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PREFACE

Stem cells have been gaining a lot of attention in recent years. Their unique potential
to self-renew and differentiate has turned them into an attractive model for the study
of basic biological questions such as cell division, replication, transcription, cell fate
decisions, and more. With embryonic stem (ES) cells that can generate each cell type in the
mammalian body and adult stem cells that are able to give rise to the cells within a given
lineage, basic questions at different developmental stages can be addressed. Importantly,
both adult and embryonic stem cells provide an excellent tool for cell therapy, making
stem cell research ever more pertinent to regenerative medicine.

As the title The Cell Biology of Stem Cells suggests, our book deals with multiple
aspects of stem cell biology, ranging from their basic molecular characteristics to the
in vivo stem cell trafficking of adult stem cells and the adult stem-cell niche, and ends
with a visit to regeneration and cell fate reprogramming. In the first chapter, “Early
embryonic cell fate decisions in the mouse”, Amy Ralson and Yojiro Yamanaka describe
the mechanisms that support early developmental decisions in the mouse pre-implantation
embryo and the current understanding of the source of the most immature stem cell types,
which includes ES cells, trophoblast stem (TS) cells and extraembryonic endoderm stem
(XEN) cells. From the derivation of these stem cell types, we turn to examining the
nuclear architecture and genome organization of pluripotent ES cells in the second chapter
“Nuclear architecture in stem cells” by Kelly Morris, Mita Chotalia and Ana Pombo. The
chapter addresses the structure and function of the three-dimensional space of the nucleus
in ES cells, emphasising the unique properties of chromatin, nuclear bodies and gene
positioning in these cells. ES cell epigenetics is analyzed in more depth in the third chapter
“Epigenetic regulation of pluripotency” by Eleni Tomazou and Alexander Meissner. The
authors describe the epigenetic profiles of key chromatin modifications, including DNA
methylation and histone modifications, and discuss functional aspects of these epigenetic
marks. Remaining at the DNA level, the fourth chapter, “Autosomal lyonization of
replication domains during early mammalian development”, by Ichiro Hiratani and David
Gilbert, illustrates the dynamics and regulation of DNA replication in ES cells by taking
us through 50 years of research history of this exciting field, reviving the old concept of
‘autosomal lyonization’ to explain the process of heterochromatinization.
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Genomic DNA, the fundamental unit of life, is constantly being damaged and
repaired. Peter Stambrook and Elisia Tichy discuss mutation rates, signaling pathways and
the mechanisms of DNA damage and repair in ES cells in their chapter, “Preservation of
genomic integrity in mouse embryonic stem cells”. Having talked about DNA packaging,
replication and damage, the book now turns to focus on RNA with the sixth chapter,
“Transcriptional regulation in embryonic stem cells”, by Jian-Chien Dominic Heng and
Huck-Hui Ng. This chapter discusses the transcriptional networks that are at the heart
of the pluripotent state and describes the recent technological advances that allow a
systemic look at transcriptional regulation in ES cells and during their differentiation.
From transcriptional control, we continue to RNA splicing. David Nelles and Gene Yeo
authored the seventh chapter entitled “Alternative splicing in stem cell self-renewal
and differentiation”, in which they review the recent literature on splicing, highlighting
several key examples of alternatively spliced genes in ES cells, and address novel
genome-wide approaches to analyze splicing and alternative splicing patterns at a global
scale. Chapter eight, “MicroRNA regulation of embryonic stem cell self-renewal and
differentiation” by Collin Melton and Robert Blelloch, elucidates microRNA regulation
in ES cells, emphasizing several prominent examples of microRNAs, including Let-7,
Lin-28, miR-134, miR-296 and others, that regulate self-renewal and/or pluripotency
of ES cells. Chapter 9, “Telomeres and telomerase in adult stem cells & pluripotent
embryonic stem cells” by Rosa Marion and Maria Blasco gives an overview of telomere
biology and telomerase regulation in multipotent and pluripotent cells, discussing the
potential mechanisms enabling the remodeling of telomeric chromatin during nuclear
reprogramming from somatic cells to pluripotency. In the mouse, nuclear reprogramming
to pluripotency also entails the reactivation of the somatically silenced X chromosome in
female cells. The next chapter, “X chromosome inactivation and embryonic stem cells”
by Tahsin Stefan Barakat and Joost Gribnau discusses the regulation of X chromosome
inactivation (XCI) as female ES cells are induced to differentiate and explains the cis-and
trans-acting mechanisms that act in concert to precisely orchestrate this transcriptional
silencing of an entire chromosome, while presenting hypotheses for why this intriguing
process occurs in female cells only.

Having covered the molecular biology in the nucleus of pluripotent ES cells, the
next three chapters deal with somatic or adult stem cells. While pluripotent cells only
exist during a brief phase in early embryonic development, adult stem cell populations
are maintained throughout the entire lifespan of the organism until they are required
for tissue homeostasis and/or repair. The signals that keep adult stem cells in check
and regulate their differentiation versus self-renewal are thought to be controlled by
interactions with the cells and extracellular matrix that constitute the stem cell niche. In
Chapter 11, “Adult stem cells and their niches”, Francesca Ferraro, Cristina Celso and
David Scadden explain the niche concept, discuss the signaling pathways that operate
at different mammalian niches, and link the current understanding of niche biology to
carcinogenesis and aging. In Chapter 12 “Adult stem cell differentiation and trafficking
and their implications in disease”, Ying Zhuge, Zhao-Jun Liu and Omaida Velazquez
present trafficking of hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs),
and endothelial progenitor cells (EPCs) and discuss the mechanisms that control their
regulated movement in mammals. Zhuge et al. also explain how understanding these
fundamental processes may translate into therapeutic applications.
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In the next chapter, “Vertebrates that regenerate as models for guiding stem cells”,
Christopher Antos and Elly Tanaka focus on the mechanisms of regeneration in several
vertebrate animal models such as frog, fish and salamander. They describe the extensive
cellular plasticity involved in the regeneration of several structures: the eye, heart,
nervous system and appendages, and they summarize some of the molecules that underlie
transdifferentiation and dedifferentiation in select tissues. The final chapter of the book
“Reprogramming of somatic cells to pluripotency” by Masato Nakagawa and Shinya
Yamanaka comes to the most recent exciting development in stem cell biology: cellular
reprogramming to pluripotency. The authors give a brief history of somatic cell nuclear
transfer experiments conducted in frog oocytes in the *50s and *60s, discuss cell fusion
experiments leading to reprogrammed cells, albeit tetraploid, and describe their lab’s
own seminal contribution to the reprogramming field—the generation of pluripotent cells
from somatic cells upon expression of a specific set of transcription factors—Ileading to
the new thriving field of induced pluripotent stem (iPS) cells.

Human adult and embryonic stem cells, and now induced pluripotent stem cells,
could be used for the generation of cells and tissues for cell-based therapies. With iPS
cells, one is now able to generate patient-specific pluripotent cells with tremendous
potential for disease studies and drug screenings. To be able to take full advantage of
the huge capacity of stem cells, our knowledge of the underlying biology still needs to
grow. In its 14 chapters, The Cell Biology of Stem Cells provides much of the current
understanding of the cell biology of stem cells and discusses many of the open questions
that remain to be answered.

Eran Meshorer, PhD

Department of Genetics, Institute of Life Sciences, The Hebrew University
of Jerusalem, Jerusalem, Israel

Kathrin Plath, PhD
UCLA School of Medicine, Department of Biological Chemistry,
Los Angeles, California, USA
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CHAPTER 1

EARLY EMBRYONIC CELL FATE
DECISIONS IN THE MOUSE

Yojiro Yamanaka* and Amy Ralston*

Abstract: During development, initially totipotent cells of the embryo specialize to form
discrete tissue lineages. The firstlineages to form in the mouse are the extraembryonic
tissues. Meanwhile, cells that do not become extraembryonic retain a pluripotent
fate since they can give rise to all the germ layers of the fetus. Pluripotent stem cell
lines have been derived from the fetal linecage at several stages of development.
Interestingly, multipotent stem cell lines have been derived from the extraembryonic
lineages around the same time. Examining the regulation of early embryonic cell
fate decisions is therefore a rare opportunity to examine establishment of stem cell
progenitors. Classical studies have provided considerable insight into specification
of'the first three lineages and use of modern molecular and imaging techniques has
advanced this field further. Here we describe current understanding of the diverse
molecular mechanisms that lead to establishment and maintenance of the first three
lineages during mouse development.

INTRODUCTION

During the earliest days of mouse development, initially totipotent cells become
restricted in their developmental potential to give rise to the first lineages of the mouse.
While innonmammalian species the first lineage decisions might involve specification of
the major body axes, mammals have an altogether different first priority: implantation.
Thus discrimination between fetal and extraembryonic tissue lineages comprises the first
two lineage decisions (Fig. 1) and precedes establishment of the germ layers (ectoderm,
mesoderm, endoderm) and the germline by several days. This uniquely mammalian
developmental strategy involves unique cell types that can be isolated and expanded

*Corresponding Authors: Yojiro Yamanaka—Goodman Cancer Center, Department of Human Genetics,
Faculty of Medicine, McGill University, Montreal, QC H3A1A3. Email: yojiro.yamanaka@mcgill.ca.
Amy Ralston—Department of Molecular, Cell and Developmental Biology, University of California
Santa Cruz, California, USA. Email: ralston@biology.ucsc.edu

The Cell Biology of Stem Cells, edited by Eran Meshorer and Kathrin Plath.
©2010 Landes Bioscience and Springer Science+Business Media.




2 THE CELL BIOLOGY OF STEM CELLS

in culture as stable stem cell lines. Understanding the origins of the extraembryonic
tissues therefore illuminates our understanding of establishment and differentiation
of stem cells. Classical studies provided considerable insight into specification of the
first three lineages and use of modern molecular and imaging techniques has advanced
this field further.

Three days after fertilization, the mouse embryo, or blastocyst contains three tissue
lineages: epiblast (EPI), trophectoderm (TE) and primitive endoderm (PE). Isolation and
study of stem cell lines from these lineages has reinforced and extended our understanding
of early embryonic cell fate decisions. Three types of stem cell lines have been derived
from the blastocyst: embryonic, trophoblast and extraembryonic endoderm stem cells
(ES, TS and XEN cells). Each of these exhibits stem cell properties, such as the ability
to either self-renew or to differentiate into multiple mature cell types. Yet each stem
cell line exhibits features of the lineage from which it derives, including tissue-specific
developmental potential, morphology, transcription factor expression and growth factor
requirements.' These stem cell lines not only provide an expandable source of pure cell
populations for studies requiring large amounts of starting material, but they provide an
opportunity to understand where stem cells come from.

Studies performed in ES cells have enabled deeper molecular analysis of the role of
genes in cell fate selection. Manipulation of levels of certain lineage-regulating genes
causes corresponding changes in stem cell fate. For example, the trophoblast transcription
factor Cdx2 is sufficient to convert ES cells to TS-like cells.? These kinds of observations
demonstrate the remarkable plasticity of ES cells, as well as the central role of genes
such as Cdx2 as lineage-determining factors. ES cells also provide an opportunity to
examine molecular interactions between lineage-determining genes and thus serve as a
model for understanding cell fate selection in the embryo. However, examination of the
role of lineage-determining genes in the embryo has revealed that lineage-determining
genes play a relatively late role in lineage specification, raising the question as to how
the first three lineages are initially specified.

A variety of mechanisms are probably involved in specifying the first lineages,
including cell position, shape, polarization, signaling and division plane. A new paradigm
is emerging, in which an early pre-stem cell program specifies the tissue lineages as the
blastocyst forms. Later, around the time of implantation and thereafter, cell fates are
maintained by a program that is active in stem cell lines (Fig. 2).

LINEAGE ESTABLISHMENT AND THE PRE-STEM CELL PROGRAM:
FORMATION OF THE BLASTOCYST

Here we will consider the first phase of lineage specification: establishment of
the TE and inner cell mass (ICM) as the blastocyst forms. The TE will give rise to
placenta, while the ICM contains a mixture of fetal and primitive endoderm progenitors.
In the blastocyst, the TE surrounds the ICM and hollow blastocoel and lineage-tracing
experiments have shown that TE and ICM populations begin as the outside and inside
cell populations of the embryo.? That is, as cell cleavage partitions the zygote into two,
four, eight and sixteen cells, a small number of cells become enclosed by outside cells.
Continued cleavages increase numbers of inside and outside cells, the TE epithelializes
and the blastocoel expands, forming the blastocyst structure. The mechanism by which
topology becomes linked to cell fate has been clusive. Several models have been put
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zygote (day 0.5) blastocyst (day 3.5)

Germ cells

| Primitive Endederm (PE) |

Figure 1. Overview of the first two lineages decisions during mouse development. The initially totipotent
zygote develops to the blastocyst, which contains three lineages: EPI (blue), TE (red, crosshatched) and PE
(yellow, lined). These lineages will give rise to the fetus, the placenta and a portion of the yolk sac at later
stages of development. A color version of this figure is available at www.landesbioscience.com/curie.
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Figure 2. Overview of molecular interactions leading to cell fate specification and maintenance during
early mouse development. The Tead4/Yap complex selects TE fates (red, crosshatched) from initially
totipotent cells (grey). Cells that do not become TE, then adopt a mixture of EPI (blue) and PE (yellow,
lined) fates. Signaling within this lineage facilitates the sorting out of EPI and PE fates. Lineage-specific
transcription factors participate in maturation of each lineage. A color version of this figure is available
at www.landesbioscience.com/curie.



4 THE CELL BIOLOGY OF STEM CELLS

A. Position-dependent cell fate

B. Predetermined cell fate

outside cells acquire TE fate,
inside cells acquire ICM fate

) W %
cell sorting into inside
and outside positions

Figure 3. Two possible models of TE specification. A) Cell position dictates cell fate, as outer cells,
or outer portions of cells, adopt TE cell fate (red, crosshatched). B) TE fate is predetermined and a
specific subset of cells inherits TE fate-determining molecules. A color version of this figure is available
at www.landesbioscience.com/curie.

forward. For example, cell fate could be a consequence of cell position (Fig. 3A).
Alternatively, predetermined cell fates could drive cells into appropriate topological
positions (Fig. 3B). This latter mechanism predicts that pre-inside and pre-outside cells
would be detectable prior to formation of overt inside and outside cell populations.
In spite of extensive effort in the field, however, there is currently no support for this
predetermination mechanism.

Two main strategies have been used to look for evidence of predetermination among
cells prior to the blastocyst stage: lineage tracing and molecular analysis. In terms of
lineage tracing, reports of biased developmental potential among cells at the two-cell
stage*!3 are notrelevant to the TE/ICM lineage decision since these studies demonstrate
contribution of both cells to the TE and ICM. Likewise, all cells of four and eight-cell
embryos can also contribute to both TE and ICM lineages.!*!* Although one group
reported restricted lineage potential from the four-cell stage,” extraembryonic lineages
were incompletely scored. Thus there is no evidence from lineage tracing experiments
to suggest that cells are predetermined to make TE or ICM prior to formation of inside
and outside groups. In terms of molecular analyses, no protein has been detected within
a subset of cells prior to the 16-cell stage that instructs the TE/ICM lineage decision.
The level of one type of histone methylation is reported to exhibit uneven distribution
among blastomeres at the 4-cell stage and correlates with reduced potential to contribute
to viable mice in chimeras.'® The functional importance of these observations in TE/
ICM lineage specification needs to be clarified. Therefore, no molecular evidence
supports the existence of pre-TE or pre-ICM cells prior to formation of inside and
outside cell populations. Rather, inside and outside cells could acquire fates once they
have acquired their positions within the embryo.

If cell position acts upstream of cell fate, mechanisms must exist for cells to sense their
position within the embryo. Longstanding evidence that cells polarize around the 8-cell
stage!” supports the claim that there are differences along the inside/outside axis at the
cellular level. Polarization by conserved polarity proteins such as atypical PKC (aPKC),
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Par3 and Par6 is required for maintaining cell position® and cell contact has been shown
to be required for cell polarization.'” However the link between position, polarization and
cell fate has not been examined at the molecular level. This area is challenging to study
using conventional knockout techniques. Many of the proteins involved in cell position
and cell contact, such as aPKC, are members of large gene families, suggesting that genetic
redundancy may mask their requirements in single gene knockout studies. In addition,
this early developmental stage may be regulated in part by maternally supplied protein,
requiring germline gene deletion to detect a phenotype. Finally, many of these proteins
are involved in basic cellular processes, such as cell division, making it difficult to study
their effects during development. On the other hand, overexpression of dominant-negative
or siRNA constructs leads to only short-term or partial loss of function, which can also
impede phenotype resolution.

Ultimately, to convert inside/outside differences into changes in gene expression, a
differentially localized transcription factor is needed. Several strategies have led to the
identification of transcription factors involved in early lineage development. Candidates
have been identified by microarray analysis of transcripts expressed in pre-implantation
development, followed by in situ hybridization to screen for those with restricted expression
intheblastocyst.'® Alternatively, candidates have been identified by microarray comparison
ofblastocyst-derived stem cell lines.! Advances have also come from fortuitous discovery
of an unexpectedly early lethal phenotype in knockouts,?*?2 which led to identification
of Cdx2 and Tead4.

While required for TE development, Cdx2 probably does not play an instructive role
in TE formation.?*?* Nevertheless, Cdx2 mRNA,* but not protein,’*?® has been reported
to localize to the outside surface of cells at the 8-cell stage. Since Cdx2 is not required
for specification of TE at either morphological®2* or molecular levels, evidenced by the
continued expression of the TE marker Gata3 in Cdx2 null embryos," it is difficult to
imagine that localized Cdx2 mRNA plays an instructive role in lineage establishment.
Recently, a new pathway, involving Tead4 and cofactors, has been shown to play an
instructive role in the first lineage decision. The transcriptional coactivator Yap and related
protein Taz, exhibit cell position-sensitive changes in activation of Cdx2 expression.?’
Prior to the blastocyst stage, Yap/Taz localize to nuclei of outside cells and cytoplasms
of inside cells. This localization is regulated by phosphorylation by the Hippo signaling
pathway members Lats1/2. In addition, manipulation of cell position led to corresponding
changes in Yap localization: outside cells embedded inside an aggregate of cells lost nuclear
Yap, while inside cells stripped of surrounding outer cells acquired nuclear Yap. Yap/Taz
interact directly with Tead4 a DN A binding protein required for expression of Cdx22"** and
other trophectoderm markers.'” The identity or nature of Yap/Taz-regulating signals that
can sense cell position are unknown, but probably involve the Hippo signaling pathway
and possibly proteins involved in cell contact such as cadherins. This will undoubtedly
be an exciting area of research to follow in the future.

Besides what is working upstream of Yap/Tead4, it is not entirely clear what is
working downstream. Tead4 is required for Cdx2 expression, but Tead4 null embryos
die prior to blastocyst formation, while Cdx2 null embryos die after blastocyst formation.
Tead4 is not required in the ICM,?'?? so additional genes must operate in parallel to
Cdx2 in the TE. Some of these, such as Gata3 are beginning to be identified."” It will be
important to identify Tead4 targets that participate in promoting outside cell proliferation
and construction of the blastocyst.
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LINEAGE MAINTENANCE AND THE STEM CELL
PROGRAM: BEYOND THE BLASTOCYST

In the blastocyst, interactions between lineage-determining transcription factors
reinforce TE and ICM fates established at earlier stages. Central players at this stage are
Oct4 (Pou5fT) and Cdx2. Oct4 is required for maturation of the ICM,?® while Cdx2 is
required for maturation of the TE.?> Mutual antagonism between these two factors was
initially speculated to cause the first lineage decision. Cdx?2 is required for repression of
Oct4 and other ICM genes in the TE of the blastocyst.> But the TE still forms in Cdx2
null embryos and other TE markers are still expressed.'” Similarly, Oct4 represses Cdx2
in the ICM, but not until implantation, a full day after blastocyst formation.'® Thus lineage
specification is initially normal in the absence of either Oct4 or Cdx2, but embryos fail to
maintain correct expression of lineage genes. Nevertheless, in spite of adoption of ICM
gene expression, Cdx2 null TE does not fully adopt ICM fate. The TE marker Gata3 is
still expressed in the TE of Cdx2 null embryos!® and Cdx2 null embryos exhibit higher
levels of apoptosis in the TE than do wild type embryos.* Cdx2 must therefore enable
survival and/or proliferation of cells that are already committed to being TE. This is
consistent with its continued expression in the proliferative region of the trophoblast at
later stages.” The reason for the lethality of Oc#4 null embryos is currently unclear.

The antagonistic relationship between Oct4 and Cdx2 is borne out by stem cells from
the blastocyst. ES cells cannot be derived from Oc#4 null embryos and TS cells cannot
be derived from Cdx2 null embryos.?*? Loss of Oct4 from existing ES cell lines leads
to upregulation of Cdx2 and formation of TS-like cells in the presence of TS cell culture
medium.*® Similarly, overexpression of Cdx2 in ES cells leads to repression of Oct4 and
formation of TS-like cells.? Other trophoblast factors, such as Eomes and Gata3 can also
induce trophoblast gene expression in ES cells®!? and these also play relatively late roles
in trophoblast maturation rather than allocation.?**!*2 Maintenance of the TE/ICM lineage
restriction in stem cells therefore appears to use genetic programs that become active once
the blastocyst has formed. This makes sense given that stem cell derivation requires culture
beyond the blastocyst stage. Understanding the further development of the ICM, however,
requires a look at the second lineage decision in development, discussed next.

THE SECOND LINEAGE DECISION: SUBDIVIDING THE ICM

Three days after fertilization, the ICM of the blastocyst contains two cell types: the
epiblast (EPI) and the primitive endoderm (PE). Only the EPI givesrise to the fetus, whereas
the PE is an extraembryonic lineage, which contributes to the yolk sac (Fig. 1).33-3¢ The
PE lineage plays two important roles just after implantation. The first is that it provides
nutrients to the embryo and the second is that it serves as a signaling center that helps
confer anterior-posterior polarity upon the gastrulating embryo.’” As for the TE lineage,
a special stem cell line can be derived from the PE lineage. Multipotent stem cell lines,
called XEN cells, have been derived from the PE lineage (Fig. 2).® In addition, PE-like
cells can be induced from ES cells by overexpression of PE transcription factors, such
as Gata4 and Gata6.” Yet Gata4/6 act relatively late in PE development,***' suggesting
that, as for the TE lineage, the PE is specified by a mechanism acting upstream of the
stem cell genes. Insight into specification of the PE lineage has revealed a unique cell
signaling-based strategy.
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Heterogeneity and Progenitor Sorting

Four days after fertilization, the blastocyst implants. At this stage, the PE appears as
a distinct monolayer on the blastocoel surface of the ICM. For this reason, the PE was
originally assumed to arise from ICM cells directly facing the blastocoel around the time
of implantation. Microenvironmental differences between blastocoel-facing and deeper
cells were postulated to participate in lineage specification at this stage. However, recent
studies have shown that EPI and PE progenitors can be detected in the blastocyst one
full day before implantation.’¢4>43 At this stage, the ICM appears as a mixed population
of EPI and PE progenitors, expressing lineage-specific transcription factors. Prior to this
stage, Nanog and Gata6 are coexpressed in all cells of the ICM and expression gradually
becomes mutually exclusive to specify the two progenitors in a position-independent
manner during blastocyst expansion.’** Notably, there is no stereotyped pattern of
distribution of the two progenitors within the ICM. Rather, they are sprinkled randomly
throughout the ICM like salt and pepper.

These results suggest that the two randomly distributed lineage progenitors sort out to
form two morphologically distinct layers by implantation. Indeed, support for this model
has been provided by live imaging of blastocyst expansion in transgenic mice expressing
fluorescent lineage markers. In the Pdgfi-a™?*“"" mouse line histone H2B-GFP is expressed
in the PE and revealed that separation of the two lineages involves both apoptosis and cell
migration.* Cells within the growing ICM appear to rearrange constantly,*** but once PE
progenitors come to the ICM surface they stay there. Consistent with this, the maturation
of the PE takes place progressively and this is correlated with position within the ICM.*
One outstanding question is whether PE cells sort out by directional cell movement or a
combination of random movement and position recognition.

Several mutants exhibit a defect in formation of a cohesive PE layer.*’' In these
mutants, Gata4-expressing, presumptive PE cells, are found clustered within the middle of
the ICM, suggesting that PE progenitors are specified but fail to form a morphologically
distinct surface layer. This contrasts with the TE, in which lineage allocation (position)
precedes lineage specification. For the PE, lineage specification precedes allocation.
Understanding how PE fates are selected from within the ICM is therefore key to
understanding PE/EPI lineage choice.

CELL SIGNALING REGULATES PE/EPI SPECIFICATION

Early heterogeneity in the ICM suggests that position-independent mechanisms
regulate specification of PE and EPI lineages. FGF signaling has been shown to be
necessary for PE formation in vivo and in vitro.’>* How extracellular signaling pathways,
such as the FGF signaling pathway, could participate in the generation of a salt and pepper
distribution of PE and EPI within the ICM is not clear. For example, certain pre-PE cells
within the embryo could be predisposed to respond to signals, or cells could randomly
receive signals and thereby become PE progenitors.

These possibilities are summarized in two models: the origin-dependent model and
the signaling-dependent model (Fig. 4A,B)."”** The origin-dependent model relies on
understanding the process of inner cell generation during the cleavage stages.’® Inner
cells of the morula, which will become the ICM of the blastocyst, are generated from
two rounds of asymmetric divisions at 8-16 and 16-32 cell stages.® According to the
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A. Origin-dependent model
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Figure 4. Two models of PE/EPI formation in the mouse embryo. A) Origin-dependent model in
which the developmental origin of ICM cells regulates EPI/PE specification. ICM cells are generated
from two rounds of asymmetric divisions after the 8-cell stage. Primary inner cells (blue) give rise to
the EPI lineage and secondary inner cells (yellow, lined) to the PE lineage. B) Signaling-dependent
model in which no difference in lineage potential exists between primary and secondary inner cells.
Each inner cell is stochastically capable of responding to FGF signaling. Responding cells become the
PE lineage and nonresponding cells become the EPI lineage. After the PE/EPI lineage decision, EPI
and PE progenitors express lineage-specific transcription factors, Nanog or Gata6 and are distributed
randomly in the ICM of the blastocyst. These two progenitors then sort out to form the two distinct
layers of EPI and PE by day 4.5 at implantation. A color version of this figure is available at www.
landesbioscience.com/curie.

origin-dependent model, the developmental origins of individual ICM cells determine their
fate. Thatis, inner cells generated in the first round of divisions (primary inner cells) would
preferentially adopt the EPI fate, whereas cells generated in the second round (secondary
inner cells) would preferentially become PE (Fig. 4A).“>7 Secondary inner cells would
be predisposed to become extraembryonic due to their prolonged external position since
TE cells are also external.!” To test the origin-dependent model, generation of inner cells
was first directly observed in live embryos and then the contribution of their progeny to
EPI and PE lineages was analyzed at later stages.* No difference in lineage potential was
detected between primary and secondary inner cells since both primary and secondary
inner cell progeny contributed to EPI and PE lineages without an obvious bias. These
observations therefore suggest that the origin-dependent model is unlikely.

The second model is a signaling-dependent model, in which individual ICM cells
stochastically respond to certain levels of FGF signaling to choose EPI or PE fates
(Fig. 4B). As described above, FGF signaling is necessary for PE formation in the
embryo.’>* When FGF signaling is blocked, using either chemical inhibitors or by gene
knockouts, all ICM cells adopt EPI fates.*>** Interestingly, high doses of exogenous FGF4
can induce the converse phenotype: all ICM cells adopt PE fates.* This suggests that all
early ICM cells have the potential to respond to FGF signaling and become PE. During
normal development, however, limited amounts of endogenous FGFs would restrict the
proportion of FGF-responding ICM cells (Fig. 5). Whether or not individual ICM cells
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Figure 5. Schematic model of FGF signaling-dependent specification of PE and EPI lineages. The
X-axis indicates the proposed activation level of the FGF signaling. The Y-axis indicates the proportion
of the EPI (blue) and PE (yellow, stars) in the ICM. When signaling is below threshold, all ICM cells
adopt the EPI fate. However, when the signal is high, all ICM cells adopt the PE fate. At intermediate
levels of activation, individual ICM cells stochastically respond to FGF signaling. In this model, the
level of FGF signaling controls the proportion of the two lineages in the ICM, but not the distribution.
A color version of this figure is available at www.landesbioscience.com/curie.

respond to the limited amount of FGFs could be stochastically determined by cell-to-cell
variation in sensitivity determined by cell-autonomous or non-autonomous mechanisms.>
Endogenous levels of FGFs, governed by developmental genetic programs, would thereby
generate roughly equal proportions of EPI/PE lineages reproducibly, without need for
deterministic developmental mechanisms.

ESTABLISHMENT AND MODULATION OF PLURIPOTENCY
IN THE EPI LINEAGE

After two rounds of lineage specification, first the TE and then the PE, the EPI is
established as a pluripotent lineage. While pluripotency is generically defined as the
ability to form tissues from all three embryonic germ layers, recent identification of
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multiple pluripotent stem cell lines makes apparent that pluripotency is not a single state.
Rather, pluripotency may comprise a range of states with developmental equivalence
in the embryo.® There are at least two states of pluripotency in the mouse embryo,
represented by two types of pluripotent stem cells: ES cells and epiblast-derived stem
cells (EpiSCs).*® These cell lines are derived from the EPI lineage, but represent two
distinct embryonic stages: ES cells are equivalent to the EPI cells of the implanting
embryo,'*® while EpiSCs are equivalent to EPI cells of the embryo just after implantation
and prior to gastrulation.®’*> Although EpiSCs cannot contribute to embryos when they
are injected into blastocysts, probably due to failure to integrate into host ICMs, they can
generate all three germ layers in teratomas. Pluripotency genes such as Oc#4 and Sox2
are both expressed during early and late stages, but several features differ between EPI
cells over the course of implantation. For example, cell morphology changes from an
unorganized cell mass to an epithelial monolayer. In addition, expression of some genes
change dramatically during the transition, such as Rex/, which is downregulated and
Fgf5, which is upregulated.®® After the transition, late EPI cells are competent to receive
inductive signals to generate three germ layers. Understanding how the pluripotent state
is safeguarded during establishment of first, second and subsequent lineages is an active
area of research.

One gene potentially involved in safeguarding the pluripotent state is Nanog. Nanog
was originally identified as a transcription factor essential for maintaining pluripotency in
ES cells,**% but subsequent studies have revealed that it acts rather as a gate-keeper instead.
That is, Nanog levels fluctuate in ES cells in an FGF-signaling dependent manner®®-*’
and ES cells are more prone to differentiate when Nanog levels are low. Downregulation
of Nanog does not initiate differentiation but permits it. This is consistent with the
endogenous Nanog expression which is transiently downregulated during implantation.
Nanog null blastocysts are morphologically normal but ICM cells degenerate soon after
the blastocyst stage. Nanog null ICM cells appear to be trapped in a prepluripotent state,
specified as neither EPI nor PE, but as a nonviable indeterminate state.®

Notmuch is known regarding mechanisms regulating the transition from early to late
EPI tissues in the embryo. In vitro stem cell studies have provided some insight. ES cells
have been found to readily become EpiSCs, when cultured in EpiSC culture conditions,
including FGF2 and activin A.® Interestingly, Fgf4 is required for ES cell differentiation.®
These observations suggest that the quality or amount of FGF signaling may participate
in the transition from ES cells to EpiSCs and possibly ICM to EPI fates.

Interestingly, it is also possible to reverse the transition between the two pluripotent
states. That is, EpiSCs can become ES-like following overexpression of KLF4, one of
the original reprogramming factors,” although reversal occurs with very low frequency.®®
However, when EpiSCs or epiblast cells from gastrula embryos are cultured in conventional
ES cell culture conditions, reprogrammed ES-cell-like cells (tES cells) emerge after
10-20 days.” Although the reversion takes more time than progression from ES cells to
EpiSCs, rES cells have fully reestablished the early pluripotent state.

CONCLUSION

Here, we have described lineage specification in the mouse, currently the most
extensively analyzed mammalian embryo. One of the most interesting lessons from the
mouse lays in the observation that multiple pluripotent states exist, evidenced by the
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existence of ES cells and EpiSCs. Thus far, rat ES cells are the only other mammalian ES
cell line similar to mouse ES cells. In contrast, human ES (hES) cells are more similar to
mouse EpiSCs than they are to mouse ES cells in morphology, gene expression, and growth
factor dependency.®$>72 At this point, it is not known whether the human embryo also
has multiple pluripotent states. Interestingly, adult human and mouse cells reprogrammed
by identical factors resemble ES cells of their respective species. That is, human iPS
cells resemble hES cells,”>’* while mouse iPS cells resemble mouse ES cells” and not
mouse EpiSCs. Perhaps there are species-specific differences in the stability of pluripotent
states. Even though all mammals develop using a blastocyst, the developmental timing
of implantation and morphology of early postimplantation embryos are highly varied.
Further analysis of lineage specification and stem cells from other mammalian species
should provide exciting insight into these issues.
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CHAPTER 2

NUCLEAR ARCHITECTURE
IN STEM CELLS

Kelly J. Morriss, Mita Chotalia: and Ana Pombo*

Abstract: Fundamental features of genome regulation depend on the linear DNA sequence,
cell type specific modification of DNA and chromatin-associated proteins, which
locally control the expression of single genes. Architectural features of genome
organization within the three-dimensional (3D) nuclear space establish preferential
positioning of genes relative to nuclear subcompartments associated with specific
biochemical activities, thereby influencing states of expression. The structural and
temporal organization of the genome within the nucleus of stem cells, together with
specific features of epigenetic and transcriptional regulation are emerging as key
players that influence pluripotency and differentiation.'?

INTRODUCTION

Stem cells have a remarkable potential to develop into many different cell types
during early life and growth. Research has primarily focused on two kinds of stem cells
from both rodents and humans: pluripotent embryonic stem (ES) cells and multipotent
tissue-specific stem cells. ES cells, derived from the inner cell mass of pre-implantation
embryos atthe blastocyst stage, are characterized by their ability to self-renew indefinitely
in culture, while showing great genomic plasticity and potential to differentiate into all
derivatives of the three primary germ layers (ectoderm, endoderm and mesoderm).

The ability of ES cells to self-renew in a pluripotent state and commit to any cell
lineage is associated with the existence of opposing regulatory constraints at genes
important for development, which are repressed but in an epigenetic state compatible
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with efficient activation during cellular differentiation. The process of self-renewal
requires the ES cell genome to divide without disrupting its pluripotent state, whereas
differentiation programs instruct complex changes in gene expression that allow ES cells
to enter specific cell commitment pathways. Understanding the molecular mechanisms
underlying ES cell plasticity is essential if we are to comprehend gene regulation during
pluripotency and development, with implications in cell therapy.

FUNCTIONAL COMPARTMENTALIZATION OF THE ES CELL NUCLEUS

The eukaryotic cell nucleus contains chromosomes, each consisting of a single DNA
polymer complexed with histones and other proteins forming chromatin. In humans, 22
pairs of autosomes and two sex chromosomes are compacted within the nuclear volume.
They are separated from the cytoplasm by a nuclear envelope, interspersed with nuclear
pores responsible for trafficking proteins and RNA in and out of the nucleus. The inner
envelope provides a functional landmark involved in organizing chromosomes inside the
nucleus and is characterized by the presence of structural proteins that constitute the nuclear
lamina. Within the nuclear interior, further structural and functional compartmentalization
is observed through establishment of higher-order complexes that aggregate to form large
nuclear domains, such as the nucleolus and splicing speckles, or smaller nuclear bodies
such as Cajal and Polycomb bodies. Chromatin interactions within the nuclear interior
mediated by local interactions or associations with functional domains are thought to be
both important for and dependent on programs of gene expression.

Organization of Chromosomes and Single Genes within the Nuclear Space

During the formation of the interphase cell nucleus, upon exit from mitosis,
chromosomes partially decondense to occupy discrete nuclear territories that intermingle
at their boundaries® and establish long-range interchromosomal interactions.* Positioning
of chromosome territories (CTs) within the nuclear space, as well as positioning of genes
relative to their CTs have implications in gene expression and genome stability.’

Studies in human ES (hES) cells show that chromosomes also form discrete CTs,
with similar distributions to those observed in somatic cells.®” For example, the nuclear
position of gene-rich human chromosome 19 and gene-poor chromosome 18, determined
using fluorescence in-situ hybridization (FISH) of whole chromosome probes, is strikingly
similar between hES and lymphoblastoid cells (LCLs) occupying a more interior and
peripheral position, respectively.® Similar correlations have been shown for a range of
other chromosomes (10, 12, 15, 17 and 19) before and during hES early differentiation,
collectively suggesting a level of conserved architecture that is independent of cell lineage
commitment and already present early in development.’

Analysis of specific CT regions that contain pluripotency genes in hES cells including
chromosome arm 12p harboring the Nanog gene, embedded in a region surrounded by
other pluripotency associated genes, revealed a more central nuclear position in hES
compared to LCLs.® Central positioning is a feature of transcriptional activity in many
types of somatic cells with interesting exceptions.® In the case of Oct4, which maps to
chromosome arm 6p among an active amjor histocompatibility complex (MHC) gene
cluster, a more internal position is observed in both cell types, as expected due to the local
active chromatin neighborhood. Further exploration of the positioning of particular gene loci
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relative to their CT demonstrates that the Oct4 locus is decondensed and is preferentially
positioned outside its CT in hES, but remains within the interior in LCLs.°

Chromatin ‘looping’ reflective of transcriptional activity is also observed in ES
cells after induction of differentiation and Hox gene expression with retinoic acid.” Hoxd
and b loci contain clusters of developmentally regulated Hox genes crucial for anterior/
posterior patterning in the developing embryo, which are silent in ES cells but become
expressed upon in vitro differentiation. In ES cells, Hox gene clusters are preferentially
located within the CT, whereas upon differentiation, Hoxb decondenses and repositions,
along with flanking genes, to the CT exterior.”! The Hoxb cluster repositions towards the
CT exterior in a manner that corresponds to temporal gene expression with active alleles
colocalizing with the elongating form of RN A polymerase I (RNAPII).!” Decondensation
and nuclear localization of Hox loci to the exterior of its CT, upon differentiation, is
accompanied by looping out of flanking genes but in this instance does not reflect an
increase in expression of the latter.'® Although, transcriptional activity of active flanking
genes adjacent to the Hoxb cluster is slightly more abundant at the CT exterior, nascent
transcripts are also detected at the CT interior.

Active histone modifications are observed at Hoxb loci before expression can be
detected, suggesting a two step model where the locus is epigenetically altered, then
it decondenses allowing a permissive state, followed by locus looping and temporal
expression. Importantly, increasing histone acetylation levels in vitro is not sufficient to
induce locus remodeling, suggesting that higher-order chromatin structure is not simply
a reflection of the underlying histone modifications in this system. Re-organization of
chromatin at Hox clusters is likely to result in increased chromatin mobility thereby
increasing accessibility and opportunity to associate with transcriptional machinery
inside or outside of CTs.’

Higher-order structural changes are also observed during the process of X chromosome
inactivation (XCI), which initiates upon differentiation in female ES cells. XCI is a
phenomenon where one X chromosome in female mammalian cells is silenced to equal
the dosage of X-linked genes in male and female cells. Initiation of XCI is controlled by
the X-inactivation centre (Xic), a specific genomic region that contains a multitude of
noncoding genes including Xis¢, Tsix and Xite, which have been implicated in regulating
XCIL"12 At the onset of XCI, Xist expression is up-regulated on the future inactive X
chromosome. Xist is a large, noncoding RNA molecule that initiates XCI by coating the
chromosome iz cis and triggers transcriptional silencing via the modulation of chromatin
structure.!" The mechanisms of random XCI are not completely elucidated, but recent
analyses suggest that the positioning of Xics during XCI in early differentiation has
important roles.

Priorto the initiation of XCI, Xics transiently colocalize within the nuclear space'*-'* and
this interaction is mediated by the recruitment of the chromatin insulator CTCF and is also
dependent on the cotranscriptional activity of Tsix and Xife.'® The pairing of homologous
chromosomes may be an architectural feature unique to X chromosomes in the context of ES
cells, as typically chromosome pairings are only favored between heterologous chromosomes
in the interphase nucleus.!” Computer simulations of polymer folding in the presence of
binding factors suggests that the close spatial proximity between Xics in undifferentiated
cells may be dependent on the binding affinity and concentration of a limiting factor, such
as CTCEF,'® which would become preferentially associated with one of the Xic.!

Further analyses at the onset of XCI have shown chromatin decondensation and
long-range chromatin interactions between XCI regulatory domains in a developmentally
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regulated and sex-specific manner." 3D morphological analysis of human X chromosomes
in female cells showed that the active X chromosome is elongated compared to its
inactive X chromosome counterpart, which is more spherical in shape. Analysis of the
morphology of human chromosome 7, with similar DNA content, shows that it is similar
in shape and volume to the active X chromosome suggesting that active chromosomes
display a flat, elongated morphology,” which may favor more contact points with
chromosome neighbors and enhance transcriptional activity.!” Further aspects of
chromosome organization are related with how the X chromosome, coated with Xist, is
maintained in a silent transcriptional state. The accumulation of Xist on the inactive X
chromosome has been associated with the formation of a repressive nuclear compartment
depleted of transcription factors and RNAPII. Interestingly, genes that escape silencing
are preferentially positioned at the exterior of the inactive X CT, whereas silent genes
display a more internal location without access to transcription machinery.?'

In addition to differences in chromosome and gene positioning of pluripotency
markers and developmental regulator genes, other distinct higher-order features of ES
cell chromatin structures have been described. Centromere clusters form in ES cells but
tend to be localized more towards the nuclear interior in ES than in differentiated cells,
a possible reflection of the rapid ES cell cycle.®”?> Upon differentiation of hES cells,
centromeres stained with markers of centric heterochromatin (a-satellite/CENP-A)
undergo higher-order re-organization and reposition towards the nuclear periphery.”?
The origin of these drastic changes likely implicates the large scale chromatin remodeling
that occurs during cell commitment, in concert with changes in gene expression, although
the mechanistic details are yet to be elucidated.

Lamina and the Nuclear Periphery

Lamins form the major structural component of the inner nuclear membrane and
play broad roles in many nuclear processes including nuclear assembly after mitosis,
chromatin organization and gene expression. The lamina is composed of a meshwork
of intermediate filaments interspersed with lamina associated proteins that include the
B-type lamins B1 and B2, which are essential for survival and ubiquitously expressed
in all cell types. A-type lamins are derived from splice variants of a single gene (LMNA)
and show expression in a tissue-specific pattern. The nuclear lamina is thought to be
important for association between the nuclear envelope, heterochromatin and histones
as its knockdown in mouse fibroblasts leads to a depletion of heterochromatin from the
nuclear periphery.?* Chromatin associations with the nuclear lamina have been implicated
in the down-regulation of gene expression, for some, but not all associated genes; it is
also an area where facultative heterochromatin typically accumulates in differentiating
mammalian cells.?*3°

Both human and mouse ES cells lack lamin A/C at the nuclear periphery (Fig. 1)*3!32
but express lamin B1 and B2. Lamin A/C appears early at the onset of differentiation>*!
prior to the down regulation of the pluripotency marker Oct4.3' The lack of lamin A/C
in ES cells has implications in nuclear rigidity*> and morphology.?? Absence of lamin
A/C is likely to contribute to the plasticity and chromatin mobility observed in the ES
cell nucleus,*? whereas its expression during differentiation may be an important factor
in the process and/or maintenance of a differentiated phenoytype.*!

Quantitative, cytological analysis of epigenetic status and nuclear distribution of
genes in ES cells relative to the nuclear periphery has revealed an enrichment in H3
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Nuclear lamin Splicing Heterochromatin
speckles foci

ES cells

Differentiated cells

Figure 1. Distinguishing features of nuclear architecture in ES cells. Nucleoplasmic subcompartments are
shown in embryonic stem (ES) cells (top panel) and in various differentiated cell types (bottom panel).
Nuclear Lamina. Lamin A/C is absent in undifferentiated hES cells and expression is induced upon
differentiation. Images were kindly provided by Butler JT and Lawrence JB. Splicing speckles. SC35
domain formation occurs as cells differentiate. In undifferentiated hES cells, diffuse SC35 patterns are
observed, the initiation of differentiation correlates with SC35 domain formation. Images were kindly
provided by Butler JT and Lawrence JB. Heterochromatin foci. Staining for heterochromatin binding
protein HPla is confined to fewer and larger foci in ES cells compared with neural progenitor cells
(NPCs).”! Reprinted from Meshorer et al. Hyperdynamic plasticity of chromatin proteins in pluripotent
embryonic stem cells. Dev Cell 2006; 10(1):105-16. ©2006 with permission from Elsevier. A color
version of this figure is available at www.landesbioscience.com/curie.

trimethylation on lysine 27 (H3K27me3; an epigenetic marker localized at repressed gene
promoters) in ES cellsrelative to differentiated cells (embryo-derived NIH-3T3 fibroblasts
and neural progenitor cells; NPCs). In addition, 10% of actively (H3 trimethylation on
lysine4; H3K4me3) marked chromatin and hundreds of transcription sites localize to the
nuclear periphery of ES and differentiated cells with similar distributions.*

Changes in gene positioning relative to the nuclear periphery were observed for the
developmental gene Mashl (Ascll), a transcription factor essential in neural precursor
differentiation and specific neural commitment, that correlate with differentiation and gene
expression alterations.?® In ES cells, the Mash1 promoter is associated with H3K27me3
and is positioned near the nuclear periphery. Interestingly, its position is not affected
by knockdown of histone methyl transferase (HMT) Ezh2/Eed. On induction to the
neural lineage, Mashl transcription increases >100 fold in parallel with repositioning of
the locus to the interior, reduction in H3K27me3 and an increase in H3 acetylation on
lysine 9 (H3K9ac; an active epigenetic mark) at the Mashl gene but not adjacent genes.
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Interior positioning of the locus did not dictate expression of flanking genes suggesting
that they are regulated by additional regulatory mechanisms that maintain expression state
in a gene-specific way during changes in nuclear environment. These findings raise an
intriguing possibility that the nuclear periphery may contribute to the epigenetic state of
the pluripotent ES cell genome, although the molecular mechanisms that would achieve
this state have yet to be elucidated.

STEM CELL FEATURES OF OTHER NUCLEOPLASMIC
SUBCOMPARTMENTS

Dynamic compartmentalization of factors within the nuclear space involved in
nuclear processes such as transcription, RNA processing, DNA replication and repair
form macromolecular complexes proposed to be self-organizing structures that create
functional sites.*** Recent studies suggest that many of these structures differ between
ES and somatic cells.

Splicing Speckles and Cajal Bodies

Splicing speckles are major nuclear domains enriched for components of the splicing
machinery such as SC35, polyA* RNA and numerous mRNA metabolic factors.’¢38
Immunofluorescence of hES nuclei has revealed that SC35 marked speckles are distributed
diffusely throughout the nucleoplasm, but upon differentiation become more concentrated
into discrete foci (Fig. 1).?> Similar findings have also been described for Cajal bodies,
nuclear structures involved in the assembly or modification of transcription and splicing
complexes.** hES nuclei do not contain Cajal bodies and coilin, a marker of Cajal bodies,
is observed as a weak, diffuse signal distributed throughout the nucleoplasm. Cajal bodies
are more defined and localize to the stem cell colony edge upon differentiation.”? Gene
associations with splicing speckles and Cajal bodies have been shown to correlate with
their expression in some cell systems, and are likely to be related with specific aspects
of transcript processing. %

Promyelocytic Leukemia Bodies

Promyelocytic leukemia (PML) bodies comprise several regulatory proteins and have
been implicated in a range of cellular processes including chromatin organization, DNA
replication and transcriptional regulation. In somatic cells PML bodies appear as uniform,
spherical structures. In hES cell cultures, a small proportion of cells contain only a few
spherical PML bodies while a substantial fraction of the population contain PML-defined
structures with an elaborate morphology categorized into two types: long linear PML
“‘rods’” or large (>2 um) ‘‘rosettes’’.?> PML structures in hES cells not only differ in
morphology but also protein composition, as they are not enriched for markers that define
somatic PML bodies including SUMO, Sp100 and Daxx. These unique PML structures
arise transiently in early stages of cell commitment and are absent after differentiation
is established. They are also frequently associated with the nuclear envelope, a feature
that is not observed in somatic cells.?



20 THE CELL BIOLOGY OF STEM CELLS
Polycomb Bodies

Polycomb proteins are vital for gene repression in many cell types.* In ES cells, they
have been shown to be important for repressing developmental regulator genes.*! Polycomb
repressor complex 1 (PRC1) contains a subunit that is composed of CBX family proteins,
which can bind H3K27me3 in vitro.* Fluorescence imaging revealed that different CBX
family members exhibit distinct subnuclear distributions in undifferentiated murine ES
cells, most CBX proteins are enriched in foci, known as Polycomb bodies, whereas upon
differentiation the foci disappear as CBX proteins disperse.*

CHROMATIN FEATURES CHARACTERISTIC OF ES CELL NUCLEI

Structure and organization of the eukaryotic genome is multi-layered. At the local
level DNA is wrapped around histone octamers to form nucleosomes and condenses to
different degrees of chromatin compaction depending on the length of linker DNA and
histone H1. Hetero-(closed) or eu-(open) chromatin states display more peripheral or
central nuclear positions respectively, in most cell tissues, conferring regulatory potential
by controlling accessibility of proteins to chromatin.* The highly dynamic associations of
chromatin factors, with the exception of core histone proteins that bind to chromatin stably,
characterize heterochromatin and euchromatin states in the mammalian cell nucleus.*¢
Dynamic chromatin association of the basal transcription/repair factor IIH (TFIIH) during
cellular differentiation of some cell types suggests that the ES cell genome is primed for
lineage specific programs, which involves a cohort of regulatory factors.*’

Hypermobility of Architectural Chromatin Proteins and Heterochromatin
Formation

Architectural chromatin proteins including heterochromatin protein 1 group (HP1) and
the linker histone H1 maintain condensed, often repressed heterochromatin domains. >
Surprisingly, live cell imaging of HP1, H1 and core histones revealed that ES cells have
a unique chromatin state compared to lineage restricted and differentiated cells.”' In ES
cells, several architectural chromatin proteins exist in a hyperdynamic, loosely bound
or soluble fraction. Interestingly, a reduction in the protein mobility was associated with
a loss of pluripotency rather than with ES cell differentiation per se. Hypermobility of
chromatin proteins in ES cells was proposed to not only contribute to the maintenance of
the pluripotent status of ES cells, but also be essential for reshaping the global architecture
of the ES cell genome, particularly the organization of heterochromatin.’!

Comparisons of heterochromatin domains in ES cells and differentiating cells have
shown that heterochromatin undergoes drastic spatial rearrangements during the early
stages of differentiation.>>* Visualization of heterochromatin directly (usinga DNA probe
against the major satellite repeat) and examination of heterochromatin binding proteins
(HP1a) in ES cells revealed partial decondensation of heterochromatin when compared to
NPCs (Fig. 1). In ES cells, heterochromatin is observed as a diffuse structure, whereas in
NPCs heterochromatin domains display compaction and concentration in to distinct foci,
a pattern more similar to what is seen in other somatic cell types.’' Similar differences
in heterochromatin foci have been confirmed in several ES cell lines.>** Lamin A/C
and lamin-associated proteins can interact directly with chromatin and histone proteins,
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thereby restricting chromatin structural dynamics and affecting the global organization
of chromatin within the nucleus.” The absence of lamin A/C in ES cells may together
with decondensed chromatin contribute to the nuclear plasticity observed in ES cells.

Formation of distinct heterochromatin foci during differentiation is accompanied
by an increase in H3 trimethylation on lysine 9 (H3K9me3; an epigenetic marker
of heterochromatin), a decrease in acetylation of H3 and H4 (epigenetic markers of
transcriptionally active euchromatin) and an increase in DNA methylation. These changes
in epigenetic marks are agreeable with the notion that ES cell chromatin assumes a
more open conformation compared to lineage restricted and differentiated cell types.>!-
One of the molecular players involved in maintaining this open chromatin state is
the chromatin-remodeling factor Chdl, as murine ES cells deficient in Chdl exhibit
heterochromatin that resembles foci observed in differentiated cell types. In addition,
Chd1 deficient cells loose their pluripotency implicating a role for Chd1 and possibly for
heterochromatin formation, in establishing or maintaining the pluripotent characteristic
of ES cells.”’

Hypertranscription and DNA Replication in ES Cells

Genome-wide analyses of gene expression and labeling of sites of transcription
after Br-UTP (5-bromouridine 5’-triphosphate) incorporation suggest that the ES cell
genome may be more transcriptionally active than its differentiated progeny.’!5¢ ES
cell chromatin is characterized by increased levels of active histone marks (e.g., H3
dimethylation on lysine 36; H3K36me2;* associated with the elongation-termination form
of RNAPII). Genome-wide tiling transcription arrays have revealed hypertranscription of
both protein-coding and noncoding regions in murine ES cells, whereas the transcription
landscape becomes more defined as cells differentiate down the neuronal pathway. Half
of all annotated genes were transcriptionally elevated in ES cells in relation to NPCs. The
observed hypertranscription may simply be a by-product of the unusual open chromatin
structure,’! as the hyperdynamic chromatin would be more accessible to transcription
factors and the transcriptional machinery.”> Closer inspection of the over-expressed
genes revealed that the majority of genes encode for general transcription factors and
chromatin remodeling proteins. This raises the possibility that elevated transcription
of these chromatin remodeling factors is important for establishing or maintaining the
unusual open chromatin conformation of ES cells. Despite the relationship between
hypertranscription and open chromatin structure being unclear, the default hyperactive
transcription in ES cells is suggested to be a key mechanism in maintaining pluripotency
in ES cells, which may contribute to the plasticity of genome.

The timing of DNA replication is another indicator of the global chromatin state.>*
The interrelationship between chromatin structure and DNA replication stems from
pertinent studies of the 5-globin locus in erythroid cells, XCI in differentiating female ES
cells®® and ES associated genes in differentiating ES cells.®*! These studies suggest that
changes in replication timing are reflective of alterations in chromatin structure and the
degree of condensation. High resolution profiles of replication timing in murine ES cells
revealed that despite the general trend for replication timing and transcription to change
coordinately, in a comparison between ES cells and NPCs, the high number of exceptions
suggest thata direct relationship between the two is unlikely. The temporal reorganization
of replication domains is reflective of the spatial reorganization of chromosomes during
differentiation down the neural pathway.®!
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Silencing Mechanisms at Developmental Regulator Genes

A distinguishing feature of the ES cell genome is that ~2,500 silent, developmentally
regulated genes harbor bivalent histone modifications that confer active (; H3K4me3)
and repressive (H3K27me3; and H2A monoubiquitination of lysine 119; H2Aubl)
chromatin states,*“ the latter mediated by polycomb repressor complexes, PRC1 and
PRC2. Surprisingly, developmental regulator genes are also associated with an unusual
form of RNAPII, which is able to transcribe through coding regions in the absence of
active Serine2-phosphorylation at its C-terminal domain.®® Genome-wide comparisons
of these bivalent histone marks in ES cells and differentiated cell types have shown that
bivalent domains at developmental regulator genes are characteristic of pluripotent cells
and tend to resolve upon ES differentiation for gene activation or repression, in accordance
with associated changes in gene expression.®’

Bivalent domains are not restricted to ES cells and have been identified in
lineage-restricted multipotent stem cells,*® differentiated cell types including progenitor and
terminal neurons® and colorectal cancer cells.”! Interestingly, analyses in lymphocytes
has identified a subgroup of inducible primary response genes that harbor bivalent
chromatin and respond rapidly to appropriate extracellular signals, suggesting that this
permissive chromatin state has important implications for regulating gene expression in
a broad range of cell types.’"

CONCLUSION

From the intricate details of local chromatin folding to the global organization of
chromosomes within the nucleus, it is clear that genome architecture is intimately linked
with genome function. Recent studies of the unique and highly plastic genome of ES
cells have provided the first insights into nuclear architecture and chromatin organization
characteristic of the pluripotent state, as well as changes that ensue during the establishment
ofcell lineage-specific programs. Despite the limited analyses of nuclear subcompartments
in ES cells, a common theme is emerging that the nuclear organization of ES cells is less
structured than differentiated cells. In some cases, although the components that assemble
to form functional subcompartments are already present in undifferentiated cells, they
are dispersed in a seemingly disorganized fashion that is resolved as differentiation is
established. In other cases, such as for lamin A/C, induced expression is sufficient to
promote differentiation. The small number of studies that have probed the functional
organization of the ES cell nucleus already associate pluripotency with a highly dynamic
genome that is reflected in a unique nuclear architecture.
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CHAPTER 3

EPIGENETIC REGULATION
OF PLURIPOTENCY

Eleni M. Tomazou and Alexander Meissner*

Abstract: Epigenetic regulation refers to the mechanisms that alter gene expression patterns
in the absence of changes in the nucleotide sequence of the DNA molecule. The
best understood epigenetic marks include posttranslational modifications of the
histone tails and DNA methylation. Both play central roles in normal development
and in diseases. Pluripotent stem cells have great promise for regenerative medicine
and recent efforts have focused on identifying molecular networks that govern
pluripotency. This chapter provides an overview of epigenetic regulation in embryonic
stem cells. We present a brief introduction into epigenetic mechanisms and focus
on their role in pluripotent cells.

INTRODUCTION

The term epigenetics was first introduced by Conrad Waddington in 1942.! Tt was used
to describe the interactions of genes with their environment “to bring a phenotype into
being”. Today epigenetics refers to mitotically and, in some cases, meiotically heritable
states of gene expression that are not due to changes in the DNA sequence.? The Greek
prefix ‘epi-’ implies features that are “in addition” to genetics and this is reflected by the
current definition. Epigenetic modifications can alter the functions of associated genes
by modulating DNA accessibility, protein recruitment and chromatin structure. As such
they have been implicated in playing vital roles in defining, maintaining and propagating
cellular states.® Epigenetics is concerned not only with the current state of the cell, but also
with its potential to acquire new states,**> which establishes the relevance of epigenetic
regulation in developmental plasticity that is found in embryonic stem (ES) cells.®
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Figure 1. Mouse ES cell derivation and differentiation. mES cells originate from the ICM of the
blastocyst-staged embryo during early mouse development (embryonic day 3.5). mES cells are cultivated
in vitro in the presence of Leukemia Inhibitory Factor (LIF) and can be kept in culture indefinitely
without going into senescence. Upon LIF withdrawal mES cells can form embryoid bodies (EBs) when
placed into non-adherent culture dishes. The cells of EBs can be differentiated to all three primary germ
layers (ectoderm, endoderm, mesoderm) using the appropriate culture conditions.

