


Results and Problems in Cell Differentiation

55

Series Editors

Dietmar Richter, Henri Tiedge



.



Jacek Z. Kubiak

Editor

Mouse Development

From Oocyte to Stem Cells



Editor
Jacek Z. Kubiak
Institute of Genetics and Development of Rennes (IGDR)
UMR 6290, CNRS/University Rennes 1

Faculty of Medicine, UEB, IFR 140 6290
Rennes Cedex
France

ISSN 0080-1844 ISSN 1861-0412 (electronic)
ISBN 978-3-642-30405-7 ISBN 978-3-642-30406-4 (eBook)
DOI 10.1007/978-3-642-30406-4
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2012945633

# Springer-Verlag Berlin Heidelberg 2012
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)

Series Editors
Dietmar Richter
Center for Molecular Neurobiology
University Medical Center
Hamburg-Eppendorf (UKE)

University of Hamburg
Hamburg Germany

Henri Tiedge
The Robert F. Furchgott Center for Neural
and Behavioral Science
Department of Physiology and
Pharmacology
Department of Neurology
SUNY Health Science Center at Brooklyn
Brooklyn, NY, USA



Preface

My purpose in preparing “Mouse Development. From Oocyte to Stem Cells” for the

Springer series “Results and Problems in Cell Differentiation” was to create a

comprehensive review of the current knowledge on the most popular mammalian

model in developmental biology. Most scientific achievements that have had an

important impact on the understanding of basic mechanisms governing embryo

development in humans originated from mouse experimental embryology. Stem

cell research, which now offers the promise of regenerative medicine, began with

the derivation of mouse embryonic stem cells. One of the authors of this pioneering

research—Martin Evans—was awarded the Nobel Prize inMedicine or Physiology in

2007. Attracting the experts to create this book I was hoping to provide an overview

of mouse development, spanning from oocytes and early embryos to the state-of-the-

art description of embryonic and adult stem cells. The book begins with different

aspects of mouse oocyte biology, mostly gene expression control at various levels of

complexity, and the oocyte-to-embryo transition. Special attention is focused on the

currently most vigorously discussed and controversial issues concerning mechanisms

involved in the earliest steps of cells diversification occurring just before and during

blastocyst formation. As the topic is very hot and highly discussed, five independent

views are presented. The authors of these chapters used different methods in their

research and emphasized different aspects of processes leading to the blastocyst

formation. However, despite their conclusions diverge, they share several important

common points which, I hope, will allow to develop a cohesive vision. Further

chapters are devoted to the control of development of selected organs or tissues

with emphasis at transdifferentiation, transdetermination, and involvement of stem

cells. Examples of ecto-, meso-, and endoderm-derived stem cells are presented.

Finally, induced pluripotent stem cells are discussed. The book, thus, speak on mouse

development starting from oogenesis and finishing on aging.

At the end, I would like to thank to Rafal Piprek (Krakow), Jarosław Czyż

(Krakow), and Malathesha Ganachari (Houston) for their help in creating the final

version of this book.

Rennes, France Jacek Z. Kubiak
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Chapter 1

Post-transcriptional Control of Gene Expression

During Mouse Oogenesis

Hugh J. Clarke

Abstract Post-transcriptional mechanisms play a central role in regulating gene

expression during oogenesis and early embryogenesis. Growing oocytes accumu-

late an enormous quantity of messenger RNAs (mRNAs), but transcription

decreases dramatically near the end of growth and is undetectable during meiotic

maturation. Following fertilization, the embryo is initially transcriptionally inactive

and then becomes active at a species-specific stage of early cleavage. Meanwhile,

beginning during maturation and continuing after fertilization, the oocyte mRNAs

are eliminated, allowing the embryonic genome to assume control of development.

How the mammalian oocyte manages the storage, translation, and degradation

of the huge quantity and diversity of mRNAs that it harbours has been the focus

of enormous research effort and is the subject of this review. We discuss the roles of

sequences within the 30-untranslated region of certain mRNAs and the proteins that

bind to them, sequence-non-specific RNA-binding proteins, and recent studies

implicating ribonucleoprotein processing (P-) bodies and cytoplasmic lattices. We

also discuss mechanisms that may control the temporally regulated translational

activation of different mRNAs during meiotic maturation, as well as the signals that

trigger silencing and degradation of the oocyte mRNAs. We close by highlighting

areas for future research including the potential key role of small RNAs in

regulating gene expression in oocytes.

H.J. Clarke (*)
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University and the Research Institute of the McGill University Health Centre, F3.50, Women’s
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1.1 Introduction

Translational control of mRNA plays a central role in regulating gene expression

during oogenesis and early embryogenesis. This reflects the developmentally

regulated nature of transcriptional activity in oocytes and after fertilization.

During their growth phase, mammalian oocytes are transcriptionally active

(Fig. 1.1). Near the time that oocytes reach full size, transcription drops to very

low or undetectable levels, and it remains so throughout the terminal stage of

oogenesis, termed meiotic maturation. Transcription remains low after fertiliza-

tion until it resumes at a species-specific stage of early embryogenesis—for

example, at the late 2-cell stage in mice, 4-cell stage in humans, and 8- to 16-

cell stage in the cow. This means that the period of development encompassing

late growth of the oocyte until early/mid-cleavage of the embryo depends on

mRNAs synthesized during oocyte growth. This poses an enormous regulatory

challenge to the growing oocyte, which at full size has accumulated almost twice

as much mRNA as is present in a blastocyst. Some newly synthesized mRNAs

must be translated to support growth of the oocyte, whereas others must be safely

stored and then translationally activated at the appropriate stage of late oogenesis

or early embryogenesis. In addition, these oocyte (maternal) mRNAs must subse-

quently be degraded to permit the newly transcribed embryonic mRNAs to

assume control of development. How the mammalian oocyte manages the stor-

age, translation, and degradation of the huge quantity and diversity of mRNAs

that it harbours has been the focus of enormous research effort and is the subject

of this review.

1.2 A Brief Primer on Translational Control

Newly transcribed mRNAs typically undergo three major processing events within

the nucleus—splicing, capping, and polyadenylation (some mRNAs, notably those

encoding the replication-dependent histones, are neither spliced nor

polyadenylated). The latter two are particularly relevant to translation. Capping

describes the addition of a 7-methylguanosine structure (m7GpppN) to the 5
0-end of

an mRNA during transcription (Cowling 2009). Polyadenylation, by contrast,

occurs at the 30-end. A polyadenylation signal (AAUAAA) in the 30-untranslated
region of the primary mRNA signals recruitment of a protein termed cleavage and

polyadenylation specificity factor (CPSF) to the 30-end. CPSF in turn both triggers

cleavage of the transcript at a site 30 to the polyadenylation sequence and recruits

polyA polymerases (PAPs) that catalyse the addition of ~250 adenosine nucleotides

to the 30-end of the mRNA (Millevoi and Vagner 2010). Six mammalian PAPs have

been identified: PAPa (Papola) and PAPg (Papolg) in the nucleus, GLD2 (Papd4)
and GLD4 (Papd5) in the cytoplasm at least in some cell types, and two that are

restricted to round spermatids and mitochondria, respectively (Burns et al. 2011;
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Nakanishi et al. 2006; Schmid et al. 2009). Capped and polyadenylated mRNA is

exported to the cytoplasm.

In the cytoplasm, the 50-end of the RNA interacts with the cap-binding protein,

eIF4E (Abaza and Gebauer 2008; Groppo and Richter 2009; Jackson et al. 2010;

Richter and Sonenberg 2005). At the other end, polyA-binding protein (PABP)

associates both with the poly(A) tail and, through its N-terminal region, with eIF4G.

eIF4G and eIF4E together with eIF4A form the cap-binding complex, eIF4F, which

in turn binds via eIF3 to the 40S ribosomal subunit. Through the association of

eIF4G with PABP, the mRNA becomes pseudo-circularized, which renders its

translation substantially more efficient (Fig. 1.2). Thus, long or short poly(A) tails

are generally correlated with high or low translational activity, respectively. None-

theless, certain mRNAs have been identified whose translation is associated with

deadenylation or is independent of polyadenylation (Kleene et al. 1984; Tadros

et al. 2007; Vardy and Orr-Weaver 2007a).

Translational inactivation and subsequent degradation of an mRNA comprises

three steps. First, deadenylases shorten the poly(A) tail. Three families of

deadenylases have been identified: the CNOT (also known as CCR4-NOT) family,

the PAN2-PAN3 heterodimer, and the poly(A)-specific ribonuclease (PARN)

(Goldstrohm and Wickens 2008). It has been proposed that PAN2–PAN3 shortens

the tail from several hundred to about 100 nt, after which CCR4-NOT removes

most or all of the remaining tail (Yamashita et al. 2005). PARN is mainly nuclear,

but could also contribute to cytoplasmic deadenylation. Numerous regulatory

proteins as well as short RNAs can influence the activity of these deadenylases

(Goldstrohm and Wickens 2008; Standart and Jackson 2007; von Roretz and

Gallouzi 2008). Deadenylation is followed by, and may be required for, removal

of the 50-cap by decapping enzymes (Franks and Lykke-Andersen 2008; Garneau

growth meiotic maturation fe
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embryogenesis
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Fig. 1.1 Ooogenesis, early embryogenesis, and transcriptional activity. Time periods indicated

correspond to the mouse. During oocyte growth, which requires about 3 weeks, the oocyte is at late

prophase I of the cell cycle and is transcriptionally active. Transcription drops substantially near or

at the end of the growth phase. During meiotic maturation, which spans about 12 h, the oocyte

enters M-phase, completes the first meiotic division, and then arrests at metaphase II. Transcrip-

tion is not detectable during this time. Following fertilization, weak transcription can be detected

during the first cell cycle, which spans about 18 h. The major activation of transcription occurs at

G2 of the 2-cell stage. Hence, late oogenesis and early embryogenesis depend on mRNAs that have

been transcribed during oocyte growth
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et al. 2007). The deadenylated and decapped RNA is then degraded by nucleases

that digest it from both the 50- and 30-ends. Although the signals that target a

translationally active mRNA for degradation are not fully understood, PABP can

attract PAN deadenylases to the mRNA. This suggests two points. First, the length

of the poly(A) tail of an mRNA, and hence its translational efficiency, may be

determined by the relative strength of competing PAPs and deadenylases that

act simultaneously on it. Second, translation of an mRNA may promote its

deadenylation and subsequent degradation, thus providing a translation-coupled

pathway of mRNA turnover.

