrogen). Colonies were
picked from the plates and grown in 3ml LB supplemented with 100ug/ul Ampicillin at
37°C over-night. Small scale plasmid DNA preparation was performed using the
QlAprep Miniprep Kit (Qiagen Crawley, UK) (See Appendix 2). To confirm mutation
of the HRE site, 1ug of all DNA preparations was digested with 20U of Xhol at 37°C
for 2h. As the pGL3-NANOG does not contain an Xhol site, this should not cut with the
restriction enzyme, while the Xhol positive mutants should. Plasmids were purified
using Genopure Plasmid Maxi kit (Roche) (See Appendix 5) following the

manufacturer’s instructions.
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Table 3.1 Mutagenesis primers

pGL3-NANOG Mut Fw

CTGATTTAAAAGTTGGAAACTCGAGGAACCTAGAAGTATTTGTTG

pGL3-NANOG Mut Rev

CAACAAATACTTCTAGGTTCCTCGAGTTTCCAACTTTTAAATCAG

Initial Plasmid Product
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Parental \\://
Anneal

Dpnl Digest
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Autagenic rimers % \ / P,
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Extension =~

Anneal

Figure 3.6: Site Directed mutagenesis

Schematic representation of the site-directed mutagenesis procedure. Mutagenic primers
(green and violet arrows) will anneal to the plasmid template in a regular PCR reaction.
Resulting PCR products are digested with Dpnl enzyme that cleaves at methylated sites
found on the parental strand of the plasmid but not in the PCR product. The resulting
product will contain the mutated sequence introduced with the specific mutagenic

primers.
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3.2.10 Transfection of NT2 cells

NT2 cells were plated the day before transfection onto 24 well culture plates at a density
of 8x10* cells/well in 500pl of DMEM growth medium and incubated at 37°C at 20%
oxygen tension. To evaluate the effect of HIF-2a on the NANOG HRE, cells were co-
transfected with 100ng of pcDNA-HIF-2a expression plasmid (kindly provided by Prof.
David Russell from the Southwestern Medical Centre (Texas, USA) and 100ng of each
promoter-pGL3 construct. The pGL3-null and pcDNA3 null empty vectors (100ng)
were used as negative controls whereas the pRL-SV40 Renilla luciferase vector (1ng)
(Promega) was used to normalize the luciferase assay. The transfection reaction was
performed with DMEM containing no serum, proteins or antibiotics to a total volume of
75ul. Samples were mixed briefly and then incubated with 7.5ul of SuperFect
transfection reagent (Quiagen) for 10mins at room temperature. After incubation
transfection complexes were added drop wise to the cells. Cells were incubated for 3
hours either at 20% or 5% oxygen then washed in PBS and supplemented with DMEM

containing serum and antibiotics and incubated for 24 hours.

3.2.11 Luciferase assay

Luciferase assay was performed using the Dual-Luciferase Reporter Assay System
(Promega, Southampton, UK). This is an in vitro tool system that allows study of gene
expression by a quantitative measure of the reporter activity through an enzymatic
reaction. Renilla and Firefly luciferase are two different reporter genes used as reporter
and normalizer respectively in the assay. These genes encode for enzymes that convert
luciferase in a luminescent substrate, luciferine, with emission of light. Luciferase
assays were performed on NT2 cells transfected with promoter-pGL3 constructs as
described above. Transfected cells were washed in PBS and incubated with 100ul of
Passive Lysis Buffer (Promega Southampton, UK) and mixed for 20mins at room
temperature. Cells were centrifuged at 13.000 rpm for 5mins to pellet cell debris and the
supernatant was used for the assay. To measure samples luminescence, 20ul of samples
were added to 40ul of Luciferase Assay Reagent (LAR) in a tube placed in the
luminometer (TD-20/20 Turner Design) that was set to 100% sensitivity with a 2 sec
delay before reading and 10 sec reading of luciferase activity.
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3.3 Results

3.3.1 hES cells morphology

To characterise and investigate the effect of environmental oxygen on hES cell
morphology, hES cells were maintained at both 5% and 20% oxygen tension on MEFs
and under feeder free conditions on Matrigel. At both oxygen tensions a typical hES cell
colony morphology was observed on MEFs and Matrigel (Figure 3.7). On MEFs, hES
cell colonies presented well defined round edges and high level of compaction at both
oxygen tensions (Figure 3.7). Under feeder free conditions, colonies cultured at 5%
oxygen appeared compact with distinct boarder, whereas at 20% oxygen, a more diffuse
morphology was observed (Figure 3.7).

Figure 3.7: hES cell colony morphology on MEFs and on Matrigel

Representative phase contrast images of Hues 7 hES cell colonies cultured on MEFs (A
and B) and Matrigel (C and D) at 20% oxygen (A and C) or 5% oxygen (B and D) on
day 3 post passage. Scale bar = 100um.
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To investigate the effect of oxygen tension on pluripotency marker expression
iImmunocytochemistry was performed on hES cells cultured at 20% or 5% oxygen
tension. Cells maintained at 20% oxygen tension expressed OCT4, SOX2, NANOG as
well as the surface marker TRA-1-60. Interesting, some hES cells colonies maintained
at 20% oxygen were also found to be positive for the early differentiation surface
marker SSEA-1 at the edge but also in the centre of the colony (Figure 3.8).
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Figure 3.8: Characterization of hES cells cultured at 20% oxygen tension.

Representative immunocytochemistry labelling of OCT4 (A-B), merged with DAPI (B),
SOX2 (D-E), merged with DAPI (E), NANOG (G-H), merged with DAPI (H), TRA-1-
60 (J-K), merged with DAPI (K), SSEA-1 (M-N), merged with DAPI (N), secondary
antibody only negative controls (P and Q), Phase contrast images of colonies (C-F-I-L-

O) of hES cells cultured on MEFs at 20% oxygen tension. Scale bar 100um.

Using higher power magnification the nuclear localization of OCT4, SOX2 and
NANOG was clearly observed as well as the surface markers TRA-1-60 and SSEA-1 in
hES cells cultured at 20% oxygen (Figure 3.9). Interestingly the early differentiation

marker SSEA-1 was observed predominantly towards the edge of the colonies.
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Figure 3.9: Expression of pluripotency markers OCT4, SOX2 and NANOG and
the differentiation marker SSEA-1 by immunocytochemistry in hES cells cultured
at 20% oxygen

Representative immunocytochemistry images of OCT4 (A-B), merged with DAPI (B),
SOX2 (C-D), merged with DAPI (D), NANOG (E-F), merged with DAPI (F), TRA-1-
60 (G-H), merged with DAPI (H), SSEA-1 (l,-J), merged with DAPI (J), secondary
antibody only negative controls (K and L) of hES cells cultured on MEFs at 20%
oxygen. Scale bar 25um.

hES cells cultured under hypoxic conditions were also positive for OCT4, SOX2,
NANOG and for the surface marker TRA-1-60. It is was noticed that SSEA-1 staining
appeared less in hES cells maintained at 5% oxygen compared to those cultured at 20%

oxygen (Figure 3.10).
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Figure 3.10: Characterization of hES cells cultured at 5% oxygen tension
Representative immunocytochemistry labelling OCT4 (A-C), merged with DAPI (B),
SOX2 (D-F), merged with DAPI (E), NANOG (G-1), merged with DAPI (H), TRA-1-
60 (J-L), merged with DAPI (K), SSEA-1 (M-O), merged with DAPI (N), secondary
antibody only negative controls (P and Q) and Phase contrast images of colonies (C-O)
of hES cells cultured on MEFs at 5% oxygen tension after 3 days post passage. Scale
bar 100pm.

Higher magnification of 5% colonies allow to better appreciate the positivity for the
pluripotency markers OCT4, SOX2, NANOG and TRA 1-60 and the low level of the
differentiation marker SEEA-1 as displayed in Figure 3.11.
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Figure 3.11: Expression of pluripotency markers OCT4, SOX2 and NANOG and
the differentiation marker SSEA-1 by immunocytochemistry in hES cells cultured
at 5% oxygen

Immunocytochemistry of OCT4 (A-B), merged with DAPI (B), SOX2 (C-D), merged
with DAPI (D), NANOG (E-F), merged with DAPI (F), TRA-1-60 (G-H), merged with
DAPI (H), SSEA-1 (I-J), merged with DAPI (J), secondary antibody only negative
controls (K and L) of hES cells cultured on MEFs at 5% oxygen tension after 3 days

post passage. Scale bar 25um.
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3.3.2 cDNA validation prior to RT-qPCR

Prior to performing gPCR, cDNA generated from hES cells cultured at 5% or 20%
oxygen was tested to ensure it was free from genomic contamination. This was
performed by determining the expression of OAZ1 gene using intron spanning primers
(See Methods 2.3). A cDNA product was expected to generate a fragment of 122bp
while a 373bp amplicon would be produced from genomic DNA.To quantify the mRNA
expression in hES cells, RT-gPCR was performed (Figure 3.12).

5% oxygen 20% oxygen

1 2 3 4 A B C D

500 bp

300 bp

122 bp

Figure 3.12: cDNA from hES cells cultured at 5% and 20% oxygen tension are free
from genomic contamination

An ethidium bromide stained 1% agarose gel showing amplified PCR products for
OAZ1. Lane 1-4 cDNA from Hues 7 hES cells cultured at 5% oxygen tension; lane A-D
cDNA from Hues 7 hES cells cultured at 20% oxygen tension. Expected cDNA product
size = 122 bp; expected genomic DNA product = 373 bp.
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3.3.3 Effect of oxygen tension on hES cells pluripotency

To investigate the expression of OCT4, SOX2 and NANOG in hES cells cultured under
hypoxia or normoxia, RT-gPCR analysis was performed.

There was a significant reduction in the mRNA expression of all 3 pluripotency markers
in hES cells cultured at 20% oxygen compared to those maintained at 5% oxygen. hES
cells cultured at 20% oxygen displayed an approximate 50% reduction in OCT4
(P<0.05), NANOG (P<0.05) and SOX2 (P<0.05) expression compared to cells cultured
at 5% oxygen (Figure 3.13).
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Figure 3.13: Pluripotency markers are reduced in hES cells mantained at 20%
oxygen compared to those cultured at 5% oxygen

RT-gPCR analysis of OCT4, SOX2 and NANOG in hES cells cultured at 5% or 20%
oxygen. All data have been normalized to UBC and to 1 for 5% oxygen. Values are
mean of 4 independent experiments + SEM (*P<0.05). The greatest error for cells

cultured at 5% oxygen was obtained for NANOG which was 1+0.4.

These results show, in agreement with previous published data, showing that hES cells
maintained at 5% oxygen display a more pluripotent phenotype than those cultured

under atmospheric oxygen tension.
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3.3.4 Effect of oxygen tension on the expression of HIF-2a

3.3.4.1 HIF-2a mRNA expression in hypoxia and normoxia

To analyze the effect of hypoxia on the mRNA expression levels of HIF-2a, RT-gPCR
was performed. HIF-2a was expressed both in hES cells cultured at 20% oxygen and at
5% oxygen (Figure 3.14). No significant difference in the mMRNA expression level was
found when hES cells cultured at 5% oxygen were compared to those maintained at
20% oxygen (Figure 3.14).
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Figure 3.14: HIF-2¢ mRNA quantification in hES cells cultured at 5% or 20%
oxygen tension

Representative RT-qPCR of HIF-2a mRNA expression in hES cells cultured at 5% and
20% oxygen. Data have been normalized to UBC and to 1 for 5% oxygen. An average
of 3 independent experiments is shown. The error for HIF-2a at 5% oxygen was
1+0.01.
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3.3.4.3 HIF-2a protein expression

Western Blot analysis was performed to ensure the HIF-2a antibody recognised a
protein of the correct size and thus was suitable to use in further experiments. It was
noticed that HIF-2a protein was less expressed in hES cells cultured at 20% compared
to hES cells cultured at 5% oxygen (Figure 3.15). These data are in agreement with
previous published data showing that HIF-2a protein is significantly up-regulated under
5% oxygen (Forristal et al., 2010).

C 20% 5%

HIF-2a 118 kDa

B-Actin

42 kDa

Figure 3.15: Expression of HIF-2a protein using Western Blot analysis in hES cells
cultured at 20% and 5% oxygen

Representative Western Blot of HIF-2a and p-Actin expression: C: NT2 protein lysate
used as positive control; 20%: hES cells cultured at 20% oxygen; 5%: hES cells

cultured at 5% oxygen. Data represent n=1 experiment normalized to B-Actin.
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3.3.5 Chromatin Immuno-Precipitation Assay (ChIP) to examine genes

regulated by HIF-2a

To determine whether HIF-2a directly interacts in vivo with HREs (Hypoxia
Responsive Elements) in the promoter region of OCT4, NANOG, SOX2, GLUT1 and
eNOS genes, ChlP assays were performed on hES cells cultured either at 5% or 20%
oxygen tension on Matrigel coated plates. Chromatin isolated from hES cells was
sonicated to obtain fragments of approximatively of 0.5-1kb in length (Figure 3.16) and
immunoprecipitated with anti-HIF-2a antibody. A rabbit Immunoglobulin G antibody
was used as a negative control. It was noticed that in general, chromatin was less
concentrated and easier to sonicate when derived from hESCs cultured at 20% oxygen

compared to 5% oxygen.

A 1 2 B

1kb

1 kb 0.5kb

0.5kb

Figure 3.16: Comparison between sonicated chromatin from hES cells cultured at

5% or 20% oxygen tension

Representative sonicated chromatin isolated from hES cells cultured at 5% oxygen (A)

and 20% oxygen (B). Lane 1: Hyperladder; lane 2: fragmented chromatin.

Initial attention was focused on OCT4 due to the extensive sequence analysis of both
the mouse and human OCT4 promoter and enhancer region (Nordhoff et al., 2001)
which revealed several putative HRE sites. To verify that HIF-2a. was capable of
binding to the OCT4 proximal promoter, chromatin from Hues 7 hES cells cultured at

5% oxygen for at least 3 passages was immunoprecipitated with anti-HIF-2a antibody.
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Using primers specific for either the Conserved Regions 3 a strong enrichment was
observed (Figure 3.17) (See Methods section 2.7).

Ladder 1IPIgG IPHIF-2a Input  Blank

Figure 3.17: HIF-2a binds in vivo to the CR3 OCT4 proximal promoter region in
hES cells cultured at 5% oxygen

Representative ethidium bromide-stained 1.5% agarose gel-electrophoresis of CR3
OCT4 promoter amplicons, respectively from hES cells immunoprecipitated with anti
HIF-2a (IP HIF2a) or 1gG (IP 1gG) antibodies. The arrow indicate the specific
enrichment in hESCs maintained at 5% oxygen sample immunoprecipitated with the
anti HIF-2a antibody (band of 200 bp was observed). Input sample is the non-
precipitated chromatin and represent the positive control, the blank sample is the
negative water control for the PCR reaction.
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To verify binding within the HRE sites of NANOG and SOX2 proximal promoters PCR
analysis was performed. Moreover, specific primers were designed to amplify the HRE
sites in the proximal promoter of GLUT1 known to be a hypoxia-inducible gene
(Wenger, 2002). However, due to the poor sensitivity of the method, no interaction was
found. As the experiment was performed to test the in vivo binding of the endogenous
HIF-2a on the HRE sites of its target genes, it is likely that a regular PCR was not

sensitive enough to highlight the chromatin interaction.
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3.3.6 ChIP analysis using qPCR

To better identify and quantify the interactions between HIF-2o and its target genes, a

more sensitive technique employing gPCR and Tagman probes was performed.

All probes were specifically designed to cover the HRE of interest for each gene of

interest using the Applied Biosystem Software Design.

Interestingly, qPCR showed a significant level of enrichment in HIF-2a
immunoprecipitated chromatin from hES cells cultured at 5% oxygen for the selected
HRE in the OCT4, SOX2, NANOG, GLUT1 and eNOS proximal promoter, compared
to the 1gG negative control immunoprecipitated chromatin. No significant binding was
found when the chromatin of 20% oxygen cells was immunoprecipitated with the HIF-
20, antibody and the enrichment obtained was similar to that observed in the IgG
negative control. Comparison between immunoprecipitated samples for HIF-2a in 5%
oxygen cells for all of the genes of interest, showed a significant enrichment (P<0.05)
compared with both the 5% 1gG control and with 20% chromatin immunoprecipitated
with HIF-2a antibody, meaning that HIF-2a. is binding only in hypoxic conditions.

Specific binding of HIF-2a was observed at the HRE at -1956 bp corresponding to CR3
in the proximal OCT4 promoter. ChIP analysis revealed a 4-fold increase of enrichment
in hES cells cultured under hypoxic conditions compared to the 1gG control (P<0.01).
There was no significant difference in the level of OCT4 enrichment between cells
maintained at 20% oxygen when compared to the IgG control antibody (Figure 3.18).
However, HIF-2a was found to significantly bind to the HRE in OCT4 promoter in cells
cultured under hypoxia relatively to normoxia and the IgG negative control (Figure
3.18). This reveals that HIF-20 is binding to the proximal OCT4 promoter only in

hypoxic conditions.
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Figure 3.18: HIF-2a binds OCT4 proximal promoter in hypoxia

(A) Schematic representation of the OCT4 proximal promoter and the putative HRE
located at -1956 from the start site. ChIP assays were performed with anti-HIF-2a (HIF)
or 1gG control antibodies on chromatin isolated from hESCs cultured either at 20% or
5% oxygen tension. Comparison of OCT4 enrichment at 5% oxygen compared to 20%
oxygen (B). DNA enrichment is expressed as a percentage of input (non-
immunoprecipitated chromatin). An average of 3 independent experiments is

represented (**P<0.01; NS: no significant difference).
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Amplification of a putative HRE at -301 bp in the NANOG proximal promoter revealed
a significant 4-fold enrichment in cells cultured at low oxygen tension. A similar
experiment was performed on hES cells cultured at 20% oxygen tension and no
significant enrichment was seen when compared to IgG negative control. A significant
enrichment of HIF-2a binding was found in hES cells cultured at 5% oxygen when
compared to hES cells cultured at 20% oxygen. No significant binding was found in
hES cells cultured at 20% oxygen (Figure 3.19). This is the first demonstration of a
direct interaction of HIF-2a with the NANOG promoter under hypoxic conditions
(Figure 3.19).
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Figure 3.19: HIF-2a binds NANOG proximal promoter in hypoxia

(A) Schematic representation of the NANOG proximal promoter and the putative HRE
site located at -301 bp from the start site. ChlP assays were performed with either an
anti-HIF-2a (HIF) or IgG control antibodies on chromatin isolated from hESCs cultured
either at 20% or 5% oxygen tension. Comparison of NANOG enrichment at 5% oxygen
compared to 20% oxygen (B). DNA enrichment is expressed as a percentage of input
(non-immunoprecipitated chromatin). An average of 3 independent experiments is

represented (**P<0.01; NS: no significant difference).
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For the SOX2 proximal promoter 2 different HREs situated at -1450 bp and -1100 bp
from the start site were analyzed. These HREs differ for the presence of the A
nucleotide (A)CGTG (SOX2A) or a G nucleotide (G)CGTG (SOX2G). ChIP samples
of cells cultured at 5% oxygen tension were significantly enriched for both SOX2A
(Figure 3.20) and SOX2G (Figure 3.21) compared to those maintained at 20% oxygen.
However, the level of enrichment varied displaying a 6-fold and a 3 fold increase in the
SOX2A and SOX2G proximal promoter respectively. No significant binding was found
to the HREs in the chromatin of hES cells cultured at 20% oxygen tension and

compared to the IgG or to hES cells cultured at 5% oxygen (Figure 3.20 and 3.21).

139



A SOX2 promoter region

-1450 -1100

A A
aacgg ctgccat iuussnnnsnnsnsnnsnnsnnnnnnnnnnnnunnnnnnnns actctgcgtgggaggg
HRE HRE

SOX2A

0.025- i "

0.020+

0.015-

% Input

0.010-

0.0054 | NS i
1 | |

——
0.000'.".".'-
19G 20% HIF 20% 19G5% HIF 5%

Oxygen Tension

Figure 3.20: HIF-2a binds SOX2A proximal promoter in hypoxia

(A) Schematic representation of 2 potential HRE sites at -1450 (SOX2A) and -1100
(SOX2G). ChIP analysis of HIF-2a binding to the proximal promoter of SOX2 at the
HRE located at -1450 from the start site. ChIP assays were performed with either an
anti-HIF-2a (HIF) or IgG control antibodies on chromatin isolated from hESCs cultured
either at 20% or 5% oxygen tension. Comparison of SOX2A enrichment at 5% oxygen
compared to 20% oxygen (B). DNA enrichment is expressed as a percentage of input
(non-immunoprecipitated chromatin). An average of 3 independent experiments is

represented (*P<0.05; NS: no significant difference).
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Figure 3.21: HIF-2a binds SOX2G proximal promoter in hypoxia

(A) Schematic representation of 2 potential HRE sites at -1450 (SOX2A) and -1100
(SOX2G). ChIP analysis of HIF-2a binding to the proximal promoter of SOX2 at HRE
located at -1100 from the start site. ChlIP assays were performed with either an anti-
HIF-2a (HIF) or IgG control antibodies on chromatin isolated from hESCs cultured
either at 20% or 5% oxygen tension. Comparison of SOX2G enrichment at 5% oxygen
compared to 20% oxygen (B). DNA enrichment is expressed as a percentage of input
(non-immunoprecipitated chromatin). An average of 3 independent experiments is

represented (*P<0.05; NS: no significant difference).
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A significant enrichment (13-fold increase) in HIF-2a binding was found in hES cells
maintained under hypoxia compared to the 1gG negative control (Figure 3.22). The
HRE amplified was -2644 bp from the start site and is formed by two contiguous HREs
(GTGACGTG). No significant enrichment was found in hES cells maintained under
normoxia compared to the IgG control. HIF-2a binding to the eNOS proximal romoter
was significantly enriched only in hES cells cultured at 5% oxygen compared to those
maintained at 20% oxygen (Figure 3.22). This data highlights a significant interaction of

HIF-2a on the eNOS proximal promoter only in hypoxic conditions.
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Figure 3.22: HIF-2a binds eNOS proximal promoter in hypoxia

A) Schematic representation of the proximal promoter of eNOS and the putative HRE
located at -2644 from the start site. ChIP assays were performed with either an anti-
HIF-2a (HIF) or IgG control antibodies on chromatin isolated from hESCs cultured
either at 20% or 5% oxygen tension. Comparison of eNOS enrichment at 5% oxygen
compared to 20% oxygen (B). DNA enrichment is expressed as a percentage of input
(non-immunoprecipitated chromatin). An average of 3 independent experiments is

represented (*P<0.05; NS: no significant difference).
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Binding of HIF-2a to an HRE at -1691 bp upstream of the transcription start site in the
proximal promoter of GLUT1 was investigated. ChIP assays from hES cells under
hypoxia revealed a strong 4-fold enrichment over the IgG control (Figure 3.23). No
significant binding of HIF-2a in hES cells cultured under normoxia was found when
compared to the 1gG control. hES cells cultured at 5% oxygen displayed a significantly
increased binding compared to those maintained at 20% oxygen (Figure 3.23). This data
reveals a specific HIF-2a interaction with the GLUT1 proximal promoter in hES cells

only when cultured in a hypoxic environment.
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Figure 3.23: HIF-2a binds GLUT1 proximal promoter in hypoxia

(A) Schematic representation of the proximal promoter of GLUT1 and the putative HRE
located at -1691 from the start site. ChIP assays were performed with either an anti-
HIF-2a (HIF) or an IgG control antibodies on chromatin isolated from hESCs cultured
either at 20% or 5% oxygen tension. Comparison of GLUT1 enrichment at 5% oxygen
compared to 20% oxygen (B). DNA enrichment is expressed as a percentage of input
(non-immunoprecipitated chromatin). An average of 6 independent experiments is
represented (**P<0.01; *P<0.05; NS: no significant difference).
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To further verify the specificity of HIF-2a binding a negative control probe specific for
the FOXP3 promoter was used. This probe was designed to amplify a region in the
proximal promoter which does not contain an HRE but instead was situated between 2
HREs at -670 and +104 respectively from the transcription start site (Figure 3.24).
gPCR on three different ChIP experiments on chromatin derived from hES cells
cultured at either 5% or 20% oxygen tension revealed no significant enrichment for
HIF-2a in this FOXP3 promoter region (P>0.05). This control verifies the specificity of
the interactions observed previously.
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Figure 3.24: HIF-2a binds FOXP3 proximal promoter in hypoxia

(A) Schematic representation of the proximal promoter of FOXP3 (note that the
amplified region is between 2 HRE at -670 and +104 from the start site). ChlIP assays
were performed with either an anti-HIF-2o (HIF) or IgG control antibodies on
chromatin isolated from hESCs cultured either at 20% or 5% oxygen tension.
Comparison of FOXP3 enrichment at 5% oxygen compared to 20% oxygen (B). DNA
enrichment is expressed as a percentage of input (non-immunoprecipitated chromatin).