ES cells are derived from the inner cell mass (ICM) of pre-implantation embryos’!°
(Fig. 1) and possess two main characteristics: self-renewal and pluripotency. “Self-renewal”
describes the ability of ES cells to generate an unlimited number of identical successors
while “pluripotency” refers to their capacity to respond to various developmental cues
to generate multiple somatic cell lineages and germline cells in vitro and in vivo.!! ES
cells therefore offer the possibility to establish new models of mammalian development
and to create new sources of cells for regenerative medicine.'? Over the past decade,
following the initial derivation of five human ES cell (hES cells) lines in 1998,'* hundreds
of additional lines have been derived.'>! Notably, using appropriate culture conditions
pluripotent cells can also be derived from later stages of development. Examples include
epiblast stem cells (EpiSCs), reverted embryonic stem cells (rES cells)'® and embryonic
germ (EG) cells.'s The recent derivation of induced pluripotent stem (iPS) cells also
enables the generation of ES-like cells from most somatic cell types through ectopic
expression of four transcription factors."”

Understanding the molecular mechanisms governing the ES cell state and the
pluripotent state in general is of immense biological interest. Previous work has identified
a transcriptional network driven by specific transcription factors (TFs) such as OCT4,
NANOG and SOX2, that is essential to maintain the undifferentiated state of pluripotent
stem cells.!® This network sustains the active state of genes that are required for stem
cell survival and proliferation while suppressing genes required for differentiation.!’
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Interactions of the TFs with epigenetic modifiers are likely to contribute to the stability
of the network regulating pluripotency.?’ In the following sections we will discuss the
role of epigenetics in pluripotent cells in more detail.

EPIGENETIC MODIFICATIONS

In eukaryotes, DNA is packed into chromatin (Fig. 2). The basic element of chromatin
is the nucleosome, which consists of about 147 bp of DNA wrapped twice around an
octamer containing two copies of each core histone heterodimers (H3/H4 and H2A/

chromatin fiber

chromatin -
binding
protein

chromatin
remodeller

DNA methylation =

Figure 2. Epigenetic regulation. In the nucleus, the coding and structural information of DNA is
organized into chromatin. The basic unit of chromatin is the nucleosome, which consists of 147 bp
of DNA wrapped around a core of histone proteins. Nucleosomes can be organized into higher order
structures and the level of packaging can have profound consequences on all DNA-mediated processes
including gene regulation. A wide range of processes, including posttranslational modifications of
histone tails, DNA methylation and binding of chromatin remodeling proteins, can influence nucleosome
positioning and chromatin compaction.
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H2B).?! Adjacent nucleosomes are connected via linker DNA bound by the linker histone
H1. Chromatin structure can influence gene expression by controlling the accessibility of
regulatory elements and by modulating the affinity of transcription factors to their target
regions.”2 Key effectors of chromatin structure are posttranslational histone modifications
and methylation of genomic DNA,?* while ATP-dependent chromatin remodeling factors
can modulate chromatin states® (Fig. 2).

Modulators of Chromatin Structure and Dynamics

ATP-dependent chromatin remodeling factors are a class of enzymes that utilize the
hydrolysis of ATP to disrupt contacts between histone proteins and DNA. This leads
to changes in nucleosome conformation and positioning and subsequently results in
altered higher order chromatin structure.?®?” These factors increase DNA accessibility,
allowing gene regulators and transcription factors to bind to their target region and can be
grouped into four families: SWI/SNF, ISWI, NuRDMi-2/CHD and INO80. Each family
is involved in diverse biological processes including DNA repair, checkpoint regulation,
DNA replication, telomere maintenance and chromosome segregation, indicating that
they are vital components of pathways maintaining genomic integrity.?

Histone Modifications

Core histones are the major protein components of nucleosomes (Fig. 2) and are
evolutionary conserved. Their amino-terminal tails protrude outward from the nucleosome,
while the globular carboxyl-terminal domain makes up the nucleosome scaffold.
The N-terminal histone tails function as acceptors for a variety of posttranslational
modifications, including acetylation, methylation and ubiquitinations of lysine (K) residues,
phosphorylation of serine (S) and threonine (T) residues and methylation of arginine (R)
residues. A subset of these modifications has been linked to the activation or repression
of genes.”® Key marks for active transcription and open chromatin include acetylation of
histone 3 K9 and K14 (H3K9ac, H3K14ac) and H4K16 (H4K16ac), the mono-, di- and
tri-methylation of H3K4 (H3K4mel, H3K4me2, H3K4me3) and the tri-methylation of
H3K36 (H3K36me3). Histone modifications associated with transcriptional repression
include tri-methylated H3K27 (H3K27me3) and tri-methylated H3K9 (H3K9me3). It has
been suggested that a combination of multiple histone modifications located at one gene
reflects not only its current expression state but also provides the cell with the ability to
activate this gene at a later stage in development or in its daughter cells.* The concept of
combinatorial pattern giving rise to distinct biological outcomes has been aptly termed
the “histone code” hypothesis.’

A particular combination of relevance for understanding pluripotency and
developmental potential is the co-occurrence of the repressive H3K27me3 with the active
H3K4me3 modification. This specific combination was termed bivalent domain.” The
current hypothesis is that bivalent domains maintain genes in a poised state for subsequent
activation. A large proportion of them, which includes many master regulators of early
development, are activated upon differentiation and concomitant loss of the repressive
H3K27me3 mark. However, bivalent domains can be considered as bidirectional switches
that not only allow their targets to be activated, but also to be switched off completely if
no longer required after commitment to alternative lineages. After such cell fate decisions,
non-induced bivalent genes tend to lose the active H3K4me3 mark, whereas the repressive



30 THE CELL BIOLOGY OF STEM CELLS

H3K27me3 mark is retained.’*' Although bivalent domains were initially thought to be
exclusive to pluripotent cells, recent studies have identified such domains also in cells
with more restricted developmental potential.*°

In addition to the core histones, several histone variants of H2A and H3 are found
in the DNA and understanding of their role and importance has advanced in recent
years. These variants are non-allelic forms of the core histones and are incorporated
into chromatin in a cell-cycle independent manner. Replacements of core histones by
the variants can induce localized changes in chromatin structure resulting in altered
transcriptional states.*

Many of the enzymes responsible for establishing and maintaining histone
modifications are known. These include enzymes for acetylation,*® methylation,**
phosphorylation,* ubiquitination,*® sumoylation,’” ADP-ribosylation,*® deimination,*
and proline isomerization.*” Most modifications have been found to be reversible,
as enzymes that remove such modifications, including histone demethylases and
deacetylaces, have also been identified confirming a dynamic role of histone modifications
in transcriptional regulation.

The first identified and best-studied mediators include the Polycomb group
(PcG) proteins.*! These developmental regulators form multi-protein complexes
called Polycomb-Repressive Complexes (PRCs). PcG proteins catalyze two distinct
histone modifications: tri-methylation of lysine 27 of histone 3 (H3K27me3) and
mono-ubiquitination of H2A (H2Aub1). H3K27 is tri-methylated by the enhancer of zeste
(Ezh2), which together with embryonic ectoderm development (Eed) and suppressor of
Zeste 12 (Suz12) are components of PRC2. H3K27me3 can recruit PRC1 (maintenance
complex) mediating chromatin compaction. PRC1 mono-ubiquitinates H2A through
Ring1b; this activity is stimulated by the presence of Bmil and Mell8.*> In mammalian
cells PRC2 components are tightly colocalized with H3K27me3 whereas PRC1 shows
lower levels of localization indicating that PRC1 may provide additional stability to the
silencing progress mediated by PcGs.*

DNA Methylation

DNA methylation is among the best-studied epigenetic marks and the only process
that acts directly on the DNA molecule. On the biochemical level, it is a covalent
modification of the 5-carbon position of cytosine: it replaces the hydrogen atom with
a methyl group (Fig. 3). In mammals DNA methylation occurs predominantly in the
context of cytidine-guanosine (CpG) dinucleotides* but non-CpG methylation has also
been reported in certain cell types (Fig. 3).4* Transient DNA demethylation occurs in
the germline and during pre-implantation stages of embryonic development.®® Gain of
DNA methylation is linked to local spatial re-arrangements of chromatin (more compact
chromatin structure) and alters transcription factor binding in promoter regions, resulting
in highly stable gene silencing.’!

Two important classes of DNA methyltransferases catalyze DNA methylation. DNA
methyltransferase 1 (Dnmt1) has been described as a maintenance methyltransferase
because it methylates hemi-methylated CpG dinucleotides in the nascent strand
of DNA after DNA replication, thus maintaining DNA methylation patterns over
multiple cell divisions.’** The two de novo Dnmts, Dnmt3a and Dnmt3b are
responsible for establishing new methylation patterns during embryonic development
and differentiation.’* They are highly expressed in ES cells and down regulated in
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Figure 3. Mechanism of DNA methylation. 5-Methylcytosine is produced by the action of the DNA
methyltransferases (DNMT 1, 3a or 3b), which catalyze the transfer of a methyl group (CH;) from
S-adenosylmethionine (SAM) to the 5-carbon position of cytosine. Recently it has been reported that
TET!1 converts 5-methylcytosine into 5-hydroxymethylcytosine. The latter has been detected in mES
cells.'® It has been speculated that 5-hydroxymethylcytosine is an intermediate during the process of
active demethylation but further studies are required to confirm this argument.

differentiated cells. Dnmt31 is a close homolog of Dnmt3a and Dnmt3b,* but it lacks
active methyltransferase activity and functions as a coregulator of both Dnmt3a and
Dnmt3b. It has recently been shown to interact with the N-terminal tail of histone
H3 when it lacks methylation at lysine 4.°¢ The latter provides a possible mechanism
by which Dnmt31 facilitates de novo DNA methylation to nucleosomal DNA in
the germline.

THE EPIGENOME OF ES CELLS
Chromatin Structure and Dynamics

Murine ES cells possess an unusually open chromatin structure, which is rich in
noncompact euchromatin®-** and diffuse heterochromatin.®® This “open” chromatin
structure allows easy access to transcription factors and the transcriptional machinery
resulting in global “hyper-transcription” possibly contributing to ES cell plasticity; lineage
commitment is accompanied by accumulation of highly condensed, transcriptionally
inactive heterochromatin regions.*'
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Consistent with their chromatin state, ES cells show elevated levels of several
ATP-dependent chromatin-remodeling factors. For instance, Brgl (Smarca4), the ATPase
subunit of the mammalian SWI/SNF complex has been implicated in regulating ES cell
pluripotency through interactions with Nanog.®? In a similar manner the NuRD (nucleosome
remodeling and histone deacetylation) component Mbd3 is essential for differentiation®
whereas Chd1-deficient cells are no longer pluripotent. Chd1 contains an ATPase SNF2-like
helicase domain and associates with genes of active promoters. Interestingly, down-regulation
of Chd1 leads to heterochromatin formation, which supports the notion thathighly accessible
chromatin is essential to the unique properties of stem cells.®

The elevated levels of chromatin remodelers that maintain ES cell chromatin in a
“relaxed” state may also contribute to the cellular plasticity of ES cells.”” Chromatin
binding proteins are hyperdynamic in the sense that they are loosely bound to the
chromatin in ES cells. Upon differentiation, proteins become immobilized on chromatin,
which abolishes the pluripotent state. ES cells lacking the nucleosome assembly factor
HirA exhibit elevated levels of unbound histones and formation of embryoid bodies
(EBs) is accelerated. In contrast, ES cells with restricted Hl dynamic exchange display
differentiation arrest.®® This suggests that “hyperdynamic” chromatin is an important
hallmark of pluripotency.

Histone Modifications
Histone Marks Associated with Active Genomic Regions

In addition to ES cells’ open chromatin structure, active chromatin domains are
widespread in ES cells. These domains are typically marked by histone modifications
suchasacetylated H3 and H4 and di- and tri-methylated H3K4 as well as H3K9,14ac. 3¢
Enzymes known to “read and write” these modifications have started to emerge as
regulators of pluripotency. For instance, Rbp2 (Jaridla) which specifically catalyses
H3K4me2/3 demethylation, is bound on promoters of differentiation-related genes in
ES cells, indicating that Rbp2 may control their epigenetic states.®® p300, a histone
acetyltransferase that associates with the elongating form of Pol II, is recruited to
sites bound by Nanog, Oct4 and Sox2°” whereas the histone acetyltransferase and
chromatin remodeling complex Tip60-p400 aides in maintaining the pluripotent
state of ES cells by regulating Nanog-bound loci.®® Active promoters also possess
H3K4me2, while H3K36me3 and H3K79me?2 are located along actively transcribed
genomic regions® (Fig. 4).

In addition to histone lysine modification, histone H3 arginine methylationat R17 and
R26 has recently emerged as a novel epigenetic mechanism regulating pluripotency.®"°
The promoter regions of the genes Oct4 and Sox2 possess H3R16 and H3R26 methylation
and display detectable levels of co-activator-associated-protein-arginine methyltransferase
1 (CARM1).InES cells CARM1 depletion leads to differentiation and its over-expression
to H3 arginine methylation of the Nanog promoter resulting in delayed differentiation
upon induction.”

Enhancer regions are enriched in H3K4mel and H3K27ac in hES cells.”* Enhancers
are DNA sequences that activate cognate promoters and regulate gene expression in an
orientation- and position-independent manner.”
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Figure 4. A simplified overview of epigenetic regulation in ES cells. Epigenetic patterns are sorted
into three subclasses of genes: A) pluripotency genes that are expressed; B) developmental genes that
are poised to be expressed; and C) genes that are expressed upon induction of differentiation (lineage
specific genes). Gene promoters are further annotated as HCP and LCP according to different density
of CpGs. CpGs are represented as lollipops. Open circles represent unmethylated and filled circles
represent methylated CpGs. CpGs within the gene bodies and LCPs are mostly methylated whereas
CpGs within HCPs are unmethylated. Pluripotency genes possess histone marks associated with active
transcription (H3K4me3, H3K9ac) on their promoters and H3K36me3 and H3K79me2 within their gene
bodies. Bivalent domains characterize the promoters of developmental associated genes. The interaction
of polycomb proteins (PcGs) with such promoters is also shown. In some case these show transcription
initiation activity (represented here with a small, faint arrow).

Histone Marks Associated within Promoters Poised for Expression

Genome wide studies have shown that in hES cells more than three quarters of
gene promoters are marked by active histone modifications and experience transcription
initiation by Pol II action. However, only half of them produce detectable transcripts.
For instance, H3K4me3 is present at 80% of the annotated promoters in ES cells.®
Many of these do not produce full-length transcripts detectable with conventional
methods. In many cases these promoters are also enriched for the repressive mark
H3K27me3 and hence show bivalency. Bivalent domains as described above mostly
coincide with differentiation-associated genes in ES cells (Fig. 4). Interestingly, about
half of the identified bivalent domains have binding sites for at least one of the three
pluripotency-associated transcription factors Oct4, Nanog and Sox2.!*7 Bivalent
domains generally show PcG occupancy. However genome wide mapping in ES
cells has revealed that although PRC1 and PRC2 are present simultancously at many
promoters,’" there are promoters that are not co-occupied by the two complexes. In
ES cells, bivalent domains can be subdivided into two groups based on co-occupancy
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of both PRC1 and PRC2 or by PRC2 alone.® Interestingly, promoters “co-occupied”
by both complexes can retain PcG-mediated chromatin structure more efficiently upon
differentiation. Noncanonical PRC2 complexes are also present in hES cell. Such
complexes contain EZH1, a homolog of EZH2. EZH1-containing complexes appear
to be selectively targeted to key developmental genes, the repression of which may be
critical for preventing ES cell differentiation.™

The importance of PRC2 (and H3K27me3) in ES cells has been illustrated by
loss-of-function experiments. Loss of PRC2 components leads to defects in ES cell
differentiation.”®”® Nevertheless, mouse ES cells lacking Eed, Suzl2 or Ezh2 can
be derived from the respective homozygous knockout blastocysts and propagated in
vitro.”®”® The active role of H3K27me3 in ES cells was further demonstrated by recent
studies suggesting that Jarid2 (which is closely related to the Jaridl family) regulates
the enzymatic activity and the occupancy of PCR2 and hence it fine-tunes H3K27me3
levels in pluripotency.”** Jarid2 is known to be highly expressed in ES and iPS cells®
and is essential for differentiation, but appears dispensable for ESC self-renewal and
maintenance.”*

More recently, efforts have been made to classify bivalent domains based on histone
modifications other than H3K4me3 and H3K27me3. In ES cells, H3K9me3 was detected
in a subset of bivalent promoters of genes encoding developmental regulators.3* Future
studies will need to confirm the presence and role of these trivalent structures, since
previous studies have failed to detect this distribution.*®5 In a similar manner, it has
been reported that the histone variant H2A.Z colocalizes with PcG proteins and more
specifically with Suz12, the core component of PCR2.% Though, an independent study,
using human cells (U20S cells) argues that euchromatic genes that are not transcribed
do not carry H2A.Z on their promoters.*’

Finally, in addition to H3K4me3 as a histone mark found to occupy both active and
inactive (bivalent) promoters, H3K56ac has been shown to have the same occupancy
capabilities in hES cells.®® Interestingly the binding of NANOG, SOX2 and OCT4
associated with K56Ac more often than H3K4me3, suggesting that K56Ac is involved in
the human core transcriptional network of pluripotency. Functional studies are required
to confirm the claims of this study.

Histone Marks Associated with Silent Genomic Regions

Genomic regions that are associated with gene silencing, including transposon
and repetitive elements, frequently possess the histone repressive marks H3K9me3
and H4K20me3.3¥ H3K64me3 (H3K64 lies within the globular domain of H3) is a
newly identified repressive mark, enriched at pericentric heterochromatin. Interestingly,
H3K64me3 is higher in mES cells compared to differentiated cells,” consistent with the
notion that epigenetic patterns at repeats show substantial change during differentiation
possibly contributing to ES cell plasticity.*

Functional studies have further confirmed an important role of these histone marks
in ES cells. On one hand, loss of the H3K9 methyltransferase Suv39h in mES cells leads
to prominent enrichment of transcripts corresponding to all repeat classes.®” On the other
hand, the H3K9 de-methylases, Jmjd1a and Jmjd2c have been identified as Oct4 targets.’!
Depletion of Jmjd1a/2¢cin ES cellsresults in differentiation induction and a global increase
in H3K9me?2/3, confirming that these two demethylases and probably H3K9 methylation
levels are linked to the maintenance of pluripotency.”!
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DNA Methylation
Functional Relevance of DNA Methylation in ES Cells

ES cells operate the DNA methylation machinery in a way that is very distinct
from somatic cells. On the one hand, the de novo methyltransferases—Dnmt3a2 and
Dnmt3bl (which are isoforms of Dnmt3a and Dnmt3b respectively) in particular—are
expressed at very high levels. On the other hand, DNA methylation is largely absent
from gene-regulatory elements. Even more so, ES cells can tolerate complete loss of
DNA methylation.”>* Dnmt1, Dnmt3a/3b°>% or Dnmt 1, 3a and 3b*** deficient mES
cells are able to survive and maintain their self-renewal capacity despite significant
loss of DNA methylation. They retain pluripotency, but can only differentiate if Dnmt
function is restored.”>** In contrast, reduction of CpG methylation by inactivating Dnmts
in somatic cells results in growth defects, cell death, activation of retrotransposons and
genome instability,’**” indicating that CpG methylation plays a fundamental role in basic
cellular functions of mammalian cells.

ES cells also express high levels of the gene Dnmt31 but its function in ES cells
is not fully understood.”® Dnmt31 has dual functions of binding unmethylated histone
H3 tail and activating the DNA methyltransferases,*® suggesting that high CpG density
promoters in ES cells are possibly protected from de novo methylation through the H3K4
methyl marks.

Inanattemptto further understand how DNA methylation regulates gene expression in
ES cells, mES cells that lack all three Dnmts (TKO cells)* were subjected to genome-wide
expression analysis.” Genes that were up-regulated in response to hypomenthylation,
showed an overrepresentation of tissue specific genes, such as transcription factors and
signaling molecules; testis and oocyte-specific genes were highly enriched in the TKO
cell line as well. Interestingly, only 5% of the up-regulated genes overlap with genes
possessing PcG and only 1.7% Nanog/Oct4/Sox2 bound genes overlap with the up-regulated
genes in the demethylated ES cells. The latter indicates that DNA methylation and the
transcriptional network governed by Oct4, Sox2 and Nanog may play distinct roles in
pluripotent ES cells.

DNA Methylation Patterns in ES Cells

Recenttechnological advances enabled the generation of the first two complete human
DNA methylomes at a base-pair resolution.*® About 76% of CpGs assayed were found to
be methylated in hES cells. Similar to previous studies in the mouse,'” the methylation
levels of CpGs in wild-type ES cells display a bimodal distribution, with most genomic
regions being either ‘largely unmethylated’ or ‘largely methylated’. The methylation
status of CpGs is highly correlated with the local CpG density. CpGs in regions of high
CpG density (>7% over 300 bp) tend to be unmethylated, whereas CpGs in low-density
regions (<5%) tend to be methylated'® (Fig. 4). It is worth noting that high-CpG-density
promoters (HCPs) are associated with two classes of genes: ubiquitous ‘housekeeping’
genes and highly regulated ‘key developmental® genes.

On the other hand, low-CpG-density promoters (LCPs) are generally associated with
tissue-specific genes.'” In ES cells, CpGs located in LCPs are mostly methylated with
the exception of LCPs enriched with H3K4me3 or H3K4me?2, which have significantly
reduced methylation levels. CpGs within distal regulatory regions such as enhancers,
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silencers and boundary elements display the same anticorrelation and only show levels of
DNA methylation if lacking H3K4me1/2. These data highlight that histone methylation
patterns are better predictors of DNA methylation levels than CpG density alone. These
results are in agreement with previous, less comprehensive studies®'*? and support the
notion that DNA methylation and histone modifications are interconnected.'®

DNA methylation patterns within repetitive regions in mES cells have also been
revealed. CpGs located in long terminal repeats (LTRs) and long interspersed elements
(LINEs) are generally hypermethylated, even in CpG rich contexts. In contrast, CpG in
short interspersed elements (SINEs) show a correlation between methylation levels and
CpG density that is comparable to nonrepetitive sequences.'” Loss of DNA methylation
leads to small increase of repetitive transcript levels® in contrast to loss of H3K9
methylation levels (see above).

Non-CpG Methylation in ES Cells

The recently completed human methylomes discussed above,*® in agreement with
previous studies in mES cells*# and the early embryo,!* have highlighted the presence of
non-CpG methylation in hES cells. Methylation in non-CpG contexts showed enrichment
in gene bodies and depletion in protein binding sites and enhancers. Interestingly,
non-CpG methylation disappeared upon induced differentiation of ES cells and was
restored in induced pluripotent stem cells.*® Non-CpG methylation has only been found
in mammalian ES cells that highly express de novo Dnmts and no function has been
reported for it. Further studies are required to elucidate the biological importance of
nonCpG methylation in ES cells if any.

In addition to non-CpG methylation, recent studies have confirmed the existence of
5-hydroxymethylcytosine (5hmC) in certain cell types including mES cells.!® The levels
of 5ShmC are catalyzed by the protein ten-eleven translocation 1 (TET1) (Fig. 3). It has
been proposed that ShmC can be converted back to unmethylated cytosine, possibly via
DNA repair mechanisms and hence ShmC may act as an intermediate in active DNA
demethylation (Fig. 3). It should be noted that current technologies for DNA methylation
profiling cannot discriminate between SmC and ShmC and hence investigating the role
of 5ShmC is not trivial at the moment.

CONCLUSION

Recent advances in genome-wide technologies have allowed the unraveling of
the epigenetic patterns unique to ES cells (Fig. 4) whereas functional studies have started
to identify the key regulators of these patterns. However, despite their unique distribution,
the role of epigenetic marks in ES cells will still need further investigation.

ES cells lacking critical epigenetic factors, including Dnmts, histone methyltansferase
and demethylases, chromatin remodeling factors and PcG proteins'® are viable and do
not loose their property of self-renewal, implying that epigenetic regulation may be
dispensable for maintaining ES cell identity. These observations together with the fact
that bivelant domains are not present in ES cells only, have lead to the argument that
epigenetic mechanisms may only contribute to the stability of pluripotency.'?’ Consistent
with this argument it has been proposed that the “epigenome” functions in buffering
variability in transcription;'® it is probably a control of “noise” that may accompanies
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the “hyper-transcription” observed in ES cells.! Nevertheless, ES cells deficient in
epigenetic factors often exhibit defective differentiation, which may reflect roles for
these components in differentiation-associated processes and subsequent commitment
in lineage-specific states.!

These facts indicate that the functional role of the epigenome may be dynamic during
development. It is probable that changes in epigenetic patterns and in expression of key
epigenetic modulators during differentiation may reflect changes in the “epigenome” rationale,
from a “buffer” in pluripotent cells to a “gatekeeper” of lineage-specific states.’

In order to further understand the role of the epigenome in pluripotency and lincage
commitment, it is important to combine the studies reviewed in this chapter, which focus
on the role of the epigenome in ES cells, with studies designed to understand mechanisms
regulating early mammalian development. The recently developed epigenomics
technologies that can be applied to a small number of cells,'®!'? will be crucial for such
studies. Elucidating the mechanisms of epigenetic regulation in different cellular states
during development will undoubtedly contribute to the field of stem cell biology and
improve our approach to regenerative medicine.
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CHAPTER 4

AUTOSOMAL LYONIZATION OF
REPLICATION DOMAINS DURING EARLY
MAMMALIAN DEVELOPMENT

Ichiro Hiratani and David M. Gilbert*

Abstract:

Ithasbeen exactly 50 years since it was discovered that duplication of the eukaryotic
genome follows a defined temporal order as cells progress through S-phase. While
the mechanism of this replication-timing program still remains a mystery, various
correlations of this program with both static and dynamic properties of chromatin
render it an attractive forum to explore previously impenetrable higher-order
organization of chromosomes. Indeed, studies of DNA replication have provided
a simple and straightforward approach to address physical organization of the
genome, both along the length of the chromosome as well as in the context of
the 3-dimensional space in the cell nucleus. In this chapter, we summarize the
50-years history of the pursuit for understanding the replication-timing program
and its developmental regulation, primarily in mammalian cells. We begin with
the discovery of the replication-timing program, discuss developmental regulation
of this program during X-inactivation in females as well as on autosomes and
then describe the recent findings from genome-wide dissection of this program,
with special reference to what takes place during mouse embryonic stem cell
differentiation. We make an attempt to interpret what these findings might represent
and discuss their potential relevance to embryonic development. In doing so,
we revive an old concept of “autosomal Lyonization” to describe “facultative
heterochromatinization” and irreversible silencing of individual replication domains
on autosomes reminiscent of the stable silencing of the inactive X chromosome,
which takes place at a stage equivalent to the postimplantation epiblast in mice.
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INTRODUCTION

With all phenomena in nature there are two major questions asked: the underlying
mechanism (how?) and its biological significance (why?). All eukaryotic cells replicate
their DNA in a specific temporal sequence but both the mechanism of this “replication
timing program” and its biological significance remain a mystery. Understanding the
mechanism might allow us to manipulate replication timing and query significance,
but even with the power of molecular genetics in budding and fission yeasts, very little
mechanistic insights have been gained.! Many studies point to regulation at the level of
large chromosomal domains or subnuclear compartments, making replication timing
an excellent gateway into the higher order structure and functional organization of
chromosomes, albeit refractory to traditional molecular and biochemical approaches. By
corollary, understanding significance might provide clues as to mechanism. Some studies
have suggested evolutionary roles for replication timing in focusing mutation rates and/
or suppressing recombination,>® while others have suggested housekeeping roles such as
the overall coordination of replicating large genomes in the presence of limited metabolic
precursors.* In addition, a longstanding correlation between early replication timing and
transcriptional competence has been substantiated by recent genome-wide studies, " but
it is not clear whether transcription drives early replication or vice versa.

If replication timing were related to transcriptional competence, it should be
developmentally regulated. In this chapter, we summarize the evidence for developmental
regulation of replication timing in mammals historically from its original inception
as a property associated with the process of X-inactivation in females® to very recent
studies verifying an unanticipated degree of autosomal replication timing changes
taking place at the level of megabase-sized chromosomal “replication domains.””# In
particular, we revive an old concept of “autosomal Lyonization™ to describe “facultative
heterochromatinization” and irreversible silencing of individual replication domains
on autosomes reminiscent of the stable silencing of the inactive X chromosome (Xi),’
which takes place at the epiblast stage in mice.® Moreover, comparative studies have
revealed that replication timing programs and the changes that occur during development
are evolutionarily conserved, to a greater extent than either the positions of replication
origins or the overall GC content of chromosomal isochores.'” These observations suggest
positive selection for a replication program that is not arbitrarily dividing the genome
into temporally separated segments for housekeeping purposes but is intimately related
to chromosome structure and function.

REPLICATION TIMING PROGRAM: AN ELUSIVE MEASURE
OF GENOME ORGANIZATION

Early Experiments

Early studies of DNA replication led to the discovery of key concepts in chromosomal
organization. J. Herbert Taylor’s synthesis of tritiated thymidine in 1953 allowed the first
glimpses of DNA synthesis in living cells'" at a time when the structure of DNA was just
being resolved. Taylor’s series of thymidine labeling experiments not only provided the
first demonstration of the semi-conservative antiparallel nature of DNA replication (more
than one year prior to Messelson and Stahl'?)!3, but also revealed a specific temporal
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Tritiated Thymidine BrdU Quenching of Hoechst Anti-BrdU Antibodies

J.H. Taylor, 1960 E. Stubblefield, 1975 D.M. Gilbert, 1983

Figure 1. Brief Pulse-Labeling of DNA Synthesis Highlights Megabase-Sized “Replication Domains”.
Chinese hamster cells were pulse labeled for 10 minutes with either tritiated thymidine (left) or BrdU
(right) during late S-phase or labeled continuously with BrdU except for 1 hour in late S-phase during
which cells were labeled with thymidine (middle) and then chased with unlabeled medium into mitosis.
Metaphase spreads were analyzed by autoradiography (left), BrdU quenching of Hoechst dye (middle) or
indirect immunofluorescence using anti-BrdU antibodies (right). These cytogenetic methods demonstrated
that megabase-sized segments of the genome are labeled in very short periods of time, producing banding
patterns that were characteristic for each chromosome and varied during S-phase, with euchromatic R
bands replicating early and heterochromatic G bands replicating late. Note that the heterochromatic Y
chromosome is almost entirely labeled in a 10-minute period late in S-phase. With known rates of replication
fork movement, this could only be achieved by the nearly synchronous firing of clusters of replication
origins. Figure was adapted from J.H. Taylor" (left-© Taylor, 1960. Originally published in The Journal of
Biophysical and Biochemical Cytology. 7: 455-463), E. Stubblefield'® (middle) and D.M. Gilbert'”* (right)
with permissions from Journal of Biophysical and Biochemical Cytology” and Chromosoma."

program to the replication of DNA in the chromosomes of both plant'* and animal's
cells. In particular, by pulse-labeling Chinese hamster cells (whose chromosomes are
easily distinguished by size) and then examining metaphase chromosomes at various
times after the pulse, he found that different segments of chromosomes replicate within
specific time intervals during S-phase (Fig. 1). From this study,'® Taylor concluded that:
“parts of chromosomes have a genetically controlled sequence in duplication, which may
have some functional significance.” Exactly 50 years later, that functional significance
remains a total mystery.

By the 1970s, these coordinately labeled segments of chromosomes were found to be
similar inappearance and size to chromomeric banding patterns of chromosomes seen using
banding methods such as Giemsa staining. When it was discovered that incorporation of
BrdU into DNA (instead of tritiated thymidine) could squelch the fluorescence of Hoechst
dye,'® a novel chromosome banding method (“replication banding”) was developed that
avoided the use of radioactivity and long autoradiography exposures (Fig. 1). In general,
the transcriptionally active, GC-rich, R-bands were found to be early replicating, while the
transcriptionally inactive, AT-rich, G-bands were late,'” although the alignment was not
absolute.'® These results supported the hypothesis that heterochromatin is late replicating,
which was originally proposed by Lima-de-Faria based on studies of grasshopper sex
chromatin.?® The finding that the replication time of individual chromosome segments is
related to their transcriptional activity raised the possibility that coordinately replicated
segments may represent not only structural but also functional units of chromosomes.
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This was an attractive hypothesis, but if replication were related to transcription, one
might expect to find different banding patterns in different cell types. Unfortunately,
comparisons of replication banding patterns in different cell types failed to detect such
differences.?' Of course, the resolution of such studies could not rule out the existence
of localized changes.!® Moreover, studies in frog embryos?? and studies of mammalian
X-inactivation (discussed below) demonstrated that replication timing could change
during development in a manner correlated with transcriptional activity.

The Lessons from X Chromosome Inactivation

In his 1960 study, Taylor noticed that, in female cells, the X chromosomes replicated
asynchronously." Coincidentally, in 1961, Mary Lyon proposed her famous hypothesis that
the cytological manifestation of X-inactivation, the Barr body,? appears coincident with
its genetic inactivation in early development and that both the structural and functional
alterations of the homolog randomly chosen for inactivation are stably maintained in all
subsequent somatic generations.* Taylor then went on to verify that the Barr body was
late replicating in female human cells and that in cells with several X chromosomes all the
Barrbodies replicated late.® These findings introduced a completely novel and mysterious
notion: the fact that the two genetically identical X chromosomes behave differently
meant that homologous chromosomes can be either heterochromatic or euchromatic in
the same cell, leading to the unavoidable conclusion that replication timing is determined
epigenetically—not by sequences alone.

Over the next two decades, the appearance of a late replicating Xi during early
embryonic stages was used as a reliable cytological marker for X-inactivation, as it is one
of the most conserved features of X-inactivation.? In fact, while late replication of the Xi
seen in placental mammals (eutherians) is conserved in marsupials and at least partly in
the egg-laying platypus (monotremes),?*” eutherian X-inactivation features such as the
Xist gene, enrichment of “repressive” histone modifications and possibly promoter DNA
methylation are either missing or not reported to date in marsupials and monotremes.??
Upon random X-inactivation in the mouse embryo proper, a late-replicating Xi emerges
at the postimplantation epiblast stage,?® which precedes de novo DNA methylation of
gene promoters on the Xi.*® Later, the development of in vitro differentiation systems
for embryonic stem cells (ESCs) allowed for the temporal order of events to be more
precisely determined. ESC differentiation studies suggest Xist coating of the Xi to be the
carliest event upon random X-inactivation, followed by an exclusion of RNA polymerase
II from the Xi, then by the loss of “active” histone modifications and the acquisition
of “repressive” histone marks.>! Xi’s switch to late replication either coincides with
or occurs shortly after changes in histone modifications (based on metaphase spread
analyses®**?), whereas de novo promoter DNA methylation occurs much later.*> While
it is tempting to speculate a causal role for earlier events in regulating the Xi’s switch to
late replication, this idea is difficult to reconcile with the fact that Xist and “repressive”
histone modifications are missing from the Xi in marsupials?® and yet a switch to late
replication is observed.?® Indeed no report to date has demonstrated a causal role for
chromatin modifiers in regulating replication timing of the Xi. Interestingly, however,
using a mouse ESC differentiation model with an inducible Xist transgene, Wutz et al
demonstrated that the time point of commitment for X-inactivation is independent
of transcriptional down-regulation but is temporally closely associated with a nearly
chromosome-wide shift to late replication of the Xi.3?34
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Compared to the late replicating state of the Xi in the embryo proper, the situation is
somewhat different in the extra-embryonic lineages, in which the paternal X chromosome
(Xp)isinactivated in an imprinted manner. Both in trophectoderm and primitive endoderm,
the Xp temporarily becomes replicated precociously very early in S-phase, earlier than
any autosomes.*® The switch from synchronous to asynchronous replication timing of
the X chromosomes takes place just after these extra-embryonic tissues are specified, at
embryonic day (E) 3.5 introphectoderm and E4.0—4.5 in primitive endoderm.* Then, around
E6.0-6.4, the Xp in these two lineages (primitive endoderm and trophectoderm become
visceral endoderm and extra-embryonic ectoderm, respectively, at this stage) switches
to late replication and stably maintains its late replication state thereafter.? This abrupt
nearly chromosome-wide switchmay occur within a single cell cycle.*® These observations
indicate that the unusual precocious replication of the Xp in the extra-embryonic lineages is
transient, whereas the switch to late replication of the Xi is conserved between embryonic
and extra-embryonic lineages and is stably maintained during development. Interestingly,
the emergence of both trophectoderm at E3.5 and primitive endoderm at E4.0 represent
the first obvious manifestations of lineage commitment, segregating these extra-embryonic
lineages from the embryo proper. Thus, the first two major cell fate transitions during
early embryogenesis accompany alteration in replication-timing regulation of the Xi. It
is not known, however, what the subsequent, abrupt switch to late replication at E6.0—6.4
inthese extra-embryonic lineages represents.?® Interactions between extra-embryonic and
maternal tissues may be involved.

Replication Timing Landscape on Autosomes

Are replication timing changes unique to the X chromosome or are there equivalent
events on autosomes during differentiation that escape cytological detection? Might
there be asimilar program to “Lyonize” (i.e.,facultatively heterochromatinize) individual
replicons or clusters of replicons’ that are too small to visualize microscopically? In the
1970s, Carl Schildkraut and Walt Fangman pioneered the use of molecular methods
to investigate the temporal order of replication in mammals®’ and budding yeast,*®
respectively. Together, these studies provided strong evidence that a precisely regulated
replication-timing program is a conserved property of all eukaryotic cells. In the 1980s,
the replication times of a few dozen genes became cataloged in different stable cell
lines,**** unambiguously identifying autosomal replication timing differences. The
emerging rule of thumb was that if a gene were transcriptionally active, it would be
early replicating, while late replicating genes were always inactive. In fact, a study
comparing active and inactive clusters of Xenopus 5S rDNA genes that were known
to compete for the same transcription factors revealed that the active gene clusters
replicate substantially earlier, suggesting a model in which early replication could
provide a competitive advantage for access to limiting quantities of activating factors
at the replication fork (“first come, first served”).* This model has yet to be refuted
or substantiated.

The extent of developmental changes, however, had been elusive. Due to technical
difficulties of working with differentiating cell cultures, replication timing studies
through the early 2000s were limited to a few dozen gene loci in established, usually
transformed, cell lines. Hence, it remained possible that many of the replication
differences observed between cell lines resulted from genetic or epigenetic changes
accumulated during long term culture. The advent of directed ESC differentiation
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systems sufficiently homogeneous to perform molecular analyses permitted the first
direct demonstration of differentiation-induced replication timing changes of autosomal
loci in 2004.4+% However, replication timing of a fraction of ~100 genes analyzed
was regulated and with only neural differentiation pathway analyzed, it was difficult
to conclude whether developmental replication timing changes were frequent or rare.
Various studies led to the conclusion that many genes replicate at the same time in
all cell types, consistent with the cytogenetic studies.***’ Thus, these reports clearly
provided evidence for differentiation-induced replication timing changes, but the small
sampling demanded the use of genome-wide approaches to statistically determine the
extent of changes.

The first genome-wide replication timing analysis was performed in budding yeast.*®
Unexpectedly, no correlation was found between replication timing and transcription,
a finding that has since been corroborated in fission yeast.*” Shortly thereafter, a series
of microarray-based studies in Drosophila and mammalian cells provided evidence
for a strong correlation between early replication and transcriptional activity in these
higher eukaryotes,”*"8 suggesting that this relationship might be restricted to metazoa.>
This correlation, along with the fact that gene expression programs change during
differentiation, raised the possibility that a considerable degree of replication-timing
changes might take place during development. However, the first report that examined
more than one cell line found only 1% difference in replication timing across chromosome
22 in human fibroblasts vs lymphoblasts.”® Moreover, several of these studies found
that replication timing correlated strongly with static sequence features of mammalian
chromosomes such as GC content and gene density.”**>¢ Indeed, as recently as in 2008,
many investigators had concluded that replication-timing changes are very rare and
hence their significance to development came into question.*®* Still, the resolution
and limited genomic coverage of existing studies and the paucity of data comparing
cell lines left this fundamental question unanswered.

The advent of high-density oligonucleotide microarrays to query the genome
at sufficient probe density, combined with ESC differentiation systems, offered
an unprecedented opportunity to potentially induce and study changes in the
replication-timing program during major cell fate transitions. In 2008, we were able
to achieve such an analysis during differentiation of mouse ESCs to neural precursor
cells (NPCs).” This study revealed that several polymorphic ESC lines showed virtually
identical replication timing profiles, with clearly delineated patterns of coordinately
replicated megabase-sized chromosome domains. Upon differentiation of ESCs to NPCs,
changes took place across nearly 20% of the genome.” Combined with a follow-up study,®
we have constructed replication profiles for 22 cell lines representing 10 different cell
types that model differentiation of three germ layers during early mouse development
(Fig. 2). Results revealed cell-type specific replication-timing profiles resulting from
extensive developmental changes affecting nearly half the genome.® Replication timing
changes occur coordinately across 400-800 kb segments of chromosomes within larger
regions of constitutive replication, explaining why they escape cytological detection.
Moreover, although the correlation between early replication and GC content or gene
density is always positive and the most GC- or AT-rich genomic segments remain early
or late replicating respectively in all cell types, it is the segments with intermediate
GC content and gene density that change replication timing and these changes can
substantially alter the overall degree to which replication timing correlates with static
sequence features.®
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Figure 2. Relationship between cell culture models of mouse embryogenesis based on replication timing
profiles. Hierarchical clustering of 22 mouse cell lines based on replication timing profiles obtained
by microarrays.® The dendrogram reveals an epigenetic separation of cell types representing the late
epiblast (EpiSCs) from the early epiblast (EPL and EBM3) as well as the ICM [ESCs (46C, D3, TT2)
and fully reprogrammed iPSCs]. EpiSCs were more related to committed germ layer cell types of the
early embryo [ectoderm (EBM6), neurectoderm (46CNPC, TT2NPC and EBM9Y), nascent mesoderm and
endoderm]. Three partially reprogrammed iPSC (piPSC) lines were distinct from late embryonic cell
types (MEFs and myoblasts), but were also distinct from ICM, epiblast or early germ layer cell types,
forming an independent branch. The asterisk on the right indicates genomic segments that complete
lineage-independent EtoL changes by the postimplantation epiblast stage (which roughly corresponds to
155 Mb total). Late replication of these segments was stably maintained in all downstream lineages and
not reversed in piPSCs, which also exhibited difficulty in transcriptional reprogramming of genes within
these segments. Figure was adapted from Hiratani et al with permission from Genome Research.®
Methods: Cells were pulse-labeled with BrdU, separated into early and late S-phase fractions by flow
cytometry and BrdU-substituted DNA from each fraction was immunoprecipitated with an anti-BrdU
antibody. The early and late replicating DNA samples were differentially labeled and cohybridized to
whole-genome oligonucleotide microarrays. The ratio of the abundance of each probe in the early and
late fraction [“replication timing ratio” = log,(Early/Late)] was then used to generate a replication timing
profile for the entire genome at a density of one probe every 5.8 kb. Then, the whole genome was divided
into 10,974 ~200-kb segments and their average replication timing ratios were compared between cell
lines by hierarchical clustering. The heatmap shows the replication-timing ratios [= Log,(Early/Late)]
of 10,974 ~200-kb segments, with red and green representing early and late replication, respectively.
Segments framed in blue shows those with significant differential between any cell types, which
represent 45% of the genome.
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AN EVOLUTIONARILY CONSERVED EPIGENETIC FINGERPRINT

It is now clear that replication-timing differences are extensive during early
mammalian development. Moreover, comparison of two Drosophila cultured cell
lines derived from embryonic or imaginal disc tissue also revealed approximately 20%
differences in replication timing,”” suggesting that extensive developmental changes are
common in higher eukaryotes. But are these changes meaningful to the development of
the animal or are they merely stochastic events with very little consequence to the fitness
of the organism? Our current understanding of the mechanisms regulating replication
does not permit a direct manipulative approach to this question. An indirect alternative
is to evaluate whether the replication timing programs of individual cell types have
been positively selected during evolution. To this end, we extended our analyses to
differentiating human ESCs. Consistent with the mouse data, we found that multiple
human ESC lines displayed nearly identical replication timing profiles that changed
across approximately 20% of the genome during differentiation to NPCs (T. Ryba, I.H.
and D.M.G, unpublished). As in mice, changes in replication timing generally occurred
coordinately across 400—800 kb chromosome domains, suggesting a conserved unit size
of replication timing changes that most likely involves a coordinated regulation of at least
2-3 replicons. However, human ESCs differed substantially in their replication timing
profiles from mouse ESCs within regions of conserved synteny (T. Ryba, .LH. and D.M.G,
unpublished). In fact, they aligned much more closely with stem cells derived from the
postimplantation mouse epiblast, the EpiSCs (epiblast-derived stem cells),*¢* providing a
genome-wide support for the hypothesis that human ESCs represent an epiblast-like state
that is downstream from the inner cell mass(ICM)-like state that mouse ESCs represent
(T. Ryba, I.H. and D.M.G, unpublished). In addition, human cells showed a significantly
lower correlation of early replication to GC content and GC content was significantly
less well conserved than replication timing between human and mouse (T. Ryba, I.H.
and D.M.G, unpublished).

Furthermore, recent unpublished comparisons of distantly related fission (N.
Rhind, personal communication) and budding (K. Lindstrom and B. Brewer, personal
communication) yeast species find a lack of conserved replication origin positions but
a remarkable conservation of the replication-timing program. This is consistent with
many observations suggesting that replication timing is independent of where replication
initiates. For instance, the human beta-globin locus frequently replicates from one of two
closely spaced origins while the mouse locus uses many widely dispersed origins and yet
replication timing is conserved.® Moreover, the replication time of chromosomal domains
isre-established in each cell cycle ata time point in G1 (TDP; timing decision point) prior
to and independent of origin site specification, which takes place later in G1 at the ODP
(origin decision point).**% Altogether, these findings indicate that the replication-timing
program is under considerably stronger positive selection during evolution than either
overall GC content or replication origin positions.

The significance of this program and whether or not it is reflecting a mechanistic
linkage to another chromosome property that is the direct object of the selective pressure
remains to be determined. For example, early replication correlates positively with
overall transcriptional activity domain-wide and with histone modifications associated
with transcriptionally active chromatin (H3K4me3, H3K36me3) and inactive chromatin
(H3K9me2) (albeit not with known inactive modifications H3K9me3 or H3K27me3).””
However, ablation of several chromatin-modifying enzymes (MIl, Mbd3, Eed, Suv39h1/h2,
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G9a, Dnmtl1/3a/3b, Dicer) has surprisingly modest effects on replication timing."%-"2
Meanwhile, a recent study in fission yeast showed that Swi6, an HP1 (heterochromatin
protein (1) ortholog enriched in heterochromatic domains, regulates replication timing
through the loading of the replication initiation factor, S1d3.” Although no mammalian
S1d3 orthologs have been reported and HP1 does not appear to regulate the late replication
timing of pericentric heterochromatin in mice,” this study raises the intriguing possibility
that domain-wide chromatin factors could regulate replication timing through initiation
factoraccessibility. For example, indirect observations suggest that a competition between
histone H1 vs HMG-I/Y proteins across large chromosomal segments could regulate
replication timing during differentiation.™

REPLICATION TIMING AS A QUANTITATIVE INDEX
OF 3-DIMENSIONAL GENOME ORGANIZATION

During X-inactivation, the switch to late replication leads to an almost synchronous
late replication of the entire X chromosome, which becomes highly condensed and
localized to the periphery of the nucleus (Fig. 3A), forming what is known as a Barr body
in a process that used to be called “Lyonization.”? This relationship between replication
timing and subnuclear position is not confined to the X chromosome, but is also reflected
in the positions of individual autosomal replication domains. Domains that replicate at
different times during S-phase are localized to different compartments within the nucleus
thatcan be visualized by pulse labeling with nucleotide analogs and staining with antibodies
against them (Fig. 3B), giving rise to the appearance of punctate labeled sites known as
“replication foci.”! These replication foci are clearly not artifacts of fixation as they can
also be observed in living cells labeled with fluorescent nucleotides.” In virtually every
animal cell examined, the first half of S-phase consists of hundreds of dispersed internally
localized sites of replication that dramatically transition into more clustered peripherally
localized foci near the middle of S-phase.”7® When these labeled foci are chased through
subsequent cell cycles, the labeled segments do not mix, separate or change in shape,
size or intensity, suggesting that the DNA that replicates together remains together as a
stable structural and functional unit of interphase chromosome structure.”’ Quantitative
microscopic methods in human cells estimate close to 1 Mb of DNA is replicated within
each focus.” It is tempting to speculate that the 400—800 kb units of replication change
observed during both mouse and human cell differentiation are the molecular equivalents
of replication foci, although this remains a very difficult hypothesis to test.

If a mechanism resembling “Lyonization” were occurring on autosomes, then we
would expect autosomal replication-timing changes to be accompanied by changes in
subnuclear position. Indeed, this was found to be the case for all seven loci tested during
neural differentiation.”®” Interestingly, whereas replication-timing changes occurred
over the course of several cell cycles before stabilizing, subnuclear repositioning was
relatively abrupt, occurring primarily during the time when replication-timing changes
traversed the mid-late stages of S-phase (Fig. 3C).® For example, genes found to undergo
significant shifts to later replication but confined to the first half of S-phase remained in
the interior of the nucleus, whereas even smaller shifts to late replication that traverse
the mid-late stages of S-phase were accompanied by movement toward the periphery.?
Moreover, genes replicated throughout the first half of S-phase have an equal probability
ofbeing expressed, whereas the strongest correlation between transcription and replication
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ESC EBM3 EBM6 EBM9Y/NPC
Figure 3. Subnuclear genome organization revealed by studies of DNA replication. A) Late-replicating,
condensed inactive X chromosome (Xi, arrowhead) at the nuclear periphery in MEF cells revealed
by a 10-minute BrdU pulse labeling during mid-late stages of S-phase. Figure was adapted from
Wu et al with permission from Journal of Cell Biology.”! B) Sites of DNA replication in early S
(green, a 10-minute CIdU pulse in early S) vs late S-phase (red, a 10-minute IdU pulse in late S of
the same cell cycle) revealed by a “pulse-chase-pulse” experiment in mouse C127 fibroblast cells.
Note that DNA replication during late S-phase takes place preferentially at the nuclear periphery
and nucleolar periphery, whereas during early S-phase, it takes place in the interior of the nucleus
excluding these two subnuclear compartments. C) Representative 2D DNA-FISH of Zfp42 (also known
as Rex2) and PouSfl (also known as Oct4) loci in EPL cells and EpiSCs, which model early and
late epiblast stages in mice, respectively.® Zfp42 locus is a representative lineage-independent EtoL
locus that completes its EtoL change during the transition from early to late epiblast equivalent stage
(see Figure 2, asterisk), during which its timing change traverses the mid-late stages of S-phase. By
contrast, Pou5f1 locus is constitutively early replicating. Zfp42 locus (red signals) is repositioned from
the interior toward the nuclear periphery in EpiSCs but not EPL cells, whereas Pou5f1 locus (green
signals) maintains its internal positioning in both cell types. Figure was adapted from Hiratani et al
with permission from Genome Research.® D) Electron spectroscopic imaging (ESI) analysis of nuclei
during ESC differentiation.® Images from left to right are: ESC, EBM3 (day 3 differentiated cells),
EBMG6 (day 6 differentiated) and EBM9 (day 9 NPCs). Relative levels of phosphorus and nitrogen
levels were used to delineate chromatin (yellow) vs protein and ribonucleoprotein (blue).*' ESC
nucleus is a relatively uniform meshwork of 10 nm chromatin fibers with a low degree of chromatin
compaction along the nuclear envelope or throughout the nucleoplasm. EBM3 showed a landscape
very similar to ESCs. However, note that in EBM6, a dramatic accumulation of compact chromatin
was evident near the nuclear periphery, the boundaries of which became further sharpened in EBM9.
The EBM3-EBM6 transition roughly corresponds to the early to late epiblast transition, based on
gene expression, replication timing profiles and subnuclear position analysis of several gene loci.®
Figure was adapted from Hiratani et al with permission from Genome Research.

time is found for genes replicating in the mid-late stages of S-phase.' Together, these
results predict that genes replicating in the second half of S-phase will be located near
the periphery of the nucleus. Given that studies of gene position in the nucleus are
currently very laborious, these results imply that replication-timing profiling can provide
a genome-wide prediction of genes that change position during differentiation. In fact,
we have recently discovered that spatial proximity of chromatin as measured by Hi-C
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analysis (A novel form of chromosome conformation capture analysis, or 3C, applied
genome-wide)® shows a strikingly high correlation to replication timing profiles in a
cell-type specific manner (T. Ryba, [.H. and D.M.G., unpublished).

REPLICATION TIMING REVEALS AN EPIGENETIC TRANSITION:
AUTOSOMAL LYONIZATION AT THE EPIBLAST STAGE

Perhaps most importantly for our appreciation of the significance of replication
timing changes, these studies have unveiled a close association of replication timing
changes with cell fate transitions during early mouse development (Fig. 2).78 Replication
timing changes were coordinated with changes in transcription, with expression of weak
CpG-poor promoters showing the strongest relationship. The earliest events during mouse
development include a distinct set of early-to-late (EtoL) replication timing changes
completed during the postimplantation epiblast stage (Fig. 2, asterisk), coincident with
repositioning of EtoL loci toward the nuclear periphery (Fig. 3C) and Xi’s shift to late
replication.® Moreover, by electron microscopy using an analytical technique called
electron spectroscopic imaging (ESI),?! a dramatic chromatin conformation change in the
nucleus was revealed, with the nuclei showing an emergence of compact chromatin mass
near the nuclear periphery during the transition from early to late epiblast equivalent stage
(Fig. 3D),? coincident with radial subnuclear repositioning of EtoL loci (Fig. 3C). This
reorganization was evident in EpiSCs, demonstrating that it is prior to down-regulation
of Oct4/Nanog/Sox2 and germ layer commitment.® This suggests that the epigenetic
landscape that these core pluripotency circuitry factors®?> must act upon is considerably
different in late epiblast (EpiSCs) vs ICM/early epiblast [ESCs or early primitive
ectoderm-like (EPL) cells®]. In contrast to EtoL changes, late-to-early (LtoE) changes
occurred later during germ layer commitment in a lineage-dependent manner to generate
cell-type specificity (Fig. 2). Taken together, there are extensive changes before and after
the epiblast stage, corresponding to lineage-independent and lineage-dependent changes
during development, respectively. Moreover, these results suggest that the replication
timing program is specific to a given differentiation state, reflects global organization of
chromatin within the nucleus and changes in this program represent or reflect epigenetic
commitment of cells during key cell fate transitions. In such a way, replication profiling
has revealed previously unappreciated epigenetic distinctions between closely related
cell culture models that represent early vs late epiblast cells.

An epigenetic distinction between ICM/early epiblast vs late epiblast cell culture
models is consistent with the fact that they exhibit major phenotypic differences® despite
showing only small differences in gene expression.® First, unlike pre-implantation ICM
cells, the postimplantation epiblast cells fail to colonize the blastocyst, despite the expression
of many ‘pluripotency’ marker genes. Second, the success rate in isolating ESCs from
epiblast in the permissive 129 mouse strain also seems to decline precipitously between
E5.0 and E6.0.% Third, in vitro models of early and late epiblast cells demonstrate that
the latter cell types have progressed beyond an as-yet unidentified epigenetic barrier that
is difficult to overcome upon nuclear reprogramming. That is, an early epiblast model,
EPL cells, have lost the ability to contribute to chimeric mice formation, but can readily
revert back to the ESC state by culturing in ESC medium containing LIF, upon which
they can contribute to chimeric mice.® In contrast, a late postimplantation epiblast model,
EpiSCs, have lost the ability to easily revert back to the ESC state.®>% In fact, generating
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ESC-like iPSCs (induced pluripotent stem cells) from EpiSCs is as inefficient (0.1-1%)
as from other somatic cell types.*® By these criteria, epiblast development appears to
accompany a major cell fate transition that is not accompanied by major transcriptional
differences but is reflected by significant changes in the replication timing profile and
spatial genome organization (Figs. 2 and 3).

As discussed earlier, the first two major cell fate decisions during early mammalian
embryogenesis accompany alterations in replication timing of the Xi, upon the emergence
oftrophectoderm at E3.5 and primitive endoderm at E4.0, both representing the divergence
of extra-embryonic lineages from the embryo proper. In this regard, the postimplantation
epiblast, in which the Xi’s signature shift to late replication is first observed in the embryo
proper, may represent the next major cell fate transition after the divergence of these two
extra-embryonic lineages. We speculate that it is an important determination step for the
late epiblast cells to first shut down their reversibility to the ICM state. Obviously, it is
not only the female embryos but also male embryos that go through these series of cell
fate decisions during early embryogenesis. Thus, it is reasonable to speculate that Xi’s
unique replication behavior is a part of a larger scale “Lyonization” event not limited
to X-inactivation but that involves autosomes and may be related to the emergence of
compact chromatin near the nuclear periphery (reminiscent of Barr body formation
near the nuclear periphery?). In this sense, it is of interest that the lineage-independent
autosomal EtoL changes at the epiblast stage (Fig. 2, asterisk) take place primarily in
GC-poor/LINE-1-rich chromosomal segments, which is a hallmark sequence feature of
the X chromosome.® Thus, Xi may be simply manifesting a putative “default” mode of
behavior associated with cell fate changes that is somehow shared with chromosomal
segments possessing GC-poor/LINE-1-rich sequence properties. If this were the case,
it follows that the remaining active X is the one that bears an imprint to escape such
regulation. Indeed, this is what Lyon and Rastan had proposed in 1984.8” They argued that,
in the case of imprinted X-inactivation in the extra-embryonic lineages, the experimental
data fits better with a scenario in which the maternal X that stays active is the one that
bears an imprint that preserves its activity, rather than the opposite scenario in which the
paternal X that undergoes inactivation is the one that bears an inactivation imprint.

REPLICATION TIMING AND CELLULAR REPROGRAMMING:
FURTHER SUPPORT FOR AUTOSOMAL LYONIZATION

iPSCs derived from adult somatic cells hold great promise for regenerative medicine
in the 21st century, but they also provide an opportunity for understanding the nuclear
reprogramming process. iPSCs share a replication-timing profile indistinguishable from
that of ESCs in mice, consistent with the conclusion that replication-timing profiles
reflect cell identity.”® Thus, dissecting how replication-timing program is altered as
somatic cells are reprogrammed back to pluripotent ESCs may reveal novel insight into
the reprogramming process. In particular, partially reprogrammed iPSC lines (piPSCs),
which are clonal cell lines that emerge from reprogramming experiments based on
selection by morphology or reporter gene expression, provide a unique opportunity to
view an intermediate state of the replication timing reprogramming process and to assess
the reprogramming efficiency of different chromosomal regions. piPSCs fail to express
many pluripotency genes and cannot contribute to chimeric mice formation, suggesting
that they are blocked at an intermediate stage of the reprogramming process.?*%
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Replication timing profiling of three independent piPSC lines derived from mouse
embryonic fibroblasts (MEFs) revealed that their profiles were distinct from ESCs/iPSCs,
early epiblast-like EPL cells, EpiSCs or nascent cells of the three germ layers (Fig. 2).8 The
three piPSCs were very similar to each other, suggesting that they were trapped ata common
epigenetic state despite having independent retroviral integration site.3® Interestingly,
the majority of chromosomal segments that had experienced lineage-independent EtoL
replication changes at the epiblast stage maintained their late replicating state in piPSCs (Fig.
2, asterisk),® which in females included the late-replicating Xi, underscoring the stability
of these EtoL switches that were completed in the epiblast. In contrast, replication-timing
changes that occurred later during development in alineage-dependent (i.e., MEF-specific)
manner were more readily reprogrammed. Furthermore, in these same piPSCs, expression
of genes located within the lineage-independent EtoL switching segments showed the
least similarity to ESCs when transcription profiles were compared.® Likewise, the Xi
fails to become transcriptionally reactivated in female piPSCs.*# Overall, these results
suggest that many autosomal replication timing switches and in particular the EtoL
replication timing switches at the epiblast stage coincident with X-inactivation, are stable
epigenetic changes that are as difficult to reprogram as X-inactivation, supporting the
notion of “autosomal Lyonization.”