Complementing these studies of the biochemical basis of mRNA metabolism,

recent work has addressed where in the cell these events occur and specifically the

potential role of cytoplasmic ribonucleoprotein particles (RNPs) (Balagopal and

Parker 2009; Eulalio et al. 2007; Kulkarni et al. 2010; Parker and Sheth 2007).

Microscopically visible RNPs have been observed in a variety of cell types and

given different names; here, they will be termed (processing) P-bodies. Although

the molecular composition of these large RNPs likely varies depending on cell type,

they typically harbour many of the enzymes involved in mRNA metabolism,

including deadenylases, decapping factors, and exonucleases, as well as factors

that modulate these activities. miRNAs and proteins involved in miRNA-mediated

RNA silencing, such as Argonaute proteins and GW182 (TNRC6A), have also been

detected in P-bodies and recently discovered to interact with PABPs and with

deadenylases (Tritschler et al. 2010) and with both PAN2-PAN3 and CCR4-NOT

(Braun et al. 2011; Chekulaeva et al. 2011; Fabian et al. 2011). Based on their

composition and several lines of experimental evidence, it has been proposed that

AAAAAAAAAAA

CPE

CPEB

m7G
eIF4E

AAUAAA

eIF4G PABP

P

AAA

CPE

CPEB

m7G

AAUAAA

CPSF

PARN PAP

eIF4E AAAAAAAAAAA

CPE

CPEB

m7G
eIF4E

AAUAAA

eIF4G PABP

P
CPSF

PAP

AAA

CPE

CPEB

maskin

neuroguidin

m7G
eIF4E

AAUAAA

eIF4E-T

translationally inactive translationally active

maskin

neuroguidin

eIF4E-T

PARN

P

Fig. 1.2 Two models of CPE-dependent translational regulation. Upper: In translationally inac-

tive mRNA, an adaptor protein such as maskin, eIF4-T, or neuroguidin associates with both CPEB

and eIF4E, thus preventing interaction between eIF4E and eIF4G. During meiotic maturation,

CPEB becomes phosphorylated and the adaptor protein no longer inhibits eIF4E–eIF4G interac-

tion, permitting translational activation of the mRNA. Lower: In translationally inactive mRNA,

both deadenylases (PARN) and adenylases (PAP) are associated directly or indirectly with CPEB

and the mRNA carries a short poly(A) tail. During maturation, the deadenylase is ‘ejected’ from

the complex, permitting elongation of the poly(A) tail and translational activation of the mRNA.

Other factors in the complexes are not shown for clarity. These models are not necessarily

mutually exclusive and other models of CPE-dependent regulation exist. Modified from Radford

et al. (2008)
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P-bodies can act as sites of mRNA degradation. mRNAs localized in P-bodies can

also return to the translationally active pool, however, suggesting a more general

function as sites to which (some) mRNAs are transported for subsequent storage or

degradation. Nevertheless, it remains unresolved whether P-bodies, by providing

locally high concentrations of enzymes and co-factors, are the sites of processes

such as deadenylation and decapping or, alternatively, are aggregates that serve no

regulatory function but simply become detectable when a large quantity of non-

polysomal mRNA is present.

1.3 Translational Control During Oocyte Growth

Although non-growing oocytes are transcriptionally active, entry into the growth

phase is accompanied by dramatic changes in the pattern of gene expression (Pan

et al. 2005). The growing oocyte remains transcriptionally active until near the end

of growth when activity drops considerably. Transcriptional arrest is correlated

with a change in the nuclear distribution of the chromatin, termed the non-

surrounded nucleolus (NSN) to surrounded nucleolus (SN) configuration (De La

Fuente 2006). Many of the mRNAs synthesized in growing oocytes are immedi-

ately translated; however, a significant and developmentally crucial fraction—

estimates run as high as 30 % (Piqué et al. 2008)—are translationally repressed

until meiotic maturation or after fertilization. Notably, these repressed mRNAs are

not degraded but instead are stored in a stable form; bulk oocyte mRNA in mouse

oocytes has a remarkably long half-life estimated at 8–12 days (Brower et al. 1981).

Considerable work, both in mammals and non-mammalian organisms, has focused

on the mechanisms by which these silent mRNAs are translationally repressed and

stored.

The best-known mechanism of translational repression operates through the

cytoplasmic polyadenylation element (CPE, also known as the adenylation control

element [ACE]) (Brook et al. 2009; Kang and Han 2011; Radford et al. 2008). This

U-rich element (consensus: UUUUA(A)U) is located in the 30-utr within about

200 nt of the polyadenylation signal and was first identified in mRNAs known to be

translationally repressed in growing oocytes and activated during meiotic matura-

tion (Fox et al. 1989; Huarte et al. 1992; McGrew et al. 1989). Its role has been

clearly demonstrated using reporter mRNAs carrying the 30-utr of the mRNA of

interest—insertion of a CPE represses translation whereas mutation of existing CPE

activates translation (Huarte et al. 1992; Tay et al. 2000). Although these

experiments were carried out using fully grown immature oocytes, it is believed

that the CPE functions in the same way in growing oocytes. The CPE is bound by

the CPE-binding protein (CPEB), a 62-kDa protein first identified in oocytes of

Xenopus and having homologues in a wide range of species. CPEB is highly

conserved, particularly in the C-terminal portion that contains two RNA recogni-

tion motifs and a Zn-finger domain (Gebauer and Richter 1996; Welk et al. 2001).

Vertebrates also contain related proteins, CPEB-2, -3, and -4 that are expressed in

1 Post-transcriptional Control of Gene Expression During Mouse Oogenesis 5



different cell types including oocytes and show different RNA-binding preferences

(Standart and Minshall 2008). The crucial role of CPEB-dependent translational

repression in maintaining the normal programme of oocyte development is

illustrated by the severe abnormalities in growing oocytes that lack CPEB (Racki

and Richter 2006).

Many lines of evidence support the link between a CPE-dependent short poly(A)

tail and translational repression. First, although mRNAs containing a CPE are

initially provided with a long poly(A) tail in the nucleus, this is rapidly removed

following their export to the cytoplasm leaving a short tail of 20–40 bases (Huarte

et al. 1992; Kim and Richter 2006). Second, mRNAs provided with a long poly(A)

tail in vitro, but not a short tail, are translated following injection into immature

oocytes. Third, overexpression of Gld2 in immature oocytes of Xenopus lengthens
the poly(A) tail of mRNAs including Ccnb1 and Mos, both of which contain CPE

sequences (Nakanishi et al. 2006), consistent with the model that competing poly-

merase and deadenylase activities determine the steady-state length of the poly(A)

tail. Intriguingly, when a competitor RNA containing a CPE was injected into

immature oocytes, endogenous mRNAs containing a CPE became translationally

activated even though their mRNA did not become polyadenylated (Stutz et al.

1998). Although the large excess of competitor that was required means that the

results should be interpreted with caution, this suggests that translational repression

may depend on more than shortening of the poly(A) tail.

While the role of CPEB in mediating translational repression is firmly

established, its mechanism remains to be fully elucidated (Fig. 1.2). Xenopus
oocytes contain a protein termed maskin that is able to bind both CPEB and

eIF4E. This prevents eIF4E from binding to eIF4G, and translation is consequently

repressed. Although the mammalian maskin homologue, TACC4, is expressed in

oocytes (Yang et al. 2010), the site to which eIF4E binds is not conserved, implying

that this mechanism may not operate in mammals. Neuroguidin, originally

identified in cells of the nervous system, is also able to bind CPEB and eIF4E and

to repress translation (Jung et al. 2006), and Ngd is expressed in mouse oocytes

(http://www.ncbi.nlm.nih.gov/geoprofiles), suggesting that it could serve the same

function as maskin. In addition, at least two other mechanisms through which CPEB

may repress translation have been identified. CPEB in amphibians can bind to the

PARN deadenylase, suggesting a simple model by which it represses translation.

Although most PARN appears to be nuclear in amphibian oocytes (Kim and Richter

2006; Standart and Minshall 2008) and in mammalian somatic cells and oocytes

(K.-F. Vieux & H.C., unpublished) it is possible that a quantitatively small fraction

in the cytoplasm is sufficient to serve this function. CPEB can also interact with

4E-T (eIF4E-transporter), a protein that in turn binds to eIF4E (eIF4E1b in oocytes

(Evsikov et al. 2006)) and prevents the latter from interacting with eIF4G (Richter

and Sonenberg 2005; Standart and Minshall 2008). This would inhibit pseudo-

circularization of the mRNA thus repressing translation, although it does not seem

to account for the shortening of the poly(A) tail. These interactions have been

established biochemically in Xenopus and Drosophila, whose 4E-T homologue is

termed Cup, and 4E-T is expressed in mouse oocytes (Villaescusa et al. 2006).

6 H.J. Clarke
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The central role of CPEB in translational repression in immature oocytes does

not preclude a role for other mechanisms. The PUmilio-Fem-3-binding factor

(PUF) family of RNA-binding proteins are found throughout the plant and animal

kingdoms (Wickens et al. 2002). They are characterized by the presence of eight

repeats of a ~40-amino acid sequence, termed the Pumilio-homology domain, that

are located in the C-terminal region of the proteins. Each of the eight repeats

contacts a different RNA base in the PUF-binding element (PBE; consensus

UGUANUAU) that is found in many translationally repressed mRNAs. A clue to

their mechanism of repression may lie in the observation that they can bind directly

to the CNOT8 deadenylase in vitro (Goldstrohm et al. 2006; Morris et al. 2008).