An average of 3 independent experiments is represented (NS: no significant difference).
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3.3.7 Luciferase Reporter assay analysis of NANOG proximal promoter

To further characterize the role of HIF-2a as a modulator of NANOG gene expression, a

reporter gene assay was performed.

3.3.7.1 Generation of NANOG promoter constructs

To subclone the portion of the NANOG promoter, harbouring the HRE site, into the
TOPO vector a fragment of 630 bp from -512 bp to + 207 bp from the transcription start
site of NANOG promoter was amplified from DNA of hES cells cultured at 5% oxygen
with specific primers that contain Xhol and HINDIII restrictions sites using a regular
PCR (See Methods section 3.2.5).

The PCR product was resolved on a 1% agarose gel and expected 630bp product was
observed (Figure 3.25).

1000 bp
800 bp
600 bp

Figure 3.25: Specific PCR product for a fragment of the NANOG promoter in
DNA of hES cells cultured at 5% oxygen tension

An ethidium bromide stained 1% agarose gel showing the amplified PCR product for
the fragment of the NANOG promoter. Lane 1: Hyperladder; Lane 2: PCR amplicon.
Expected DNA product size =630 bp.

148



The PCR product containing single overhanging 3’deoxythymidine (T) was ligated into
a TOPO vector and transformed into competent TOP10 bacteria and plated on LB agar
plates (See Methods section 3.2.6). DNA from individual colonies were purified and
digested with Xhol and HINDIII to confirm the presence of the expected insert of 630
bp (Figure 3.26).

800 bp
600 bp

Figure 3.26: Digests of NANOG-TOPO vector clones with Xhol and HINDIII

A NANOG-TOPO vector clones (Lanes 1 and 2) were digested with Xhol and HINDIII
generating an expected band of 630 bp.

To further verify that selected colonies were successfully cloned into the TOPO vector,
a clone was sent off to Oxford to the Geneservice - Source BioScience plc. for
sequencing using M13 Forward and Reverse primers (see Methods section 3.2.7)
(Figure 3.27).
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Figure 3.27: Sequence analysis of a clone showed a complete homology with the
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NANOG sequence.

Sequence analysis obtained from one of the NANOG-TOPO clones with the M13Fw
primer and analysed through the Clustalw 2.1 programe. Multiple sequence alignment
between NANOG promoter sequence (highlighted in green) and one of the NANOG-
TOPO clones showing complete homologies. The HRE site at -301 bp is highlighted in

pink while the translational start codon ATG is highlighted in yellow.
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In order to perform luciferase assays experiments, the NANOG-TOPO clone was cloned
into a PGL3 control vector (See Methods section 3.2.8). The NANOG-TOPO clone was
digested with Xhol and HINDIII restriction enzymes. The digested fragments were cut
out from the gel, purified and cloned into the pGL3 control expression plasmid vector
which was digested with Xhol and HINDIII to allow cloning of the purified insert
(Figure 3.28).

4000 bp

200 bp

Figure 3.28: pGL3 control vector digested with Xhol and HINDIII

A Nancy stained 1% agarose gel showing pGL3 promoter vector digested with Xhol
and HINDIII. Lane 1: Ladder; Lane 2: non digested pGL3 control vector; Lane 3 and 4:
Digested and linearized pGL3 control vector digested displaying the released 200bp

product corresponding to the excised SV40 promoter.
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The digested and linearised pGL3 control vector was purified from the gel and ligated
with the digested NANOG promoter fragment. In addition, a ligation with a
phosphatased pGL3 vector was performed to minimize self-ligated vector during the
transformation procedure (See Methods section 3.2.8). DNA from individual colonies
was purified and a sequential digest performed with HINDIII followed by Xhol to
confirm the presence of the expected insert of 630 bp (Figure 3.29). Both the ligation
reactions generated positive colonies and released the expected 630 bp NANOG

promoter band.

— T Y - = N -

Figure 3.29: Digests of pGL3-NANOG clones with HINDII1 and Xhol

A selection of clones from a phosphatased pGL3-NANOG digested with HINDIII and
Xhol and generating the appropriate 630 bp insert. Lane 1 and A: Ladder; Lane 2 and B:
digested TOPO-NANOG vector used as a positive control; Lane 3 to 13: digested
pGL3-NANOG clones released the expected product except for the clone in lane 5
which was negative; Lane C to H: clones derived from a non phosphatased pGL3

vector. Digested pGL3-NANOG clones released the expected sized product.
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3.3.7.2 Mutagenesis of the HRE in the NANOG proximal promoter

To characterize the functional role of HIF-2a in the modulation of NANOG gene
expression, mutagenesis of the HRE at -301 from the transcription start site was
performed. A pGL3-NANOG HRE mutant construct was generated using the same
procedure as the pGL3-NANOG construct with the exception that the pGL3-NANOG
construct was used as a template PCR for the mutagenesis using specific primers
designed to change the HRE sequence (acgtg) into an Xhol restriction site (acTCgAG).
PCR products were digested with Dpnl enzyme in order to cleave the parental strand
and used for transformation (See Method section 3.2.9). DNA from individual colonies
were purified and digested with Xhol enzyme. As the pGL3-NANOG does not contain a
Xhol site, this should not cut with the restriction enzyme, while the Xhol positive

mutant clones released the expected 140 bp fragment (Figure 3.30).

S Q.dhiiib

140 bp

Figure 3.30: Digests of pGL3-NANOG HRE mutant clones with Xhol

pGL3-NANOG HRE mutant clones were digested with Xhol generating the appropriate
140 bp insert. Lane 1: Hyperladder; Lane 2: undigested pGL3-NANOG vector; Lane 3:
digested pGL3-NANOG vector used as negative control; loaded in Lane 4 to 11:

digested clones released the expected 140 bp product.
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3.3.7.3 Functional Analysis of the HRE in the NANOG proximal promoter

To verify the novel direct binding of endogenous HIF-2a in the HRE (-301 bp) in the
NANOG proximal promoter, luciferase reporter assays were performed (See Method
section 3.2.11). Either the pGL3-NANOG or the pGL3-NANOG HRE mutant vector
(PGL3 Mut-NANOG) and a pcDNA-HIF-2a expression plasmid were transiently co-
transfected into NT2 cells. In addition, the pGL3-null and pcDNA3 null empty vectors
were used as negative controls whereas the pRL-SV40 Renilla luciferase vector was
used to normalize the luciferase assay. There was a significant increase in luciferase
activity when the pGL3-NANOG vector was co-transfected with the pcDNA-HIF-2a
expression vector (**P<0.01) compared to the negative control pGL3-null (Figure
3.31). This result shows that HIF-2a directly binds the HRE in the NANOG promoter
and is responsible for the transcription of NANOG. In contrast, when NT2 cells were
co-transfected with the pGL3 Mut-NANOG vector and the pcDNA-HIF-2a expression
plasmid there was a significant decrease in the luciferase activity compared to cells
transfected with the pGL3-NANOG vector (**P<0.01) (Figure 3.31). This confirms that
a disruption of the HRE site in the NANOG promoter abolishes HIF-2a binding (Figure
3.31).
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Figure 3.31: The novel HRE site in the NANOG promoter is a functional HIF-2a
binding site

Schematic representation of the HIF-20. expression vector (pcDNA3-HIF-2a top panel).
NT2 cells cultured at 5% oxygen were transfected with pGL3-NANOG and either an
empty vector or the pcDNA-HIF-2a expression vector (PcCDNA3-HIF-2a). Luciferase
Assays showed a significant increase (**P<0.01) in luciferase activity when cells were
co-transfected with pGL3-NANOG and PcCDNA3-HIF-2a. plasmid constructs compared
to the control. NT2 cells were also co-transfected with a pGL3 Mut-NANOG vector and
with either an empty vector or the HIF-2a expression vector (PcDNA3-HIF-2a). A
significant decrease in the luciferase activity (**P<0.01) was determined when cells
were co-transfected with pGL3Mut-NANOG plasmid compared to the PCDNA3-HIF-2a

plasmid. An average of four independent experiments is shown.

155



3.4 Discussion

3.4.1 hES cells characterization

Environmental oxygen tension has an important role for hES cell maintenance and
pluripotency. It has been demonstrated that hES colonies under hypoxic conditions
display less differentiation than under normoxic conditions (Ezashi et al., 2005).
However, characterization of hES cells cultured at both oxygen concentrations is
necessary to assess and validate the quality of colonies. As well as morphology, this
should also include the expression of characteristic pluripotency markers to ensure

consistency across experiments.

In agreement with Forristal et al. (2010), data showed in this chapter confirmed that hES
cells cultured at 5% oxygen tension displayed an increased expression of OCT4, SOX2
and NANOG compared to those maintained at 20% oxygen. To investigate the effect of
hypoxia on hES cell morphology, hES cells were cultured on MEFs as well as feeder-
free on Matrigel. However, on day 3 post-passages, hES cells cultured at either
atmospheric or 5% oxygen displayed a similar morphology.

RT-gPCR analysis showed a significant decrease of the RNA expression levels of
OCT4, NANOG and SOX2 in cells cultured under normoxia compared to cells cultured
under hypoxia. These results demonstrate that cells cultured under normoxic conditions
gradually loose pluripotency, prior to overt morphological differences, compared to
cells maintained under hypoxia. This data is in agreement with previous studies (Ezashi
et al., 2005; Westfall et al., 2008) which demonstrated that a low oxygen tension was
beneficial for preventing spontaneous differentiation and increasing the self-renewal of
hES cells.

Using immunocytochemisty, it was not possible to observe any difference in the
expression of the nuclear pluripotency markers OCT4, SOX2, NANOG due probably to
the sensitivity of technique. This is in agreement with Forristal et al. (2010) who found
that OCT4 protein was significantly decreased in hES cells cultured under normoxic

compared to hypoxic conditions using Western Blot. More recently, a similar increase
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in NANOG and SOX2 protein has also been observed in hES cells culture at 5%
compared to atmospheric oxygen (Forristal et al., 2013). Interestingly, colonies cultured
under normoxic conditions displayed slight positivity for the early differentiation
marker SSEA-1. Less positivity to the early differentiation marker SSEA-1 was

observed in hES cells cultured under hypoxic conditions.

The current work highlights the importance of hypoxic conditions for the maintenance

of hES cell morphology and pluripotency
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3.4.2 ChIP Analysis

HIF-20, an important regulator of the hypoxic response, has been found to have a
potential role in the modulation of hES cell maintenance under hypoxic conditions.
Previous published data showed that silencing HIF-2a caused an overall decrease in
OCT4, SOX2 and NANOG expression (Forristal et al., 2010) but the molecular
mechanisms that underlie this beneficial effect have not been characterised. Hence, it is
not known whether HIF-2a acts directly on key pluripotency genes or whether the effect

is indirect.

ChlIP assays were performed to determine whether endogenous HIF-2a interacts in vivo
with the proximal promoter region of pluripotency genes OCT4, NANOG, SOX2 but
also on the proximal promoter region of eNOS and GLUT1 genes that are up-regulated
under hypoxic conditions (Chen et al., 2001; Coulet et al., 2003). ChIP assays were
assessed on hES cells cultured at 20% oxygen, or those that had be maintained at 5%
oxygen for a minimum of 3 passages. Interestingly it was noticed that the chromatin
isolated from hES cells cultured under normoxia required less sonication to shear. This
may relate to the morphology of the colonies which were more diffuse under normoxic

conditions, whereas those maintained under hypoxic conditions were densely packed.

Initially, regular PCR analysis was performed on OCT4 ChIP samples. However, as the
IP was performed by immunoprecipitating endogenous HIF-2a, this technique was not
sensitive enough to quantify binding. Thus TagMan probes and gPCR analysis were
instead used to quantify HIF-2a binding.

ChlIP results showed that endogenous HIF-2a binds the CR3 in the OCT4 proximal
promoter under hypoxic conditions. This result was similar to that observed in hypoxic
human RCC cells, which express only HIF-2a but not HIF-1o and where it was found
that HIF-20 but not HIF-1a interacted with the HRE in CR3 and in the HIF-2a-Knock-
In mouse model (Covello et al., 2006). ChIP experiments also revealed no significant
interaction between HIF-2a and the HRE in CR3 in normoxic conditions and this could
further explain why hES cells cultured at 20% oxygen tension display a decrease in the
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expression of pluripotency markers and have a tendency differentiate (Figure 3.18).
These data suggest that the microenviroment can influence the dynamics and
accessibility of transcription factors to the chromatin determining the differentiation of
hES cells (Covello et al., 2006; Watson et al., 2010). Furthermore, it is interesting in
terms of cancer biology where OCT4 may contribute to the tumour promoting activity
of HIF-2a. This is evidenced by data where HIF-2a has been shown to promote cell
proliferation in hypoxia and enhance cancer tumour and (ES)-derived tumour
progression through activation of OCT4, c-MYC, Cyclin D and TGF-a (Alt et al., 2000;
Covello et al., 2006; Gidekel et al., 2003; Gordan et al., 2007).

It is widely demonstrated that NANOG not only has a central role in hES cell
pluripotency and self-renewal, but also in cell cycle progression (Chambers et al., 2003;
MacArthur et al., 2008; Zhang et al., 2009). In particular, previous work showed that
silencing of HIF-2a leads to a decrease of NANOG expression and a concomitant
significant decrease in hES cell proliferation (Forristal et al., 2010). As NANOG has
been shown to interact with two cell cycle regulators, CDK6 and CDC25A it may be
responsible for the delay in cell cycle progression (Zhang et al., 2009). Interestingly, in
this study, ChIP assays demonstrated that HIF-2a interacts directly with a novel HRE
site within the proximal promoter of NANOG in hES cells cultured at 5% oxygen
tension while no significant binding was observed in hES cells cultured at 20% oxygen
tension (Figure 3.19). Furthermore, data presented in this chapter indicate for the first
time, a direct involvement of HIF-2a in NANOG gene expression. To further
characterize the functional activity of HIF-2a on the proximal promoter of NANOG
gene, luciferase reporter assays were performed. The proximal NANOG promoter that
includes the HRE site for HIF-2a showed a promoter-driven increased transcription
only when NT2 cells were co-transfected with a HIF-2a expression vector whereas a
significant decrease of NANOG transcription was observed when a mutant Renilla
plasmid vector was co-transfected with HIF-2a.. These results suggest that this HRE site
is functionally required for NANOG transcription (Figure 3.31). Indeed, the
environmental oxygen level could be a potential parameter to consider during the
development of new strategies for the expansion and culture of undifferentiated
population of hES cells. Furthermore, this data suggests that HIF-2o takes part in
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regulating the core circuitry of pluripotency under prolonged hypoxia allowing the
maintenance of hES cell self renewal.

ChIP data, showed a significant interaction of HIF-2a with 2 HREs in the proximal
promoter region of the SOX2 gene in hES cells cultured at 5% oxygen tension while no
binding was observed in normoxia. These results reinforce the role of HIF-2a in hES
cell maintenance, under hypoxic conditions, through the regulation of pluripotency
genes like SOX2. Although previous studies described binding of HIF-2a to two HRE
sites in the proximal promoter region of SOX2 in rat ependymal progenitor SCs
(epSPC) (Moreno-Manzano et al., 2010), this thesis provides the first evidence in the
human. Hence, in the current study it has been shown that HIF-2a strongly interacts
with two HREs which differ by a single nucleotide change in their sequence (SOX2A
and SOX2G) and that HIF-2a preferentially binds the SOX2A compared to the SOX2G
(Figure 3.20 and 3.21). The possible explanation for this difference in HIF-2a binding
could be related either to a difference in the occupancy of other transcription factors that
cooperate with HIF-2a in the regulation of SOX2 expression or to the chromatin

conformation around the HRE and warrants further investigation.

A significant enrichment in HIF-2a binding to the eNOS proximal promoter was
observed in hES cells maintained under hypoxia suggesting that endogenous HIF-2a
modulates the in vivo the expression of eNOS in hypoxic conditions. These data are in
agreement with previous studies in which HIF-2a has been found to interact with two
HREs in the proximal promoter of the human eNOS gene (Coulet et al., 2003) leading
to an increase of eNOS expression in HMEC (Primary Human Mammalian Epithelial
cells) and HUVEC (Primary Human Umbilical Vein and Endothelial cells) cell lines.
However, this is the first demonstration of a direct interaction of HIF-2a with the eNOS
proximal promoter in hES cells cultured under hypoxic conditions (Figure 3.22). The
role of eNOS has been little studied in hES cells but culture in the presence of an NO
donor increased the expression of pluripotency markers in mouse bone marrow
multipotent progenitor cells (Chu et al., 2008). Interesting published data showed that
NO donors stimulate hES cell differentiation toward the cardiac lineage (Mujoo et al.,

2006) whereas low NO concentrations were able to promote self-renewal by inhibiting
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apoptosis (Tejedo et al., 2010). Although, the effect of hypoxia in the regulation of
eNOS in hES cells is still poorly understood, data presented in this chapter suggest that
eNOS could have a role in pluripotency marker expression through HIF-2a activation

and will need further analysis.

It is widely recognised that HIF-1a can regulate glucose transporters 1 and 3 (GLUT1
and GLUT3) (Chen et al., 2001; Vannucci et al., 1998) whose enhanced expression is
associated with increased up-regulation of glycolytic enzymes and glucose transporters
(Wenger, 2002). Under hypoxic conditions, HIFs contribute to the switch in energy
substrate utilization from being reliant on the TCA (oxygen-dependent tricarboxylic
acid) to the oxygen-independent glycolysis providing enough ATP for energetic
reactions. Indeed, recent published data showed that hES cells cultured at 5% oxygen
expressed more GLUT1 and consumed more glucose than those maintained under
physiological oxygen tension (Forristal et al., 2013). The expression of glucose
transporters increase the level of glucose metabolized by the cells, a mechanism
common to placenta, brain and also to solid tumours progression (Chen et al., 2001,
Dang and Semenza, 1999; Flier et al., 1987; Froehner et al., 1988; Kahn and Flier,
1990; Maxwell et al., 1997). ChIP data obtained in this thesis, reported that HIF-2a is
able to bind directly to an HRE in the proximal promoter of GLUT1 only in hES cells
cultured under hypoxic conditions (Figure 3.23). These results may clarify the role of
HIF-2a as a modulator of glucose metabolism through direct interaction with one of the
glucose transporters and suggest the presence of an adaptive response that increases

glucose uptake under hypoxia.

Taken all together, the ChlIP results are particularly important as they have revealed for
the first time a specific in vivo interaction between endogenous HIF-2a and the
proximal promoter region of OCT4, SOX2, NANOG, eNOS and GLUT1 genes only in
hES cells cultured at 5% oxygen. This confirms a role for HIF-2a as a direct modulator
of the hypoxic response (Figure 3.32).
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Figure 3.32: Schematic representation of the HIF-2a target genes and the possible
effect on hES cells.

The work completed in this chapter provides evidence of the molecular mechanisms that
underlie the transcriptional control of the core network of pluripotency regulated by
HIF-2a. This study demonstrates that HIF-2a is a trans-acting transcription factor of
genes involved in the hES cell self-renewal and thus contributes to maintaining the
hypoxic cellular response. Furthermore, this work suggests a role for HIF-2a in the
regulation of both glucose uptake and the signalling molecule, eNOS in hES cells
cultured under hypoxic conditions. These data implicate HIF-2a as a hypoxic metabolic
regulator in stem cell biology and may help to elucidate the complex mechanisms that

allow hES cells to respond to environmental cues and maintain self-renewal.
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Chapter 4

Effect of environmental oxygen tension

on the epigenetic regulation of hES cells
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4.1 Introduction

4.1.2 Chromatin modifications

Epigenetic processes that include DNA methylation, chromatin modifications and
miRNA expression are being intensely studied in hES cell biology in order to
understand the regulatory mechanisms which maintain genes poised for transcription in
undifferentiated cells (Lister et al., 2009; Meshorer et al., 2006). Indeed hES cells are
widely characterized to have a “unique” epigenetic signature compared to other cell

lines (Bibikova et al., 2006) that contributes to their stemness state.