MAINTENANCE AND ALTERATION OF REPLICATION TIMING
PROGRAM AND ITS POTENTIAL ROLES

As mentioned earlier, replication timing is re-established during early G1-phase at
the TDP.¢ Intriguingly, this is coincident with the repositioning of chromosomal domains
in the nucleus after mitosis.”*° The precise timing of TDP during G1 varies between cell
types but is typically 1-3 hours into G1 in mammals®” and at some point between mitosis
and START in budding yeast.’! In a parallel line of studies, chromatin mobility has been
shown to be relatively high during the first 1-2 hours of G1-phase, after which it is locally
constrained through the remainder of interphase.>”* Moreover, inducible targeting of
loci to the nuclear lamina requires passage through mitosis and takes place during late
telophase to early G1-phase.”** Together, early G1 period seem to offer a temporal
window for 3D organization of chromosomes to be re-established during each cell cycle,
or alternatively, for anovel 3D chromosome organization pattern to be established, which
in turn might dictate the replication timing program executed in the upcoming S-phase.
Hence, this cell cycle regulation may offer a point of intervention for developmentally
regulated changes in replication timing. It is also possible that the regulation of G1-phase
length itself may influence the extent to which nuclei are reorganized before replication
initiates and in turn affect the replication-timing program. Indeed, G1 length is highly
variable between cell types and lengthens upon differentiation of mouse ESCs when a
large degree of replication-timing changes is observed.?

Regarding the roles of the replication timing program, it should be emphasized
that chromatin is assembled at the replication fork, providing a convenient window of
opportunity to regulate this assembly process. Indeed, when reporter plasmids are injected
into early or late S-phase mammalian nuclei, they assembled into hyper- or hypo-acetylated
chromatin, respectively, providing evidence for different chromatin structure assembly at
different times during S-phase.?® Taking advantage of the fact that bovine papilloma virus
plasmids replicate at different times in consecutive cell cycles,” the same authors recently
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showed that tightly packaged, late replicating chromatin becomes loosely packaged when
the mini-circle is replicated early in the subsequent cell cycle.”® Hence, reports using an
artificial experimental system support a positive feedback loop whereby replication timing
dictates chromatin states that in turn regulate replication timing in the subsequent cell
cycle.* While in vivo evidence for recruitment of different sets of chromatin modifiers
to replication forks at different times during S-phase remains scarce, this represents an
attractive scenario for stable epigenetic inheritance of a given chromatin state.

CONCLUSION

The precise role of a replication-timing program and why this program is
developmentally regulated remains to be elucidated. However, temporal regulation of
genome duplication and the existence of multi-replicon domains are conserved from humans
to budding and fission yeasts.***'% DNA replication is centrally linked to many basic
cellular processes that are regulated during the cell cycle and development and defects
in replication timing have been observed in various disease models.!”' Recent studies
allow us to conclude that widespread developmental replication timing switches occur
in flies,”” mice,” and humans (T. Ryba, I.H. and D.M.G., unpublished). Moreover, there
is significant conservation of the replication-timing program when regions of conserved
synteny from similar cell types are compared between human and mouse (T. Ryba, [.H.
and D.M.G., unpublished). As discussed, the first two major cell fate decisions during early
mouse development accompany changes in the replication timing program of the Xi.>* We
have proposed that the postimplantation epiblast may experience the next major cell fate
transition through a process of “Lyonization,” involving a change in the replication timing
program of Xi as well as autosomes that is stably maintained thereafter.® Whatever their
role, whether causal or reflective, replication-timing programs are cell-type specific and
appear to be an integral part of cell identity. In such ways, studies of DNA replication,
more than 50 years after the discovery of the double helical structure and successful
visualization of replicating DNA in the nucleus, continue to provide new insights into
the organization of chromosomes and its changes during differentiation.
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CHAPTER 5

PRESERVATION OF GENOMIC INTEGRITY
IN MOUSE EMBRYONIC STEM CELLS

Peter J. Stambrook* and Elisia D. Tichy

Abstract

Embryonic stem (ES) cells and germ cells have the potential to give rise to an entire
organism. A common requirement is that both must have very robust mechanisms to
preserve the integrity of their genomes. This is particularly true since somatic cells
have very high mutation frequencies approaching 10-4 in vivo that would lead to
unacceptable levels of fetal lethality and congenital defects. Notably, between 70%
and 80% of mutational events monitored at a heterozygous endogenous selectable
marker were loss of heterozygosity due to mitotic recombination, a mechanism that
affects multiple heterozygous loci between the reporter gene and the site of crossing
over. This chapter examines three mechanisms by which mouse embryonic stem
cells preserve their genomic integrity. The first entails suppression of mutation
and recombination between chromosome homologues by two orders of magnitude
when compared with isogenic mouse embryo fibroblasts which had a mutation
frequency similar to that seen in adult somatic cells. The second renders mouse
ES cells hypersensitive to environmental challenge and eliminates damaged cells
from the self-renewing population. Mouse ES cells lack a G1 checkpoint so that
cells damaged by exogenous insult such as ionizing radiation do not arrest at the
G1/S phase checkpoint but progress into the S phase where the damaged DNA is
replicated, the damage exacerbated and the cells driven to apoptosis. The third
mechanism examines how mouse ES cells repair double strand DNA breaks. Somatic
cells predominantly utilize error prone nonhomologous end joining which, from
a teleological perspective, would be disadvantageous for ES cells since it would
promote accumulation of mutations. When ES cells were tested for the preferred
pathway of double strand DNA break repair, they predominantly utilized the high
fidelity homology-mediated repair pathway, thereby minimizing the incurrence
of mutations during the repair process. When mouse ES cells are induced to
differentiate, the predominant repair pathway switches from homology-mediated
repair to nonhomologous end joining that is characteristic of somatic cells.
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INTRODUCTION AND HISTORICAL PERSPECTIVE

The capacity of a single cell to give rise to multiple different cell types of an organism
has been area of investigational interest for many years. A question that lingers is that
of nuclear equivalence, (i.e.,whether all cells of a multicellular organism have genomes
that are quantitatively and qualitatively equivalent). Nuclear equivalence was tested as
early as 1902 when Spemann separated the two blastomeres following the first cleavage
division of a newt embryo and showed that both blastomeres could develop into a
complete embryo, supportive of functional equivalence (cited in ref. 1). This work was
presaged eleven years earlier by Hans Driesch who showed that separated blastomeres of
sea urchin embryos were capable of developing into normal, albeit smaller, sea urchins
(cited in ref. 1).

Halfacentury later, a period replete with many important and insightful discoveries, two
seminal experiments were described. The classic and elegant experiments by Himmerling,
using the green alga Acetabularium as amodel organism, showed that the nucleus contained
all of the information necessary to dictate cell morphology.? Acetabularium is a single cell
organism that has a base that contains the nucleus, a stalk and a cap. Using two species
of Acetabularium, A. mediterrania and A. crenulata, the former with a smooth cap and
the latter with a wrinkled cap, Himmerling showed that when the stalk and cap of 4.
mediterrania was grafted to the base of 4. crenulata, the grafted cap was transformed from
smooth to wrinkled. The reciprocal experiment also held true, indicating that the genetic
information determining cap morphology was dictated by the nucleus within the grafted
base. At about the same time, Briggs and King expanded on the findings of Driesch and
Spemann by successfully transferring the nucleus of an undifferentiated frog blastula
cell to an enucleated fertilized egg. In about one third of their attempts, the transplanted
nucleus was capable of directing development to a normal embryo. When using nuclei
from later staged embryos (neurula or tailbud), however, they found that none of the
recipient eggs developed normally and that the majority failed to complete gastrulation,*
suggesting a restriction in the potential to differentiate as cells mature.

In 1962, the question of nuclear equivalence and the potential pluripotency of nuclei
from differentiated cells in a multicellular organism was reignited by the findings of
John Gurdon. He reported that the nucleus from a Xenopus tadpole intestinal cell, when
introduced into an enucleated Xenopus egg, was able to support the development of a
fully-formed feeding tadpole, demonstrating that the intestinal cell nucleus retained the
genetic information necessary to produce all of the cells of a complete multicellular
organism.® It should be noted, however, that of the large number of nuclear transplant
experiments performed, only slightly more than one percent of recipient eggs successfully
produced amature tadpole, leading to discussions as to whether the nuclei with demonstrated
pluripotency are derived from stem cells or come from truly differentiated cells.

A major advance in cloning technology occurred in 1981 when Martin Evans in
Cambridge and Gail Martin in San Francisco concomitantly and independently succeeded
in culturing embryonic stem (ES) cells from mouse blastocysts.*” The pluripotency of
ES cells coupled with the ability to target specific gene sequences to their cognate sites
by targeted homologous recombination led to cloning of mice with very specifically
and selectively inactivated or modified genes. Oliver Smithies and his colleagues first
used targeted homologous recombination to correct a mutant Hprt gene in mouse ES
cells® and independently Capecchi and colleagues inactivated an Hprt gene in a similar
manner.’ Three years later reports of genetically modified mice produced by introduction
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of targeted ES cells into the blastocoel of recipient blastocysts appeared.'®' The fact that
mouse ES cells were able to support the development of an intact organism and enter the
germ line without any sign of other developmental or physiological problems suggested
that the ES cells had retained full genomic competency.

A test for a similar degree of nuclear equivalence in mammalian somatic cells came
eight years later with the development of somatic cell nuclear transfer (SCNT) which
essentially mimicked the experiments described by Gurdon.® Ian Wilmut and colleagues'®
transplanted the nucleus derived from a sheep mammary gland cell into an enucleated
egg that was activated and allowed to develop to the blastocyst stage in vitro, at which
time it was implanted into the uterus of a surrogate mother. A viable lamb was born and
designated Dolly. The success rate from this procedure, however, was very low with only
three of 277 transplanted blastocysts producing live births and only one (Dolly) surviving
to adulthood. Since the initial report, however, SCNT has been applied successfully in a
range of mammals extending from mice to horses to ferrets (cited in ref. 14). SCNT has
also been used to produce ES cells that then were used to correct a genetic defect in a
mouse model,'’ suggesting a potential means for avoiding the requirement and attendant
ethical dilemma, for using ES cells derived from fertilized eggs. Despite the successes
of SCNT, problems with the technology remain. The frequency with which transplanted
eggs reach blastula stage is low and in models in which animals are allowed to develop to
maturity, there are frequent developmental abnormalities. In the case of Dolly, she was
cuthanized at half the age of the normal lifespan of a sheep. She suffered from arthritis
not normally seen in animals her age and had progressive lung disease that on autopsy
proved to be an adenocarcinoma. Dolly also had short telomeres characteristic of somatic
cells of older animals, suggesting that either her telomeres had shortened prematurely,
promoting rapid aging, or that the adult nucleus from which she had been derived already
had eroded telomeres.

More recently, two laboratories independently showed that adult somatic cells, first
from mice'® and then from humans'”!® could be induced to dedifferentiate and produce
pluripotent stem cells (IPS cells) that mimic ES cells in morphology and competence
to rediffentiate into many cell types following the concomitant introduction of cDNAs
encoding four genes. The genes that initially seemed sufficient for IPS induction were
Oct4, Sox2, K1f4 and c-Myc, but additional genes such as Nanog and other members of
the KIf family appear to also be important in the induction of IPS cells. The important
issue in the context of this discussion is that the data reaffirm that somatic cells retain
all of the nuclear information to potentially direct differentiation into multiple different
cell types. Challenges still exist to regulate epigenetic changes that must occur during the
dedifferentiation process and concerns about the extent of nuclear equivalence in somatic
cells remain and are similar to those raised for nuclei used for SCNT.

Somatic cells and mouse ES cells are intrinsically different in the extent to which they
retain genomic integrity. Implicit in this contention is that somatic cells, which form the
basis for the SCNT and IPS technologies, lack the same degree of nuclear equivalence
as true ES cells derived from blastulae which may, in part, account for the low efficiency
of these procedures. This proposition is consistent with the argument that somatic cells
are more tolerant of deleterious mutations than germ cells and, by extrapolation, ES,
cells and that somatic mutations accumulate as a function of age ultimately leading to
somatic disease and death.?> From an evolutionary and selfish perspective, this aging
process may be viewed as described by Weil and Radman, “We have apparently evolved
to spend most of our ‘life capital’ for the selfish objective of evolution: maintaining the
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species through immortality of the germline and disposing of the postreproductive soma.
Although evolution may not ‘care’ about our post reproductive soma, we certainly do.”*
It follows that ES cells, which share the characteristic of pluripotency with germ cells,
have robust mechanisms for preserving the integrity of their genomes that are different
from or augment those present in somatic cells. This discussion focuses principally on
mouse ES cells and describes some of the strategies observed in ES cells that promote
genomic integrity.

MUTATION FREQUENCIES IN SOMATIC CELLS

Mammalian somatic cells display very high mutation frequencies in vivo, approaching
10421222425 Fyurthermore, between 70% and 80% of mutation events at heterozygous loci
involve loss of heterozygosity (LOH) which occurs as a consequence of recombination
between homologous chromosomes (mitotic recombination) and which affects all
heterozygous loci proximal to the cross-over site.**?” Mutation frequencies involving point
mutations small insertions or deletions have been established using transgenic mice usually
harboring prokaryotic reporters such as lacl,* lacZ,*® gpt*® and the c11 gene of A phage,*
among others. In rodent models, the endogenous genes predominantly used as reporters
are the selectable genes encoding the purine salvage enzymes hypoxanthine guanine
phosphoribosyltransferase (Hprt)?’ and adenine phosphoribosyltransferase (Aprt).??’
Of these models, the Aprt model is the most effective in identifying events involving
mitotic recombination which accounts for the majority of mutations at heterozygous loci
in mouse and man. The strategy underlying this mouse model has been to cross mice of
one strain (e.g., 129/sv) homozygous for a targeted null Aprt allele with mice of a second
strain (e.g., C57B1/6) with wildtype Aprz. The F1 mice are obligate heterozygotes at Aprt
as well as at multiple flanking polymorphic markers characteristic of each strain. At the
age of 8 to 10 weeks, the mice are sacrificed and skin fibroblasts, usually from the ear
and splenic T-cells are placed into culture and immediately in medium containing either
5-fluoroadenine or 2, 6 diaminopurine (DAP), both of which are cytotoxic to cells with
functional Aprt activity and which allow only cells lacking Aprt to grow in culture.
Colonies deficient in Aprt activity arise in the selection medium and are picked and
assessed first for LOH at Aprt by PCR analysis. If it is determined that there is LOH at
Aprt, the flanking polymorphic markers are further analyzed and if necessary Aprtis PCR
amplified and sequenced. In this manner, virtually all mutational pathways leading to
Aprt deficiency can be identified. Between 70% and 80% of events involve LOH at Aprt
and at linked flanking polymorphic markers to a point proximal to Aprt where retention
of heterozygosity is maintained, indicative of mitotic recombination. Other events such
as interstitial deletion, gene conversion, point mutation or epigenetic inactivation of the
functional allele constitute between 20% and 30% of the remaining mutational events.

PROTECTION OF THE MOUSE ES CELL GENOME

While mutation in the germline is important for genetic diversity and the evolution
of species, a mutation frequency or LOH in the order of 104, such as that found in
somatic cells (Fig. 1), would result in large numbers of defective embryos and births of
individuals with congenital malformations.
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Figure 1. Mutation frequencies and frequencies of mitotic recombination in skin fibroblasts and splenic
T-cells in vivo. The solid bars represent total mutation frequency and diagonally striped bars represent
the proportion of events due to mitotic recombination and consequent LOH.

The question arises whether pluripotent stem cells are protected from acquiring and
accumulating mutations. At least three mechanisms by which this may occur have been
described in mouse ES cells. These include suppression of mutation and recombination
between chromosome homologues, elevated apoptosis and preferential utilization of high
fidelity homology-mediated repair of DNA double strand breaks (DSBs) rather than error
prone nonhomologous end joining (NHEJ) that is predominant in somatic cells. While
these mechanisms have been described for mouse ES cells, they are not necessarily the
same as those found in true germ cells or even in human ES cells. They do, however,
provide insight into the importance for pluripotent cells to maintain genomic stability.

The Frequency of Mutation Is Suppressed in Mouse ES Cells

As indicted above, somatic cells have high mutation frequencies that would be
detrimental to the reproductive and developmental functions of germ cells and pluripotent
stem cells. Using the Aprtmouse model, ES cells were prepared from F 1 blastocysts derived
from a cross between 129 strain mice homozygous for the targeted null Aprt allele and
C3H mice with wildtype Aprt. Isogenic mouse embryo fibroblasts (MEFs) were prepared
from 14 day old embryos for comparative purposes. The capacity for ES cells and MEFs
to form Aprt or Hprt deficient colonies in DAP or in 6-thioguanine (6-GT) respectively,
showed that mutation frequency at Aprt in ES cells (~10-°) was about 100-fold lower than
in MEFs (~10*), which approximated the in vivo mutant frequency observed in adult
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Figure 2. Mutation frequency at Aprt (solid bars) and at Hprt (diagonally striped bars) in ES cells and
MEFs. The asterisk indicates that no Hprt deficient colonies were detected in 10® ES cells plated. The
ordinate is on a logarithmic scale.

somatic cells (Fig. 2). The mutation frequencies at Hprt showed a similar trend, albeit
with lower frequencies in all cases. This difference is attributed in part to the fact that
Aprt is autosomal and is able to undergo mitotic recombination whereas Hprt is X-linked
and is monosomic in males and effectively monosomic in females due to X-inactivation.
About 60% of the mutation events detected involved LOH, but unlike MEFs and adult
somatic cells, LOH was not predominantly due to mitotic recombination, but rather to
nondisjunction resulting in uniparental disomy.*' The Aprt gene is on mouse chromosome
8 and it may be that nondisjunction involving this chromosome is unusually high, skewing
the data and interpretation.* Discordant data regarding mitotic recombination frequencies
in mouse ES cells have been reported in a model in which genes encoding two different
fluorescent proteins were targeted to the ROSA26 locus in each of the two chromosome 6
homologues.* Conversion from dichromatic to monochromatic fluorescence, indicative of
loss of one of the alleles, occurred with a frequency of about 10~*. About half of the events
appear to be due to mitotic recombination since there was retention of heterozygosity at
alocus proximal to ROSA26. Most of the other clones with monochromatic fluorescence
had lost heterozygosity at ROSA26 and also at the centromeric locus, indicative of
nondisjunction and chromosome 6 uniparental disomy. The recombination frequency is
about two orders of magnitude higher than that observed with the Aprt model and may be
reconciled by arguing that different chromosomes support very different recombination
frequencies in ES cells or that insertion of fluorescent protein genes into the ROSA26
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Figure 3. Abundance of mismatch repair proteins in ES cells and MEFs. Cell lysates from ES cells
and MEFs were subjected to Western blots following gel electrophoresis using antibodies to Msh2,
Msh6, Mlhl and Pms2. B-actin was used as a control.

locus elevates that propensity to undergo mitotic recombination. It is noteworthy that two
other studies report values that are considerably lower, but still higher than those using
Aprt as a reporter.’**> A summary of several studies describing frequencies of mutation
and LOH in ES cells has been described.*

Impairment of mismatch repair in prokaryotes enhances recombination and the
potential for lateral genomic transfer between species.’’*® The absence of effective
mismatch repair produces a hyper-recombination phenotype in bacteria®”** and possibly
also in yeast.* From an evolutionary perspective, it was not unreasonable to propose
that mismatch repair proteins might control mitotic recombination, in part, in ES cells.
Western blots of ES cell extracts show that mismatch repair proteins MSH2 and MSH6
are highly elevated in mouse ES cells compared with isogenic MEFs and that MLH1 and
PMS?2 are also elevated, but to a far lesser extent (Fig. 3). The role of mismatch repair
in suppressing mitotic recombination has been examined using ES cells heterozygous at
Aprt and transfected with an siRNA targeted to MSH2. Transfected cells were assessed
for mutation frequency and frequency of LOH due to mitotic recombination, as was an
ES cell line with an MSH2 missense mutant (G674 A) which is devoid of mismatch repair
activity.** Figure 4 shows that when mismatch repair in mouse ES cells is impaired or
absent, mutation frequency and mitotic recombination are elevated. One clone in which
MSH2 has been reduced by about 60% showed about a 20-fold increase in mutation
frequency and an almost proportional increase in LOH due to mitotic recombination. The
G674A MSH2 mutant that is mismatch repair deficient showed an even greater elevation
in mutation frequency and mitotic recombination, almost reaching the level observed
in MEFs. In aggregate, the data indicate that one mechanism by which mouse ES cells
preserve the integrity of their genomes is by suppressing mutation in general and mitotic
recombination and consequent LOH in particular, the latter being mediated in part by
proteins involved in mismatch repair.
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Figure 4. Effect of reducing Msh2 on mutation frequency and mitotic recombination in ES cells. ES
cells heterozygous at Aprt were transfected with siRNA to Msh2 and were then cultured in medium
containing DAP. Colonies that arose were quantified and mutation frequencies normalized to colony
formation in the absence of selection. The DNAs were then analyzed by PCR for mechanism by which
the cells became Aprt deficient.

ES Cell Populations Retain Pristine Genomes by Eliminating Cells
with Damaged DNA

Mouse ES cells are hypersensitive to exogenous challenge and DNA damage, leading
to apoptotic cell death.*** This may have advantages by ridding damaged cells from the
self-renewing stem cell population, thereby maintaining the genomes of the remaining
cells pristine. Mouse ES cells lack a G1 checkpoint*#* and the two major pathways that
are function in somatic cells to activate the G1 checkpoint following introduction of DNA
double strand breaks are compromised in ES cells.* The pathways are presented as a
simplified schematic in Figure 5. In brief, DNA lesions are probably sensed by the MRN
complex (MRE11,RAD50, NBS1), resulting in phosphorylation and activation of ATM.
When double strand DNA breaks are incurred, ATM initiates two pathways that result in
the arrest of cells ata G1/S checkpoint. In one case, ATM phosphorylates p53 at serine 15,
which contributes to p53 activation. P53 then induces transcription of the Cdk inhibitor
p21, resulting in G1/S arrest. In the second case, ATM phosphorylates checkpoint kinase
Chk2 on threonine 68 and promotes its activation. Activated Chk2, in turn, phosphorylates
Cdc25A on serine 123 which contributes to its proteasome-mediated degradation.
The Cdc25A bifunctional phosphatase dephosphorylates Cdk2 phosphothreonine 14 and
phosphotyrosine 15 in the Cdk2/CyclinE and CyclinA complexes, promoting passage of
cells from G1 into the S-phase. With diminished Cdc25A due to proteolytic degradation,
orin its absence, Cdk2 is not dephosphorylated and cells are arrested in G1. Both of these
pathways are compromised in mouse ES cells.* In the first pathway, p53 is present but is
predominantly extranuclear in mouse ES cells, but not in somatic cells after irradiation.
This is particularly well exemplified in Figure 6 where a colony of ES cells and a single
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Double strand DNA break

Figure 5. Schematic showing the two major signaling pathways activated by double strand DNA breaks
leading to G1 arrest.

DNA p53 merge

Figure 6. Immunofluorescence of ES cells and a MEF on the same coverslip for p53 after 10 Gy
X-irradiation. First panel shows DRAQS staining of nuclei. Note nucleus of MEF in the same field of
focus as a colony of ES cells. Middle panel shows p53 staining after irradiation. The last panel is a
merge of the first two images. (Adapted from Hong et al, PNAS 2004; 101:14443-14448.)
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Figure 7. Wildtype ES cells (panels A and B) and ES cells transfected with a plasmid encoding
Chk2 were treated with ionizing radiation or left untreated, fixed, stained with propidium iodide and
fractionated by flow cytometry to assess cell cycle distribution. In the absence of radiation (panels A
and C) the cellar distribution of both cell populations was similar. Following radiation, the wildtype
cell population (panel B) showed a lack of cells in G1 with an accumulation of cells in S-phase and
a clearly demarked G2/M cell cycle arrest. Following radiation, ES cells expressing Chk2 ectopically
retained the G2/M checkpoint and additionally showed that cells also were arrested in G1/S (panel D).
Adapted from Hong et al, PNAS 2004; 101:14443-14448.

MEF on the same coverslip show very different subcellular localization of p53 after
being subjected to the same dose of radiation. Most of the detectable p53 is localized in
the nucleus of the MEF whereas p53 is predominantly cytoplasmic in the cells of the ES
cell colony. Consistent with this observation, p21 is not detectable in mouse ES cells,
even after challenge by ionizing radiation.*

The second pathway appears to be regulated in part by the availability of Chk2. In
mouse ES cells, Chk2 colocalizes with y-tubulin at centrosomes and is therefore likely
unavailable to phosphorylate its substrates such as Cdc25A. In ES cells, Cdc25A is not
degraded after exposure to ionizing radiation as it is in somatic cells and Cdk2 remains
predominantly in its hypophosphorylated state, allowing unimpaired transit into S-phase.
When ES cells are transfected with a plasmid encoding Chk2 so that Chk?2 is expressed
ectopically, Cdc25A is proteolyzed after irradiation and Cdk2 is phosphorylated, predictive
of a G1 arrest.* Consistent with this observation, ES cells expressing Chk2 ectopically
and challenged with ionizing radiation display a G1 arrest (Fig. 7).
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Figure 8. Wildtype ES cells (panels A and B) and ES cells transfected with a plamid encoding Chk2
were treated with ionizing radiation (panels B and D) or left untreated (panels A and C), stained with
Annexin V and propidium iodide and subjected to bivariate flow analysis. Cells above the horizontal
line (PI positive) are dead and cells to the right of the vertical line are Annexin V positive (apoptotic).
Adapted from Hong et al, PNAS 2004; 101:14443-14448.

The operating hypothesis is that the absence of a G1 checkpoint allows damaged
mouse ES cells to enter S-phase, where damaged DNA is replicated and the damage
exacerbated with consequent cell death. Restoration of a G1 arrest in ES cells expressing
Chk2 ectopically following exposure to ionizing radiation predicts that these cells should
be protected from cell death. The prediction is borne out as described in Figure 8 where
wildtype ES cells and ES cells expressing Chk2 ectopically were subjected to ionizing
radiation and stained with propidium iodide as a vital stain and with Annexin V as an
early marker of apoptosis. Populations of unchallenged mouse ES cells and ES cells
expressing ectopic Chk2 are about 11% and 16% Annexin V positive, respectively, with
very few dead (PI positive) cells. Following irradiation, about 40% of wildtype ES cells
are Annexin V positive and a significant number are dead. In contrast, cells expressing
ectopic Chk2 show no change in the number of apoptotic or dead cells (Fig. 8). The data
again support the contention that the absence of a G1 checkpoint provides a mechanism to
eliminate cells with damaged DNA from a population and thereby preserve the genomic
integrity of the population as a whole.
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Mouse ES Cells Preferentially Utilize High-Fidelity Homology-Mediated Repair
Rather Than Nonhomologous End-Joining to Repair Double Strand DNA Breaks

When cells are exposed to certain therapeutics such as etoposide, a topoisomerase
II inhibitor and radiomimetic, they sustain DNA damage including double strand DNA
breaks.***” The two major mechanisms by which this form of damage is repaired are
the error-prone nonhomologous end joining (NHEJ) pathway and the high fidelity
mechanism of homology-mediated repair. Although both mechanisms are operative in
somatic cells, NHEJ is predominant and is active in all phases of the cell cycle.* When
considering the importance of genomic integrity for germ and ES cells, any error-prone
mechanism of DNA repair would intuitively appear to be disadvantageous. To test the
possibility that NHEJ is not the predominant pathway for repairing double strand DNA
breaks in ES cells, the abundance of participating proteins in each of the pathways has
been compared by Western Blots between ES cells and isogenic MEFs. Notably, all of
the proteins involved with homology-mediated repair are significantly elevated in extracts
from ES cells compared with MEFs. In contrast, the levels of proteins involved with
NHE] are variable between ES cells and MEFs (Fig. 9). Of interest is that DNA Ligase
IV, a rate-limiting enzyme in NHEJ is substantially lower in ES cells than in MEFs.

The abundance of proteins, while informative, is not necessarily indicative of function.
The relative activities of both pathways have been examined in somatic cells and ES cells
usingasetofthreereporter plasmids that collectively distinguish between homology-mediated
repair and NHEJ. The plasmid for homology-mediated repair was pDR-GFP* which has
two tandem nonfunctional GFP genes separated by a puromycin resistance marker which
allows for selection of stable transfectants. The 5’ gene is inactivated by insertion of an
I-Scel restriction site that produces a frame-shift and a premature termination signal. The
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Figure 9. Whole cell extracts prepared from ES cells and from MEFs were probed by Western blots
for relative abundance of proteins involved in homology-mediated repair (left panel) and for NHEJ
(right panel).
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downstream GFP is truncated at both ends to render it inactive. A double strand break can
be initiated at the I-Scel restriction site by the I-Scel enzyme. Repair of the GFP gene to
functional status, mediated by recombination between the two nonfunctional fragments
produces fluorescent cells that can be quantified. To assess NHEJ, two additional reporter
plasmids have been used. The plasmid pEGFP-PEM1-AD2% also uses restoration of GFP
fluorescence as a measure of activity, but the strategy allows fluorescence only after repair
of a double strand break by NHEIJ. In this reporter construct, two halves of the GFP gene
are separated by an intron retaining its splice signals derived from the PEM homeobox
gene. Embedded within the PEM intron is an adenoviral AD2 gene that retains its own very
strong splice acceptor and splice donor sites that perturb productive splicing and prevent
restoration of GFP fluorescence. The AD2 gene is also flanked by paired Hind III sites and
I-Scel sites in inverted orientation. When used in a transient transfection assay, the AD2
sequence is removed by digestion with I-Scel enzyme prior to transfection of cells. This
alsoremoves the its accompanying AD2 splice sites and leaves noncomplementary ends that
can only be repaired by processing and NHEJ. When repaired, the PEM sequence is spliced
out, the two GFP halves are brought into close proximity and the cells with repaired GFP
are recognized and quantified by their fluorescence. The third reporter plasmid, designated
pINV-CD4,%! is based on the expression of the surface marker CD4 following repair of a
double strand break lesion by NHEJ. The parent plasmid contains a CMV promoter driving
expression of the histocompatibility surface antigen H-2Kd followed by a CD8 ¢cDNA in
inverted orientation and a promoterless CD4 cDNA. The H-2Kd and inverted CD8 cDNAs
are flanked by inverted I-Scel sequences that will delete the H-2Kd and CD8 sequences
and yield noncomplementary ends when digested with I-Scel enzyme. When the ends are
rejoined by NHEJ the CD4 surface marker is brought into close apposition to the CMV
promoter and expressed. Cells in which the reporter plasmid has been repaired by NHEJ
can be sorted and quantified by flow cytometry based on CD4 expression. The first and
third reporter plasmids have been used in both stable and transient transfections.
Aspreviously reported, somatic cells use predominantly NHEJ to repair double strand
DNA breaks. Using the plasmids described above, this also appears to be true of MEFs, but
not mouse ES cells, unless they are induced to differentiate. These data are summarized
in Figure 10. Since MEFs and ES cells that had been induced to differentiate by culture
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Figure 10. Relative activities of double strand break repair by NHEJ (striped sectors) and by
homology-mediated repair (solid sectors) in MEFs, mouse ES cells and ES cells that had been
induced to differentiate following culture in all-trans retinoic acid (ATRA). Cells of each population
were electroporated with plasmid pDR-GFP after linearization with I-Scel to assess relative levels of
recombination-mediated repair and with plasmid pEGFP-PEM1-AD2, also after I-Scel digestion to
assess relative levels of NHEJ. In each case the assays were performed by transient transfection and
quantification of cells that had acquired GFP fluorescence.
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with all-trans retinoic acid (ATRA) cannot easily be selected for stable reporter plasmid
integrants, they were assayed for repair pathway utilization by transient transfection. Each
cell population was electroporated with pDR-GFP after linearization by I-Sce digestion to
assess homology-mediated repair. Repair by NHEJ was assessed by electroporation with
pEGFP-PEM1-AD?2 after I-Scel digestion. In both cases, efficiency of electroporation
was determined by cotransfection with plasmid pDs-Red which emits red fluorescence.
Efficacy of repair by each mechanism was based on the proportion of red fluorescent cells
also had restored GFP-derived green fluorescence. The data confirmed that somatic cells
utilize NHEJ predominantly for repair of double strand DNA breaks and demonstrate
that ES cells preferentially utilize recombination-mediated repair for the same purpose.
When ES cells are induced to differentiate, they switch their preferred pathway from
recombination-mediated repair to NHEJ. Accompanying this switch is a reduction in the
abundance of proteins, such as Rad51, that are involved in the recombination-mediated
process. There is also a significant increase in the level of DNA Ligase IV, which is
particularly striking since all efforts to elevate the abundance of this protein in ES cells
by overexpression or inhibition of its degradation were unsuccessful and led to rapid cell
death. Thus, increased levels of DNA ligase IV that are not tolerated by ES cells appear
to naturally accompany ES cells as they become differentiated and may help regulate
NHEJ activity in somatic cells.

CONCLUSION

Historically, nuclei from somatic cells have beenreported to have the capacity to support
the development of a complete organism following transplantation into an enucleated
egg, lending credence to the proposition that somatic cell nuclei retain sufficient integrity
or “equivalence” to do so. The emergence IPS cell technology confirms the potential of
somatic cell nuclei to undergo a dedifferentiation program and become pluripotent. The
frequency of success with these techniques is usually very low, leading to concerns that
the genomes of somatic nuclei, particularly from older individuals, are not equivalent
to those of germ cells or ES cells and that the successes may come from a subset of
cells that are not fully differentiated or that still maintain some stem-like properties. The
low success frequencies may also be due, in part, to accumulated mutations in somatic
cell nuclei that render many of the nuclei incapable of supporting complete conversion
to pluripotency or to eroded telomeres that cannot always be restored. While these issues
still remain to be resolved, they do call attention to the requirement for germ and ES cells
to preserve the integrity of their genomes.

The present discussion has highlighted three mechanisms by which mouse ES
cells or ES cell populations maintain genomic integrity. This does not imply that these
mechanisms are unique to mouse ES cells or that these are the only mechanisms that
can contribute to preservation of genomic stability. For example, human ES cells have
more efficient mechanisms than somatic cells to repair types of DNA damage such as
intrastrand crosslinks and 8-hydroxydeoxyguanosine lesions due to oxidative damage
as well as double strand breaks.”> Mouse ES cells have more effective stress response
mechanisms to render them more resistant to oxidative stress than fibroblasts.* Human
ES cells similarly have elevated expression levels of antioxidant genes SOD2 and GPX2
and lower levels of reactive oxygen species (ROS) than differentiated cells, which
may contribute to reduced levels of DNA damage due to endogenous sources.> While
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less amenable to experimental manipulation and analysis than cells in culture, there is
confirmatory evidence for protective strategies in vivo. Male germ cells in mice, for
example, characteristically undergo extensive apoptosis®*> that occurs in massive waves.
These occur during the time of primordial germ cell migration to the gonads and during the
first round of spermatogenesis about 10 days postnatally,* perhaps as a means to rid the
germ cell population of damaged cells. It is also noteworthy that dividing spermatogonia
are hypersensitive to radiation whereas the supporting Sertoli cells are far less so.5” Thus,
Dawkins’ concept™ reiterated by Weill and Radman .. .that we indeed live as disposable
somas, slaves of our germline genome...”? is consistent with ever-increasing evidence
that pluripotent cells, particularly cells of the germline, have developed multiple strategies
for maintaining properties of self-renewal, pluripotency and essentially immortality.
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CHAPTER 6

TRANSCRIPTIONAL REGULATION
IN EMBRYONIC STEM CELLS

Jian-Chien Dominic Heng and Huck-Hui Ng*

Abstract: Transcriptional regulation is a pivotal process that confers cellular identity and
modulates the biological activities within a cell. In embryonic stem cells (ESCs),
the intricate interplay between transcription factors and their targets on the genomic
template serves as building blocks for the transcriptional network that governs
self-renewal and pluripotency. Atthe heart of this complex network is the transcription
factor trio, Oct4, Sox2 and Nanog, which constitute the ESC transcriptional core.
Regulatory mechanisms such as autoregulatory and feedforward loops support the
ESC transcriptional framework and serve as homeostatic control for ESC maintenance.
Large-scale studies such as loss of function RNAi screens and transcriptome analysis
have led to the identification of more players that support pluripotency. In addition,
genome-wide localization studies of transcription factors have further unraveled
the interconnectivity within the ESC transcriptional circuitry. Transcription factors
also work in concert with epigenetic factors and together, this crosstalk between
transcriptional and epigenetic regulation maintains the homeostasis of ESC. This
chapter provides an overview of the significance of transcriptional regulation in
ESC and traces the recent advances made in dissecting the ESC transcriptional
regulatory network.

INTRODUCTION

Development in multicellular organisms is marked by the intricate and complex
process of cell differentiation in which cells gradually lose their developmental plasticity
to take on specialized functions. Despite possessing identical sets of genetic material,
the cells of each individual organism exhibit clear distinctions in their morphologies and
cellular functions. Such differences in cell specialization are, for the most part, brought
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forth by the distinct and dynamic regulation of information embedded within genomic
DNA. This controlled expression of genes is regulated by a class of proteins known as
transcription factors. In humans, transcription factors belong to the largest protein family'
and they are DNA binding proteins that bind to regulatory elements such as enhancers,
silencers or promoters of genes. These proteins act in context-dependent manners (i.e.,
eitheractivating or repressing genes) to modulate gene expression. Upon the establishment
of transcription factor-DNA binding at gene regulatory regions, RNA polymerases (RNA
Pol) and other factors are recruited to gene promoter regions to initiate transcription,
leading to the production of messenger RNA (mRNA).?

Besides engaging in direct interactions with DNA, transcription factors also recruit
other transcription modulators to the genome. Modulators such as epigenetic modifiers
alter the structures and properties of chromatin by posttranslationally modifying histone
proteins or remodeling the nucleosome structure. These interactions result in variations
in the accessibility of gene promoters and thus add new dimensions of complexity to
transcriptional regulation. For instance, though transcription factors have numerous
binding sites in the genome, they can only bind to target selective genomic sites and they
are unable to dock at genomic sites where the chromatin is inaccessible.

The unique compendium of mRNA molecules that is synthesized in a cell is
called the transcriptome. The complexity of transcriptomes varies not only between
different cells within an organism, but also between different organisms. Interestingly,
complexity in transcriptional regulation appears to be correlated to complexity of
organisms.’ Transcriptional regulation dictated by transcription factors and coregulators,
coupled to the fine-tuned epigenetic changes undertaken by epigenetic modifiers is
one of the mechanisms to establish unique specification and identity of a cell within
an organism.

EMBRYONIC STEM CELLS AS A MODEL TO STUDY
TRANSCRIPTIONAL REGULATION

Stem cells have the capacity to self-renew and differentiate into various cell
types. As such, they are ideal models for the elucidation of transcriptional regulatory
mechanisms which orchestrate developmental potency and self-renewal. Different
types of stem cells vary in their developmental potentials. For example, hematopoietic
stem cells are multipotent as they can differentiate into different blood cells while
germs cells are only unipotent. Amongst the diverse range of stem cells that can be
cultured, embryonic stem cells (ESCs) stand out as one of those that are pluripotent.
Pluripotency is defined as the ability of a cell to differentiate into cell types stemming
from the three major embryonic lineages, the endoderm, the ectoderm and the mesoderm.
ESCs, which are obtained from pre-implantation blastocysts, possess tightly controlled
transcriptional regulatory networks that maintain the cells in their self-renewing
and pluripotent state and poise them for differentiation. Since ESCs can be cultured
indefinitely in vitro and propagated in large amount with relatively good homogeneity,
they are amenable to molecular and biochemical studies that address the mechanisms
behind self-renewal. In addition, the ability of ESCs to differentiate into cells of all
three germ layers also makes them good models to study the molecular events defining
cellular differentiation.
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TRANSCRIPTION FACTORS GOVERNING ESC PLURIPOTENCY

Since the isolation of ESCs, progress has been made in identifying the transcription
factors that are important in maintaining these cells. Oct4, expressed from the Pou5f1
gene, is akey transcription factor in ESCs that is downregulated upon differentiation. Oct4
belongs to the POU (Pit/Oct/Unc) family of homeodomain proteins and falls within the
class of Octamer transcription factors which bind to a 8 basepair DNA sequence. Other
than cells of the inner cell mass (ICM), Oct4 is also expressed in epiblasts, as well as
primordial germ cells (PGCs).* Following gastrulation, Oct4 expression is restricted to the
germ cells. Pou5f1-null embryos develop abnormal ICM cells which are not pluripotent
but instead have a greater propensity to express trophoblast markers and subsequently
die at the peri-implantation stage of development.’ Similarly, when Oct4 expression is
repressed or ablated in ESCs, cells lose their self-renewing state and tend to spontaneously
differentiate to the trophectodermal lineage.>¢ In agreement with this, Oct4 represses
lineage-specific genes such as Cdx2 (Fig. 1), a gene that is required for the development
of the trophectodermal lineage.” It is crucial that ESCs maintain Oct4 at an appropriate
level in order to remain pluripotent. When expression of Oct4 either increases or decreases
50% from the normal expression level, ESCs are induced to differentiate. While ESCs
with Oct4 downregulation differentiate to the trophectodermal lineage, ESCs with an
overexpression of Oct4 tend to differentiate to multiple cell types, including cells from
the primitive endodermal lineage.

Another transcription factor important in ESCs is Sox2, a SRY (Sex determining
Region-Y)-related transcription factor that possesses a DNA domain known as the high
mobility group (HMG) box. Besides its expression in ESCs, Sox2 is also expressed in
other cells such as neural progenitor cells (NPCs). Sox2-null mutants fail to form proper
epiblasts® whereas depletion of Sox2 in ESCs results in trophectodermal differentiation,’
a phenotype akin to Oct4 depletion in ESCs.> Interestingly, the introduction of Oct4 is
able to rescue the self-renewal of Sox2-null ESCs.’ Thus, Sox2 is suggested to preserve
ESC stability by maintaining Oct4 expression at appropriate levels.” On the other hand,
a slight increase in Sox2 can induce differentiation of mouse ESCs towards the neural
lineage.'® Other than being a transcriptional target of Sox2, Oct4 forms a heterodimer
with Sox2 (Fig. 1) in which both transcription factors synergistically and cooperatively
bind to Oct4-Sox2 binding elements to regulate several ESC-specific genes!'!'” including
themselves.!®! Existing data of the crystal structure of Sox2 and Octl binding to
DNA?*2! have enabled a better understanding of how Sox2 and Oct4 bind to DNA. For
example, homology modeling based on the crystal structure of the ternary complex
formed by the HMG domain of Sox2 and the POU domain of Octl assembled onto the
fibroblast growth factor 4 (Fgf4) enhancer was used to construct a structural model for
the Oct4-Sox2-DNA complex.?® Although Sox2 has a pivotal role in regulating gene
expression in ESCs, it is striking to find that the Oct-Sox enhancers were still activated
in Sox2-null cells. This suggests that other Sox proteins may be involved in activating
Oct-Sox regulatory elements.” Consistent with this finding, other Sox proteins such as
Sox4, Sox11 and Sox 15 were found to be able to bind Oct-Sox elements.’ Similar to Sox2,
Sox15 forms a heterodimer with Oct4 and binds several Oct-Sox elements, albeit with
a weaker binding affinity.” However, Sox15 has differing roles from Sox2 as shown by
ESCs devoid of Sox15 which are normal?? while ESC lacking Sox2 tend to differentiate
into trophoctodermal cells.’

Nanog is another key transcription factor in ESCs. Nanog is specifically expressed in
ICM cells and PGCs. Nanog, a homeodomain transcription factor, is known to function
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Figure 1. Model depicting ESC transcriptional regulatory network. The transcriptional core of ESC
transcriptional regulatory network comprises Oct4, Sox2 and Nanog (in oval region). These factors
participate in regulatory mechanisms such as autoregulatory (curved arrows) and feedforward loops.
Reciprocal regulation may also occur as exemplified by the factors within the transcriptional core and
between Esrrb and KI1f4 (bi-directional arrows). Transcription factors can partner with other factors or
with themselves (dashed arrows) to regulate other genes. For instance, Oct4 can form a heterodimer
with either Sox2 or Sox15 while Nanog forms a homodimer with itself. Core regulators also participate
in repressing differentiation. For example, Nanog can bind to Smadl to inhibit BMP-mediated
differentiation, while Oct4 can repress Cdx2 expression. Furthermore, Ronin interacts with HCF-1 (in
addition to other factors) to inhibit differentiation. On the other hand, differentiation-related factors
such as GCNF and Cdx2 can inhibit Oct4 expression. Factors/genes located within the white region
are associated with the maintenance of pluripotency and self-renewal whereas factors/genes located
within the green region are associated with differentiation. A color version of this figure is available
at www.landesbioscience.com/curie.

as a dimer (Fig. 1) and this dimerization is important for its function in preserving ESC
self-renewal and pluripotency.*** Furthermore, dimerization of Nanog is vital for its
interaction with other pluripotency-related proteins.?* Nanog was discovered froma screen
fornovel pluripotency factors that could sustain ESCs in the absence of leukemia inhibitory
factor (LIF).> From an in silico analysis of genes specifically expressed in ESCs and
preimplantation embryos, another independent group also found Nanog to be important in
maintaining pluripotency in ESCs independent of the LIF-Stat3 pathway.?* While embryos
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devoid of Nanog were unable to form epiblasts, Nanog-null ICM differentiates to parietal
endodermal-like cells.?® Similar to Oct4, Nanog is downregulated upon ESC differentiation
and ESCs deficient in Nanog differentiate”” into cells of the extraembryonic endoderm
lineage.? Hence, both transcription factors, Nanog and Oct4 are critical in ensuring
pluripotency in ESCs.??® Strikingly, contrary to previous findings, Nanog-null ESCs
were shown to maintain self renewal with sustained Oct4 and Sox2 expressions levels.?
Heterogeneity in Nanog expression has been reported in mouse ESCs.?-*?Chambers et al
showed that a subpopulation of ESCs does not express Nanog and these Nanog-deficient
cells were able to self-renew with Oct4 and Sox2 expression still maintained.”” However,
the self-renewing capacity of these Nanog deficient cells is greatly reduced and they have a
higher tendency to undergo primitive endodermal differentiation.” Intriguingly, the ESCs
with down-regulated Nanog were capable of re-expressing Nanog. Nanog nonetheless
plays an important role in ESC with other pluripotency-related factors and has been
suggested to be important for mediating a pluripotent ground state in ESCs.** That is,
Nanog is essential for establishing pluripotency but is dispensable for the maintenance
of self-renewal and pluripotency in ESCs.

In addition to Oct4, Sox2 and Nanog, many other transcription factors contribute in
supporting the pluripotent and self-renewing framework in ESCs. For instance, kriippel-like
factors (KIf), which are zinc finger transcription factors, have a defining role in maintaining
self-renewal in ESCs.** Overexpression of KIf2 and KIf4 can promote the self-renewal
of ESCs.** KIf5 has also been implicated in the maintenance of mouse ESCs.*¢ Similar
to Sox2, transcriptional redundancy is also observed in the KIf family of proteins. For
example, KIf5, in addition to K1f2 and K1f4 not only share overlapping binding sites but
they also possess redundant roles in ESCs as shown by the triple knockdown of these
three KIf transcripts.**

Ronin, a protein that has a zinc finger binding motif, was recently discovered to
mediate pluripotency in mouse ESCs.*” This factor is also important in embryogenesis
as evidenced by the peri-implantation lethality of Ronin-null embryos. Ronin knockout
ESCs were found to be nonviable and the overexpression of Ronin can inhibit ESC
differentiation. Interestingly, Dejosez et al found that ectopic expression of Ronin was
able to rescue the phenotype of Pou5fl knockdown in ESCs.*” In addition, the authors
postulated that Ronin maintains pluripotency by repressing genes responsible for
differentiation. Ronin potentially interacts with a key transcriptional regulator known
as host cell factor-1 (HCF-1) (Fig. 1) and other proteins to form a multimeric complex
that represses gene expression.

Large-scale loss of function RNAI screening experiments have identified more
transcription factors that support ESC pluripotency or self-renewal. From a RNAi screen,
Ivanova et al identified two other transcription factors, Tbx3 and Esrrb to be important in
preserving ESC self-renewal.?” Interestingly, Nanog overexpression was able to rescue
the differentiation phenotype induced by the knockdown of these self-renewal regulators,
indicating that Nanog can bypass the lack of these factors.?” In another independent study,
depletion of several potential target genes bound by Oct4 and Nanog also revealed Esrrb
to be important in maintaining ESC pluripotency.?®

Besides transcription factors, large-scale RNAi screens have also identified factors
other than transcription factors to be important in the maintenance of ESCs. The screen
conducted by Ivanova and colleagues found a cofactor of Akt signaling, Tcll, to be also
important in ensuring ESC self-renewal.?’ Loh et al identified Rifl, a telomeric protein,
in addition to the aforementioned Esrrb, to play a role in supporting the pluripotency
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framework in ESCs.® Employing a genome-wide RNAI screening strategy, a group
has reported two transcriptional coregulators, Trim28 and Cnot3 to be essential for
self-renewal.’® More recently, a genome-wide RNAI studies have identified components
of Paf1C, a complex associated with RNA Pol II, as modulators of Oct4,* while another
RNAI sreen has identified Chdl, a chromatin remodelling factor to be important in
maintaining open chromatin in ESCs.*

With more players identified for the maintenance of pluripotency, the stage is set for
understanding the relationship of these transcription factors and how they interact with
the genomic templates to specify ESC-specific gene expression.

TRANSCRIPTIONAL REGULATORY NETWORK

Transcription factors do not necessarily act on target genes independently but work
in concert with other transcription factors to mediate gene regulation. The transcriptional
partnership between Oct4 and Sox2 is one such example. The intricate interplay and
partnership of transcription factors and their binding to diverse gene targets establish a
complex transcriptional network that support and maintain cellular identity.

Mapping protein interactions of key transcription factors can provide invaluable
insights into how the transcription regulatory networks regulate ESC identity. For
example, utilizing affinity purification approach coupled to mass spectrometry, proteins
that physically interact with Nanog were identified.*! Protein partners of Nanog that
were identified include Sall4, Rifl, Oct4, Dax1, Hdac2, Nacl and Z{p281. Another
group has also independently demonstrated Sall4 as an interacting partner of Nanog.*?
Besides interacting with factors to mediate pluripotency and self-renewal, Nanog can also
interact with proteins to inhibit differentiation. For example, Nanog interacts with Smad1
to prevent BMP-mediated ESC differentiation* (Fig. 1) and it also binds and represses
nuclear factor kappaB (NF-kB) proteins which are associated with the promotion of
differentiation, concomitantly working in tandem with Stat3.4

Dissecting the transcriptional regulatory network can be very challenging and indeed
requires the use of various genomics methods to elucidate the ESC transcriptome and
genome-wide binding profiles of transcription factors, in which these and other techniques
will be introduced in the following sections.

TECHNOLOGIES FOR DISSECTING THE TRANSCRIPTIONAL
REGULATORY NETWORK

Various technological platforms have allowed us to study the transcriptome of ESCs
in depth. One common and widely used platform to analyze the transcriptome of cells is
that of the DNA microarray. DNA microarray involves the high throughput analysis of
gene expression based on hybridization of expressed transcripts to probes. This method
allows us to not only identify genes that are highly expressed in ESCs but also study
gene expression changes upon ESC differentiation or specific gene depletion in ESCs.
Microarray analysis can be used in conjunction with other strategies to better identify other
transcriptional nodes in ESCs. For example, in the study by Ivanova et al, an integrative
approach was adopted by coupling microarray analysis of rapidly downregulated genes
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in differentiating ESCs to loss of function RNAi screening. Such integrative methods are
indeed powerful approaches to dissect transcriptional regulatory networks.

Though microarray analysis is a robust approach that can be used to study gene
expression, it is unable to differentiate between every spliced isoform of a gene and
more importantly does not allow us to discover novel genes. Other techniques have been
employed to comprehensively unravel the ESC transcriptome and such studies reveal
that numerous rare and novel gene transcripts exists in ESCs.**¢ Other disadvantages of
the microarray method include the challenging task involved in comparing data between
different microarray platforms and the inevitable false negatives and positives generated
by the hybridization technique employed in this methodology. In this regard, utilization
of other genome-wide and higher throughput approaches with deeper coverage should be
considered. For example, the recently developed RNA-sequencing (RNA-seq) method
employs deep-sequencing technologies to better characterize transcriptomes.*’** RN A-seq
involves the high-throughput sequencing of cDNA using the next-generation sequencing
platforms which allow for deeper coverage, differentiation between isoforms of a gene
and more precise quantitation of transcript expression. Interestingly, rapid advances in
RNA-seq have allowed the sequencing to be performed directly on mRNA instead of
cDNA.# These advantages greatly overcome the limitations of microarray and the usage
of improved transcriptome analysis platforms such as RNA-seq will indeed allow us to
better characterize the transcriptomes of ESCs.

Protein-DNA interaction occurs when a transcription factor binds to a particular
genomic sequence. Chromatin Immunoprecipitation (ChIP) assay is a powerful
methodology that can be employed to study this in vivo interaction of a transcription
factor with the genomic DNA that it binds to. Hence, ChIP is widely used to study the
docking of transcription factors to regulatory regions of genes such as promoters and
enhancers. Briefly, ChIP involves the cross-linking of proteins to DN A using formaldehyde.
After which, chromatin is fragmented and antibodies pull down specific proteins. The
cross-linkages are then reversed and the immunoprecipitation-enriched chromatin is isolated
(Fig. 2). Given the rapid advances in technology, it is feasible to carry out genome-wide
transcription factor binding analyses based on various high throughput ChIP approaches
(Fig. 2), which will be further elaborated below.

THE CORE TRANSCRIPTIONAL REGULATORY NETWORK: Oct4, Sox2
AND Nanog

The transcriptional network in ESCs entails a complex and intricate interplay of
transcription factors and their cognate targets. At the heart of this transcriptional network,
the transcription factor trio of Oct4, Sox2 and Nanog forms the transcriptional core that
preserves ESC self-renewal and pluripotency (Fig. 1).

Loh et al employed the ChIP-PET technology to map the global binding profiles of
Oct4 and Nanog in mouse ESCs to further dissect the architecture of ESC transcriptional
regulatory networks.?® ChIP-PET method entails the sequencing of vectors in which
sequences of both ends of ChIP-enriched DNA called paired-end diTags (PETs) have
been cloned. Genome-scale binding analyses revealed that Oct4, Sox2 and Nanog
share a high degree of overlap in their binding to target genes.?®>° Boyer et al employed
ChIP-chip assay to study the binding of OCT4, SOX2 and NANOG at promoters in human
ESCs.% In the ChIP-chip approach, ChIP DNA is amplified and hybridized to microarray
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Figure 2. Genome-wide ChIP-based approaches to map transcription factor binding sites. Proteins
are cross-linked to DNA by formaldehyde, followed by shearing of the genomic DNA into fragments
either by sonication or nuclease treatment. Protein of interest is then immunoprecipitated with a specific
antibody. Next, cross-links between the protein and DNA are reversed before amplification is performed.
Following ChIP, global profiling techniques such as ChIP-chip and ChIP-seq can be employed to study the
global binding profiles of a transcription factor. In ChIP-chip, ChIP is coupled to microarray technology
whereby amplified fragments are dye-labeled and hybridized to a microarray. As for ChIP-seq, size
fractionation of the amplified DNA is first performed followed by sequencing and mapping.
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(Fig. 2). Consistent findings from both studies are that these factors co-occupy many
target genes. In addition, both groups found that Oct4, Nanog and Sox2 can autoregulate
themselves by binding to their own promoters thus forming autoregulatory, feedforward
and feedback loops of regulation.!31>2%3° Autoregulation, which can be either positive or
negative in nature, is a simple but effective way for a factor to control its own expression.
Such regulatory systems have a stabilizing effect in ESCs yet keeping them poised for
differentiation. Regulatory loops stemming from the transcription factor core of Oct4,
Sox2 and Nanog will subsequently affect other downstream genes, which may also
possess similar homeostatic regulatory control.

In summary, the transcription factor core of Oct4, Sox2 and Nanog regulates and
supports the pluripotent framework of ESC by employing regulatory mechanisms such
as feedforward and autoregulatory loops (Fig. 1).

EXPANDED TRANSCRIPTIONAL REGULATORY NETWORK

Kim et al investigated the promoter binding sites of nine transcription factors (Oct4,
Sox2, Klf4, c-Myc, Nanog, Dax1, Rex1, Zfp281 and Nacl) to further elucidate the
transcriptional network of ESCs.’' A modified method of ChIP-chip (Fig. 2) known as
in vivo biotinylation ChIP (bioChIP)-chip was employed. Interestingly, the data show
co-occupancy of many genes by different transcription factors. Those genes bound by
more than four are generally transcriptionally active in mouse ESCs, whereas those bound
by a few transcription factors are transcriptionally repressed or inactive. Furthermore, this
study also found that Oct4, Sox2, K1f4, Nanog, Dax1 and Z{p281 form a cluster that share
many common gene targets while c-Myc and Rex1 form another distinct cluster.’!