Intriguingly, through their conserved C-terminal region, PUF proteins can also bind

to CPEB (Nakahata et al. 2001). Moreover, many mRNAs that contain CPEs also

contain putative PBEs (Piqué et al. 2008; Radford et al. 2008). Thus, PUF proteins

might repress translation of PBE-containing mRNAs either independently or in co-

operation with CPEB (Piqué et al. 2008). Indeed this cooperativity has been

demonstrated in Xenopus for cyclin B1 mRNA (Nakahata et al. 2003).

Two PUF proteins exist in mammals, PUM1 and PUM2. PUM1 is expressed in a

wide variety of cell types, whereas PUM2 is expressed only in ES cells, testis, and

the ovary where it is restricted to the oocyte (Moore et al. 2003). Although mice

bearing a mutation in Pum2 are fertile (Xu et al. 2007), these observations are

consistent with a potential role for PUM proteins in translational control in mam-

malian oocytes.

The factors discussed so far repress translation through binding to specific

sequences in the 30-utr of specific target mRNAs. A different paradigm of transla-

tional control may be illustrated by YBX2 (formerly MSY2). This protein is very

abundant in oocytes but rapidly degraded during early embryogenesis, implying

that its function is restricted to oogenesis (Yu et al. 2001). Mice lacking YBX2 are

hypo-fertile, and their oocytes manifest a variety of abnormalities during growth

(Medvedev et al. 2011; Yu et al. 2004). Although the function of YBX2 is not yet

fully understood, its Y-box contains a conserved cold-shock domain that includes

RNA-binding motifs and Y-box proteins in amphibian oocytes associate with and

repress translation of numerous mRNAs. Mammalian YBX2 displays some

sequence preference in RNA binding, but also binds to a wide range of mRNAs

in vitro, suggesting that it may act as a sequence-independent RNA-binding protein

(Yu et al. 2002). The observations that oocytes lacking YBX2 have a reduced

quantity of mRNA and that YBX2 is associated with the detergent-insoluble

fraction of oocytes suggest that it may be part of a complex that sequesters and

stabilizes translationally repressed mRNAs. It would be interesting to test whether

mRNAs that are normally repressed in growing oocytes become translationally

activated in the absence of YBX2.

The potential role of P-bodies in translational control in somatic cells raises the

possibility that they play important roles in oocytes as well. Supporting this idea is

the presence of RNP complexes in the oocytes of a variety of non-mammalian

species. Recent work in C. elegans has identified structures termed storage bodies

that may be derived from the well-known germinal (P-) granules and are defined by

their position in the oocyte, mechanism of assembly, and presence of an RNA
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helicase, CGH-1 (Boag et al. 2008). CGH-1 associates with a subset of oocyte

mRNAs and, in cgh-1 mutants, these mRNAs are depleted. These observations

suggest that CGH-1 in the storage bodies may protect this subset of mRNAs—

perhaps those that will be translationally activated later during development—from

degradation. Oocytes of Xenopus contain RNPs whose protein composition shows a

remarkable resemblance to P-bodies. Intriguingly, these oocyte P-bodies also

contain CPEB, providing circumstantial evidence that they also may store

translationally silent mRNA.

Two recent studies have addressed P-bodies in mammalian oocytes. In the first,

GFP-tagged DCP1A was expressed in fully grown immature oocytes, where it

became localized in many small and a few large cytoplasmic foci (Swetloff et al.

2009). Staining using anti-DCP1A revealed only the large foci. A subset of the GFP-

DCP1A foci were also stained by antibodies recognizing the P-body components

DDX6, an RNA helicase that is orthologous to CGH-1, and RAP55, an RNA-

binding protein. CPEB, however, could not be immunologically detected. In the

second study (Flemr et al. 2010), several P-body components (AGO2, DCP1A,

DDX6, GW182) were found to co-localize in cytoplasmic foci in growing oocytes.

YBX2, an RNA-binding protein discussed earlier, was also present in these foci. In

oocytes larger than 50 mm diameter, however, these foci were not detected. Instead,

at least for DDX6, GW182, and YBX2, staining was enriched in the periphery of the

oocyte, in a narrow band that the authors term the subcortical RNP domain (SCRD).

Interestingly, c-mosmRNA, which is translationally repressed in immature oocytes,

also localized at the oocyte periphery, although technical limitations mean that co-

localization with specific SCRD components could not be tested.

Both studies indicate that mammalian oocytes contain structures that biochemi-

cally and functionally resemble P-bodies, but obviously differ with respect to the

dynamics of their assembly and localization during oocyte growth. It is interesting

to note that in Xenopus, maskin and PARN are not detectable until late in oogenesis,

whereas P-bodies may be more abundant at earlier stages (Minshall et al. 2007).

Hence, there is precedent for the notion that oocytes at different stages of growth

may employ different mechanisms to silence and store mRNAs. Nonetheless,

especially in view of the similarities between P-bodies and stress granules and the

crucial supporting role of the granulosa cells in oogenesis, it will be important to

verify that oocytes growing in vivo also contain P-bodies.

Mouse oocytes also contain RNA- and protein-containing fibrillar matrices,

termed cytoplasmic lattices (CPLs) (Capco et al. 1993; Lehtonen et al. 1983).

When PADI6, a peptidyl arginine deiminase, was found to co-localize with the

lattices (Wright et al. 2003), this opened the way to experimental analysis of their

function. In oocytes of Padi6�/� mice, the lattices cannot be detected and ribo-

somal components—specifically rRNA and protein S6—display increased solubil-

ity (Yurttas et al. 2008). This has led to the proposal that the CPLs may be storage

sites for the large fraction (~70%) of oocyte ribosomes that are not in polysomes

(Bachvarova and De Leon 1977). Very recent studies have identified PADI6 within

a large protein complex that includes FLOPED, MATER, TLE6, and Filia (Li et al.

2008). Oocytes lacking any of these genes give rise to embryos that arrest during
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early cleavage, consistent with the proposal that the CPL-associated ribosomes are

required for protein synthesis in the early embryo. Although protein synthesis in the

oocyte is not quantitatively affected in the absence of PADI6 (Yurttas et al. 2008), it

is conceivable that the CPLs play a role in storing silent mRNAs that will be

translationally activated following fertilization. Finally, it should be noted that a

sub-population of mRNAs is preferentially associated with the spindle region in

mature eggs, validating the concept that mRNAs can be differentially distributed

within the cytoplasm of mammalian germ cells (VerMilyea et al. 2011) as also

demonstrated in amphibians (Eliscovich et al. 2008).

What about the very large population of oocyte mRNAs that are actively

translated in growing oocytes? It is generally assumed that this represents a default

pathway—an mRNA will be translated unless some structural element such as a

CPE acts to repress translation—and mRNAs known to be translated typically do

not possess such sequences in the region of the 30-utr close to the polyadenylation

signal. Despite its repressive activity, however, not all mRNAs that contain a CPE

are completely silent in immature oocytes. For example, mouse immature oocytes

contain a small quantity of cyclin B1, indicating that even though Ccnb1 is

activated during maturation, it is nonetheless weakly translated in immature

oocytes (Holt et al. 2010; Marangos and Carroll 2008). Since keeping cyclin

B1 at a low level is essential to prevent precocious initiation of maturation, this

weak translation likely reflects incomplete repression. A more telling example is

the stem-loop-binding protein (SLBP). Growing oocytes absolutely require SLBP

to accumulate mRNAs encoding the histones that will be used to assemble chroma-

tin during the embryonic cell cycles (Arnold et al. 2008). Yet, Slbp contains a

functional CPE that represses its translation in growing oocytes (Yang et al. 2010).

How are immature oocytes able to overcome the repressive activity of the CPE and

produce the SLBP that they need?

One explanation may be that Slbp contains other sequences that enable a

sufficient level of expression to be achieved in spite of the repressive effects of

the CPE. We have found that the 30-utr of Slbp confers a higher translational activity
to a reporter RNA than does the 30-utr of Ccnb1 (Q. Yang and H.J.C., unpublished).
Within the Slbp 30-utr is a highly conserved U-rich sequence that is not present in

the Ccnb1 30-utr. Mutation of the sequence reduces the activity conferred by the

Slbp 30-utr, whereas its insertion in to the Ccnb1 30-utr increases activity. This

suggests that the translation of an mRNA is determined by net activity of positive

and negative regulatory elements. This could provide a mechanism for the oocyte to

regulate the supply of proteins whose steady-state quantity needs to be restricted

within a narrow range.

1.4 Translational Control During Oocyte Maturation

Meiotic maturation is the final stage of oocyte development before fertilization

(Fig. 1.2). During maturation the nuclear envelope becomes disassembled (germinal

vesicle breakdown, GVBD), releasing the contents of the nucleus into the cytoplasm.
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The chromosomes condense, become aligned on the first meiotic spindle, and the

oocyte undergoes the first meiotic division. The oocyte chromosomes then become

aligned on the second meiotic spindle, at which point meiosis becomes arrested until

the egg is activated by fertilization. In contrast to oocyte growth, which is a protracted

process requiring several weeks or months, depending on the species, oocyte matu-

ration is relatively rapid, spanning ~12 h in mouse and ~36 h in humans. Importantly

for this discussion, it is characterized by significant changes in translational activity.

About 25 years ago, a series of papers appeared demonstrating that, during oocyte

maturation inmice, themRNAencoding tissue plasminogen activator (tPA) becomes

elongated and translationally activated (Huarte et al. 1987; Strickland et al. 1988).

Further work demonstrated that the lengthening is due to an increase in the length of

the poly(A) tail and that this increase depends on a sequence in the 30-utr subse-
quently identified as the CPE (Stutz et al. 1997, 1998; Vassalli et al. 1989). Since

then, numerous mRNAs have been identified that become translationally activated

during maturation, and these consistently carry a CPE that is necessary for activation

(Dai et al. 2005; Gebauer et al. 1994; Gershon et al. 2006; Murai et al. 2010; Oh et al.