Since the epigenetic regulation of hES cells plays an important role in the regulation of
pluripotency and differentiation, the role of chromatin methylation in the control of
gene expression has been intensively studied (Bernstein et al., 2006; Meshorer and
Misteli, 2006). Histone modification mapping revealed that the genome in hES cells
contains a “bivalent” chromatin state which is characterized by the presence of both
histone modifications associated with gene activation (H3K4me3) and silencing
(H3K27me3) (Bernstein et al., 2006; Gifford et al., 2013; Mikkelsen et al., 2007). This
epigenetic profile is a marker for genes and transcription factors that are normally
repressed in pluripotent hES cells but “poised” to be expressed upon differentiation
(Zhao et al., 2007). However, how transcription factors and epigenetics cooperate to
create multiple regulatory mechanisms in the switch from hES cell pluripotency to

differentiation is still not known.

hES cells as well as other multipotent progenitor cells reside in a complex
microenvironment characterized by low oxygen levels that promotes their survival
(Ezashi et al., 2005). Increasing evidence suggests that the activity of the HIFs, as well
as the long term adaptation to hypoxia is mediated by epigenetic changes that modulate
DNA methylation and histone modifications (Johnson et al., 2008). One of the first
studies that proved that the hypoxic response is mediated by epigenetic was found by
studying the co-activation complex, in hypoxia inducible genes, where chromatin
remodelling enzymes, such as CBP/p300, have been found associated and interacting
with HIF-1a (Kallio et al., 1998). Later, further studies showed in pancreatic cancer
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cells that also the HRE site needs to be in an active chromatin conformation in order to
allow HIF-1a binding (Okami et al., 2004).

Only a few studies have investigated the effect of hypoxia on histone methylation
revealing dramatic changes in both active and repressive markers as a consequence of
either an increase in histone methyltransferase activity or a decrease in histone
demethylase function (Johnson et al., 2008; Zhou et al., 2010). Interestingly, hypoxia
has been found to increase the expression of H3K4me3 and H3K9me2 in activated and
repressed hypoxia inducible genes suggesting that chromatin is more flexible under
hypoxic conditions and able to rapidly react to environmental changes (Chen et al.,
2006; Xia et al., 2009). Furthermore, Jumanji histone demethylases (JHDMSs) have been
found to be important regulators of the plasticity of ES chromatin through the removal
of methyl groups from specific histone modifications (Loh et al., 2007; Tsukada et al.,
2006). In particular, Jmjdla and jmjd2c seem to have a role in the regulation of Oct4
and Nanog in mouse ES cells (Loh et al., 2007), while jmjdla and jmjd2b have been
found to specifically target HIF-1a (Beyer et al., 2008). However, although chromatin
modifications play an important role in gene regulation under hypoxia, very little is still
known on the hypoxic regulation of hES cells and how histone modifications can
change the expression of genes important for the maintenance of hES cells in response

to environmental oxygen changes.
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4.1.3 DNA methylation

Development from a zygote to an adult organism requires specific cellular processes in
which  DNA methylation and histone modifications have a critical role in the
maintenance of chromatin structures and gene expression (Feng et al., 2010; Morgan et
al., 2005). DNA methylation, in fact, represents one of the major epigenetic regulations
that occur during embryonic development (Gill et al., 2012; Jacob and Moley, 2005).

In hES cells the CpG islands in the promoters of pluripotency genes such as OCT4 and
NANOG remain demethylated allowing their active expression to maintain the self-
renewal phenotype (Meissner et al., 2008). An increased CpG methylation occurs when
cells start to differentiate into a specific cell type thereby allowing the expression of
specific development genes (Lister et al., 2009). This signature is a characteristic that is
sufficient to distinguish hES cells from adult cells, somatic and tumour cell populations
(Bibikova et al., 2006). However, since hES cells originate in a hypoxic environment,
these findings do not take into account the role of hypoxia in the DNA methylation of

self-renewal genes.

Studies on cancer cell lines have shown that in the absence of HIF-1a, the DNA
methylation state is globally increased as a consequence of the expression of the DNA
methyltransferase 3b enzyme (DNMT3b) (Watson et al., 2009). The mechanism which
regulates this effect is not known but implicates HIFs in the regulation of DNA
methyltransferases. Recent published data on ovarian carcinoma cells showed that also
the DNA methylation of the HRE site is important for HIF binding to a S100 Calcium
binding protein A4 (S100A4) gene which is associated with tumour invasiveness
(Horiuchi et al., 2012). Indeed, it was found that the DNA within the HRE site is
methylation free and that a degree of methylation may influence the binding of HIF-1a
(Horiuchi et al., 2012). This may be related to either the inhibition of DNMT
(Skowronski et al., 2010) or by induction of the methionine adenosyltransferase
MAT2A (Liu et al., 2011). However, it remains to be clarified whether it is the hypoxic
microenvironment, or HIF binding to the HRE that influences the methylation state.
However, in neural progenitor cells DNA methylation was shown to regulate the

activity of HIF-1a hypoxia-regulated microRNAs, such as miR-210, independently of
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its expression (Xiong et al., 2012). Cell type specific analysis will be required to
properly define the role of hypoxia in the control of DNA methylation.

With regard to hES cells, previous published data highlighted the role of hypoxia and, in
particular of HIF-2a, not only in hES cells pluripotency (Covello et al., 2006; Forristal
et al., 2010) but also in the regulation of GLUTL1 glucose transporter (Forristal et al.,
2013). Recently published data showed that hypoxia is able to revert the methylation
status of the OCT4 promoter of differentiated hES cells back to a stem cell-like state
(Mathieu et al., 2013). However, the specific role of HIF-2a in the regulation of the
CpGs methylation within the promoter of self-renewal genes is not fully understood.
Since HIF-2a has been found to modulate OCT4 expression under hypoxia (Forristal et
al., 2010) it will be interesting to investigate whether this transcription factor regulates

the DNA methylation state within the OCT4 proximal promoter.

4.1.4 Study Aims

The aim of this chapter was to investigate the effect of environmental oxygen tension on
the epigenetic regulation of hES cells.
The specific aims were:
e To investigate the histone modification pattern at the HRE of the selected genes
using ChlIP assays
e To analyse the expression of the Jumonji histone demethylases proteins in hES
cells cultured under normoxia and hypoxia using RT-qgPCR
e To investigate the global OCT4 DNA methylation profile and the CpG site
within the HRE in the CR3 region of the OCT4 promoter in hES cells cultured at
either 20% or 5% oxygen using Pyrosequence analysis.
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4.2 Materials and Methods

4.2.1 DNA extraction for Pyrosequencing Analysis

hES cells cultured at 5% and 20% oxygen tension on a 6 well plate of Matrigel were
collected on day 3 post passage in 600ul RLT Lysis Buffer (Qiagen). The lysate was
passed 5 times through a 20-gauge needle (0.9 mm diameter) fitted to a syringe,
transferred to an AllPrep DNA (Qiagen) spin column and centrifuged for 30s at 13.000
rpm. 500ul Buffer AW1 (Qiagen) was added to the column and centrifuged for 15s at
10000 rpm to wash the spin column membrane. Buffer AW2 (Qiagen) (500ul) was
added to the column and centrifuged for 2mins at full speed. DNA samples were eluted
with 50ul of Buffer EB (Qiagen), incubated for 1min at room temperature and

centrifuged at 13000 rpm.

4.2.3 Primer Design

All primers for Pyrosequencing were designed to amplify as many as the CpG islands in
the OCT4 proximal promoter and first exon spanning from -237 bp up to +219 from the
start site (Set 2 from +40 bp to + 219 bp, Set 3 from -89 bp to +72 bp and Set 4 from -
242 bp to -90 bp from the start site) (Kingham et al., 2013) (Figure 4.1).

Primers were also designed which covered two CpG islands around HRE sites of
interest for OCT4 CR3 proximal promoter (-2016 bp and -1956 bp from the start site)
(Figure 4.2). All primers were designed using the PSQ Assay Design Software version
1.0.6 (Biotage AB, Kungsgatan, Sweden) (Table 4.1) and have a score around 90%
which indicates that there are no similar annealing sites in the amplification product and
that the quality is stringent for bisulfite-treated DNA. The size of the amplification
product was restricted to 200bp to avoid secondary structures such as loops that can
inhibit the sequencing reaction or increase the background signal due to the extension of

the 3’-terminus. Reverse primers were 5’-biotinylated and HPLC-purified.
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agtgagattttgttttaaaaaataaaaataaaaaaagtttttgtggggga
tggaggggygttagttgtgttt -109
tttgtattgaggttttggaggggygttagttgtgttttt.gtttttttt

ttttatagatattattgttattattattaggtaaatatttttygttttag
-61 gttaga
tttttttttttattttttttttttttatttatttaggggg.gggttaga

ggttaaggttagtgggt

ggttaaggttagtgggtgggattggggagggagagaggggttgagtagtt
+4

TTTTYGTAAGTTTTTATTTTATTAGGTTTTYGGTTTGGGG.TTTTTTTT

+29 +39 +73 +87 TTTAG

TTTTATGGEMGGATATTTGGTT TRBGATT TH@T TTTT TR T T T T T EAE

GTGGTGGAGGTGA +126

GTGGTGGAGGTGATGGGTTAGGGGGGT.GAGT.GGTTGGGTTGATTTT
+133 +149
.GATTTGGTTAAGTTTTTAAGGTTTTTTTGGAGGGTTAGGAAT.GGTT

+195
GGGGGTTGGGTTAGGTTTTGAGGTGTGGGGGATTTTTTTATGTTTTT.T
+198

BB A TGAGTTTTGTGGGGGGATGGHTAT TGTGGGTTTTAGGT TGGAGTG

setd

Figure 4.1: Oct4 upstream promoter and exon sequence showing the location of the

CpGs from -109 to +219 from the transcriptional start site.

Diagram shows the location of OCT4 pyrosequencing am

primers on bisulfite converted DNA. Set 2 forward and reverse primers are highlighted
in pink and sequencing primers highlighted in yellow. Set 3 forward and reverse primers

are highlighted in green and sequencing primers highlighted in

reverse primers are shown highlighted in blue and sequ

highlighted. CpG islands are highlighted in red as YG and numbering of the CpGs is
shown above the sequence. The transcriptional initiation site TTG is highlighted in

yellow.
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tatttttttagaaggtagatagagttattgattttagtagataagtttag

gggttgagtttggagtttgtaatga ~2016

gtagggttgagtttggagtttgtaatgagaagttttatttaagt.atag

~1956 agttgtgg

aggttag.tgtttagtttagatttggttttttggttttygaagttgtgg CR3 HRE

ggagttttggtttagagttttttttggagtttttagatttattttaggtt

Figure 4.2: Oct4 upstream promoter and exon sequence showing the location of the
-2107 bp to -1960 bp pyrosequencing amplicons from the transcriptional start site.
Diagram shows the location of OCT4 pyrosequencing amplicons and sequencing
primers on bisulfite converted DNA. OCT4 CR3 forward and reverse primers are
highlighted in green and sequencing primer highlighted in grey. The CR3 HRE is
highlighted in yellow.
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Table 4.1: OCT4 Pyrosequencing and sequencing primers

Set 2 OCT4 Sequence (5 3’) Annealing

(+40 bp to + 219 bp) Temperature (°C)
Forward TTTAGGTGGTGGAGGTGAT 58

Reverse (5’Biotin) CATCCCCCCACAAAACTCATAC

Sequencing GTGGAGGTGATGGGT

Set 30CT4 Sequence (5°— 3’) Annealing

(-89 bp to +72 bp)

Temperature (°C)

Forward TGGGATTGGGGAGGGAGA 58

Reverse (5’Biotin) ACCCCCCTAACCCATCAC

Sequencing AGAGGGGTTGAGTA

Set 4 OCT4 Sequence (5°— 3°) Annealing

(-242 bp to -90 bp) Temperature
(°C)

Forward GTTTTGGAGGGGAGTTAGTTAGTTGTGTTT | 58

Reverse (5’Biotin) | ACCCACTAACCTTAACCTCTAAC

Sequencing GTTATTATTATTAGGTAAATATTTT

Primer OCT4 CR3 Sequence (5°— 3’) Annealing

(-2123 bp to -2015 Temperature

bp) (°C)
Forward GGGTTGAGTTTGGAGTTTGTAATGA | 57
Reverse (5’Biotin) ACCAAAACTCCCCACAACT

Sequencing TTTGTAATGAGAAGTTTTATTTAAG

171



4.2.4 DNA denaturation and Bisulfite conversion

DNA denaturation and bisulfite conversion of hES cells cultured at 5% and 20% oxygen
were performed using the EZ DNA Methylation Kit (Zymo Research) using 20ul of
500ng DNA. Each DNA sample was mixed with 130ul of CT Conversion Reagent and
placed in a thermocycler and incubated as follows: 98°C for 10mins, 64°C for 2.5h and
stored at 4°C. The samples were mixed with 600ul of M-Binding Buffer on a Zymo-
Spin IC column and centrifuged for 30sec at full speed. DNA was desulphonated by
adding 200ul M-Desulphonation Buffer to the column and incubated for 20min at room
temperature. 200ul M-Washing Buffer was added to the column and centrifuge at full
speed. This step was repeated twice. Elution was performed by adding 10ul M-Elution

Buffer pre-wormed to 65°C, directly to the column matrix.

4.2.5 PCR for Pyrosequencing

Bisulfite DNA samples were analysed using a qualitative PCR to observe product
specificity. The PCR was performed in 40ul reaction mix containing 1X Super Mix
High Fidelity (Invitrogen), 20uM of each primer and 3.2ul DNA and nuclease free
water on a G-Storm thermocycler. The thermal profile consisted of 1 cycle at 95°C for
5mins followed by 45 cycles at 95°C for 15sec, 58°C for 30sec, 72°C for 30sec and 1

cycle at 72C for 5mins. Amplified products were separated on a 1% agarose gel.
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4.2.6 Pyrosequencing

4.2.6.1 Immobilization of PCR Product to Beads

The optimized PCR reaction was added in a 96-well plate and made up to 40ul with
high-purity water. Samples were mixed with a master mix of 38ul of Binding Buffer
(Qiagen) and 2ul of Streptavidin coated sepharose beads (Qiagen). The plate was sealed

and incubated for 5-10mins at room temperature using a vibrating shaker (Orbis).

4.2.6.2 Strand Separation

The single-stranded DNA template was prepared using immobilization on streptavidin-
coated sepharose beads and subsequent alkali treatment was used to remove salts that
could inhibit subsequent enzymatic reactions. After template preparation, the
sequencing primers were hybridized to the template several bases 5’ to the site of
interest for the sequencing. 0.5ul of each specific sequencing primer (10ng/ul) was
mixed with 11.5ul of Annealing Buffer (Qiagen) and dispensed into each well in a PSQ
HS 96 plate (Biotage AB, Kungsgatan, Sweden) and placed in the holding bay of a
Vacuum Prep Worktable (Biotage AB, Kungsgatan, Sweden). The vacuum preparation
tool (Vacuum Prep Tool) was important to capture the beads and hold them during the
different purification steps, whereas the solution passes through the filters. The Vacuum
Prep Tool was filled with: 70% ethanol, denaturation solution (0.2M NaOH), washing
buffer and high-purity water following the manufacturers instructions. Once the vacuum
was open the beads were slowly lowered into the Vacuum Prep Tool into the PCR plate
for a minimum of 3mins, then the Vacuum Prep Tool was moved first into 70% ethanol
for 5sec, then in to the denaturation solution for 5sec and finally in to the washing
buffer for 5sec. After these steps the vacuum was closed and the beads released into the
PSQ plate by shaking the Vacuum Prep Tool while allowing the probes to rest on the
bottom of the wells.
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4.2.6.3 Primer Annealing and Running

The PSQ plate from the previous step was then incubated at 80°C for 2mins with a
“touch down” heating device and then cooled down for 5mins before Pyrosequencing.
All the Pyrosequencing assays were performed using a Pyromark MD Pyrosequencer
(Biotage  AB, Kungsgatan, Sweden) and the correct amount of
enzyme/substrate/nucleotides needed for assay (Qiagen) was determined by importing
an assay file made in Assay Design Software. The retrieved amount of enzyme,
substrate and nucleotides was settled in correspondent dispensing ‘NDT’ (Qiagen) tips
and settled in the cartridge avoiding the production of bubbles in the dispensing tips. A
running test of all the 6 tips and the samples run was performed using the
manufacturer’s instruction software. Percentage of methylation was analysed by the

Pyromark MD Pyrosequencer Software (Biotage AB, Kungsgatan, Sweden).
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4.3 Results

4.3.1 Histone modifications within the predicted HRE sites in OCT4, SOX2
NANOG, eNOS and GLUT1

To investigate the effect of hypoxia on histone modifications within predicted HRE sites
of hypoxia inducible genes, ChIP analysis was performed. Chromatin from hES cells
cultured at either 5% or 20% oxygen was sonicated and immunoprecipitated with
specific histone modification antibodies H3K4me3 and H3K36me3, markers of
transcriptional activation, and H3K9me3 marker of gene silencing while
immunoprecipitation with a non-specific antibody, 1gG, was used as a negative control.
ChIP direct interactions were analyzed using gPCR and specific Tagman Custom probes
designed to cover the HRE sites in the OCT4, SOX2, NANOG, eNOS and GLUT1
proximal promoter. Differences in relative chromatin enrichment between hES cells
cultured at 5% and 20% oxygen were analysed using Student’s t-test and displayed in
bar charts. In contrast, pie charts were used to represent the percentage Input
precipitated by each modified histone as a proportion of the total, for each gene of
interest. While the bar charts represent a comparison of individual epigenetic marks, the
pie charts provide a more global indication of the status “open” versus “closed” of the

chromatin.

Using probes designed to cover the predicted HRE sites at -1956 bp in the OCT4
proximal promoter, a substantial increase of the H3K36me3 histone marker was found
in hES cells cultured under hypoxic conditions compared to the IgG control and relative
to normoxia (Figure 4.3). In contrast, H3K4me3 and H3K9me3 represented only a small
proportion of the histone modifications investigated in hES cells cultured under hypoxia

suggesting the presence of a bivalent chromatin state (Figure 4.4).

A similar combination of histone modifications was observed within the HREs of
NANOG and SOX2. Indeed, a significant increase of H3K4me3 and H3K36me3
histone modification markers were found in hES cells cultured at 5% oxygen compared
to 20% oxygen (Figure 4.3). H3K9me3 was found not statistically different in hES cells
cultured at 20% oxygen compared to those cultured at 5% oxygen (Figure 4.3).

175



However, pie charts showed an increase in the proportion of H3K9me3 bound in hES
cells cultured under normoxia compared to hypoxia (Figure 4.4). These data confirm
that the chromatin state in hES cells cultured at 20% oxygen tension is more

heterochromatic and inaccessible to transcription factors or chromatin remodelling

proteins.
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Figure 4.3: Hypoxia induces post-translational histone modifications within the
HRE of OCT4, NANOG and SOX2 genes in hES cells cultured at either 5% or
20% oxygen

ChIP assays were performed with 2ug of anti-H3K4me3, H3K9me3 or H3K36me3 or
IgG control antibodies on chromatin isolated from hES cells cultured either at 20% or
5% oxygen tension. DNA enrichment is expressed as a percentage of Input (non-
immunoprecipitated chromatin) minus the background 1gG. All data have been
normalized to 1 for 5% oxygen. An average of 3 to 4 independent experiments is
represented (*P<0.05, **P<0.01; ***P<0.001). The greatest error for cells cultured at
5% oxygen was obtained for H3K36me3 in SOX2A which was 1+0.9.
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Figure 4.4: Hypoxia is responsible for an “open” chromatin conformation within
the HRE of OCT4, NANOG and SOX2 genes in hES cells cultured 5% oxygen
tension.

Histone modifications associated with transcriptional activation and repression in the
predicted HRE site of the OCT4 (-1956) (A), NANOG (-301 bp) (B) SOX2 A (-1450
bp) (C) and SOX2 G (-1100 bp) (D) proximal promoter. Pie charts show a comparison
of enrichment at 5% oxygen compared to 20% oxygen for each gene analysed. DNA
enrichment is expressed as a percentage of Input (non-immunoprecipitated chromatin).
An average of 3 to 4 independent experiments is represented.
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Increased levels of H3K36me3 were also found within the HRE of eNOS and GLUT1
in hES cells cultured under hypoxic conditions in agreement with the chromatin state of
the pluripotency markers (Figure 4.5 and 4.6). However, the proportion of H3K9me3
histone modification bound to the chromatin of hES cells cultured at 20% was higher

than hES cells cultured at 5% oxygen (Figure 4.6).
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Figure 4.5: ChIP of histone modifications induced within the HRE of eNOS and
GLUT1 genes in hES cells cultured at either 5% or 20% oxygen

ChIP assays were performed with 2ug of anti-H3K4me3, H3K9me3 or H3K36me3 or
IgG control antibodies on chromatin isolated from hES cells cultured either at 20% or
5% oxygen tension. DNA enrichment is expressed as a percentage of Input (non-
immunoprecipitated chromatin) minus the background 1gG. All data have been
normalized to 1 for 5% oxygen. An average of 3 independent experiments is represented
(**P<0.01). The greatest error for cells cultured at 5% oxygen was obtained for

H3K9me3 in all the genes of interest which was 1+0.99.