Another method of genome-wide ChIP known as ChIP-sequencing (ChIP-seq), which
integrates ChIP with massively parallel DNA sequencing was later developed (Fig. 2).55¢
Unlike ChIP-chip which is restricted by a predetermined and limited number of probes
on the array, ChIP-seq enables the investigators to perform genome-wide and unbiased
interrogation of transcription factor binding sites. Moreover, ChIP-seq is advantageous
over ChIP-PET as it does not require special modifications to ChIP-enriched DNA and
tedious cloning before sequencing is performed. Due to the depth of sampling, ChIP-seq
analysis generates high resolution binding site datasets. Chen etal employed this ChIP-seq
approach to map the binding sites of 13 transcription factors (Oct4, Sox2, Kif4, c-Myc,
Nanog, STAT3, Smadl, Zfx, n-Myc, Klf4, Esrrb, Tcfep211, E2f1 and CTCF) and 2
transcriptional coregulators, p300 and Suz12 in mouse ESCs. The study also reported
the dense binding of multiple transcription factors to numerous genomic regions.*
These genomic “hotspots” are also known as multiple transcription-factor-binding loci
(MTL). Interestingly, it was found that two major clusters of transcription factors bind to
MTLs. The first cluster was composed of the transcription factor trio Nanog-Oct4-Sox2
in addition to Stat3 and Smadl while the second cluster is represented by c-Myc,
n-Myc, Zfx and E2F1 (Fig. 3). The separate clustering of c-Myc from that of Nanog,
Oct4 and Sox2 is in agreement with the findings of Kim et al and both studies suggest
that transcriptional activation by multiple factors has an additive effect required for the
transcriptional expression of genes.>'*? Transcriptional synergy may also be achieved
upon this combinatorial binding of transcription factors.

One of the major advantages of ChIP-based high throughput sequencing assays is
that they allow investigators to study and map transcription factor-DNA interactomes
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Figure 3. Enhanceosome complexes in regulating gene expression in ESCs. A cluster of transcription
factors mainly comprising Oct4, Sox2, Nanog, Smadl and Stat3 tend to colocalize at the enhancer
region of genes. Another cluster consisting mainly of c-Myc, n-Myc, Zfx and E2fl predominantly
colocalize at gene promoters. TFs represent other transcription factors which may potentially interact
with either cluster. The co-activator, p300 may be recruited to the Oct4-Sox2-Nanog cluster and is
suggested to facilitate the interaction of the enhancer complex with the promoter complex by interacting
with RNA Pol II. This interaction induces DNA looping and subsequently triggers transcriptional
activation. Extrinsic signals critical in sustaining ESCs such as LIF and BMP are transmitted from
cell surface receptors to transcriptional regulators such as Stat3 and Smadl, respectively which in
turn propagate these signals to the nuclear machinery. Other signals such as Wnt are propagated to
downstream factors such as Tcf3.

at a genome-scale level. However, it should be emphasized that genome-wide ChIP
approaches such as ChIP-PET, ChIP-chip and ChlIP-seq only identify target genes,
which a transcription factor of interest binds to and do not demonstrate if these target
genes are indeed functionally regulated by their respective bound factors. Hence, it is
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ideal to combine such ChIP assays with global gene expression profiling to identify
bound and regulated genes.***” For example, microarray analysis performed on ESCs
which had altered Oct4 expression was coupled to existing genome-wide ChIP data so
asto identify the downstream regulated targets of Oct4.>” One gene that was highlighted
from this study was Tc/l, which also appeared in Ivanova’s RNAi screen.”’ Tcll
was found to be a direct target of Oct4 and is associated with the regulation of ESC
proliferation.’” Another group analyzed available ChIP-chip data with time-course
microarray datasets of differentiating ESCs as well as expression profiling of Pou5f1
and Sox2 knockdown ESCs to predict novel transcriptional networks that dictate
undifferentiated ESC fate.>® Also using this integrative approach, Zhou et al identified
a set of factors, Esrrb, Sall4, Lrh-1, Tcf7 and Stat3 to be potential coregulators that
cooperate with the core transcription factor of Oct4, Sox2 and Nanog in the gene
regulatory network of ESCs.>

Taken together, genome-wide mapping of transcription factor binding in addition
to global expression profiling has indeed provided us with a wealth of information and
this has allowed us to develop a better understanding of the complex transcriptional
wiring in ESCs.

ENHANCEOSOMES: TRANSCRIPTION FACTOR COMPLEX

Regulatory regions of a gene may not necessarily be bound by a single transcription
factor but could be bound simultaneously by multiple transcription factors. This protein
complex consisting of multiple transcription factors that bind to a short enhancer
region of a gene is called an enhanceosome.® An enhanceosome is exemplified by
the enhancer complex comprising NF-kB, interferon-regulatory factor 1 (IRF1) and
activating transcription factor 2 (ATF-2)/c-JUN which binds concertedly to the human
interferon-beta (IFN) gene that is upregulated upon viral infection.’® Another factor,
known as HMG-I, stabilizes this transcription enhancer complex and induces functional
synergism with these transcription factors.” The presence of enhancesomes has also
been postulated in the transcriptional regulation of ESCs. For instance, the reported
dense binding of multiple transcription factors at MTLs by Chen et al suggests the
existence of enhanceosomes in ESCs (Fig. 3). It was also found that the transcriptional
co-activator, p300 is predominantly localized at enhancer regions associated with the
Nanog-Oct4-Sox2 cluster.’ Intriguingly, Nanog, Oct4 and Sox2 could be involved in
recruiting p300 as knockdown of either three transcription factors reduced p300 binding.
Given that the Nanog-Oct4-Sox2 cluster predominantly binds to the enhancer region
of genes and the c-Myc, n-Myc cluster predominantly binds to gene promoters, it is
tempting to speculate that both major clusters of transcription factors may interact with
the assistance of p300, which has also been previously reported to interact with c-Myc
at promoter regions® (Fig. 3). This interaction may in turn promote DNA looping which
bridges the enhancer region to the RNA Pol I complex-bound promoter region (Fig. 3).
Nonetheless, establishment of the enhanceosome is an interesting transcriptional strategy
that the cells may adopt to kick-start transcription and indeed a greater understanding
of the enhancesome model requires further elucidation.
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INTEGRATION OF SIGNALING PATHWAYS TO TRANSCRIPTIONAL
NETWORK

Transcriptional regulatory networks do not stand alone but are intrinsically connected
to cell signaling pathways. Such extrinsic signals that maintain ESCs are received from
cell surface receptors and propagated by downstream effectors to transcription factors
(Fig. 3). Chen et al not only established a transcriptional interconnectivity between
the transcription factors that they profiled in ESCs, but also integrated the LIF and
BMP signaling pathways to the Oct4-Sox2-Nanog cluster which shares many common
targets with Stat3 and Smad1, the respective downstream effectors of both key signaling
pathways (Fig. 3). Both the LIF-Stat and BMP pathways are essential to maintain
self-renewal in ESCs. Paradoxically, by inhibiting the pro-differentiation FGF-MEK
pathway, ESCs can be maintained independent of Stat3 activation.®' Recently it was
shown that the JAK-Stat pathway acting downstream of LIF activates K1f4, which in
turn activates Sox2 (Fig. 1).*° In addition, phosphatidylinositol-3-OH kinase—Akt and
mitogen-activated protein kinase pathways acting through LIF activates 7hx3 which
in turn activates Nanog (Fig. 1).>° Sox2 and Nanog then activate Oct4, which critically
ensures ESC pluripotency. Interestingly, ectopic expression of both K1f4 and Tbx3 were
sufficient to ensure ESC pluripotency when LIF is not present.*® Hence, K14 and Tbx3
are responsible for transmitting downstream signals from LIF to the core regulatory
network of mouse ESCs to maintain pluripotency. In addition, it was also recently
shown that the effect of K1f4 activation by LIF-Stat pathway is additively coupled to
KIf2 activation by Oct4 to sustain ESCs in their self-renewing state.’

Unlike in mouse ESCs, the LIF-JAK-Stat pathway is dispensable for human ESC
self-renewal. Instead, activin/Nodal/TGFp and FGF are required in human ESCs. It is
noteworthy that components of the LIF signaling pathway are not expressed in human
ESCs. On the other hand, most components of the FGF pathway are not expressed
in mouse ESCs. The transcriptome of human and mouse ESCs may be intrinsically
different due to species-specificity of gene expression. Another possible explanation for
the inconsistency in gene expression could be that human and mouse ESCs represent
different pluripotent states of early embryonic development. For example, epiblast
stem cells (EpiSCs), which are pluripotent cells derived from the late epiblast layer
of the postimplantation mouse embryos®*** show more similarities to human ESCs
rather than mouse ESCs. Similar to human ESCs, EpiSCs are sustained by activin/
Nodal and FGF signaling and share similar gene expression patterns with human ESCs
such as the low expression of Dax1,% a transcription factor that is instead associated
with mouse ESC maintenance.*! Furthermore, human ESCs share a higher degree of
overlap of Oct4 targets with EpiSCs as compared to mouse ESCs.®® Together, these
differences in the transcriptomes warrant further studies to characterize these cells at
the molecular levels.

Despite such differences, both mouse and human ESCs require Wnt signaling for
the maintenance of pluripotency.® The transcription factor, T-cell factor-3 (Tcf3), is a
downstream effector of Wnt (Fig. 3). Though Tcf3 co-occupies several genomic sites
with Oct4 and Nanog,” it also represses several important pluripotency and self-renewal
genes such as Oct4 and Nanog in ESCs (Fig. 1).%%7 In addition, Tcf3 depletion causes
ESCs to be less prone to differentiation.®*” Therefore, Tcf3 acts as a fine tuner of both
self-renewal and differentiation of ESCs.
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Taken together, the close connection between transcription factors and signaling
pathways adds greater dimension and complexity to the transcriptional regulatory
network in ESCs.

INTERFACE BETWEEN TRANSCRIPTIONAL
AND EPIGENETIC REGULATION

Both genetic and epigenetic regulation are equally crucial in the maintenance of
ESCs. In line with this notion, Efroni et al reported that both transcription factors and
chromatin remodeling factors show an elevated level of expression in ESCs, which
undergo global gene silencing upon differentiation.®® This phenomenon is reflective of
global hypertranscription whereby transcription is even observed at several noncoding
regions and silent genes.® In concert with hypertranscription, ESCs also display
hyperdynamic binding of chromatin proteins such as linker histones and heterochromatin
protein 1 (HP1).* Chromatin modifiers are responsible for introducing changes to
chromatin thus making them more plastic and accessible for transcription factors to
bind to their genomic targets. Similar to hypertranscription, hyperdynamic binding
of chromatin-associated proteins reduces when ESCs differentiate.®® Together, the
phenomena of both hypertranscription and hyperdynamic binding of chromatin proteins
provide support that genetic regulation is tightly intertwined to epigenetic regulation
whereby the complex interplay of transcription factors and epigenetic modifiers maintain
ESCs in their self-renewing and pluripotent state.

In the protein interaction network mapped out by Wang et al, it was found that
Oct4 and Nanog also physically interacted with epigenetic regulators such as SWI/SNF
chromatin remodeling complex, polycomb group (PcG) proteins and the histone deactylase
complex NuRD.*' PcG proteins make up the Polycomb repressive complexes (PRC)
such as PRC2, which is important for early development and this epigenetic modifier
induces histone 3 lysine 27 (H3K27) methylation, an epigenetic mark associated with
gene silencing.” In human ESCs, OCT4, SOX2 and NANOG cobind to several PRC2
target genes. Oct4 also forms a complex with a component of PRC1 known as Ringlb
in which the binding of Ring1b to target genes is dependent on Oct4.”! While PRC2 is
responsible for conferring repressive epigenetic marks, PRC1 is suggested to bind to
these repressive marks and induce conformational changes in chromatin. Both Nanog
and Oct4 have also been associated with other transcriptional repressive complexes such
as Sin3A and Pml.”

Recently it was shown that Oct4 recruits Eset to repress several genes such as Cdx2
and Tcfap2a, which are specifically expressed in the trophectodermal lineage.”>” Eset
is a histone modifier that catalyzes H3K9 methylation at target genes such as Cdx2 and
Tcfap2a, hence resulting in repression of these genes in ESCs.”*7 Consistent with this
finding, morula cells that were deficient in Eset displayed higher expression levels of
Cdx2 and Tcfap2a.™ After microinjection into the embryos, ESCs deficient in Esef tend
to incorporate into the trophectoderm.” In another study, Loh et al showed that Oct4
positively regulates the expression of Jmjdla and Jmjd2c, which are H3K9 demethylases
that in turn regulate genes such as Nanog and Tc!/1, respectively.’® Taken together, cross
talk between genetic and epigenetic regulations forms the basis of the complex and
intricate regulatory network within ESCs.



TRANSCRIPTIONAL REGULATION IN EMBRYONIC STEM CELLS 89
CONCLUSION

Transcriptional regulation is an essential biological activity within a cell. Since the
isolation of ESCs, a great wealth of information has been generated on the transcriptional
regulation that oversees ESC self-renewal and pluripotency. Rapid advances in technologies
have also enabled us to undertake genome-wide studies and more comprehensively dissect
transcriptional regulatory networks. However, as most studies have been performed on
mouse ESCs, it will be definitely more interesting to further unravel the transcriptional
network in human ESCs. A better understanding of transcriptional regulation in human
ESCsshould allow us to translate this knowledge towards using stem cells for regenerative
medicine in the future.
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CHAPTER 7

ALTERNATIVE SPLICING IN STEM CELL
SELF-RENEWAL AND DIFFERENTIATION

David A. Nelles and Gene W. Yeo*

Abstract: This chapter provides a review of recent advances in understanding the importance
of alternative pre-messenger RNA splicing in stem cell biology. The majority of
transcribed pre-mRNAs undergo RNA splicing where introns are excised and exons
are juxtaposed to form mature messenger RNA sequences. This regulated, selective
removal of whole or portions of exons by alternative splicing provides avenues for
control of RNA abundance and proteome diversity. We discuss several examples
of key alternative splicing events in stem cell biology and provide an overview of
recently developed microarray and sequencing technologies that enable systematic
and genome-wide assessment of the extent of alternative splicing during stem cell
differentiation.

INTRODUCTION

Stem cells are a unique resource for studying the bases of pluripotency, self-renewal
and lineage specification. Embryonic stem cells remain undifferentiated in culture for
long periods and are readily induced towards the three germ layers, differentiating in vitro
into most if not all of the lineages that comprise a healthy organism. Thus, embryonic
stem cells are a useful platform to study healthy and disease states in a multitude of
lineages. Generation of cell populations enriched with a particular differentiated cell type
and ongoing, detailed characterization of these cells before and after differentiation will
continue to provide insight into the molecular basis of cell identity.

Gene expression studies have documented global transcriptional differences during
the process of differentiation into several lineages,'* but are limited in that most studies
do not distinguish among alternatively spliced isoforms from the same gene locus. In
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this chapter, we will present several examples of alternatively spliced genes implicated
in important stem cell processes and review recently available techniques that allow
identification and quantitative measurement of alternative splicing events. Early work to
identify splicing factors that influence alternative splicing will also be discussed.

INTRODUCTION TO ALTERNATIVE SPLICING

Transcription produces pre-messenger RNA (pre-mRNA) transcripts which are
dominated by long, noncoding intronic sequences interspersed with short, 150 base exonic
sequences. Intron removal, exon ligation and splice site selection is highly regulated as
splicing errors can generate aberrant proteins or prevent translation of the mRNA. This
process is mediated by a protein-RNA complex called the spliceosome whose stringent
functional requirements are reflected in its complex makeup; it consists of five RNAs and
hundreds of proteins.** This machinery interacts with cis-regulatory elements encoded
in pre-mRNAs and trans-acting regulators called splicing factors.

The interactions between cis-elements, splicing factors and the spliceosome define
a set of rules called the “splicing code.” The components of this code determine which
splice sites are chosen to generate different versions of mature mRNAs from the same
pre-mRNA in the process called alternative splicing (Fig. 1). The splicing code is still
largely a mystery, but its defining elements are rapidly being identified. Splicing factors
include spliceosome particles, members of the serine-arginine (SR) protein family,
heterogeneous nuclear ribonucleoproteins (hnRNPs) and auxiliary factors thatare typically
RNA binding proteins (RBPs).”® Recent studies indicate that the majority of human genes
are alternatively spliced, greatly increasing the protein coding potential of the genome®!?
and genome-wide efforts to identify alternatively spliced genes in stem cells has begun.!!
The protein diversity generated by alternative splicing events is largely unexplored and
provides an opportunity to better understand stem cell biology.

ALTERNATIVE SPLICING OF GENES IMPLICATED IN STEMNESS
AND DIFFERENTIATION

Evidence ofthe influence of alternative splicing in stem cells is rapidly growing. Recent
studies indicate that levels of some splice variants of stem cell-enriched genes (stemness
genes) correlate with particular stages of differentiation. Some of the same studies have
demonstrated disparate and reproducible phenotypes correlated with overexpression of
splice variants of a stemness gene. These results hint at both the ability of splice variants
from a single gene locus to differentially influence the phenotype and the importance
of understanding posttranscriptional gene expression regulation afforded by alternative
splicing. Here we present several examples of alternatively spliced genes important to
stem cell biology.

The POUSFI gene is an example of a central stemness gene that is regulated by
alternative splicing. This gene encodes a POU domain transcription factor, OCT4, which
is a key transcriptional regulator of stem cell pluripotency. OCT4 is highly expressed in
stem cells and expression of OCT4 appears to be essential for reprogramming differentiated
cells to an induced pluripotent state.!>'* The utility of OCT4 as a stemness marker was
questioned after it was detected in a few somatic cell types!'>'¢ although finer discrimination
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Figure 1. Figure viewed on previous page.This diagram outlines the role of splicing factors during
RNA splicing in pluripotent stem cells and differentiated cells. On the left, stem cell-specific splicing
suppressers block assembly of the spliceosome near exon II and result in excision of exon II along with
its flanking introns. On the right, differentiating stem cells that lack the splicing suppressor result in
mRNA that includes all three exons. Splicing suppressors prevent splicing by inhibiting assembly of the
spliceosome or by other mechanisms. In both cases, the core spliceosome small nuclear RNA proteins
are pictured (U1, U2, U4, US, U6) and their assembly results in catalyzed removal of a pre-mRNA
region. The 5 exon end is marked by Ul while the 3° exon end is decorated with U2 auxiliary factors
(U2AF). As the spliceosome assembles, the SF1-marked branch point recruits U2 and associates with
Ul forming a loop. Next, U4, U5 and U6 are recruited and the intron bound to the 5° exon is cleaved,
bound to the branch point and the exons are ligated. The resulting “lariat” (not pictured) and joined
exons are released and the spliceosome disassembles.

among POUSFI gene products revealed differentially regulated splice variants. One
variant called OCT4A is restricted to embryonic stem and embryonal carcinoma cells
and can initiate expression at OCT4-initiated promoters.'”” OCT4B, in contrast, does
not initiate expression at OCT4 promoters.'*!’ To complicate matters, a third isoform
termed OCT4B1 is also highly expressed in embryonic stem and embryonal carcinoma
cells, while the OCT4B isoform is expressed at low levels in many differentiated cell
types.!” The roles of these isoforms are apparently distinct but largely unknown and hint
at another level of regulation of OCT4’s function by alternative splicing.

Although not as well characterized as its family member OCT4, OCT2 is highly
expressed in the developing central nervous system and in the adult mouse brain.? Its
splice variants also seem to influence stem cell differentiation: the OCT2.2 variant is
sufficientto induce neural phenotypes when artificially overexpressed in mouse embryonic
stem cells while OCT2.4 inhibits induction of neural phenotypes even in the presence of
another known inducer of neuronal differentiation.?! Therefore, a detailed characterization
of OCT2’s splice variants could provide insight into neural lineage specification.

DNA methyltransferases comprise another group of genes with distinctly different
alternative splicing patterns among stem cells and differentiated cells. By methylating
DNA, methyltransferases epigenetically influence which genes are transcribed and
provide a heritable form of expression regulation. Initial explorations revealed that DNA
methyltranferase 3B (DNMT3B) is highly alternatively spliced; nearly 40 isoforms have
been identified.?>* Gopalakrishnan et al recently discovered a DNMT3B splice variant
missing exon 5 in the NH,-terminal regulatory domain called DNMT3B3AS that, in
contrast to DNMT3B3, is highly expressed in embryonic stem cells and brain tissue
and is down-regulated during differentiation, up-regulated in reprogrammed fibroblasts
and like DNMT3B3 lacks the catalytic segment involved in methylation.* Importantly,
DNMT3B3AS5’s increased DNA affinity compared to DNMT3B3 could indicate its role
as a blocker of active forms of DNMT3B to prevent hypermethylation of DNA. DNMT3B
is known to interact with a variety of other DNA methyltransferases® and splice variants
like DNMT3BAS might add a new dimension to these interactions.

The PKCo gene is also highly influenced by alternative splicing and an important
regulator of gene expression. PKC¢ has long been implicated in activation of apoptotic
cascades and is known to positively regulate transcription of a host of apoptotic proteins.?
PKCéis also involved in homeostatic and antiapoptotic pathways.?”* This dualism can
be better appreciated in terms of PKC&’s splice variants. PKC3I is cleavable by caspase
3, which yields a catalytic fragment known to induce apoptosis.*® Sakurai et al discovered
that another isoform, PKCSII, balances PKCd81’s activity as it is insensitive to cleavage
by caspase 3.*' Neural differentiation correlates with splicing towards the PKC8l isoform,
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which supports apoptosis-mediated remodeling in the developing nervous system.*? Thus,
the inclusion of intronic base pairs that distinguish PKCSI from PKCJII is sufficient to
dramatically alter the regulation of apoptosis in teratocarcinoma cells before and after
differentiation induction.

Alternative splicing also mediates production of splice variants with opposing
functions in self-renewal. Fibroblast growth factors (FGFs) are known to positively
regulate important self-renewal pathways in human embryonic stem cells.***Mayshar et al
discovered that a FGF4 splice variant referred to as FGF4 is down-regulated after human
embryonic stem cell (hESC) differentiation while another splice variant called FGF4si is
expressed in both pluripotent and differentiated hESCs.* FGF4’s self-renewal potential
is based upon its ability to phosphorylate ERK1/2 and activate MEK/ERK signaling
and introduction of soluble FGF4si seemed to dramatically reduce phosphorylation of
ERK1/2. This counteraction among splice variants demonstrates strong modulation of
a pluripotency-related pathway by alternative splicing and reveals a regulatory network
among splice variants from the same gene.

Adult stem cells’ multipotency and self-renewal are also heavily influenced by
alternative splicing. Insulin-like growth factor 1 (/GF-1) generates splice variants that
enhance proliferation and block differentiation of muscle stem cells (IGF-IEc) or induce
muscle cell growth via anabolic pathways (IGF-1Ea). These splice variants are expressed
in a sequential fashion in response to mechanical stress which facilitates muscle growth
and repair.*® Low levels of IGF-IEc were associated with muscle wasting in diseased
patient muscle tissue,’” which hints at the therapeutic potential of this splice variant.

Vascular endothelial growth factor A (VEGFA) strongly influences mesenchymal
stem cells (MSCs) and is also regulated by alternative splicing. The therapeutic utility
of MSCs is hinged upon their unique paracrine signaling*** and splice variants of the
mouse VEGF homolog affect paracrine signaling and other phenotypes in MSCs. In
particular, Lin et al demonstrated that VEGF120 and VEGF188 induce expression of
growth factors and immunosuppressant cytokines while VEGF164 affects expression
of genes associated with remodeling and endothelial differentiation. VEGF188 also
induces osteogenic phenotypes in MSCs.* Prospective tissue therapies rely upon VEGF
to increase the regenerative potential of MSCs and only recently has the importance of
choosing appropriate VEGF isoforms become apparent.

In addition to cis-acting alternative splicing, protein diversity is also amplified by
trans-splicing events. Trans-splicing is the union of pre-mRNA segments from more than
one gene to create a novel mRNA transcript. Few trans-spliced gene products associated
with stemness have been identified, but trans-spliced mRNA from RNA binding motif
protein 14 (RBM14) and RBM4 indirectly affects splicing of important gene products.
RBM]14 alone generates splice variants CoAA and CoAM that enhance and inhibit,
respectively, cotranscriptional splicing of a variety of genes. During differentiation of
embryonic stem cells via embryoid bodies, splicing switches to CoAM which inhibits
the action of CoAA and induces expression of the differentiation marker SOX6.*' When
RBM4 and RBM 14 are trans-spliced, splice variants and splicing regulators CoAZ and
ncCoAZ generate a complex network that affects cotranscriptional splicing of the tau
pre-mRNA at exon 10.*> While the functions of these splice variants is not clear, their
distinct expression profiles before and after differentiation hint at their importance to
stem cell biology.

These initial studies reveal that alternative splicing regulates genes associated with
almost every facet of the stem cell state (Table 1). DNA methylation is influenced by
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Table 1. Summary of alternatively spliced gene products with distinct expression
profiles before and after stem cell differentiation and/or gene products that mediate
important stem cell processes

Gene Isoforms Activities Reference
IGF-1 IGF-1Ec,IGF-1- IGF-IEc promotes 37
Ea proliferation and inhibits dif-

ferentiation of muscle progeni-
tors, IGF-IEa activates anabolic

pathways
POUSFI (OCT4) OCT4A, OCT4A and OCT4BI1 expressed in 17
OCT4B, stem cells, OCT4B in differentiated
OCT4B1 cells
RNA binding motif pro- CoAZ, CoAZ and ncCoAZ influence 42
tein 4 (RBM4) and RNA ncCoAZ cotranscriptional splicing
binding motif protein 14
(RMBI4, CoAA)*
DNA Methyltransferase = DNMT3B3, DNMT3B3AS5 expressed in ES 24
3 Beta (DNMT3B) DNMT3B3A5 cells and functionally distinct from
DNMT3B3
VEGFA VEGF120, All promote MSC 40
VEGF164, proliferation; some amplify para-
VEGF188 crine signaling, osteogenic, or
endothelial differentiation
FGF4 FGF4, FGF4 is important to stem cell 35
FGF4si maintenance, while FGFsi antago-
nizes some of FGF4’s activity
Protein Kinase C Delta ~ PKCdI, PKC8II PKCaI and PKCAII are cas- 32
(PKC) pase-cleavable and incleavable, re-
spectively
POU2F2 (OCT2) 0OCT2.2, OCT?2.2 is sufficient to induce 21
OCT24 neural differentiation in mouse ES

cells, OCT2.4 is sufficient to block
neural differentiation
RNA binding motif pro- CoAA, CoAM CoAA is down-regulated in favor 41
tein 14 (RMBI4, CoAA) of CoAM during early embryonic
development

* pre-mRNAs from each are trans-spliced into a single mRNA.

highly alternatively spliced DNA methyltransferases. The activity of transcription factors
both central and peripheral to stemness is also modulated by alternative splicing. Even
the splicing machinery itself'is regulated by trans-spliced products of RBM4 and RBM14.
Many of these genes’ splicing patterns correlate with discrete stages of differentiation
and sometimes depend on the terminal lineage of the stem cell. The majority of splice
variants from stemness genes remain unidentified, but new genome-wide alternative
splicing detection methods will dramatically increase the rate and reduce the cost
of detecting splicing variants. Once functionally characterized, these splice variants
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and the underlying splicing code will reveal a previously underappreciated layer of
posttranscriptional gene regulation.

GENOME-WIDE METHODS TO IDENTIFY AND DETECT ALTERNATIVE
SPLICING EVENTS

Until recently, detection of alternative splicing relied upon reverse transcriptase
PCR of individual mRNA fragments. Throughput was greatly increased when systematic
measurement of large segments of the transcriptome was enabled by whole-genome
tiling and splicing-sensitive oligonucleotide microarrays.** By designing nucleotide
probes for exon sequences or exon-exon junctions for all known and predicted exons
in the genome, genome-wide interrogation of alternative splicing become possible.
Computational algorithms are being developed to identify differentially spliced exons
from microarray data. Our group has utilized this platform to study neural differentiation
of hESCs.*® Our results revealed that alternative splicing is prevalent in groups of genes
such as serine/threonine kinases and helicases. Comparative genome analysis within the
intronic regions proximal to alternatively spliced exons identified putative cis-regulatory
sequences that may regulate alternative splicing during neural differentiation. This approach
provides a framework for comparison among other progenitor cells to identify alternative
splicing-mediated pathways towards cell type specificity. For instance, a recent study
comparing undifferentiated hESCs and hESC-derived progenitors revealed common and
specific splicing events among cardiac and neural progenitors.*’ Further work is required
to relate contrasting splicing patterns and splice variant functions to resulting phenotypes.

Unfortunately, microarray-based approaches have distinct shortcomings. Physical
limitations on probe density, cross-hybridization caused by probe sequence bias and
insensitivity to sparingly expressed transcripts makes detection of some alternative splicing
events expensive or impossible. Additionally, arrays cannot detect un-annotated genes.
Tag-based profiling methods such as massively parallel signature sequencing (MPSS),
serial analysis of gene expression (SAGE), cap analysis of gene expression (CAGE) and
polony multiplex analysis of gene expression (PMAGE) have much higher sensitivity and
enable the discovery of novel transcripts but are cost-ineffective and time-consuming.
These issues are sidestepped by next-generation sequencing technologies that produce
hundreds of millions of RNA sequence reads which reveal the transcriptome’s content in
an inexpensive and quantitative way (Fig. 2). A comparison of mouse embryonic stem
cells and embryoid bodies revealed novel alternative splicing events and demonstrated
the power of this “shotgun” approach to transcriptome profiling.*®

REGULATION OF ALTERNATIVE SPLICING BY RNA BINDING PROTEINS

A number of RNA binding proteins (RBPs) are likely to be involved in regulation of
alternative splicing in pluripotent stem and differentiated cells. While relatively little is
known about the splicing factors important to stem cell maintenance, several have been
implicated in neural differentiation. It is thought that the majority of splicing events are
regulated by splicing factors that interact directly with regions in pre-mRNA. Identifying
the RNA targets of splicing factors and understanding their mechanism of action is
necessary to decipher the rules of alternative splicing during stem cell differentiation.
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Figure 2. This schematic outlines two alternative splicing detection methods: RNA-seq and splicing-sensitive
arrays. In the cell, genomic DNA is transcribed to RNA and processed into various splice variants. These
splice variants are digested into short fragments and either sequenced or hybridized to a microarray. In the
case of RNA-seq, short reads are aligned to the human genome and computational algorithms parse out
which splice variants are expressed. Microarrays rely upon fluorophore-labeled fragments whose relative
intensity on the chip reveal ratios of exon representation in mRNA. By comparing splice variant expression
among differentiated and stem cells, variants enriched or depleted in stem cells can be identified.
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Figure 3. This schematic outlines CLIP-seq approach used with stem cells. RNA complexed with RNA
binding proteins (RBPs) from UV-irradiated stem cells is enriched with an anti-RBP antibody. RNA
in the complex is trimmed by MNase at two different concentrations, followed by autoradiography as
illustrated. Protein-RNA covalent complexes corresponding to bands A and B are recovered following
SDS-PAGE. Finally, bound RNA is amplified and then sequenced. Modified from reference 50.

In our study of neural differentiation of hESCs, we identified a conserved ‘GCAUG’
motif occurring near splice sites involved in differential alternative splicing.*® This motif
corresponds with the FOX1/2 splicing factor binding site, hinting at the important role
of FOX splicing factors in splice site selection in hESCs.

To further investigate the role of FOX2 RBP-RNA interactions, we employed UV
cross-linking and immunoprecipitation (CLIP). This technique facilitates stabilization
ofan RNA-protein complex in vivo via UV radiation.*” We have utilized a modification
of this technique to allow extraction of bound RNA for high-throughput sequencing
in stem cells (CLIP-seq, Fig. 3). Application of CLIP-seq to isolate the RNA regions
that interact with FOX2 in hESCs resulted in the identification of more than three
thousand FOX2 bound regions in the human transcriptome. This RNA map of FOX2
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binding sites identifies alternative splicing events regulated by FOX2.*® FOX2 is
evolutionarily conserved in mammals and is highly expressed in hESCs. Knockdown
of FOX2 generated a rapid cell death phenotype in hESCs but not in neural stem cells
or other cell lines. These results hint at FOX2 as an important alternative splice site
selector in hESCs and further characterization may reveal its interactions with other
components of the splicing machinery.

The polypyrimidine tract-binding protein (PTB) is another splicing factor that is widely
expressed in the early embryo. PTB regulates alternative exon inclusion in many genes
and has been implicated in aspects of mRNA regulation.’! Several studies have shown that
knockdown of the PTB protein is sufficient to trigger neuronal-specific alternative splicing
in nonneuronal cells.’>** To probe the role of PTB in embryonic stem cells, Shibayama
et al created homozygous PTB null mouse embryonic stem cells. These embryonic stem
cells were viable but did not proliferate normally.*

SAMG68 is a nucleus-localized RBP that is linked to splicing,*® is widely expressed
in multiple cell types and its overexpression inhibits neural stem cell proliferation.’’
RNAI experiments in combination with microarray analysis of altered splicing revealed
exons regulated by this splicing factor in mouse neuroblastoma cells.’® Chawla et al also
demonstrated that knockdown of SAM68 prevents differentiation of mouse embryonal
carcinoma cells in the presence of retinoic acid, that SAM6S is up-regulated during
neural differentiation and that it affects splicing and/or regulation of genes important to
neural phenotype. These signs hint at SAM68 as a powerful regulator of splicing during
neural differentiation.

Asmore RBPs and their motifs are identified with genome-wide techniques, the rules
of the RNA splicing code will become clearer. This will facilitate predictive models of
RNA splicing and could afford a new level of control over stem cell fate.

CONCLUSION AND PERSPECTIVES

Until recently, studies of stem cell transcriptional regulation have focused on the
mammalian genome’s many transcription factors. These efforts have revealed powerful
stemness-associated transcription factors that can be useful markers for stemness as well
as tools for reprogramming cells to a pluripotent state. But as most cell processes are
also heavily influenced by posttranscriptional gene expression regulation, refinement of
our understanding of stem cell state will rely upon understanding the rules and results
of alternative splicing.

The splicing field is currently in a cataloging phase to identify important splice
variants and splicing factors that influence splice variant abundance. Shotgun approaches
to splice variant detection allow rapid identification of more stem cell-enriched splice
variants while techniques such as CLIP allow identification of splicing factors and
the functional RNA elements they bind. Initial results demonstrate that differentiation
correlates strongly with splicing towards particular splice variants and overexpression
of some splice variants is sufficient to dramatically alter stem cell phenotype. As more
lineage-specific splice variants are detected, splice variant measurements may provide a
highly accurate and sensitive way to determine stem cell state and reveal new avenues
for guiding stem cell lineage specification.
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CHAPTER 8

MicroRNA REGULATION OF EMBRYONIC
STEM CELL SELF-RENEWAL
AND DIFFERENTIATION

Collin Melton and Robert Blelloch*

Abstract: Stem cell differentiation requires a complex coordination of events to transition from
aself-renewing to a differentiated cell fate. Stem cells can be pluripotent (capable of
giving rise to all embryonic lineages), multipotent (possessing the potential to give
rise to multiple lineages) and unipotent (capable of givenrise to a single cell lineage).
Regardless of their potency all stem cells must silence their self-renewal program
during differentiation. The self-renewal program can be defined as the integration
of external and internal stimuli that enables a cell to proliferate while maintaining
its potency. Two hallmarks of the self-renewal program are a self-reinforcing
transcriptional network and a specialized cell-cycle profile. In this chapter we
discuss the impact of various microRNAs (miRNAs) to either reinforce or inhibit
the self-renewal program of stem cells and how this added regulatory layer provides
robustness to cell-fate decisions. We will focus on embryonic stem cells (ESCs)
describing miRNA function in self-renewal, differentiation and de-differentiation.
We will compare and contrast miRNA functions in ESCs with miRNA function in
lineage specific somatic stem cells and in cancer.

INTRODUCTION: THE SELF-RENEWAL PROGRAM

The stem cell self-renewal program in both embryonic and somatic stem cell
populations functions to maintain potency during successive rounds of replication. The
degree of potency and proliferative rate vary greatly among stem cell populations in
accordance with the evolutionary pressures and biological functions of these populations.
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ESCs are derived from the inner cell mass of the developing blastocyst and resemble
cells of the developing epiblast. The epiblast gives rise to the embryonic endoderm,
mesoderm and ectoderm, as well as the germ lineage and hence is pluripotent.! Epiblast
cells have a rapid cell cycle. However, they eventually differentiate at which time
the cell cycle extends. Like the epiblast cells, ESCs have a rapid cell cycle and are
pluripotent. However, unlike epiblast cells, ESCs can self-renew indefinitely in the
culture dish.

During embryonic development, the epiblast cells differentiate into specialized
fetal stem cell populations that have a more limited potency. These include, among
others, the fetal neural stem cells and hematopoietic stem cells. These fetal stem
cells retain a high proliferative rate but possess a limited potency.>* Eventually,
the fetal stem cells are replaced by adult lineage specific stem cells including adult
counterparts of the fetal hematopoietic and neural stem cells. The adult stem cells
also have a limited potency, but unlike their fetal counterparts, typically have a slow
proliferative rate. In fact, adult somatic stem cell populations are largely quiescent,
although they generate transient populations of progenitor cells, which typically have a
rapid proliferative rate more like that of their fetal stem cell counterparts. Quiescence
in adult stem cells may have evolved to reduce the chance of harmful mutations, such
as those that cause cancer.*

EMBRYONIC STEM CELLS

The molecular basis of the stem cell self-renewal program has been best studied
in ESCs. In these cells the self-renewal program is determined by the interaction of
numerous factors at the center of which is a distinct transcriptional network.’ In ESCs,
the central transcriptional network includes the transcription factors Oct4, Sox2, Nanog,
Tcf3 and the Myc family of proteins (cMyc and nMyc). The coordinated actions of
these transcription factors both directly and indirectly determines an epigenetic state
that is poised to activate or repress upon differentiation the transcription of genes of any
lineage of the three germ layers.® In this way the ESC transcriptional network enables
its pluripotency. Additionally the ESC transcriptional network drives expression of
factors thatenable the cell’s high proliferative rate by directly and indirectly maintaining
the short ESC cell cycle.

With the induction of ESC differentiation, the many components of the self-renewal
program must be shut offand a new differentiated program must be activated. Therefore,
this cell fate transition is regulated by factors that both silence self-renewal and induce a
lineage specific differentiation program. These factors can be classified broadly as those
that influence gene expression at the level of chromatin state, transcription, transcript
stability, protein translation, protein stability, or protein function.

In this chapter, we will focus on the pro-self-renewal and pro-differentiation
functions of miRNAs.

miRNA BIOGENESIS AND FUNCTION

miRNAs are small noncoding RNAs which act to posttranscriptionally silence
gene expression through translational inhibition and mRNA destabilization. miRNAs
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Figure 1. miRNA biogenesis. miRNAs are first transcribed as long RNA polymerase II transcripts.
The hairpin structure of these transcripts is recognized by the Microprocessor complex composed of
Drosha and Dgcr8 and is cleaved to form a smaller pre-miRNA hairpin. The pre-miRNA is exported
from the nucleus and subsequently cleaved by Dicer to form a mature miRNA duplex. A single strand
of this duplex is loaded into the RISC complex. The miRNA loaded complex destabilizes and inhibits
translation of its target mRNAs.

are generated through the sequential processing of RNA transcripts (Fig. 1). miRNAs
are first transcribed as long RNA polymerase II transcripts termed primary miRNAs
(pri-miRNAs).%7 These pri-miRNAs can be either noncoding or coding. In the latter
case, miRNAs will often reside within the intron of a coding gene.® In the nucleus, the
pri-miRNA is recognized and cleaved by the microprocessor complex, which consists
of the RNA binding protein DGCRS8 and the RNAse III enzyme DROSHA.*!* This
complex recognizes a stem loop structure of approximately 33 base pairs in length and
posses an enzymatic activity that cleaves the loop 11 base pairs from its base leaving a
characteristic 2 nucleotide 3" overhang.!* The processed RNA, now termed pre-miRNA,
is exported from the nucleus to the cytoplasm by Exportin V where it is recognized by a
second complex containing the RN Ase 1l enzyme DICER. !> This complex recognizes
the pre-miRNA hairpin and cleaves it at the base of the hairpin loop again to form a
2 nucleotide 3" overhang to generate an approximately 22 nucleotide mature miRNA
duplex.'® This mature duplex remains double-stranded until it is incorporated into the
RNA-induced silencing complex (RISC). Only a single strand of the small RNA duplex
is incorporated, typically the strand with the less stable 5" end."

miRNAs whichare loaded into the RISC complex directly interact with theirmRNA
targets through base pairing to sites in the open reading frame and 3" untranslated
region. These interactions depend on base pairing of a 6-8 nucleotide seed sequence
of the miRNA (nucleotides 2-8 on the 5” end) with the mRNA target.? The RISC
complex which is bound to target mRNAs disrupts protein production through a
variety of mechanisms including disruption of ribosome initiation via interacting with
the 57 cap, prevention of ribosome elongation and promotion of RNA degradation by
shortening of the polyA tail.*!
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ESCC miRNAs PROMOTE SELF-RENEWAL

Many miRNAs are co-expressed from a single transcript. One such group is
the miR-290 cluster, which consists of 7 miRNAs and is highly expressed in mouse
ESCs. A subgroup of the miR-290 cluster miRNAs share a common seed sequence
and regulate the ESC cell cycle and, therefore, have been coined the ESCC family
(ESC cell cycle promoting miRNAs).?> Related families to the ESCC miRNAs include
the miR-302 family and the mir-17/20/106 family, although the later family has a
slightly different seed sequence. The ortholog of the miR-290 cluster in humans is the
slightly diverged miR-370 cluster while the miR-302 clusters in mouse and human
are very similar.3

The common expression of similar miRNAs in pluripotent stem cells in mouse and
human suggests an important functional role in ESC self-renewal. Indeed, the first evidence
for such a function was uncovered in ESC miRNA knockout models through deletion
of either Dicer or Dgcr8.2*" These ESCs have a slowed proliferation rate and an altered
cell cycle profile with an extended G1 phase.” These findings are particularly interesting
considering that wild-type mouse ESCs are characterized by an atypical cell cycle with a
abbreviated G1 phase compared to somatic cells.?® That is, these initial findings suggested
that the ESC expressed miRNAs suppress the somatic cell cycle structure.

The abbreviated G1 phase of ESCs promotes their rapid proliferation and is, at least
in part, secondary to an alleviation of the G1/S restriction point.?® In a typical somatic cell,
the G1/S restriction point prevents the initiation of S phase and DNA replication. The
G1/S restriction point includes a complex series of signaling events, which must reach a
threshold before transitioning into S phase. Key molecular components of this reaction
include, but are not limited to, the cyclins, the cyclin dependent kinases (CDKs), cdk
inhibitors (CKIs), the Rb family of proteins and the E2F family of proteins.”

D and E type cyclins in complex with CDKs drive phosphorylation of the Rb family
of proteins.*® In mouse ESCs, CyclinE is expressed at high levels independent of cell
cycle phase whereas CyclinD is not expressed.’! CyclinE complexes with CDK2, to
initiate the phosphorylation and subsequenct inactivation of the Rb family of proteins
(pRb, P107 and P130). The Rb family of proteins, when in a hypophosphorylated
active state, sequester activating E2Fs (E2F1-3) as well as activate repressive E2F
proteins (E2F4 and 5) preventing transcription of S phase genes.*® When Rb proteins
are hyperphosphorylated and inactivated, they no longer activate the repressive E2Fs.
Simultaneously, the suppression of the activating E2Fs is relieved, which allows them
to drive transcription of S phase genes. Progression to S phase can be blocked by CDK
inhibitors, which include members of the CIP and INK families. These inhibitors block
activity of CDK/Cyclin complexes.* INK family inhibitors are nonfunctional in mouse
ESCs as they act through CyclinD, which is not expressed at high levels. CIP family
inhibitors, however, are more promiscuous in their inhibitory effects on CDK/Cyclin
complexes and are able to bind and inactivate CDK2/CyclinE complexes.* In mouse
ESCs, CIP family inhibitors are expressed at low levels, as are the Rb proteins.?!

By screening miRNAs, which enhance proliferation in a Dgcr8 knockout (-/-)
ESC background, the role of ESCC miRNAs in cell cycle control was uncovered. These
miRNAs not only accelerate proliferation of Dgcr8 -~ ESCs, but also decrease the number
of cells in the G1 phase of the cell cycle. This effect on the G1 phase is in part through
direct miRNA targeting of the CIP family CDK inhibitor P21, LATS2 and some of the
Rb family of proteins including pRb and P130. Through inhibition of these and other
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Figure 2. Let-7 and ESCC miRNAs have opposing effects on the G1-S transition. This figure represents
a model of the direct inhibitory effects of the ESCC and let-7 miRNAs on factors involved in the ESC
G1-S transition. As ESCs transition from a self-renewing to a differentiated state, the ESCC miRNAs
are down-regulated and the let-7 miRNAs are upregulated. These changes have direct consequences
on the cell cycle. Dark/bold arrows, lines and text indicate interactions, miRNAs and proteins that are
up-regulated in the ESC state. Grey arrows, lines and text indicate interactions, miRNAs and proteins
that are down-regulated in the ESC state. Note the interactions and functional consequences of the let-7
miRNAs on cell cycle have been tested in various somatic cell populations, but not ESCs.

predicted miRNA targets involved in the G1 phase, the ESCC miRNAs promote the
ESC cell cycle (Fig. 2).

Recently the impact of the ESCC miRNAs on the ESC transcriptome was analyzed
in depth. It was discovered that the ESCC miRNAs indirectly activate cMyc expression.*
Myec is a transcription factor that both promotes proliferation and is required for ESC
self-renewal.***’ Additionally, in ESCs inhibition of Myc proteins promotes loss of ESC
self-renewal, while enforced expression of cMyc prevents loss of self-renewal in the
absence of LIF.* Lin et al recently sought to identify the mechanisms by which Myc
proteins promote ESC self-renewal. In particular they found that cMyc drives transcription
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of numerous pro-self-renewal miRNAs including miR-141, miR-200 and miR-429.
These miRNAs promote the maintenance of self-renewal in the absence of LIF although
the biological mechanisms underlying these effects remain unknown.*® Furthermore,
cMyc regulates expression of the ESCC miRNAs forming a positive feedback loop as
described below.

A number of other factors have been identified as indirectly upregulated by the ESCC
miRNAs including the DNA methyl transferases (DNMT3a and b).*”*® The increase in
expression of these DNA methyl transferases is required to maintain appropriate DNA
methylation in sub-telomeric regions, which in turn is required to prevent abnormal
telomere elongation.’” The regulation of DNMT3a and b occurs via ESCC targeting of
P130—a negative regulator of DNMT3a and b transcription.*”*® In addition to the DNA
methyl transferases, a number of other pluripotency associated transcripts are indirectly
upregulated by the ESCC miRNAs. These include Lin28, Trim71 and Sall4.** Together
these numerous molecular changes induced by the ESCC miRNAs have a profound effect
on promoting the cell cycle and preserving faithful maintenance of telomeres to ensure
proper ESC self-renewal and maintenance of pluripotency.

miRNAs INDUCED DURING ESC DIFFERENTIATION SUPPRESS
THE SELF-RENEWAL PROGRAM

As miRNAs are suited to stabilizing the self-renewing state, so are they well situated
to promote the transition from self-renewal to differentiation. MicroRNAs, which silence
self-renewal, can be categorized by their targets and by their expression patterns. A
small number of miRNAs have been found to directly target components of the central
ESC transcriptional network.***! These same miRNAs are induced rapidly during ESC
differentiation down specific lineages. A second class of microRNAs is induced during
differentiation down a broad set of lineages and broadly suppress ESC associated genes
but not the central ESC transcription factors themselves.* They also promote a somatic
cell cycle.*** These two classes of pro-differentiation miRNAs likely play distinct
roles in the differentiation process. The first class of microRNAs directly suppress ESC
self-renewal state, while the second class of microRNAs predominantly stabilize the
differentiated state—much like the ESC microRNAs stabilize the ESC state.

MiRNAs miR-134, miR-296 and miR-470 have been discovered to directly suppress
Nanog, Pou5fl (also known as Oct4) and Sox2 in mouse ESCs.***! These miRNA-target
interactions occur predominantly through interactions in the open reading frame. These
miRNAs are highly upregulated during retinoic acid (RA) induced differentiation, which
induces predominantly neural differentiation suggesting that these miRNAs may be
involved in lineage specific silencing of ESC self-renewal. In human ESCs, miR-145
was found to directly suppress ESC self-renewal via targeting Oct4, Sox2 and Kl1f4.%
Understanding the biological functions and relative in vivo contributions of various direct
miRNA suppressors of self-renewal will be an important area of future pursuit.

In contrast to the miRNAs which directly suppress ESC self-renewal, the let-7
family of miRNAs are stabilizers of the differentiated cell fate.>* Mutations in let-7 were
first discovered in C. elegans in a mutagenesis screen for genes that prevented terminal
differentiation of seam cells in the hypodermis.* Since the discovery of let-7 in C.
elegans, homologues of let-7 have been found in all metazoans studied.* In mouse and
human there are 9 distinct let-7 family members with varied tissues specific expression
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Figure 3. miRNA interactions in the ESC self-renewal network. This figure represents a model of the
direct inhibitory and indirect activating effects of the ESCC, let-7 and miR-134, miR-296, miR-470 and
miR-145 miRNAs. Dark/bold arrows, lines and text indicate interactions, miRNAs and proteins that are
up-regulated in the ESC state. Grey arrows, lines and text indicate interactions, miRNAs and proteins
that are down-regulated in the ESC state. As ESCs differentiate, the miR-134, miR-296, miR-470 and
miR-145 miRNAs destabilize the Oct4/Sox2/Nanog transcriptional network to promote differentiation,
whereas the let-7 miRNAs inhibit Myc and downstream targets of the Oct4/Sox2/Nanog network to
stabilize the differentiated state.text.

patterns.*>In ESCs an elegant mechanism exists which allows for the post-transcriptional
silencing of let-7 transcripts. A complex of the RNA binding protein, Lin28 and the
terminal uridyl-transferase, TUT4, binds to and induces the degradation of pre-let-7
transcripts.’¢ Lin28 expression is quickly lost during ESC differentiation,’”® which
allows for the rapid increase in let-7 expression.*

Recently, it was discovered that let-7 family members could induce silencing of
self-renewal in the miRNA deficient Dgcr8 “- ESCs but not in wild-type ESCs.?* This
observation suggested that miRNAs expressed in ESCs normally prevent let-7 from
silencing ESC self-renewal. Indeed, the ESCC miRNAs that predominate in ESCs, are
able to prevent loss of self-renewal induced by the let-7 miRNAs. Let-7 preferentially
targets transcripts that are enriched in ESCs, including many transcripts that are regulated
by the pluripotency transcription factors Oct4, Sox2, Nanog and Tcf3. Additionally, a
number of direct targets of let-7 are indirectly upregulated by the ESCC miRNAs, which
can explain how the ESCCs antagonize let-7. Among the targets with opposing regulation
by let-7 and the ESCCs are the Myc proteins, Sall4, Lin28 and Trim71.33

The antagonism observed between the ESCC and let-7 miRNAs and the targets which
are regulated in opposing fashion by these miRNAs, suggest a network in which ESCC
miRNAs and let-7 miRNAs have mutually exclusive expression and function (Fig. 3).
In ESCs, the ESCC miRNAs lead to upregulation of Lin28, which directly suppresses
let-7 maturation. Additionally, ESCCs indirectly upregulate cMyc and other direct let-7
targets that promote ESC self-renewal. By these mechanisms ESCC miRNAs counteract
the effects of let-7. ESCC miRNA expression is promoted by Oct4, Sox2 and Nanog.” As
ESCsdifferentiate, Oct4, Sox2 and Nanog expression decrease resulting in a corresponding
decrease in ESCC expression. In the absence of ESCCs, Lin28 levels also decrease. In
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this differentiated state, let-7 is no longer inhibited and feeds back to directly target Lin28
thereby reinforcing its own expression. Furthermore, let-7 now stabilizes the differentiated
state by limiting expression of factors required for the ESC fate including transcripts that
were previously activated by the pluripotency transcription factors Nanog, Oct4 and Sox2.

The let-7 miRNAs in addition to suppressing the ESC transcriptional program
also promote the somatic cell cycle (Fig. 2). Let-7 miRNAs target both directly and
indirectly multiple activators of the G1-S transition including cdc25a, cdk6, cyclinD1
and cyclinD2.*** These interactions and others contribute to the overall effect of the
let-7 miRNAs on increasing the number of cells in the G1 phase of the cell cycle.**
It remains unclear how or if the cell cycle directly influences ESC self-renewal. It has
been postulated that in the G1 phase cells are most susceptible to pro-differentiation
signaling cascades including MAPK signaling.®® It will be important to understand in
more detail the interactions between the cell cycle and the ESC transcriptional network
and to understand the impact of miRNAs on these interactions.

REGULATORY NETWORKS CONTROLLING miRNA EXPRESSION

In ESCs, ESCC miRNA expression from the miR-290 cluster is controlled by the
pluripotency transcription factors Nanog, Oct4, Sox2 and Tcf3 as well as by the Myc
transcription factors nMyc and cMyc.**$! ESCC miRNAs indirectly upregulate cMyc
to form a positive feedback loop which likely reinforces their own expression. When
ESCs differentiate, pluripotency transcription factors are downregulated and in turn so
are the ESCC miRNAs.*

Transcriptional control of expression of direct miRNA suppressors of ESC
self-renewal remains an open area of research; however, high-throughput sequencing
of chromatin immuno-precipated factors (ChIP seq) data in ESCs give us some insight
into their regulation. In ESCs the miR-296 promoter is bound by Oct4, Sox2, Nanog and
Tcf3; however, it is also marked by repressive H3K27 methylation and is bound by the
polycomb group protein Suz12.%° These data suggest a mechanism by which miR-296
is poised to be activated in ESCs. If upon differentiation the repressive H3K27 histone
mark is rapidly lost prior to loss of Oct4, Sox2 and Nanog, these transcription factors
could transiently drive transcription of miR-296. This regulation would form a negative
feedback loop leading to more robust loss of ESC self-renewal. How H3K27 methylation
is maintained at the miR-296 promoter in ES cells and lost with differentiation is unclear.
Regulation of miR-134 and miR-470 promoters is even less well understood.

Likewise transcriptional control of let-7 expression remains relatively unclear.
Differentlet-7 transcripts are expressed in the various differentiated tissues and thus likely
diverse transcription factors are able to induce let-7 expression.”’ In ESCs, Oct4, Sox2
and Nanog drive expression of the let-7g primary transcript.”® The primary transcripts
are processed to pre-miRNAs in ESCs where they are degraded by the Lin28/Tut4
complex.’5¢ As ESCs differentiate, suppression by Lin28/Tut4 is lost and mature let-7
is produced.>>~7*® Additional miRNAs are regulated in this way in ESCs.**

Recently, anew class of regulatory RNA binding proteins, the Trim-NHL proteins, has
been discovered. Inneural stem cells, Schwamborn et al showed that expression of Trim32
potentiates let-7 inhibition of targets and is associated with the differentiation of NSCs.%
In ESCs, the ESCC miRNAs promote expression of Trim71 (also known as Mlin-41).
Trim71 is a let-7 target essential for mouse development.®® Rybak et al demonstrated
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that Trim71 acts as an ESC expressed E3 ubiquitin ligase that functions to degrade Ago2
protein, a component of the RISC complex.* Both Trim32 and Trim71 are members of
a larger family of Trim-NHL proteins, which also include the Drosophila proteins Brat
and Mei-P26. These Drosophila proteins also function to modulate the miRNA pathway
through interactions with Ago1.% It will be important to understand if Trim71 simply
functions to modulate activity of the entire miRNA pathway via degradation of Ago2 or
if like Trim32 it can associate and increase the activity of specific miRNA subtypes.

miRNAs CAN PROMOTE OR INHIBIT DEDIFFERENTIATION
TO IPS CELLS

ESCC miRNAs promote self-renewal in ESCs while the let-7 miRNAs promote
silencing of ESC self-renewal. Reprogramming of somatic cells to induced pluripotent
stem (iPS) cells can be achieved by nuclear transfer or by directed reprogramming with
exogenously introduced transcription.®® Consistent with the role of ESCC miRNAs in
promoting ESC self-renewal, addition of these miRNAs to directed reprogramming
assays enhances reprogramming efficiency.®' Likewise inhibition of the let-7 miRNAs
enhances reprogramming.** The effects of inhibiting the direct miRNA suppressors of ESC
self-renewal on reprogramming remain unknown. Together, these findings demonstrate
that the same mechanisms that control ESC self-renewal and differentiation also govern
the dedifferentiation process.

Additionally, the ability to reprogram with cocktails of transcriptions factors with
and without Myc (either Sox2, Oct4, Kif4, cMyc or Sox2, Oct4, Klf4, no cMyc) has
allowed for interrogation of the function of miRNAs and miRNA inhibitors in regard
to whether they function in the same or alternate pathways to each of these factors. For
example, the ESCC miRNAs were shown to enhance reprogramming in the absence,
but not in the presence of cMyc.*! These findings suggest that ESCCs and Myc have
redundant roles. Indeed it is now known that ESCCs induce the indirect upregulation
of cMyc and that both cMyc and nMyc promote transcription of ESCC miRNAs.336!
Additionally, it has been discovered that inhibition of let-7 promotes reprogramming
more so in the absence than in the presence of Myc.* This finding suggests that let-7 in
somatic cells in part acts to suppress ESC self-renewal through Myc. Indeed, both cMyc
and nMyec are direct targets of let-7.33¢7 It will be important and interesting to understand
if there exist miRNAs, which operate in the same pathways as the other pluripotency
transcription factors and whether these miRNAs can replace these transcription factors
in iPS cell reprogramming.

miRNAs IN SOMATIC STEM CELLS

miRNA function in somatic stem cells remains poorly studied. Indeed, aside
from ESC derived neural progenitor cells (NPCs) no detailed analysis of the miRNA
repertoires of pure somatic stem cell populations has been performed. In NPCs the let-7
miRNAs are the dominant miRNA species.*® Interestingly, recent data suggest that the
let-7 miRNAs are not required for the propagation but rather the differentiation of neural
stem cells in the embryonic mouse brain.® In this model, asymmetric divisions in neural
stem cells segregates the RNA binding protein Trim32 into the daughter cell committed
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to differentiate further. Trim32, among other functions, increases the activity of let-7 in
this cell to promote differentiation.®

miRNAS IN CANCER CELLS

ESCC miRNAs and the miR-17/20/106 family share a similar seed sequence. The
miR-17/20/106 family has been shown to have important roles in cancer. For example,
miR-93 and miR-106 miRNAs target p21 to deregulate the G1/S checkpoint and promote
rapid cell proliferation in multiple tumor types.***° Additionally, in vivo studies have shown
important roles for these miRNAs in tumorigenesis. In particular, enforced expression
of the miR-17-19b polycistron accelerates tumor formation and decreases apoptosis in
an Eu-Myc B cell lymphoma mouse.” The decreased apoptosis in this model is likely, at
least in part, due to miR-17 family miRNAs targeting the pro-apoptotic protein Bim.” The
miR-17/92 cluster also contributes to tumorigenesis by increasing angiogenesis in tumors.”
The human miRNAsmiR-372 and miR-373 share the ESCC seed sequence. These miRNAs
cooperate with oncogenic Ras to promote tumor formation in primary human fibroblasts
and are highly expressed in germ cell tumors.” Collectively, these data demonstrate that
miRNAs that share a similar seed sequence to the ESCC miRNAs, function as potent
oncogenes often by acting through similar pathways normally seen in ESCs.