2000; Salles et al. 1992; Tay et al. 2000; Tremblay et al. 2005; Yang et al. 2010). In

addition to the CPE, polyadenylation also requires the nuclear polyadenylation

signal. Conversely, mRNAs such as Actb that do not carry a CPE near the

polyadenylation signal become deadenylated and translationally silenced

(Bachvarova et al. 1985; Yang et al. 2010; Chen et al. 2011). These results suggested

a simple ‘binary-switch’ model in whichmRNAs bearing a CPE are silent in growing

and fully grown immature oocytes and then activated in maturing oocytes, whereas

mRNAs lacking a CPE show the opposite behaviour.

Recent work comparing the mRNAs associated with polysomes, as a marker of

translational activity, in immature (GV-stage) and mature oocytes has extended and

refined this model (Chen et al. 2011). Of the ~7,600 mRNAs analysed, about two-

thirds showed a less than twofold change and were defined as stable. The remaining

one-third were about equally divided between those becoming more abundant

(translationally activated) or less abundant (translationally repressed) during matu-

ration. Comparison of the 30-utr of the entire mRNA population revealed that several

motifs, including the CPE and a sequence resembling the consensus DAZL-binding

sequence (see below), were enriched in those recruited to polysomes. Conversely,

mRNAs whose 30-utr lacked either of these sequences became less abundant on

the polysomes. These studies extend the role of the CPE in translational activation to

a population-wide basis and implicate other sequences in the 30-utr, but also high-

light that many mRNAs are associated with polysomes in both immature and

mature oocytes.

The mechanism by which the CPE switches from repressing to activating trans-

lation has been carefully studied in amphibians (Radford et al. 2008). In one model,

maskin or an analogous protein becomes phosphorylated, weakening its interaction

with eIF4E and thus permitting assembly of a translationally active complex

(Fig. 1.2). A non-exclusive second model focuses on a shift in the balance of

power within the protein complex bound via CPEB to the CPE from the deadenylase

PARN to the cytoplasmic PAP, GLD-2. The first event is phosphorylation of CPEB
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on Ser-174 (Thr-171 in mice). Although there is not yet consensus regarding the

responsible kinase—both Aurora A (Hodgman et al. 2001; Mendez et al. 2000a) and

calmodulin kinase II (Radford et al. 2008) have been proposed—this event occurs

well before the activation of cyclin-dependent kinase-1 (CDK1) and thus precedes

GVBD. Phosphorylation of CPEB increases the strength of its binding to CPSF and

to GLD-2, which leads to ‘ejection’ of PARN from the protein complex at the 30-end
of the mRNA, thus permitting GLD-2-mediated elongation of the poly(A) tail

(Barnard et al. 2005; Mendez et al. 2000a, b). The longer poly(A) tail attracts the

embryonic poly(A)-binding protein (ePAB) that interacts with eIF4G and thereby

increases the affinity of the eIF4F complex for the cap structure and hence the

efficiency of translation. CPEB phosphorylation may serve a second function

through its effect to decrease its affinity for Pumilio proteins, which would be

predicted to relieve translational repression. Expression of a mutant CPEB lacking

Ser-174 acts in a dominant-negative manner to inhibit polyadenylation (and matu-

ration), confirming the essential role of CPEB phosphorylation in translational

activation. After CDK1 has become activated and GVBD has occurred, CPEB

becomes phosphorylated by a CDK-dependent mechanism. This leads to its

ubiquitination and degradation (Reverte et al. 2001; Setoyama et al. 2007), which

is required for certain mRNAs to become polyadenylated during the later stages of

maturation (Mendez et al. 2002).

Although less well studied inmammals owing to the small amount of material that

can be obtained, the available evidence (references cited earlier) suggests that CPEB

plays a similar role during the translational activation of silent mRNAs in maturing

oocytes. Despite the broad similarity, certain differences between mammals and

amphibians are worth noting. Unlike amphibians, where the crucial Ser-174 phos-

phorylation precedes activation of CDK1, there is no detectable phosphorylation of

CPEB in mammalian oocytes until after GVBD (Chen et al. 2011; Uzbekova et al.

2008; Yang et al. 2010). This relatively late phosphorylation of CPEB does not,

however, challenge the importance of this event in driving polyadenylation and

translational activation, as no mRNAs have yet been demonstrated to become

translationally activated before or independently of CPEB phosphorylation. In addi-

tion, although CPEB becomes degraded during maturation in mammals as in

amphibians (Chen et al. 2011; Uzbekova et al. 2008; Yang et al. 2010), it is unknown

whether this is required to activate translation of specific mRNAs. Finally, although

Gld2 mRNA is present in oocytes, it is translationally repressed until maturation

(Nakanishi et al. 2006) and, more importantly, deletion of the gene does not inhibit

polyadenylation during maturation (Nakanishi et al. 2007). These results seem to

rule out GLD2 as the PAP responsible formRNA polyadenylation duringmaturation,

at least in the mouse. Although canonical PAPa, which would be released from

the nucleus at GVBD, might provide the activity, in vitro studies indicate that it

is inactivated by phosphorylation during maturation (Colgan et al. 1996) and

experiments in Xenopus show that prior removal of the nucleus does not prevent

polyadenylation during maturation (Fox et al. 1989). The recently identified GLD4

(see above) is an alternative candidate.

Comparative analysis of different mRNAs has revealed that they do not become

polyadenylated at the same time during maturation. In Xenopus, for example, the
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mRNA encoding Mos becomes polyadenylated before GVBD but those encoding

different cyclin B proteins not until metaphase I (Piqué et al. 2008). What determines

the difference in timing? Piqué et al (2008) synthesized 30-utr sequences that contained
different combinations and spacings of CPE, PBE, and polyadenylation signals and

injected mRNAs carrying each 30-utr into Xenopus oocytes. They then determined

when each became polyadenylated and translated. Based on the results, they derived a

code according to which the specific arrangement of these three elements determines

at what stage of maturation an mRNA will become translationally activated.

Analysis of mRNAs recruited to polysomes during oocyte maturation in the

mouse identified several motifs including the CPE that were enriched in these

mRNAs, but did not reveal a specific code analogous to that in the frog (Chen

et al. 2011). Instead, another mechanism by which different mRNA species are

sequentially activated was uncovered. Among the enriched motifs was the consen-

sus binding site (UUU[C/G]UUU) for the DAZ family of proteins. Dazl contains a
putative CPE and is translationally activated during maturation, leading to an

increase in the amount of DAZL (see also (Liu et al. 2009)). Next, it was shown

that DAZL immunoprecipitates contained numerous mRNAs (including Dazl
itself) possessing putative DAZL-binding elements, and in the case of a known

DAZL target, Tex19.1, these were confirmed to be functional. Finally, when

translational activation of Dazl was inhibited, oocyte maturation was disrupted as

illustrated by an absent or grossly abnormal metaphase II spindle. The authors

propose that Dazl becomes translationally activated during early maturation by a

classical CPEB-regulated mechanism, leading to the accumulation of DAZL, which

subsequently activates ‘late’ translation of DAZL-responsive mRNAs. This

provides an elegant mechanism by which activation of different mRNAs can be

temporally regulated during maturation.

1.5 Translational Silencing and Degradation of Oocyte mRNAs

Although the continuing transcriptional silence following fertilization means that

early embryogenesis relies on mRNAs synthesized in growing oocytes, and some

stored mRNAs are not translationally activated until after fertilization, the elimina-

tion of this maternal legacy in preparation for the transition to embryonic control of

development begins during meiotic maturation. Early studies showed that as much

as half of the mRNA in fully grown oocytes becomes either deadenylated or

degraded during maturation (Bachvarova et al. 1985). More recent microarray

and polysomal analyses (Chen et al. 2011; Su et al. 2007) suggest that when the

number of mRNA species rather than bulk quantity of mRNA is assessed, approxi-

mately ¼ are affected. These results clearly establish that a large subset of mRNAs,

which presumably have remained stable and polyadenylated throughout the

extended period of oocyte growth, become rapidly targeted for deadenylation

and/or degradation when maturation begins. What triggers these processes and

why some mRNAs are targeted and others spared remain largely mysterious.
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Some recent studies, however, have begun to shed light on the details and the

underlying molecular control.

YBX2 (MSY2) was discussed earlier in the context of its potential role in

stabilizing mRNA in growing oocytes. During maturation, YBX2 becomes

phosphorylated by a CDK1-dependent mechanism and this is associated with a

decrease in the amount of YBX2 and mRNA present in the detergent-insoluble

cytoplasmic fraction (Medvedev et al. 2008). Expression of a non-phosphorylatable

YBX2 in maturing oocytes prevents the decrease in some mRNAs that normally

occurs during maturation. Conversely, insertion of acidic residues into putative

phosphorylation sites triggers a decrease in some mRNAs in immature oocytes.

These results suggest that upon phosphorylation, YBX2 might lose its ability to

protect mRNAs from degrading activities present in the cytoplasm. It would be

interesting to learn whether mRNAs that are translationally active during growth or

maturation, respectively, are differentially sensitive to the loss of YBX2 activity.

As discussed earlier, mRNA degradation in somatic cells is preceded by and

tightly linked to deadenylation. A simple model is that mRNAs lacking a CPE

become deadenylated and degraded during oocyte maturation, whereas those bearing

a CPE are polyadenylated and stable (at least during maturation). We have observed

three patterns of polyadenylation during maturation (Yang et al. 2010; Q.Y. and

H.J.C., unpublished). As expected, mRNAs that become translationally silenced

during maturation, such as Actb, become deadenylated. Some mRNAs that become

translationally activated during maturation, such as Ccnb1, become continuously

polyadenylated during maturation. Some of these will be deadenylated after fertili-

zation, a process mediated in amphibians by the embryonic deadenylation element

(EDEN) (Paillard et al. 1998) and its associated protein, EDEN-BP, in a cell cycle-

dependent manner (Detivaud et al. 2003). In contrast, others such as Slbp and Orc6l
become polyadenylated and activated during early maturation and then deadenylated

during late maturation. Importantly, those mRNAs that become deadenylated are not

degraded to a greater extent than those that remain polyadenylated. Consistent with

these results, deadenylated actin mRNA was previously reported to remain stable in

mature oocytes (Bachvarova et al. 1985; Paynton et al. 1988) and a substantial

fraction of the mRNAs removed from polysomes during maturation are not degraded

(Chen et al. 2011). Thus, deadenylation of mRNAs during maturation does not

necessarily target them for immediate degradation as also observed in Xenopus
(Audic et al. 1997).