179



20% Oxygen 5% Oxygen

@l H3K4me3 Bl H3K4me3

@l H3K9me3 @B H3K9me3

3@ H3K36me3 3 H3K36me3
eNOS

@B H3K4me3 @B H3K4me3

@l H3K9me3 @8 H3K9me3
GLUT1 3@ H3K36me3 3@ H3K36me3

N

<«— Openr—>» €— Closed —»

Figure 4.6: Hypoxia induces an “open” chromatin conformation within the HRE of
eNOS and GLUT1 genes in hES cells cultured at either 20% or 5% oxygen tension.
Histone modifications associated with transcriptional activation and repression in the
predicted HRE site of the eNOS (-2644) (A) and GLUT1 (-1691) (B) proximal
promoter. Pie charts show a comparison of enrichment at 5% oxygen compared to 20%
oxygen for each gene analysed. DNA enrichment is expressed as a percentage of Input
(non-immunoprecipitated chromatin). An average of 3 independent experiments is

represented.
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Overall, the data presented in this chapter demonstrated that hypoxia increases
H3K4me3 and H3K36me3 expression level in the proximal promoters of the
pluripotency genes compared to normoxia (Figure 4.3). These findings are consistent
with a more open chromatin conformation of hES cells cultured under low levels of
oxygen and correlate with transcriptional activity. As predicted, under hypoxia there
was also a small proportion of H3K9me3 binding in all genes analysed in this study
which may be due, in part, to an increased activity of the G9a methyltransferase that
does not alter the transcriptional activation under hypoxic conditions (Chen et al.,
2006). The expression of H3K36me3 and H3K9me3 under hypoxic conditions reflects
the dynamic state of the chromatin enabling it to react rapidly in response to
environmental changes while small changes in H3K4me3 are associated with genes
poised for activation. Of the chromatin modifications investigated H3K9me3 was found
consistently higher in the proximal promoter of OCT4, SOX2, NANOG, eNOS and
GLUTL in hES cells cultured under normoxic conditions, indicating a transcriptional
repressing activity. This is consistent with cells at 20% oxygen having a more
compacted chromatin state compared to those cultured at 5% oxygen. Furthermore, a
dramatic reduction in the proportion of H3K4me3 and H3K36me3 levels was observed
in all genes analysed when hES cells were cultured under normoxia compared to those

maintained under hypoxia (Figure 4.4 and 4.6).
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4.3.2 Histone demethylase expression in hES cells under normoxia or

hypoxia

In attempt to evaluate whether normoxia and hypoxia have an effect on the regulation of
the JmjC domain-containing histone demethylases proteins in hES cells, RT-qPCR
analysis was performed.

When hES cells were cultured at 20% oxygen, there was a significant decrease in the
JMJDla mRNA expression compared to hES cells maintained at 5% oxygen (See
Methods section 2.4 and Table 2.5 for jumanji and UBC probes used) (Figure 4.7). No
significant difference was found in the mRNA expression of JMJD2b and JMJD2c in
hES cells cultured at 20% oxygen compared to 5% oxygen. The reduction of JIMJD1a in
normoxia, observed in this study, is in agreement with data from HelLa and HEK293
cells in which a robust expression of this histone demethylases was found in hypoxia
where it specifically demethylates H3K9me3 (Beyer et al., 2008).

Nevertheless, a great variability was observed across the samples analysed which might
suggest that an increase in the “n” number is needed to better define the mechanisms of

regulation of the JmjC proteins in hES cells.
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Figure 4.7: Jumanji histone demethylases expression is reduced in hES cells
mantained at 20% oxygen compared to those cultured at 5% oxygen condition

RT-gPCR analysis of JMJD1a, JMJD2b and JMJD2c in hES cells cultured at 5% or
20% oxygen. All data have been normalized to UBC and to 1 for 5% oxygen. Values are
mean of 3 independent experiments + SEM. The greatest error for cells cultured at 5%

oxygen was obtained for JMJD1a which was 1+0.08.
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4.3.3 Pyrosequence analysis of 13 CpG sites within the exon and

upstream promoter region of the OCT4 gene

To determine whether the methylation status of CpG islands in the OCT4 proximal
promoter and first exon were modified in hES cells cultured either under hypoxic or
normoxic conditions, pyrosequencing analysis was performed using genomic DNA
isolated from hES cells cultured at either 5% and 20% oxygen tension. Genomic DNA
template for the reaction was bisulfite converted and amplified using validated primers
in order to amplify CpG islands in the OCT4 promoter spanning from -90bp up to
+219bp from the start site (See Methods section 4.2, Table 4.1) (Figure 4.8).

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16

200 bp

200 bp

Figure 4.8: PCR analysis of the CpGs of the OCT4 promoter region from -90 bp to
+219 bp from the first codon

An Ethidium stained 1% agarose gel showing amplicons for the CpG sites in the OCT4
proximal promoter. PCR analysis of the OCT4 proximal promoter CpG from +40 bp to
+219 bp. Lane 1, 9, A: 1Kb Ladder; DNA of hES cells cultured at 5% oxygen (Lane 2-
4) or 20% oxygen (Lane 5-7). Expected product =179 bp. PCR analysis of the OCT4
proximal promoter CpG from -89 bp to +72 bp, DNA of hES cells cultured at 5%
oxygen (Lane 10-12) or 20% oxygen (Lane 13-15). Expected product = 161 bp. PCR
analysis of the OCT4 proximal promoter CpG from -242 bp to -90 bp. DNA of hES
cells cultured at 5% oxygen (Lane B-D) or 20% oxygen (Lane E-G). Expected product
=152 bp. Lane 8, 16 and H water.

184



In addition, 2 CpG sites in the OCT4 proximal promoter situated around the HRE in the
CR3 region from -1956 bp and -2016 bp from the start site were analysed. These CpGs
were amplified with specific primers (See Method section 4.2, Table 4.1) that gave the
expected product of 108bp (See Methods section 4.2) (Figure 4.9).

100 bp

Figure 4.9: PCR analysis of the CpGs of the CR3 OCT4 proximal promoter region
An Ethidium stained 1% agarose gel showing amplicons for the CpG sites in the CR3
OCT4 proximal promoter. Lane 1: Ladder; Lane 2, 5, 8 DNA of hES cells cultured at
5% oxygen tension; Lane 3, 6, 9 DNA of hES cells cultured at 20% oxygen tension;
Lane 4, 7, 10 water. Expected product= 108bp.

The PCR products were used for the pyrosequencing analysis using validated
sequencing primers for each primer set. Bisulfite treated controls were added in the
experiment which ensures that any cytosine not followed by a guanine was 100%
converted to thymine. The percentage of unconverted bisulfite DNA was set at the
standard of 4.5% so that any CpGs with a lower rate of methylation were not measured.

Analysis of the CpG sites in the OCT4 promoter region and first exon, in hES cells
cultured at 20% oxygen tension revealed that CpGs (CpGs -109, -61, +4, +29, +39, +73,
+79, +87) were between 10% and 20% methylated with CpGs -109, +39, +73 and + 79
being less than 10% methylated. In comparison, a higher percentage of methylation (up
to 60%) was observed in CpGs +126, +133, +149, +195, +198 (Figure 4.10).
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Figure 4.10: Pyrosequence analysis of CpGs within the OCT4 proximal promoter
and first exon in hES cells cultured at 20% oxygen tension

Pyrosequencing data showing the mean of percentage of methylation in the OCT4
proximal promoter in hES cells cultured at 20% oxygen tension. Data with no error bars
indicate that only 1 CpG was detected. Values are mean of 3 independent experiments +

SEM.

Pyrosequencing analysis of CpG sites in the OCT4 proximal promoter region and first
exon, in hES cells cultured at 5% oxygen tension showed that CpGs (CpGs -109, -61)
possess a level of methylation below the 4.5% bisulfite conversion threshold and
therefore were undetectable. CpGs +4, +29, +39, +73, +79 and +87 displayed a
percentage of methylation below 10% while CpGs +126, +133, +149, +195, +198
displayed a greatly enhanced level of methylation (Figure 4.11).

Overall, there was a non-significant trend of CpG methylation towards a lower
methylation profile observed in hES cells cultured at 5% oxygen (Figure 4.12).
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Figure 4.11: Pyrosequence analysis of CpGs within the OCT4 proximal promoter
and first exon in hES cells cultured at 5% oxygen tension

Pyrosequencing data showing the mean percentage of methylation in the OCT4

proximal promoter in hES cells cultured at 5% oxygen tension. Values are mean of 3

independent experiments + SEM.
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Figure 4.12: Pyrosequence analysis of CpGs within the OCT4 proximal promoter
and first exon in hES cells cultured at either 5% or 20% oxygen

The data displays an overall lower rate of methylation in hES cells cultured in hypoxic
conditions. Pyrosequencing data showing the mean percentage of methylation in the
OCT4 proximal promoter in hES cells cultured under 5% and 20% oxygen tension. Data

with no error bars indicate that only 1 CpG was detected. Values are mean of 3

independent experiments + SEM.
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Analysis of 2 CpGs in the CR3 region of the OCT4 proximal promoter was performed.
Pyrosequencing analysis in hES cells cultured either at 5% or 20% oxygen tension
showed that CpGs (CpGs -2016 and -1956) possess a level of methylation below the
4.5% bisulfite conversion threshold and consequently were deemed undetectable. For
this reason, although the level of methylation at CpG -1956 appeared to be significantly
affected by hypoxia (P<0.01) the value obtained for hES cells cultured at 5% oxygen

was below the bisulfite threshold and so unreliable (Figure 4.13).
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Figure 4.13: Pyrosequence analysis of CpGs within the CR3 OCT4 proximal
promoter region in hES cells cultured at 5% and 20%0xygen tension.

Pyrosequencing data showing the mean percentage methylation in hES cells cultured at
either 5% or 20% oxygen tension. Values are mean of 3 independent experiments +

SEM (** P<0.01).
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4.3.4 Pyrosequencing analysis of hES cells cultured in absence of FGF2

In order to perform pyrosequencing analysis, genomic DNA samples collected after 24
hour in the absence of FGF2 were bisulfite converted and amplified using validated
primers in order to amplify CpG islands in the OCT4 promoter spanning from -90 bp up
to +219 from the start site (Figure 4.14) or the CR3 OCT4 proximal promoter (See
Methods section 4.2) (Figure 4.15).

200 bp

Figure 4.14: PCR analysis of the CpGs of the OCT4 promoter region from -90 bp
to +219 bp from the first codon in hES cells cultured without FGF2 for 24h

An Ethidium stained 1% agarose gel showing amplicons for the CpG sites in the OCT4
proximal promoter. PCR analysis of the OCT4 proximal promoter CpG from +40 bp to
+ 219 bp. Lane 1, A, H: Ladder; DNA of hES cells cultured at 5% oxygen (Lane 2-5) or
at 20% oxygen (Lane 7-10). Expected product =179 bp. PCR analysis of the OCT4
proximal promoter CpG from -89 bp to +72 bp, DNA of hES cells cultured at 5%
oxygen (Lane B-D) or 20% oxygen (Lane E-G). Expected product = 161 bp. PCR
analysis of the OCT4 proximal promoter CpG from -242 bp to -90 bp. DNA of hES
cells cultured at 5% oxygen (Lane I-K) or at 20% oxygen (Lane L-N). Expected product
=152 bp. Lane 6 water.
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200 bp

100 bp

Figure 4.15: PCR analysis of the CpGs of the CR3 OCT4 proximal promoter
region in hESC cultured at 20% or 5% oxygen without FGF2 for 24h

An Ethidium stained 1% agarose gel showing amplicons for the CpG sites in the CR3
OCT4 proximal promoter. Lane 1: Ladder; Lane 2, 3, 4 DNA of hES cells cultured at
5% oxygen; Lane 5, 6, 7 DNA of hES cells cultured at 20% oxygen tension; Expected
product= 108bp.

191



Analysis of the CpG sites in the OCT4 promoter region, first exon and CR3 in hES cells
cultured at 20% oxygen with or without FGF2 revealed a similar level of methylation
in all CpGs analysed with the exception of CpGs +39, +4 and -1956 being less than
10% methylated in the -FGF2 samples (Figure 4.16). Samples were not statistically

significant.
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OCT4 promoter region CpG sites

Figure 4.16: Pyrosequence analysis of CpGs within the OCT4 proximal promoter,
first exon and CR3 in hES cells cultured at 20% oxygen tension in the presence or
absence of FGF2.

The data displays similar level of methylation among hES cells cultured at either 20%
oxygen supplemented with FGF or at 20% oxygen without FGF2. Data with no error

bars indicate that only 1 CpG was detected. Values are mean of 6 independent

experiments + SEM.
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Comparison of CpG sites in the OCT4 promoter, first exon and CR3 in hES cells
cultured at 5% oxygen with or without FGF revealed a slight increase of the level of
methylation of CpGs +195, +126, +79,+73, +39 cultured without FGF2 samples
compared to samples cultured in presence of FGF2. This could be may related to an
increase of differentiation in the —FGF hES cells. However, samples were not
statistically significant. CpGs -109 and -61 revealed a level of methylation below 4.5%
bisulfite conversion threshold and consequently were undetectable. No difference in the
level of methylation within the CR3 region was observed in hES cells cultured without
FGF2 compared to hES cells supplemented with FGF2 (Figure 4.17).
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Figure 4.17: Pyrosequence analysis of CpGs within the OCT4 proximal promoter,
first exon and CR3 in hES cells cultured at 5% oxygen in the presence or in
absence of FGF2.

Graph shows a comparison between hES cells cultured at 5% oxygen with or without
FGF2. Data with no error bars indicate that only 1 CpG was detected. Values are mean

of 3 independent experiments + SEM.
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No significant differences in the level of methylation in CpGs +195, +149, +139 and
+39 were observed in hES cells cultured at 5% oxygen without FGF2 compared to cells
cultured at 20% oxygen without FGF2. These data suggest that FGF does not have an
influence on the overall level of CpG methylation in hES cells cultured at either

normoxic or hypoxic conditions (Figure 4.18).
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Figure 4.18: Pyrosequencing analysis of CpGs within the OCT4 proximal
promoter, first exon and CR3 in hES cells cultured at 5% and 20% oxygen tension
without FGF2.

The data displays an overall similar rate of methylation in hES cells cultured at either
normoxic or hypoxic conditions without FGF2. Pyrosequencing data showing the mean
methylation percentage between 2 to 3 different DNA samples of hES cells cultured
under 5% and 20% oxygen tension without FGF. Data with no error bars indicate that

only 1 CpG was detected. Values are mean of 3 independent experiments + SEM.
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4.3.4.1 OCT4 mRNA expression in —=FGF2 hES cells

In terms of MRNA expression, when FGF2 was removed for 24 hours from the culture
medium of hES cells cultured at either 5% or 20% oxygen, there was no significant
reduction in OCT4 mRNA expression compared to hES cells maintained at 5% oxygen
(See Methods section 2.4 for OCT4 and UBC probes used) (Figure 4.19). Furthermore,
no difference was observed in OCT4 mRNA expression in hES cells cultured at 20%
oxygen in the absence of FGF2 when compared to those cultured at 20% oxygen
supplemented with FGF2 (Figure 4.20)
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Figure 4.19: OCT4 expression was not affected by the removal of FGF2 from hES
cells cultured at either 5% or 20% oxygen

RT-gPCR analysis of OCT4 mRNA in hES cells cultured at 5% or 20% oxygen without
FGF2 for 24h. All data have been normalized to UBC and to 1 for 5% oxygen. Values
are mean of 3 independent experiments + SEM. The error for OCT4 at 5% oxygen was

1 for all the conditions analyzed.
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Figure 4.20: OCT4 expression was not affected by FGF2 removal in hES cells
cultured at 20% oxygen

RT-qPCR analysis of OCT4 mRNA in hES cells cultured at 20% oxygen without FGF2
for 24h. All data have been normalized to UBC and to 1 for 20% oxygen. Values are
mean of 3 independent experiments + SEM. The greatest error for OCT4 at 5% oxygen

was 1 for all the conditions analyzed.

These data were different from the results obtained by Forristal et al. (2013) which
found a significant decrease in OCT4 expression in hES cells cultured without FGF for
16h and might explain the pyrosegencing results described in this chapter. However,
since Kingham et al. (2013) showed a significant increase of the methylation profile in
OCT4 gene after culturing hES cells for 72h without FGF2 this might suggest that a 72h

period of FGF2 removal are likely to be ideal for the pyrosequence analysis.
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4.4 Discussion

4.4.1 Chromatin Modification Analysis under hypoxia

It is well known that chromatin is formed by DNA wrapped around an octamer of
histones and other related proteins. This DNA-histone structure is dynamic and
important for many biological processes like DNA replication, repair and transcription
(Kornberg, 1974). However, how chromatin structure changes in response to low
oxygen tension is currently unknown. The identification of HIFs allowed the
characterization of several cellular processes that require binding to DNA target
sequence in order to maintain oxygen homeostasis (Semenza et al., 1991). Binding of
HIF to its target genes occurs in the context of complex chromatin structures that
require the interaction between HIFs and epigenetic modifying enzymes (Watson et al.,
2009). It has been demonstrated that during the cellular response to hypoxia, HIFs
interact with chromatin remodelling factors such as CBP/p300, HATs and HDAC
(Kalkhoven, 2004; Ruas et al., 2010) and that these interactions can be disrupted by FIH
(Factor inhibiting HIF) or by inhibiting the binding to the VHL complex, resulting in
repressed expression of HIF target genes (Fath et al., 2006; Mahon et al., 2001). These
interactions change the histone acetylation and methylation status in the promoter of
hypoxia inducible genes and allow their repression or active transcription. However, the
dynamics of these chromatin changes is not completely understood therefore, the aim of
this chapter is to investigate whether hypoxia leads to epigenetic modifications within

the proximal promoter of the hypoxia inducible genes.

Data in this thesis have demonstrated that HIF-2a physically interacts not only with the
proximal promoter of pluripotency genes but also with eNOS and GLUTL. Indeed it is
possible to assume that these interactions could also be influenced by chromatin
modifications. Hypoxia, in fact, might contribute to maintain the chromatin within the
HRE sites in an open conformation which allows the transcription of its target genes by
interacting with chromatin remodelling factors or histone demethylases.
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In an attempt to determine whether HIF-2a could be responsible for these epigenetic
changes, in hES cells cultured either under hypoxia or normoxia, ChIP assays with
antibodies that recognize H3K4me3 and H3K36me3, markers of transcriptional
activation, and H3K9me3, a marker of transcriptional silencing in the HRE of all

selected genes were performed.

Hypoxia induced a bivalent chromatin state at the core promoters of all the selected
genes characterized by the presence of both H3K9me3 and H3K36me3, markers of gene
silencing and activation respectively compared to atmospheric conditions (Figure 4.4
and 4.6). This finding was unexpected as the “bivalent chromatin” signature in hES
cells usually refers to the specific modification pattern consisting of H3K4 and H3K27
methylation (Bernstein et al., 2006; Johnson et al., 2008). However, these results are
supported by other studies in different cell lines under hypoxic conditions
(Tausendschon et al., 2011; Xia et al., 2009). For example, an increased level of
H3K9me3 may reflect, in part, the hypoxic induction of G9a methyltransferase (Chen et
al., 2006) or maybe a consequence of the HIF-2a binding and the recruitment of co-
factors to allow gene transcription. Furthermore, recent published data demonstrated
that the presence of histone demethylases, such as JMJD1a, demethylate H3K9me3 to
allow an enhanced GLUT3 expression by a cooperative interaction with HIF-1a in
endothelial SCs and the establishment of a high order chromatin structure (Mimura et
al., 2012). These data represent the first demonstration of specific histone modifications
within the GLUT1 promoter which may suggest that in hES cells, HIF-2a is responsible
for a dynamic chromatin conformation within the HRE site which may involve the
presence of histone demethylases. Increased expression of H3K9me3 was found also
within the HRE of eNOS proximal promoter in hES cells cultured at low oxygen
tension (Figure 4.6) and it is possible that the upregulation of histone demethylases may
serve as a compensatory mechanism for minimizing the effect of an increased
methylation in H3K9me3. As tumour angiogenesis is a process characterized by high
levels of eNOS expression (Li et al., 2009), the presence of an epigenetic pathway
activated specifically by HIF-2a that enhance eNOS transcription might have relevant

implications in tumour invasiveness.
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The H3K4me3 histone modification has been associated either with genes actively
transcribed (Bernstein et al., 2006) or inactive (Guenther et al., 2007). Although OCT4,
NANOG and SOX2 genes are actively transcribed in hES cells, only a small increase of
this marker within the predicted HRE sites in hES cells cultured under hypoxic
condition was found. No H3K4me3 was observed within eNOS and GLUT1 HRE under
the same conditions. This could be related to the epigenetic homeostasis driven by a
family of jJumonji-domain histone demethylases. It is widely recognised that HIF-1a and
HIF-2a transactivate JARID1B histone demethylase which plays an important role for

maintaining H3K4 methylation levels under low oxygen tension (Xia et al., 2009).

The H3K36me3 modification is associated with gene transcription elongation
(Bannister et al., 2005) therefore hES cells may respond rapidly to oxygen changes by
accumulating OCT4, NANOG, SOX2 and GLUT1 transcripts. This is in agreement
with data presented in Chapter 3 and also with Forristal et al. (2013) which
demonstrated that the mRNA expression level of GLUTL, as well as the protein level of
pluripotency markers was highly expressed in hES cells cultured under low oxygen
tension. Moreover, high levels of H3K36me3 has been found associated with high level
of H3K4me3 in macrophages cultured under hypoxia (Tausendschon et al., 2011) and

seems to be related to a JIMID2C histone demethylase activity.

When the chromatin state within the HRE in hES cells cultured under normoxic
conditions was assessed, a marked decrease of H3K4me3 and H3K36 with a
significantly increased methylation of H3K9me3 was found in all the genes analysed.
This is related to a more heterochromatic state which may prevents HIF-2a binding and
account for the decreased transcription of OCT4, NANOG, SOX2, eNOS and GLUT1

transcription factors (Figure 4.4 and 4.6).

RT-gPCR analysis of the jmjC histone demethylases showed a significant increase in
the mRNA expression of JMJD1a in hES cells cultured at 5% compared to cells
cultured at 20% oxygen. The reduction observed in JMJD1a in hES cells cultured at
20% oxygen is sustained by previous published data in other cell lines (Beyer et al.,

2008) and will need further investigation. Surprisingly, JMJD2b was not found up-
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regulated under hypoxia which is in contrast with previous published data showing a
direct role of HIF-1a in the regulation of this histone demethylase in other cell lines
(Pollard et al., 2008). However, data presented in this thesis have analysed the effect of
long term exposure to hypoxia on hES cells where HIF-1a has been found not expressed
(Forristal et al., 2010). To date, this is the first characterization of the role of the JmjC
histone demethylases in hES cells under hypoxia and normoxia, hence further studies
will need to further understand their specific role. Furthermore, it would be interestingly
to analyse the activity of HIF-2a. in the regulation of JIMJD1a and JMJD2c in hES cells,
since previous work described a role for these Jumanji in the modulation of Oct4 and
Nanog in mouse ES cells (Loh et al., 2007). Overall, the effect of hypoxia on the global
chromatin methylation in hES cells is still poorly understood and future genome
mapping of histone demethylases and histone density will help to elucidate the specific

hypoxia-epigenetic signatures of the hypoxia inducible genes.