In contrast to the ESCC and related miRNAs, the let-7 miRNAs act as tumor
suppressors. In a model of breast cancer, a subpopulation of the cancer cells, the tumor
initiating cells (TICs), can regenerate the tumor. When the TICs differentiate they are no
longer capable of forming a full tumor. The let-7 miRNAs are sufficient for differentiation
ofthese cells. In this setting, let-7 acts in part by suppressing Ras, to suppress proliferation
and HMGAZ2, to promote differentiation of the cancer cells.”* Likewise, in a mouse
models of K-Ras induced lung cancer and in xenograft models of established cancer cell
lines, addition of exogenous let-7 miRNAs suppresses while inhibition of let-7 activity
promotes tumorigenesis.”>”’ Furthermore, recent evidence suggests that Lin28 through
inhibition of let-7 activity can promote tumor formation.”®*! Let-7 has been shown to
target multiple oncogenes including K-Ras, N-Ras, Hmga2, cMyc, nMyc and additional
factors that collectively reduce cell proliferation.? Together, these data strongly support
a functional role for let-7 as a tumor suppressor.

CONCLUSION

The data summarized in this chapter support an important role for various miRNA
species in either stabilizing the self-renewing state of stem cells or in promoting their
differentiation. These miRNAs are similar to other global regulators of gene expression as
different subclasses of these miRNAs can either promote or inhibit stem cell self-renewal.
These impacts on self-renewal occur both through regulation of the cell cycle and the
stem cell transcriptional program. As we learn more about the miRNAs that influence
stem cell self-renewal it is becoming clear these miRNAs are tightly regulated in complex
molecular networks. This regulation can occur at various levels both transcriptional and
post-transcriptional. Furthermore, different classes of miRNAs can inhibit or activate each
other’s expression. Understanding the extent and function of these networks in development
will greatly enhance our knowledge of both developmental and disease states.
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CHAPTER 9

TELOMERES AND TELOMERASE IN
ADULT STEM CELLS AND PLURIPOTENT
EMBRYONIC STEM CELLS

Rosa M. Marién and Maria A. Blasco*

Abstract:

Telomerase expression is silenced in most adult somatic tissues with the exception
ofadultstem cell (SC) compartments, which have the property of having the longest
telomeres within a given tissue. Adult SC compartments suffer from telomere
shortening associated with organismal aging until telomeres reach a critically
short length, which is sufficient to impair SC mobilization and tissue regeneration.
p53 is essential to prevent that adult SC carrying telomere damage contribute to
tissue regeneration, indicating a novel role for p53 in SC behavior and therefore
in the maintenance of tissue fitness and tumor protection. Reprogramming of adult
differentiated cells to a more pluripotent state has been achieved by various means,
including somatic cell nuclear transfer and, more recently, by over expression of
specific transcription factors to generate the so-called induced pluripotent stem
(iPS) cells. Recent work has demonstrated that telomeric chromatin is remodeled
and telomeres are elongated by telomerase during nuclear reprogramming.
These findings suggest that the structure of telomeric chromatin is dynamic and
controlled by epigenetic programs associated with the differentiation potential
of cells, which are reversed by reprogramming. This chapter will focus on the
current knowledge of the role of telomeres and telomerase in adult SC, as well
as during nuclear reprograming to generate pluripotent embryonic-like stem cells
from adult differentiated cells.
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INTRODUCTION

One of the best-known cell-intrinsic events associated with aging is the progressive
shortening of telomeres, the natural ends of chromosomes. The speed at which telomeres
shorten with aging seems to vary between men and women and can be influenced by
factors considered to accelerate aging and to be a risk of premature death, such as
perceived stress, smoking and obesity, all of which have been proposed to negatively
impact on telomere length.!* Telomere shortening is also accelerated in various human
diseases associated with aging, such as cardiovascular disease, dementia and infections,
among others,”™!! as well as in human syndromes caused by mutations in telomere
maintenance pathways, including germ line mutations in telomerase components. '3
A current model suggests that short telomeres represent a chronic type of DNA damage
which is propagated to daughter cells and that can cause aging by impairing the ability
of adult stem cells (SC) to regenerate and repair tissues, as well as that leads to cell
loss via induction of cell senescence and apoptosis.!'®!?

During development cells gradually lose their self-renewal and differentiation
capacities, however, differentiated somatic cells can be reverted to a more pluripotent
state.”® This reversal to a developmentally more-primitive state is termed nuclear
reprogramming. The mechanisms underlying nuclear reprogramming are thought to
involve genome-wide changes in chromatin structure and gene expression,?2* which
are dictated by epigenetic states correlated with the differentiation potential of cells.

Nuclear reprogramming has been achieved by using somatic cell nuclear transfer
(SCNT),** although other methods, including fusion of differentiated cells with
embryonic stem (ES) cells, have been also described.”® Nuclear reprogramming by
SCNT is achieved by insertion of the nucleus of a differentiated somatic cell into an
enucleated, unfertilized egg cell (the oocyte) of the same species (Fig. 1).** Along this
process, the adult differentiated nucleus “goes back” in development to a zygotic state
with the potential to generate an entire organism, genetically identical to the donor of
the somatic cell. SCNT has been successfully performed in various mammalian species,
including mice, sheep, cattle, pigs, rabbits and cats.?**3° These studies demonstrated
that the ability to de-differentiate and reprogram nuclei to acquire totipotency inheres
in mammalian oocytes. Moreover, the success of the technique gave promise to
applications such as gene manipulation, species preservation, livestock propagation,
as well as the generation of patient-specific pluripotent stem cells that could be used
for the study and treatment of human diseases.

The recent discovery that mouse and human somatic cells can be reprogrammed
to the so-called induced pluripotent stem (iPS) cells by over expression of four or less
transcription factors,*'*? has generated much excitement. iPS cells represent a new source
of patient-specific stem cells. Importantly, iPS cell generation bypasses the technical
difficulties and ethical controversies associated with SCNT (Fig. 1), which involve
the generation and destruction of human embryos. Full characterization of iPS cells is
still in progress, but initial studies indicate that iPS cells have the same properties as
ES cells, including similar global gene expression and epigenetic patterns, as well as
the ability to contribute to mouse embryonic development and form teratomas when
injected into nude mice.®

The successful use of reprogrammed cells in cell therapy requires that these cells
have sufficient proliferative potential and are able to maintain genomic integrity to
ensure long-term functionality. In this regard, a proper telomere length and function
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Figure 1. Strategies to induce nuclear reprogramming. Generation of pluripotent stem cells from adult
differentiated somatic cells by different nuclear reprogramming procedures. Nuclear reprogramming by
somatic cell nuclear transfer (top) is achieved by transplantation of the nucleus of the differentiated donor
cell into an enucleated oocyte. Pluripotent stem cells are then obtained from the pre-implantation embryo
generated. An alternative mechanism (bottom), which does not involve the generation and destruction
of embryos, is the generation of induced pluripotent stem (iPS) cells by overexpression of a set of
“stemness” transcription factors. In any case, donor adult cells present shortened telomeres, raising the
question whether telomeres are rejuvenated to a stem cell-like state during nuclear reprogramming.

is essential to ensure chromosomal stability of the resulting reprogrammed cells. Since
telomeres shorten with each cell cycle and telomere length is tightly linked to cellular
age, it is of relevance to determine whether the shortened telomeres of a differentiated
donor cell are fully restored to an ES cell-like length during reprogramming.

REGULATION OF TELOMERES AND TELOMERASE

Telomeres are ribonucleoprotein heterochromatic structures at the ends of
chromosomes that protect them from degradation and from being detected as
double-strand DNA breaks.>*** Mammalian telomeres consist of tandem repeats of the
TTAGGG sequence bound by a six subunit -protein complex known as shelterin.?*’
Telomere function depends on a minimal length of telomeric repeats and the binding
of the shelterin complex.’’ Incomplete DNA replication of chromosome ends (the
so-called “end-replication problem”) results in progressive shortening of telomeres,
a defect which is propagated into daughter cells and can eventually lead to critically
short/uncapped telomeres and cell cycle arrest/senescence.’®3° Progressive telomere
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shortening is proposed to be one of the mechanisms underlying organismal aging.*’
Telomere length is maintained by telomerase, a reverse transcriptase encoded by the
Tert (telomerase reverse transcriptase) and Terc (telomerase RNA component) genes,
which is able to add telomeric repeats de novo after each round of cell division onto
chromosome ends.**? Alternative ways to maintain telomere length exist, such as ALT
(alternative lengthening of telomeres), which relays on homologous recombination
between telomeric or subtelomeric sequences.* Current evidence suggests that
telomere-clongation mechanisms are regulated by the epigenetic status of telomeric
chromatin and by the telomere-binding proteins.*** In particular, both telomeric
and subtelomeric regions are enriched in histone marks characteristic of repressed
heterochromatin domains, such as trimethylation of H3K9 and H4K20 and binding of
heterochromatin protein 1 (HP1).4%® Also, subtelomeric DNA is heavily methylated.*’
Loss ofthese heterochromatic marks is concomitant with excessive telomere elongation.
In particular, abnormally long telomeres are observed upon loss of H3K9m3, HP1
and H4K20m3 marks in cells deficient for the Suv39h or Suv4-20h histone methyl
transferases,***® as well as upon loss of subtelomeric DNA methylation in cells deficient
for Dicer or the DNMT1 and DNMT3ab DNA methyl transferases.*”*’

In addition, telomeres are actively transcribed in yeast, zebra fish and mammals
generating long, noncoding RNAs known as TeIRNAs or TERRAs. #4355 TERRAs
can associate with the telomeric chromatin, where they are proposed to act as negative
regulators of telomere length based on their ability to act as potent inhibitors of
telomerase in vitro. *53051In line with this, TERR As are down-regulated in association
with cancer progression, a situation that requires efficient elongation of short telomeres
by telomerase. Finally, telomere-binding proteins such as TRF1, TRF2, Tin2, TANK1
and TANK?2 have been also shown to influence telomere length.>>> Altogether, these
observations pointto a higher order structure at telomeres that is epigenetically regulated
and important for telomere length control (Fig. 2).

Telomerase expression is restricted to embryonic development as well as to
adult stem cell compartments.'®*¢*® However, telomerase activity in these tissues is
not sufficient to prevent telomere shortening with age.** Mutations in telomerase
components present in patients suffering from dyskeratosis congenita, aplastic anemia
and idiopathic pulmonary fibrosis'*"* further accelerate telomere shortening and lead to
premature loss of tissue regeneration and disease, indicating that telomerase levels in
the adult organism are rate-limiting for organism fitness. Moreover, telomerase-deficient
mice show premature aging and a decreased proliferative potential of adult stem cell
populations.®®® This role of telomerase and telomere length in organ homeostasis and
adult stem cell biology highlights the importance of understanding the effects of nuclear
reprogramming on telomerase activity, telomere length and telomeric chromatin.

ROLE OF TELOMERES AND TELOMERASE IN ADULT
SC COMPARTMENTS

Cancer and aging, two biological processes in which telomerase activity has been
implicated, are increasingly seen as SC diseases.***”% In particular, cancer may often
originate from the transformation of normal SC, while aging has been associated with
a progressive decline in the number and/or functionality of certain SC.%763
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Figure 2. Figure viewed on previous page. Reprogramming of telomeres upon induction of pluripotency.
A) Telomeres in adult differentiated cells are organized into a highly compact chromatin with high
levels of heterochromatic marks and low telomeric RNAs TERRAs/TeIRNA expression. Nuclear
reprogramming results in a reduction of H3K9m3, H4K20m3 and HP1 heterochromatic marks that
transform the telomeric chromatin into a less compacted and more accessible structure, concomitant with
a dramatic upregulation of telomerase enzyme. Telomerase efficiently elongates telomeres and levels of
TERRAs/TelRNA expression are upregulated. Telomere elongation continues postreprogramming until
the natural limit of telomere length of pluripotent cells has been reached. B) Suboptimal cells, such
as those with critically short telomeres, are eliminated during the reprogramming process. Critically
short telomeres and other types of DNA damage, turn on the DNA damage response at the onset of
reprogramming and induce p53-dependent apoptosis, preventing the generation of pluripotent cells from
suboptimal damaged cells.

The fact that telomerase activity is largely restricted to SC, suggests that telomerase
levels in these cells may be determinant for organism fitness. Evidence for a rate-limiting
role oftelomerase in human aging and life span, has come from the study of human diseases
associated with mutations in telomerase components. As discussed above, mutations in
the telomerase core components, Tert and Terc, are present in patients that suffer from
aplastic anemia, idiopathic pulmonary fibrosis and dyskeratosis congenita. These lethal
diseases are adult-onset and are characterized by a premature loss of tissue regeneration
associated with telomere shortening.'>!56-6% In an analogous manner, telomerase deficiency
in mice results in decreased median and maximum life span already within the first mouse
generation, also indicating that telomerase is rate-limiting for aging in mice.*

During the lastyears, the specificrole of telomerase in different stem cells compartments
has been elucidated, including hematopoietic stem cells (HSC),”*” epidermal stem cells
(ESC)%" and neural stem cells (NSC).* The use of loss-of-function and gain-of-function
mouse models for telomerase, has served to establish the role of telomere length and
telomerase activity on ESC behavior.**5™ Telomere shortening in the context of
Terc-deficient mice has been shown to result in decreased functionality of their skin ESC
compartment.*® In particular, mobilization (proliferation and migration) of ESC out of
the hair follicle niche upon mitogen-induced proliferation is partially inhibited in mice
with a slight reduction in telomere length (early generation Terc”~ mice) and strongly
inhibited in mice with critically short telomeres (late generation Terc”~ mice).*® The
immediate consequences of such mobilization defect are lower rates of proliferation in the
hair follicle stem cell niche as well as in the adjacent transient-amplifying compartment,
resulting in defective hair growth and a stunted hyperplasic response.’® This defective
stem cell function could be fully rescued by telomerase re-introduction and elongation of
short telomeres,” as well as by p53 abrogation in the absence of telomere elongation.”
These results highlight short telomeres as causative of SC dysfunction in a p53-dependent
manner. Besides the skin, other tissues with a high cell turnover such as bone marrow,
intestine and testis, show atrophies in Terc-deficient mice with critically short telomeres,®'62
supporting the notion that telomere length is a determinant for tissue fitness in the wide
context of the organism.

Finally, itis important to note that the effects of telomere length and telomerase activity
on different stem cell compartments (ESC, HSC and adult NSC) are cell autonomous, as
demonstrated using in vitro clonogenicity assays.’*® Inaddition, it has been recently shown
that short telomeres in the context of the Terc-deficient mouse model may also limit the
ability of stem cell microenvironments to sustain the proper functioning of transplanted
wild-type stem cells.”” All together, these results suggest that telomere shortening with
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aging is not only an intrinsic factor leading to aberrant stem cell functioning but also
may affect the viability of the stem cell environment further aggravating stem cell
dysfunction with aging. This is relevant for designing potential therapeutic strategies
based on telomerase reactivation, since it indicates that the effects of telomerase and
telomere length on stem cell behavior are dependent on both the stem cells and the
physiological niche micro-environments. These findings on the negative impact of short
telomeres on the regenerative capacity of tissues also lead to the provocative idea that
boosted telomerase expresion in adult tissues may have antiaging effects by extending
tissue fitness and longevity. Importantly, telomerase over-expression in the context of
mice engeneered to be cancer resistant, significantly delayed aging and resulted in a 40%
extension of median longevity,” first demonstrating anti-aging activity of telomerase in
the context of the organism.

TELOMERES AND TELOMERASE REGULATION
DURING REPROGRAMMING BY SCNT

When Dolly the sheep was reported as the first adult mammal generated using
SCNT,?* important questions were raised regarding the “age” of her cells. Since Dolly
was cloned from an adult cell, it was intriguing to determine whether Dolly’s cells
maintained the telomere length corresponding to the age of the donor cell or whether they
were “rejuvenated” to the length of pluripotent ES cells during reprogramming. These
were relevant questions that raised concerns not only regarding possible developmental
problems of the cloned animals, but also regarding the quality of the resulting ES cells
as well as their potential use in regenerative medicine therapies.

The analysis of Dolly’s telomeres, cloned from a cultured mammary cell from a
6-year-old animal, revealed thatthey were shorter, by approximately 20%, when compared
with age-matched controls.” Similarly, sheep cloned by nuclear transfer of cultured cells
from embryonic or fetal tissue showed a 10-15% telomere shortening comparing with
age-matched controls.” These disappointing observations suggested that the telomeric
cellular clock had not been reset to zero during reprogramming. However, follow-up
analyses across a variety of SCNT-derived animals gave rather different results, with the
majority of cloned animals presenting a normal telomere length compared to age-matched
controls. In particular, cloned mice by means of SCNT showed telomeres that were stable
for six generations.®® Similarly, cloned cattle derived from fibroblasts cells,? 2 cumulus
cells®? and granulosa cells,® all showed normal telomere length. Finally, cloned sheep
derived from fibroblast cells also showed restored telomere length.3 Interestingly, even
in the instance when senescent cells with very short telomeres were used as nuclear
donors, telomere length was restored and even enhanced by the cloning process.®' These
findings suggested that the-already shortened telomeres of somatic donor cells could be
re-elongated during reprogramming, although the degree of elongation was quite variable,
underscoring the complexity of telomere length control in the clones. To date, it is still not
clear why Dolly’s telomeres were so unusually short, but it has been suggested that this
variability may be the consequence of differences in donor cell type, in nuclear transfer
procedures and the species.®

The demonstration of telomere elongation during SCNT opened new questions,
such as when during reprogramming are telomeres being elongated and whether this
clongation is telomerase-dependent. The latter is a relevant question, as telomeres are
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known to lengthen during the early embryo cleave cycles following fertilization not
by telomerase but through a recombination-based mechanism.>® In contrast, telomeres
are elongated in a telomerase-dependent manner at the transition from the morula to
the blastocyst stage both in mice and cattle embryos.*® When SCNT-derived embryos
were studied at the morula to blastocysts transition, telomeres were comparable to those
of the donor cells at the morula stage, but restored to normal length at the blastocyst
stage, regardless of the telomere length of donor nuclei.® These data suggested that
telomerase activation could be taking place during the SCNT process. Indeed, telomerase
reactivation was observed in cloned embryos obtained from nuclear transfer of donor
nuclei that showed low or undetectable levels of telomerase.® 887 The temporal profile
of the telomerase activity during development was similar in cloned embryos and
fertilized embryos, with the highest level in the blastocyst stage®®+#7 and correlates
with the moment of telomere elongation.®

These results indicate that restoration of telomere length in SCNT cloned animals
occurs during embryogenesis, very likely through an increase in telomerase activity at
the morula to blastocysts transition.

TELOMERES AND TELOMERASE REGULATION DURING iPS CELL
GENERATION

When iPS cells were first described,*!? it became of immediate interest to determine
whether telomeres acquired the characteristics of ES cells telomeres, including a much
longer telomere length than that of the differentiated parental cells. In this regard, two
well-defined characteristics of ES cells, such as high levels of TERT and high telomerase
activity,®® were readily described for iPS cells.’'*>% As the presence of active telomerase
does not necessarily mean net telomere elongation,” it remained unclear whether
telomeres were being elongated or not during iPS cell generation, a process that occurs
in an in vitro cell culture setting in contrast to SCNT. A recent study demonstrated
that telomerase-dependent telomere elongation occurs in iPS cells derived from mouse
embryonic fibroblasts (MEFs), which continues postreprogramming until reaching ES
cell telomere length.”! Even when fibroblasts were derived from old donor mice, which
showed much shorter telomeres than MEFs, telomeres were efficiently elongated in the
resulting iPS cells. These results suggested that iPS cells derived from donors with a
limited telomere reserve, such as elderly individuals or patients with diseases characterized
by short telomeres, will rejuvenate their telomeres as long as they carry a functional
telomerase pathway.

Interestingly, the resulting iPS cells showed a decreased density of H3K9m3 and
H4K20m3 heterochromatic marks at telomeres compared to the parental MEF, reaching
similarly low levels to those of ES cell telomeres.’' These results are in line with a higher
plasticity in the chromatin of pluripotent ES cells compared to that of differentiated
cells.”? Also in agreement with an opening of the telomeric chromatin associated
with nuclear reprogramming, we observed similarly elevated telomere recombination
frequencies both in ES cells and in iPS cells when compared to parental MEF, which
showed much lower frequencies of recombination.’! Finally and in agreement with
their longer telomeres, TERRA levels are efficiently increased in iPS compared to the
MEEF. This accumulation of TERRA in turn may serve as a mechanism to negatively
regulate telomere elongation by telomerase once the iPS cells reach the ES cell telomere
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length.”' Since it has been described that histone H3.3 and ATRX (alpha thalassemia/
mental retardation syndrome X-Linked) are present at telomeres of mouse ES cells,”**
it is likely that they could also be found at the telomeres of iPS cells, although this
has not been proven yet. Together, these observations demonstrate that generation of
iPS cells involves a change in the epigenetic status of telomeres towards a more open
chromatin conformation with a lower density of heterochromatic histone marks, which
is coincidental with increased TERRA transcription, increased telomere recombination
and continuous telomere elongation until reaching ES cell telomere length. Since TERRA
has been proposed to negatively regulate telomerase activity,’' increased expression
of TERRA in iPS may serve as a counting mechanism of telomere length that would
inhibit telomerase activity once the iPS cells reach the ES cell telomere length. These
results prove that telomeric chromatin is dynamic and reprogrammable depending of
the differentiation stage of cells (Fig. 2).

TELOMERASE ACTIVATION IS ESSENTIAL FOR THE “GOOD” QUALITY
OF THE RESULTING iPS CELLS

Reprogramming efficiency of cells derived from increasing generations of
telomerase-deficient mice, which present a higher frequency of critically short telomeres
and chromosome end-to-end fusions, was dramatically reduced, indicating thata minimum
telomere length is required for efficient reprogramming.’! Crucially, reintroduction
of telomerase reduced the frequency of short telomeres and largely restored iPS cell
generation efficiency. These results suggested that damaged/uncapped telomeres are
responsible for their failure to reprogram and highlighted the existence of ‘reprogramming
barriers’ that abort the reprogramming of cells with uncapped telomeres. Since p53 has
a key involvement in preventing the propagation of DNA-damaged cells, including
those containing short telomeres, its possible involvement as a reprogramming barrier
was readily tested.” Abrogation of p53 allowed efficient reprogramming of cells with
critically short telomeres and other types of DNA damage,” demonstrating that p53 is
critical in preventing the generation of human and mouse pluripotent cells from suboptimal
parental cells, including those with critically short telomeres. In line with these results,
other studies have also shown that p53 limits the production of iPS cells.”*® Overall,
these findings demonstrate that telomere length and telomeric chromatin are rejuvenated
during in vitro reprogramming and highlight the important role of telomere biology and
dynamics in iPS cell generation and functionality (Fig. 2).

REGULATION OF TELOMERE REPROGRAMMING

Despite the emerging details describing the profound changes on telomeres during
nuclear reprogramming, how telomere reprogramming is regulated is still largely unknown.
Due to the importance of telomerase in this process, it would be important to determine
how telomerase activity is upregulated. The proto-oncogene c-Myec, one of the four factors
involved in the reprogramming by defined factors, transcriptionally regulates Tert,'®
suggesting that could be responsible for the telomerase activation observed in iPS cells.
However, iPS cells generated with or without c-Myc showed similar levels of telomerase
activity.”! Thus, the mechanism for telomerase activation during iPS generation remains
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unknown. However, telomerase activity is not the only factor determining telomere length.
Telomerase-mediated telomere elongation and maintenance depend on telomere structure,
which is regulated by epigenetic modifications at telomeres and by telomere binding
proteins.*# Nuclear reprogramming requires the removal of the tissue-specific epigenetic
pattern imposed on the chromatin during cellular differentiation and division, which is
accomplished through large scale reorganization of chromatin structure and functions, as
global changes of DNA methylation or histone modifications that lead to a more open state
of the chromatin.?® These epigenetic alterations have been shown to also alter telomere
chromatin during reprogramming.’’ The reprogramming of telomeric chromatin into a
more open conformation observed in iPS cells may be required to allow telomerase access
to the end of the telomere and posterior telomere lengthening (Fig. 2), although this has
not been formally proven. In line with this, aberrant epigenetic modifications in cloned
embryos obtained by SCNT may explain the differences in telomere lengths observed as
the result of differences in the accessibility of telomerase to the telomere. In this regard,
it is interesting to note that cloned embryos showed abnormal methylation patterns.”? On
the other hand, epigenetic changes occurring during reprogramming could also have a
direct impact in telomerase expression.

Finally, telomere binding proteins are also mediators of telomere length that may
inhibit or facilitate the binding of telomerase to telomeric DNA. A possibility exist that the
expression or function of these proteins is regulated during reprogramming to contribute
to telomere rejuvenation, although data supporting this hypothesis is not available. Thus,
future studies defining the role of chromatin modifying activities and telomere binding
proteins on telomere reprogramming would be of great interest.

CONCLUSION

Shortening of telomeres to a critically short length in adult SC, something that is
associated with organismal aging, is sufficient to impair SC mobilization and tissue
regeneration and is proposed to be a key determinant of organismal longevity. In turn,
nuclear reprogramming, achieved either by SCNT or by expression of defined transcription
factors, increases telomerase activity and restores telomere length, leading to arejuvenated
status of telomeres. Moreover, telomeric chromatin is also reprogrammed to an ES cell-like
state, with a more open conformation and increased expression of TERRAsS, at least in
induced pluripotent stem cells obtained by in vitro reprogramming. All together the data
available show that a complex regulation of telomeres occurs during differentiation and
reprogramming and demonstrate that telomeric chromatin structure is dynamic and defined
by cell-type specific epigenetic programs that can be reversed by reprogramming.
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CHAPTER 10

X CHROMOSOME INACTIVATION
AND EMBRYONIC STEM CELLS

Tahsin Stefan Barakat and Joost Gribnau*

Abstract:

X chromosome inactivation (XCI) is a process required to equalize the dosage of
X-encoded genes between female and male cells. XCl is initiated very early during
female embryonic development or upon differentiation of female embryonic stem
(ES) cells and results in inactivation of one X chromosome in every female somatic
cell. The regulation of XCI involves factors that also play a crucial role in ES cell
maintenance and differentiation and the XCI process therefore provides a beautiful
paradigm to study ES cell biology. In this chapter we describe the important cis and
trans acting regulators of XCI and introduce the models that have been postulated
to explain initiation of XCI in female cells only. We also discuss the proteins
involved in the establishment of the inactive X chromosome and describe the
different chromatin modifications associated with the inactivation process. Finally,
we describe the potential of mouse and human ES and induced pluripotent stem
(iPS) cells as model systems to study the XCI process.

INTRODUCTION

In many species, the sex of an individual is genetically determined by genes located
on sex chromosomes.! Mammals are heterogametic, in which the female nucleus contains
two X chromosomes and a male nucleus one X chromosome and one Y chromosome. Sex
chromosomes originated from a pair of autosomes and divergence of these autosomes in
proto X and proto Y chromosomes was initiated by the emergence of the key male sex
determining gene SRY, which evolved from the ancestral SOX3 gene on the proto Y
chromosome.?® In subsequent steps the proto Y chromosome acquired genes involved
in male fertility, resulting in a genomic region which was nonhomologous with the X
chromosome. It is thought that the absence of homology initiated degeneration of the Y
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chromosome. Nowadays the Y chromosome contains only a limited number of genes,
most of them involved in male fertility and sex determination.®” The X chromosome is
still able to recombine in the female germ line, which prevented degradation and therefore
resulted in the maintenance of a large chromosome containing more then a thousand
genes, involved in a plethora of biological functions, varying from brain development
to metabolism and fertility."

Since both sexes contain an equal number of autosomal chromosomes, an equal
dosage of X linked genes is needed to accomplish functional cell physiology. In placental
mammals, dosage compensation of X linked genes between both sexes is achieved
by inactivation of one of the two X chromosomes in females, in a process called X
chromosome inactivation (XCI).>!" XCI occurs during early female development and
results in functional hetero-chromatinization and silencing of the X chromosome, which
is maintained during subsequent cell divisions throughout life.'? Therefore in both sexes,
only one X chromosome is functionally active. Expression of X encoded genes from
this chromosome and the single X in male cells is twofold up regulated compared to
autosomes, thereby further contributing to proper dosage compensation of X-encoded
genes.'*1¢ In mouse, X chromosome inactivation (XCI) is present in two forms. In the
extra-embryonic tissues XCI is imprinted, with the paternal X chromosome (Xp) being
inactivated in all cells.!” This process is initiated very early during development, around
the two- to eight-cell stage!®!® and is maintained in the developing extra-embryonic
tissues of the embryo, including the fetal placenta. In contrast, the Xp is reactivated in

‘ imprinted XCI

random XCI
in embryo

reactivation
in the ICM

XpifXma Xpi/Xma X XifXa
differentiation
Xa/Xa Xi/Xa
ES cells

Figure 1. X chromosome inactivation during female mouse development. During early mouse development,
at the 2 to 8 cell stage, imprinted XCI is initiated, in which the paternal X chromosome is always
inactivated (Xpi, red cells). Imprinted XCI is maintained in the extraembryonic trophectoderm (the
future placenta) and the primitive endoderm. In the inner cell mass of the blastocyst, imprinted XCI
is reversed and both X chromosomes again become transcriptionally active (XaXa, grey). Around the
time of implantation of the embryo in the uterus, random XCI starts in the fetal precursor cells which
arise from the ICM of the early embryo (XiXa, blue cells paternal X active, red cells maternal X
active). XCI is thus coupled to development and cell differentiation. Therefore embryonic stem (ES)
cells, which are isolated from the ICM of the blastocyst, can be used to study XCI in vitro, as random
XClI is initiated in female ES cells upon differentiation. A color version of this figure is available at
www.landesbioscience.com/curie.
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the inner cell mass (ICM), which gives rise to the embryo proper, after which random X
inactivation is initiated around day 5.5 of development (Fig. 1).

Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of a blastocyst.
They are characterized by the ability of self renewal and pluripotency with the capacity
to form all cell types of the embryo proper and adult organism upon differentiation.?!
Besides potential applications for regenerative medicine, ES cells are anideal study system
for early mammalian development from the pre-implantation period onwards.?>?* Female
mouse ES cells retain two active X chromosomes (Xa) and upon differentiation these cells
initiate random XCI, making them the prevailing model system to study XCI.>*** Besides
simulating early development, XCI in ES cells itself is important to accomplish proper
cell function and developmental potential. The recent discovery of induced pluripotent
stem (iPS) cells, which have ES cell characteristics and are derived from somatic cells by
reprogramming with defined pluripotency factors,?-*! has reemphasized the importance of
XCI. Theactive status of X chromosomes in ES and iPS cells can be used as a pluripotency
marker, as during iPS reprogramming the inactivated X chromosome (Xi) from somatic
cells becomes reactivated in iPS cells.?>

In this chapter, we first describe the genetic key players involved in XCI, followed
by a discussion of different models proposed to explain the counting and choice of X
chromosomes during XCI and the establishment and maintenance of the inactive X during
subsequent cell divisions. Finally, the differences between mouse and human ES cells
regarding XCI are discussed.

CIS ACTING FACTORS IN XCI

Transcriptional silencing of a whole chromosome during development has fascinated
biologists for decades and in recent years a considerable amount of knowledge has
been acquired contributing to our understanding of the molecular mechanisms involved
in XCI. Genetic studies in mice and humans with X-to-autosome translocations have
revealed that a major X-linked control locus, the X inactivation center (Xic in mice and
XIC in humans) is necessary for XCI to occur.>**” The Xic, which encompasses more
then 1 Mb on the mouse X chromosome,*® has been shown to contain at least 4 genes
which are involved in the process of XCI (Fig. 2). Three of these genes, Xist, Tsix and
Xite, are noncoding and represent the master switch locus involved in silencing of the
X chromosome in cis. The fourth gene, Rnf12 which will be discussed in later sections,
encodes an E3 ubiquitin ligase involved in regulation of XCI in trans.

The first gene which has been found to map to the XIC/Xic is the X-inactive specific
transcript (Xist in mice, XIST in humans).*”**% Xist is the only known gene which is
specifically expressed from the Xi. Xist is a noncoding gene, consisting of 7 exons in
the mouse and 8 exons in humans, producing a poly-adenylated RNA molecule (17 kb
in human and 15 kb in mouse), which is subject to alternative splicing.**? Xist RNA is
tightly associated with the Xi*** and it is required for XCI to occur in cis, as knockout
studies in female ES cells and mice have shown that X chromosomes bearing a deletion
of the Xist gene are unable to inactivate the mutated X.**” During XCI, expression of
Xist is up regulated from the future Xi.*** Xist RNA molecules spread from the Xic
across the X chromosome in cis and cover the Xi completely. By spreading over the Xi,
Xist RNA induces heterochromatinization of the X chromosome by attracting chromatin
modifiers, involved in gene silencing.>*>?
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Figure 2. The X inactivation center on the X chromosome. Schematic representation of the mouse X
chromosome and the location of part of the X inactivation center including the genes, Xist, Tsix, Xite
and Rnf12 which are involved in regulating XCI.

Another noncoding gene located within the Xic is Tsix, which is transcribed
antisense to Xist.? Tsix contains four exons and at least two transcriptional start
sites, producing a 40 kb transcript, which only localizes to the Xic, as determined by
RNA-FISH experiments. In mice the Tsix gene fully overlaps with Xist and Tsix has
been shown to negatively regulate expression of Xist, as a deletion of Tsix leads to up
regulation of Xist transcription and exclusive inactivation of the mutated X chromosome
in female cells.** Prior to XCI, expression of Tsix is from both X chromosomes in
a 10 to 100 times excess compared to Xist and after initiation of XCI expression is
continued transiently on the future Xa.*® On the Xi, transcriptional shutdown of Tsix
is accompanied by chromatin changes at the Tsix promoter.”’” The exact mechanisms
involved in Tsix-mediated silencing of Xist are unknown. Since expression of Tsix
transcripts is found in a gradient along the Xist gene, with more transcripts in the 5’
portion of Tsix relative to the 3’ portion of the gene, a role for transcriptional interference
as a mechanism to suppress Xist has been proposed.**%*® Another possible mechanism
by which Tsix might suppress Xist transcription is via RNA-mediated silencing. It has
been shown that Tsix regulates the methylation status and thus the activity of the Xist
promoter, via de novo methyltransferase 3a (DNMT3A).*° Also, active chromatin marks
are more abundant at the Xisz promoter in cells with a deficient Tsix gene in cis, whereas
marks of repressed chromatin are reduced.’** Antisense transcription through the Xist
promoter itself seems to be crucial for the establishment of repressive chromatin marks,
as a truncation of Tsix to 93% of its normal length failed to induce Xist silencing.®' Also
deleting the DXPas34 element, which is a CpG island located downstream to the major
Tsix promoter and also initiates antisense transcription, abrogates Xist silencing in cis,
thereby further emphasizing the importance of antisense transcription in 7six-mediated
silencing of Xist.%*626 Furthermore, the methylation status of this CpG island coincides
perfectly with antisense transcription through Xisz.**% Xist and Tsix transcripts are partially
overlapping and therefore a possible role for an RNAi-mediated mechanism regulating
XCI can not be excluded.®® Small xiRNAs, ranging in size from 25 to 42 nucleotides
have indeed been detected from different regions within the Xis? gene and a mutation of
the endonuclease Dicerresulted in a loss of xiIRNA formation and decreased methylation
of Xist, implicating a role for Dicer in XCI. This is disputed by others, who found that
Dicer null-ES cells show normal XCI and that the effects on the Xa are mediated by a
decreased activity of de novo methyltransferases rather than a direct effect of Dicer.5-
Therefore, at present the exact role of small RNAs in XCI initiation is unclear. Also,
over expression in cis of Tsix cDNA in a cell line with abrogated endogenous Tsix
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transcription did not result in restoration of Tsix-mediated Xis¢ silencing, which argues
against an RNAi-mediated process.®

The third noncoding gene involved in XCI, Xite, for X chromosome intergenic
transcript element,” is located approximately 10 kb upstream of Tsix and its expression
and methylation pattern during XCI is similar to that of Tsix. Xite is believed to be the
positive regulator of Tsix.”' Deletion of Xite results in a reduced antisense transcription
through the Xist locus, implying a similar role for Xife in inhibiting Xist expression as
for Tsix and DXPas34.6>7

TRANS ACTING FACTORS IN XCI

How are Xist, Tsix and Xite regulated? Among the proteins involved in Tsix regulation
are the insulator protein CTCF and the transcription factor yin yang 1 (YY'1), for which
several tandemly organized binding sites have been identified in the DXpas34 region
and the Xite promoter.”” Knockout studies involving Yy!, or partial ablation of YyI and
Ctcf through RNAi mediated repression, revealed down-regulation of Tisix expression
and concomitant up-regulation of Xist expression, supporting a role for YY1 and CTCF
in Tsix expression.”” Recently, it has been shown that the pluripotency transcription
factor OCT4 is able to bind to the DXpas34 element and the Xite promoter and may
cooporate with CTCF in the regulation of Tsix transcription.” Another study showed that
the pluripotency factors NANOG, OCT4 and SOX27>7¢ can repress Xist expression by
binding to a region within Xisz intron 1. Nanog-deficient ES cells show up-regulation of
Xistand this preceded down-regulation of Tsix, suggesting a Tsix-independent mechanism
for the pluripotency factors in Xist repression. Interestingly, Nanog expression is also
required for reactivation of the inactive paternal X chromosome in the ICM, most likely
through suppression of Xisz.**Therefore it seems likely that the well characterized key
players of pluripotency are involved in repressing XCI prior to differentiation through
different pathways.

A transgenesis screen in ES cells using BAC transgenes covering part of the Xic
region, resulted in the identification of X-encoded Rnf12 as an activator of XCI.3! Rnf12
is located 500 kb telomeric from Xis¢, within the region that originally delineated the Xic
and encodes an E3 ubiquitin ligase which has previously shown to be involved in the
regulation of LIM-homeodomain transcription factors, estrogen dependent transcription
activation and telomere length homeostasis.®>* Additional copies of Rnf12 can induce
ectopic XCI in male ES cells on the single X chromosome and in a significant proportion
of female cells on both X chromosomes.?! Initiation of XCI was reduced in heterozygous
Rnf12 female ES cells compared with wild type female ES cells. These findings indicate
an important dose-dependent role for RNF12 in activation of XCI, although the molecular
mechanism by which RNF12 mediates XCI remains elusive so far. Also, more unidentified
activators of XCImust be present to explain initiation of XCI in female Rnf12 heterozygous
knockout ES cells.

COUNTING AND CHOICE

Along standing question in XCI research involved the counting and choice mechanism
regulating initiation of XCI and required to inactivate the proper number of X chromosomes.
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Figure 3. Models explaining counting and choice in X chromosome inactivation. Several models have
been postulated to explain initiation of XCI in female cells only. The BF model presumes the presence
of a single autosomally encoded protein or entity, the blocking factor (BF), in the nucleus that prevents
XCI on one X. The symmetry breaking model proposes that the BF is composed of many proteins that
self-assemble on the future Xa. An additional X-encoded competence factor (CF) is added in the BF/
CF model. One CF copy is required for initiation of XCI on the unprotected X, whereas the other CF
copy is titrated away by the BF on the future Xa. In the alternative states model XCI is predetermined
and dependent on differences in the chromatin state of both X chromosomes. Female specific initiation
of XCI has also been explained by a pairing model, where both Xic’s in female cells come in close
proximity, facilitating a cross communication process that regulates initiation of XCI. Finally, a stochastic
model has been postulated to explain XCI. In this model, X chromosomes have a probability to initiate
XCI and only cells with the right number of active X chromosomes survive.

How does a cell sense the number of X chromosomes present in a nucleus and how many
of them need to be inactivated? A number of clinical observations in patients with an
aberrant number of X chromosomes has shed some light on this question. In patients with
a supernumerary number of X chromosomes, like so-called 46, XXX super females or 46,
XXY Klinefelter patients, all but one X chromosome become inactivated.’*” In Turner
syndrome, the single X chromosome present in these females does not undergo XCI,
whereas in tetraploid female embryos two inactivated X chromosomes are found.®#° From
this, the general rule has been deduced that XCI results in one Xa per diploid genome.*

Several models, with increasing complexity and partially overlapping mechanisms,
have tried to explain these observations (Fig. 3). The blocking factor (BF) model predicts
the presence of an autosomally encoded factor which is present in one entity in a diploid
nucleus.**¢ The BF is thought to act through binding to a DNA element, called counting
element and only interacts with one X chromosome, thereby rescuing this X from XCI
in cis. Since there is only enough BF in a diploid nucleus to prevent XCI on one X
chromosome, all additional X chromosomes will become silenced. The related symmetry
breaking model states that the BF is not a single entity, but consists of several autosomally
encoded molecules which assemble on the future Xa, thereby preventing XCI.***? Since
the Xic is necessary for XCI to occur, as XCI is initiated only in the presence of more
than one Xic in a diploid nucleus, it seems likely that the postulated counting element
must be located within the Xic. Several studies made use of transgenes and deletions, to
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identify the counting element, reasoning that when an additional counting element would
be introduced into male ES cells, this should be able to titrate away the limiting BF and
induce counting. Therefore, XCI should also occur on the endogenous X chromosome,
which is now no longer protected by the BF.

Indeed, several transgenic male ES cell lines have been generated with autosomally
integrated transgenes covering Xist and Tisix, or Xist alone, in which ectopic XCI occurred
on the single endogenous X chromosome.”**® Autosomal Xist expression and silencing
of autosomal genes adjacent to the integration site was also observed. The transgenes
used varied from large YACs carrying >500 kb to small cosmids of only 35 kb covering
only Xist and flanking regions.” These studies therefore indicated that factors involved
in counting may be located within the sequences covered by the transgenes. However,
other related studies did not show induction of counting using similar transgenes,?' %1%
or showed that only multicopy transgenes are able to induce counting.'® Interestingly,
studies involving a deletion of Xisf on one X chromosome in female ES cells, which had
shown that Xist is necessary for XCI to occur in cis, also showed that Xist transcription
and the deleted part of the Xist gene are not involved in counting, as XCI is normally
initiated on the wild type X chromosome.*-71021%4 In contrast, different male T’six mutant
ES cells, some already generated prior to the identification of Tsix, displayed initiation
of XCI on the single X chromosome, which suggested a role for the deleted sequences in
the counting process.>>3860:63105 The same mutations did however not disturb the counting
process in female cells, but resulted in preferential inactivation of the mutated allele,
showing that T'six mediates silencing of Xist in cis.>* These findings could be explained
through a mechanism whereby the respective mutations disrupted the counting element,
preventing BF binding. However, a heterozygous deletion of a region including Xis?,
Tsix and Xite (AXTX), in female ES cells and mice did not result in a disturbed counting
process, as the wild type X chromosome was normally inactivated.'® This finding indicated
that Xist, Tsix and Xite are not required for the counting process and locate the counting
element outside the deleted region, although studies with Xist transgenes suggest that
overlapping sequences may be involved which play a redundant role in counting and
initiation of XCI.

In contrast to all previously reported Tsix mutations, one described 7six mutation
(ACpG), which involves a deletion of the DXPas34 region, did not result in aberrant
XCI in male cells.'” Interestingly, female cells with a homozygous ACpG Tsix mutation
showed chaotic XCI, with many cells initiating XCI on both X chromosomes. Based
on this finding an X-encoded competence factor (CF) was hypothesized, involved in
activation of XCI. One model comprising the combined action of a BF and CF postulates
that the abundantly present CF inactivates all X chromosomes but not the one to which
BF is bound.'”® Another hypothesis states that also the X-encoded CF is limiting and
is titrated away by one ‘copy’ of the autosomally-encoded BF, which corresponds to a
single X chromosome.'”” When more than one X chromosome is present in a diploid
background, the extra copies of CF will not be titrated by the BF and will inactivate the
remaining unprotected X chromosome(s)

The model of alternate states proposes that the two X chromosomes in an XX cell are
already different prior to XCI.'® This model is supported by the fact that cohesion of sister
chromatids has been shown to be differentially regulated between two X chromosomes
in undifferentiated cells. Also differences in methylation and the chromatin state may
play arole. Therefore an inherent epigenetic difference between two genetically identical
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chromosomes may exist prior to the initiation of XCI. However further experimental
validations for these observation are needed.

A different model explains counting and choice in XCI by transient transvection
or pairing events of the two Xic’s present in a female diploid nucleus.!®!® This model
is supported by observations that in early differentiating ES cells, there is a nonrandom
spatial distribution of the Xic’s in the nucleus, at which the Xic’s move closer to each
other prior to the onset of XCI. This transient pairing event may therefore play a role in
the regulation of counting and choice. Pairing is facilitated by Tsix and Xite sequences
and it seems to be dependent on the action of CTCF.""! The stem cell transcription factor
Oct4 and transcription mediated by RNA polymerase I are also crucial for the pairing
events.”*!"" A genomic region containing part of the Slc16A42 gene, located 250 to 350 kb
telomeric of Xist has been identified which also mediates pairing of the X chromosomes
at the onset of XCI''? and was proposed to play a role in the activation of XCI. At
present, it is unclear whether pairing has a functional role in XCI, or is a consequence of
the transcriptional activation, which may result in relocation of the Xic in the nucleus.
Interestingly, pairing appears not to be required for initiation of XCI, as XClI is initiated
in XXk ES cells with a deletion distal to Xist removing Tsix and Xite sequences, which
abolish the XCI pairing event.!®!1° Therefore additional studies are needed to clarify the
role of pairing in XCI.

Many of'the above discussed models assume that the XCI process is deterministic and
mutually exclusive, in which always the correct number of X chromosomes are inactivated
in female cells. However, in vitro studies with diploid and tetraploid ES and ICM cells
revealed a significant percentage of cells with too many or too few Xi’s,319113 suggesting
a stochastic mechanism directing the XCI process, with an independent probability for
every X chromosome to initiate XCI.'% Comparison of the relative number of cells that
initiated XCI between different diploid, triploid and tetraploid ES cells indicated that the X
to autosome ratio determines the probability for an X chromosome to be inactivated.!* The
probability is the resultant of different factors: X-encoded X ClI-activators and autosomally
encoded XCl-inhibitors that promote or repress Xist accumulation, respectively. Upon
development or differentiation, the concentration of the XClI-activators will rise and/or
the concentration of the XCl-inhibitors will decrease and in female cells this will be
sufficient to generate a specific probability in time for enough Xist to accumulate and
start to spread in cis (Fig. 4). XCl-inhibitors are involved in setting up a threshold that
has to be overcome by Xist to accumulate. Because the XCl-activator gene is X-linked,
spreading of Xist will down-regulate the XCl-activator gene in cis, preventing the second
X chromosome from inactivation. In this model, initiation of spreading is a stochastic
event, so that the chance for silencing of the XCl-activator gene on either X is equal.
In male cells the concentration of the XClI-activator will not be sufficient to break the
threshold and initiate XCI. Therefore, female specific initiation of XCI is obtained
through a sex-dependent dosage difference in X-encoded XCl-activators that promote
Xist accumulation. Cell lines and mice that harbor Xis¢ or Tsix mutations that affect
the expression of one of the genes indicate that Xisz and Tsix are the major players in
setting up the probability and that the XCl-activators and XCl-inhibitors are likely to
act through these genes.

Several XCl-inhibitors have been identified, some of them acting through activation
of Tsix expression, like Yy, Ctcf'and Oct4, or by direct suppression of Xist, like Nanog,
Oct4 and Sox2.7>7 Rnfl12 was identified as an X-encoded activator of XCL?® The
observed ectopic XClinduced by Rnf12 transgenes correlates with expression of transgenic
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Figure 4. A stochastic model for XCI. A stochastic model for XCI postulates that initiation of XCI is
dependent on X-encoded activators of XCI and autosomally encoded inhibitors of XCI. Upon differentiation
or during development the nuclear concentration of the XClI-activator RNF12 (blue) and putative other
XCI activators increases, whereas the concentration of XCI-inhibitors such as NANOG, OCT4 and SOX2
decreases (not shown), or remains constant in time (YY1 and CTCF, not shown). XCl-activators are
X-encoded and therefore only in female cells the balance in the nuclear concentration of these factors
is sufficient to generate an independent and continuous probability to initiate XCI (grey and black
arrows) and results in cells that do not initiate XCI, or initiate XCI on one or both X chromosomes
(+). Initiation of XCI results in spreading of Xist and silencing of XClI-activator genes in cis, resulting
in down-regulation of the XCl-activator concentration, which prevents XCI on the remaining Xa. A
color version of this figure is available at www.landesbioscience.com/curie.

Rnf12/RNF12, providing evidence for a dose-dependent role of RNF12 in activation of
XCI. In agreement with this, heterozygous Rnf12 knockout female ES cells only initiate
XCI in a significant reduced number of cells. RNF12 expression in wild type ES cells
is up-regulated around the time XCI is initiated and prior to XCI, a twofold higher
dosage of RNF12 protein has been detected in female compared to male ES cells. Rnf12
itself is subject to rapid silencing upon XCI induction, which will facilitate inhibition
of initiation of XCI on the second X chromosome in female cells. How Rnf12 regulates
XCl is unknown and future studies have to address the molecular mechanisms involved
in Rnfl2-mediated activation of XCI.

Therecentidentification of inhibitors and activators of XCI support a stochastic model
for XCI. This indicates that the XCI process does not involve a choice mechanism, but
is dictated by an initiation and feedback process, which is regulated through an intricate
balance between inhibiting factors and activators of XCI.
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Figure 5. Epigenetic changes on the Xi. Initiation of random XCI is induced upon differentiation of
female ES cells. The first change on the future Xi is spreading of Xist RNA in cis (red), followed by
exclusion of RNA polymerase II (brown), the loss of active chromatin marks (blue) and gain of chromatin
marks or incorporation of histone variants specific for inactive chromatin (purple). These chromatin
changes are accompanied by accumulation of proteins and protein complexes (green) and other epigenetic
changes including a shift to late replication in S phase and CpG methylation (orange). The right panels
show female human fibroblast subjected to X/S7 RNA FISH, RNA FISH with a Cot probe detecting
RNA Polymerase II transcribed repetitive regions, an immuno staining with anti H3K27 me3 antibody
and an immuno staining with anti macroH2A antibody. Each cell contains one XIS7 signal coating the
Xi, which corresponds with a Cot negative area, accumulation of H3K27 me3 and incorporation of
macroH2A. A color version of this figure is available at www.landesbioscience.com/curie.

SILENCING AND MAINTENANCE OF SILENCING

Once XCl is initiated, a series of events takes place which changes the euchromatin
of the active X chromosome into the tightly packed inactive heterochromatin of the Xi,
which can be recognized as the Barr body in female somatic cells.!!>!!® The first step in this
cascade of events is the transcriptional up regulation and spreading of Xis¢ on the future
Xi¥7% (Fig. 5). The Xist transcript contains several repeats, of which the A repeat, located
inthe 5’ portion of Xist, is involved in the silencing process.'!” Coating of the future Xi with
Xist RNA leads to a rapid deprivation of RNA polymerase I and associated transcription
factors, which leads to an immediate reduction of gene transcription on this chromosome
and the creation of a silent nuclear compartment.''®!"” One of the earliest events after
Xist accumulation are specific chromatin changes, including the loss of active chromatin
marks like H3K9 acetylation and H3K4 mono- and di-methylation,'2*1?! as well as a
gain of silent chromatin marks like H3K27 tri-methylation (H3K27-me3),%"%7:122 H3K9
di-methylation (H3K9-me2)!212126 and H4K20-mono-methylation (H4K20-mel),'”’
followed by the incorporation of histone variants including macroH2A'® and changes
in DNA methylation and replication timing.'?*!3!

To initiate the establishment of chromatin changes and silencing, Xist needs to
accumulate and spread along the X chromosome. The exact mechanism involved in Xist
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spreading is notclear. Studies on X-to-autosome translocations and autosomally integrated
Xist transgenes have indicated that Xist spreading on autosomal regions is not complete,
whichindicated that X-chromosomal sequences are needed for efficient spreading 3591327135
Booster elements or way stations have been hypothesized to facilitate the Xist transmission
along the X chromosome'*® and LINE-1 retrotransposons were postulated to be the most
likely candidate for being these booster elements,!*”" 14 as they are one of the most common
repetitive sequences in mammalian genomes and are enriched on the X chromosome
compared to autosomes.*"1* Regions on the X chromosome that undergo XCI have a
higher LINE-1 density than regions surrounding genes that escape inactivation®!42143.145-147
and the density of LINE-1’s on the fused autosome in X-to-autosome translocations seems
to correlate with the amount of Xist spreading.!33-135148153 However, also other sequences
may be important for the Xis¢ spreading, as others did not find a correlation between LINE-1
density and spreading, or suggested a less critical role.>14¢:13+15 How Xist interacts with
these sequences during the spreading process and whether these interactions are direct
or mediated by other molecules is at present not clear.

After Xist accumulation, one of the first histone modifications detected on the
Xi is H3K27-me3. This modification is dependent on the Polycomb repressive
complex PRC2, which accumulates on the Xi and consists of the proteins EED,
RbAp46/48, SUZ12 and EZH2, of which EZH2 is a methyl transferase implicated in
H3K27 tri-methylation.’!13715¢ Recently, a direct interaction between EZH2 and the
A repeat of Xist has been reported and Ezh2 knockdown studies in female ES cells
indicated a role for PRC2 in establishment of the Xi in random XCI.% Interestingly,
a knockout of EED resulting in a non-functional PRC2 complex and the absence of
H3K27-me3 only reveals a defect in imprinted XCI in mice,'® with re-activation of
the Xi in extra-embryonic tissues. Despite defects in embryonic development due to
the absence of EED, random XCI was not affected in the embryo,'® which contrasts
with results obtained after knock down of EzA2 in vitro.>? A different study, employing
autosomally integrated inducible Xist transgenes, indicated that in the absence of EED
some components of the PRC1 complex (MPH1 and MPH2) do not localize to the
Xist coated autosome. However, recruitment of RING1B, which is part of the PRCI
complex and Xist mediated silencing of autosomal sequences were not affected.!!
Accumulation of H2AK119ub1 (mono-ubiquitylation of histone H2A on lysine 119)
on the Xi is dependent on RING1B,!$>!6 but also a homozygous Ringlb mutation
does not affect Xist mediated silencing of an autosome with a transgenic insertion of
Xist.'®" These findings indicate that PRC1 and PRC2 are dispensable for random XClI,
which does not exclude the possibility that these complexes are involved in redundant
mechanisms in the establishment and maintenance of the Xi.

Also other proteins have been implicated in establishment and maintenance of
the Xi. An E3 ubiquitin ligase complex consisting of the speckle-type POZ protein
SPOP and CULLIN3 has been shown to be involved in the regulation of macroH2A
deposition on the Xi.!'** SPOP and CULLIN3 ubiquitinate both BMI1, a component
of the PRC1 complex and macroH2A. Ubiquitination of macroH2A appears crucial
for the recruitment of macroH2A to the Xi and RNAi-mediated knock-down of either
SPOP or CULLIN3 results in diminished macroH2A staining on the Xi. RNAi-mediated
knock-down of either macroH2A or SPOP/CULLIN3 in combination with demethylation
and deacetylation inhibitor treatment, resulted in reactivation of an Xi-linked reporter
gene. Reactivation was not found with a demethylation and deacetylation inhibitor
treatment alone, indicating a role for macroH2A in the maintenance of the silent
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Xi state. The silencing function of macroH2A might be indirectly established by
recruitment of the Poly (ADP-ribose) polymerase 1, PARP-1.'% PARP-1 is a nuclear
enzyme involved in modulating chromatin structure, sensing DNA damage and
regulation of gene expression.!®1% MacroH2A is able to recruit PARP-1 to the Xi and
to inhibit the catalytic activity of PARP-1. Enzymatically inactive PARP-1 is able to
bind nucleosomes and inhibit transcription.' Depletion of PARP-1 in combination
with demethylation and deacetylation inhibitor treatment leads to reactivation of an
Xi-linked reporter gene. Hence, macroH2A might collaborate in gene silencing by
modulating the enzymatic activity and thus the ability to silence, of PARP-1. The
nuclear scaffold protein SAF-A is also enriched on the Xi. SAF-A has been characterized
as a DNA/RNA binding protein and is a putative component of the nuclear scaffold
involved in regulation of gene expression and DNA replication. Enrichment of SAF-A
is dependent on the RNA binding domain of SAF-A, which might be involved in Xist
mediated recruitment to the Xi.'”® Recruitment of Xist to the Xi may be facilitated by
BRCALI, a protein involved in many pathways including checkpoint activation and
DNA repair. Association of BRCA1 with the Xi was found in a small percentage
of cells and reconstitution experiments indicated a role for BRCA1 in Xist/XIST
localization.!”"!”> Nonetheless, this claim is disputed by others and the exact role of
BRCA1 in XCI remains to be determined.'”!* SMCHDI also associates with the Xi
and is involved in the methylation of CpG islands of genes subject to XCI.'> SMCHD1
contains a SMC-hinge domain which is found in proteins involved in cohesion and
chromosome condensation. SmcHDI knockout mice show defects in maintenance
of the Xi in embryonic and extra-embryonic tissues. Analysis of Afrx heterozygous
female knockout mice implicated a role for ATRX (a chromatin remodeling protein
named alpha-thalassaemia and mental retardation on the X chromosome) in imprinted
XCI.'8 Female mice inheriting a mutated allele through the female germ line fail to
inactivate the paternal X in extra-embryonic tissues, suggesting a failure in imprinted
XCI. Interestingly, at later stages of ES cell differentiation, ATRX also associates
with the Xi, supporting a role in maintenance of the Xi.'”” SatBI and SatB2 have
also been implicated in the establishment of the Xi. These cancer associated genes
encode nuclear proteins, which act as genome organizers and gene regulators.!™
Knockdown studies of SatBI and SatB2 showed a partial defect in silencing of the
X chromosome in differentiating female ES cells, suggesting a direct role for these
proteins in heterochromatinization of the Xi.!”

Interestingly, once the Xi is established, expression of Xistis no longer necessary for the
maintenance, as a conditional deletion of Xist does not lead to reactivation of silenced genes.*’
Multiple redundant proteins and epigenetic layers are thus involved in the establishment
and maintenance of the Xi. Together, they ensure that the Xi is stably silenced, leading to
persistent dosage compensation. Only a limited number of X-linked genes is able to escape
XCI mediated silencing in the mouse. In humans, more escapees have been identified.'3*-!33
Therefore, in different species, the robustness of silencing might differ, which might be
caused by a differential evolutionary need for dosage compensation between species. The
genes which escape dosage compensation and do not have Y-chromosomal homologues, are
thus differentially expressed between males and females and may play a role in establishing
differences between both sexes.

In summary, many different redundant epigenetic layers and only partly understood
complex interactions are involved in the silencing and maintenance of the silent state of the
X chromosome. Although many investigations have focussed on these mechanisms,
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only the first steps have been made towards a complete understanding of the silencing
and maintenance of XCI.

