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INTRODUCTION

1 INTRODUCTION

Redox regulation, like phosphorylation, is a covalent regulatory system that
controls many of the normal cellular functions of all living cells and organisms. In
addition, it controls how cells respond to stress involving oxidants and free radicals.
This area is undergoing a transition from general knowledge to specific description of
the components and mechanisms involved. A progressive rise of oxidative stress due
to altered reduction—oxidation (redox) homeostasis appears to be one of the
hallmarks of the processes that regulate gene transcription in physiology and
pathophysiology. Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) serve as signalling messengers for the evolution and perpetuation of the
inflammatory process that is often associated with the condition of oxidative stress,
and involves genetic regulation [Halliwell, 1991; Foncea, 2000; Hensley et al, 2000,
Droege, 2001; Hancock, Desikan and Neill, 2001]. Changes in the pattern of gene
expression through ROS/RNS-sensitive regulatory transcription factors are crucial
components of the machinery that determines cellular responses to oxidative/redox
conditions. In order to study the effect of reactive oxygen species on the expression
of cardiotrophin-1 (CT-1), we used stem cell derived embryoid bodies as in vitro
model.

1.1 STEM CELLS

Stem cells are primal undifferentiated cells (self-renewing cells) that have the ability
to proliferate and differentiate into cell types of different tissues in vitro and in vivo.
Molecular cues provided by their cellular environment or niche and subsequently
activated transcriptional factors appear to switch specific genetic programmes on or
off in a very controlled manner. Execution of the right genetic programme and
therefore differentiation into specific cell types depends crucially on the availability of
right combination and sequences of cues [O’Shea, 2004]. Stem cells differ from other
kinds of cells in the body. All stem cells regardless of their source have three general
properties: (i) they are capable of dividing and renewing themselves for long periods;

(i) they are specialised; (iii) they can give rise to specialised cell types. Based on the
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developmental potential of stem cells, i.e., the number of different kinds of

differentiated cell that they can become, they are classified as follows (see FIG. 1):

Totipotent cells; these cells have the potential to become any cell type in the
adult body and any cell of the extra embryonic membranes (e.g., placenta).
The only totipotent cells are fertilised eggs.

Pluripotent stem cells; these are cells that have the potential to differentiate
into any cell in the body, but cannot contribute to making the extra embryonic
membranes (which are derived from the trophoblast) [Wobus 2001]. Three
types of pluripotent stem cells have been found

- Embryonic Stem (ES) Cells. These cells are isolated from the inner
cell mass (ICM) of the blastocyst — the stage of embryonic
development when implantation occurs.

- Embryonic Germ (EG) Cells. These cells are isolated from the
precursor to the gonads in aborted fetuses.

- Embryonic Carcinoma (EC) Cells. EC cells are isolated from
teratocarcinomas, a tumor that occasionally occurs in a gonad of a
fetus. Unlike the other two, they are usually aneuploid (having one or
more extra (or fewer) chromosomes than the normal diploid (2n) set
(e.g., 2n+1, 2n-1)).

Multipotent stem cells (adult stem cells); these cells can only differentiate
into a limited number of types. For example, the bone marrow contains
multipotent stem cells that give rise to all the cells of the blood but not to other
types of cells. Multipotent stem cells are found in adult animals; perhaps most
organs in the body (e.g., brain, liver) contain them where they can replace
dead or damaged cells.
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FIG. 1 Types of stem cells [www.bioteach.ubc.ca/ Bioengineering/StemCells/]