Overall the results presented in this chapter demonstrated that environmental oxygen
tension is able to create a pool of histone modifications within all the HREs analyzed
suggesting that an epigenetic signature plays an important role in gene regulation under
long term exposure to hypoxia. This could have important implications in cancer stem
cell self-renewal and proliferation as HIF-2a is involved in tumour initiation and
progression (Regan Anderson et al., 2013) but also in regulating hES cells self-renewal
(Forristal et al., 2010). Given the importance of HIF-2a in regulating self-renewal in
both development and disease, it is conceivable to hypothesize that this transcription
factor could also have also implications for iPS cell biology. Indeed, it has been found
that iPS cells generated and cultured under hypoxic conditions increased the rate of
reprogramming with a mechanism that is still not completely understood (Mathieu et al.,
2013; Yoshida et al., 2009). Therefore, a better comprehension of the hypoxia
epigenetic signature might allow the discovery of new pathways of regulation mediated
by HIF-2a that could be manipulated in order reprogramme differentiated somatic cells
to iPS cells.
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4.4.2 DNA Methylation Analysis

To analyse whether hypoxia has an effect not only on the histone modification profile
but also on the DNA methylation status of hES cells, pyrosequencing analysis was
performed. Previously published data reported that low oxygen concentrations can
induce modification of the methylation status of gene sequences through the alteration
not only of the normoxic histone codes but also by modulation of DNA methylation
(Watson et al., 2009). hES cells usually present a low level of DNA methylation that
allow the transcription of SCs markers, like OCT4, in order to maintain the pluripotency
and self-renewal (Yeo et al., 2007). When cells start to differentiate, DNA methylation

occurs in order to gradually repress SC marker expression (Bibikova et al., 2006).

Pyrosequence results presented in this chapter showed that overall CpG sites displayed a
low level of methylation as expected but this level is slightly higher in cells cultured
under normoxic conditions. In particular CpG sites in the OCT4 promoter region and
first exon, in hES cells cultured at 20% oxygen tension were found to be almost 10%
and 20% of CpG methylated with the exception of 4 CpGs sites (-109, +39, +73 and +
79) being less than 10% methylated. This is in agreement with previous published data
which found similar percentage of methylation in the OCT4 promoter and distal
enhancer respectively (Kingham et al., 2013; Yeo et al., 2007). Higher percentage of
methylation around 60% was observed in CpGs sites spanning the first exon (Figure
4.10). Data reported in the literature showed that the high methylation pattern observed
in the first exon of OCT4 arises as a consequence of DNA methyltransferases activities

on transcriptionally inactive sites (Yeo et al., 2007).

Methylation profile of OCT4 CpG sites in hES cells cultured at 5% oxygen tension
displayed for almost all CpG sites a level of methylation below the 4.5% bisulfite
conversion threshold and therefore were undetectable. Since the sensitivity of the
pyrosequencer is 4.5%, the interpretation of this data is difficult and should be treated
with caution (Figure 4.11). However, these data agree with the very hypomethylated

DNA status in hES cells and this is particularly true for hES cells cultured under
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hypoxic conditions, as they present a more pluripotent population compared to hES

cells cultured under normoxia.

Our study was also focused on the analysis of the methylation status in the CR3 region
in the OCT4 proximal promoter. The canonical sequence of an HRE itself contains a
CpG site and previous studies in erythropoietin and beta-tubulin genes demonstrated
that HIF-1o binding is influenced by the level of methylation of the CpG within the
consensus HRE (Raspaglio et al., 2008; Rossler et al., 2004). In fact, high levels of
oxygen can modulate the methylation level of the CpG within the HRE of a target gene
leading to a decrease of the HIF-dependent transcription. In this study we found that,
despite the very low methylation profile within the OCT4 gene, there is a significant
hypomethylation in the HRE in the CR3 of the OCT4 gene promoter in hES cells
cultured under low oxygen tension compared to normoxic conditions. Having confirmed
in hES cells that HIF-2a directly binds to the HRE in the CR3 of the OCT4 promoter,
we can assume that the low level of methylation (below 10%) observed particularly at
5% oxygen, is part of the epigenetic landscape that relies on HIF-2a rather than HIF-1a
activity. These data are in agreement with Forristal et al. (2010) who demonstrated that
only HIF-2a. is expressed in hES cells cultured under 5% oxygen tension. However, the
data were still below the bisulfite threshold and therefore should be treated with caution
(Figure 4.13).

With the attempt of further analyse the methylation pattern of OCT4 gene, FGF2,
required for the maintenance of hES cells, was removed for 24h from the medium either
used to culture cells under normoxia or hypoxia. However, the global methylation of
hES cell cultured at 5% or 20% oxygen following FGF2 removal was not statistically
different to hES cells cultured at either 5% or 20% oxygen and supplemented with
FGF2. Indeed, the OCT4 mRNA expression was similarly not found to be significantly
different between these experimental conditions. This was surprisingly as recent
published data reported an enhanced methylation state within the same CpGs in the
OCT4 promoter of hES cells cultured at 20% oxygen following 72h of FGF2 removal
(Kingham et al., 2013). However, this suggests that 24h of FGF2 removal from the

media that were not sufficient to increase hES cell differentiation. Furthermore, no
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differences in the level of methylation within the HRE of the OCT4 promoter was
observed among hES cells cultured with or without FGF2 in the media and suggest that
the chromatin state rather than DNA methylation plays a major role in the hypoxic

cellular response.

Many studies in cancer cells have demonstrated that hypermethylation blocks HIF
binding to the HRE (Horiuchi et al., 2012; Huang et al., 2010; Place et al., 2011),
however, this has not been demonstrated in hES cells and will need further analysis.
Moreover, it will be very interesting to study the role of DNA methyltrasferases or
MAT2A in hES cells cultured under hypoxia as several studied showed that hypoxia
prevents DNA methylation through the inhibition of DNA methyltransferases
(Skowronski et al., 2010) or the induction of MAT2A (Liu et al., 2011). Given the
crosstalk between DNA and histone methylation in hES cells (Meissner et al., 2008),
data presented in this chapter showed that the effect of hypoxia is more evident at the
chromatin level rather than at the DNA level. However, this could be related to the fact
the OCT4 promoter is already hypomethylated in hES cells therefore, the effect of

hypoxia on the DNA state was not evident.

Overall, data presented in this chapter highlight the transcriptional role of HIF-2a on its
target genes and establish a new pattern of epigenetics marks specific for the hypoxia
response that allows hES cells to maintain self-renewal, glucose metabolism and

signalling in the hypoxic environment.
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Chapter 5

Effect of reoxygenation on hES cell self-

renewal
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5.1 Introduction

5.1.2 SCs and hypoxic preconditioning

Stem cell transplantation therapy for ischemia, stroke, heart attack, kidney failure and
wound healing is a rapidly developing tool in regenerative medicine. SCs or resident
progenitor SC populations have the potential to promote tissue repair supporting cell
replacement and provide increasing expectation for the use of SC therapies in a variety
of disorders (Alper, 2009; Malliaras and Marban, 2011). Although recent advances in
stem cell medicine have highlighted the potential of stem cell therapies, some critical
issues, such as, the right choice of cells to use for tissue repair and regeneration and the
poor survival of transplanted cells (engraft) remain to overcome (Pagani et al., 2003).

One of the endogenous protective mechanisms that were discovered to improve stem
cell therapies was hypoxic or ischemic preconditioning (Murry et al., 1986; Pong,
2004). In the heart, it has been observed that exposure to short cycles of hypoxia
followed by intermitted reperfusion, allowed cells to be more resistant to the ischemic
insult (Murry et al., 1986). The cytoprotective effect of the hypoxic/ischemic
preconditioning occurs in two phases: Phase | is an acute protection that lasts for a few
hours after the insult, while Phase II is a delayed or “late window” protection that
occurs many hours after hypoxia and can lasts for days or even weeks (Pong, 2004).
The “late window” of protection requires the transcriptional activation of HIFs which
result in the activation of several pathways that promote glycolysis, inhibit apoptosis
and ROS and increase VEGF and EPO (Pong, 2004; Semenza, 2000a). In particular
VEGF and EPO stimulate angiogenesis and neurogenesis which are important in wound
healing and functional repair of brain and heart (Keogh et al., 2007; Li et al., 2008).
Indeed, HIF activation seems to have a cytoprotective effect as it has been demonstrated
that HIFs regulate several pathways such as Heme Oxygenase-1 (HO-1) which may
promote cell survival through the increase of cellular antioxidant capacity (Semenza,
2000b), or INOS and VEGF which have been found to increase resistance to ischemia in
mice and enhance vascular endothelial supply (Natarajan et al., 2006; Semenza, 2000b).
Furthermore, HIFs seem to up-regulate the transcription and translation of CXCR7 (Liu
et al., 2010) and Bcl-2 (Francis and Wei, 2010) which have an anti-apoptotic effect in
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SCs and progenitor cells. However, these specific mechanisms are not fully understood
and their activation may be cell-type or tissue specific.

As progenitor SC populations reside in specialized niche and are exposed to hypoxia
and oxidative stress, several studies have analysed their gene expression profile to
define a characteristic signature that provides resistance against environmental stress
and to regenerate a damaged tissue (Ivanova et al., 2002; Liadaki et al., 2005). This is
true also for hES cells that when cultured at low oxygen tension, which is comparable
with the levels observed in the mammalian reproductive tract and in the brain, exert
significant cell proliferation, pluripotency and chromosomal stability (Ezashi et al.,
2005; Forristal et al., 2010; Lengner et al., 2010). Therefore, on the basis of these
findings, hES cells should be able to acquire enhanced tolerance to injuries and might
represent a model to investigate the regenerative potential of these cells in conditions of
oxidative stress followed by hypoxia. Moreover, in hES cells, HIF-2a has been found to
promote self-renewal genes expression and reduce cell differentiation under hypoxia
(Forristal et al., 2010) and to have a cytoprotective effect on mice kidneys and heart
(Kojima et al., 2007; Martin et al., 2008; Scortegagna et al., 2003). These findings
highlight the importance of HIFs and hypoxia reoxygenation in maintaining the
regenerative potential of hES cells and progenitor cells during the repair process.
However, the hypoxic and ischemic preconditioning response of hES cells is not known,
neither is the mechanism which regulates the maintenance of a high proliferative stem
cell state in the area of injury. A better understanding of the transcriptional regulation
and stabilization of HIFs may highlights new insights in the field of therapeutic

medicine and provide a reoxygenation model to protect organs against oxidative stress.
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5.1.3 Effect of hypoxic preconditioning on epigenetics

Epigenetic pathways are dynamic processes that allow cells to respond to environmental
cues, and endogenous or exogenous stimuli (Jaenisch and Bird, 2003). Emerging
evidence suggests that epigenetic marks allow the establishment of a cellular memory of
the environment in which cells were exposed in early life and that this memory is
maintained throughout the life leading to changes in gene transcription that can cause
disease in later life (Heijmans et al., 2008). Hypoxia is a microenvironmental factor that
plays critical role in several biological processes such as development, metabolism,
inflammation, tumour progression and stemness (Semenza, 2012). In hypoxia,
chromatin modifications allow cells to adapt to the hypoxic stress. Indeed, the histone
code has been implicated not only in regulating gene expression, but also in DNA
damage response, meiosis and apoptosis (Pusarla and Bhargava, 2005). However, little
is known about the role of hypoxia and reoxygenation on the epigenetic modifications.
Cardiovascular disease pathways such as atherosclerosis, ischemia-reperfusion damage
and cardiovascular response to hypoxia and reperfusion are now becoming extensively
studied in terms of epigenetic regulation (Shirodkar and Marsden, 2011). The most well
characterized endothelial gene that has cardiovascular implications is eNOS. In vascular
endothelial cells the differential regulation of eNOS was attributed to the acetylation
and methylation of H3K9, H4K12 and H3K4 (Charles et al., 2010). Interestingly,
HDAC also appears to have a role in the severity of myocardial ischemia and
reperfusion (Zhang et al., 2012). Indeed, HDAC inhibition was found to enhance the
formation of myocytes in the heart and to stimulate angiogenesis after a myocardial
infarction (Zhang et al., 2012). Both eNOS and HDAC have been shown to affect cell
survival in hypoxia followed by reoxygenation and are regulated by HIFs (Coulet et al.,
2003; Kim et al.,, 2007) which have been shown to modulate the expression of
chromatin remodelling factors such as CBP/p300 (Ruas et al., 2010) and to induce
epigenetic modifications (Johnson et al., 2008). Since multiple cycles of hypoxia and
reoxygenation have been shown to activate HIFs and several survival pathways it might
possible that this fluctuation also affects the epigenetic regulation. Therefore, it will be
interesting to investigate the role of HIFs in cell survival against oxidative insults not

only at the cellular but also at the chromatin level. Given the importance of HIFs in
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regulating cell survival and function of transplanted cells or progenitor cells (Francis
and Wei, 2010) this could help to discover new potential hES cell treatments for
ischemic tissue injury by manipulating HIFs. Indeed, the establishment of
environmental signals driven by HIFs and their effects on chromatin structure, gene
expression and protein function will lead to the identification of specifically tailored

epigenetically active drugs that might promote angiogenesis and tissue repair.

5.1.4 Study Aims

The aim of this study is to determine the effect of hypoxia followed reoxygenation on
the regulation of hES cell self-renewal.
The specific aims were:
e To analyse the effect of reoxygenation on the mRNA expression levels OCT4,
SOX2 and NANOG in hES cells RT-gPCR will be performed
e To investigate the role of HIF-2a in the regulation of pluripotency genes in
hypoxia/reperfusion conditions RT-gPCR and ChIP assays will be performed
e To analyze the epigenetic signature of the HRE site within OCT4, SOX2 and
NANOG proximal promoter in hES cells subjected to 72 hours reoxygenation,

ChlIP assays will be performed.
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5.2 Material and Methods

Hues-7 hES cells were cultured following the procedure described in Materials and
Methods section 2.1.4. For reoxygenation experiments, hES cells were cultured on
Matrigel plates and maintained for a minimum of three passages at 5% oxygen before
being transferred to 20% oxygen and cultured for an additional 24, 48 or 72 hours.

See Methods Section 2.4 for Jumanji probes (Table 2.5) and Method Section 2.7.3 for
oct-sox probes (Table 2.10).
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5.3 Results

5.3.1 Hypoxia followed by Reoxygenation affects hES cell pluripotency

To analyze the effect of hypoxia followed by reoxygenation, hES cells were maintained
at 5% oxygen on Matrigel for a minimum of three passages and then transferred to 20%

oxygen for either 24, 48 or 72 hours respectively.

5.3.1.1 Morphological characterization

After 24 hours of culture under reoxygenation conditions, hES cells formed sparse and
loose colonies with irregular borders (Figure 5.1). This is potentially due to the rapid
exposure to the oxidative stress. After 48 hours of reoxygenation, colonies appear more
compact and larger with some colonies displaying spontaneous differentiation that
resemble the feature of hES colonies cultured at 20% oxygen (Figure 5.1). When hES
cells were exposed to 72 hours of reoxygenation, colonies were larger and highly
compact (Figure 5.1). Overall, hES cells cultured under hypoxia followed by
reoxygenation present different morphology when compared to hES cells cultured at 5%
oxygen which are characterized by highly compact colonies with clearly defined

borders and highly cells compaction (Figure 5.1).
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72 hours hypoxia/reoxygenation

Figure 5.1: hES cell colony morphology of hES cells exposed to hypoxia followed
reoxygenation on matrigel coated plates

Representative phase contrast images of hES cell colonies cultured at (A) 5% oxygen
(B) 20% oxygen. hES cells maintained at 5% oxygen for a minimum of 3 passages
before being cultured at 20% oxygen for 24h (C), 48 (D), and 72 (E). Scale bar =
100um.
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5.3.1.2 Pluripotency marker expression

To investigate whether hypoxia following reoxygenation affected OCT4, SOX2 and
NANOG expression, RT-gPCR was performed.

There was a significant 5-fold increase (P<0.01) in NANOG mRNA expression after 24
h of reoxygenation compared to hES cells cultured at 20% oxygen (Figure 5.2 A). This
significant increase was maintained at 7-fold (P<0.01) and 8-fold (P<0.001) followed by
48h and 72h of reoxygenation respectively (Figure 5.2 B and C) and compared to hES
cells cultured at 20% oxygen. OCT4 mRNA showed a more gradual but significant
increase in expression throughout the reoxygenation exposure (Figure 5.2 A, B, C). In
particular, there was a significant 2-fold increase (P<0.001) of OCT4 expression after
24h of reoxygenation and compared to hES cells cultured at 20% oxygen (Figure 5.2
A). This expression was sustained at a 3-fold (P<0.001) and 4-fold (P<0.01) increase
after 48h and 72h of reoxygenation respectively (Figure 5.2 B and C) compared to hES
cells cultured at 20% oxygen. In contrast, there was no significant difference in SOX2
expression in cells exposed to hypoxia and reoxygenation compared to those maintained
at 20% oxygen (Figure 5.2 A, B, C). Taken together, these results revealed that hES
cells exposed to hypoxia followed by reoxygenation maintain an enhanced stemness
state through the expression of OCT4 and NANOG. Therefore, these data might suggest
that the exposure to an oxidative insult triggers the establishment of an epigenetic
memory that sustains pluripotency marker expression when hES cells are transferred

from a hypoxic to a normoxic environment.
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Figure 5.2: Hypoxia and reoxygenation sustain pluripotency gene expression
RT-gPCR analysis of OCT4, NANOG and SOX2 mRNA in hES cells maintained at 5%
oxygen for a minimum of 3 passages before being cultured at 5% oxygen for (A) 24,
(B) 48 and (C) 72 hours compared to those maintained at 20% oxygen. All data have
been normalized to UBC and to 1 for hES cells maintained at 20% oxygen. Values are
mean of 5 independent experiments £ SEM (**P<0.01, ***P<0.001 significantly
different from 20% oxygen). The greates error for cells cultured at 20% oxygen was
obtained for NANOG which was 1+ 0.35.
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5.3.2 Exposure to hypoxia/reoxygenation affects histone modifications

within the HREs of pluripotency genes

Since exposure to hypoxia followed by reoxygenation induced an increased expression
of OCT4 and NANOG, it was considered that the epigenetic status of the cells may also
be affected. Therefore, ChIP assays were performed to analyse the histone modification
profile within the HRE sites of OCT4, SOX2 and NANOG.

5.3.2.1 Histone Modification analysis

Chromatin of hES cells cultured under hypoxic conditions followed by 72h of
reoxygenation was amplified using specific TagMan probes designed to cover the
predicted HRE sites analysed previously in Chapter 3.3.6. Differences in relative
chromatin enrichment between hES cells cultured at 5% oxygen followed 72h of
reoxygenation were compared to those cultured at either 5% or 20% oxygen. Data were
analysed using a Student’s t-test and presented in bar charts. In contrast, pie charts were
used to represent the percentage input precipitated by each modified histone as a
proportion of the total, for each gene of interest. The bar charts represent a comparison
of individual epigenetic marks while the pie charts depict a more global picture of the

chromatin status.

Among the histone modification markers associated with gene activation, reoxygenation
did not affected the expression of H3K36me3 and H3K4me3 within the HRE of OCT4
proximal promoter compared to chromatin of hES cells cultured at 20% oxygen (Figure
5.3). However, the proportion of H3K36me3 and H3K4me3 binding in hES cells
exposed to reoxygenation was higher than hES cells cultured at 20% oxygen (Figure
5.5). Surprisingly, a significant decrease of H3K9me3, associated with gene silencing,
was found within the proximal promoter of OCT4 in hES cells subjected to
reoxygenation compared to hES cells cultured at both 20% and 5% oxygen (Figure 5.3
and 5.4). This suggests that cells exposed to hypoxia followed by reoxygenation present
a more euchromatic state. When the histone modification markers in hES cells exposed
to reoxygenation were compared to those cultured at 5% oxygen, no significant
difference in H3K4me3 and H3K36me3 was observed (Figure 5.4). In contrast, a
significant reduction of H3K9me3 was found in the OCT4 and SOX2A HREs in hES
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cells subjected to reoxygenation compared to those cultured at 5% oxygen (Figure 5.4).
This data revealed that the chromatin conformation within the CR3 under reoxygenation
is more open relative to normoxia and similar to that observed under hypoxia (Figure
5.5). This may be due to an increased demethylation of H3K9me3 in hypoxia followed

by reoxygenation.
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Figure 5.3: Histone modifications induced within the HRE of OCT4, NANOG and
SOX2 genes in hES cells cultured in hypoxia and following reoxygenation

ChIP assays of H3K4me3, H3K9me3 or H3K36me3 histone modification markers on
chromatin isolated from hES cells maintained at 5% oxygen for a minimum of 3
passages before being cultured for 72 hours at 20% oxygen. Data have been normalized
to hES cells cultured at 20% oxygen. DNA enrichment is expressed as a percentage of
input minus the background 1gG. An average of 3 to 4 independent experiments is
represented + SEM (*P<0.05). The greatest error for cells cultured at 20% oxygen was

obtained for H3K9me3 in all the genes of interest which was 1+0.99.
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Figure 5.4: Histone modification analysis of hES cells cultured in hypoxia and
following reoxygenation

ChIP assays of H3K4me3, H3K9me3 or H3K36me3 histone modification markers on
chromatin isolated from hES cells maintained at 5% oxygen for a minimum of 3
passages before being cultured for 72 hours at 20% oxygen. Data have been normalized
to hES cells cultured at 5% oxygen. DNA enrichment is expressed as a percentage of
input minus the background 1gG. An average of 3 to 4 independent experiments is
represented + SEM (*P<0.05). The greatest error for cells cultured at 5% oxygen was
obtained for H3K36me3 in SOX2A which was 1+0.9.
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SOX2A showed no differences in the expression of H3K4me3 and H3K36me while a
significant decrease of H3K9me3 histone modification marker was found when
compared to hES cells cultured at 20% oxygen (Figure 5.3). In contrast, SOX2G
showed no significant differences in the levels of H3K4me3, H3K36me3 and H3K9me3
in hES cells exposed to reoxygenation when compared to normoxia (Figure 5.3).
However, a trend towards a reduction of H3K9me3 was found within SOX2G which
indicated a more open chromatin conformation compared to cells exposed to normoxia
(Figure 5.3). When the chromatin state within SOX2G was compared to hES cells
cultured at 5% oxygen, no differences were found in all the histone modifications
markers of hES cells followed by 72h of reoxygenation (Figure 5.4). However, due to
the lowest relative proportion of H3K9me3 in hES cells cultured in hypoxia followed by
reoxygenation, the chromatin state was more open when compared to hES cells cultured
at either 5% or 20% oxygen (Figure 5.5). This was particularly evident for the HRE
within the NANOG promoter, where the percentage relative enrichment of H3K4me3
and H3K36me3 displayed a 37 and 7 fold increase respectively compared with hES
cells cultured at 20% oxygen (Figure 5.3). A trend towards an increased enrichment in
H3K4me3 histone modification was also observed when reoxygenated cells were
compared to hES cells cultured at 5% oxygen, while H3K36me3 was unchanged
(Figure 5.4). A dramatic decrease of H3K9me3 was found within the HRE of the
NANOG promoter when compared to either chromatin of hES cells cultured at 20%
oxygen or at 5% oxygen (Figure 5.3 and 5.4). This indicated that the chromatin state
within the NANOG HRE in hypoxia followed by reoxygenation possessed a more open
conformation compared with hES cells cultured at either 20% or 5% oxygen (Figure
5.5).
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Figure 5.5: Hypoxia and reoxygenation enhance the expression of pluripotency
genes through a euchromatic chromatin conformation within the HRE site

Pie charts showing ChIP analysis of histone modification markers H3K4me3,
H3K36me3 and H3K9me3 binding a predicted HRE site in the proximal promoter of
OCT4 (A), NANOG (B), SOX2A (C) and SOX2G (D) in hES cells cultured at either
5% oxygen, 20% oxygen or 5% oxygen followed by 72hours at 20% oxygen
respectively. DNA enrichment is expressed as a percentage of input (non-
immunoprecipitated chromatin). An average of 3 to 4 independent experiments is

represented.
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Taken together, these data highlight the presence of a more open chromatin
conformation when hES cells are exposed to hypoxia/reoxygenation for 72 hours
compared to hypoxia or normoxia. This is the first demonstration of a specific
“reoxygenation signature” in hES cells which is characterized by a prevalence of the
active markers H3K4me3 and H3K36me3 and a lower expression of the silencing
marker H3K9me3 (Figure 5.5). These data suggest that cycles of hypoxia followed by
reoxygenation mediate chromatin modifications which result in enhanced gene

expression and sustained pluripotency.

