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Abstract

This volume describes the latest findings on transcriptional and translational
regulation of stem cells. Both transcriptional activators and repressors have
been shown to be crucial for the maintenance of the stem cell state. A key
element of stem cell maintenance is repression of differentiation factors or
developmental genes — achieved transcriptionally, epigenetically by the
Polycomb complex, and post-transcriptionally by RNA-binding proteins
and microRNAs. This volume takes two approaches to this topic — (1) illus-
trating the general principles outlined above through a series of different
stem cell examples — embryonic, iPS and adult stem cells, and (2) describing
several molecular families that have been shown to have roles in regulation

of multiple stem cell populations.
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1.1 The History of Stem Cells

The term “stem cell” has had a variety of mean-
ings over the past decades and its history is inter-
twined with the concept of cell potency. These
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ideas can be traced back to the work of Hans
Driesch in the early 1890s who used vigorous
shaking to isolate blastomeres from two-cell sea
urchin embryos and was then able to demonstrate
that these single blastomeres were totipotent and
could develop into complete larvae [1]. The plu-
ripotent nature of cells in the vertebrate blastula
was elucidated by Robert Briggs and Thomas
King in 1952 by transfer of Xenopus blastula
cells into enucleated oocytes [2]. This work was
extended by John Gurdon in the late 1950s-early
1960s in a now famous series of experiments that
resulted in the cloning of Xenopus by nuclear
transfer [3, 4]. The pluripotency of mammalian
embryonic cells was initially demonstrated by
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transplantation of teratocarcinoma cells into
blastocysts by Beatrice Mintz and Karl Illmensee
in 1975 [5].

The pluripotential capacity of differentiated
adult mammalian cells became clear with the
generation of the sheep named “Dolly” by the
group of Tan Wilmut in 1996 using somatic cell
nuclear transfer [6]. The foundations for the
generation of Dolly go back to the 1928 studies
of Hans Spemann (published in his 1938 book
“Embryonic development and induction”) who
was the first to transfer a nucleus from one cell
to another in a salamander embryo [7]. Direct
re-programming of differentiated adult mouse
cells was achieved by Shinya Yamanaka and col-
leagues in 2006 to produce induced pluripotent
stem cells (iPS cells) followed by similar studies
from human cells in 2007 [8, 9].

The first description of a cell as a stem cell (or
Stammzelle) was by Alexander Maximow in his
1909 reference to the lymphocyte as a common
element to all blood cell types [10]. Experimental
evidence for the existence of stem cells in vivo
was not obtained until 1963 when work from the
laboratory of Ernest McCulloch and James Till
showed that cells isolated from bone marrow
when transplanted into irradiated mice formed
nodules in the spleen in proportion to the num-
ber of cells first injected [11]. The term “embry-
onic stem cell” is credited to Gail Martin. In
1981 both Martin and the team of Martin Evans
and Matthew Kaufman independently derived
methods of extracting embryonic stem cells from
the inner cell mass of mouse blastocysts [12, 13].
In 1998 James Thomson established the first
human embryonic stem cell lines [14]. Stem
cells therefore have a long experimental history
but the criteria used to define them have varied
over this period.

1.2  Whatls a Stem Cell?

Stem cells have traditionally been defined by a
variety of functional assays leading to some dif-
ferences in whether specific cells are considered
as stem cells. Clonogenicity has long been con-
sidered a “gold standard” for identifying if stem
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cells are present in a population of cells and as a
surrogate method of determining the number
of stem cells in the population [11, 15]. These
experiments conducted with haematopoietic
tissue demonstrated the self-renewing capacity of
stem cells (required for generation of a transplant
colony, either in vitro or in vivo) and the ability of
multiple lineages to be derived from the stem cell
founders. Multipotency should not be regarded
as a condition of all stem cells as transplantable
spermatogenic stem cells are present in the testis
[16] that only produce sperm precursors under
normal conditions. The nature of the assay used to
define or culture stem cells is of critical importance
when defining the characteristics of the stem cell
population as even unipotent spermatogenic
stem cells can be induced to differentiate into
cells with characteristics of all germ layers when
cultured under specific conditions not normally
found in the seminiferous tubules of the testis
environment [17].