A focus of pluripotent stem cell research is the identification of signals that control
stem cell differentiation and influence lineage specification. The replication of
signalling events within the embryo, by providing defined signalling molecules in
culture, may permit the directed differentiation of ES cells toward selected lineages.
There exist both intrinsic and extrinsic molecular signals that drive stem cell renewal
—a vital property of stem cells — and differentiation. Key signalling pathways that have
been implicated in ES cell maintenance and differentiation include the Notch, TGFj,
Wnt pathways. A LIF-dependent JAK/STAT3 pathway [Raz et al, 1999; Bader et al,
2000; Bader et al 2001], and signalling by Nanog and Oct4 transcription factors have
been shown to maintain ES cell self-renewal, whereas a MEK/ERK signalling
mechanism prevents ES self-renewal [Burdon, Smith and Savatier, 2002; Saito, Liu
and Yokoyama, 2004]. In contrast over-expression of Oct4 results in differentiation of
ES cells into primitive endoderm; whereas over-expression of Nanog leads to a LIF-
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independent ES cell self-renewal. Oct4 and Nanog signalling prevents differentiation

into trophectoderm and primitive endoderm, respectively (see FIG. 2). The canonical

Whnt pathway is activated upon binding of the Wnt protein to the Frizzled receptor
[Rattis et al, 2004, Reya et al 2005]. Activation of the pathway leads to inhibition of

glycogen synthase kinase-3 (GSK-3), subsequent nuclear accumulation of B-catenin

and the expression of target genes. Sato and colleagues (2004) used the specific
inhibitor of GSK-3, 6-bromoindirubin-3’-oxime (BIO), to demonstrate that the

activation of the canonical Wnt pathway maintains the undifferentiated phenotype in

ES cells and sustains expression of the pluripotent state-specific transcription factors

Oct 4, Rex-1 and Nanog. They demonstrated that the process is fully reversible by

removing BIO thereby leading to the subsequent onset of differentiation processes.

Stem cell Stem cell proliferation
maintenance and survival

~

STAT3
LIF

Stem cell
differentiation

FIG. 2 Signalling pathways and transcription factors involved in the maintenance, proliferation, survival and

differentiation of ES cells [adapted from Hearsley and Peterson, 2004]
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1.1.1 EMBRYONIC STEM CELLS

ES cells are derived from embryos. Specifically, human ES cells are derived from
embryos that developed from in vitro fertilised eggs and are then donated for
research purposes with the consent of the donors. The embryos from which human
embryonic stem cells are derived are typically 4 or 5 days old and are a hollow
microscopic ball of cells called the blastocysts [Shamblott et al, 1998; Thomson et al,
1998; Thomson and Marshall, 1998]. Mouse ES cells are isolated from the inner cell
mass of pre-implantation embryos or blastocyst at day 3.5 of mouse development.
The blastocyst includes three structures: the trophoblast, which is the layer that
surrounds the blastocyst; the blastocoel, which is the hollow cavity inside the
blastocyst; and the inner cell mass (ICM), which is a group of cells at one end of the
blastocoel and would normally give rise to the embryonic disk of the later embryo
and, ultimately, the foetus. When the blastocysts are cultured, the outer layer of cells
attaches to a feeder layer of mitotically inactivated embryonic fibroblasts and
undifferentiated cells from the inner cell mass spontaneously form clumps [Evans and
Kaufman, 1981; Martin, 1981]. When this occurs, they are removed gently and plated
into several fresh cultured dishes. The process of re-plating the cells is repeated
many times, and is called sub-culturing to yield ES cell lines. Each cycle of sub-
culturing the cells is referred to as a passage. These cells are considered pluripotent
as they can be maintained indefinitely in the undifferentiated state in culture, and
when injected back into a blastocyst, have the ability to contribute to all tissues,
including the germ cells. Maintenance of Es cells in vitro is achieved by co-culture on
inactivated mouse fibroblast or on gelatinised plates with a differentiation inhibitory
factor known as LIF [Martin, 1981; Williams et al, 1988]. Once ES cell lines have
been established, batches of them can be frozen.

The in vitro differentiation of ES cells provides a basis both for detailed studies of
developmental mechanisms and for the generation of specific cell types for tissue
engineering and regenerative medicine applications. The in vitro differentiation of ES
cells recapitulates the early processes of development into a variety of endodermal,
mesodermal, and ectodermal lineages [Guan et al, 1999; Amit et al, 2000]. Both the
pattern and the efficiency of differentiation are affected by parameters such as ES
cell density, media components, growth factors and additives and the quality of fetal
calf serum used. ES cell lines display different developmental properties in vitro. In
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vitro differentiation requires the removal of differentiation inhibitory factors and the
development of ES cells in aggregates, called embryoid bodies (EBs) [Doetschman
et al, 1993; Wartenberg et al, 1998, Desbalillets et al, 2000; Doevendans et al, 2000;
Dang et al, 2002]. Specialised cells from these germ layers constitute the complex

assortment of tissues that make up an entire organism (TABLE 1).