220



5.3.2.2 Histone demethylase expression in hES cells following hypoxia-

reperfusion

Histone methylation is a modification that could be influenced by environmental
changes such as oxygen fluctuations thereby affecting gene expression. To evaluate
whether long term exposure to hypoxia followed reoxygenation have an effect on the
regulation of the JmjC domain proteins in hES cells, RT-gPCR analysis was performed.
It was found that JMJDla mRNA expression was constantly low throughout the
reoxygenation period and significantly reduced (P<0.001) after 24h and after 72h
(P<0.01) of reoxygenation when compared to 5% hES cells (Figure 5.6). There was no
significant difference in JMJD2b expression after 24h and 48h of reoxygenation but,
was significantly decreased after exposure to 72h of reoxygenation compared to hES
cells cultured at 5% oxygen (Figure 5.7). These data suggest that IMJD1a and JMJD2b
expression are affected by the time post reoxygenation. The only Jumanji that displayed
a trend towards an increase after 24h, of 48h and 72h of reoxygenation when compared
to hES cells cultured at 5% oxygen was JMJD2c (Figure 5.6). However, since oxygen
fluctuations and cell type specificity might have an effect on the expression of different
demethylases, this data should be considered with caution and will require further

investigations.
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Figure 5.6: Jumanji histone demethylase expression in hES cells exposed to
hypoxia and reoxygenation

RT-gPCR analysis of JMJD1a, JMJD2b and JMJD2c in hES cells maintained at 5%
oxygen for a minimum of 3 passages before being cultured for 24h (A), 48h (B) and 72h
(C) at 20% oxygen. All data have been normalized to UBC and to 1 for 5% oxygen.
Values are mean of 3 to 4 independent experiments + SEM. The greatest error for cells

cultured at 5% oxygen was obtained for JIMJD1a which was 1+0.1.
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5.3.3 Role of HIF-2a in the regulation of OCT4, SOX2 and NANOG in
hypoxia followed by reoxygenation

ChIP results presented in this chapter were intriguing and demonstrated that exposure to
hypoxia followed by reoxygenation influence the chromatin state within the HRE site of
OCT4, SOX2 and NANOG. Since data presented in Chapter 3 revealed that HIF-2a
binds to the HREs within the proximal promoter of pluripotency genes, it was
considered that this transcription factor might also be involved in the epigenetic changes

observed when hES cells were exposed to reoxygenation.

5.3.3.1 HIF-2a mRNA expression in hES cells cultured under hypoxia and
followed by reoxygenation

RT-gPCR analysis was performed in order to quantify the mRNA expression of HIF-2«
in hES cells cultured after 24, 48 and 72 hours of hypoxia followed reoxygenation
respectively. HIF-2a mRNA displayed a significant 4-fold (P<0.05) increase in
expression after 24h of reoxygenation compared to hES cells cultured at 20% oxygen
(Figure 5.7). A similar, 5-fold (P<0.05) and 4-fold (P<0.05) increase was observed
following 48h or 72h post-reoxygenation respectively compared to hES cells cultured at

20% oxygen (Figure 5.7).
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Figure 5.7: HIF-2a mRNA expression is increased in hES cells cultured in hypoxia
followed by reoxygenation

RT-PCR of HIF-2a mRNA expression in hES cells maintained at 5% oxygen for a
minimum of 3 passages following by either 24, 48 or 72 hours at 20% oxygen. All data
have been normalized to UBC and to 1 for hES cells cultured at 20% oxygen. Values
are mean of 6 independent experiments + SEM (*P<0.05). The error for HIF-2a at 20%

oxygen was 1+0.05.
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Interestingly, when the expression of HIF-2a following reoxygenation was compared to
that expressed in hES cells maintained at 5% oxygen there was no significant difference
(Figure 5.8). These data were intriguing and may suggest that HIF-2a is post-
transcriptionally regulated in reoxygenation conditions. Potentially, a post
transcriptional regulation might sustain high HIF-2a protein levels following ischaemia

preconditioning in order to maintain the expression of self-renewal markers.
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Figure 5.8: HIF-2a mRNA expression remains unaltered in hES cells cultured in
hypoxia followed by reoxygenation

RT-PCR of HIF-2a mRNA expression in hES cells maintained at 5% oxygen for a
minimum of 3 passages followed by culture at for 24, 48 or 72 hours at 20% oxygen.
All data have been normalized to UBC and to 1 for hES cells cultured at 5% oxygen.
Values are mean of 3 independent experiments + SEM (*P<0.05). The error for HIF-2a

at 5% oxygen was 1+0.06.
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5.3.3.2 HIF-2a ChIP on hES cells subjected to reoxygenation

It was next considered that nuclear HIF-2a may not be degraded following
reoxygenation but instead immunoprecipitate the chromatin within the HRE of all core
pluripotency genes and could be responsible for these epigenetic changes. To determine
whether HIF-2a protein directly interacts with OCT4, SOX2 and NANOG HREs in hES
cells cultured at 5% oxygen followed by 72h at 20% oxygen, ChIP analysis was

performed.

Among all the HIF-2a immunoprecipitated samples, a significantly enrichment
(P<0.001) was found in the HRE within the NANOG promoter compared to the
chromatin of hES cells cultured at 20% oxygen (Figure 5.9 A). This significant increase
was observed also within the HRE of OCT4 and SOX2A (P<0.05) and SOX2G
(P<0.01) when compared with chromatin of hES cells cultured at 20% oxygen and
immunoprecipitated with HIF-2a antibody (Figure 5.9 A). This was an interesting
finding since it revealed that HIF-2a protein was not degraded when hES cells were
cultured at 5% oxygen followed by 72h at 20% oxygen. When enrichment of
reoxygenated samples was compared to hES cells cultured at 5% oxygen, only HIF-2a
binding to the NANOG promoter was significant (P<0.001) (Figure 5.9 B). There was
no significant binding of HIF-2a to the HRE of OCT4 and SOX2 promoter (Figure 5.9
B). These data revealed that HIF-2a is not degraded after exposure to reoxygenation,
but is able to sustain higher NANOG transcriptional activation together with similar
levels of OCT4 and SOX2 after 3 days reoxygenation. Therefore, HIF-20. may be
responsible for a form of cell protection that enhances NANOG expression and induces
a euchromatic state when hES cells are exposed to hypoxia followed by an oxidative

insult.
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Figure 5.9: HIF-2a sustain the expression of NANOG following
hypoxia/reoxygenation

ChIP analysis of HIF-20 binding a predicted HRE site in the proximal promoter of
OCT4, NANOG, SOX2A and SOX2G genes on chromatin isolated from hES cells
maintained at 5% oxygen for a minimum of 3 passages before being cultured for 72
hours at 20% oxygen. Graphs show HIF-2a binding to the HRE of pluripotency genes at
20% oxygen (A) or 5% oxygen (B) compared to those obtained following
reoxygenation. DNA enrichment is expressed as a percentage of input (non-
immunoprecipitated chromatin). Values are mean of 3 independent experiments + SEM
(*P<0.05, ***P<0.001).
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5.3.4 HIF-2a interacts with an oct-sox cis regulatory element within the
NANOG promoter

The positive correlation with the active histone marks H3K4me3 and H3K36me3 and
the significant binding of HIF-2a to the HRE of NANOG in hES cells exposed to
reoxygenation was intrigue and suggested a possible role for HIF-2a in regulating short-
range chromatin conformational loops within the NANOG locus.

Using a bioinformatic approach (Matlinspector) to analyze the NANOG proximal
promoter, an oct-sox cis-regulatory element at -208 bp (TTTGCATTACAATG) from
the transcription start site was identified. This element has already been described as
being important for the pluripotent stem cell regulatory network (Rodda et al., 2005)
and is situated in close proximity (93bp) to the HRE in the NANOG promoter.

Therefore it was speculated that HIF-2a might function as an enhancer by binding to the
oct-soc cis regulatory element and forming a multiprotein complex that would allow
sustained NANOG expression throughout the reoxygenation period. To obtain in vivo
evidence of this potential novel role for HIF-2a, ChIP assays were performed using a
specific TagMan probe that covers the oct-sox element. ChIP analysis revealed no
interaction of HIF-2a with the oct-sox element of the NANOG promoter in hES cells
cultured at either 5% or 20% oxygen (Figure 5.10 A and B).
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Figure 5.10: HIF-2a does not interacts to the oct-sox cis element in NANOG
promoter in hES cells cultured either at 20% or 5% oxygen

ChIP analysis of HIF-2a binding the oct-sox cis-regulatory element in the NANOG
proximal promoter on chromatin isolated from hES cells cultured at either 20% oxygen
(A) or at 5% oxygen (B). ChIP assays were performed with an anti HIF-2a or 1gG
control antibodies. DNA enrichment is expressed as a percentage of Input. Values

represent mean of 3 independent experiments is represented + SEM.
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Surprisingly, when hES cells were subjected to hypoxia followed by 72 hours
reoxygenation HIF-2a was found to interact significantly with the cis oct-sox regulatory
element in the proximal NANOG promoter when compared to immunoprecipitation
with an 1gG control antibody (Figure 5.11 A and B).

Moreover, to further confirm the loop formation and prove that the physical interaction
with HIF-2a was not due to an intermediate region binding, a control probe that covers
the 93bp sequence between the HRE site and the oct-sox element in the NANOG
promoter was designed (Figure 5.12 A). As expected, gPCR on four independent ChIP
experiments on chromatin derived from hES cells subjected to hypoxia followed by
reoxygenation for 72 hours and immunoprecipitated with HIF-2a revealed a significant
3 fold increase (P<0.05) of HIF-2a binding within the oct-sox element compared to the
intermediate region and a significant enrichment (P<0.01) when compared to the IgG
control (Figure 5.11 B). Furthermore, no significant binding of HIF-20 to the

intermediate region compared to the 1gG control was found (Figure 5.11 B).
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Figure 5.11: Hypoxia/reoxygenation induces HIF-2a interaction to the oct-sox cis
element in NANOG promoter

Schematic representation of the probes designed to cover the HRE, oct-sox cis element
and intermediate region on the NANOG proximal promoter (A).

ChIP analysis of HIF-2a binding to the oct-sox-cis element and the intermediate region
in hES cells maintained at 5% oxygen for a minimum of 3 passages before being

cultured for 72 hours at 20% oxygen (B). Values are mean of 4 independent

experiments + SEM (*P<0.05, **P<0.01).
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The oct-sox element is a regulatory sequence important for the circuitry of pluripotency
interaction (Rodda et al., 2005) and is also present at -2340bp in the OCT4 proximal
promoter (Chew et al., 2005; Okumura-Nakanishi et al., 2005) and SOX2 down-stream
intron (Tomioka et al., 2002). To investigate whether HIF-2a was also able to interacts
with the oct-sox element within OCT4 and SOX2 genes, ChIP assays were performed.
Using specific TagMan probes to cover the oct-sox regulatory element within the OCT4
and SOX2, no interaction was found (Figure 5.12 A and B).

These results confirmed the specificity of HIF-2a binding only in the NANOG proximal

promoter.
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Figure 5.12: HIF-2a does not interacts with the oct-sox element within OCT4 and
SOX2

ChlIP analysis of HIF-2a binding the oct-sox cis-regulatory element in OCT4 proximal
promoter (A) and SOX2 intron (B) on chromatin isolated from hES cells maintained at
5% oxygen for a minimum of 3 passages before being cultured for 72 hours at 20%
oxygen. ChIP assays were performed with an anti-HIF-2a. or IgG control antibody.
DNA enrichment is expressed as a percentage of input (non-immunoprecipitated

chromatin). Values are mean of 3 independent experiments + SEM.
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These results revealed for the first time that both the HRE and oct/sox binding sites are
in physical contact with HIF-2a when hES cells are exposed to reoxygenation. This
suggests the formation of a multiprotein complex that might allow the formation of a
high order chromatin conformational loop in the NANOG promoter where HIF-2a may
function as an enhancer to increase the expression of NANOG under conditions of
reoxygenation.
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5.4 Discussion

Increasing evidence suggests that resident stem/progenitor cell populations are able to
promote survival in response to oxidative stress and repopulate damaged tissues.
However the precise “stemness” feature which promotes stem cell survival and
regeneration is not fully understood. Data in this thesis highlights that hES cells
exposed to hypoxia and reoxygenation maintain their stemness through a novel
mechanism of epigenetic regulation whereby HIF-2a enhances NANOG expression to

protect cells from oxidative stress.

5.4.1 Effect of reoxygenation on hES cell self-renewal

To mimic the effect of ischemia-reperfusion, hES cells were subjected to 72 hours of
reoxygenation post hypoxia. After 24 hours of hypoxia/reoxygenation it was possible to
observe changes in hES cell morphology. As a consequence of the oxidative stress
exposure after being at 5% oxygen for more than 3 passages, cells appeared sparse and
irregular but gradually acquired the typical feature of a hES colony cultured at 20%
oxygen (Forristal et al., 2010). Indeed, after 48 hours colonies were more compact but
presented some areas of differentiation whereas after 72 hours of reoxygenation hES
cells were large with distinct boarders and some small areas of differentiation. Overall it
was noticed that hES cells exposed to hypoxia reoxygenation appeared more confluent
on the plate and seemed to proliferate faster than hES cells cultured at 20% oxygen
although measurement of cell proliferation using Ki67 labelling would be required to
validate this observation. However, the apparent increase in proliferation may be due to
the significant increase in NANOG mRNA expression when hES cells were exposed to
hypoxia followed reoxygenation since NANOG has been found to upregulate cell cycle
factors such as CDK6 and CDC25A (Zhang et al., 2009). OCT4 expression levels were
also found significantly higher when hES cells were exposed to reoxygenation
compared to normoxia and suggest that in the reoxygenation environment hES cells
maintain pluripotency and increase proliferation. These results are in agreement with

recent data which suggests that intermittent hypoxia enhances the stem-like
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characteristics in neuroblastoma tumors resulting in an immature-neural crest phenotype

and decreased differentiation (Bhaskara et al., 2012).

In contrast, SOX2 was found constantly decreased when hES cells were moved from
hypoxia to normoxia compared to hES cells cultured at 20% oxygen suggesting that the
oxidative insult does not affect the expression of this pluripotency marker.

5.4.2 Effect of reoxygenation on hES cell chromatin modifications

Having demonstrated that the chromatin of hES cells is able to act as an oxygen sensor
and to maintain a euchromatic state under hypoxia and a heterochromatic state under
normoxia (Chapter 4), it was interesting to determine whether hypoxia followed by
reoxygenation was able to affect the chromatin state within the HRE of the OCT4,
SOX2 and NANOG proximal promoter. Histone modification analysis showed an
increased expression of H3K4me3 and H3K36me3 histone modifications associated
with gene activation in hES cells exposed to reoxygenation for 72 hours when compared
to hES cells cultured at 20% oxygen while a dramatic reduction of H3K9me3, a marker
associated with gene silencing, was found within the OCT4 and SOX2 gene promoter.
Reoxygenation induced also an increased expression of H3K4me3 and H3K36me3
when compared to hypoxia. In particular, the HRE in the NANOG proximal promoter
was enriched for H3K4me3 when compared to both 20% and 5% oxygen and indicates
that the NANOG gene is more active compared to OCT4 and SOX2. When compared to
hES cells cultured at 5% oxygen, H3K9me3 was found dramatically decreased in all
pluripotency genes analyzed and reflect a more active chromatin state. This was
intriguing as it suggests that reoxygenation may inhibit the activity of G9a
methyltransferases or induce an elevation of Pol Il complex recruitment to the
transcribed regions. Indeed, in Human vein endothelial cells (HUVEC) the proximal
promoters and enhancers of eNOS were characterized by differentially modified
histones and the Pol 1l complex is highly enriched and correlates with enhanced
transcriptional activity (Fish et al., 2005). Therefore, data presented in this thesis are the
first demonstration of a specific epigenetic signature in hES cells subjected to
reoxygenation and indicate that exposure to oxidative stress following hypoxia allows

chromatin to be in a more open conformational state sustaining hES cell self-renewal.
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5.4.3 Effect of reoxygenation on histone demethylases

Modifications of the N-terminal tails of the histones by methyltransferases is a post-
transcriptional regulation that affect chromatin structure as well as transcriptional
activation and repression (Shi and Whetstine, 2007). The Jumonji domain proteins rely
on the presence of 2-oxoglutarate and oxygen to mediate changes in histone methylation
(Tsukada et al., 2006). Previous studies have found that Jmjdla and Jmjd2c are targets
of Oct4 in mouse ES cells (Loh et al., 2007). In particular, Jmjd2c has also been found
to be involved in regulating the euchromatic state of the Nanog gene in order to
maintain self-renewal during normoxia (Loh et al., 2007). However, the influence of
hypoxia and reoxygenation on the pluripotent state of hES cells is still not known but
the fluctuation in oxygen availability may affect the Jumanji proteins. Results presented
in this chapter demonstrated that reoxygenation effects JMJD1a and JMJD2b as the
expression of these demethylases were found significantly decreased, after 72h of
reoxygenation. This implies that the length of reoxygenation time affects Jumanji
expression. In contrast, JMJD2c showed a trend towards an increased expression
throughout the reoxygenation period. Previous data on mouse ES cells showed a
specific role for Jmjd2c in the maintenance of Nanog demethylation in normoxia (Loh
et al., 2007). However, since JMJD2c was not significantly expressed after 72h
reoxygenation this could indicate the presence of other mechanisms of chromatin
demethylation downstream from JMJD2c¢ in the manteinance of the NANOG
euchromatic state. Overall, these data are difficult to interpret as the biological effects of
the Jumonji domain proteins are not fully understood but it is possible to speculate that
exposure to hypoxia followed reoxygenation might inhibit the functionality of these
demethylases since they are regulated by HIFs in different cell types at 1% oxygen (Luo
et al., 2012; Pollard et al.,, 2008; Tsukada et al., 2006). Therefore, the specific
expression of the Jumonji domain containing demethylases might be critically affected

by the ischemic insult, the target gene, or the cell type.
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5.4.3 Effect of HIF-2a on hES cells following hypoxia-reoxygenation

It is widely recognized that HIFs affect the cellular and adaptive responses to hypoxia
and ischemia (Semenza, 2000a), so it was considered that HIF-2o might be implicated
for the epigenetic changes observed within the HRE of OCT4, SOX2 and NANOG.
Interestingly, HIF-2oo mRNA was found to be significantly increased in hES cells
exposed to hypoxia followed by 24, 48 and 72h of reoxygenation when compared to
cells cultured at 20% oxygen. This was intriguing and suggested that HIF-2a is
regulated also at the transcriptional level which is in contrast to previous published data
that demonstrated post transcriptional regulation (Wenger et al., 1997). Since it is
known that the long term exposure to hypoxia in hES cells is mediated by HIF-2a
(Forristal et al., 2010) data presented in this thesis could also highlight a new role of
HIF-2a in the adaptation to reoxygenation.

To investigate whether endogenous HIF-2a was able to bind in vivo the proximal
promoter of OCT4, SOX2 and NANOG in hES cells exposed to hypoxia followed by 72
hours of reoxygenation ChIP assays were performed. Interestingly, HIF-2a was found to
be significantly enriched within the HRE of all core pluripotency genes but particularly
within the NANOG gene promoter. This finding was intriguing since HIF-2a was not
degraded following reoxygenation and is contrary to previously published data where
HIF-1a was lost after only 1 hour of reoxygenation (D'Angelo et al., 2003; Jewell et al.,
2001). The current data suggests that HIF-2a. may be stabilized due to either a different
mechanism of degradation, post-transcriptional modifications or altered activities of
PHDs.

Recently low p53 and high HIF-2a levels have been associated with increased NANOG
expression upon reoxygenation and with an enhanced stemness state characterized by
high levels of Glutathione (GSH) which is associated with cytoprotection (Das et al.,
2012). However, the results presented in this chapter extend this finding and implicate
epigenetic modifications driven by HIF-2a in the promotion of NANOG activity, a
mechanism which likely protects cells from oxidative stress. Interestingly, we suggest

that HIF-2o0 contributes to a novel chromatin conformational change during
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reoxygenation through the interaction with an oct-sox cis-regulatory element in the
NANOG proximal promoter. The current data shows for the first time that the HRE and
the oct-sox element of the NANOG promoter are in close proximity only when hES
cells are subjected to hypoxia followed by reoxygenation. This interaction may lead the
chromatin to form a tight loop on the HRE site bringing together HIF-2a with OCT4
and SOX2 on the NANOG promoter and enhancing NANOG expression when cells
were exposed to hypoxia and oxidative stress. In contrast, this chromatin conformation
is not present under hypoxic or normoxic conditions. Nevertheless, it could also be
possible that another HIF-2a molecule interacts with the oct-sox element through the
presence of ancillary factors thereby leading to an increased transcription of NANOG
only under reoxygenation. However, since HIF-2a is not degraded under reoxygenation,
a tight loop conformation may protect HIF-20 from degradation maintaining its nuclear

localization and sustaining NANOG expression.