XCI AND HUMAN ES CELLS

Studying X chromosome inactivation in humans is challenging. Due to ethical reasons,
the use of early human embryos for research purposes has been widely restricted. Therefore,
most of the obtained knowledge on human XCI has come from studies which made use of
different model systems, including mouse-human cell hybrids, human embryonal carcinoma
and tumour cell lines'*!%5 and human transgenes integrated in mouse ES cells 8!97-186-188
The derivation of human ES (hES) cells promised the availability of a potent study model
for human XCI, comparable to mouse ES cells. Different studies explored XCI in hES
cells, with varying and conflicting results.'¥-'** Most of the female hES cell lines display
an inactivated X chromosome already in the undifferentiated state characterized by XIST
expression, XIST coating and accumulated markers of heterochromatin on the Xi. Other
undifferentiated cell lines have active X chromosomes and have the potential to inactivate
during differentiation, comparable to mouse ES cells (Table 1). Interestingly, certain cell
lines behave different in distinct laboratories, with some sub clones showing random
XCI upon differentiation, whereas others show XCI hallmarks prior to differentiation.
In a survey of 11 characterized hES cell lines, Silva et al identified three different classes
of hES cells with regard to XCL."! The first class only displays XCI characteristics
upon differentiation. The second and third classes have an inactive X chromosome in
the undifferentiated state, but in the third group XIST expression is lost. Although this
last category does no longer express XIST, other XCI markers are still present, like the
exclusion of Cot-1 RNA from the X chromosome. Interestingly, in these cells H3K27
tri-methylation is also lost, which indicates that H3K27 tri-methylation is dispensable for
the maintenance of XCI. These results support previous findings that in mice and human
recruitment of H3K27 tri-methylation is XIST dependent.*

Table 1. Characteristics of mouse and human pluripotent stem cells

Mouse Human
ES Cells iPS Cells EpiSC ES Cells iPS
XaXa + + - +/— 1
XaXi - - + /- 4
Xist/XIST - - + +/- +
H3K27 me3, Cot exclusion - - + +/— "
bFGF, Activin/Nodal sign. - - + + +
Lit/Stat3 signalling + + - - -
diff. in extra embr. tissue - - + + ?

Comparison of XCI characteristics and growth conditions of different reported human and mouse
pluripotent female stem cells (1, only one female iPS line was tested). Indicated are the presence (+)
or absence (-) of an Xi and epigenetic changes associated with XCI in the different pluripotent stem
cells described. Also shown are the tissue culture conditions required to maintain these stem cells (+),
and the potential to differentiate in extra-embryonic tissues (+).
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How can the differences between hES and mouse ES cells regarding XCI be
explained? In mice, cells of the ICM show two Xa’s prior to differentiation. A species
specific difference in the time window in which XCI occurs could explain why hES cells,
which are also derived from the ICM, display XCI characteristics prior to differentiation.
Does random XCI in human embryos already occur at an earlier stage and do hES cells
therefore display an Xi? Alternatively, reactivation of the Xi established during the early
cleavage stages might occur later in humans compared to mouse. In mice, imprinted
XCI occurs prior to implantation and causes inactivation of the Xp.!”!*191% Imprinted
XCI is maintained in the extra-embryonic tissues, but is reversed in the cells of the ICM
(Fig. 1), by reactivating the Xp, most likely initiated by Nanog expression in cells of the
epiblast.*® Although in human XCl is also initiated during the early cleavage divisions,'’
it is unclear whether human XCI is imprinted.'?®-" In addition it is unclear at what stage
the Xi is reactivated, if reactivated at all and hence, XCI in undifferentiated hES cells
could be due to persistence of XCI from the early pre-implantation embryo, rather then
precocious initiation of random XCI. In support of this, a highly skewed XCI pattern has
been observed in female hES cells with a preference for one of the two X chromosomes
to be inactivated.'**?% Unfortunately, the paternal origin of the inactivated X chromosome
was not determined.

Beside variations in the XCI timing between species, the observed differences
in XCI between undifferentiated human and mouse ES cells could also be explained
by fundamental differences between the two cell types.?®?' Human and mouse ES
cells differ significantly in morphology, clonogenicity, molecular profile and culture
requirements. For example, hES cells need bFGF and Activin/Nodal signalling for their
self renewal, whereas mouse ES cells depend on LIF/Stat3 signalling?'*'? and both cell
types are characterized by a genome wide difference in pluripotency factor promoter
occupancy.’’* Although both cell types have the potential to differentiate in vitro into
cell types of all germ layers and to form teratomas in vivo, only for mouse ES cells the
capability to contribute to the germ line and generate an entire animal has been tested. For
hES cells the generation of chimaeras is not possible due to ethical reasons. Therefore at
present it is unclear whether hES cells are indeed the proper human equivalent of mouse
ES cells. In mice, an additional pluripotent cell population has been isolated from the
postimplantation mouse epiblast using culture conditions including bFGF and Activin, in
the absence of LIF.?'*?!15 These so-called EpiSCs (postimplantation epiblast derived stem
cells) express the pluripotency factors Oct4, Sox2 and Nanog, but differ in morphology
and in the expression of certain transcripts from mouse ES cells, making them more
comparable to hES cells.?'® Although these cells can differentiate in vitro into cells of
all germ layers and extra-embryonic trophectoderm, they are extremely inefficient in
contributing to chimaeras and germ line transmission has not been reported. Interestingly,
female EpiSCs have undergone XCI, leaving one X chromosome active. Therefore, it is
possiblethat XCI observed in hES cells is areflection of the difference between human and
mouse ES cells, with hES cells being in fact the human counterpart of mouse EpiSCs.?"’
In agreement with this, mouse EpiSCs and hES cells share the ability to differentiate in
vitro into extra-embryonic tissues,?'® whereas mouse ES cells can only differentiate into
cells of the three germ layers. It has been shown that EpiSCs can be differentiated from
mouse ES cells in culture, which indicates that EpiSCs are a more restricted derivative
from ES cells.?!? Also reprogramming of EpiSCs to ES cells by over expression of the
pluripotency factor Kif4,>"> Nanog® or extended culture in LIF,*° is accompanied by
the reactivation of the inactive X chromosome. How can human ES cells be the human
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equivalent of a more differentiated cell type, despite the fact that human ES cells are
also derived from the ICM, like mouse ES cells? It is possible that the culture conditions
used for the derivation of hES cells allow the differentiation of ground state hES cells to
hES cells with EpiSCs characteristics and prevent in vitro stabilization of the pluripotent
state of the human ICM.??! Also differences in early development between rodents and
humans, such as the presence of an egg cylinder or the presence of a temporary arrest in
embryonic development called diapause specific for the mouse, might explain why in
humans a shorter time window may exist to derive ground state ES cells, comparable to
mice.??? Therefore it is possible that during human ES cell derivation in fact only more
differentiated cells are derived, which might therefore explain XCI in these cells.

The presence of an inactive X in undifferentiated hES cells could also be explained
by a selective pressure against two active X chromosomes. In fact, during development,
only a short time window exists in which cells in the early embryo have two active X
chromosomes. Since these cells are not programmed for an infinitive state in the ICM,
these cells might adapt to culture conditions during ES cell derivation by initiating XCI,
which might confer them with a growth or survival advantage. Selection against two active
X chromosomes is also seen in some mouse ES cell lines and female mouse ES cells
show genome wide hypomethylation,?? possibly resulting in genome instability. This may
explain why many inbred mouse ES cells loose one of the two X chromosomes during
expansion and only ES cells from hybrid crosses stably propagate two X chromosomes.
Since hES cells are not characterized by a tendency to X chromosomal loss, they might
employ XCI to prevent activity of two X chromosomes.

Taken together, the finding that XCI is already initiated in undifferentiated hES cells
could have many different reasons and most likely a combination of these mechanisms
will turn out to explain the epigenetic fluidity observed in hES cells. Future studies are
needed to determine the origin of this finding, since concerns about the epigenetic stability
of hES cells and differentiation potential of these cells, should be clarified before the
introduction of hES cells for any clinical application.!?!224-226

Could the recent emergence of human iPS cells provide us with a better model to
study XCI? For mouse iPS cells, reactivation of the silent X chromosome of somatic cells
during reprogramming has been shown*>** and these cells initiate XCIupon differentiation.
Although until today no studies have addressed the XCI status in human iPS cells,
preliminary results from our laboratory indicate that also in human iPS cells precocious
XIST accumulation is observed (T.S.B and J.G unpublished observations). Whether this
is caused by culture artefacts, fundamental differences in the pluripotent state of human
ES and iPS cells compared to mouse, or failure of complete reprogramming needs to be
clarified in future investigations.

CONCLUSION

Mouse ES cells provide a powerful model system to study XCI, as XClI is initiated
in female ES cells upon differentiation. Recent findings indicate that XCI is suppressed
in female ES through the action of Nanog, Sox2 and Oct4, which also play a key role in
maintaining the pluripotent ground state of ES cells as part of a complex transcription
factor network. Activation of XCI requires down regulation of these factors and
up-regulation of X-encoded activators of XCI, including Rnf12 which is also involved
in differentiation processes. This indicates that XCI is regulated through the same factors
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that are also involved in pluripotency and differentiation. Nevertheless, many factors
regulating XCI and the downstream targets of these factors still need to be identified. The
tight link between pluripotency and XCI underscores that the epigenetic status of the X
chromosome provides a potent readout to study pluripotency and nuclear reprogramming
of female mouse cells. Unfortunately, for human female ES cells the picture appears to
be more complex and it remains unclear whether female human ES cells provide a true
model system to study the XCI process. Clearly more studies have to be performed to
solve this issue.

ACKNOWLEDGEMENTS

We would like to thank all members of the laboratory for helpful and stimulating
discussions. This work was supported by a NWO TOP grant to J.G. and a grant from the
Dutch government (BSIK programme 03038, SCDD).

REFERENCES

—_

. Ohno S. Sex chromosomes and Sex-linked genes. 1967, Berlin: Springer.

2. Charlesworth B. The evolution of sex chromosomes. Science 1991; 251(4997):1030-3.

3. Graves JA. The origin and function of the mammalian Y chromosome and Y-borne genes—an evolving
understanding. Bioessays 1995; 17(4):311-20.

4. Graves JA, Koina E, Sankovic N. How the gene content of human sex chromosomes evolved. Curr Opin
Genet Dev 2006; 16(3):219-24.

5. Graves JA. Sex chromosome specialization and degeneration in mammals. Cell 2006; 124(5):901-14.

6. Skaletsky H, Kuroda-Kawaguchi T, Minx PJ et al. The male-specific region of the human Y chromosome
is a mosaic of discrete sequence classes. Nature 2003; 423(6942):825-37.

7. Koopman P, Gubbay J, Vivian N et al. Male development of chromosomally female mice transgenic for
Sry. Nature 1991; 351(6322):117-21.

8. Ross MT, Gratham DV, Coffey AJ et al. The DNA sequence of the human X chromosome. Nature 2005;
434(7031):325-37.

9. Lyon MF. Gene action in the X-chromosome of the mouse (Mus musculus L.). Nature 1961; 190:372-3.

10. Lyon MF, Phillips RJ, Searle AG. A test for mutagenicity of caffeine in mice. Z Vererbungsl 1962;
93:7-13.

11. Lyon MF. Sex chromatin and gene action in the mammalian X-chromosome. Am J Hum Genet 1962; 14:
135-48.

12. Davidson RG, Nitowsky HM, Childs B. Demonstration of two populations of cells in the human female
heterozygous for glucose-6-phosphate dehydrogenase variants. Proc Natl Acad Sci USA 1963; 50:
481-5.

13. Adler DA, Rugarli EI, Lingenfelter PA et al. Evidence of evolutionary up-regulation of the single active
X chromosome in mammals based on Clc4 expression levels in Mus spretus and Mus musculus. Proc
Natl Acad Sci USA 1997; 94(17):9244-8.

14. Birchler JA, Fernandez HR, Kavi HH. Commonalities in compensation. Bioessays 2006; 28(6):565-8.

15. Lin H, Gupta V, Vermilyea MD et al. Dosage compensation in the mouse balances up-regulation and
silencing of X-linked genes. PLoS Biol 2007; 5(12):e326.

16. Nguyen DK. Disteche CM. Dosage compensation of the active X chromosome in mammals. Nat Genet
2006; 38(1):47-53.

17. Takagi N, Sasaki M. Preferential inactivation of the paternally derived X chromosome in the extraembryonic
membranes of the mouse. Nature 1975; 256(5519):640-2.

18. Huynh KD, Lee JT. Inheritance of a pre-inactivated paternal X chromosome in early mouse embryos.
Nature 2003; 426(6968):857-62.

19. Okamoto I, Otte AP, Allis CD et al. Epigenetic dynamics of imprinted X inactivation during early mouse
development. Science 2004; 303(5658):644-9.

20. Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from mouse embryos. Nature

1981; 292(5819):154-6.



148 THE CELL BIOLOGY OF STEM CELLS

21. Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned
by teratocarcinoma stem cells. Proc Natl Acad Sci USA 1981; 78(12):7634-8.

22. Thomson JA, Itskovitz-Eldor J, Shapiro SS et al. Embryonic stem cell lines derived from human blastocysts.
Science 1998; 282(5391):1145-7.

23. Keller G. Embryonic stem cell differentiation: emergence of a new era in biology and medicine. Genes
Dev 2005; 19(10):1129-55.

24 Leahy A, Xiong JW, Kuhnert F et al. Use of developmental marker genes to define temporal and spatial
patterns of differentiation during embryoid body formation. J Exp Zool 1999; 284(1):67-81.

25. Monk M. A stem-line model for cellular and chromosomal differentiation in early mouse-development.
Differentiation 1981; 19(2):71-6.

26. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006; 126(4):663-76.

27. Nakagawa M, Koyanagi M, Tanabe K et al. Generation of induced pluripotent stem cells without Myc
from mouse and human fibroblasts. Nat Biotechnol 2008; 26(1):101-6.

28. Wernig M, Meissner A, Foreman R etal. In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like
state. Nature 2007; 448(7151):318-24.

29. YuJ, Vodyanik MA, Smuga-Otto K et al. Induced pluripotent stem cell lines derived from human somatic
cells. Science 2007; 318(5858):1917-20.

30. Takahashi K, Tanabe K, Ohnuki M et al. Induction of pluripotent stem cells from adult human fibroblasts
by defined factors. Cell 2007; 131(5):861-72.

31. Park TH, Zhao R, West JA et al. Reprogramming of human somatic cells to pluripotency with defined
factors. Nature 2008; 451(7175):141-6.

32.Maherali N, Sridharan R, Xie W et al. Directly reprogrammed fibroblasts show global epigenetic remodeling
and widespread tissue contribution. Cell Stem Cell 2007; 1(1):55-70.

33. Stadtfeld M, Maherali N, Breault DT et al. Defining molecular cornerstones during fibroblast to iPS cell
reprogramming in mouse. Cell Stem Cell 2008; 2(3):230-40.

34. Russell LB. Mammalian X-chromosome action: inactivation limited in spread and region of origin. Science
1963; 140:976-8.

35.Rastan S. Non-random X-chromosome inactivation in mouse X-autosome translocation embryos—Ilocation
of the inactivation centre. ] Embryol Exp Morphol 1983; 78:1-22.

36. Rastan S, Robertson EJ. X-chromosome deletions in embryo-derived (EK) cell lines associated with lack
of X-chromosome inactivation. J] Embryol Exp Morphol 1985; 90:379-88.

37. Brown CJ, Ballabio A, Rupert JL et al. A gene from the region of the human X inactivation centre is
expressed exclusively from the inactive X chromosome. Nature 1991; 349(6304):38-44.

38. Heard E, Avner P. Role play in X-inactivation. Hum Mol Genet 1994; 3 Spec No:1481-5.

39. Borsani G, Tonlorenzi R, Simmler MC et al. Characterization of a murine gene expressed from the inactive
X chromosome. Nature 1991; 351(6324):325-9.

40. Brockdorff N, Ashworth A, Kay GF et al. Conservation of position and exclusive expression of mouse
Xist from the inactive X chromosome. Nature 1991; 351(6324):329-31.

41. Brockdorff N, Ashworth A, Kay GF et al. The product of the mouse Xist gene is a 15 kb inactive X-specific
transcript containing no conserved ORF and located in the nucleus. Cell 1992; 71(3):515-26.

42. Brown CJ, Hendrich BD, Rupert JL et al. The human XIST gene: analysis of a 17 kb inactive X-specific
RNA that contains conserved repeats and is highly localized within the nucleus. Cell 1992; 71(3):527-42.

43. Clemson CM, McNeil JA, Willard HF et al. XIST RNA paints the inactive X chromosome at interphase:
evidence for a novel RNA involved in nuclear/chromosome structure. J Cell Biol 1996; 132(3):259-75.

44. Jonkers I, Monkhorst K, Rentmeester E et al. Xist RNA is confined to the nuclear territory of the silenced
X chromosome throughout the cell cycle. Mol Cell Biol 2008; 28(18):5583-94.

45. Penny GD, Kay GF, Sheardown SA et al. Requirement for Xist in X chromosome inactivation. Nature
1996; 379(6561):131-7.

46. Marahrens Y, Panning B, Dausman J et al. Xist-deficient mice are defective in dosage compensation but
not spermatogenesis. Genes Dev 1997; 11(2):156-66.

47.Csankovszki G, Panning B, Bates B etal. Conditional deletion of Xist disrupts histone macroH2 A localization
but not maintenance of X inactivation. Nat Genet 1999; 22(4):323-4.

48. Kay GF, Penny GD, Patel D et al. Expression of Xist during mouse development suggests a role in the
initiation of X chromosome inactivation. Cell 1993; 72(2):171-82.

49. Sun BK, Deaton AM, Lee JT. A transient heterochromatic state in Xist preempts X inactivation choice
without RNA stabilization. Mol Cell 2006; 21(5):617-28.

50. Plath K, Fang J, Mlynarczyk-Evans SK et al. Role of histone H3 lysine 27 methylation in X inactivation.
Science 2003; 300(5616):131-5.

51. Silva J, Mak W, Zvetkova I et al. Establishment of histone h3 methylation on the inactive X chromosome
requires transient recruitment of Eed-Enx1 polycomb group complexes. Dev Cell 2003; 4(4):481-95.



X CHROMOSOME INACTIVATION AND EMBRYONIC STEM CELLS 149

52. Zhao J, Sun BK, Erwin JA et al. Polycomb proteins targeted by a short repeat RNA to the mouse X
chromosome. Science 2008; 322(5902):750-6.

53.Lee JT, Davidow LS, Warshawsky D. Tsix, a gene antisense to Xist at the X-inactivation centre. Nat Genet
1999; 21(4):400-4.

54. Lee JT, Lu N. Targeted mutagenesis of Tsix leads to nonrandom X inactivation. Cell 1999; 99(1):47-57.

55. Clerc P, Avner P. Role of the region 3” to Xist exon 6 in the counting process of X-chromosome inactivation.
Nat Genet 1998; 19(3):249-53.

56. Shibata S, Lee JT. Characterization and quantitation of differential Tsix transcripts: implications for Tsix
function. Hum Mol Genet 2003; 12(2):125-36.

57. Marks H, Chow JC, Denissov S et al. High-resolution analysis of epigenetic changes associated with X
inactivation. Genome Res 2009; 19(8):1361-73.

58. Luikenhuis S, Wutzand A, Jaenisch R. Antisense transcription through the Xist locus mediates Tsix function
in embryonic stem cells. Mol Cell Biol 2001; 21(24):8512-20.

59. Navarro P, Pichard S, Ciaudo C et al. Tsix transcription across the Xist gene alters chromatin conformation
without affecting Xist transcription: implications for X-chromosome inactivation. Genes Dev 2005;
19(12):1474-84.

60. Vigneau S, Augui S, Navarro P etal. An essential role for the DXPas34 tandem repeat and Tsix transcription
in the counting process of X chromosome inactivation. Proc Natl Acad Sci USA 2006; 103(19):7390-5.

61. Ohhata T, Hoki Y, Sasaki H et al. Crucial role of antisense transcription across the Xist promoter in
Tsix-mediated Xist chromatin modification. Development 2008; 135(2):227-35.

62.Cohen DE, Davidow LS, ErwinJA etal. The DXPas34 repeat regulates random and imprinted X inactivation.
Dev Cell 2007; 12(1):57-71.

63. Debrand E, Chureau C, Arnaud D et al. Functional analysis of the DXPas34 locus, a 3’ regulator of Xist
expression. Mol Cell Biol 1999; 19(12):8513-25.

64. Prissette M, El-Maarri O, Arnaud D et al. Methylation profiles of DXPas34 during the onset of X-inactivation.
Hum Mol Genet 2001; 10(1):31-8.

65. Boumil RM, Ogawa Y, Sun BK et al. Differential methylation of Xite and CTCEF sites in Tsix mirrors the
pattern of X-inactivation choice in mice. Mol Cell Biol 2006; 26(6):2109-17.

66. Ogawa Y, Sun BK, Lee JT. Intersection of the RNA interference and X-inactivation pathways. Science
2008; 320(5881):1336-41.

67. Nesterova TB, Popova BC, Cobb BS et al. Dicer regulates Xist promoter methylation in ES cells indirectly
through transcriptional control of Dnmt3a. Epigenetics Chromatin 2008; 1(1):2.

68. Kanellopoulou C, Muljo SA, Dimitrov SD et al. X chromosome inactivation in the absence of Dicer. Proc
Natl Acad Sci USA 2009; 106(4):1122-7.

69. Shibata S Lee JT. Tsix transcription- versus RNA-based mechanisms in Xist repression and epigenetic
choice. Curr Biol 2004; 14(19):1747-54.

70. Ogawa Y, Lee JT. Xite, X-inactivation intergenic transcription elements that regulate the probability of

choice. Mol Cell 2003; 11(3):731-43.

. Stavropoulos N, Rowntree RK, Lee JT. Identification of developmentally specific enhancers for Tsix in

the regulation of X chromosome inactivation. Mol Cell Biol 2005; 25(7):2757-69.

72. Chao W, Huynh KD, Spencer RJ et al. CTCF, a candidate trans-acting factor for X-inactivation choice.
Science 2002; 295(5553):345-7.

73. Donohoe ME, Zhang LF, Xu N et al. Identification of a Ctcf cofactor, Yy, for the X chromosome binary
switch. Mol Cell 2007; 25(1):43-56.

74. Donohoe ME, Silva SS, Pinter SF et al. The pluripotency factor Oct4 interacts with Ctcf and also controls
X-chromosome pairing and counting. Nature 2009; 460(7251):128-32.

75. Chambers I, Colby D, Robertson M et al. Functional expression cloning of Nanog, a pluripotency sustaining
factor in embryonic stem cells. Cell 2003; 113(5):643-55.

76. Mitsui K, Tokuzawa Y, Itoh H et al. The homeoprotein Nanog is required for maintenance of pluripotency
in mouse epiblast and ES cells. Cell 2003; 113(5):631-42.

77. Nichols J, Zevnik B, Anastassiadis K et al. Formation of pluripotent stem cells in the mammalian embryo
depends on the POU transcription factor Oct4. Cell 1998; 95(3):379-91.

78. Avilion AA, Nicolis SK, Pevny LH et al. Multipotent cell lineages in early mouse development depend on
SOX2 function. Genes Dev 2003; 17(1):126-40.

79. Navarro P, Chambers I, Karwacki-Neisius V et al. Molecular coupling of Xist regulation and pluripotency.
Science 2008; 321(5896):1693-5.

80. Silva J, Nichols J, Theunissen TW et al. Nanog is the gateway to the pluripotent ground state. Cell 2009;
138(4):722-37.

81.JonkersI, Barakat TS, Achame EM etal. RNF12 is an X-Encoded dose-dependent activator of X chromosome
inactivation. Cell 2009; 139(5):999-1011.

7

—_



150 THE CELL BIOLOGY OF STEM CELLS

82. Bach I, Rodriguez-Esteban C, Carriere C et al. RLIM inhibits functional activity of LIM homeodomain
transcription factors via recruitment of the histone deacetylase complex. Nat Genet 1999; 22(4):394-9.

83.Her YR. Chung IK. Ubiquitin Ligase RLIM Modulates Telomere Length Homeostasis through a Proteolysis
of TRF1. J Biol Chem 2009; 284(13):8557-66.

84. JJohnsen SA, Giingér C, Prenzel T et al. Regulation of estrogen-dependent transcription by the LIM
cofactors CLIM and RLIM in breast cancer. Cancer Res 2009; 69(1):128-36.

85. Jacobs Pa, Baikie Ag, Brown Wm et al. Evidence for the existence of the human “super female”. Lancet
1959; 2(7100):423-5.

86. Maclean N, Mitchell JM. A survey of sex-chromosome abnormalities among 4514 mental defectives.
Lancet 1962; 1(7224):293-6.

87. Grumbach MM, Morishima A, Taylor JH. Human Sex Chromosome Abnormalities in Relation to DNA
Replication and Heterochromatinization. Proc Natl Acad Sci USA 1963; 49(5):581-9.

88. Carr DH. Chromosome studies in selected spontaneous abortions. 1. Conception after oral contraceptives.
Can Med Assoc J 1970; 103(4):343-8.

89. Webb S, de Vries TJ, Kaufman MH. The differential staining pattern of the X chromosome in the embryonic
and extraembryonic tissues of postimplantation homozygous tetraploid mouse embryos. Genet Res 1992;
59(3):205-14.

90. Harnden DG. Nuclear sex in triploid XXY human cells. Lancet 1961; 2(7200):488.

91. Nicodemi M, Prisco A. Symmetry-breaking model for X-chromosome inactivation. Phys Rev Lett 2007;
98(10):108104.

92.NicodemiM, Prisco A. Self-assembly and DNA binding of the blocking factor in x chromosome inactivation.
PLoS Comput Biol 2007; 3(11):¢210.

93. Lee JT, Strauss WM, Dausman JA et al. A 450 kb transgene displays properties of the mammalian
X-inactivation center. Cell 1996; 86(1):83-94.

94. Herzing LB, Romer JT, Horn JM et al. Xist has properties of the X-chromosome inactivation centre. Nature
1997; 386(6622):272-5.

95. Lee JT, Jaenisch R. Long-range cis effects of ectopic X-inactivation centres on a mouse autosome. Nature
1997; 386(6622):275-9.

96. Lee JT, Lu N, Han Y. Genetic analysis of the mouse X inactivation center defines an 80-kb multifunction
domain. Proc Natl Acad Sci USA 1999; 96(7):3836-41.

97. Migeon BR, Kazi E, Haisley-Royster C et al. Human X inactivation center induces random X chromosome
inactivation in male transgenic mice. Genomics 1999; 59(2):113-21.

98. Migeon BR, Winter H, Kazi E et al. Low-copy-number human transgene is recognized as an X inactivation
centerinmouse ES cells, but fails to induce cis-inactivation in chimeric mice. Genomics 2001; 71(2):156-62.

99. Heard E, Kress C, Mongelard F et al. Transgenic mice carrying an Xist-containing YAC. Hum Mol Genet
1996; 5(4):441-50.

100. Matsuura S, Episkopou V, Hamvas R et al. Xist expression from an Xist YAC transgene carried on the
mouse Y chromosome. Hum Mol Genet 1996; 5(4):451-9.

101. Heard E,Mongelard F, Arnaud D et al. Xist yeastartificial chromosome transgenes function as X-inactivation
centers only in multicopy arrays and not as single copies. Mol Cell Biol 1999; 19(4):3156-66.

102. Gribnau J et al. X chromosome choice occurs independently of asynchronous replication timing. J Cell
Biol 2005; 168(3):365-73.

103. MarahrensY, Loring J, Jaenisch R. Role of the Xist gene in X chromosome choosing. Cell 1998;
92(5):657-64.

104. Nesterova TB, Johnston CM, Appanah R et al. Skewing X chromosome choice by modulating sense
transcription across the Xist locus. Genes Dev 2003; 17(17):2177-90.

105. Sado T, Li E, Sasaki H. Effect of TSIX disruption on XIST expression in male ES cells. Cytogenet
Genome Res 2002; 99(1-4):115-8.

106. Monkhorst K, Jonkers I, Rentmeester E et al. X inactivation counting and choice is a stochastic process:
evidence for involvement of an X-linked activator. Cell 2008; 132(3):410-21.

107. Lee JT. Homozygous Tsix mutant mice reveal a sex-ratio distortion and revert to random X-inactivation.
Nat Genet 2002; 32(1):195-200.

108. Mlynarczyk-Evans S, Royce-Tolland M, Alexander MK et al. X chromosomes alternate between two
states prior to random X-inactivation. PLoS Biol 2006; 4(6):e159.

109. Bacher CP, Guggiari M, Brors B et al. Transient colocalization of X-inactivation centres accompanies
the initiation of X inactivation. Nat Cell Biol 2006; 8(3):293-9.

110. Xu N, Tsai CL, Lee JT. Transient homologous chromosome pairing marks the onset of X inactivation.
Science 2006; 311(5764):1149-52.

111. XuN, Donohoe ME, Silva SS etal. Evidence that homologous X-chromosome pairing requires transcription
and Ctcf protein. Nat Genet 2007; 39(11):1390-6.



X CHROMOSOME INACTIVATION AND EMBRYONIC STEM CELLS 151

112. Augui S, Filion GJ, Huart S et al. Sensing X chromosome pairs before X inactivation via a novel X-pairing
region of the Xic. Science 2007; 318(5856):1632-6.

113. Takagi N. Variable X chromosome inactivation patterns in near-tetraploid murine EC x somatic cell hybrid
cells differentiated in vitro. Genetica 1993; 88(2-3):107-17.

114.MonkhorstK, de Hoon B, Jonkers1 etal. The probability to initiate X chromosome inactivation is determined
by the X to autosomal ratio and X chromosome specific allelic properties. PLoS One 2009; 4(5):¢5616.

115.Barr ML, Bertram EG. A morphological distinction between neurones of the male and female and the behaviour
of the nucleolar satellite during accelerated nucleoprotein synthesis. Nature 1949; 163(4148):676.

116. Ohno S, Hauschka TS. Allocycly of the X-chromosome in tumors and normal tissues. Cancer Res 1960;
20:541-5.

117. Wutz A, Rasmussen TP, Jaenisch R. Chromosomal silencing and localization are mediated by different
domains of Xist RNA. Nat Genet 2002; 30(2):167-74.

118. Chaumeil J, Le Baccon P, Wutz A et al. A novel role for Xist RNA in the formation of a repressive
nuclear compartment into which genes are recruited when silenced. Genes Dev 2006; 20(16):2223-37.

119. Clemson CM, Hall LL, Byron M et al. The X chromosome is organized into a gene-rich outer rim and an
internal core containing silenced nongenic sequences. Proc Natl Acad Sci USA 2006; 103(20):7688-93.

120. Goto Y, Gomez M, Brockdorff N et al. Differential patterns of histone methylation and acetylation
distinguish active and repressed alleles at X-linked genes. Cytogenet Genome Res 2002; 99(1-4):66-74.

121. Heard E, Rougeulle C, Arnaud D et al. Methylation of histone H3 at Lys-9 is an early mark on the X
chromosome during X inactivation. Cell 2001; 107(6):727-38.

122. Mak W, Baxter J, Silva J et al. Mitotically stable association of polycomb group proteins eed and enx1
with the inactive x chromosome in trophoblast stem cells. Curr Biol 2002; 12(12):1016-20.

123.Boggs BA, Cheung P, Heard E et al. Differentially methylated forms of histone H3 show unique association
patterns with inactive human X chromosomes. Nat Genet 2002; 30(1):73-6.

124. Mermoud JE, Popova B, Peters AH et al. Histone H3 lysine 9 methylation occurs rapidly at the onset of
random X chromosome inactivation. Curr Biol 2002; 12(3):247-51.

125. Peters AH, Mermoud JE, O’Carroll D et al. Histone H3 lysine 9 methylation is an epigenetic imprint of
facultative heterochromatin. Nat Genet 2002; 30(1):77-80.

126. Rougeulle C, Chaumeil J, Sarma K et al. Differential histone H3 Lys-9 and Lys-27 methylation profiles
on the X chromosome. Mol Cell Biol 2004; 24(12):5475-84.

127. Kohlmaier A, Savarese F, Lachner M et al. A chromosomal memory triggered by Xist regulates histone
methylation in X inactivation. PLoS Biol 2004; 2(7):E171.

128. Costanzi C, Pehrson JR. Histone macroH2A 1 is concentrated in the inactive X chromosome of female
mammals. Nature 1998; 393(6685):599-601.

129. Lock LF, Takagi N, Martin GR. Methylation of the Hprt gene on the inactive X occurs after chromosome
inactivation. Cell 1987; 48(1):39-46.

130. Norris DP, Brockdorff N, Rastan S. Methylation status of CpG-rich islands on active and inactive mouse
X chromosomes. Mamm Genome 1991; 1(2):78-83.

131. Mohandas T, Sparkes RS, Shapiro LJ. Reactivation of an inactive human X chromosome: evidence for
X inactivation by DNA methylation. Science 1981; 211(4480):393-6.

132. Russell LB, Montgomery CS. Comparative studies on X-autosome translocations in the mouse.
II. Inactivation of autosomal loci, segregation and mapping of autosomal breakpoints in five T (X;1)
S. Genetics 1970; 64(2):281-312.

133. Duthie SM, Nesterova TB, Formstone EJ et al. Xist RNA exhibits a banded localization on the inactive
X chromosome and is excluded from autosomal material in cis. Hum Mol Genet 1999; 8(2):195-204.

134.Keohane AM etal. H4 acetylation, XIST RNA and replication timing are coincident and define x; autosome
boundaries in two abnormal X chromosomes. Hum Mol Genet 1999; 8(2):377-83.

135. Popova BC, Tada T, Takagi N et al. Attenuated spread of X-inactivation in an X; autosome translocation.
Proc Natl Acad Sci USA 2006; 103(20):7706-11.

136. Gartler SM, Riggs AD. Mammalian X-chromosome inactivation. Annu Rev Genet 1983; 17:155-90.

137. Lyon MF. X-chromosome inactivation: a repeat hypothesis. Cytogenet Cell Genet 1998; 80(1-4):133-7.

138. Lyon MF. LINE-1 elements and X chromosome inactivation: a function for “junk” DNA? Proc Natl Acad
Sci USA 2000; 97(12):6248-9.

139. Lyon MF. Do LINEs Have a Role in X-Chromosome Inactivation? J Biomed Biotechnol 2006;
2006(1):59746.

140. Lyon MF. No longer ‘all-or-none’. Eur J Hum Genet 2005; 13(7):796-7.

141. Furano AV. The biological properties and evolutionary dynamics of mammalian LINE-1 retrotransposons.
Prog Nucleic Acid Res Mol Biol 2000; 64:255-94.

142. Waters PD, Dobigny G, Pardini AT et al. LINE-1 distribution in Afrotheria and Xenarthra: implications
for understanding the evolution of LINE-1 in eutherian genomes. Chromosoma 2004; 113(3):137-44.



152

143.

144.

145.

146.

147.

THE CELL BIOLOGY OF STEM CELLS

Parish DA, Vise P, Wichman HA et al. Distribution of LINEs and other repetitive elements in the
karyotype of the bat Carollia: implications for X-chromosome inactivation. Cytogenet Genome Res
2002; 96(1-4):191-7.

Wichman HA, Van den Bussche RA, Hamilton MJ et al. Transposable elements and the evolution of
genome organization in mammals. Genetica 1992; 86(1-3):287-93.

Bailey JA, Carrel L, Chakravarti A et al. Molecular evidence for a relationship between LINE-1 elements
and X chromosome inactivation: the Lyon repeat hypothesis. Proc Natl Acad Sci USA 2000; 97(12):6634-9.
Carrel L, Willard HF. X-inactivation profile reveals extensive variability in X-linked gene expression in
females. Nature 2005; 434(7031):400-4.

Wang Z, Willard HF, Mukherjee S et al. Evidence of influence of genomic DNA sequence on human X
chromosome inactivation. PLoS Comput Biol 2006; 2(9):e113.

148.HallLL, Clemson CM, Byron M etal. Unbalanced X; autosome translocations provide evidence for sequence

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

specificity in the association of XIST RNA with chromatin. Hum Mol Genet 2002; 11(25):3157-65.
Sharp AJ, Spotswood HT, Robinson DO et al. Molecular and cytogenetic analysis of the spreading of X
inactivation in X; autosome translocations. Hum Mol Genet 2002; 11(25):3145-56.

Sharp A, Robinson DO, Jacobs P. Absence of correlation between late-replication and spreading of X
inactivation in an X; autosome translocation. Hum Genet 2001; 109(3):295-302.

White WM, Willard HF, Van Dyke DL et al. The spreading of X inactivation into autosomal material of
an x; autosome translocation: evidence for a difference between autosomal and X-chromosomal DNA.
Am J Hum Genet 1998; 63(1):20-8.

Solari AJ, Rahn IM, Ferreyra ME et al. The behavior of sex chromosomes in two human X-autosome
translocations: failure of extensive X-inactivation spreading. Biocell 2001; 25(2):155-66.

Dobigny G, Ozouf-Costaz C, Bonillo C et al. Viability of X-autosome translocations in mammals: an
epigenomic hypothesis from a rodent case-study. Chromosoma 2004; 113(1):34-41.

Chureau C, Prissette M, Bourdet A et al. Comparative sequence analysis of the X-inactivation center
region in mouse, human and bovine. Genome Res 2002; 12(6):894-908.

Cantrell MA, Carstens BC, Wichman HA. X chromosome inactivation and Xist evolution in a rodent
lacking LINE-1 activity. PLoS One 2009; 4(7):¢6252.

Ke X, Collins A. CpG islands in human X-inactivation. Ann Hum Genet 2003; 67(Pt 3):242-9.

Cao R, Zhang Y. SUZ12 is required for both the histone methyltransferase activity and the silencing
function of the EED-EZH2 complex. Mol Cell 2004; 15(1):57-67.

de la Cruz CC, Fang J, Plath K et al. Developmental regulation of Suz 12 localization. Chromosoma
2005; 114(3):183-92.

Wang J, Mager J, Chen Y et al. Imprinted X inactivation maintained by a mouse Polycomb group gene.
Nat Genet 2001; 28(4):371-5.

Kalantry S, Magnuson T. The Polycomb group protein EED is dispensable for the initiation of random
X-chromosome inactivation. PLoS Genet 2006; 2(5):e66.

Schoeftner S, Sengupta AK, Kubicek S etal. Recruitment of PRC1 function at the initiation of X inactivation
independent of PRC2 and silencing. EMBO J 2006; 25(13):3110-22.

de Napoles M, Mermoud JE, Wakao R et al. Polycomb group proteins Ringl A/B link ubiquitylation of
histone H2A to heritable gene silencing and X inactivation. Dev Cell 2004; 7(5):663-76.

Fang J, Chen T, Chadwick B et al. Ringlb-mediated H2A ubiquitination associates with inactive X
chromosomes and is involved in initiation of X inactivation. J Biol Chem 2004; 279(51):52812-5.
Hernandez-Muioz I, Lund AH, van der Stoop P et al. Stable X chromosome inactivation involves the
PRC1 Polycomb complex and requires histone MACROH2A1 and the CULLIN3/SPOP ubiquitin E3
ligase. Proc Natl Acad Sci USA 2005; 102(21):7635-40.

Nusinow DA, Hernandez-Muiioz I, Fazzio TG et al. Poly(ADP-ribose) polymerase 1 is inhibited by a
histone H2A variant, MacroH2A and contributes to silencing of the inactive X chromosome. J Biol Chem
2007; 282(17):12851-9.

Kim MY, Zhang T, Kraus WL. Poly(ADP-ribosyl)ation by PARP-1: ‘PAR-laying” NAD+ into a nuclear
signal. Genes Dev 2005; 19(17):1951-67.

Rouleau M, Aubin RA, Poirier GG. Poly(ADP-ribosyl)ated chromatin domains: access granted. J Cell
Sci 2004; 117(Pt 6):815-25.

Hassa PO, Haenni SS, Elser M et al. Nuclear ADP-ribosylation reactions in mammalian cells: where are
we today and where are we going? Microbiol Mol Biol Rev 2006; 70(3):789-829.

Kim MY, Mauro S, Gévry N et al. NAD+-dependent modulation of chromatin structure and transcription
by nucleosome binding properties of PARP-1. Cell 2004; 119(6):803-14.

HelbigR, Fackelmayer FO. Scaffold attachment factor A (SAF-A) is concentrated in inactive X chromosome
territories through its RGG domain. Chromosoma 2003; 112(4):173-82.

Ganesan S, Silver DP, Greenberg RA et al. BRCA supports XIST RNA concentration on the inactive X
chromosome. Cell 2002; 111(3):393-405.



X CHROMOSOME INACTIVATION AND EMBRYONIC STEM CELLS 153

172. Silver DP, Dimitrov SD, Feunteun J et al. Further evidence for BRCA1 communication with the inactive
X chromosome. Cell 2007; 128(5):991-1002.

173. Vincent-Salomon A, Ganem-Elbaz C, Mani¢ E et al. X inactive-specific transcript RNA coating and
genetic instability of the X chromosome in BRCA1 breast tumors. Cancer Res 2007; 67(11):5134-40.

174. Xiao C, Sharp JA, Kawahara M, Davalos AR et al. The XIST noncoding RNA functions independently
of BRCA1 in X inactivation. Cell 2007; 128(5):977-89.

175. Blewitt ME, Gendrel AV, Pang Z et al. SmcHDI1, containing a structural-maintenance-of-chromosomes
hinge domain, has a critical role in X inactivation. Nat Genet 2008; 40(5):663-9.

176. Garrick D, Sharpe JA, Arkell R et al. Loss of Atrx affects trophoblast development and the pattern of
X-inactivation in extraembryonic tissues. PLoS Genet 2006; 2(4):e58.

177. Baumann C, De La Fuente R. ATRX marks the inactive X chromosome (Xi) in somatic cells and during
imprinted X chromosome inactivation in trophoblast stem cells. Chromosoma 2009; 118(2):209-22.

178. Han HJ, Russo J, Kohwi Y et al. SATB1 reprogrammes gene expression to promote breast tumour growth
and metastasis. Nature 2008; 452(7184):187-93.

179. Agrelo R, Souabni A, Novatchkova M et al. SATBI defines the developmental context for gene silencing
by Xist in lymphoma and embryonic cells. Dev Cell 2009; 16(4):507-16.

180. Disteche CM. Escape from X inactivation in human and mouse. Trends Genet 1995; 11(1):17-22.

181. Disteche CM. Escapees on the X chromosome. Proc Natl Acad Sci USA 1999; 96(25):14180-2.

182. Disteche CM, Filippova GN, Tsuchiya KD. Escape from X inactivation. Cytogenet Genome Res 2002;
99(1-4):36-43.

183. Brown CJ, Greally JM. A stain upon the silence: genes escaping X inactivation. Trends Genet 2003;
19(8):432-8.

184. Looijenga LH, Gillis AJ, van Gurp RJ et al. X inactivation in human testicular tumors. XIST expression
and androgen receptor methylation status. Am J Pathol 1997; 151(2):581-90.

185. Chow JC, Hall LL, Clemson CM et al. Characterization of expression at the human XIST locus in somatic,
embryonal carcinoma and transgenic cell lines. Genomics 2003; 82(3):309-22.

186. Migeon BR, Chowdhury AK, Dunston JA et al. Identification of TSIX, encoding an RNA antisense to
human XIST, reveals differences from its murine counterpart: implications for X inactivation. Am J
Hum Genet 2001; 69(5):951-60.

187. Chow JC, Hall LL, Lawrence JB et al. Ectopic XIST transcripts in human somatic cells show variable
expression and localization. Cytogenet Genome Res 2002; 99(1-4):92-8.

188. Hall LL, Byron M, Sakai K et al. An ectopic human XIST gene can induce chromosome inactivation in
postdifferentiation human HT-1080 cells. Proc Natl Acad Sci USA 2002; 99(13):8677-82.

189. Hall LL, Byron M, Butler J et al. X-inactivation reveals epigenetic anomalies in most hESC but identifies
sublines that initiate as expected. J Cell Physiol 2008; 216(2):445-52.

190. Shen Y, Matsuno Y, Fouse SD et al. X-inactivation in female human embryonic stem cells is inanonrandom
pattern and prone to epigenetic alterations. Proc Natl Acad Sci USA 2008; 105(12):4709-14.

191. Silva SS, Rowntree RK, Mekhoubad S et al. X-chromosome inactivation and epigenetic fluidity in human
embryonic stem cells. Proc Natl Acad Sci USA 2008; 105(12):4820-5.

192. Enver T, Soneji S, Joshi C et al. Cellular differentiation hierarchies in normal and culture-adapted human
embryonic stem cells. Hum Mol Genet 2005; 14(21):3129-40.

193. Hoffman LM, Hall L, Batten JL et al. X-inactivation status varies in human embryonic stem cell lines.
Stem Cells 2005; 23(10):1468-78.

194. Dhara SK, Benvenisty N. Gene trap as a tool for genome annotation and analysis of X chromosome
inactivation in human embryonic stem cells. Nucleic Acids Res 2004; 32(13):3995-4002.

195. Takagi N. Imprinted X-chromosome inactivation: enlightenment from embryos in vivo. Semin Cell Dev
Biol 2003; 14(6):319-29.

196. West JD, Papaioannou VE, Frels W1 et al. Preferential expression of the maternally derived X chromosome
in the mouse yolk sac. Cell 1977; 12(4):873-82.

197.vanden Berg IM, LavenJS, Stevens M etal. X chromosome inactivation is initiated in human preimplantation
embryos. Am J Hum Genet 2009; 84(6):771-9.

198. Looijenga LH, Gillis AJ, Verkerk AJ et al. Heterogeneous X inactivation in trophoblastic cells of human
full-term female placentas. Am J Hum Genet 1999; 64(5):1445-52.

199. Ropers HH, Wolff G, Hitzeroth HW. Preferential X inactivation in human placentamembranes: is the paternal
X inactive in early embryonic development of female mammals? Hum Genet 1978; 43(3):265-73.

200. Daniels R, Zuccotti M, Kinis T et al. XIST expression in human oocytes and preimplantation embryos.
Am J Hum Genet 1997; 61(1):33-9.

201. Ray PF, Winston RM, Handyside AH. XIST expression from the maternal X chromosome in human male
preimplantation embryos at the blastocyst stage. Hum Mol Genet 1997; 6(8):1323-7.

202. Bamforth F, Machin G, Innes M. X-chromosome inactivation is mostly random in placental tissues of
female monozygotic twins and triplets. Am J Med Genet 1996; 61(3):209-15.



154

203.

204.

205.

206.

207.

208.

209.

210.

211.

212

213.
214.
215.
216.
217.
218.
219.
220.

221.

222

223.

224.

225.

226.

THE CELL BIOLOGY OF STEM CELLS

Migeon BR, Wolf SF, Axelman J et al. Incomplete X chromosome dosage compensation in chorionic
villi of human placenta. Proc Natl Acad Sci USA 1985; 82(10):3390-4.

Migeon BR, Axelman J, Jeppesen P. Differential X reactivation in human placental cells: implications
for reversal of X inactivation. Am J Hum Genet 2005; 77(3):355-64.

Goto T, Wright E, Monk M. Paternal X-chromosome inactivation in human trophoblastic cells. Mol Hum
Reprod 1997; 3(1):77-80.

Harrison KB. X-chromosome inactivation in the human cytotrophoblast. Cytogenet Cell Genet 1989;
52(1-2):37-41.

Harrison KB, Warburton D. Preferential X-chromosome activity in human female placental tissues.
Cytogenet Cell Genet 1986; 41(3):163-8.

Liu W, Sun X. Skewed X chromosome inactivation in diploid and triploid female human embryonic stem
cells. Hum Reprod 2009; 24(8):1834-43.

Sato N, Sanjuan IM, Heke M et al. Molecular signature of human embryonic stem cells and its comparison
with the mouse. Dev Biol 2003; 260(2):404-13.

Ginis I, Luo Y, Miura T et al. Differences between human and mouse embryonic stem cells. Dev Biol
2004; 269(2):360-80.

Xu RH, Peck RM, Li DS et al. Basic FGF and suppression of BMP signaling sustain undifferentiated
proliferation of human ES cells. Nat Methods 2005; 2(3):185-90.

. Ying QL, Nichols J, Chambers I et al. BMP induction of Id proteins suppresses differentiation and sustains
embryonic stem cell self-renewal in collaboration with STAT3. Cell 2003; 115(3):281-92.

Boyer LA, Lee TI, Cole MF et al. Core transcriptional regulatory circuitry in human embryonic stem
cells. Cell 2005; 122(6):947-56.

Brons IG, Smithers LE, Trotter MW et al. Derivation of pluripotent epiblast stem cells from mammalian
embryos. Nature 2007; 448(7150):191-5.

Tesar PJ, Chenoweth JG, Brook FA et al. New cell lines from mouse epiblast share defining features with
human embryonic stem cells. Nature 2007; 448(7150):196-9.

Rossant J. Stem cells and early lineage development. Cell 2008; 132(4):527-31.

Lovell-Badge R. Many ways to pluripotency. Nat Biotechnol 2007; 25(10):1114-6.

Xu RH, Chen X, Li DS et al. BMP4 initiates human embryonic stem cell differentiation to trophoblast.
Nat Biotechnol 2002; 20(12):1261-4.

Guo G, Yang J, Nichols J et al. KIf4 reverts developmentally programmed restriction of ground state
pluripotency. Development 2009; 136(7):1063-9.

Bao S, Tang F, Li X et al. Epigenetic reversion of post-implantation epiblast to pluripotent embryonic
stem cells. Nature 2009; 461(7268):1292-5.

Hanna J, Markoulaki S, Mitalipova M et al. Metastable pluripotent states in NOD-mouse-derived ESCs.
Cell Stem Cell 2009; 4(6):513-24.

. Nichols J, Smith A. Naive and primed pluripotent states. Cell Stem Cell 2009; 4(6):487-92.

Zvetkova I, Apedaile A, Ramsahoye B et al. Global hypomethylation of the genome in XX embryonic
stem cells. Nat Genet 2005; 37(11):1274-9.

Lagarkova MA, Volchkov PY, Lyakisheva AV et al. Diverse epigenetic profile of novel human embryonic
stem cell lines. Cell Cycle 2006; 5(4):416-20.

Rugg-Gunn PJ, Ferguson-Smith AC, Pedersen RA. Epigenetic status of human embryonic stem cells.
Nat Genet 2005; 37(6):585-7.

Allegrucci C, Wu YZ, Thurston A et al. Restriction landmark genome scanning identifies culture-induced
DNA methylation instability in the human embryonic stem cell epigenome. Hum Mol Genet 2007,
16(10):1253-68.



CHAPTER 11

ADULT STEM CELLS AND THEIR NICHES

Francesca Ferraro, Cristina Lo Celso and David Scadden*

Abstract: Stem cells participate in dynamic physiologic systems that dictate the outcome of
developmental events and organismal stress, Since these cells are fundamental to
tissue maintenance and repair, the signals they receive play a critical role in the
integrity of the organism. Much work has focused on stem cell identification and
the molecular pathways involved in their regulation. Yet, we understand little about
how these pathways achieve physiologically responsive stem cell functions. This
chapter will review the state of our understanding of stem cells in the context of
their microenvironment regarding the relation between stem cell niche dysfunction,
carcinogenesis and aging.

THE NICHE CONCEPT, DEFINITION AND HISTORICAL BACKGROUND

The stem cell niche is the in vivo microenvironment where stem cells both reside
and receive stimuli that determine their fate. Therefore, the niche should not be
considered simply a physical location for stem cells, rather as the place where extrinsic
signals interact and integrate to influence stem cell behavior. These stimuli include
cell-to-cell and cell-matrix interactions and signals (molecules) that activate and/or
repress genes and transcription programs. As a direct consequence of this interaction,
stem cells are maintained in a dormant state, induced to self-renewal or commit to a
more differentiated state.

Schoefield first postulated the hypothesis of a specialized stem cell microenvironment
in 1978." He proposed that niches have a defined anatomical location and also that
removal of stem cells from their niche results in differentiation. The first demonstration
and characterization of niche components was conducted in the invertebrate model
of Drosophila melanogaster and Caenorhabditis elegans gonads.>* Examination of
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Humoral

Paracrine Neural

Figure 1. Representation of a stem cell niche: the stem cell niche is the place where humoral, neuronal,
local (paracrine), positional (physical) and metabolic cues interact with each other to regulate stem cell
fate. (Adapted from Scadden DT. Nature 441:1075-1079).

these systems, characterized in less complex animals, has led to pivotal insights into
understanding the more complex mammalian niche architecture. It appears that the
fundamental anatomical components and molecular pathways of the niche environment
are highly conserved among species, although their respective roles within the niche may
show distinct variations. Therefore, it has been proposed that it is possible to identify
common niche components that are associated with similar functions (Fig. 1).

The general niche model involves the association between resident stem cells and
heterologous cell types—the niche cells. However, the existence of a heterologous cell
type is not essential and components of the extracellular matrix (or other noncellular
components) may determine the niche for stem cells. Notably, a niche environment may
retain its key functions and properties, even in the temporary absence of stem cells (such
as following stem cell depletion through radiation treatment) allowing recruitment and
homing of exogenous stem cells to the pre-existing stem cell niche.

Conserved components of the niche are:

1. Stromal supportcells, including cell-cell adhesion molecules and secreted soluble
factors, which are found in close proximity to stem cells.

2. Extracellular matrix (ECM) proteins thatact as a stem cell “anchor” and constitute
a mechanical scaffolding unit to transmit stem cell signaling.

3. Blood vessels that carry nutritional support and systemic signals to the niche
from other organs and also participate in the recruitment of circulating stem
cells from and to the niche.
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4. Neural inputs that favor the mobilization of stem cells out of their niches and
integrate signals from different organ systems. Neuronal cues appear to be
particularly important in hematopoietic stem cells trafficking.*

Given the profound effect of the niche environment on stem cell behavior, newer
work is exploring how niche perturbations may cause stem cell dysfunctions, as it is seen
in aging or neoplastic transformation.>

STEM CELL NICHE COMPONENTS

In the invertebrate model of Drosophila ovary, germinal stem cells (GSCs)
located in the germarium are in physical contact with cap cells and terminal filaments
cells. During the process of asymmetric division, GSCs that physically contact cap cells
through E-cadherin junctions retain their stem cell properties, whereas those cells that lose
contact with cap cells differentiate into mature follicle cells. A similar system, driven by
polarity cues, applies also for Drosophila testis, where two sets of stem cells, germinal
stem cells (GSCs) and somatic stem cells (SSCs) are associated at the apical tip of the
testis with hub cells. Daughter cells that detach from the hub initiate a differentiation
program to become, respectively, spermatogonia and somatic cyst cells. In C. elegans
225 germ cells are associated to distal tip cells (DTC) and they are maintained stem cells
through signals from these cells.

Several niches have been identified also in many mammalian tissues: hematopoietic
system, skin, intestine, brain and muscle (Fig. 2).

In trabecular bone marrow, hematopoietic stem and progenitor cells (HSPCs) reside
along the endosteal surface close to osteoblasic cells'®!!" and in proximity to the blood
vessels.'>!* Since a niche is defined by its functional regulation of stem cells, the mere
physical proximity of stem cells to other components is insufficient to determine if those
components are niche elements. To date, data indicating a regulatory role for osteoblastic
cells has several lines of support but a role for endothelium is less clear.!%!!.14-16

In the skin, epithelial stem cells (ESCs) are found in the bulge area of the hair
follicles.!” While the exact components of skin niche have not been fully identified yet,
although critical regulatory cues derive from the dermal papilla. These stem cells are
important in regeneration of hair follicles while scattered stem cells attached to the basal
membrane that separates epidermis from dermis (basal keratinocytes) are involved in
replacement of interfollicular epidermidis.'® Sebaceous glands are maintained by cells
at the base of each gland," but their niche is still largely unknown.

In adult central nervous system, neural stem cells (NSCs) have been identified in
the lateral subventricular zone (SVZ) and in the subgranular zone (SGZ) of the dentate
gyrus within the hippocampus.?*?> Within these areas neural stem cells have been shown
to express the astorcyte marker glial fibrillary acidic protein (GFAP). GFAP-positive
astrocytes in SVZ and SGZ are able to give rise to neuroblasts and subsequently mature
neurons. Located in close proximity to NSCs, endothelial cells are considered niche cells
in the central nervous system.?

In the gut, intestinal stem cells (ISCs) reside in the bottom part of the intestinal crypt
interdigitated between Paneth cells.”® The area surrounding the crypts is particularly
rich of enteric neurons and blood vessels. Specialized mesenchymal cells also known
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as myofibroblasts in close proximity to crypt cells and have been suggested to be niche
cells for ISCs.**

In the muscle, stem cells, known as satellite cells, are located along muscle fiber
tracts attached to the plasma membrane that surrounds each muscle fiber bundle. In this
case the basal lamina may represent the niche for satellite cells.?2¢

MOLECULAR PATHWAYS ASSOCIATED WITH NICHE FUNCTION

Molecules that influence fate determination of stem cells are secreted from niche
cells and may exert their function either through paracrin effects or through neural output
(neuro-endocrine effect).

Molecular pathways recognized to be important modulators of stem cell maintenance
and function are redundant in different niches but have different roles according to the
specific niche. These pathways include Wnt/beta-catenin, bone morphogenetic protein
(BMP), Notch, Angiopoietin-1 (Ang-1) and several growth factors, such as fibroblast
growth factor (FGF), insulin growth factor (IGF), vascular endothelial growth factor
(VEGF), transforming growth factor-alpha (TGF-alpha) and platelet derived growth factor
(PDGF). Among these, BMP and Wnt signaling appear to be highly conserved controlling
self-renewal and lineage commitment in both invertebrates and mammals.

Wht/beta-catenin signaling may exert differential effects depending on the tissue. For
instance, in the hematopoietic system?’ and intestine?*?* Wnt/beta-catenin is an important
mediator of self-renewal and proliferation of stem cells, while in the skin it promotes
differentiation of hair follicole precursors.’** In mammalian brain, over-expression
of beta-catenin through Wnt signaling leads to the expansion of neuronal stem cells
populations.®

Bone morphogenic protein (BMP) signaling plays an important role in the control
of D. melanogaster GCS expansion by repressing expression of bam,* the mediator of
cystoblast differentiation. BMP signals are also generated in Drosophila testis’ hub cells
and are required for the control of GCS self-renewal. In the hematopoietic system, BMP
plays an important role in control of HSC number!! while in the skin, BMP signals act
opposite to Wnt signaling, inhibiting the activation of follicle stem cells and favoring
epidermal cell fate.’>*¢ In central nervous system, BMP signals favor the differentiation of
NSC towards astrocytes while the BMP inhibitor, Noggin, promotes a neurogenic fate.?’
Notch signaling pathways are required to maintain stem cells in undifferentiated states in
most of these systems, however it triggers differentiation of epidermal progenitor cells.