EMBRYONIC GERM LAYER CELL TYPE

Ectoderm Neurons

Oligodendrocytes

Astrocytes

Epithelial cells

Mesoderm Adipocytes

Cardiomyocytes

Chondrocytes

Hematopoietic (stem) cells

Endothelial cells

Osteoblasts

Striated- and Smooth- muscle cells

Endoderm Pancreatic-like islets

Insulin-producing cells

Lung cells

Hepatocytes

TABLE 1 Differentiation of mouse embryonic stem cells in vitro [adapted from Faulkes S.Minireview.
www.stemcell.com]

1.1.2 ADULT STEM CELLS

An adult stem cell is an undifferentiated cell found among differentiated cells in a
tissue or organ, can renew itself, and can differentiate to yield the major specialized
cell types of the tissue or organ. The primary roles of adult stem cells in a living
organism are to maintain and repair the tissue in which they are found. Unlike
embryonic stem cells, which are defined by their origin (the inner cell mass of the
blastocyst), the origin of adult stem cells in mature tissues is unknown. Adult stem
cells have been identified in many organs and tissues. They are thought to reside in
a specific area of each tissue where they may remain quiescent for many years until

they are activated by disease or tissue injury. As of now the following adult tissues

6
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have been reported to contain resident stem cells: brain, bone marrow [Iscove, 1990;
Mackay et al, 1998; Pittenger et al, 1999; Orlic et al, 2001], blood [Hall et al, 1989;
Juttner et al, 1989; Kessinger et al 1991], skeletal muscle, skin, heart [Anversa et al,
2002], fat and liver.

Not so long ago, it was thought that only embryonic stem cells could generate all
different cell types in mammalian body, and that adult stem cells are more restricted
in their developmental potential. However, it has recently been shown that adult stem
cells exhibit the ability to form specialized cell types of other tissues, which is known
as transdifferentiation or plasticity (see FIG. 3) [Bjornson et al, 1999; Makino et al
1999; Goodell et al, 2001; Jackson et al, 2001; Orlic et al, 2001].

HEMATOPOIETIC STEM CELLS

brain cells

| cardiac muscle cells |

BONE MARROW STROMAL CELLS

[EkSiEtalmuseieieeli] [ cardiac muscie cels |

FIG. 3 Adult Stem Cell Plasticity And Transdifferentiation

In the past few years many scientists have been trying to find ways to grow adult
stem cells in cell culture and manipulate them to generate specific cell types so they
can be used to treat injury or disease. Some examples of potential treatments include
replacing the dopamine-producing cells in the brains of Parkinson's patients,
developing insulin-producing cells for type | diabetes and repairing damaged heart
muscle following a heart attack with cardiac muscle cells. If successful, adult stem
cell therapy will help to solve the ethical conflicts that exist with the ES cells. An
advantage of adult stem cells is that, potential ethical issues and immunogenic

rejection are averted, since they can be harvested from the patient.
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1.1.3 STEM CELL MARKERS

While stem cells are best defined functionally, a number of molecular markers have

been used to characterise various stem cell populations.

Embryonic stem cell markers

Oct-4: Oct-4 (also termed Oct3 or Oct3/4), one of the POU transcription
factors, was originally identified as a DNA-binding protein that activates gene
transcription via a cis-element containing octamer motif. It is expressed in
totipotent ES- and EG- cells. A critical level of Oct-4 is required to sustain stem
cell self-renewal and pluripotency. Differentiation of ES cells result in down-
regulation of Oct-4, an event essential for a proper and divergent development
program [Scholer et al, 1989; Rosner et al, 1990; Niwa, Miyazaki and Smith,
200]. Oct-4 is not only master regulator of pluripotency that controls lineage
commitment, but is also the first and most recognised marker used for the
identification of totipotent ES cells.