Work in amphibians indicates that PARN, released into the cytoplasm at GVBD,

is responsible for most of the mRNA deadenylation that occurs during maturation

(Copeland and Wormington 2001; Korner et al. 1998). In mammals, analysis of a

small set of mRNAs revealed that these were not deadenylated until after meta-

phase I of maturation (Yang et al. 2010). Similarly, analysis of mRNAs released

from polysomes indicates that although some are degraded before metaphase I,

most appear to remain stable until after metaphase I (Chen et al. 2011). This

suggests that the activities responsible for deadenylation and degradation do not

appear until late maturation. Recent work in amphibians offers a potential clue to

understanding this temporal control. The tristetraprolins are Zn-finger proteins that
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can bind AU-rich elements (ARE) found in many short-lived mRNAs. C3H-4,

a tristetraprolin in Xenopus that is encoded by a CPE-containing mRNA, is

synthesized during oocyte maturation and is required, likely by recruiting

deadenylases, for deadenylation of specific oocyte mRNAs (Belloc and Mendez

2008). By analogy, perhaps a functionally similar protein that is newly synthesized

during early maturation leads to deadenylation and or degradation of specific

mRNAs during late maturation. According to this model, mRNAs carrying a

binding site for the protein (analogous to the ARE site recognized by C3H-4)

would be selectively targeted through this mechanism. It should be noted, however,

that ARE sites have not been linked to mRNA degradation during maturation in

mammals (Thelie et al. 2007). Another candidate is the decapping protein, DCP1A,

which accumulates during maturation owing to translational activation of its

mRNA (Flemr et al. 2010) and could be a limiting factor that controls mRNA

degradation during late maturation.

1.6 What’s Next for Translational Control?

What does the future hold for studies of translational control in oocytes? An

immediate challenge is to determine whether silent mRNAs are stored in specific

cytoplasmic structures and, if so, whether their stability depends on these structures.

The localization of mos mRNA in a sub-cortical domain in mouse oocytes is

consistent with this possibility, and the co-localization of CPEB with P-bodies in

somatic cells and amphibian oocytes suggests a mechanism by which the mRNAs

could be recruited. The possibility that the mechanisms regulating mRNA storage

and activity differ in oocytes at different stages of growth, evoked both by the

P-body studies described earlier and by the observation that neither maskin nor

PARN is present in mid-growth stage amphibian oocytes (Flemr et al. 2010;

Minshall et al. 2007), needs to be explored. Although the role of the CPE and

CPEB is long established, much remains to be learned about how they work both

in immature and maturing oocytes. For example, KHDC1B is a newly identified

RNA-binding protein that can interact with CPEB and whose oocyte-specific

expression suggests a function in translational control (Cai et al. 2010). The expres-

sion of PUM1 and PUM2 in oocytes suggests a role for these proteins also. In

addition, numerous other CPE-independent mechanisms of translational control that

have been identified in non-mammalian oocytes may play key roles in regulating

translation in growing, fully grown, or maturing mammalian oocytes (Charlesworth

et al. 2006; Sugimura and Lilly 2006; Vardy and Orr-Weaver 2007b).

Finally, might there be a role for small RNAs? In the zebrafish, a specific micro

(mi) RNA regulates deadenylation and degradation in embryos of a specific subset

of maternal mRNAs (Giraldez et al. 2006). Similarly, embryonically expressed

Piwi-interacting (pi) RNA is required in Drosophila for deadenylation and degra-

dation of maternal nos mRNA (Rouget et al. 2010). It appears to act through a

complex that includes an Argonaute protein, the CCR4 (CNOT 6) deadenylase, and
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Smaug, a protein previously implicated in the degradation of maternal mRNA in

early embryos (Tadros and Lipshitz 2009). Moreover, the recent discovery that

GW182 can interact with PABP (Tritschler et al. 2010) and with both PAN2-PAN3

and CCR4-NOT (Braun et al. 2011; Chekulaeva et al. 2011; Fabian et al. 2011) also

suggests a link between miRNAs, P-bodies, and mRNA metabolism. Different

classes of small RNAs, including miRNAs and endogenous small interfering

(endo-si) RNAs, are present in mammalian oocytes (Suh and Blelloch 2011; Tam

et al. 2008; Tang 2010; Watanabe et al. 2008). Loss of either AGO2 or Dicer in

oocytes triggers changes in the abundance of a large number of mRNAs and

prevents their normal development (Kaneda et al. 2009; Murchison et al. 2007;

Tang et al. 2007). In contrast, oocytes lacking Dgcr, which is required for the

production of miRNAs but not of endo-siRNAs, develop normally (Ma et al. 2010;

Suh et al. 2010). This suggests that endo-siRNAs regulate mRNA levels in oocytes.

The availability particularly in the mouse of genetic tools and RNAi technologies

will enable us to further dissect this and other mechanisms of translational control.
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Chapter 2

Polarity and Asymmetry During Mouse

Oogenesis and Oocyte Maturation

Malgorzata Kloc, Rafik M. Ghobrial, Ewa Borsuk, and Jacek Z. Kubiak

Abstract Cell polarity and asymmetry play a fundamental role in embryo devel-

opment. The unequal segregation of determinants, cues, and activities is the major

event in the differentiation of cell fate and function in all multicellular organisms.

In oocytes, polarity and asymmetry in the distribution of different molecules are

prerequisites for the progression and proper outcome of embryonic development.

The mouse oocyte, like the oocytes of other mammals, seems to apply a less

stringent strategy of polarization than other vertebrates. The mouse embryo

undergoes a regulative type of development, which permits the full rectification

of development even if the embryo loses up to half of its cells or its size is

experimentally doubled during the early stages of embryogenesis. Such pliability

is strongly related to the proper oocyte polarization before fertilization. Thus, the

molecular mechanisms leading to the development and maintenance of oocyte

polarity must be included in any fundamental understanding of the principles of

embryo development. In this chapter, we provide an overview of current knowledge

regarding the development and maintenance of polarity and asymmetry in the

distribution of organelles and molecules in the mouse oocyte. Curiously, the
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mouse oocyte becomes polarized at least twice during ontogenesis; the question of

how this phenomenon is achieved and what role it might play is addressed in this

chapter.

2.1 Two Keywords: Polarity and Asymmetry

Throughout the last century, extensive studies performed on the formation, struc-

ture, and physiology of animal oocytes and eggs indicated that the majority of

invertebrate and vertebrate (including mammalian) oocytes and eggs are asymmet-

rical and/or polar (Albertini and Barrett 2004; Brunet and Verlhac 2011; De Smedt

et al. 2000; Kloc et al. 2004a, b, 2008). Surprisingly, for many decades, the issues of

mouse oocyte asymmetry and polarity and their effects on future embryo develop-

ment have been, and still are, vigorously debated (Hiiragi et al. 2006; Zernicka-

Goetz and Huang 2010; Johnson 2009; Kloc et al. 2008; VerMilyea et al. 2011). In

dealing with this subject, it is important to recognize the fundamental conceptual

difference between asymmetry and polarity, with the first being an asymmetrical

distribution of organelles, molecules, or functions within individual cells of the

same type, and the second being a situation in which the asymmetrically distributed

entities have an invariable, noninterchangeable, and irreplaceable position in all

cells of the same type. Additional confusion arises from the fact that asymmetry/

polarity can be either permanent or temporary, i.e., limited to a specific stage/time

frame of oocyte development (Brunet and Verlhac 2011; Kloc et al. 2008). Thus,

only comprehensive studies of all stages of oogenesis or oocyte maturation, and not

arbitrarily selected stages, can validate generalized conclusions. Because the natu-

ral or experimental disruption of the existing asymmetry/polarity of the oocyte can

lead to disastrous developmental consequences in the resulting embryo (Anifandis

et al. 2010; Eichenlaub-Ritter et al. 2011; Evans et al. 2000), knowledge of the

asymmetry/polarity of the mature mammalian oocyte is of the utmost importance in

this era of the ever-expanding usage of experimental manipulations and in vitro

fertilization (Anifandis et al. 2010; Edwards 2000, 2001; Edwards and Ludwig

2003; Eichenlaub-Ritter et al. 2011).

2.2 The Balbiani Body, Mitochondria, and Centrioles

Over a century ago, a peculiar structure, subsequently called the Balbiani body (Bb)

after its discoverer, was described in the oocytes of spiders and myriapods

(reviewed in Kloc et al. 2004a, b). Since then, the term Balbiani body (also called

a mitochondrial cloud) has been ubiquitously used to describe a variety of spherical

structures with distinct morphologies and ultrastructures and probably unrelated

functions, which are asymmetrically located within the oocyte cytoplasm in the

majority of animals. These structures are not surrounded by a membrane and

24 M. Kloc et al.



usually consist of an aggregate of mitochondria (often interspersed with the

electron-dense nuage), ER cisternae, and Golgi complexes (Kloc et al. 2004a, b).