The oct-sox element is functionally important for NANOG expression and establishing
a pluripotent phenotype in SCs (Kuroda et al., 2005; Rodda et al., 2005) but the
presence of OCT4 and SOX2 on this element are not the only signals that allow the
pluripotent-specific expression of NANOG. Data in this chapter demonstrated that HIF-
20, is recruited as a co-activator to the oct-sox element under reoxygenation,
subsequently changing the chromatin conformation suggesting a possible role for HIF-
2a in the core circuitry of pluripotency.

This finding might include HIF-2a in the pluripotency-specific chromatin “interactome”
that has recently been discovered in Nanog in ES cells and iPSCs (Apostolou et al.,
2013). This interactome seems to sustain the pluripotency state and will help to establish
a role for HIF-2a-induced chromatin modifications and the regulation of high order
chromatin structure in reoxygenation. This 3-D conformation might also function to
resist differentiation in the reoxygenation environment to protect hES cells from
oxidative stress and acquire a high degree of stemness that could increase the

regenerative potential.

Therefore, data presented in this thesis propose a novel mechanism of epigenetic
regulation in hES cells whereby HIF-2a forms a multiprotein complex together with
OCT4 and SOX2 and other chromatin remodelling factors to enhance NANOG
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expression. This finding is likely to be of therapeutic potential and may explain the
higher degree of stemness observed not only in hES cells but also in cardiac progenitor
cells following hypoxia/reoxygenation (Das et al., 2012; Ivanova et al., 2002; Martin et
al., 2008; Ramalho-Santos et al., 2002). Based on these findings, a hypoxic environment
is preferential for the stimulation of an HIF-2a-HRE system that maintains a population
of highly pluripotent hES cells that can enhance the degree of stemness when cells are
exposed to hypoxia followed by oxidative stress.

The epigenetic mechanisms observed in this thesis may form part of a molecular
program characteristic of resident stem/progenitor cell populations that repopulate and
promote survival during the post-injury stress or in a wide range of diseases associated

with ischemia and reoxygenation.
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Chapter 6

Discussion and Future work
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6.1 Discussion

The work completed in this thesis provides genetic and biochemical evidence that
endogenous HIF-2a. binds directly to HREs in the proximal promoter of OCT4,
NANOG, SOX2, GLUT1 and eNOS in hES cells cultured under long term exposure to
hypoxia but not at atmospheric oxygen tensions. These findings have an important
impact on hES cell maintenance in terms of cell self-renewal, glucose metabolism and
NO signalling and suggest that a hypoxic environment is beneficial for the culture of a

highly pluripotent population of cells.

It has also been shown that changes in gene expression upon hypoxia are associated
with specific histone modifications, increased histone demethylase activity and
decreased DNA methylation. The interplay between these modifications and HIF-2a
influence the chromatin architecture leading to an enhanced expression of HIF-2a target
genes only under hypoxic conditions (Figure 6.1). These mechanisms allow hES cells to
adapt to the hypoxic environment and to acquire increased resistance to oxidative stress.
Indeed, the identification of environmental signals that allow chromatin regions to be
“active” or “inactive” during hES cell commitment will lead to a better understanding of

the self-renewal state and thus improved regenerative potential.

The presence of a “hypoxia signature” driven by HIF-2a in hES cells could have
important implications not only in cancer stem cell self-renewal and proliferation but
also for iPS cell biology. Indeed, this chromatin signature via HIF-2a could be
manipulated to increase the expression of stem cell markers used to generate iPS cells
from differentiated somatic cells. A better understanding of the epigenetic modifications
and molecular mechanisms driven by the hypoxic environment and HIF-2a in hES cells,
could also be used to manipulate cell fate, differentiation and lineage reprogramming or
transdifferentiation which could have useful applications for gene therapy and

regenerative medicine.
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Figure 6.1: Schematic representation of the epigenetic changes that occur at the
HRE of HIF-2a target genes which lead to alterations in gene expression
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This thesis was also focused on the effect of hypoxia followed by reoxygenation in the
regulation of hES cell pluripotency. The aim of this study was to provide a model for
understanding how SCs are regulated in the site of injury which is characterized by
hypoxia and ROS production. Indeed, a recent study demonstrated that after exposure to
hypoxia early committed SCs are prone to assume a phenotype that is similar to hES
cells, with an increased capacity for proliferation, differentiation and ability to de-
differentiate (Mathieu et al., 2013). These findings suggest that exposure to hypoxia
could be used to stimulate SCs to improve their proliferation and capacity for
regeneration. Nevertheless, injury sites are subjected to cycles of hypoxia followed by
reoxgenation which seem to protect organs against ischemia and improve SC
proliferation and differentiation. Therefore, hES cells represent a useful model to
investigate the mechanisms acquired to maintain an undifferentiated and proliferative

state at the site of injury.

Data presented in this thesis have demonstrated that hES cells exposed to hypoxia and
reoxygenation display an increased expression of all core pluripotency genes but, in
particular NANOG. This allows hES cells to sustain a greater self-renewal phenotype
that resists differentiation. Furthermore, chromatin of hES cells exposed to
reoxygenation was found enriched in H3K4me3 and H3K36me3 and low in H3K9me3
indicating a rapid reaction to environmental changes which was correlated with an
enhanced transcriptional activation. This is the first demonstration of a “reoxygenation
signature” within the HRE site of pluripotency genes and correlates with the enhanced
stemness state demonstrated in this thesis. Interestingly, HIF-2a was found to increase
the expression of NANOG through the direct binding to the NANOG HRE and thus

might be responsible for these epigenetic changes.

Why HIF-2a was not degraded following reoxygenation is unknown but it might be
stabilized independently of PHDs, possibly through other post-transcriptional
modifications, or via ROS production which is known to inhibit PHD activity. This
might be the case for HIF-2a stabilization. However, in this study, hES cells were
exposed up to 72h reoxygenation suggesting that in such stress conditions HIF-2a could

escape proteasome degradation and might activate other pathways like mTOR, which
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will lead to a long term stabilization of HIF-2a. This will promote cell survival and
increased glucose uptake similar to solid tumours. Overall, further work is required to
investigate the mechanisms which regulate HIF-20 following hypoxia and
reoxygenation. Since HIFs are able to confer cytoprotection against ischemic insult, a
better understanding of the mechanisms regulating HIF-2a stabilization under
reoxygenaton could have therapeutic applications. Indeed, the pharmacological
stabilization of HIF-2a could be used to precondition cells prior to transplant and might

confer protection against insult at a cellular, tissue and organ level.

One of the major findings of this thesis is that HIF-2a is recruited as a co-activator to
the oct-sox element in the NANOG promoter only under reoxygenation which suggests
a possible role for this transcription factor in the core circuitry of pluripotency. This
thesis proposes that HIF-2a brings into physical proximity the HRE and the oct-sox
element within the NANOG promoter and it might be responsible for a 3D chromatin
loop that enhances NANOG expression. This was interesting as HIF-2a does not
interact with the oct-sox element under hypoxia. Hence, it is possible to speculate that
under reoxygenation hES cells activate an alternative mechanism of regulation in which
HIF-2a activity is central to the maintenance of self-renewal through the interaction
with an oct-sox element. This alternative regulation could be a form of “survival”
mechanism that hES cells activate as a protection against the oxidative insult.
Nevertheless, an alternative interpretation of this data is that an additional HIF-2a
molecule may bind the oct-sox element through the presence of ancillary proteins.
However, a tight loop conformation is more likely since it may act to protect HIF-2a

from degradation maintaining its nuclear localization upon reoxygenation.

There is increasing evidence that chromatin conformational changes affect hES cell
self-renewal (Apostolou et al., 2013; Levasseur et al., 2008). Hence, this finding might
include HIF-2a in the maintenance of the cis DNA loop within the NANOG promoter.
Oct4 has previously been found to be responsible for a similar chromatin loop formation
in Nanog (Levasseur et al., 2008) and hence it is proposed that HIF-2o may be
implicated in the establishment of a high order chromatin structure following hypoxia

and reoxygenation. Indeed, HIF-2a could form part of the pluripotency-specific
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chromatin “interactome” recently discovered in Nanog in ES cells and iPSCs
(Apostolou et al., 2013). However, it is likely that HIF-2a will cooperate not only with
OCT4 and SOX2 proteins but also with chromatin remodeling factors such as the
members of the Mediator and cohesin families which have been found to be responsible
for the protein-protein interactions that occur in ES cells. Therefore, it is possible to
hypothesize that these cooperators form a “bridge” that connect the HRE to the oct-sox
element thereby allowing the HIF-2a interaction. Since this chromatin conformation
has been found specifically associated with reoxygenation, this might function to protect
resident stem/progenitor cell populations from oxidative stress and acquire a high
degree of stemness that promote survival during the post-injury stress or in diseases

associated with ischemia and reoxygenation.

Overall, data presented in this thesis propose three different mechanisms regulating
pluripotency genes, and in particular NANOG, in the mantainance of hES cells at
different oxygen conditions (Figure 6.2). Under normoxic conditions, HIF-2a is
degraded leading to a heterochromatic state within the HRE site with increased
expression of histone modification marker H3K9me3 associated with gene silencing,
and inhibition of NANOG gene expression. Under hypoxia, HIF-2a binding to the HRE
is associated with an increased expression of active histone modification markers
H3K4me3 and H3K36me3 and a decrease of H3K9me3, a marker of gene silencing.
This euchromatic conformation facilitates NANOG expression. Under reoxygenation,
the histone modification markers H3K4me3 and H3K36me3 are significantly activated.
HIF-2a binds the NANOG HRE site and interacts with an oct-sox regulatory element
via the cooperation with co-activators to form a 3D chromatin conformation loop
(Figure 6.2 C). This loop would bring the HRE structurally close to the oct-sox cis-
regulatory element which facilitates a robust up-regulation of NANOG expression.
Alternatively, it is possible that an additional HIF-2a molecule binds to co-activators
present on the oct-sox regulatory element thereby leading to an enhanced NANOG

transcription (Figure 6.2 D).
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Figure 6.2: Schematic representation of NANOG promoter regulation in hES cells
under conditions of A) normoxia and B) hypoxia. (C and D) Two different
potential mechanisms of NANOG promoter regulation in hES cells after hypoxia

followed by 72h reoxygenation.

Given the importance of SCs in tissue replacement and regenerative medicine, these
data provide evidence that hypoxia is preferential for culturing a pure population of hES
cells. Indeed, the hypoxic pre-treatment of SCs is able to produce beneficial effects by
improving viability and proliferation in the injured tissue. Data in this thesis also
suggests that treating SCs or hES cells with hypoxia followed by reoxygenation might
improve the survival and regeneration of grafted cells following ischaemia and enhance
the efficacy of clinical trials or therapeutic treatments. Hence, in the future, culture of
SCs or hES cells on biomaterials releasing HPC mimetics such as HIF-2a, could

prolong cell proliferation after engraftment and improve tissue regeneration.
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6.2 Future work

To further elucidate the role of HIF-2a in the regulation of hES cells under hypoxia and

reoxygenation it would be interesting to conduct the following experiments:

To determine whether HIF-2a binding to the oct-sox element occurs through a
loop conformation that blocks HIF-2a degradation, siRNA could be performed
in hES cells exposed to reoxygenation.

hES cells exposed to hypoxia followed by 72h of reoxygenation could be
transfected with either HIF-2a SiRNA, or a non targeting negative control
SIRNA and ChIP performed using a HIF-2a antibody. HIF-2a binding to the
NANOG HRE will be investigated using qPCR.

To investigate whether the binding of HIF-2a to the NANOG oct-Sox Ccis
regulatory element is functional, luciferase reporter assays could be performed.
NT2 cells or hES cells exposed to hypoxia followed by reoxygenation could be
co-transfected with a PGL3 vector harboring a mutated oct-sox cis regulatory
element and also a HIF-2a expression plasmid.

To confirm the presence of a 3D conformational loop within the NANOG
proximal promoter in hES cells exposed to hypoxia followed by reoxygenation
Chromatin Conformation Capture (3C) could be performed.

Furthermore, high resolution circular chromosome conformation capture (4C)
assays coupled with sequencing will allow the discovery of genome wide
NANOG interactions in hES cells exposed to normoxia, hypoxia and
reoxygenation. This experiment will provide a detailed chromatin-interaction
map within the NANOG locus.

To determine whether HIF-2a binding to the oct-sox cis element within the
NANOG promoter could have an effect also on the chromatin state within this
regulatory sequence, ChlIP assays using H3K4me3, H3K36me3 and H3K8me3
could be performed.

To evaluate whether HIF-2a is able to form a multiprotein complex within the
oct-sox cis regulatory element when hES cells are exposed to hypoxia followed
by reoxygenation co-immunoprecipitation experiments could be performed. By
using a specific HIF-2a antibody, it would be possible to identify potential
binding partners such as OCT4 and SOX2. This could also be performed using
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Fluorescent Resonance Energy Transfer (FRET) in hES cells exposed to
normoxia, hypoxia or hypoxia followed by reoxygenation.

Furthermore, unknown HIF-2a binding partners on the oct-sox cis element could
be investigated by using co-immunoprecipitation and Mass Spectrometry for
hES cells cultured at 5% oxygen and following hypoxia and reoxygenation.

To analyse the expression levels of PHD1, 2 and 3 in hES cells exposed to
normoxia, hypoxia and reoxygenation RT-qgPCR and Western Blot analysis
could be performed. These experiments would elucidate which PHDs are more
likely to be involved in the regulation of HIF-2a under different oxygen
conditions. The use of specific antibodies that could detect the level of
hydroxylation of the ODD domain in HIF-2a could also provide information on
the specific proline residues that are more involved in the stabilization of this
specific HIF following by reoxygenation. Moreover, to analyze whether the
ubiquitin pathway is altered after hypoxia and reoxygenation, ubiquitination
assays could be performed. This would require HIF-2a protein to be synthesized
in vitro and then mixed with the ubiquitination complexes and resolved on SDS-
PAGE followed by autoradiography.

To further investigate the mechanism of HIF-2a stabilization in hES cells
exposed to reoxygenation, the mTOR pathway could be analysed using RT-
gPCR and Western Blotting.

To determine whether reactive oxygen species have a role in the stabilization of
HIF-2a in hES cells upon hypoxia and reoxygenation an intracellular ROS assay
could be performed. This test would measure the intracellular ROS level using a
cell permeant probe such as H,DCFDA (2', 7'-dichlorodihydrofluorescein
diacetate) through cleavage by intracellular esterases, the probe is retained
within the cells and upon oxidation by ROS generate a fluorescent signal which

can be measured using a fluorescence plate reader.
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Appendix 1

Mycoplasma test

Mycoplasma test was performed on MEFs cells using the e-Myco™ Mycoplasma
Detection Kit (iNtRON Biotechnology). A small number of MEF cells were scraped
from a T75 flask and transferred into a 15ml Falcon tube. Cells were centrifuged for
Imin at 1500rpm and the pellet was resuspended in 1ml of PBS, transferred into a 1.5ml
epperndorf tube and centrifuged for 1min at 1500rpm. After the washing, the pellet was
resuspended in 100ul of sterile PBS, heated for 10min, vortex for 5-10sec and
centrifuged for 2min at 13000rpm at room temperature. 10ul of the supernatant was
used added to each tube of e-Myco™ Mycoplasma PCR Detection kit and resuspended
after adding 10l of sterile water for a 20ul PCR reaction volume. A positive control for
the reaction was performed by adding 1 pl of control DNA to a tube of e-Myco™
Mycoplasma PCR Detection kit and 19ul of sterile water for a final volume of 20 pl
PCR reaction. A negative control was perfomed by adding 20 ul of steril water to one
tube of the e-Myco™ Mycoplasma PCR Detection Kit.

PCR was performed using the following conditions: initial denaturation at 94°C for
1min followed by 35 cycles of 94°C for 30sec, 60°C for 20sec and 72°C for 1min anf

final extension at 72°C for 5min. 7ul of PCR product were loaded on a 1.5% agarose

gel.
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Appendix 2

Miniprep purification

To perform miniprep purification the QlAprep Spin Miniprep Kit (Qiagen Crawley,
UK) was employed. After DNA transformation a single colony from the LB agar plate
(See Method section 3.2.5) was grown over night in 3 ml of LB containing 100ug/ml
Ampicillin. The culture was centrifuged at 13000 rpm, 4°C for 2min and the resultant
pellet was resuspended in 250ul of Buffer P1 supplemented with RNAse A and
transferred to a 1.5ml tube. Bacteria were lysed in 250ul of Buffer P2 and gently
inverted for 4-6 times to shear genomic DNA. 300ul of Buffer N3 were then added to
the solution and centrifuged for 10min at 13000 rpm. The supernatant containing
plasmid DNA was added to a QIAprep spin column and centrifuged at 13000 rpm for
1min. The DNA bound to the column was washed first by adding 500ul of Buffer PB
and centrifuged 1min at 13000 rpm then with 750ul of Buffer PE and centrifuged 1min
at 13000 rpm. An additional centrifuge of 1min was added to remove the residual
washing buffer. After this step, the QlAprep column was placed in a 1.5ml tube. To
elute DNA, 50ul of water were added to the centre of the column and let stand 1 min

before centrifuge for another 1min at 13000 rpm.
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Appendix 3

Gel extraction

To obtain clean DNA products, digested DNA was separated by electrophoresis (See
Methods 3.2.6) and the specific band was cut from the agarose gels and purified using
the Qiagen QIAquick Gel Extraction kit (Qiagen).

100ul of Buffer QG were added for every 100mg of sliced gel and incubated at 50°C for
10min and mixed every 2-3min until the gel slice has completely dissolved. 100ul of
isopropanol was added for every 100mg of agarose gel slice and the solution was
transferred to a QIlAquick spin column and centrifuged at 13000rpm for 1min. The
column was then filled with 500ul of Buffer QG centrifuged at 13000rpm for 1min. To
wash the column, 750ul of Buffer PE (containing ethanol) were added to the column
and centrifuged at 13000 rpm for 1min. An additional centrifuge at 13000 rpm for 1min
was performed to remove residual ethanol from the membrane column which can
interfere with the future analysis. The DNA was then eluted by adding to the column
30ul of water to the centre of the membrane, let the column stand for 1min and then

centrifuged for 1min at 13000 rpm.
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Appendix 4

Maxiprep purification

To perform Maxiprep purification the Genopure Plasmid Maxi kit (Roche) was used.
After DNA transformation a single colony from the LB agar plate (See Method section
3.2.5) was grown over night in 3 ml of LB containing 100ug/ml Ampicillin. The culture
was diluted into 200ml of LB containing the appropriate selective antibiotic and grown
overnight. The culture was centrifuged at 4000g, 4°C for 15min and the resultant pellet
was resuspended in 12ml of Suspension Buffer supplemented with RNase. 12ml of
Lysis Buffer was added to the suspension, mixed by inverting the tube 6-8 times and
incubated 2-3min at room temperature. To neutralise the Lysis Buffer and to precipitate
bacterial proteins and genomic DNA, 12ml of cold Neutralization Buffer were added to
the suspension gently by inverting the tube 6-8 times until an homogenous suspension is
formed and incubated 5min on ice. The cloudy and flocculent solution is then filtered
using a folded filter placed into a funnel that has been inserted into a 50ml plastic tube.
Before adding the lysate, the filter was moistened with few drops of Equilibration
Buffer. The resulting supernatant was added to a column already equilibrated with 6ml
of Equilibration Buffer and passed through the column by gravity. To wash the DNA,
16ml of Wash Buffer was added to the column and the buffer was passed through twice.
The DNA was eluted in 15ml of prewarmed Elution Buffer and precipitated by adding
11ml of isopropanol and immediately centrifuged at 7500g, 4°C for 1h. The resultant
pellet was washed in 1ml of RNAse free water and divided into 3 aliquots in 1.5ml
tubes. To precipitate the DNA, 1/10 of NaAc and 750l of 100% ethanol was added and
samples mixed to allow DNA precipitation into a white pellet. DNA samples were
centrifuged at 13000rpm at 4°C for 15min and each pellet was resuspended in 500ul of
water and quantified by measuring the absorbance at 260nm wusing a UV

spectrophotometry.
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Publication based on the work of this thesis
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Abstract

Energy metabolism is intrinsic to cell viability but surprisingly has been little studied in human embryonic stem cells (hESCs).
The current study aims to investigate the effect of environmental O, tension on carbohydrate utilisation of hESCs. Highly
pluripotent hESCs cultured at 5% O, consumed significantly more glucose, less pyruvate and produced more lactate
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5% O,. In conclusion, highly pluripotent cells associated with hypoxic culture consume low levels of O,, high levels of
glucose and produce large amounts of lactate, while at atmospheric conditions glucose consumption and lactate
production are reduced and there is an increase in oxidative metabolism. These data suggest that environmental O,
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Introduction ical implications of hypoxic culture on hESCs remain to be
elucidated.

Among the ~200 genes regulated by HIFs, metabolic genes
feature extensively [7] suggesting that environmental Oy tensions
may also have a significant impact on hESC metabolism.
However, the metabolic status of hESCs and the impact of
environmental Oy tension have received remarkably little atten-
tion. Significantly, our previous work has shown that metabolic
activity is a central regulator of the phenotype and developmental
potential of human preimplantation embryos [8,9] and highlights
metabolism as a fundamental regulator of cellular function.

Morphologically, hESCs share many characteristics with ICM
cells; a high nuclear to cytoplasmic ratio, low mitochondrial
: " . number, and expression of the same surface antigens
circumvented by the use of low environmental O, tensions [2). 11911 12,13]. It is therefore likely that the nutrition of the IGM
Gulture under atmospheric Oy tensions has been found to 150 inform on the metabolism of hESGs. In terms of glucose
decrease hESC proliferation and reduce pluripotency ma‘rker utilisation, the murine ICM is whelly glycolytic compared to the
expression compared to culture undér IIOW (2‘75%) Oj tensions  differentiated trophectoderm where only 55% of the glucose
[3,4,5), an effect regulated by hypoxia inducible factors (HIFs),  conoumed may be accounted for by lactate production [14].
specifically HIF-2ot [5]. This promotion of an immature, stem cell  Moregver, the ICM is also metabolically relatively quiescent in
like phenotype has also been observed in both malignantand non-  erg of mitochondrial activity, Oy consumption and ATP
malignant cells cultured under hypox%c cond‘mons [6]. D‘espxte production compared to the trophectoderm [15]. Knowledge of
these encouraging data, many of the biochemical and physiolog-  the metabolism of hESCs is still in its infancy but it has been

Human embryonic stem cells (hESCs) are pluripotent cells
derived from the inner cell mass (ICM) of the blastocyst, the final
stage of preimplantation embryo development. They proliferate
through self-renewal and provide an excellent model to investigate
developmental mechanisms since they have the potential to
differentiate into all cells of the body [1]. However, if these cells
are to be of therapeutic use it is imperative to ensure that a highly
pluripotent population of hESCs are maintained which can then
be directed down specific lineage pathways.

hESCs are notoriously difficult to maintain i o as the
colonies have a propensity to spontanecusly differentiate sugges-
tive of suboptimal culture conditions; an effect which may be
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shown that pluripotency may be enhanced by inhibiting the
mitochondrial respiratory chain [16]. This data was further
supported by confirmation that hESCs and induced pluripotent
stem cells rely on glycolysis for their energy requirements
[17,18,40].