In addition to the above-mentioned secreted proteins, other molecules such as ions,
oxygen and reactive oxygen species (ROS) act on stem cells to affect their behavior.
In bone marrow for instance, high calcium concentrations are found in proximity of
the endosteal surface, the site of active bone remodeling where both osteoblasts and
osteoclasts are found in close proximity. HSCs normally express the calcium sensing
receptor (CaR) and its deletion results in HSC abnormal function leading to an impaired
marrow engraftment.®® Further research indicates that HSC preferential localization
follows a hypoxic gradient and also that ROS can lead to a premature HSC senescence.
These components are summarized in Table 1.
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Table 1. Summary of cellular and molecular components of known stem cell niches

Signalling
Tissue Stem Cell Support Cell Pathways Adhesion
C. elegans gonad GSC Distal tip cell Notch NI
D. melanogaster GSC Hub cells JAK-STAT DE-cadherin,
testis [-catenin
D. melanogaster GSC Cap cells, ESCs DPP-BMP DE-cadherin,
ovary [-catenin
D. melanogaster CPC Hub cells JAK-STAT DE-cadherin,
testis [-catenin
D. melanogaster ESC NI JAK-STAT NI
ovary
D. melanogaster FSC NI Hedgehog DE-cadherin,
ovary B-catenin
Mouse skeletal Satellite cells NI Notch B-1 integrin
muscle
Mouse bone HSC Osteoblastic cells,  Wnt, Notch, B-1 integrin
marrow endothelial cells ANGI1, OPN
Mouse small CBC Crypt fibroblasts, Wnt, BMP [-catenin
intestine Paneth cells
Mouse skin Inteollicular NI Whnt, Shh, E-cadherin,
kerinocyte Notch [-catenin,
B-1 integrin
Mouse skin Follicular bulge Dermal fi- Wnt, BMP [-catenin,
stem cells broblasts B-1 integrin
Mouse brain SVZ stem cells  Vascular cells, Shh, BMP N-cadherin,
(latral ventricle) astrocytes [-catenin
Rat brain SVZ stem cells ~ Vascular cells, Shh, Wnt N-cadherin,
(hippocampus) astrocytes [-catenin

ANGI: angiopoietin-1; BNP: bone morphogenetic protein; CBC: crypt base columnar cell; C. elegans:
Caenorabditis elegans; CPC: cyst progenitor cell (somatic stem cell); DPP: Decapentaplegic;
D. melanogaster: Drosophila melanogaster; ECM: extracellular matrix; ESC: escort stem cell; FSC:
follicle stem cell; GSC: germinal stem cell; HSC: hematopoietic stem cell; ISC: intestinal stem cell;
JAK:Januskinase; NI: noneidentified; OPN: osteopontin; SGZ: subgranular zone; Shh: sonic hedgehog;
STAT: Signal transducer and activator of transcriptions; SVZ: subventricular zone.

EXTRACELLULAR MATRIX AND CELL-CELL INTERACTIONS

The ECM acts as ascaffolding system, in which stem cells, stromal cells and molecular
cues are embedded. Its role is to retain the stem cells in place, to localize signals and to
create gradients that guide stem cells in their processes of self-renewal and differentiation.
Examples of these key properties are represented by beta-1 integrins that are expressed
in various stem cells types, such as HSCs,* skin*'* and muscle stem cells* and that
mediates stem cells adhesion to matrix components, regulating stem cell maintenance.
Deletion of beta integrins, however, do not lead to loss of marrow stem cells,* suggesting
that additional factors are involved in HSC localization.***” Tenascin-C is another ECM
component expressed in the stromal compartment of the brain*® and bone marrow.* In
the brain, it increases sensitivity of NSCs to fibroblast growth factor 2 (FGF2) and bone
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morphogenetic protein- 4 (BMP4).# In bone marrow, osteopontin (OPN) is another
matrix glycoprotein that interacts with cell adhesion molecules expressed on HSCs, like
CD44 and other integrins®®' to facilitate HSC retention in their niche.

It has recently been reported that several mechanical characteristic of ECM, such as
the grade of stiffness and elasticity, are involved in stem cell differentiation by means
of affecting lineage commitment.> This might be particularly important after tissue
injury, where subsequent scar formation might negatively affect the ability of stem cells
in repair activity.

As previously indicated in invertebrate models, cell-cell interactions via cadherins
proteins and spindle cell orientation represent a well-established system through which
cells can undergo symmetric cell division (self-renewal) or asymmetric cell division
(commitment/differentiation).™*** It has been suggested that the same system might also
be active in the mammalian niche even though substantial evidence for this is still missing.
For instance, preliminary studies have shown that N-cadherin facilitates the association
between hematopoietic stem cells and osteoblasts,'' and that M-cadherin is involved
in the association between muscle stem cells and muscle fibers.’® However, the loss of
N-cadherin and M-cadherin in hematopoietic system and in muscles, respectively, does
not translate into overt stem cell dysfunction in either system.-

STEM CELL NICHE DYNAMISM

Stem cell niches receive and mediate messages from the periphery about the
necessity for tissue repair following stress of injury, so that stem cell function is flexible
and adaptable.

In Drosophila, ovary niche cells can induce somatic stem cells to enter the niche and
replace lost germline stem cells® and testis niche cells can induce de-differentiation of
spermatogonia if the niche needs to be replenished.*

In mammalian epidermis, bulge stem cells can migrate upwards and regenerate
all epidermal compartments following injury, even though this involvement is only
transient and during homeostasis they are only responsible for hair follicle maintenance.®'
Artificially induced Wnt signaling activation in the basal layer of the epidermis leads to
the induction of new dermal papillae and ectopic development of hair follicles, leading
to the generation of new stem cell niches as well.*?

Inthe Drosophilaintestine and mammalian muscle it has been shown that differentiated
cells feedback to stem cells inducing them to proliferate in response to injury.5%

The mammalian HSC niche provides perhaps some of the most striking examples
of niche dynamism in response to multiple stimuli. For example, it has been shown that
the HSC mobilizing agent G-CSF acts in the first place on osteoblasts, inducing them
to proliferate. A wave of HSC proliferation follows the osteoblast one and the return of
osteoblast numbers to normal accompanies HSC egression from the niche and mobilization
to the peripheral blood.® Moreover, the HSC niche is able to survive lethal irradiation,
attract freshly transplanted HSC and regenerate itself and the whole hematopoietic tree
thanks to complex molecular interactions interactions between osteoblasts, megakaryocytes,
endothelial and perivascular cells.!>% The chemokine CXCL12 (also called SDF1) has
a crucial role in the HSC niche regeneration process as it is responsible for recruitment
and retention of transplanted HSC and regulates neo-vascularization and survival of
megakaryocytes and osteoblast progenitors.®’
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The development of wound repair assays and of an enormous number of transgenic
and knock out model organisms has allowed revealing the plasticity of numerous
stem cell niches and studying the molecular mechanisms of tissue regeneration. More
recently, the advancement of in vivo imaging technologies lead to direct visualization
of transplanted hematopoietic stem cells reaching the bone marrow and initiating the
engraftment process.”>’® The combination of in vivo cell tracking and precise stem cell
and lineage marking is currently the most promising strategy to evaluate the dynamic
response on adult stem cell niches to tissue injury.” Further, setting of physiologic stress
can see the development of new niches. In hematopoiesis, the infiltration of the bone
marrow by abnormal cells (e.g., myelofibrosis) or high demand of blood cell production
(e.g., hemoglobinopathies) can result in hematopoiesis occurring in ectopic sites like
limph node, spleen and liver.

STEM CELL NICHE AGING

The aging process affects not only the stem cells but also their microenvironment.
In several aged tissues stem cells are more proliferative but less efficient in terms of
self renewal and progeny production (see for example Drosophila intestinal stem cells”™
and mammalian hematopoietic stem cells).” Works on Drosophila and mouse gonads
demonstrated that stem cells do notage by themselves, butrather aged niches have reduced
supportive properties.”-* In fact, when mouse germline stem cells are serially transplanted
into the testis of young mice they are able to maintain their function for years.®* Young
hematopoietic stem cells transplanted into old recipient mice present an aged phenotype
at least transiently.?"-%> Moreover, young HSC transiently exposed in vitro to osteoblasts
from old mice perform more similarly to older HSC in transplantation assays.’

The deregulation of local signaling pathways and accumulation of stress-induced
damage, including reactive oxygen species (ROS), have been indicated as major
causes of stem cell and niche loss of function during aging. Old niches appear to
constitutively maintain damage response pathways and mechanisms, which younger
niches activate only temporarily in response to injury. In this sense, niche aging might
be perceived as a progressive switch from the ability to flexibly respond to damage
to a constant, yet inefficient, repair mode, which eventually exhaust the stem cell
regenerative potential.”>%3% The same molecular pathways regulating young stem
cell-niche interactions are still present in older niches, however signaling the latter is
deregulated. Examples the Notch pathway in the Drosophila intestine®® and the Wnt
pathway in mammalian muscle.®

Not only local, but also systemic factors play a role in stem cell and niche aging.
While harder to identify, these factors have allowed the first successful experiments
leading to stem cell and niche rejuvenation. Older mice exposed to younger systemic
factors through parabiosis experiments (in which two animals are surgically joined and
develop communal circulation) present rejuvenated muscle and hematopoietic stem cells
and niches.*’
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MALIGNANT STEM CELL NICHES

In the same way the microenvironment has a critical role in regulating stem cell
function, the niche and niche alterations can play a role in the development of cancer. The
idea thatthe microenvironment might be one of the factors involved in cancer development
was proposed over one century ago.% The role of local vasculature in the support of tumor
growth has long been recognized®”* and development of anti-angiogenic molecules has
been a very fertile field of basic and translational research aiming at the generation of
efficient anticancer therapies.® Transcriptional profiling of basal cell carcinoma cells and
stroma indicated that tumor fibroblasts express high levels of Gremlin1, antagonizing BMP
2 and 4, suppressing epidermal cells differentiation and promoting local proliferation.”
Also in breast cancer, cancer associated fibroblasts have been demonstrated to be able to
promote tumor progression.”’ Immune cells play a dual role in the regulation of cancer
development. On one side they provide immunosurveillance and can actively remove
transformed cells from tissues; on the other side chronic inflammation contributes to
skewing local molecular signals towards a chronic stress-response, conducive to cell
damage and premature aging, all the way to the generation of amodified microenvironment
now supportive of tumor growth.>%

Moreover, as stem cells have been described to be the cell of origin of certain
malignancies, it is likely that defect in their microenvironment could have contributed
to their malignant phenotype. There are some examples of niche/microenvironment
induced malignancies from the hematopoietic stem cell field, where some transgenic or
knock out mice have been described to develop myeloproliferative or myelodisplastic
syndromes which are not transplantable, but rather present again when the mice
receive wild type bone marrow transplantation.’* For example deletion of Dicerl in
a select subset of mesenchymal cells, osetoprogenitors, results in the development of
myelodisplasia and remarkably, acute leukemia. The leukemia had secondary genetic
changes but had normal Dicerl. Further transplant of the leukemia was only successful
if the recipient had deletion of Dicerl in the marrow osteoprogenitors. Therefore, this
niche can be the source of an initiating oncogenic event in cancer and be required for
its maintenance.’’

Recently, the application of the stem cell model to cancer naturally raises the question
whether cancer stem cells reside in and are regulated by specific microenvironments and
whether they do so in competition with normal stem cells. The answer is complex and
variable depending on the cancer analyzed. Human B cell leukemia cells transplanted into
mice localize in the bone marrow following the expression pattern of SDF1 and therefore
appear similar to normal HSC."3 However, it has been shown in a mouse model of chronic
myeloid leukemia that malignant, but not normal HSC depend on CD44 function in order
to localize to the bone marrow and give rise to leukemia,”® indicating the presence of
leukemia-specific mechanisms of interaction with the microenvironment. Moreover, it
is likely that more aggressive and advanced stages of disease become independent from
niche support. Even though leukemia could develop independent of the influence of the
microenvironment, in certain cases cytokines and other secreted factors produced by
stroma cells have been shown to confer resistance to chemotherapeutic interventions.*°
The differential support of normal and malignant cells by niche alterations represents
new promising area for research. If distinct sensitivity to niche signals exists then distinct
sensitivity to niche signals can be exploited in therapy.
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Tumor progression can alter existing niches at the expenses of normal stem cells.
For example, at advanced stages of disease leukemia cells in the bone marrow prevent
normal transplanted HSC from correctly localizing in their niches and actively secrete
SCF to form a new, inhibitory niche.!’! Myeloma cells disrupt the endosteal HSC niche
by secreting the Wnt inhibitor Dkk1.1%2

Invasive primary tumors secrete soluble factors that can act at long distances to
induce premetastatic niches, which in turns will recruit tumor cells and support metastatic
growth.!® For example, melanoma cells produce factors that activate hepatic stellate cells
to become similar to myofibroblasts and supportive of metastatic melanoma cells.'*+!%
Finally, normal niches can attract malignant cells with similar characteristics to the stem
cellsnormally residing in the niche. This is the case of the bone marrow, where osteotropic
cancers such as breast, ovarian, prostate and neuroblastoma metastatize to based on the
SDF1-CXCR4 signaling axis.'®

CONCLUSION

The stem cell niche concept has gained experimental support and conceptual complexity
since proposed by Schofield. The crosstalk between different cell types intrinsic to the
stem cell niche offers the opportunity to target these cell communication networks and
tailor the dynamics of normal stem cells to boost their ability to respond to injury as
well as to manage the competitive advantage of malignant cells. The niche is a point of
intervention still under-explored, that offers a uniquely drug-gable opportunity to affect
regenerative medicine and anticancer treatments.
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CHAPTER 12

ADULT STEM CELL DIFFERENTIATION
AND TRAFFICKING AND THEIR
IMPLICATIONS IN DISEASE

Ying Zhuge, Zhao-Jun Liu and Omaida C. Velazquez*

Abstract:

Stem cells are unspecialized precursor cells that mainly reside in the bone marrow
and have important roles in the establishment of embryonic tissue. They also have
critical functions during adulthood, where they replenish short-lived mature effector
cells and regeneration of injured tissue. They have three main characteristics:
self-renewal, differentiation and homeostatic control. In order to maintain a pool
of stem cells that support the production of blood cells, stromal elements and
connective tissue, stem cells must be able to constantly replenish their own number.
They must also possess the ability to differentiate and give rise to a heterogeneous
group of functional cells. Finally, stem cells must possess the ability to modulate
and balance differentiation and self-renewal according to environmental stimuli and
whole-organ needs to prevent the production of excessive number of effector cells.!
In addition to formation of these cells, regulated movement of stem cells is critical
for organogenesis, homeostasis and repair in adulthood. Stem cells require specific
inputs from particular environments in order to perform their various functions.
Some similar trafficking mechanisms are shared by leukocytes, adult and fetal stem
cells, as well as cancer stem cells.> Achieving proper trafficking of stem cells will
allow increased efficiency of targeted cell therapy and drug delivery.? In addition,
understanding similarities and differences in homing and migration of malignant
cancer stem cells will also clarify molecular events of tumor progression and
metastasis.? This chapter focuses on the differentiation, trafficking and homing of
the major types of adult bone marrow stem cells: hematopoietic stem cells (HSCs),
mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) and the
term “stem cell” will refer to “adult stem cells” unless otherwise specified.
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DIFFERENTIATION
Hematopoietic Stem Cells

The process of stem cell differentiation is most-studied and well-established for HSCs
thatreside in the bone marrow and become progressively more specific to constitute mature
circulating blood cells, which consist of red blood cells, megakaryocytes, myeloid cells
and lymphocytes (Fig. 1). Since functional blood cells are short-lived, HSCs are required
to replenish the circulating blood elements throughout life. When HSCs are transplanted,
they are able to reconstitute the entire blood system of the appropriately-conditioned
recipient indefinitely.

The process of hematopoiesis is well-conserved throughout vertebrate evolution
and animal models such as the mouse and zebrafish have complemented and greatly
extended studies of human hematopoiesis.* Formation of HSCs as well as subsequent
lineage-restricted differentiation is mainly regulated by transcription factors, which
encompass virtually all classes of DNA-binding proteins.* Transcription factors that
are necessary for the formation of HSCs include mixed lineage-leukemia gene (MLL),
Runt-related transcript factor-1 (Runx1), translocation ets leukemia/ets variant gene 6
(Tel/ETV6), stem cell leukemia/T-cell acute leukemia 1 (SCL/tall) and LIM domain only
2 (LMO?2).* The genes encoding the SET-domain containing histone methyltransferase

F .
LTHSC . . , Self-renewal
b 4

B lymphocyte T lymphocyte Megakaryocyte Mast cell Eosinophil p Monocy

Figure 1. Pluripotent capacity of HSCs to differentiate into various short-lived mature effectors blood
cells (solid arrows). HSCs are also capable of self-renewal (block arrow). Adapted from Orkin SH,
Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology.
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MLL and runt-domain Runx1 proteins are necessary for HSC generation in the various
sites of hematopoiesis.* The basic-helix-loop-helix factor SCL/tall and its associated
protein partner LMO2 are both essential for the development of the hematopoietic
systems.® In the absence of Runx1, SCL/tall, or LMO2, no blood cells are formed.
On the contrary, enforced expression of SCL/tall and LMO2 converts mesoderm
into hematopoietic lineages. While critical for HSC specification, these transcription
factors may not be continuously required to for their survival and proliferation. For
example, SCL/tall, which is needed early on during developing, does not affect the
maintenance of self-renewing progenitors if inactivated in adult HSCs.® Similarly,
inaction of Runx! in adult HSCs merely causes disturbances in differentiation of
some lineages, but does not abolish HSC properties all together.” Therefore, a large
repertoire of factors is required in temporal-dependent ways to achieve regulation of
HSC speciation.

The above-mentioned, as well as additional transcription factors are involved in
differentiation of individual blood lineages from multipotent progenitors (Table 1). The
zinc finger factor GATA-binding factor 1 (GATA-1)is highly-produced in megakaryocytic/
erythroid progenitors, which give rise to megakaryocyte and red blood cell precursors.®
In contrast, CCAAT/enhancer binding protein-o. (C/EBPa) is present in granulocyte/
myeloid precursors and PU.1 induces myeloid development.® Finally, paired box
protein 5 (Pax5) is required for B-cell commitment and differentiation.!® In addition the
presence of factors, their concentration at a given time in development is also critical
to differentiation.* For example, eosinophils form at low levels of GATA-1, whereas
at higher levels, erythroid and megakaryocytic development occurs.® Conversely, the
maturation of erythroid precursors is retarded by a threefold decrease in the expression
of GATA-1." In addition, a high level of PU.1 favors macrophage development while
low levels favor B cell generation.*

While it is simpler to identify a one-to-one correspondence of lineage-restricted
transcription factor and progenitor in later generations of differentiation, this is challenging
in earlier generations, as one cell expresses different lineage markers.!? For example,
GATA-1, FOG-1, Ikaros and PU.1 are all expressed in progenitors with multilineage
potential, leaving multiple development options for these cells. Once a tentative decision
is reached, mutual reinforcement of a stable pathway for subsequent differentiation

Table 1. Regulatory signals for differentiaion of hematopoietic stem cells

HSC Speciation

Mixed lineage leukemia gene (MLL)
Runx1

Tel/ETV6

SCL/tall

LMO2

HSC Differentiation Transcription Factor Lineage

GATA-1 Erythroid, megakaryocytic
C/EBPa Myeloid, granulocyte

PU.1 Myeloid

Pax5 B lymphocyte
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may be provided by auto-upregulation of one lineage factor and by cross-antagonism of
others.* Forexample, both GATA-1 and PU.1 both positive feedback their own production
to promote erythroid and myeloid cells, respectively.'** In addition to allowing for
crosstalk at the molecular level between different cellular fates, the presence of multiple
lineage markers on common progenitor cells also demonstrates the principle of lineage
priming, which refers to the idea that lineage selection is a process of extinguishing
alternative possibilities, rather than imposing one dominant pathway on an otherwise
blank slate.® This is accomplished by maintaining chromatin in early HSCs in an open
confirmation, followed by transient repression and more permanent silencing, all the while
maintaining the plasticity of progenitor cells.* Although cellular differentiation was once
considered unidirectional, evidence now favor the notion of cellular reprogramming.?
For example, enforced GATA-1 expression in early myeloid progenitor cells drives them
to redifferentiate to erythroid, eosinophilic, or megakaryocytic precursors.®!* Similarly,
committed B- and T-lymphoid cells can be reprogrammed to macrophages via enforced
C/EBPa. expression.'®!” Cells that are reprogrammed transit through an intermediate
state where different lineage markers are expressed, indicating this process occurs in a
stepwise fashion.?

Another characteristic of key lineage-restricted transcription factors involved in HSC
differentiation is their simultaneous ability to promote one pathway while antagonizing
another, providing an efficient mechanism of resolving and reinforcing lineage choices.
Forexample, upregulation of eosinophil markers upon expression of GATA-1 is associated
with a concomitant downregulation of myeloid lineage markers.® Also, in the absence of
absence Pax5, progenitors originally destined to become B cells fail to restrict their lineage
choice and develop into a variety of hematopoietic cells such as macrophages, osteoclasts
and granulocytes. Pax5 both drives B-cell development and suppresses alternative lineage
choices.' This cross-regulation by regulators of hematopoiesis also occurs at the protein
level. For example, GATA-1 and PU.1 physically interact via association of the amino
terminus of PU.1 with the carboxy-finger of GATA-1, which blocks GATA-1’s ability
to recognize DNA.!" At the same time, PU.1 and GATA-1 impairs PU.1-dependent
transactivation due to displacement of a cofactor.*?* In addition, Pax5 is critical for the
development of B cells as it represses other growth factors that are responsible for allowing
cells without Pax5 to differentiate to T-, NK- or dendritic cells, macrophages, neutrophils,
or erythroid precursors.? Finally, GATA-3 is necessary for the production of Tj;2 from
CD4* T-cells and can switch Ty;1 cells to the T};2 phenotype.?! Conversely, the transcription
factor T-bet converts Ty2 cells to Ty 1 phenotype.?? Differentiation is an ongoing process
that necessitates continuous and active participation of key regulators.*

Almost all hematopoietic transcription factors are directly associated with
hematopoietic malignancies, or leukemias. Disturbance of the homeostatic balance of the
critical transcription factors is the defining feature of leukemias.’ Most of these altered
mutations consist of chromosomal translocations or somatic mutations ofkey transcription
factors in differentiation. In chromosomal translocations, chimeric transcription factors
inappropriately activate or repress genes, which then cause improper downstream effects.
For example, Scl/tal-1, Lmo2, Tel, E2A and runxl are all involved in chromosomal
translocations, which create fusion proteins that function in a dominant-negative fashion
to block the action of lineage-determining factors.* Somatic mutations in GATA-1,
PU.1 and lkaros cause misexpressed or dysregulated transcription factors that alter
control of differentiation. GATA-1 mutation is involved in Down syndrome-associated
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megakaryocytic leukemias,” PU.I and C-EBPa. is involved in myeloid leukemias,***
and Pax5 mutations are involved in B-lymphoid leukemias.*

Mesenchymal Stem Cells

MSCs are a heterogeneous group of progenitor cells with pluripotent capacity to
differentiate into mesodermal and nonmesodermal cell lineages, including osteocytes,
adipocytes, chondrocytes, myocytes, cardiomyocytes, fibroblasts, myofibroblasts, epithelial
cells and neurons (Fig. 2).?” The International Society for Cytotherapy has identified
three criteria for identifying these cells: plastic adherence of cells in culture; expression
of CD105, CD73 and CD90 in greater than 95% of culture and lack of expression of
CD34,CD45,CD14 or CD11b,CD790 or CD19 and HLD-DR in greater than 95% of the
culture; and differentiation into bone, fatand cartilage.”® MSCs reside primarily in the bone
marrow, but also exist in other sites such as adipose tissue, peripheral blood, cord blood,
liver, periosteum, synovial membrane, synovial fluid, skeletal muscle, dermis, deciduous
teeth, pericytes, trabecular bone, infrapatellar fat pad, articular cartilage, placenta, spleen,
thymus and fetal tissues.?” When stimulated by specific signals, they can be released from
their niche in the bone marrow into circulation and recruited to specific tissues to undergo
in situ differentiation and contribute to tissue regeneration.?*3!

AlthoughMSCsisolated from different tissues show similar phenotypic characteristics,
they show different propensities differentiate in response to stimulation by various growth

Adipocytes Chondrocytes Myocytes

I

Mesenchymal
“—— Stem Cells

Osteocytes / V \ Fibroblasts

Epithelial cells Neurons

Q

Figure 2. Pluripotent capacity of MSCs to differentiate into mesodermal and nonmesodermal cell
lineages (solid arrows). MSCs are also capable of self-renewal (block arrow). Reprinted with permission
from Liu Z, Zhuge Y, Velazquez OC. Trafficking and differentiation of mesenchymal stem cells.
J Cell Biochem 2009; 106:984-91.
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Table 2. Regulatory signals for differentiation of mesenchymal stem cells

Biological Signals Differentiation Potential
TGF-p Chondrogenic

IGF-1 Chondrogenic

bFGF Chondrogenic, osteogenic, neural
EGF Chondrogenic

PDGF Condrogenic, myofibroblastic
VEGF Endothelial

Wnt Chondrogenic, osteogenic, neural

Adapted from Liu Z, Zhuge Y, Velazquez OC. Trafficking and differentiation of mesenchymal stem
cells. J Cell Biochem 2009; 106:984-91.

factors. Growth factors that have regulatory effects on MSCs include members of the
transforming growth factor-beta (TGF-f3) superfamily, the insulin-like growth factor (IGF),
the fibroblast growth factors (FGF), the epidermal growth factor (EGF), the platelet-derived
growth factor (PDGF), the vascular endothelial growth factor (VEGF) and family of growth
factors known as Wnt (Table 2).3*3” The most potent inducers of chondrogenesis are the
TGF-p family, including TGF-f1, TGF-f2 and TGF-$3, as well as bone morphogenic
protein (BMPs). Adipose tissue-derived MSCs lack expression of TGF-f Type I receptor
and havereduced expression of BMP-2, BMP-4 and BMP-6 when compared to bone marrow
MSCs.” In addition, canonical and noncanonical Wnts have been shown to crosstalk with
each other in regulating stem cell proliferation and osteogenic differentiation.**> Additional
regulatory signals of growth factors are delivered through specific signal transduction
pathways that control downstream transcription factors. For example, mitogen-activated
protein kinase (MAPK) and Smads are activated, which induces transcription factors such
as Sox9, Sox5 and Sox6, leading to the production of extracellular matrix proteins such
as collage Type II, aggrecan and cartilage oligomeric matrix protein, leading ultimately to
chondrogenesis.?’ In fact, Sox9 is one of the most important molecules for expression of
cartilaginous phenotype and is considered the “master switch” in chondrogenesis.*

TRAFFICKING

Stem cell trafficking is defined as oriented and directed movement of cells toward
a specific stimuli. There are two kinds of stem cell trafficking: homing and interstitial
migration. The former is a process whereby stem/progenitor cells are disseminated
throughout the body by the flowing blood until they recognize and interact with
microvascular endothelial cells in a target organ.” The homing process is guided by
specific “sensor(s)” on the cell surface, which senses chemotactic gradient in the target
tissue. It is preceded and followed by a more active migratory phase during which cells
access and exit the bloodstream.?

Mesenchymal Stem Cells

Recruitment of MSCs to repair damaged tissue is complex and involves sensing the
signal from the remote injured tissue, release of MSCs from their bone marrow niche,
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homing of circulating MSCs to the target tissue and in situ differentiation of MSCs into
mature, functional cells (Fig. 3).

One hypothesis regarding mobilization involves cytokines and/or chemokines that
are upregulated under injury and are released into the circulation from remote tissues,
stimulating MSCs to down-regulate their adhesion molecules that hold them at their
niche.”” This is contrast to quiescent conditions when progenitor cells are maintained
inactive by contacting the bone marrow. The process of mobilization depends on many
different molecules, such as matrix metalloproteinase protein (MMP)-9 and stromal
cell-derived factor (SDF)-1a/CXCLI12 and its receptor CXCR4.% It has been found
that over-expression of CXCR4 on MSCs augments myoangiogenesis in the infarcted
myocardium.* Similarly, over-expression of IGF-1 in MSCs induces massive stem cell
mobilization via SDF-1a signaling and culminates in extensive myoangiogenesis in the
infarcted heart.*' In addition to SDF-1a, high mobility group box-1 (HMGB-1) isanuclear
protein that is released extracellularly upon activation of cells by inflammatory cytokines
and during cell necrosis and is known to act as a chemoattractant for inflammatory cells,
stem cells and EPC in vitro and in vivo.*#

(4,;* Mobilization
into Circulation
Stimulatory
Factors

Recruitment

Integration &
Maturation

Figure 3. Injury in the periphery releases stimulatory factors that cause mobilization of MSCs from the
bone marrow into the circulation. At the site of injury, certain molecules on the endothelium causes
recruitment of MSCs, whereby they transmigrate from blood vessels and undergo in situ maturation
and integrate into the injured tissue to bring about regeneration and healing. Reprinted with permission
from Liu Z, Zhuge Y, Velazquez OC. Trafficking and differentiation of mesenchymal stem cells.
J Cell Biochem 2009; 106:984-91.
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After injury or ischemic insult, local resting resident fibroblasts are activated, which
play a critical role in recruiting MSCs to the injured site. Platelet-derived growth factor B
(PDGF-B)-activated fibroblasts were recently studied in regulating recruitment, migration
and differentiation of murine bone marrow MSCs in an in vitro wound healing assay
and a novel three-dimensional model. PDGF-B-activated fibroblasts caused significant
increases in MSC migration velocity compared to control and invasion of MSCs into
3-dimensional (3D) collagen gels was enhanced in the presence of PDGF-B-activated
fibroblasts.?” In addition, PDGF-B-activated fibroblasts induced differentiation of MSCs
into myofibroblasts. These effects are likely mediated by basic fibroblast growth factor
(bFGF) and epithelial neutrophils activating peptide-78 (ENA-78 or CXCLY5) as protein
array analysis indicated elevated levels of these two soluble factors. Blocking antibodies
were able to inhibit trafficking and differentiation of MSCs into 3D collagen gels while
supplement of exogenous bFGF and/or CXCL5 promoted invasion of MSCs into 3D
collagen gels.”’

Homing mechanism of MSCs to the sites of target tissues involve a cascade of events,
including rolling of MSCs in the blood vessels, adhesion onto the endothelial cell surface
lining the capillaries, transendothelial migration, extravasation from the blood vessels
and migration through the extracellular matrix to the target injured area. Studies show
that the adhesion molecules are similar to those engaged by leukocytes for recruitment
to sites of inflammation.**** These molecules include integrins, selectins, CAMs and
chemokine receptors. Rolling slows down subsets of MSCs, allowing their subsequent
endothelial adhesion. P-selectin has been suggested to be involved in the rolling of MSCs
and adhesion to endothelial cells, as neutralizing this molecule significantly reduces the
rolling of MSCs under shear flow conditions.* Other adhesion molecules mediating
MSC-endothelial cell interaction include various integrins and CAMs, suchas al, a2, a3,
o4, a5, av, B1, 3, 4, VCAM-1, ICAM-1, ICAM-3, ALCAM and endoglin/CD105.4748
These adhesion molecules and their counter-ligands are expressed on either MSCs or
endothelial cells. Approximately half of human MSCs express the integrin very late
antigen (VLA)-4 (04p1, CD49d) and it has been shown via in vitro studies that under
conditions of shear flow, binding of human MSCs to endothelial cells is mediated by
VLA-4.% VLA-4 and its counterpart adhesion molecular VCAM-1 are responsible for
mediating firm adhesion of human MSCs to endothelial cells.

Recently, CD44 has been demonstrated as a homing molecule for bone-marrow
derived MSCs, as a glycoform CD44 mediates trafficking of human MSCs to bone through
interactions with E-selecting, which is present on marrow vasculature.*” CD44 adhesion
molecules represent a large family of transmembrane glycoproteins and a stereospecific
fucosylation of CD44 was observed to confer robust rolling of MSCs on vascular E-selectin
in vitro and induces significantly increased homing of intravenously injected human
MSCs to bone in NOD/SCID mice.* The receptor/ligand specificity allows for direction
of migration of stem cells to one organ versus another and manipulation of these homing
signatures may allow for precise targeting of stem cells to damaged areas.

It is unclear whether bone marrow-derived circulating MSCs and tissue-derived
MSC:s utilize identical trafficking mechanisms. The Rho family of GTPases performs
key function in regulating actin cytoskeletal dynamics and may affect cell migration
and adhesion. However, while it has been generally believed that signaling through the
Rho family would influence the migration response of MSCs, experimental data has not
been consistent.
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In the clinical setting, MSCs can be therapeutically utilized via several approaches,
most notably by either direct site delivery or systemic intravascular administration.
In the case of the former, MSCs are delivered to the local tissue directly via local or
intralesional implantation. In this situation, mobilization and homing are not required.
Alternatively, when a systemic intravascular administration approach is utilized, this
bypasses the mobilization process but requires homing/recruitment. Understanding the
molecular mechanisms underlying homing of both bone marrow-derived and circulating
MSCs will help to expand the clinical application of MSCs.

Endothelial Progenitor Cells

Similar to MSCs, the process of mobilization and homing of EPCs are regulated by
chemokines, adhesion molecules and growth factors that guide them to the vessel wall
after injury and during ischemia.* By using cell sorting techniques, it has been recently
revealed that functional endothelial outgrowth was entirely derived from circulating CD34+
CD45- mononuclear cells that were positive for VEGFR2, but negative for CD133.%

The SDF-10/CXCR4 axis has also been shown to be critical for mobilization of
EPCs to participate in vasculogenesis and angiogenesis.”'*> The gene regulation of
SDF-10/CXCL12 is regulated by the transcription factor hypoxia-inducible factor
(HIF)-1, which is up-regulated by injured tissues , thereby recruiting CXCR4* progenitor
cells by the hypoxic gradients via HIF-1-induced expression of SDF-10/CXCL12.3>5
Inhibition of the interaction partially blocks the homing of these progenitor cells to the
ischemic myocardium.’'** Suppression of CXCR4 by anti-CXCR4 neutralizing antibodies
significantly reduces SDF-1a/CXCL12-induced adhesion of EPCs to mature endothelial
cell monolayers, the migration of EPC in vitro and in vivo homing of myeloid EPC to
the ischemic limb in the hind limb ischemia model.*** Vascular trauma also mediates
transient increase in circulating EPCs.*® SDF-1a/CXCL12 produced at the injured site
induces release of nitric oxide (NO) in endothelial cells as well in the bone marrow,
which mobilizes EPCs.!*

EPCs function in endothelial regeneration and has been shown to be helpful in
many situations, such as attenuating neointimal hyperplasia after carotid injury in mice,
postnatal neovascularization in ischemic tissue and the treatment of acute and chronic
myocardial ischemia.?’>!5"58 [t has also been shown that EPCs decreases plaque stability
in apolipoprotein E knockout (ApoE~-) mice.*” Therefore, therapeutic use of EPCs must
be context-dependent, as wide-spread mobilization of EPCs may destabilize plaques
while local stimulation of EPCs could improve arterial injury or during ischemia by
promoting regeneration.*

Hematopoietic Stem Cells

The process of mobilization of HSCs from the bone marrow is controlled by specific
signals such as chemo-attractant cytokines, growth factors and hormones both in the
bone marrow and the periphery. For example, SDF-1a/CXCR4 axis plays a pivotal role
for hematopoietic precursor cell positioning in the bone marrow niche, and disrupting
this relationship results in rapid mobilization of these stem cells from their niches.®¢!
Also, ischemic peripheral tissue leads to upregulation of SDF-1a/CXCL12 expression on
endothelial cells, which mediates recruitment of HSCs to sites of vascular injury.’>¢* It
has been shown that different progenitor cells respond differently to chemokines in terms



178 THE CELL BIOLOGY OF STEM CELLS

of mobilization. For example, nitric oxide (NO) has been implicated in the mobilization
of hematopoietic progenitor cells from the bone marrow, but does not alter mobilization
of less-differentiated stem cells.®*

The regulation of adhesion between cells is critical for the transition of stem cells
between different tissues and the breaking of existing junctions between cells represents
the earliest step in migration.? For HSCs, deadhesion from the niche requires the function
of proteolytic enzymes such as matrix metalloproteinase (MMP)-9 and cysteine protease
cathepsin K. In addition, osteoclasts as well as protease activity by HSCs themselves
contribute to the silencing of HSC retention signals in the marrow by cleaving and
inactivating SDF-1a/CXCL12.26667

After deadhesion, hematopoietic stem cells exit the bone marrow and become
disseminated in the circulation. Once blood-borne, they may home to target sites, where
they become firmly attached to the microvascular endothelial cells. This process requires
that HSCs recognize tissue-specific microvascular features in target organs and must adhere
to endothelial cells with sufficient strength to overcome the shear force exerted by the
flowing blood.? Adhesion molecules located on the surface of HSCs and endothelial cells
are critical to this process, which resembles the homing of mature blood leukocytes in
peripheral tissues.®® The first step in this multi-step cascade involves tethering and rolling,
mediated by primary adhesion molecules (selectins or a4-integrin) with fast binding
kinetics and high tensile strength but short bond lifetime.? Subsequently, chemotactic/
activating stimuli are provided by soluble or surface-bound chemoattractants. Finally,
more steadfast sticking is mediated by secondary adhesion molecules, mostly integrins
(B2 or a4) that interact with endothelial ligands of the immunoglobulin superfamily.?

After performing their function in the periphery, progenitor cells must home back to
the bone marrow with high efficiency to replenish the bone marrow pool for consecutive
proliferation. The a4f1 integrin (VLA-4) is expressed on most HSCs and it binds to
vascular cell adhesion molecule (VCAM)-1 on stromal cells and endothelium of the bone
marrow.® Interrupting of this axis results in increased HSC mobilization and inability
of bone marrow cells to engraft within their niche.”” Other adhesive pathways such
as selectins (E-selectin and P-selectin) and 2-integrin also contribute to bone marrow
homing of precursor cells.*”

HSCs arrive in peripheral tissues via the blood, but exit via draining lymphatics.
Sphingosine-1-phosphage (S1P) has been shown to be critical to controlling the egress of
tissue hematopoietic precursor cells into the draining lymphatics.* S1P lyase maintains
low levels of S1P in tissues and high levels in the blood and lymph,’”” thereby regulating
the movement of such cells as mature lymphocytes from thymus, spleen and lymph
nodes.”” Comparable mechanism also controls the exit of HSCs from peripheral tissues
into the draining lymph.* For example, murine hematopoietic stem cells migrate towards
steep gradients of S1P in a predominantly S1P1 receptor-dependent manner and blocking
these receptors blunts the egress of tissue-resident HSCs into lymphatics and inhibits
their recirculation.®

There is a constitutive recirculation of HSCs between the bone marrow, blood,
extramedullary tissues and lymph compartment.® Hematopoietic cells can switch between
dormancy and self-renewal as needed to preserve homeostasis and replenish the pool
of circulating cells.® Therefore, circulating HSCs may help to constitutively replenish
tissue-resident myeloid and other specialized cells.* In addition to the constitutive
replenishment of tissue-resident myeloid cells under steady-state conditions, circulating
hematopoietic stem cells may also participate in immune responses during tissue injury
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and/or infection.® HSCs express functional Toll-like receptors (TLR) that recognize foreign
molecules on bacterial outer membranes, whose binding promotes stem cells to entire
into cell cycle and trigger myeloid differentiation.®!#? Therefore, migratory progenitor
cells can survey peripheral tissues and respond to situations rapidly to promptly produce
large numbers of immune cells.*

Recent data has shown that some cancers have a population of cancer stem cells (CSCs)
that maintain production of different malignant cells and that these stem cells are capable
of causing cancer in normal recipients.' It has been found that these CSCs rely on their
dysregulated adhesion and migration to disseminate disease throughout the body. These
malignant cells use similar mechanisms of migration as those normally used by normal
tissue,” and specific adhesion/deadhesion pathways determine the efficiency of metastasis.
For example, CXCR4 expression is associated with trafficking and enhanced metastasis
of some blood as well as solid tumors.**3* In addition, marrow-derived nonneoplastic
cells may be necessary to form a “premetastatic niche” that directs the organ-specific
homing patterns of malignant carcinoma cells.* This niche secrets chemoattractants such
as SDF-10/CXCL12 to recruit metastatic cancer stem cells to establish secondary tumors
at other sites.® Therefore, interventions to prevent the establishment of this niche can
block in vivo metastasis, pointing out the importance of targeting the homing mechanism
of malignant cells in an effort to limit cancer spread.”

CONCLUSION

Complex interactions between adhesive, chemotactic and signaling pathways act
cooperatively to bring about the proper differentiation, trafficking and homing of stem cells.
These systems are often conserved through embryogenesis, across different organisms and
can be extended to cancer stem cells as well as gene vector formation and drug delivery.

MSCs are uniquely suited for various therapeutic possibilities, such as tissue
regeneration, correcting inherited disorders, dampening chronic inflammation and delivering
biological agents. Understanding differentiation and trafficking of MSCs may allow the
development of therapeutic strategies to enhance the recruitment of bone marrow-derived
and/ortissue-derived MSCs. The efficiency of cell-based therapy requires not only sufficient
amountof MSCs, butalso efficient delivery of these cells to the desired target site. Fulfilling
the promise of regenerative medicine critically depends on identifying the mechanisms
and the molecules that control and mediate MSC lineage-specific differentiation as well
tissue-specific stem cell homing.

Similarly, the importance of HSC homing is clear as clinical use of bone-marrow
transplant for patients with various types of cancersrelies on the ability of transplanted HSCs
to traffic efficiently to the bone marrow.> Donor stem cells are injected intravenously into
the recipient and in order to properly expand repopulate the bloodstream of the recipient,
donor HSCs must properly engraft into the recipient bone marrow niche. It appears that this
medical therapy uses the same pre-existing pathways that normally support recirculation
of HSCs during homeostasis.

Finally, EPCs is a well-established source of endothelial cells that participate in both
reparative and pathologic postnatal neovascularization in the setting of injury, ischemia
and tumor formation. They play a pivotal role not only in wound healing, but also in
limb ischemia,’® postmyocardial infarction,*! endothelialization of vascular grafts,”>
atherosclerosis,” retinal and lymphoid organ neovascularization,’>* vascularization during
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neonatal growth,’”” and tumor growth.”®® Improved understanding of the differentiation
and trafficking of these cells can revolutionize the treatment of these various processes.

SDF-10/CXCR4 is the one axis that is broadly conserved in multiple tissues in both
embryo and adult. During development, SDF-10/CXCR4 signals homing of fetal mouse
HSCs to the fetal liver and bone marrow and in the adult, it regulates mobilization of
mouse and human HSCs as well as their re-entry into the marrow.>¢%191% This axis is
also involved in the dissemination of tumor-forming cells in metastatic cancers.® It is
therefore likely that further study of this axis will yield novel treatments for synergistic
treatment of various types of hematopoietic and solid cancers.
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CHAPTER 13

VERTEBRATES THAT REGENERATE
AS MODELS FOR GUIDING STEM CELLS

Christopher L. Antos* and Elly M. Tanaka*

Abstract: There are several animal model organisms that have the ability to regenerate severe
injuries by stimulating local cells to restore damaged and lost organs and appendages.
In this chapter, we will describe how various vertebrate animals regenerate different
structures (central nervous system, heart and appendages) as well as detail specific
cellular and molecular features concerning the regeneration of these structures.

VERTEBRATE MODELS OF REGENERATION: THEIR ATTRIBUTES

There have been significant advances in our understanding of how differentiated
cells can be programmed to behave as stem cells and much effort is focused on how
cell reprogramming can be used for regeneration therapies.'> However, only a few
therapeutic strategies exist that allow successful restructuring of the compound
architecture such as an organ or an appendage, and it is not clear what long-term
consequences (such as carcinogenic predisposition) exist after the in vivo transplantation
of iPS-derived cells.? Thus, there is a need to understand to what extent tissue cells
must be reprogrammed and how these cells can be instructed to create the complexity
of an organ or an appendage.

In the animal kingdom, there is a wide variation in the ability to regenerate lost
or damaged tissues. While some animals replace the loss with durable scar tissue,
others possess the ability to reactivate developmental mechanisms that result in the
redevelopment (regeneration) of missing structures. The ability of the residual cells to
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initiate a regeneration response and to reproduce the original architecture rather than a
neoplasm requires exacting control of the new growth. Thus, animal models that amend
themselves to cell and molecular studies offer the opportunity to observe the fundamental
mechanisms underlying organ and appendage regeneration.

Among vertebrates, mammals regenerate only a limited number of tissues while
other vertebrates including fish (goldfish and zebrafish) and amphibians (newts,
salamanders and frogs—animals that evolved before the appearance of early reptiles)
can regenerate a broad spectrum of complex organs such as damaged retina, severed
spinal cords, injured heart and amputated limbs. Based on histological and molecular
observations, this capability involves the activation of quiescent or differentiated cells,
the induction morphological changes and transcriptional changes to produce precursor
cells. Consequently, these animals provide an opportunity to understand the cellular and
molecular mechanisms of reprogramming differentiated cells into regeneration-competent
precursors and to comprehend how these precursors are directed to reconstruct the
appropriate architecture of a lost structure.

The regeneration of all tissues involves the formation of one or more pools of
proliferating cell populations and these cells come either from sequestered stem (progenitor)
cells or from mature tissue cells that revert to a progenitor state. A mass of progenitor
cells that are competent to regenerate a complex structure is produced and their production
must involve changes in epigenetic and gene transcription programs. The overlying
questions in regards to the formation of these progenitors are: (i) What is the extent of
the reprogramming necessary and (ii) what are the mechanisms involved? In this chapter,
we first survey regeneration in particular organ systems focusing on what type of cell
mechanisms underlie the regenerative event with some reference to molecular mechanism.
In the second part of the chapter, we focus on appendage regeneration due to the detail of
our understanding of this complex regenerative system and discuss what is known about
the cellular and molecular mechanisms that are involved in generating from adult tissues
a set of proliferative precursors that are competent to reconstruct multi-tissue structures.

Defining Reprogramming Processes in Regenerating Tissues

The various organ systems use different strategies to produce regenerative progenitor
cells ranging from stem cell activation to dedifferentiation and even to transdifferentiation
(Fig. 1). Here we set out our working definition of these terms for this chapter. The strictest
definition for “dedifferentiation” posits that a classically postmitotic cell type would lose
its differentiated features to form an undifferentiated, proliferating cell. More recently,
the term “dedifferentiation” has also been used to describe the conversion of any cell
type (even a proliferating progenitor) to a more primitive state. In this chapter, we use
“dedifferentiation” to mean postmitotic cells losing differentiated character and acquiring
proliferative capacity irrespective of what cell types they make later (Fig. 1B). While others
have restricted transdifferentiation to mean the direct conversion of one cell type to another
without an intermediate progenitor, we use a broader definition of transdifferentiation.
We use “transdifferentiation” to describe the conversion from one differentiated cell type
to a different differentiated cell type irrespective of whether there is or is not an obvious,
less differentiated intermediate. We have chosen this definition, because it is sometimes
difficult to determine whether or not an intermediate less-differentiated state exists and
also because historically, lens regeneration has been described as a transdifferentiation
event even though an undifferentiated intermediate seems to be formed. We find the term
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appropriate since the nature and potency of this intermediate is not clear. Therefore, in our
definition, transdifferentiation can be accomplished via a dedifferentiation step (Fig. 1C).

REGENERATION MECHANISMS OF MATURE TISSUES
Eye—A Model of Transdifferentiation

Regeneration of amphibian eye tissues (lens and retina) provides the best studied
examples of transdifferention between two defined cell types in vertebrates. In newts,
lens removal (lentectomy) induces the dorsal iris pigment epithelium (dIPE) to lose
its pigmentation, to proliferate and to transdifferentiate into lens (Fig. 2).* This is
noteworthy, since IPE and the lens originate from two different developmental lineages
during embryonic gastrulation: the IPE comes from the neuroectoderm while the lens
forms from the nonneural surface ectoderm.’ The transdifferentiation potential of the
dIPE appears, however, to be lineage restricted, because when dIPE is implanted into
the regenerating limb blastema, lens is formed. However, due to the tracking methods
used, these experiments can not exclude that some cells may form other tissue types.
Interestingly, transplantation of IPE into the brain or the fin does not result in lens
formation, which suggests that regeneration-permissive cues are required to promote an
intrinsic lens formation program of the IPE.¢

Clonal cell culture experiments have delineated factors required for dIPE to lens
transdifferentiation. In clonal cultures of IPE from chick embryos, transdifferentiation
from pigment epithelium to lens was achieved by applying basic FGF and the
depigmenting enzyme PTU.” In the newt system, FGF2 has been shown to induce
dIPE to form ectopic lenses in vitro and in intact newt eyes while other growth factors
(VEGF, IGF and EGF) did not.?’

Defining the intracellular factors underlying this transdifferentiation event—how
they respond to extracellular cues and how they operate to switch cellular phenotype—are
importantissues, and some insight into the molecular requirements for this transdifferentiation
event has been provided by comparing the dorsal and ventral iris. Full transdifferentiation
in vivo is seen only from the dorsal IPE. While the ventral IPE responds to injury via cell
cycle re-entry, it ultimately does not form a lens.! However, the combination of retinoic
acid, the overexpression of the transcription factor sine oculis homoebox-3 gene (six-3)
and the inhibition of BMP signaling was sufficient to induce ectopic lens regeneration by
the ventral IPE,' indicating that six3 levels and retinoic acid signaling are crucial factors
for competence to generate lens by the ventral iris in the absence of BMP signaling. The
inhibition of Bmp signaling is a key limiting step, because restoration of competence can
also be induced by the inhibition of BMP signaling but at a much lower frequency.'® Another
transcription factor that is important for formation of the lens is the paired-box transcription
factor Pax6.'"'? Pax6 is expressed very early in the IPE cells as they begin to reform the
regenerating lens."> However, experiments show that Pax6 is not involved in the early
induction events of lens regeneration:'? transfection of Pax6 was unable to induce the initial
dedifferentiation process and morpholino knockdown did not prevent the dedifferentiation
(pigmentlostand cell elongation) ofthe dIPE.!*!“ Rather, Pax-6 is required for the subsequent
proliferation and respecification of the dedifferentiated cells to lens.!*

An intriguing question is whether any of the factors used to induce pluripotent stem
cells in mammalian experiments are used to regenerate the lens in the newt. Early studies
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using differential hybridization of IPE with dedifferentiated pigment epithelium showed
that c-Myec is highly upregulated during the pigment epithelium to lens cell transition.'
More recently, expression profiling found that Sox2, Myc and K1f4 are upregulated during
lens regeneration.' In addition to these transcription factors, Maki et al have found that the
stem cell-associated nucleolar factor nucleostemin is expressed during lens regeneration
and showed its upregulation several days before cell cycle re-entry of the dIPE."” While it is
intriguing that factors promoting iPS cell formation are expressed during lens regeneration,
the lack of Oct4 or Nanog expression suggests that IPE cells do not become pluripotent.'®
Furthermore, functional tests are required to determine the exact roles of Sox2, K1f4, Myc
and nucleostemin in the transdifferentiation of the IPE to lens.

In addition to the newt, Xenopus laevis larva can regenerate the lens; however, this
amphibian reforms a new lens by transdifferentiating cells from the corneal epithelium.'®
The transdifferentiation of corneal epithelium is triggered by factors present in the vitreous
chamber that are produced by the neural retina in the larva and the optic vesicle in the
embryo."? Gargioli et al have shown that the competence to generate lens from corneal
epithelium or from head epidermis is conferred by Pax6, which may reflect the general
role of Pax6 in imparting eye field competence as it does during development.'12 Future
work needs to examine which signals and which signal transduction pathways lead to
the activation of Pax6 and to determine whether there are other competence-promoting
factors that confer this regeneration capability to the epithelium surrounding the lens.

Several amphibians and fish also regenerate the retina. In amphibians, retina
regeneration occurs through the delamination, dedifferentiation and then transdifferentiation
of retinal pigment epithelium (RPE) to reform neuronal cell types.?** Evidence indicates
that this transdifferentiation process involves transcriptional programs that are not found
during retinal development: dedifferentiated RPE cells express CRALBP (cellular
retinal-binding protein), which is not present in the embryonic retinal progenitors,*® but
is found in embryonic pigment epithelium and Miiller glial cells,?**” which suggests that
the dedifferentiation process of the RPE does not go through an embryonic retinal state.
Detailed expression profiling of the conversion from RPE to neural retinal tissue will
help trace the genetic reprogramming during the transdifferentiation process.

Transdifferentiation has also been induced in avian and mammalian embryonic
RPE by addition of bFGF .23 Although this phenomenon appears similar to amphibian
RPE transdifferentiation, differences have been observed: the transdifferentiation of
avian and mammalian RPE is a complete conversion to retinal cells without producing
a second, delaminated cell layer. Consequently, the RPE is depleted to form a retinal
layer.®3! Another difference involves a limited duration in the responsiveness by avian
and mammalian RPE to FGF-induced retina formation during eye development.?®2*32 This
restriction was delayed when activin signaling, a signal transduction pathway responsible
for RPE differentiation, is inhibited.>* While embryonic chick RPE can be induced to
regenerate retinal neurons, the generation of new retina neurons in postnatal chicks can
only be generated by the Miiller glia within the retina and not cells in the RPE.**

In contrast to newts, retina regeneration in fish comes from the Miiller glia residing in
the inner nuclear layer of the uninjured retina. Damage to the photoreceptor cells induces
the Miiller glia to proliferate and to migrate into the site of injury.**¢ This process also
appears to be involved in the reactivation of the retinal progenitor markers in the mature
Miiller glia that are normally expressed in immature Miiller glia and retinal progenitor
cells of the ciliary marginal zone, a region where new retinal cells are normally born.*’
These results suggest that Miiller glia behave as progenitor cells that regenerate the retina.
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Figure 1. Please see legend on following page.

Figure 2. Please see legend on following page.
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Figure 1, viewed on previous page. Cell reprogramming process observed in regenerating tissues. A)
One mode of regenerating new tissue is through resident stem cell populations. After injury, radial
glia of in the central nervous system proliferate and some cells become neurons while others remain
radial glia. B) Some tissue cells undergo dedifferentiation to regenerate new tissues. Skeletal muscle
multinucleated cells that contain the characteristic contraction apparatus of striated filaments. These
cells dedifferentiate by dismantling the contraction apparatus, fragmenting into mononucleated cells and
proliferating to generate more cells. C) Lentectomy induces differentiated dorsal iris pigment epithelial
cells (dIPE) to lose their epithelial characteristics and pigment. These nonpigmented cells proliferate
and subsequently form into lens cells. Current evidence indicates that these cells may be unipotent.

Damage to fish rod cells, to photoreceptor cells and to dopaminergic neurons within the
retinainitiates aregeneration response thatleads to their replacement.* Surprisingly, while
selective damage either to rod cells or cone cells results in their restoration, selective loss
of the dopaminergic neurons does not. Instead, the neurons are only replaced when the
injury encompasses other cell types.* Other resident precursor cells such as committed
rod precursor cells are also present in the fish retina;***! however, because rod cells are
undergoing continual replacement throughout life and because rod cells are replaced only
after the regenerating retinal neurons become postmitotic, the formation of new rod cells
is more like homeostatic replacement. (For review, see ref. 42)

The Nervous System—A Model for Sequestered Progenitor Cells

Maintenance of the nervous system is key to an animal’s survival, because it is the
system for recognition, interpretation and reaction to the environment. Surprisingly, some
vertebrates (reptiles, amphibians and fish) have maintained the ability to regenerate central
and peripheral elements of the nervous system. Advancement of genetic and molecular
technologies in amphibians and fish are providing an understanding of how these animals
regenerate brain and spinal cord structures after injury.

Brain

Amphibians have an extensive capacity to generate new brain tissue after injury.*>#°
Surgical removal of part of the optic tectum in newts or of the telencephalon in Axolotl
induces a regeneration response that results in a significant restoration of the removed
structure.**“¢ Histological identification of mitotic bodies, BrdU-incorporation and
*H-thymidine-radiolabeling experiments show that the proliferation of cells in distinct
zones of the brain is associated with regeneration.**” Similar resection experiments in
Xenopus larva also result in the regeneration of the optic tectum and telencephalon.* In

Figure 2, viewed on previous page. Regeneration of the lens from the dorsal pigment epithelium in the
newt. A) Cross sectionthrough the eye of the newt shows the cornea, lens, dorsal and ventral regions
of the iris, the retina and retinal pigment epithelium. B) Lentectomy surgically removes the lens from
the rest of the eye. C) Upon loss of the lens, cells at the tip of the dorsal iris begin to elongate to form
a columnar epithlium and lose their pigmentation. D) Cells from the inner wall of the newly forming
vesicle enter the lumen. E) Cells of the vesicle start to differentiate to lens fibers. F) Primary lens fibers
form internally to the secondary fibers that appear as a monolayer on the periphery of the regenerating
lens. G) The nuclei of the lens fibers disappear throughout most of the lens (a few remaining nuclei
are present in the younger lens cells. Thus, a new lens has replaced the lost lens. [The panels were
reproduced and adapted from Reyer RW. Quart Rev Biol 29:1-46. ©1954 with permission from The
University of Chicago Press.]
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Figure 3, viewed on previous page. The zebrafish has endogenous proliferation zones within the
adult brain. A) Cross section through the telencephelon of the adult zebrafish brain as shown by the
immunohistological staining for proliferating cell nuclear antigen (PCNA: red). BrdU-positive cells
(green) migrate from the proliferation zones in the ventral telencephalon (V) along the telecephalic
ventricle (TV). B) Higher magnification of the ventricular proliferating zone. C) Near the proliferation
zone in the ventral telencephelon (V), BrdU-positive cells are positive for the nerve marker Hu (red)
(D) New nerves are produced by proliferation as shown by BrdU incorporation (green). [The panels
were reproduced and adapted from Grandel H et al. Dev Biol 295:263-277;%2 ©2006 with permission
from Elsevier.]

order to test the regenerative ability of specific nerve cell types, chemicals are used to
destroy specific cell types, such as dopaminergic neurons in the brain. Immunohistochemical
analysis for Tryosine Hydrolase (the enzyme for dopamineric biosynthesis) show that
the regenerated architecture includes dopamineric neurons.* Even with a 75% loss
of the dopaminergic neurons, a majority of the neurons are replaced after 30 days.®
As immunohistochemistry for BrdU-incorporation, GFAP (glial marker) and Neu
(differentiated nerve marker) illustrate, the new nerves are generated by the proliferation
of glial cells of these zones,* indicating that these glial cells act as a stem cell population
that regenerated new nerves. These data reveal that the regeneration of new neurons in
amphibian brains comes from proliferation zones within the adult brain and glial cells
act as a stem cell population for neurons.