Another characteristic associated with stem
cells is that they are long lived and in many
organs are essentially immortal, persisting for
the lifetime of the host organism. Perhaps it is
more appropriate to consider the lifespan of
the stem cell pool in an organ as recent lineage
tracing studies in the mouse intestinal epithe-
lium have demonstrated turnover of individual
stem cell clones in intestinal crypts while main-
taining a steady state stem cell pool [18]. Some
cell types capable of self-renewal and produc-
tion of differentiated daughters only exist for a
limited number of cell divisions during devel-
opmental processes, for example embryonic
neuroblasts of Drosophila melanogaster, and
have been referred to as progenitor cells rather
than stem cells [19].

A decrease in stem cell activity or loss of stem
cell pools has been thought to be associated with
tissue aging. An experimental demonstration of
the principle can be observed by transplantation of
purified spermatogonia from differently aged mice
into young recipient testes and counting numbers
of subsequent graft colonies. Spermatogonia from
aged mice produce far less grafts and hence can
be considered to contain fewer spermatogonial
stem cells. This correlates with decreasing fertility
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observed in aged animals [20]. However, if purified
spermatogonia from young males are serially
transplanted into young testes they can produce
engraftment rates similar to those from young ani-
mals even when the serial grafts pass 3 years of
age. This has been interpreted as evidence that the
stem cells are not aging but the somatic support
cells lose the capacity to maintain the stem cell
population as tissues age [20].

Stem cells do not appear to be associated with
any specific mode of cell division. Germline stem
cells in Drosophila and C. elegans cycle continu-
ously [21] while many vertebrate stem cell popu-
lations are regarded as quiescent and capable of
being marked by long term retention of radiola-
belled nucleotide analogues [22, 23]. These
species-specific distinctions are now less clear as
rapidly cycling stem cell populations have been
isolated from vertebrate organs [24] and there are
indications that different stem cell types may play
separate roles, or cycle differently during homeo-
stasis and tissue repair [25].

Stem cells by definition must be undifferen-
tiated cells as their main role is to provide a
pool of cells that can regenerate components of
a tissue via a series of steps that involve tightly
regulated division and differentiation. The cel-
lular environment, or stem cell niche, regulates
stem cell behaviour by providing appropriate
signals that influence maintenance, prolifera-
tion and differentiation. This hypothesis was first
proposed by Schofield [26] and experimental
evidence for the existence of the niche came
from genetic studies in the Drosophila female
germline [27]. Even this simple functional
relationship between stem cell and niche has
now become confused as evidence has been
obtained that stem cell progeny can contribute
to the niche (reviewed in [28]) and it is now
known that stem cells of one lineage can act as
niche cells for stem cells of another lineage. For
example, populations of germline and somatic
stem cells co-exist in the apical tip of the adult
Drosophila testis. The somatic stem cells secrete
a BMP-family signal that is critical for mainte-
nance of the germline stem cell population in
addition to acting as a precursor to differentiated
somatic cyst cells [29, 30].

Stem Cell Maintenance
Involves Repression
of Differentiation
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As is described in the chapters of this volume,
stem cells are found in tissues derived from all
germ layers, either quiescent or cycling, and
associated with varied niches. It follows suit
that different stem cells pools are regulated by
different molecular mechanisms and few gen-
eralities can be drawn regarding this regula-
tion. There does not appear to be a general
factor that promotes “stemness” in a popula-
tion of cells. What can be said in a general
fashion is that stem cells must remain undif-
ferentiated if the pool is to be maintained and
molecular mechanisms that promote stem cell
maintenance must repress differentiation. The
first studies to show global repression of devel-
opmental genes (i.e. those that promote differ-
entiation of various tissues and organs) in stem
cells were conducted in mouse and human
embryonic stem cells [31, 32]. These studies
demonstrated that the Polycomb group proteins
act as repressor complexes to suppress tran-
scription of mainly developmental genes in ES
cells without affecting genes required for
nucleic acid metabolism, cell cycle and protein
synthesis. The following chapters will show
that we now know much more about the tran-
scriptional circuitry that regulates stem cell
behaviour but that this is only one layer of reg-
ulation imposed upon stem cells. microRNAs
and translational activators/repressors also play
key roles in promoting stem cell maintenance
and controlling differentiation. The Polycomb
proteins recruit factors that modulate histone
methylation and hence play an epigenetic role
in maintaining patterns of gene expression.
This mechanism appears not to be restricted to
embryonic stem cells but epigenetic regulation
of stem cell maintenance is a more general
phenomenon [33].

This volume describes different stem cell
populations and the varied molecular genetic
mechanisms that have been associated with their
regulation.
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