The function(s) of Bb in animal oocytes, with the exception of the oocytes of the

frog Xenopus laevis, is completely elusive. In Xenopus, the Balbiani body (mito-

chondrial cloud) is a vehicle for the delivery of various developmentally relevant

localized RNAs, proteins, germ cell determinants (nuage and germinal granules),

and maternal mitochondria to the vegetal pole of the oocyte, and it is a prerequisite

for the normal development of the germ cell line (Kloc et al. 1996, 1998, 2001;

Kloc and Etkin 1995, 1998). Detailed studies of Bb formation during consecutive

stages of oogenesis showed that Xenopus female germ cells are not only asymmet-

rical but also polar—in all oogonia (cystocytes), the Bb, from the time of its

conception, is located at the vicinity of the centriole and the cytoplasmic bridges

connecting the cystocytes, and in all oocytes, the Bb is located at the vegetal pole

(Kloc et al. 2004a, b).

Although the presence of the Bb in the oocytes of many mammals, including

humans, has been well documented, until last decade it was believed that mouse

oocytes are an exception among other mammalian species and that they do not

contain the Bb (De Smedt et al. 2000; Kloc et al. 2004a, b). In 2007, Pepling and

colleagues were first to describe the presence of the Bb in neonatal mouse oogonia

and in the oocytes of primordial follicles (Pepling et al. 2007). This study also

indicated that mouse oogonia and early oocytes are asymmetrical (the Bb was

always located at one side of the nucleus) and that the Bb is a transient structure

that disperses during late oogenesis. Subsequent three-dimensional reconstruction

studies performed by Kloc et al. (2008) showed that mouse neonatal oocytes are not

only asymmetrical but also polar and that the aspects of polarity in mouse oocytes

are highly reminiscent of those in Xenopus early oocytes, i.e., in both species the Bb
forms around the centriole in the vicinity of the cytoplasmic bridges connecting the

oogonia (Fig. 2.1; Kloc et al. 2004a, b, 2008). In spite of this similarity, the structure

of the mouse oocyte Bb differs from that of Xenopus. Whereas in Xenopus, the bulk
of the Bb is composed of hundreds of thousands of mitochondria interspersed with

some Golgi and ER cisternae, the mouse Bb contains an elaborate aggregate of

Golgi cisternae surrounded at its periphery by mitochondria (Figs. 2.1 and 2.2; Kloc

et al. 2008; Pepling et al. 2007). Although we do not know whether, in the mouse,

the Bb Golgi apparatus delivers any molecules or organelles to the oocyte surface in

a polarized manner, it is possible that the Golgi vesicles secrete certain components

of the extracellular matrix in this way, such as the zona pellucida (ZP), which is

involved in fertilization and early development (El-Mestrah et al. 2002; Hoodbhoy

et al. 2006). If this supposition were true, then the transient polarity of the mouse

oocyte leading to polar secretions from the Bb Golgi would translate into the

polarity of the zona pellucida, which would have possible developmental

consequences (Kloc et al. 2008). Another possibility is that the polar distribution

of the Golgi in the mouse oocyte is related to the polar/asymmetric division during

oocyte maturation. The most recent study by Zhang and collaborators (2011)

showed that GM130, a Golgi resident protein, associates with the meiotic spindle

and plays a key role (possibly via its cooperation with the MAPK pathway) in the

2 Polarity and Asymmetry During Mouse Oogenesis and Oocyte Maturation 25



organization and polar migration of the spindle during the extrusion of the polar

body in the maturing mouse oocyte.

Another exciting possibility is that, in the mouse, the Bb Golgi apparatus plays

a role in the transduction of stress/apoptotic signals to the Bb mitochondria.

Recent studies on the role of the Golgi in neurodegenerative diseases indicate the

existence of cross talk among the Golgi, the mitochondria, and the ER and suggest

that the Golgi (via Golgi cisternal stacking protein Grasp65) plays a role of a

common stress sensor, downstream effector, and transducer of cell death signals

Fig. 2.1 Asymmetry and polarity of the mouse early oocyte. The three-dimensional reconstruc-

tion of mouse P0 oocytes from 16 semithin sections. (a, b) An image of a single P0 oocyte showing

the asymmetrical distribution of the Balbiani body’s Golgi complex (yellow) and mitochondria

(black) at one side of the nucleus (red). (c) An image of two P0 oocytes connected by a

cytoplasmic bridge (black), showing the polarity of the oocytes: in both oocytes, the Balbiani

body faces the cytoplasmic bridge. For clarity, images (a) and (c) show only the nucleus and the

Golgi complex. For further details and methods used for 3D reconstruction, see Kloc et al. (2008)
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(Nakagomi et al. 2008). Applying this scenario to the mouse oocyte, it is possible

that the aggregation of mitochondria in the vicinity of the Bb Golgi facilitates

perception of the stress signal by the mitochondria, eventually leading to the

elimination of damaged or substandard mitochondria and preventing their inheri-

tance by the offspring.

In the majority of animals, including the mouse, the mitochondria are one of the

invariable components of the Bb (mitochondrial cloud). The importance of the

health of maternally transmitted mitochondria for the quality of the future embryo

and the role of mitochondrial DNA disorders related to aging and common diseases

with maternal inheritance have been well documented in mammals, including

humans (Bouchet et al. 2006; Dean et al. 2003; Eichenlaub-Ritter et al. 2011;

Monnot et al. 2011). Studies in cattle and mice showed a dramatic shift in the

variant/wild-type mtDNA ratio between the mother and offspring, indicating the
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presence of a tight bottleneck that insures that newmutations are fixed rapidly or lost

(Laipis et al. 1988; Bergstrom and Pritchard 1998; Roze et al. 2005; Jenuth et al.

1996; Cree et al. 2008; Cao et al. 2007, 2009; Wai et al. 2008). Recently, Zhang and

colleagues (2008) showed that, in the zebrafish oocyte, the mitochondrial cloud

attracts high-functional (i.e., high-inner membrane potential) mitochondria. These

and other authors suggest that the mitochondrial cloud may function as a place for

the selection of healthymitochondria and the transmission of the fittest mitochondria

to the offspring. Thus, by preventing deleterious mtDNA mutations from being

passed to offspring, the mitochondrial cloud could play the role of a mitochondrial

genetic bottleneck (Kloc et al. 2004a, b; Pepling and Spradling 1998; Cox and

Spradling 2003, 2006; Zhou et al. 2010).

The polarity of mouse oogonia at the cytocyst stage may be related to the

organization of the Balbiani body around the classical centriolar centrosome pres-

ent at this stage (Fig. 2.2). Later in mouse oocyte development, the centrioles are

lost. There is no information available describing at what stage this loss occurs. One

may only speculate that the disappearance of the centrioles occurs during the long-

lasting growth phase of the oocytes. If this supposition is true, then the transforma-

tion of centriolar into acentriolar centrosomes may have an important impact on the

apparent loss of polarity of fully grown mouse oocytes.

2.3 Asymmetry of Maturation Division and Germinal Vesicle

(GV) Positioning

The meiotic maturation of the oocyte is asymmetric and generates two unequal

cells: the large mature germinal cell and the small polar body. The asymmetry of

the meiotic division depends on the proper migration of the spindle containing the

bivalents to the cortical region of the oocyte during the first meiotic M-phase.

Because the starting point for spindle migration is the position of the GV (central or

eccentric) within the oocyte, the proper positioning of the GV is paramount for the

successful outcome of meiotic division, and the position of the GV has been used as

a marker of oocyte quality (G€onczy 2002; Brunet and Maro 2007; Brunet and

Verlhac 2011).

The positioning of the GV, and thus the route of mitotic spindle migration, varies

between different animal species. In Drosophila, the eccentric migration of the GV

in the vicinity of oocyte cortex employs microtubules, Lissencephaly1 (DLis1),

Bicaudal (BicD), and dynein-dependent mechanisms (Lei and Warrior 2000; Swan

et al. 1999). Similarly, in sea cucumber oocytes, the off-center positioning of the GV

and the future spindle are both mediated by microtubule/centrosome-dependent

mechanisms (Miyazaki et al. 2005). In some organisms, the eccentric migration of

the GV is followed by the subsequent migration of the spindle to the oocyte cortex,

and these two processes are mechanistically independent and mediated by different

mechanisms and molecules. In C. elegans, the eccentric migration of the GV

28 M. Kloc et al.



depends on microtubules and zygote defective protein 9, whereas the migration of

the spindle involves microtubules, microtubule-severing enzyme katanin, kinesin-1,

and kinesin-cargo adaptor protein (Yang et al. 2003, 2005).

In mammalian oocytes, the GV is located in the oocyte center or slightly off-

center, which is where the meiotic spindle forms before subsequently migrating

towards the oocyte cortex. Studies on mice showed that the ability of the oocyte to

complete maturation depends on the location of the GV within the oocyte and that

the GV is positioned centrally in maturation-competent oocytes and at the periphery

in maturation-incompetent oocytes (Brunet and Maro 2007). In addition, this study

showed a positive correlation between mouse age, reduced ability to progress

through meiosis, and decreased efficiency in GV centering. Although, at present,

little is known about the molecular processes involved in the positioning of the GV

in mammalian oocytes, recent studies on mice indicate that a complex meshwork of

actin filaments physically connects the GV to the cortex and may lead to its

centering by exerting counterpoising forces (Azoury et al. 2011). Interestingly,

recent studies also show that the proper positioning of the GV, as well as the

positioning and structure of the spindle, depends on the maintenance of the contact

between the somatic (cumulus) cells and the oocyte (Barrett and Albertini 2010). It

is known that in vitro culture reduces the integrity of the contact between the oocyte

and its somatic cells, resulting in weakened developmental competence (Barrett and

Albertini 2010; Sanfins et al. 2003, 2004). This observation underscores the impor-

tance of the somatic cell component and indicates that the bidirectional signaling

between the oocyte and its somatic partners regulates intrinsic oocyte processes and

has a lasting (and often undervalued) influence on oocyte developmental potential.

The importance of the interaction between oocytes and somatic cells in the devel-

oping mouse ovary was recently underscored by the results of studies by

Lechowska et al. (2011). These authors showed that, in the ovaries of Nobox-

deficient mice, the somatic cells are unable to surround and separate individual

primordial follicles, leading to the formation of syncytial follicles instead of

primordial follicles. Because the NOBOX is a key regulator of oocyte-specific

genes in mice and its expression is misregulated in women with premature ovarian

failure (POF) syndrome, this study may shed light on the mechanism of POF in

humans (Albertini 2011; Lechowska et al. 2011; Rajkovic et al. 2004).