This study aims to investigate how environmental Oy tension
affects the regulation and energy metabolism of hESCs in terms of
Oy, glucose and pyruvate consumption and lactate production.
Moreover, the effect of early hESC differentiation as demonstrated
by the short term removal of FGF2 on hESC metabolism and
pluripotency marker expression has also been investigated. These
data suggest that environmental Oy regulates glucose utilisation
and is intrinsic to the energy metabolism and self-renewal of
hESCs.

Materials and Methods

hESC Culture

Hues7 (D. Melton, Howard Hughes Medical Institute/Harvard
University) [41] and Shef3 (Supplied by the UK Stem Cell Bank)
hESCs were cultured at 20% O, in Knockout DMEM (Invitrogen)
supplemented with 15% knockout serum replacement (Invitrogen),
100 pg/ml penicillin streptomycin (Invitrogen), 1 mM L-gluta-
mine (Invitrogen), 1x non-essential amino acids (Invitrogen),
0.1 mM 2-mercaptoethanol and 10 ng/ml FGF?2 (Peprotech) on y
irradiated mouse embryonic fibroblasts (MEFs; a primary source
derived in institutional facilities following University of Scuth-
ampton ethical review committee approval and in accordance with
UK Heme Office regulations). hESCs were then transferred to
Matrigel (BD Biosciences) coated plates and cultured in MEF-
conditioned medium at both 20% and 5% Og. They were
maintained for a minimum of 3 passages on Matrigel at both O,
tensions prior to use.

Measurement of Carbohydrate Utilisation

hESCs were passaged on to 12-well Matrigel coated plates and
cultured in MEF conditioned medium. On day 2, 3 and 4 post-
passage hESCs were pre-incubated in a defined metabolic medium
[8] containing 1 mM glucose, 5 mM lactate, 0.47 mM pyruvate,
0.5% human serum albumin and amino acids [19] for 30 mins.
The medium was then replaced with pre-determined quantities
(300-500 ulj of defined medium for 1.5-3.5 h. At the end of the
incubation period, all but 100 pl of medium was removed from
each well and stored at —80°C prior to analysis of carbohydrate
content and the number of cells in each well was determined using
a haemocytometer. In subsequent experiments, the effect of
removing FGF2 for 16 hours on hESC metabolism was
monitored. FGF2 was removed from the medium prior to MEF
conditioning and used to replace regular, MEF conditioned
medium containing FGF2 on day 2 post-passage. Enzyme linked
biochemical assays were used to measure the concentration of
pyruvate, glucose and lactate in 180 pl of spent medium using a
Konelab 20 antoanalyser (Thermo Scientific). The concentration
of carbohydrates in cell containing wells was compared to cell-free
control wells and the consumption of pyruvate and glucose and the
production of lactate by hESCs calculated in pmol/cell/h.

0, Assay

A 96-well Oy biosensor plate (BD Biosciences) containing 3
wells of 200 mM sodium sulphite (0% O, control) and 3 wells of a
defined metabolic medium (20% Oy control) was incubated at
37°C in a fluorescence plate reader (BMG Labtech) for 30 mins.
Hues7 hESCs on day 3 post-passage were pre-incubated with
metabolic medium for 30 mins, harvested into 310 ul of fresh, pre-
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warmed metabolic medium, added to a well of the Oy biosensor
plate and sealed using an adhesive PCR foil (Thermo Fisher) with
care taken to ensure the absence of air bubbles. The fluorescence
(excitation 485 nm and emission 612 nm) of each well was
recorded every 2 minutes over a two hour period. After the final
measurement, the protein content of each well was determined
using the Bradford assay. Oy consumption was calculated as pl
Oy/mg protein/h.

RT-qPCR

RNA was isolated from Hues7 hESCs cultured under feeder-
free conditions on Matrigel on day 3 post-passage using
TriReagent (Sigma) and 2 ug reverse transcribed to cDNA using
MMLV-reverse transcriptase (Promega). cDNA (4 ug) was ampli-
fied in 20 ul reactions containing 1 ul probes and primer mix
(OCT4: Hs01895061 _ul; SOX2: Hs00602736_s1; NANOG:
Hs02387400_gl;  GLUTI:  Hs00197884_ml;  UBG
Hs00824723_m1) and 10 ul 2x Tagman Universal PCR Master
Mix (Applied Biosystems) using an ABI 7500 real time PCR
system. The conditions used were 2 mins at 50°C, 10 mins at
95°C followed by 45 cydles of 95°C for 15 secs and 60°C for
1 min. Placental cDNA (0-10 ng) was used to produce a standard
curve for each gene of interest as well as the endogenous control,
UBC and used to quantify gene expression. All genes were
analysed in duplicate and normalised to UBC.

siRNA

siRINA was used to silence either HIF-To, HIF-20. or HIF-30, in
Hues7 hESCs cultured on Matrigel coated plates at 5% Og. The
cells were passaged and the following day 50 nM siRNA (HIF-1e:
Hs_HIF1A_5; HIF-2o: Hs EPAS]_5; or HIF-30: Hs_HIF3A_1),
12 ul HiPerfect transfection reagent (Qiagen) and 200 ul knockout
DMEM were mixed, incubated at room temperature for 10 mins
and added in a drop wise manner to hESCs. Allstars negative
control siRNA (Qiagen) was used as a negative control. The ability
of these siRNA to silence individual HIF-¢ isoforms has previously
been validated [5]. The cells were harvested 48 h post-transfection
and GLUT] mRNA quantified as above.

Western Blotting

Protein was isclated from Hues7 hESCs cultured on Matrigel
on day 3 post-passage by incubating in ice cold radio immuno-
precipitation assay (RIPA) buffer for 30 mins followed by
sonication for 30 secs. Protein (75 ug) was resolved on an 8%
SDS bisacrylamide gel, transferred to nitrocellulose membrane
and blocked in PBS containing 0.1% Tween-20 and 5% milk for
1 h at room temperature. The membrane was incubated in
primary antibody (OCT4 (Santa Cruz) 1:1000; SOX2 (Millipore)
1:1000; NANOG (Abcam) 1:1000) diluted in blocking buffer
overnight at 4°C. Membranes were washed and incubated in
horse radish peroxidase-conjugated secondary antibedies (anti-
mouse (GE Healthcare) 1:100,000 or anti-rabbit (GE Healthcare)
1:50,000) for 1 h at room temperature. The Enhanced chemilu-
minescence advanced Western blotting detection kit (GE Health-
care) was used to develop the membranes prior to imaging on the
Biorad Chemidoc XRS. Protein expression was quantified relative
to P-actin (mouse anti-B-actin peroxidise conjugated antibody
(Sigma) 1:50,000).

Chromatin Immunoprecipitation (ChIP) Assays
Hues7 hESCs cultured in normoxic (20% Oy), or hypoxic (5%

Oy) conditions were cross-linked with 1% formaldehyde for
10 min and the reaction blocked with 0.125 M glycine. ChIP
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experiments were performed with HIF-2¢ (Novus Biologicals) or
immunoglobulin G (IgG) antibody (Santa Cruz) as previously
described [20,21] except that immuno-complexes were washed
using high-salt buffers as followed: 10 times with 600 pl buffer A
(0.1% SDS, 2 mM EDTA, 20 mM Tris HCI pHS, 1% Triton X-
100, 500 mM NaCl), 8 times with 600 ul buffer B (0.1% SDS,
2 mM EDTA, 20 mM Tris HCI pH8, 1% Triton X-100, 1 M
NaCl), 3 times with 600 ul TE (10 mM Tris HC1 H8, 1 mM
EDTA) buffer. Recovered DNA was amplified with custom
Tagman Assays (Applied Biosystems) spanning a predicted
hypoxia response element (HRE) site at —1691 bp of the GLUT]
proximal promoter (GLUT1 fwd: CAAATGTGTGGATGT-
GAGTTGC; GLUTI rev: CCATCACGGTCCTTCTTCATG;
GLUT! probe: AGGCTGAGCGTGTAAA). qPCR was per-
formed using an ABI 7900 HT Fast Real Time System (Applied
Biosystems) in a 384 well plate.

Statistical Analysis

All data were tested to determine whether they were normally
distributed using the Anderson Darling normality test. Any
differences in the utilisation of carbohydrates or glycolytic rate
with O, tension were analysed using a Student’s t-test. Differences
in mRINA expression were normalised to the endogenous control,
UBC and then to 1 for cells cultured at 5% O, or to Allstars
transfection controls when genes were silenced. Differences in
protein expression were normalised to B-actin and then to 1 for
cells cultured at 5% Os. In both cases a one sample t-test was used
to determine significance from either 5% Oy or transfection
controls. Differences in Oy consumption between hESCs main-
tained at 5%, 20% and 5% Oy in the absence of FGF2 was
determined using a one-way analysis of variance followed by a
Fisher’s test. Differences in binding of HIF-2« to the GLUTI
promoter with Oy tension was expressed as a percentage of input
(non-immunoprecipitated chromatin) calculated using 100x20*
{npu-Ct () for each sample and expressed as box and whisker
plots. All data represent at least 3 independent experiments and
are presented as mean = SEM.

Results

Environmental O, Tension Regulates Carbohydrate
Utilisation

hESCs maintained at 5% Oy display an increased proliferation
and expression of pluripotency markers compared to those
cultured at 20% Oy [5]. The current study aimed to determine
the impact of environmental O, tension on the energy metabolism
of hESCs. Hues7 hESCs were cultured at either 5% or 20% O
and the consumption of glucose and pyruvate and the production
of lactate were analysed on days two to four post-passage.
Similarly, the effect of environmental Oy tension on the depletion
of glucose and production of lactate by Shef3 hESCs on day 3
post-passage was also determined. Under each O, tension, glucose
was found to be the predominant energy substrate utilised.
Interestingly, both cell lines consumed almost twice as much
glucose (P<0.001) and produced approximately 2-3 times the
amount of lactate (P<C0.01-P<C0.001) when cultured at 5% O
compared to 20% Oy (Fig. 1A-D). A similar, low level
(~0.1 pmol/cell/h) of pyruvate was consumed by Hues7 hESCs
on each day post-passage (Fig. 1 A-C).

Environmental O, and Short-term Removal of FGF2 Alters
hESC Energy Metabolism

To investigate whether the difference in energy substrate
utilisation between hESCs cultured at 5% and 20% O, was a
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reflection of the degree of cell pluripotency, FGF2 was removed
from the medium used to culture cells at 5% Oy for 16 hours.
Morphologically, there was no overt differentiation observed in
any of the treatment groups on day 3 post-passage (Fig. S1). This is
in agreement with previous observations of hESCs cultured at 5%
or 20% Oy [5].

In terms of metabolism, removing FGF2 for 16 hours from
hESCs cultured at 5% Oy resulted in a significant reduction in the
amount of glucose consumed in Hues7 cells and a near significant
reduction in Shef3 cells compared to those maintained in the
presence of FGF2 (Fig. 2A and B). However, in the absence of
FGF2, both cell lines displayed a significant reduction in the
amount of lactate produced. Interestingly, twice as much pyruvate
was consumed when Hues7 cells were cultured at 5% Oy in the
absence of FGF2 for 16 hours compared to when FGF2 was
present (P<<0.01; Fig. 2 A). This suggests that even the very early
stages of differentiation are associated with an increased reliance
on oxidative metabolism.

To determine the global ability of hESCs to produce energy, Og
consumption was measured. Hues7 hESCs cultured at 20% Oy
were found to consume approximately 4 ul Oy/mg protein/h,
which was significantly greater than hESCs cultured at both 5%
O, (P<0.001) and 5% O, where FGF2 was removed for 16 hours
(P<<0.001; Fig. 2 C). Interestingly, the removal of FGF2 for 16
hours from hESCs cultured at 5% Oy significantly increased Oy
consumption compared to those cultured in the presence of FGF2
(P<<0.05). This suggests that hESCs maintained at 20% O, have a
greater energy requirement than those cultured at 5% Oy in the
absence of FGF2. hESCs cultured at 5% Oy in the presence of
FGF?2 are the quietest metabolically having the lowest rate of Oy
consumption.

Environmental O, and Short Term FGF2 Removal
Regulates the Self-renewal of hESCs

In agreement with our previous report [5], OCT4 protein
expression was significantly decreased in Hues7 hESCs main-
tained at 20% Og compared to those cultured at 5% Oy (P<<0.05;
Fig. 3 A, B). A similar reduction in SOX2 (P<C0.05) and NANOG
(P<<0.05) expression was also observed at 20% O, (Fig. 3 C-F).
Interestingly, when FGF2 was removed for 16 hours from hESCs
cultured at 5% Oy, SOX2 protein expression decreased signifi-
cantly while OCT4 and NANOG expression displayed a non-
significant reduction to levels comparable te hESCs cultured
under atmospheric O, tensions (Fig. 3A-F).

GLUTT mRNA is Differentially Expressed Under Hypoxic
Conditions and Regulated by HIF-2

To determine whether differences in glucose transport may be
responsible for the increased consumption cbserved by Hues7
hESCs maintained at 5% Oy compared to 20% Oy, the expression
of GLUT! was investigated. GLUT] mRNA expression was
significantly decreased in cells maintained at 20% O, compared to
those cultured at 5% Oy (Fig. 4 A). This suggests a correlation
between the mRNA expression of GLUT] and the uptake of
glucose in hESCs.

Since HIFs are important regulators of the hypoxic response,
sIRNA was used to determine whether any of the HIFe subunits
were responsible for the increased GLUT] expression in hESCs
cultured at 5% Oy GLUT] mRNA expression was not affected
when either HIF-1o: or HIF-3o were silenced but was significantly
reduced when HIF-20. was knocked down (P<<0.001; Fig. 4 B).
This suggests that HIF-2¢: is an upstream regulator of GLUT] in
hESCs cultured at 5% Oy,
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Figure 1. Hypoxic culture promotes glucose uptake and lactate production in hESCs. Glucose, pyruvate and lactate utilisation were non-
invasively measured in a defined hESC medium. More glucose was consumed and lactate produced by Hues7 hESCs cultured at 5% O, than at 20%
0, on (A) day 2 (B) day 3 and (C) day 4 post-passage. In contrast, less pyruvate was consumed by hESCs at 5% O, compared to 20% O,. The rate of
glucose consumption and lactate production was also greater on day 3 post-passage in Shef3 hESCs cultured at 5% O, compared to those
maintained at 20% O, (D). **P<<0.01, **P<0.001 significantly different to 5% O, (n=12-23).

doi:10.1371/journal.pone.0062507.g001
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Figure 2. Short term removal of FGF2 at 5% O, alters hESC metabolism and promotes O, consumption. Removal of FGF2 for 16 hours
from Hues7 hESCs cultured at 5% O, (5% O,- FGF2) resulted in a reduction of glucose consumption and lactate production, whereas pyruvate
consumption dramatically increased (A). Shef3 hESCs cultured at 5% O,- FGF2 displayed a significant reduction in lactate production (B8). **P<0.01,
**¥¥p<0.001 significantly different to 5% O>+FGF2 (n = 10-18). Hues7 hESCs cultured at 5% O, consumed less O, than when FGF2 was removed for 16
hours (C). hESCs maintained at 20% O, consumed the greatest amount of O,. Bars with the same superscript are significantly different; a, b, P<0.001,
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doi:10.1371/journal.pone.0062507.g002

HIF-2o Binds Directly to the GLUT1 Promoter

To determine whether HIF-2a binds directly to a potential
HRE in the proximal promoter of GLUT1 ChIP assays were
performed on Hues7 hESCs. We compared the enrichment, using
qPCR, of the sequence corresponding to the GLUTI proximal
promoter when precipitating with an antibody specific for HIF-20,
compared to the IgG isotype control. A 4-fold enrichment over the
IgG control was observed in the chromatin isolated from hESCs
maintained at 5% O (Fig. 4C). In contrast, no significant binding
of HIF-2o was observed in chromatin isolated from hESCs
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maintained at 20% O,. This data reveals a specific HIF-2a
interaction with the GLUT1 proximal promoter only in hESCs
cultured under hypoxic conditions.

Discussion

hESC metabolism has received little attention, despite being
mtrinsic to cellular function. Several studies have highlighted
beneficial effects of culturing hESCs at low O, tensions including
improved morphology, increased expression of pluripotency
markers, a reduction in chromosomal abnormalities and a higher
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rate of proliferation [3,4,5,22] but the impact on cellular
metabolism is unknown. Thus, this study sought to investigate
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the influence of environmental O5 on the carbohydrate utilisation,
energy metabolism and self-renewal of hESCs.

Independent of O, tension, glucose was found to be the
predominant substrate utilised by hESCs. However, highly
pluripotent hESCs cultured under hypoxic conditions were found
to deplete significantly more glucose and produce higher levels of
lactate than cells maintained at atmospheric Os tensions. This was
intriguing and suggested a correlation between metabolism and
self-renewal. To investigate this further, FGF2, a factor required to
sustain self-renewal and support growth of undifferentiated hESCs
[23,24], was removed for just 16 hours from highly pluripotent
cells cultured at 5% Os. The removal of FGF2 resulted in a
reduced utilisation of glucose and significant decrease in the
amount of lactate produced. This was intriguing and highlights the
ability of hESC metabolism to adapt to changes in environmental
conditions. Moreover, the resultant rates of glucose utilisation and
lactate production observed in hESCs cultured in the absence of
FGF?2 for 16 hours were similar to cells cultured at 20% O,. This
was interesting since cells maintained at 20% O, expressed
significantly less OCT4, SOX2 and NANOG than those cultured
under hypoxic conditions. A similar trend was also mirrored by
hESCs cultured at 5% O, in the absence of FGF2. These data
suggest that energy metabolism may represent a novel parameter
to quantify the self-renewal potential of hESC cultures.

The mechanism of how FGF2 regulates hESC energy
metabolism under hypoxic conditions is unknown but data from
adipocytes implicates the involvement of HIF-1o [25]. These
investigators found that the culture of adipocytes under hypoxic
conditions in the presence of FGF2 caused an increase in both
GLUT! expression and lactate production through the induction
of HIF-1o.. In hESCs HIF-1a is degraded after ~48 h of hypoxic
culture after which HIF-2u is stabilised [5]. Thus, it could be
speculated that the reduced amount of glucose consumed and
lactate produced by hESCs cultured at 5% O, in the absence of
FGF2 may be due to the destabilisation/degradation of HIF-2o
and the resultant decrease in expression of hypoxia responsive
genes.

Hues7 hESCs cultured at 5% O, consumed significantly lower
levels of O5 and pyruvate than those maintained at either 20% O,
or 5% O in the absence of FGF2. Since O, consumption provides
the best global indication of the ability of a cell to produce energy,
this suggests that hESCs cultured at 5% O, are more metabolically
quiescent than those cultured at 5% O in the absence of FGF2, or
at 20% O,. As OCT4, SOX2 and NANOG expression were also
significantly reduced in hESCs cultured at 20% O compared to
5% O,, this suggests that as differentiation occurs a more active
metabolism ensues. These results are comparable to that in the
mouse blastocyst where the ICM was found to be metabolically
relatively quiescent consuming low levels of O, compared to the
differentiated trophectoderm [15].

Our data also suggest that hESCs display a glycolytic
metabolism consuming glucose and producing lactate. This is in
agreement with mouse ES cells and mesenchymal stem cells which
utilise glycolysis as a primary source of ATP production in the
undifferentiated state and switch to oxidative phosphorylation
upon differentiation [26,27]. Similarly, nuclear reprogramming
associated with induced pluripotent stem cells has been shown to
be associated with a shift from an oxidative metabolism to one
dependent on glycolysis [18,39]. Together with the current data,
this highlights the importance of glycolysis for maintaining the
pluripotent state.

hESCs cultured at 5% O, expressed significantly more GLUT]
than those maintained at 20% Os. Glucose transporter expression
is known to increase the amount of glucose taken up by cells and
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GLUT! is thought to be the predominant transporter in many cell
types including mouse ESCs, brain, placenta, and retina
[28,29,30]. Our finding of an increase in GLUT] expression
under hypoxic conditions is in agreement with that observed in
mouse ESCs [31]. As a HRE is present in the promoter region of
the GLUT] gene [32,33] we were interested to determine whether
any of the 3 regulated HIF-o subunits were responsible for this
increased expression. Using siRNA, HIF-o subunits were silenced
individually and the effect on GLUT] expression determined.
GLUT] mRNA was down-regulated only when HIF-200 was
silenced, suggesting that HIF-2o is an upstream regulator of
GLUT!. The HIF family of transcription factors have also been
found to mediate the expression of GLUT] in mouse ESCs, MEFs
and cardiomyocytes [34,35,36]. However, in these cell types, it
was HIF-lo, not HIF-20 which regulated GLUT] expression.
This represents a fundamental difference in the regulation of
GLUT! between mouse and human ESCs.

Using ChIP, HIF-2¢ was found to bind directly to the region
containing a putative HRE in the proximal promoter of the
GLUT! gene only in hESCs cultured at 5% Oy. This was an
exciting finding since although GLUT] has been extensively
studied as a hypoxia inducible gene, to the best of our knowledge
this is the first report of HIF-2o binding directly to GLUT]. It is
therefore possible that the increased expression of GLUTI
observed may be responsible for the greater uptake of glucose
into hESCs cultured at 5% O,. However, since many of the genes
involved in glucose metabolism including hexockinase, phospho-
fructokinase, glyceraldehyde-3-phosphate dehydrogenase, enolase,
pyruvate kinase and lactate dehydrogenase have also been shown
to be regulated by environmental Oy, alternative mechanisms of
regulation remain a possibility [34,37,38].
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