SSEAs (Stage Specific Embryonic Antigens): SSEAs were originally identified
by the three monoclonal antibodies recognising defined carbohydrate epitopes
associated with the lacto- and globo- series glycolipids, SSEA-1, -3 and -4.
Undifferentiated murine pluripotent cells express SSEA-1 and do not exhibit
any reactivity to the SSEA-3, SSEA-4 monoclonal antibodies. Following
differentiation, murine EC and ES cells exhibit a decrease in the expression of
SSEA-1 and an increase in the expression of SSEA-3 and SSEA-4 [Thomson
et al, 1998; Thomson and Marshall, 1998]. In contrast, undifferentiated human
EC, ES and EG cells express the antigens SSEA-3, SSEA-4. Differentiation of
human EC and ES cells is characterized by an increase in SSEA-1 expression
and a down regulation of SSEA-3 and SSEA-4. Unlike human EC and ES
cells, only EG cells express SSEA-1.
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ADULT STEM CELL MARKERS

In TABLE 2 below is a list of markers which are used to identify adult stem cells from
hematopoietic [Sutherland et al, 1992; Spangrude and Brooks, 1993; Yu et al, 2002;
Zhou et al, 2001], neural [Frederiksen et al, 1988; Mayer-Proschel et al, 1997;

Morrison et al, 1999] and mesenchymal [Simmons and Rorok-Storb , 1991] origin.

STEM CELL TYPE MARKERS
Hematopoietic stem cell - CD34
- CD133

- stem cell antigen 1, Ly-6A/E (Sca-1)
- ATP-binding cassette superfamily G member 2
(ABCG2)

Mesenchymal stem cell STRO-1

Neural stem cell - p75 Neurotrophin R (p75 NTR)

- Polysialic acid-neural cell adhesion molecule
(PSA-NCAM)

- Nestin

TABLE 2 Adult Stem Cell Markers.

Since the initial derivation of mouse ES- cells in the early 1980s [Evans and
Kaufman, 1981; Martin, 1981], the in vitro differentiation capacity of ES cells has
provided a unique opportunity for experimental analysis of gene regulation and
function during cell commitment and differentiation in early embryogenesis, and a
potential source of cells for replacement following injury or disease. ES cells have
also provided a platform to study pathways of differentiation and maintenance of
pluripotency that are likely to have broad applications to the field of stem cell biology,
cancer stem cell biology, and the understanding of how development may go awry.

In this project embryoid bodies (EBs) derived from mouse ES cell lines were used to
study the effect of intracellular redox state in the expression of CT-1 during the
differentiation of ES cells.
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1.2 INTRA-CELLULAR REDOX STATE AND REDOX SIGNALLING

Free radicals and other ROS play a very important role in many cells/organisms.
They are involved in many (patho-) physiological processes in the cell/organism.
Every living organism possesses numerous cellular antioxidant systems to control the
amount of free radicals and ROS available in the cellular system and maintain the
redox balance of the cell (see FIG. 4). A shift in the equilibrium between free
radicals/ROS and these control mechanism leads to oxidative stress. Free radicals
are a cluster of atoms that contain an unpaired electron in their outermost orbit of
electrons. This is an extremely unstable configuration, and radicals quickly react with
other molecules or radicals to achieve the stable configuration. Most biological

molecules are nonradicals containing only paired electrons.