The more or less central (with emphasis on “less”) position of the GV in fully

grown, prophase-arrested mouse oocytes may be the key factor determining the

future direction of the spindle migration to the nearest subcortical region that

therefore determines the axis of the future egg polarity. There is ample information

on the molecular mechanisms responsible for the positioning and migration of the

meiotic spindle from the center of the oocyte to its periphery. In mouse oocytes, the

migration of the spindle from the slightly off-center position (where the GV was

located) toward the nearest region of the cortex occurs along its long axis and

involves actin filaments, actin nucleator factor formin-2 (Fmn2; Azoury et al.

2009, 2011; Dumont et al. 2007; Leader et al. 2002; Longo and Chen 1985; Verlhac

et al. 2000; Terada et al. 2000), and possibly the function of Golgi resident protein

GM130 (Zhang et al. 2011). It must be stressed in this discussion that the MI spindle
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in mouse oocytes is acentriolar and that only the electron-dense pericentriolar

material is found at the spindle poles (Szollosi et al. 1972). This description also

applies to the MII spindle and, as mentioned earlier, the stage of oogenesis at which

the centrioles disappear is unknown. In recent years, mounting evidence has pointed

to the critical role of cytoplasmic sheets or lattices (CPLs) in the regulation

of various stages of oocyte maturation, spindle movement, and emission of

the polar body. The cytoplasmic lattices or sheets are functionally puzzling

structures, unique to the oocytes and early embryos of all mammals studied so

far, including mouse and humans. CPLs are composed of cylindrical bundles of

keratin-containing intermediate filaments and undergo dramatic reorganizations at

critical stages of oocyte maturation and early development (Capco et al. 1993;

Esposito et al. 2007; Gallicano et al. 1994; Kan et al. 2011; Wright et al. 2003).

One of the possible functions of CPLs is the regulation of microtubule dynamics

through the storage of soluble tubulin (Kan et al. 2011). CPLs are enriched in

peptidylarginine deiminase 6 (PADI6), which is necessary for their formation, and

it seems that the PADI6/CPL superstructure plays a key role in regulating

microtubule-mediated organelle positioning and movement (Esposito et al. 2007;

Wright et al. 2003; Kan et al. 2011). Interestingly, the subcortical positioning of the

acentriolar spindle and chromosomes results in subsequent local remodeling of the

oocyte cortex.

2.4 Remodeling of the Oocyte Cortex During Maturation

It is well established that the oocyte cortex and its remodeling (reorganization and

polarization) during maturation play pivotal roles in polar body emission and

fertilization, as well as the subsequent proper spatiotemporal development of the

embryo (Sardet et al. 2002; Kloc and Etkin 1995; Kloc et al. 1996, 1998). Although

the usage of the term “cortex” varies between different authors, when defined in the

broadest sense, the oocyte/egg cortex contains three major components: the plasma

membrane, the submembrane cytoskeletal elements, which anchor different

organelles (such as mitochondria and cortical granules) and molecules, and the

extracellular matrix. After GVBD (GV breakdown) and the translocation of the

spindle, the region of the cortex overlying the spindle becomes free of the cortical

granules (CGs) and microvilli and forms an actin filament-enriched cap that is also

enriched in the mammalian homologs of the evolutionarily conserved polarity

proteins Par3 and Par6 (Vinot et al. 2004; Duncan et al. 2005) and Rac-GTP

(Halet and Carroll 2007). In many animal species, the size and the position of this

domain regulate the size of the polar body and mark the animal pole of the future

embryo (Azory et al. 2008, 2009; Deng et al. 2003; Longo and Chen 1985; Van

Blerkom and Bell 1986). The formation of a CG- and microvilli-free cortical

domain requires the migration of the spindle (Longo and Chen 1985) but occurs

also in the absence of intact microtubule components of the spindle, thus

demonstrating that it is chromosome/chromatin dependent (Maro et al. 1986;
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Deng et al. 2003, 2005). Other studies show that this remodeling of the cortex

depends on the balanced spatial segregation of gamma-tubulin between the oocyte

cortex and the meiotic acentriolar spindle (Barrett and Albertini 2007). Studies in

mouse oocytes indicate that the formation of the actin cap and the cortical granule-

free domain also depend on the Arp2/3 (actin-related protein 2/3) complex and its

activator, the actin nucleation factor/p53-cofactor, JMY (Sun et al. 2011a, b;

Zuchero et al. 2009). Thus, coordinated cytoskeleton rearrangements seem to be

key phenomena leading to the development of oocyte polarity.

To achieve the highly asymmetric division required during the first meiosis of

the mouse oocyte, two steps are necessary: (1) the meiotic spindle must be relocated

from the position where it was formed to the oocyte cortex; and (2) the polar body

must be extruded. Because it was shown that, in maturing mouse oocytes, the

disassembly of microtubules does not affect the movement of the chromatin to

the oocyte cortex (Longo and Chen 1985; Verlhac et al. 2000), but the destruction

or stabilization of actin filaments does (Terada et al. 2000), the role of actin in this

process was extensively studied. The nucleation of actin filaments requires the

activity of several proteins: the Arp 2/3 complex (Mullins et al. 1998) and the

members of two different protein families, Formin (Evangelista et al. 2003; Harris

and Higgs 2004; Zigmond 2004) and Spire (Quinlan et al. 2005; Ducka et al. 2010).

At the GV stage and during the early stages of maturation, the cortex of the mouse

oocyte possesses numerous actin filaments that emanate from the plasma mem-

brane, forming a uniform layer of filamentous actin (F-actin). The distribution of

cortical actin changes during the progression of meiotic maturation, finally forming

a thick cap over the spindle (Longo 1987). Except for this cortical actin, a network

of cytoplasmic actin filaments surrounds the GV and the oocyte chromatin after

GVBD. The relocation of the meiosis I spindle requires the interaction between the

chromosomes, microtubules, and actin filaments. The studies on Fmn2 knockout

mouse oocytes, in which the spindle does not relocate to the cortex because of the

lack of cytoplasmic actin filaments nucleated by Formin2, have led to the creation

of a mechanistic model of asymmetric spindle positioning (Dumont et al. 2007;

Schuh and Ellenberg 2008). According to this model, Fmn2 nucleates the continu-

ous remodeling of the actin network, which bridges the gap between the cortex and

the spindle, which is located slightly off-center in the oocyte. The dynamic connec-

tion of F-actin to the spindle is mediated by myosin II, which accumulates at the

poles (Simerly et al. 1998). The spindle poles pull on the actin network via activated

myosin. The pulling force of the pole that was initially positioned closer to the

cortex is stronger than the force of the opposite pole. This inequality generates a

higher number of stable actin filaments and results in the relocation of the spindle

toward the cortex (Schuh and Ellenberg 2008).

Formin2 is not the only actin nucleator involved in the generation of the

cytoplasmic actin network and the regulation of spindle relocation in maturing

mouse oocytes. Recently, it was demonstrated that two other proteins, members of

the Spire family, are key regulators of this process and in first polar body extrusion

(Pfender et al. 2011). In oocytes co-depleted of both proteins, not only the asym-

metric spindle position but also the efficiency of the first polar body extrusion
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becomes severely affected. In such oocytes, karyokinesis was completed, but

cytokinesis failed because the cleavage furrow was not assembled. Groups of

chromosomes separated in telophase I eventually fused together and formed one

metaphase II spindle. Spire1 and Spire2 cooperate with themselves and associate

with Formin2 in a functional unit to assemble the cytoplasmic actin network, which

mediates the relocation of the meiotic spindle and is indispensable for the formation

of the cleavage furrow during the first meiotic cytokinesis.

During cytokinesis, the separation of daughter cells occurs due to a properly

functioning contractile ring, composed of actin and myosin (Guertin et al. 2002;

Glotzer 2005). In mitotic cells, the formation of the contractile ring is regulated by

proteins belonging to the Rho family of small guanosine triphosphatases (Rho

GTPase) and Formins. The Cdc42 (cell division cycle 42) protein is, besides

Rac1 and RhoA, one of the best-characterized members of the Rho GTPases

(Kozma et al. 1995; Nobes and Hall 1995; Etienne-Manneville and Hall 2002).

Cdc42 is involved in establishing the polarity of many cells, controlling the spindle

positioning, the actin cytoskeleton, and the asymmetric distribution of determinants

(Cau and Hall 2005). Its role in the polarization and asymmetrical cell division in

vertebrate oocytes was demonstrated for Xenopus laevis (Ma et al. 2006) and mouse

(Na and Zernicka-Goetz 2006; Cui et al. 2007). In MI and MII mouse oocytes,

Cdc42 is localized on the microtubules of the spindle (Fig. 2.3), and it moves to the

mid-body region at telophase of the first and second meiosis (Bielak-Zmijewska

et al. 2008). Disruption of Cdc42 function causes the formation of abnormally

elongated spindles, which fail to migrate to the oocyte cortex. Cdc42 disruption

results in a reduction in the number of oocytes that are able to finish the first meiotic

Fig. 2.3 Cdc42 localization in the MI mouse oocyte (Cdc42 green, DNA red)
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division and extrude the first polar body (Na and Zernicka-Goetz 2006; Cui et al.

2007). Cdc42 is not the only Rho GTPase involved in the regulation of the meiotic

spindle formation and its relocation. The effects of the inhibition of Rac1 in

maturing mouse oocytes mimic the effects of Cdc42 inactivation. Additionally, in

MII oocytes, the Rac1 protein is involved in the anchoring of the spindle in the

cortical region (Halet and Carroll 2007). RhoA is engaged in the organization of

actin filaments and, like Cdc42, accumulates in the region of the mid-body during

telophase I and II (Zhong et al. 2005).