Like amphibians, fish respond to injury to the brain by a gradual restoration of
the layered architecture,* and associated with the restoration of the architecture is the
functional recovery of movement.*>° Cell proliferation assays and cell lineage tracing
experiments in uninjured adult fish brains highlight several regions throughout the brain
that behave like neural stem cells (Fig. 3).>'% The continued proliferation of the cells
in these regions suggests that the relative regenerative capacity of these vertebrates is
linked to the amount of constitutive neurogenesis. However, injury to the brain results
in a significant increase in cell proliferation in cells near the damaged site.>* Therefore,
it is not clear how much of the recuperative capacity that these animals display comes
from neurogenesis through sequestered precursor centers or a broader response from the
surrounding neural tissue. Current experiments are trying to determine how and where the
generation of new nerves occurs after injury, as well as what the guidance cues are that
target new born nerves to the correct connections. Tracing experiments for the integration
of regenerating optic nerves show an increase in the number of erroneous connections
after regeneration.>® In this regard, data from goldfish indicate that incorrect connections
in the brain by the optic nerves eventually disappear.’’ Future experiments need to identify
the guidance cues that target new born nerves to make the correct connections.

Figure 4, viewed on previous page. Tail and spinal cord regeneration in the axolotl (Admbystoma
mexicanum) involves progenitor cells that are distinct from differentiated nerves. A) Four days after tail
amputation, the regeneration of a new tail is apparent. The regenerating tail is reforming the ependymal
tube (which regenerates the spinal cord), a blastema (which will regenerate the muscle and cartilage of
the tail) and the epidermal fin. B) By 8 days post amputation, extensive tail growth has occurred with
the appearance of the skeletal cartilage and the ependymal tube. C) By 14 days post amputation, muscle
has started to differentiate in the regenerating tail along with the cartilage and ependymal tube. D)
Immunohistochemistry staining for Pax6 (red) and Pax 7 (green) in the adult axolotl spinal cord shows
that two genes involved in spinal cord development continue to be expressed in cell populations of the
adult. E,F) Pax 7 (red) is not expressed by differentiated nerves as marked by III-Tubulin (green) and
nerves identified by Neu (green) do not express Pax7 (lack of red). [Panels A-C were reproduced and
adapted from Schnapp E et al. Development 132:3242-3253,° ©2005; panels D-F from Mchedlishvili L
et al. Development 134:2083-2093, ©2007; with permission from The Company of Biologists Ltd.]
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Spinal Cord

Radial glia are a non-neuronal cell type that are found in the developing nervous
system ofall vertebrates, and they contribute to the formation of the central nervous system
by guiding the radial migration of new neurons and by acting as neuronal precursors
themselves.**¢° Adultsalamanders and larval frogs can successfully regenerate their spinal
cords as part of the regeneration of the tail because of the regenerative behavior of radial
glia (Fig. 4).1% Injury to the amphibian spinal cord induces the radial glia to transcribe
embryonic genes, to undergo epithelial-to-mesenchymal transition, to proliferate and to
migrate.®>% These cells make a tube of neuroepithelial cells (the ependymal tube) that
undergo proliferation and some of them form new neurons.’*% Clonal analysis of these
cells indicates a degree of plasticity by the cells within the spinal cord in that they produce
progeny that do not retain parental gene expression and regional tissue specificity.®¢
This is an attribute that appears to involve the retention of progenitor cell domains along
the dorsal-ventral axis of the spinal cord due to the continued expression of embryonic
genes (Shh, Pax7, Pax6 and Msx1) in mature animals (Fig. 4).63%8

Shh, Wnt, Bmp and Notch have all been shown to be important for tail regeneration.
Wnt and Bmp are sufficient to induce spinal cord and tail regeneration (Fig. 7A-D),%7
and Shh is required for regeneration, implicating a role for these factors in spinal
regrowth although the direct and indirect effects working through the surrounding
tissues have not been disentangled.®® Notably, Notch activation can induce spinal cord
and notochord outgrowth but can not induce surrounding muscle, suggesting a direct
affect on spinal regeneration.®

Fishalso have asignificant capacity to regenerate axons in the spinal cord after lesions,
which allows them to regain locomoter aptitude within weeks after lesion.””™ It is not
clear whether neurogenesis of the fish is as extensive as the salamander, but a number of
experiments indicate that replacement of lost neurons does occur. Histological analyses
of regenerated spinal cords in the fish Sternarchus albifrons and Apteronotus albifrons
show that it is mediated through the outgrowth of the ependymal tube.”’® Ependymal tube
cultures suggest that these cells are the source of new neurons.”” Recently, Reimer et al used
transgenic markers in zebrafish to track the formation of new neurons in response to Shh.”
Fish appear not to regenerate all nerves of the central nervous system,” because spinal
cord lesions in zebrafish larva result in the lack of Mauthner cells and Miiller neurons.®
However, Mauthner cells were stimulated to regenerate when dibutyryl cyclic adenosine
monophate (cAMP) was applied to the cell bodies or transected nerves,* suggesting the
missing nerve types can regenerate once they receive specific signals.

Heart—A Model of Regeneration by Differentiated Cells

Amphibians and fish can regenerate resected ventricles by the replacement of missing
cardiomyocytes.®'** Despite the formation of scar tissue, these animals form new cardiac
muscle that replaces the scar and restores the ventricle (Fig. 5).8% Although definitive
genetic cell tracking is still lacking, the incorporation of the DNA synthesis markers,
such as tritiated thymidine and BrdU, into cardiomyocyte nuclei in culture and in vivo
as well as the division of cardiomyocytes in vitro suggest that these cells retain at least
some of their myocyte character during division.$2885 Some intriguing studies tracking
cultured newt cardiomyocytes labelled with a lipophilic dye suggest the possibility
that cardiomyocytes may be capable of further dedifferentiation when placed in the
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environment of a regenerating limb. When fluorescently marked newt cardiomyocytes
were transplanted from the heart to the regenerating limb blastema, the marked cells
apparently lost cardiac-specific gene expression and eventually contributed to skeletal
muscle and cartilage.®*® However, since these tracking studies were performed using
membrane dyes, one can not exclude dye transfer to host cells by cell-cell fusion and
contamination of the transplanted cells with other cell types such as connective tissue.
Re-examination of this phenomenon with genetic tracking tools will be critical to confirm
or refute these findings.

Recently, zebrafish transgenic reporter lines have been used to show that pre-existing
cardiomyocytes are the major source of regenerating heart muscle.®’®”* Some molecular
evidence suggests that cardiomyocytes re-express genes that were involved in heart
development, such as gata4, hand? and nkx2.5.% Upregulation of other genes known to
affect progenitor cells such as notch 1b, deltaC and msxb have also been described to be
expressed in regenerating hearts.*® Microarray analyses have shown that several growth
factors are expressed in regenerating heart tissues and current focus is on which induce
cardiomyocyte to proliferate. In particular, Platelet-derived Growth Factor (PDGF) has
been implicated in cardiomyocyte cell cycle progression.” More work needs to be done to
determine how injury signals influence cardiomyocyte gene expression and expansion.

In addition to the myocardium, the heart consists of other tissue layers that also need
to be reconstructed: the endocardium and the epicardium. It is not yet clear how these
tissues participate in the regeneration process of amphibian and fish hearts. However,
one can surmise that they are involved in processes similar to their roles during heart
development. The epicardium has been shown to provide growth factor signals to the
myocardium and to contribute to the cardiac vascularization.”' This is also true for the
endocardium.’’ More work needs to be done to determine whether the epicardium, the
endocardium and other tissues influence the regeneration process of the heart.

Appendages—Making Progenitor Cells from Mature Tissues

Appendages have been a particular focus of regeneration research due to the complexity
of the process and their experimental accessibility. The mature limb consists of multiple
tissues and proper morphogenesis of the regenerating limb requires patterning events along
the anterior-posterior, dorsal-ventral and proximal-distal axes. Understanding how the
complex three-dimensional structure of multiple tissues is reconstituted after amputation
is a current endeavor. Histology of regenerating appendages show that immediately after
amputation, the wound is sealed through migration of wound epidermis. Subsequently, an
underlying mesenchymal cell mass (the blastema) forms, which consists of proliferating
progenitor cell populations.®** Tissue grafting and cell lineage tracing experiments in
salamanders have shown that blastema cells primarily come from tissue sources within
the first few millimeters of the amputation plane,”*7 and that the cells of these tissues
lose their characteristic differentiated morphology.*®

A major question has been whether blastema formation involves dedifferentiation
of classically postmitotic cells or the activation of a stem cell pool. The current evidence
suggests that both mechanisms occur. Based on ultrastructural histological analyses, newt
muscle tissue was long thought to lack satellite cells,” the stem cells that normally repair
the striated muscle in other vertebrates,'!%? but recently molecular analysis has revealed
that newt satellite cells do indeed exist.!®® However, the contribution by satellite cells is
likely not the dominant mode of muscle cell contribution to the formation of the blastema:
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Figure 5. Please see legend on following page.
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Figure 5, viewed on previous page. The adult zebrafish heart regenerates the ventricular wall. A) The
adult heart of the zebrafish consists of one ventricular chamber, one atrial chamber and the bulbous
arteriosus (b.a.), the primative outflow tract. B) Surgical resection of the apex of the ventrical removes
the epicardium, myocardium and endocardium of the ventricular wall. C) A higher magnification of the
apex of the ventricle with an approximation of the amputation plane (dashed line) through the wall. D)
One day post amputation (1d), the loss of ventricular tissue is apparent and a blood clot is pronouced
at the amputation plane (arrowheads). E) At 9 days post amputation (9d), fibrin scar tissue is present
(light blue) at the tip of the apex. F) As time progresses, the scar tissue is replaced by myocardial
tissue, (G) and as this replacement continues, new muscle tissue and cardiac wall are created. H) After
approximately 60 days (60d), the ventrical shows no overt sign of injury, despite the original size of
the injury. [This figure was reproduced and adapted from Poss et al. Science 298:2188-2190;% ©2002
with permission from AAAS.]

anumber of in vitro culture and cell tracking studies have documented the fragmenting of
multinucleated myotubes and muscle fibers into mononucleated, proliferative cells,!%+1%
indicating that muscle dedifferentiation is a mechanism for generating at least one
population of progenitor cells in the blastema.’®!%¢1% Furthermore, early transplantation
experiments grafting different tissues (trackable by radiolabelling or by tripoid nucleoli of
donor tissues in host diploid animals) showed that dermal fibroblasts, cartilage, Schwann
and connective tissue cells, in addition to muscle, all contribute to the blastema,’¢7110-111
and subsequently contribute to the tissues of the regenerated appendage.''*!*

Theloss of differentiated characteristics by the cells of various tissues raises important
questions about the potency of blastema cells: do all blastema cells dedifferentiate to
multipotency so that each cell becomes capable of giving rise to all limb tissues, or does
each tissue give rise to its own tissue-restricted blastema cells? It had been difficult to
fully answer these questions, because previous experimental techniques (cell lineage
tracing by tritiated-thymidine labeled tissues or by triploid cells in diploid animals)
produced data that could not definitively rule out the contribution of cells from alternative
sources. For example, in Steen’s early experiments, tritiated-thymidine-labeled cartilage
grafts gave rise to a small number of labeled cells in muscle tissue,''’ suggesting that the
cartilage-derived cells may not be highly multipotent. Similarly, when limb blastemas
lacking differentiated skeletal muscle were grafted to the epithelium of the dorsal fin, they
did not produce muscle but did produce cartilage.''*!'” Analogous results were obtained
when the blastemas were grafted to the orbit of the eye.!"® Muscle was only regenerated when
differentiated muscle from the residual stump was attached to the grafted blastema.!'¢!!
These results were interpreted as indicating that muscle is required to regenerate muscle
and implied that cartilage-forming cells are not competent to produce muscle, although
other interpretations are possible. In contrast, muscle grafts suggested that muscle derived
blastema cells may contribute to other tissues.!!'” These conclusions had been promoted
by recent experiments implanting cultured satellite cells which apparently contributed
to other tissue types.'®1212I However, such experiments have been hampered by lack of

Figure 6, viewed on previous page. Limited plasticity of regenerating limb cell. A) The method of
tissue labeling by embryonic grafting. Embryonic transplantation of cells constitutively expressing
GFP results in the contribution of GFP-positive cells to tissues of the adult animal. Tissue-specific
expression of the GFP transgene allows cell lineage tracing of these tissues through the regeneration.
B) GFP-labeled muscle (before amputation) contributes to muscle but not to skin or cartilage after
regeneration as shown by co-immunohistochemical labeling of cells with the muscle-specific myosin
heavy chain I (MHCI) and GFP in the merged overlay. C) Summary of cell fates during axolotl limb
regeneration. [The panels were reproduced and adapted from Kragl et al. Nature 460:60-65;'* ©2009
with permission from Nature Publishing Group.]
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comprehensive and long-lasting lineage labels and by the lack of precise tissue-specific
molecular markers to track cell identity.

The development of transgenic axolotl lines expressing GFP, combined with the
increased availability of molecular markers has allowed this issue to be re-explored
with more confidence and results indicate that blastema cells are highly restricted in
their differentiation potential. Kragl et al applied embryonic grafting in order to label
the major tissue types of the limb with high purity. This technique has an advantage
over direct limb grafting, because it was possible to identify embryonic stages where
the Anlage of each major tissue such as muscle, dermis/connective tissues, etc. can
be grafted without contamination of other cell layers (Fig. 6). Previous experiments
used adult limb tissue grafts that usually consisted of several different cell populations.
Also, the use of Pax7 as a molecular marker of muscle progenitor cells was necessary
to distinguish muscle progenitors from interspersed connective tissue fibroblasts. The
results of this tissue-specific cell labeling was that each tissue, including muscle, dermis,
cartilage and Schwann cells, produced restricted progenitor cells that contributed to a
very limited spectrum of tissues.!!* Therefore, blastema cells are not multipotent but
rather highly restricted in differentiation potential. Because these experiments were
performed only in the axolotl, an Ambyostomid that represents one major branch of the
salamander family, it will be important to confirm the results in the other branches of
the salamander family—i.e., the newt—where many important regeneration experiments
have also been performed.

Guiding of Progenitor Cells through Regeneration

The regeneration of three-dimensional structures involves tissues that provide
extracellular information as well as intracellular factors that transduce this information
to create and guide progenitor cells. Thus, another important aspect to regenerating a
compound structure requires the maintenance of an environment that promotes regeneration.
While cells that contribute to the blastema lose their differentiated morphology, become
migratory and proliferate dramatically, these cells still correctly contribute to the formation
of a highly organized structure of appropriate size and do not create a tumor or become
cancerous. Work in limb regeneration has demonstrated that the epidermis and peripheral
nerves regulate blastema growth and has addressed how blastema cells behave along
specific body axes, which includes how cells at the amputation stump reprogram to
reform missing distal structures.

Epidermis

After wound healing, amputated limbs form a specialized thickened epidermis.'?*1?*
This specialized epidermis is required, because its substitution with grafts of uninjured skin
halts regeneration.'?® Cell lineage tracing experiments show that cells within the epidermis
only participate in the regeneration of new epidermis,''>!4127.128 indicating that the wound
epidermis regulates the blastema but does not contribute to it. The most distal region of
the wound epidermis forms an apical ectodermal cap (AEC),'?*!2* and it is likened to the
apical ectodermal ridge (AER) of the developing chick limb during embryogenesis,'*
a required thickened epithelial structure that guides limb development. However, there
is an important distinction between the embryonic chicken AER and the regenerative
amphibian AEC: the AER does not regenerate after loss and its removal results in limb
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truncation,*® while a regenerating limb will reform the AEC after its removal.'?"3!
This indicates that regeneration competency is linked with the reformation of the AEC.
Transplantation experiments implicate the maintenance of patterning information in the
reformation of the AEC.13132 However, it is still not known what the regeneration-specific
maintenance program is.

Therole ofthe wound epidermis in regeneration appears to be guidance. Asymmetrical
engraftment of the AEC to a posterior position on the blastema results in a corresponding
asymmetrical regenerated limb that project at sharp angles from the limb stump,'33 and
transplanting the AEC to the base of the blastema results in the regeneration of ectopic
limb structures,'* indicating that this specialized wound epidermis directs regenerative
outgrowth. The wound epidermis in amphibians and fish expresses several growth factors
that can promote the migration, proliferation and genetic programming of underlying
cells.'*>3¥ One molecule provided by the wound epidermis is retinoic acid,'* a derivative
of vitamin A. Retinoic acid is a potent morphogen, because treatment either of developing
or regenerating appendages with distinct levels of retinoic acid adjusts the proximal-distal
patterning information by reprogramming blastemas that would form distal structures
into blastemas that form proximal and distal structures.!3*'*! Other growth factors in the
wound epidermis include FGFs (axolotl), Wnt5 (axolotl and zebrafish), sh# (zebrafish) and
bmp?2 (zebrafish).!37-138.142143 Thege growth factors are in distinct expression domains within
the epidermis of the regenerating appendage, indicating that the epidermis is providing
regional signals to the underlying precursor cells of the blastema and consequently
regulating patterning.'?

Peripheral Nerves

The importance of the peripheral nerves for appendage regeneration comes from
denervation experiments in amphibians and fish: removal of the nerves that channel
into appendages prevents their regenerative outgrowth.'*'4” Furthermore, redirecting
the peripheral nerve of an amphibian limb to an ectopic site near the skin results in the
formation ofa proliferative growth adjacentto the tip of the nerve.'* This outgrowth shares
characteristics of the limb blastema: it initially expresses Msx2, Tbx5 and Hoxal3 and
will form differentiated tissues.'**!> While nerve deviation initiates a blastemal growth,
this growth eventually regresses and the cells recruited to the growth will differentiate
to form ectopic bone, muscle and connective tissues. However, when skin from the
contralateral side of the limb is transplanted next to the site of the wound and deviated
nerve, a complete ectopic limb will form.'*® These data indicate that the nerve provides
signals that are conducive to early regeneration, but the nerve alone is not sufficient to
maintain regenerative outgrowth.

Acreciprocal relationship between the wound epidermis and the nerves promotes limb
regeneration. Histological observations show that the wound epidermis is innervated,'!
and nerve deviation to the skin induces the formation of a thickened epidermis that
expresses Sp9, a transcription factor typically upregulated in the wound epidermis of
a regenerating limb.!"*® Also, the secreted factor anterior-gradient ligand (nAg), which
is expressed first in Schwann cells and subsequently in the epidermis is involved in
maintaining the regenerative outgrowth.!s? Transfection of nAg into the cells of adenervated
limb stump after amputation overcomes the lost ability to regenerate after removal of
the peripheral limb nerve (Fig. 7E,F).!>* This secreted factor interacts with Prodl, a cell
surface molecule that is expressed by blastema cells and the peripheral nerves in the
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regenerating limb."">'* These data suggest that nAg interaction with Prodl regulates
distal growth of the regenerating limb. Additional evidence suggests that this pathway
is involved in the proximal-distal patterning of the regenerating limb as shown by the
inhibition of proximal engulfment of distal blastemas after antibody inhibition of Prod1
in hanging drop cultures'>* and by the proximalization of distally fated blastema cells
from ectopic expression of Prod1.!%° Prod1 is up-regulated by retinoic acid,'** suggesting
that it is involved in the patterning activity of retinoic acid signaling. Future experiments
need to determine how Prodl transduces proximal identity in the blastema cells.

Several other factors have been found to be expressed by the nerves and have
been shown to induce cell proliferation of blastemal cells: Fibroblast growth factor 2
(Fgf2), Glial growth factor (Ggf) and Transferrin. Both Fgf2 and Ggf have been shown
to be sufficient to induce cell proliferation and the expression of genes associated with
regeneration such as the blastema marker 22/18 and Distal-less homolog 3 (DIx-3) in
denervated axolotl limbs.'**!5® Furthermore, Fgf2 can rescue appendage regeneration
after removal of the nerve.!*®!> The nerve-associated iron transport protein Transferrin
is also involved in regeneration: it promotes blastema cell proliferation in vitro'®® and is
sufficient to maintain the proliferation of blastema cells in denervated limbs.!®! While the
molecular mechanisms of Fgf2 and Ggf are likely to be directly involved in the activation
of particular signal transduction pathways, the mechanism through which transferrin is
involved remains unknown. In any case, the activities of these nerve-associated factors
indicate that the nerve is involved in regeneration through multiple molecular pathways.
However, the relationship between these pathways still needs to be elucitated.

Beyond the potential role of Fgf in nerve-dependent regeneration, the importance of
Fgf signaling has been further demonstrated by chemical and genetic disruption of this
signal transduction pathway in zebrafish (Fig. 7G).'%>!®* Treating fish with SU5402, a
pharmacological inhibitor of Fgfreceptor signaling, blocks the formation of the blastema.
Furthermore, a genetic mutation in the fgf20a gene that perturbs the ability of the Fgf
protein ligand to efficiently bind to its receptors prevents proper blastema formation
and consequently regeneration but does not affect the original development of fin,!¢
suggesting that fgf20a has a regeneration-specific function. It still remains to be resolved
whether other Fgf members fail to substitute Fgf20a function.

Other Signaling Factors
Wnt

Wnt growth factor signaling has been found in several developmental and regenerative
tissue processes that involve the maintenance of progenitor population and subsequent
events during their differentiation. For example, based on overexpression and inhibition
studies, Wnt2b has been shown to be involved in maintenance of the progenitor cell
population in the progenitor zone (CMZ) of the retina by prohibiting their differentiation
into retinal neurons.'®*!% The Wnt signaling is also required for appendage regeneration in
salamanders, frogs and fish.!¥7-1¢¢167 Inhibition of the canonical Wnt signal transduction by
overexpression of negative regulators of Wnt signaling (Axin-1 or Dkk1) in Xenopus limb
and tail stumps reduces or inhibits regenerative outgrowth.!¢1$¢ Conversely, activation
of the canonical Wnt pathway by overexpression of an activated form of f-catenin can
enhance the regenerative capacity in Xenopus limb buds at a stage in which they have lost
their natural ability to regenerate.'®® These results were also observed in the regenerating
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fin of the zebrafish by inhibiting the activation of f-catenin signaling with overexpression
of the zebrafish dkk1.'*’

Interestingly, the Wnt-5 paralogs display strikingly different effects on regeneration
in zebrafish fin and Xenopus tail. While wnt5b overexpression antagonizes regenerative
outgrowth of zebrafish fins,'¥’ the overexpression of Wnt-5a in Xenopus induces the
outgrowth of'a complete ectopic tail after partial amputation through the tail.”” More work
needs to explore whether the difference observed is due to the divergence in the signal
transduction of Wnt-5a and -5b or whether this effect on regenerative growth involves
specific differences in the tissues comprising the caudal fin and Xenopus tail. In general,
it is likely that Wnt signaling has multiple roles in regenerating tissues as it does during
embryonic development and some of these roles overlap. It will be important to define
the regeneration specific functions of Wnt signaling in the future.

Notch

The notch-delta signal transduction pathway has long been known to be involved in
cell fate decisions in several tissues, including stem cell populations of different tissue
types in vertebrates. (For review, see ref. 161) It is likely that Notch signaling is involved
in the regeneration of the appendages; however, how the Notch signal transduction
pathway is involved in appendage regeneration remains to be tested.

Tgf-B

The Transforming Growth Factor family consists of several growth factors that include
TGF-s, activins, inhibins and bone morphogenic proteins (Bmps). Each of these members
alters gene transcription by interacting with specific subsets of transmembrane receptors
that in turn interact with particular subsets of intracellular signal transduction mediators.
The Tgf-p receptor 1 is detectable as early as 6 hours after amputation of the salamander
forelimb and its expression continues into early stages of regeneration.'®” Treatment with a
chemical inhibitor (SB-43152) that binds to the Tgf-p Type I receptor blocks regeneration
at early and later outgrowth stages due to the inhibition of cell proliferation.'® These early
and late requirements for Tgf-p signaling are also observed in the regeneration of Xenopus
tadpole tails.!”® What is of particular interest is that while inhibiting wound healing with
SB-431542 is reversible,'” the block to regeneration by this inhibitor is irreversible.!¢*!™
While the chemical inhibitor used for these experiments is selective for Tgf- signaling, it
has affinity for several Tgf-B Type I receptors (Alk4, Alk5 and Alk7).!”" Consequently, this
can also affect the signal transduction of other members of the superfamily, such as activin.
Activinisup-regulated during early finregeneration. In situ hybridization experiments show
that the transcript of activin A is in the epidermis of the fish fin after amputation injury but
before regenerative outgrowth takes place. Inhibition with transcript-specific morpholinos
blocks the formation of the blastema, in part due to the induction of cell proliferation within
the fin stump.'”? Overall, results from interfering with Activin function are similar to the
experimental results with SB-431542 in amphibian appendages: Treatment of amputated
zebrafish fins causes a serrated phenotype in which the fins cover the wound with epidermis
but the fin tissue at the amputated edge recedes in the interray space.!’”? This phenotype
mirrors the early expression pattern of activin A after amputation through the fin,'”? and
suggests the SB-431342-induced phenotype is caused by the inhibition of activin signaling.
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Further genetic tests will be needed to determine whether Tgf-p has a function distinct
from activin activity.

The Bmp growth factor members of the Tgf-f family are also important for
regeneration. Xenopus tadpoles that transgenically overexpresses Noggin, a Bmp
antagonist, do not undergo tail regeneration.® Similarly, inhibition of Bmp signaling
by the overexpression of the Bmp antagonist Chordin reduces the formation of bone.!”
In contrast, overexpression of bmp2 in the blastemas of regenerating fins results in the
increased production of dermal ray bone.!*® These results suggest a complex signaling
system that provides information beyond an induction and inhibition of regeneration that
based on the presence or absence of the ligand. What needs to be determined is how these
signals function in the formation and maintenance of different regenerating tissues.

Shh

In amphibians and fish, sonic hedgehog is found in regenerating tissues and its
activity is required. Inhibition of Shh signaling in regenerating fore- and hindlimbs of the
salamander results in a severe reduction in the number of distal digits,'™* and chemical
inhibition of Shh signaling after amputation of fish fins blocks regenerative outgrowth.!”
Conversely, overexpression of sh/ upon viral infection of regenerating limb tissues results
in ectotopic digits, digit duplications and fusion of digit bones, !’ and overexpression of shh
in regenerating fins causes mispatterning of the dermal fin bones.!” Amputated Xenopus
froglet limbs do form blastemas; however, they only regenerate unbranched cartilaginous
spike appendages.!””'”® The failure to regenerate all the digits is attributed to a lack of
re-expression of Shh in the froglet limb blastema.!””'”® While providing Shh resulted in the
regeneration of branched cartilaginous structures within the regenerated spike, this did not
create a digitated limb,'” indicating additional factors are required for correct patterning.
Based on gene expression and the current functional data, Shh signaling appears to have
the same role in regeneration as it does during development. Thus far, two fundamental
questions in regard to Shh (and other members of the hedgehog family) are (i) does
Shh have a role in the regeneration of tissue that is different from its roles in embryonic
development and (ii) what activates Shh expression in cells during regeneration.

Intracellular Translation of Growth Promoting Signals

The change in the differentiation status of blastema cells is concurrent with the increase
in cycling cells, and this increase in successive cell divisions is required for blastema
formation. The regenerating structure stops growing once a particular body-to-organ
proportional relationship has been reached. As blastema cells proliferate, cells in the
proximal region of the blastema differentiate and seamlessly integrate with the residual
undamaged differentiated tissues.'-'8* Cell differentiation and proliferation states must
be coupled by guidance mechanisms that regulate the re-establishment of tissues in
order to reconstruct the proper architecture of the missing structure. Thus, there are two
questions in regards to this regulation: what are the mechanisms that activate the cell
cycle in quiescent terminally differentiated cells and what inactivates cell proliferation
when the correct tissue proportions are reached.
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Cell Cycle Control Zebrafish Fins

Experiments measuring the growth rate of regenerating fins show that there is
a positional component to the rate of regenerative outgrowth—the rate of growth
decreases as the regenerating fin outgrowth reaches distal structures. This positional
information is associated with the level of fibroblast growth factor-signaling, because
the expression of downstream Fgf transcriptional targets decreases as the rate of
growth decreases.!®® Thus, one can infer that a general mechanism for the cessation
of growth is due to the down-regulation of Fgfs and other genes that promote the
regenerative outgrowth.

One molecule that appears to link the regulation of cell proliferation and tissue
patterning is the vertebrate gene fam53b/simplet (smp). In regenerating fins, smp
knockdown reduces regenerative outgrowth by inhibiting cell proliferation while it
up-regulates the expression of msx and of shh genes , as well as causes ectopic bone
to form.'® This gene encodes an intracellular protein that contains two conserved
domains whose function remains unknown,'® so it will be interesting to determine
how this intracellular factor is conveying the extracellular pro-regenerative cues into
the regulation of cell proliferation and the formation of tissue patterning.

Cell Cycle Control in Amphibian Limbs

Naturally, cell cycle regulators are involved in the burst of cell proliferation that
governs blastema formation, but there appear to be distinct features in how particular
cell cycle regulators function or are regulated during regeneration. pS3 is a tumor
suppressor gene that has been shown either to suppress cell division or induce apoptosis
when cells are stressed or sustain DNA damage.'® Interestingly, chemical inhibition
of p53 impairs limb regeneration.’®” Assuming specificity of the drug used, these
inhibition results suggest a requirement for pS3 activity in regenerative outgrowth,
an event that requires significant cell proliferation. Amphibian (newt) blastema cells
continually proliferate in long-term cultures and do not undergo any apparent crisis or
senescence.'®® The necessity for p53 and the potential “immortal” property of blastema
cells suggest that p53 may have a function distinct from its expected roles as an inhibitor
of cell division and promoter of apoptosis. Future studies need to define which cells
require p53 activity and determine whether p53 functions as more than a brake on
the cell cycle during regeneration. In addition to a potential role of the p53 tumor
suppressor, the cell cycle inhibitor retinoblastoma (Rb) protein is regulated differently
in the cardiac and striated muscles of adult salamanders compared to their mammalian
counterparts. Differentiated newt muscle retains the ability to phosphorylate Rb and
this phosphorylation capacity is associated with the re-entry of newt myofibers into the
cell cycle after serum stimulation.'®”'® In contrast, differentiated mammalian myotubes
can not enter the cell cycle when stimulated with serum'*"! unless Rb protein has
been removed: experiements show that cultured myotubes derived from Rb-null mice
can be induced to enter the cell cycle in a serum-dependent manner.'*?> These results
indicate that the regulatory mechanisms that relieve Rb-mediated cell cycle inhibition
are missing in mammalian muscle but are present in newt myofibers. Future work needs
to define what these regulator mechanisms are.
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Molecular Factors Involved in Progenitor Cell and Blastema Formation

The formation of the progenitor cell populations, such as those in the blastema, likely
involves several extracellular and intracellular molecular mechanisms and understanding
the molecular factors that convert mature limb tissue cells into blastema cells is a major
focus of regeneration research. While we have much left to learn about the epigenetic
and transcriptional regulators that induce differentiated tissue cells to become blastema
cells, some factors, Msx1, Twist, Pax7, etc., have been implicated in the conversion to
or control of progenitor states during appendage regeneration.

Msx1

For a number of years there has been intriguing data pointing to a potential function
of Msx1 in muscle dedifferentiation. First defined as a factor that is expressed in the
proliferative, undifferentiated tip of the developing limb bud,'*! it was subsequently
shown to prevent the morphological differentiation of myoblasts to myotubes in vitro.! 1?7
The discovery that Msx1 is re-expressed during regeneration prompted the question of
whether Msx1 can drive the dedifferentiation of myotubes to myoblasts.!*32% Odelberg
forcibly expressed Msx1 in in vitro-formed mouse myotubes and found that a small
fraction appeared to undergo dedifferentiation.'?! One study examining isolated muscle
fibers from the salamander also suggests that Msx1 expression may be associated with
muscle fragmentation®' and consequently may be involved in myotube-to-myoblast
conversion.'?2%2 Tt is clear that Msx1 is also upregulated in nonmuscle cells during
regeneration, since the zebrafish homologs of the Msx genes are also re-activated in
regenerating caudal fins,'*® a structure that lacks muscle cells but still requires Msx activity:
Morpholino knockdown of a Msx fish homolog (msxb) in regenerating fins inhibits the
regenerative outgrowth.?” Future experiments that conditionally activate and repress Msx 1
expression during and after blastema formation will be needed to directly test whether is
part of a program driving dedifferentiation of cells during blastema formation, or whether
it acts once blastema cells are formed to prevent their premature redifferentiation.

Twist

Another molecule implicated in muscle dedifferentiation is Twist. Twist belongs
to a gene family whose members are involved in several important tissue specification
processes of mesoderm- and ectoderm-derived tissues.?** The original Twist gene was
identified to be required for the formation of mesoderm,?*>2% and its activity is involved
in the genesis of myoblasts.??72%® OQverexpression of Twist by adenoviral delivery into
cultured myotubes prevents myotube formation by cultured myoblasts and appears
to induce myotube fragmentation of previously differentiated myotubes along with
transcriptional down regulation of muscle genes.?” Future experiments need to discern
whether this gene is expressed in regenerating appendages, whether it is required for
regeneration and whether it is sufficient to promote dedifferentiation of muscle and other
tissues at the onset of regeneration.

The salamander AmTwist ortholog of a second mammalian Twist gene, Twist-2/
Dermo-1, was shown to be expressed in the proximal region of the blastema.?'® Based on
its expression inregenerating limb, AmTwist may function in the regenerating limb like the
mammalianTwist-2 does in limb development. Twist-2 is expressed in the subectodermal
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mesenchyme during early stages of dermal differentiation and development of skeletal
elements.?!*12 In salamander limbs, deviation of the peripheral nerve to an ectopic site
near the skin causes dermal fibroblasts to proliferate and produce a structure similar to
the early blastema of an amputated limb.'*® While AmTwist is expressed along the entire
dermis of a newly healed wound, its expression is restricted to the proximal peripheral
margin and is not found the central distal region of the nerve-induced blastema.?'® In the
regenerating appendage, tissue differentiation is observed in the proximal region of the
blastema; thus, the proximal expression of AmTwist suggests that it may be involved in
the differentiation or maturation of the dermal cells. Future work needs to show what the
function of AmTwist is in the proximal region of the regenerative outgrowth.

Pax7

Members of the Paired-box transcription factors are expressed in different tissues
at different stages of embryogenesis, but a few members continue expression in adult
progenitor cells.'?*13-216 For example, skeletal muscle progenitor cell behavior is regulated
by Pax3 and Pax7 during development.?'” In adult fish, salamanders, frogs and mammals,
Pax7 is expressed in quiescent and newly activated skeletal muscle stem cells, and its
presence is required for their maintenance.?'” Pax7 is necessary and sufficient for the
myogenic differentiation of the resident muscle stem cells (satellite cells) and CD45/
Scal-positive cells,?!® which are a side population of adult stem cell populations found
in muscle and are believed to originate from the hematopoietic lineage.?'*-?*!

Experiments in Xenopus also suggest the importance of Pax7 in the regeneration of
striated muscle. Immunohistochemistry and electron microscopy identify Pax7-positive
cells in striated muscle, and these cells have the characteristic satellite cell morphology:
small cells that are dominated by nuclei on the periphery of muscle myofibers.??? After
amputation, Pax7 expression is significantly upregulated and overexpression of adominant
negative Pax7 construct in all cells of the regenerating tail of the Xenopus larvae blocked
the regeneration of muscle, indicating that Pax7 is required for muscle regeneration.??
In mammalian cell culture, Pax7 maintains muscle stem cell populations in part by
recruiting the histone methyltransferase MLL2 to myogenic regulatory factor Myf5,?* a
gene involved in commitment to a myoblast fate. Whether this molecular mechanism is
involved in muscle regeneration of the amphibian limb remains to be determined.

Meis and Hox Genes

After amputation, proximal limb tissues produce new distal limb tissues; thus, the
regeneration ability involves the “reprogramming” of cells in the upper arm to create lower
arm structures. Grafting experiments have determined that the dermal fibroblasts contain
the necessary information for patterning the regenerating limb.''*?**2 Consequently, it
is believed that fibroblasts are involved in the respecification of positional identity during
regeneration. What is the information in fibroblasts that conveys patterning?

One transcription factor family that has been shown to confer positional identity in
regenerating limbs is Meis. Meisl and Meis2 are expressed in the proximal region of the
developing and regenerating limbs.?**?**> When overexpressed in the regenerating limb,
Meis-positive cells fail to contribute to distal limb tissues and instead show a preference
for proximal structures.”® This result is similar to the proximalizing activity of Prod1.!**
Both Prod1 and Meis genes are activated by retinoic acid,'>*** indicating that these genes
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convey the proximalization activity of retinoic acid signaling. Future work needs to address
whether Prod1 and Meis are acting in the same signal transduction mechanism or as separate
pathways to instruct cells to assume a proximal fate.

Developmental studies have shown that Hox genes are important for patterning
along several body axes,”” because mutations of Hox genes result in the transformation
of segmented structures along the anterior-posterior or proximal-distal axis.?*® Expression
data show that Hox genes are re-expressed in regenerating appendages,”*2* and that Hox
genes are required for their regeneration.”*! Furthermore, Meis is a transcriptional cofactor
of Hox genes,?*? suggesting that Meis regulates patterning through its interaction with Hox
genes. What needs to be clarified is whether patterning information is only involved in the
patterning process during regeneration, or whether patterning genes like Meis and Hox
activity promote the regeneration process.

Intriguingly, expression analyses of human fibroblasts from both embryonic and adult
tissues indicate that fibroblasts in the body have position-dependent Hox gene transcription
profiles.?* Fibroblasts removed from different regions of the body and subsequently
cultured for several generations in standard culture media maintain specific Hox gene
expression profiles that correlated to specific regions of the body.*** These results indicate
that patterning information is already in place before injury, which brings up two intriguing
questions: (1) if human cells maintain regional identity, then can this information be used
for the regeneration of organs and appendages, or (2) conversely, is the maintenance of
such regional specific information in human fibroblasts (the inability to reprogram this
positional information) an impediment to regeneration? It still needs to be determined how
flexible the region-specific expression profiles are and whether maintaining specific Hox
gene profiles prevents the regeneration process.

MicroRNAs

Within the last few years, microRNAs have been shown to have important roles in
the formation and patterning of tissues and recent experiments in regenerating tissues
have also shown the involvement of these transcripts in regenerating tissues of fish and
salamanders.?*2*” The microRNA-133 is expressed in the uninjured adult fin but is down
regulated in the regenerating fin.**® Loss of miRNA-133 restores regeneration capacity
in zebrafish fins even when the regenerates are deprived of the required Fgf signaling.?*®
miRNA-133 was shown to be involved in suppressing cell proliferation by inhibiting the
cell cycle regulator mps1,>* a gene required for cell proliferation in the fish fin blastema.*
miRNA-133 has also been shown to antagonize muscle differentiation.?° Its role in
antagonizing cell proliferation in the regenerating fin while it antagonizes inhibitors of
cell proliferation in the developing muscle indicates that even one miRNA has diverse
activities that may depend on tissue specificity or other regulatory components. Currently,
it is unclear how cell proliferation and differentiation status of these blastema cells are
mechanistically linked. Therefore, it will be worthwhile to determine if miRNA-133 is part
of a molecular mechanism that coordinates cell proliferation with cell differentiation.

The microRNA miR-196 is also expressed in the blastema as well as the dorsal and
lateral cells of the adjacent spinal cord just proximal to the blastema of the regenerating
salamander tail.>*! Inhibition of miR196 causes abnormally shortened tails with spinal
cord defects, while overexpression of a mimic miR-196 increased the length of the
regenerate.”! Further exploration of the detailed mechanisms through which miR-196 and
other miRNAs regulate tissue regeneration should show additional layers of regulation
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that determine how differentiated cells become blastema cells and how blastema cells
regenerate new tissues.

CONCLUSION

It is an exciting time in the field of regeneration biology, because the molecular
biology underlying a centuries worth of observations of the cell biology is being defined.
Although still at an early stage, the current development of new molecular tools in fish,
amphibians and other animal models for regeneration is providing the technical advances
necessary to investigate how progenitor cells contribute to the reconstruction of damaged
or missing compound structures. Such studies are defining how terminally differentiated
cells obtain the appropriate plasticity and what mechanisms control the proliferation and
differentiation status of these cells to recreate well-organized structures to their near
original form. This information together with the advancements in mammalian stem cell
biology will allow more detailed comparisons between mammalian and regeneration animal
models. These comparisons may not only open up new avenues for reprogramming adult
cells into stem cells but also provide crucial information for instructing reprogrammed
cells to regenerate functional organs and appendages.
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CHAPTER 14

REPROGRAMMING OF SOMATIC
CELLS TO PLURIPOTENCY

Masato Nakagawa* and Shinya Yamanaka

Abstract: Reprogramming of somatic cells into pluripotent stem cells has been achieved by
introducing four transcription factors, Sox2, Oct3/4, K1f4 and c-Myc, in 2006. These
induced pluripotent stem (iPS) cells have raised hopes for a new era of regenerative
medicine because they can avoid the ethical problems and innate immune rejection
associated with embryonic stem cells. However, the underlying molecular mechanism
of reprogramming still remains unclear. In this chapter, we look back at the history
of reprogramming research ranging from amphibian to mammalian cells and discuss
our recent understanding of the molecular mechanisms of reprogramming and the
possibility of utilizing reprogrammed cells for regenerative medicine.

INTRODUCTION

Numerous attempts have been made by many researchers to resolve worthwhile
and difficult questions regarding “reprogramming”. During development, different stem
cell populations differentiate into several lineages of somatic cells. The environment
(niche) around stem cells, such as secreted factors, cell-cell/cell-matrix communications,
mechanical pressures and other stimulations, coordinates the orderly events that underlie
the process of differentiation. Although data about differentiation are increasing, studies
ofthereverse process, de-differentiation, are lagging behind. Somatic cell reprogramming
(nuclear reprogramming) has been first accomplished in frog. This discovery later led
not only to the cloned sheep Dolly but also to the generation of induced pluripotent stem
(iPS) cells. Thus, differentiation, once considered to proceed in only one direction, can
be rewound experimentally.
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SOMATIC NUCLEAR REPROGRAMMING IN FROG

The nuclear reprogramming of somatic cells and the production of fertile adults
from reprogrammed cells have succeeded in Xenopus laevis by somatic cell nuclear
transfer (SCNT).! SCNT has been the most conventional method for reprogramming.
Both differentiated and pluripotent cells of the same organism contain the same DNA
sequence, however the readout of the DNA sequence varies greatly among different cell
types, leading to different gene expression profiles, for example. Expression is regulated
by several chromatin modifications, such as DNA methylation and histone modifications.
During SCNT, the nuclei are removed from somatic cells and inserted into enucleated
oocytes. After the transfer, the nuclei are reprogrammed through de-modification of DNA
and chromatin by the new environment. In the pre-implantation embryos containing the
reprogrammed somatic nuclei, the developmental stages proceed as innormal development,
albeit at lower efficiency. In a key experiments, the nuclei of fully differentiated intestinal
epithelial cells were isolated and transplanted into oocytes, which resulted in reprogramming
of'the injected nuclei.! The authors managed to obtain fertile male and female frogs. This
and other studies** revealed that the differentiation process of somatic cells is reversible
and that oocytes have the ability of reprogramming somatic nuclei. In other words, the
reprogramming factors exist in the eggs.

BIRTH OF A CLONED ANIMAL, DOLLY

About thirty years after the reprogramming of somatic cell nuclei in frogs, mammalian
cells were also successfully reprogrammed.’ They used three kinds of somatic cells for
donor nuclei, including mammary epithelial cells, fetal fibroblasts and embryo-derived
cells from lambs. Using single nuclei from these cells, nuclear transfer was performed
and offsprings were successfully obtained. This was the first report of cloned mammalian
animals. Although several cloned lambs were born upon nuclear reprogramming, the
efficiency seemed to depend on the donor cell type. The number of pregnancies using
the nuclei from fetal fibroblasts or embryo-derived cells was more than that of nuclei
from mammary epithelial cells. This result suggested that the mammalian nuclei from
early developmental stages are readily reprogrammed.

CHANGING CELL FATE BY DEFINED FACTORS, MyoD

In the reprogramming experiments of frogs or sheep, they used oocytes that
contain many proteins and other factors. Since many mechanisms might be involved
in the reprogramming of somatic cells, it is difficult to explain the mechanisms of
reprogramming by SCNT. Treatment with 5-azacytidine (5-aza), a DNA demethylation
reagent, alone converted mouse embryonic cells, C3H/10T1/2CL8 and Swiss 3T3 cells
to myogenic, adipogenic and chondrogenic cells in cell culture system (this type of
change is not considered “reprogramming” but “conversion”). ¢ However, it is unclear
whether treatment with 5-aza caused a complete conversion. Another study showed
that a single gene could achieve the conversion of some cells to other types. The gene
is MyoD, a basic-helix-loop-helix transcription factor,” a master gene for regulation of
myogenesis.® Introduction of MyoD alone converted mouse fibroblasts, adipoblasts, or
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monkey kidney cells to myoblasts. This study suggested that cells could be converted to
another lineage of cells only by ectopic expression of inducing factors. There are other
similar reports about cell fate conversion.” Monocytic precursors were converted into
erythroid-megakaryocytic cells by GATA1,'° B cells into macrophages by C/EBPa,!! B
cells into T-cells by Pax5 ablation'? and fibroblasts into macrophage-like cells by PU.1
and C/EBPa/B." These studies demonstrated that single factors can have a large impact
on cell fate and specification.

REPROGRAMMING OF SOMATIC CELLS BY CELL FUSION

Reprogramming of somatic cell nuclei has also been achieved by in vitro cell fusion
experiments. Nuclear reprogramming of mouse adult thymocytes was reproducibly achieved
by fusion with ES cells, confirmed by the reprogramming by V-(D)-J DNA rearrangement
of the T-cell receptor.' The Oct3/4-GFP reporter gene that is inactivated in thymocytes,
is activated forty-eight hours after cell fusion. Contribution of this thymocyte-ES hybrid
cells to early mouse development demonstrated its pluripotency. This study implied
existence of reprogramming factors in ES cells. Very recently, it has been reported that
demethylation of DNA by AID, activation-induced cytidine deaminase, is required for
the reprogramming by the cell fusion experiments.!* In this study, mouse ES cells and
human fibroblasts were fused to generate interspecies heterokaryons. Knockdown of AID
inhibited the demethylation of the Oct4 promoter region and resulted in the suppression
of Oct4 and other pluripotent genes at the initiation of reprogramming. These results
suggest that demethylation of DNA is important for the reprogramming process.

GENERATION OF INDUCED PLURIPOTENT STEM CELLS BY Sox2,
Oct3/4, Kif4 AND c-Myc

All cells of our body were constructed with cells differentiated from the epiblast
progenitors of the mammalian blastocysts, which are pluripotent. Embryonic stem cells
(ES cells) were generated by their derivation from these cells in vitro.'s'® ES cells also
show pluripotency similar to epiblast progenitor cells of the blastocyst and infinite
growth ability in vitro. ES cells are therefore considered to be an extremely useful tool
for regenerative medicine.

Although human ES cells could be used in cell transplantation therapy, their
clinical application faces ethical objections against utilizing human embryos. One
solution is to generate pluripotent cells directly from somatic cells without the use of
pre-implantation embryos. Studies of SCNT and cell fusion revealed that somatic cells
could be reprogrammed into pluripotent state, even though the molecular mechanism is
not clear. However, the efficiency is low and reproducibility is not consistent and thus
these techniques are not conducted routinely. To resolve these problems, direct somatic
nuclear reprogramming by defined factors was studied.

At first, our laboratory hypothesized that the factors that play important roles in
the maintenance of ES cell pluripotency could function as reprogramming factors. We
searched the genes that are highly and specifically expressed in ES cells, but not in
somatic cells, using in silico expression data analysis. There were many candidates for
reprogramming factors and we named them ECATSs (ES cell associated transcripts).'®
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Nanog, one of the ECATs, was found to be a very important gene for the maintenance
of ES cell pluripotency." Nanog-knockout (KO) ES cells lost their pluripotency and
differentiated into extraembryonic endoderm lineage. Another group was able to establish
Nanog-KO ES cells.?® These Nanog-KO ES cells contributed to chimeric mice but not
to germ cells. The activity of self-renewal was lower in Nanog-KO ES cells than in
wild-type ES cells. Moreover, Nanog-KO ES cells easily differentiated into primitive
endoderm-like cells. These results indicated that Nanog is not necessary for self-renewal
of ES cells but functions in inhibiting the differentiation, namely in maintaining the ES
cell state. ECATSs also contained the genes that have been shown to be important for ES
cell pluripotency, such as Sox2 and Oct3/4.2!%? Finally, we focused on twenty-four genes
as potential reprogramming factors.?

These factors were classified into three groups. First group contained Nanog, Sox2
and Oct3/4, which play important roles in the maintenance of ES cell pluripotency.
The tumor-associated genes, Tcll, Stat3 and c-Myc, were classified into the second
group. ECATI, Esgl and Klf4, originally found in our laboratory and which might
specifically function in ES cells, were placed in the third group. All twenty-four genes
were transduced into mouse embryonic fibroblasts by retroviral infection induced ES-like
cells and we obtained ES cell-like colonies.”® We refined the twenty-four factors into
four factors, including Sox2, Oct3/4, Kif4 and c-Myc (Fig. 1) by omitting one of the
factors at a time. The morphologically ES-like cells showed pluripotency similar to

Sox2 Growth factors
Oct3/4 Chemicals
KIf4 Medium
c-Myc ogoo Supporting cells
O
Differentiation

Reprogramming

Fibroblasts \ iPS cells

“.. Directing cell reprogramming

Neuronal cells

« Hepatocytes
e Cardiomyocytes
N Blood cells
other somatic cells
Ngn3 Pdx1 Mafa
Pancreatic cells ’ Beta cells

Figure 1. Reprogramming pathway. Fibroblasts are reprogrammed into iPS cells by defined factors (Sox2,
Oct3/4, KIf4 and c-Myc [other combinations are also available]). iPS cells differentiate into several
kinds of somatic cells by defined conditions. Neuronal cells are directly generated from fibroblasts.
Beta-cells are also directly generated from pancreatic exocrine cells in vivo. Gray lines show unidentified
reprogramming pathways.
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ES cells and infinite cell growth similar to cancer cells. We named these cells induced
pluripotent stem cells, or iPS cells. For the first-generation iPS cells, they were selected
by G418 resistance derived from a Fbx15-reporter (Fbx-iPSC). Fbx15 is an ES cell
specific gene that is, accordingly, not expressed in fibroblasts, but highly expressed in
ES cells. Fbx-iPSCs could generate chimeric fetus but failed in adult chimeric mice,
which indicated that Fbx-iPSCs did not share the exactly the same properties with ES
cells and were incompletely reprogrammed cells.

ToproduceiPS cells which could make adult chimeric mice, we and others constructed
a Nanog-reporter followed by puromycin resistance for selection of high quality iPSCs.>*
Adult chimeric mice were obtained using second-generation iPSCs (Nanog-iPSCs), which
were competent for germline transmission.??¢ In addition to the reporter gene, the timing
of drug selection was also important for the generation of iPS cells that were competent
for germline transmission. Fully differentiated cells including tail-derived fibroblasts,*
hepatocytes” and gastric epithelial cells,?” were also successfully reprogrammed into iPS
cells by the same four factors. These results indicate that somatic cells can be reprogrammed
by defined factors. Many laboratories have by now reported the generation of mouse iPS
cells from a variety of cell sources.

Human iPS cells were also successfully generated by the same four factors (SOX2,
OCT3/4, KLF4 and ¢c-MYC) with some modifications.?® At the same time, human iPS
cells were generated by other factors including SOX2, OCT3/4, NANOG and LIN28.%
Human iPS cells seem to be indistinguishable from human ES cells in morphology,
growth rate and differentiation activity.

METHODS FOR iPS CELL INDUCTION

Atfirst, iPS cells were generated from fibroblasts by retroviral transduction of four
transcription factors. This method was highly efficient and reproducible for iPS cell
induction. Using retroviruses, the DNA of the genes used for reprogramming, together
with small portions of retroviral vectors, integrate into the host genome, increasing the
risk of tumor formation in iPS cell-derived chimeric mice. We detected reactivation
of retroviral c-Myc in these tumors,?* suggesting that usage of retroviral c-Myc should
be avoided for iPS cell generation. Because of this result, we tried to induce iPS cells
without retroviral c-Myc for the production of safer iPS cells and succeeded in it
(3F-iPSC) %31 although the efficiency was quite low. The morphology, growth rate and
differentiation activity were similar to those of four factor-induced iPS cells (4F-iPSC).
In chimeric mice derived from 3F-iPSCs, the tumorigenicity dramatically decreased
compared to 4F-iPSC chimeric mice. These results indicated that c-Myc is dispensable
for iPS cell induction and retroviral c-Myc should be omitted for generation of safer
iPS cells. According to our recent study, the efficiency of germline transmission for
3F-iPSC is lower than that for 4F-iPSC (Aoi et al, unpublished results). It may imply
that reprogramming is not fully achieved by three factors only. Identification of new
factors is required to take the place of c-Myc for generation of safe and high quality
iPS cells. Recent report has reported that Tbx3 improves the germline competency of
mouse iPS cells instead of c-Myc.* Three factors and Tbx3 could increase the efficiency
of iPSC generation but not the numbers of iPSC colonies. Although the frequency of
germline transmission by Tbx3 increased, the tumorigenicity of chimera mice was not
determined. Further observations will be required.
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For the generation of safer iPS cells, several methods introducing reprogramming
factors into fibroblasts have been reported. We previously reported that transfection of
plasmid vectors by general transfection reagents could generate mouse iPS cells and
these cells were competent for germline transmission.** Generation of iPS cells has also
been reported by other groups using alternative methods.***® Current progress of iPS
cells has been well summarized in another review.® It is currently still unclear which of
these methods is best.

MOLECULAR MECHANISM FOR iPS CELL GENERATION

Although transduction of four transcription factors into fibroblasts can change
somatic cells into pluripotent cells, the molecular mechanism is unclear. Sox2 and Oct3/4
are known to be important factors in maintaining ES cell pluripotency and functions by
similar mechanisms during iPS cell induction. c-Myc is famous as an oncogene and highly
expressed in many tumors. The function of c-Myc is thought to remodel the chromatin
structure and activate several genes. There are about thirty thousand DNA-binding regions
recognized by c-Myc with or without adaptor proteins. K1f4 has a dual function acting both
as an oncogene and a tumor suppressor gene.”**! During iPS cell induction, K1f4 might
suppress the c-Myc function that negatively regulates iPS cell generation.’>** Although
the function of each factor has been well reported, it is still unknown why transduction
of defined three or four factors reprograms somatic cells to pluripotent cells.

DIRECTED CELL REPROGRAMMING: 3-CELLS FROM PANCREATIC
CELLS

For regenerative medicine, specific healthy somatic cells are required. Using iPS
cell techniques, we can make some several different kinds of somatic cells by in vitro
differentiation from established iPS cells. However, the efficiency, activity and purity of
the differentiated cells from iPS cells are still too low to be used for regenerative medicine,
especially for transplantation therapy. At the same time when iPS cell technology is
robustly developing, it has been reported that pancreatic exocrine cells were changed
to B-cells in vivo™ (Fig. 1). This in vivo reprogramming was achieved by transduction
of defined factors directly into pancreatic cells using an adenoviral system. This study
suggested that most cells might have the ability of directed cell reprogramming into other
cell types without going through iPS cells.

DIRECTED CELL REPROGRAMMING: NEURONAL CELLS
FROM FIBROBLASTS

The possibility has recently emerged that somatic cells could be reprogrammed
to pluripotent stem cells in vitro or directly reprogrammed to other types of somatic
cells in vivo. After the report of in vivo directing cell reprogramming, induced somatic
cells were generated in vitro.>® The research group expressed defined factors in mouse
fibroblasts and changed them into neuronal cells. The defined factors were only three
neuronal-lineage-specific transcription factors. These cells were named as induced



REPROGRAMMING OF SOMATIC CELLS TO PLURIPOTENCY 221

neuronal (iN) cells (Fig. 1). In iN cells, neuron-specific genes were expressed and
functional synapses were also generated. This technique is very useful for production of
disease-specific abnormal cells in terms of periods for generation.

DISEASE iPS CELLS FOR CLINICAL APPLICATIONS

Human iPS cells may advance regenerative medicine (Fig. 2). For cell transplantation
therapy, ES cells were thought to be good sources. However, it is almost impossible for
most patients to have their own ES cells. In contrast, iPS cells are derived from patients’
own fibroblasts (or other cells), which can conquer the rejection problem of ES cells.
Cell transplantation therapy has the potential to develop quickly. Importantly, human iPS
cells now can be produced from patient somatic cells that contain genetic mutations for
diseases (disease-iPSC) and the derived disease-iPSC also possess the genetic mutations.
Using disease-iPS cells, it is potentially possible to reproduce the disease of patients by
differentiation into abnormal cells observed in them. These cells are useful for analysis
of pathology, drug screening, toxicology and study for side effects of drugs. These kinds
of approaches were difficult to do before the birth of iPS cells.

Novel treatment
», 4
%
%,
v\
%
Pathological analysis
/' Drug screening

Toxicolo
Patients L
. hhe
Functional cells w}q
* Reprogramming o Differentiation

Fibroblasts iPS cells

Disease model cells

Figure 2. Application of iPS cells for regenerative medicine. Fibroblasts (or other cells) are collected
from patients. The cells are reprogrammed into iPS cells and disease model cells are obtained by in
vitro differentiation. For transplantation therapy, disease cells are corrected to functional cells and
normal cells from patients are transplanted into their body. Disease model cells are also useful for
pathological analysis, drug screening and toxicology. From these studies, novel treatment or drugs
might be identified and applied for patients.
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CONCLUSION

Reprogramming of somatic cells was just a dream to many researchers for a
long time. Reprogramming experiments started in frogs, yielding cloned animals and
eventually produced iPS cells by direct reprogramming. Reprogramming or conversion
might commonly occur in differentiated cells by activation of key factors which are
repressed in those cells by some exquisite mechanisms, such as methylation of genomic
DNA or chromatin modifications. Once the reprogramming factors are activated, the
cell properties changes and cells are reprogrammed to other cell types. Reprogramming
might be easier than previously thought. But the exact combination of reprogramming
factors is important for the generation of the exact cell type. Researchers will identify
more combinations for generation of various cell types in the future (Fig. 1). Directed
cell reprogramming is also a promising technique for obtaining disease-specific abnormal
cells. It is possible that disease model cells for neurological disorders are generated from
patients’ skin fibroblasts directly in the short-term. Further studies are required for the
application of these cells.

The iPS cell technology has been well established by many researchers. Basic
research, especially on mouse and human ES cells, has helped the success for iPS cell
generation. Human iPS cells might improve the current levels of regenerative medicine.
The quality of iPS cells seems to be high enough for application, however iPS cell
technology is not fully matured and there are several problems, such as selection and
characterization of iPS cell clones, development of generation methods (viruses, plasmids,
proteins, or chemicals), optimization of culture conditions and validation methods for
the determination of safe iPS cells.
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