1.2.1 SOURCES OF ROS

The main source of ROS is the mitochondrion which converts about 2% of consumed
molecular oxygen into superoxide anion (O.") during mitochondrial respiration.
Mitochondrial respiration converts carbohydrates into high-energy metabolites such
as adenosine triphosphate (ATP). This requires the sequential oxidation and
reduction of the substrates using respiratory complexes. After oxidation by
mitochondrial and plasma membrane oxidases, oxygen is reduced and the
superoxide radical is formed. Other sources for O,” generation include NADPH
oxidase, lipooxygenase, hypoxanthine/xanthine oxidase, cyclooxygenase [Droge,
2002]. Oy " is a relatively short-lived ROS and is converted to hydrogen peroxide
(H202) by superoxide dismutase (SOD) (equation 1-3), and H.O. is degraded to
water by several cellular enzymes such as catalase and glutathione (GSH)
peroxidase. Reaction of O," with NO° generates peroxynitrite, a potentially
deleterious ROS (equation 4).

C. + e = Oy (1
20, + NADPH > 20," + NADP* + H* (2
205" + H* 2> H0O2 +02 (3

NO + O2” > OONO (4
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H.O, is also produced in the thyroid gland as a substrate for thyroperoxidase, which
catalyzes the attachment of iodine to thryoglobulin, an important protein for the
synthesis of thyroid hormone. H,O, is generated in peroxisomes to aid in the
degradation of fatty acids and other molecules, and H>O. is used for detoxification
reactions involving the liver cytochrome P-450 system. H.O. can also react with
reduced transition metals (Me) or semiquinones through the Haber-Weiss- or Fenton
reactions [Stadtman and Berlett, 1998] to be converted to the highly reactive hydroxyl

radical (OH) as shown in equation 5, or it can be metabolized by myeloperoxidase

INTRODUCTION

(MPOQ) to form hypochlorous acid (HOCI).

H.0, + Me™ >-OH + OH + Me(n) (5)
e.g. HxOx+ Fe?* or Cu* > ‘OH + OH + Fe* or Cu?*

ROS METABOLISM

Antioxidants and Scavengers

eSuperoxide dismutase (SOD)

<N

Immune control

«Killing of microorganisms

+Signalling transduction and
transcription

Cell signalling

Processes involved
*Normal metabolism (+) Enzymes
eInflammation \
-Detoxificati eCatalase
etoxification Fe2+/Cu?+ (¢)| *Glutathione peroxidase

*Tissue damage Oy + HO , 777777 > OH *Prion protein (PrPe)

eThioredoxins

- (+) *Peroxidases

Sites ePeroxiredoxins
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*Peroxisome (oxidases and eVitamins A, C, E
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v
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*DNA mutation

FIG. 4 Schematic presentation of sources of ROS and antioxidant defence system. The levels of intracellular
ROS are balanced by the intracellular antioxidant defence system which consists of enzymatic and nonenzymatic

components.
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Some cells, such as phagocytic leukocytes, have evolved the use of H.O, as a
bactericidal defense chemical, a phenomenon known as oxidative burst. In these
inflammatory cells, NADPH oxidase associated with the plasma membrane reduces
molecular oxygen to generate O,". O2" is spontaneously or enzymatically converted
to H.O» which can then freely pass through the membrane. While these oxidants are
important in protecting us from infection, they can cause oxidative damage during
chronic inflammatory activity [Halliwell, 1991; Bruene et al, 2003; Kreeger, 2003].
Oxidative stress is caused by an excessive accumulation of ROS as a result of a
defective antioxidant defense system of the cell (see FIG. 5).Oxidative stress can
generally be imposed on cells as a result of one of three factors:

1) an increase in oxidant generation,

2) a decrease in antioxidant protection,

3) a failure to repair oxidative damage.
The importance of oxidative stress is that it increases the susceptibility of cellular
constituents to oxidative molecular damage such DNA fragmentation, lipid
peroxidation, activation of oncogenes or repression of tumor suppressor genes and
release of Ca®* within the cells, leading to the activation of Ca®*-dependent proteases
and nucleases. Inflammatory processes often overshoot in their reaction leading to
excessive production of ROS, destruction of healthy body tissue, and development of
auto-destructive disease. The relationship of oxidative stress and inflammation is
undisputed. Mounting evidence points to chronic inflammation as not only being the
problem of well recognized inflammatory diseases such as tuberculosis, rheumatoid
arthritis or inflammatory bowel disease [Hensley et al, 2000], but also as a contributor
to a grow