All of these data indicate that Rho GTPases and actin nucleators regulate the

movement of the meiotic spindle to the oocyte cortex and the asymmetric cytoki-

nesis of the first and second meiosis. In polarized mitotic cells, the regulation of

asymmetric division requires coordination of the activity of Rho GTPases and their

effector proteins, including IQGAP1 (IQ-domain GTPase-activating protein 1).

This conserved protein is engaged in the organization of microtubules and

microfilaments. Through its binding to selected partners, such as E-cadherin,

beta-catenin (Fukata et al. 1999; Kuroda et al. 1998; Shannon and Li 1999), or

F-actin (Bashour et al. 1997; Fukata et al. 1997), IQGAP1 participates in several

signaling pathways. IQGAP1 interacts with Rho GTPases and is involved in the

polarization of mitotic cells (Noritake et al. 2005; Yasuda et al. 2006). It binds

Cdc42 and Rac1 in their active, GTP-bound forms (Kuroda et al. 1998), but it does

not bind RhoA. In the GV of intact mouse oocytes, IQGAP1 is present in the

cytoplasm and forms a continuous layer in the cortex in a pattern that resembles the

localization of Cdc42 (Bielak-Zmijewska et al. 2008). The initiation of maturation

causes a dramatic reorganization of IQGAP1, including the loss of its co-

localization with its partner protein, Cdc42. IQGAP1 loses its cortical localization

and remains dispersed in the cytoplasm until telophase I and II, when it accumulates

in the contractile ring, a pattern that suggests its involvement in cytokinesis. This

function of IQGAP1 seems to depend on its direct relationship with the Rho

GTPases. Inhibition of this interaction by toxin B, a glucosyltransferase that

keeps the Rho GTPases in their inactive, GDP-bound forms, blocks the extrusion

of the first polar bodies. In toxin B-treated oocytes, the formation of contractile

rings is abolished (Bielak-Zmijewska et al. 2008). This change is accompanied by a

massive depolymerization of cortical actin and rearrangement of IQGAP1 localiza-

tion. These data suggest that, in mouse oocytes, IQGAP1 acts downstream of Cdc42

and that the activity of both proteins could be necessary for the proper arrangement

of actin filaments in the contractile ring. Although it was postulated that Cdc42

regulates the relocation of the meiotic spindle in mouse oocytes (Na and Zernicka-

Goetz 2006), it seems that the step of asymmetric division is achieved mainly due to

the activity of actin nucleators and motor proteins (Schuh and Ellenberg 2008;

Pfender et al. 2011). Rho GTPases and their regulators or effectors (such as

IQGAP1) are involved in the process of polar body extrusion, arranging the

assembly of the cleavage furrow and the contractile ring.

There are also recent studies indicating the paramount importance of strictly

mechanical properties of the oocyte/egg, such as cortical tension and stiffness, on

the subsequent molecular events that lead to the remodeling of the maturing oocyte.
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Larson et al. (2010) showed that the meiotic maturation of the mouse oocyte is

accompanied by a sixfold drop in tension. After fertilization, the tension increases

by approximately 1.6-fold. In addition, they showed that there is a 2.5-fold

mechanical tension differential between the actin- and myosin II-enriched

microvilli-free cortical domain overlaying the spindle and the opposite microvillar

cortex, which is enriched in radixin. Experimental perturbation of the expression of

radixin, actin, and myosin II resulted in the reduction of tension during maturation

and in spindle abnormalities (Larson et al. 2010).

In summary, all of these studies indicate that the extremely complex and

multifaceted signaling between the multitude of mechanical, structural, and molec-

ular components of the oocyte and the somatic cells leading to egg polarization still

remains a worthwhile challenge.

2.5 Polarity of Cell Cycle Regulators

Besides the polarity of the cytoskeleton elements and the cortex, the more “fluid”

elements are also clearly polarized in the mouse oocyte. The notion of the potential

“fluidity” of certain enzymes may be controversial because they are potentially

linked to the cytoskeletal elements. Some examples are the M-phase regulators

(oocytes spend the vast majority of the time during meiotic maturation in

M-phases), such as the CDK1 (Cyclin-Dependent Kinase 1) and MAP (Mitogen-

Activated Protein) kinases from the ERK (Extracellular-Regulated Kinases) family

(including ERK1, 2, 3, and 5), which are major serine/threonine kinases.

CDK1, also called MPF for M-phase Promoting Factor, is a major kinase active

during M-phase that was first identified in amphibian oocytes (Masui and Markert

1971) and later in mouse oocytes (Balakier and Czolowska 1977). It is activated by

binding to the regulatory subunit cyclin B (Labbé et al. 1988; Gautier et al. 1988,

1990), which is followed by a series of phosphorylation reactions at the activating

sites as well as coordinated dephosphorylations at the inhibitory sites. CDK1/cyclin B

is activated uponM-phase entry (during GVBD in oocytes) and inactivated at the end

of each M-phase (upon anaphase I during oocyte maturation and anaphase II during

fertilization). Inactivation of this kinase requires the separation of cyclin B from

CDK1 and its proteolytic degradation by the proteasome (Glotzer et al. 1991; Ledan

et al. 2001). Cyclin B separation from CDK1 and its further degradation is mediated

by polyubiquitination via the ubiquitin ligase, APC/C (Anaphase Promotin Complex/

Cyclosome) (Nishiyama et al. 2000; Chesnel et al. 2006). CDK1/cyclin B exhibits

typical histone H1 kinase activity in oocytes of different species (e.g., sea urchin:

Arion and Meijer 1989, starfish: Labbé et al. 1989, and mouse: Kubiak et al. 1991;

Kubiak et al. 1992; Ciemerych et al. 1998; Kubiak 2012). In mouse MII-arrested

oocytes, H1 kinase activity is clearly more concentrated within the spindle-containing

oocyte half (Kubiak et al. 1994). Accordingly, the CDK1 and cyclin B proteins

concentrate within the spindle in mouse oocytes (Mitra and Schultz 1996; Huo

et al. 2005), as well as in somatic cells (Bailly et al. 1989; Pines and Hunter 1991;
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Ookata et al. 1995). Thus, active CDK1/cyclin B concentration with the spindle is not

a unique characteristic of oocytes. However, in contrast to somatic cells, which are

small and have spindles positioned in the center, in large cells like oocytes, the high

concentration of active CDK1 within the asymmetrically positioned meiotic spindle

creates a highly polarized gradient of this kinase in the cytoplasm (Kubiak et al.

1994). Cyclin B undergoes turnover during MII, which requires the presence of the

intact meiotic spindle (Kubiak et al. 1994). Interestingly, cyclin B is stable in MI

oocytes (Winston 1997). It is therefore likely that the components of the molecular

machinery involved in cyclin B degradation (e.g., the APC/C components and

regulators) are also asymmetrically distributed, at least within MII oocytes. Indeed,

ubiquitin concentrates around the meiotic spindle in mouse oocytes, especially during

anaphase and telophase, when cyclin B is ubiquitinated and degraded (Huo et al.

2004). Additionally, a regulatory subunit of the proteasome, the high molecular

weight protease complex that degrade cyclin B, was shown to concentrate within

the spindle of the mouse oocyte (Tan et al. 2005). Altogether, the distribution of

CDK1, its regulator cyclin B, and the inactivating molecular machinery is highly

asymmetric and polarized within the mouse oocyte, with the meiotic spindle acting as

a concentration and/or diffusion point. Recent study by the group of Rong Li has

shown the presence of a cytoplasmic stream in MII-arrested oocytes, which is

involved in localization of the second meiotic spindle to the restricted subcortical

area (Yi et al. 2011). This indicates that the seemingly stagnant MII state is much

more dynamic than previously thought. Not only the dynamic state of cyclin B

regulating stable CDK1 activity (Kubiak et al., 1993), but also the physical move-

ment of the cytoplasm fixing the meiotic spindle in a stable position argues for the

dynamic equilibrium preserving the polarity of mouse MII oocyte.

MAP kinases from the ERK family show a very similar asymmetry in their

localization in the oocyte. ERK1 and 2, ERK3, and phosphorylated ERK5 MAP

kinases are localized to the mouse oocyte spindle and form a gradient in the

cytoplasm (ERK1/2: Verlhac et al. 1993; ERK3: Li et al. 2010; ERK5:

Maciejewska et al. 2011). Additionally, MEK1, the ERK1/2 MAP kinase activating

kinase, localizes to the spindle and especially to the pericentriolar material foci at

the spindle poles (Yu et al. 2007). Most importantly, the phosphorylated, and thus

active, form of MEK1 has a very similar localization within the specific region of

the spindle. This observation suggests that the activation of ERK1 and 2 occurs in

this specific region of the spindle and that it is followed by the distribution of the

active MAP kinases throughout the whole spindle and in the ooplasm (Xiong et al.

2007). The fact that the ERK1/2 MAP kinase pathway (including the ERK 1/2 MAP

kinase kinase kinase Mos) has an essential role in the meiotic maturation and

spindle positioning in MI mouse oocytes, as well as in the sizing of the first polar

body, indicates its functional relevance to oocyte polarity (Weber et al. 1991;

Colledge et al. 1994; Verlhac et al. 1996; Araki et al. 1996). Thus, the polarized

localizations of these MAP kinases and the components of their activation

pathways seem to be essential for the asymmetric division of mouse oocytes.

These major kinases are not the only spindle-associated kinases in mouse oocytes.

Fyn kinase, a member of the Src family of tyrosine kinases, also has a similar

distribution (see Levi et al. 2012 in this issue).
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Protein kinase action is counterbalanced by specific phosphatases, which

dephosphorylate their substrates and form the equilibrium between the turnover

of phosphorylated and dephosphorylated substrates. The role of the phosphatases

PP2A and PP1 in the regulation of the cell cycle was described in detail in both

mouse oocytes (Rime and Ozon 1990; de Pennart et al. 1993; Schindler 2011) and

rat oocytes (Zernicka-Goetz et al. 1997). So far, the localization pattern of these two

essential cell cycle-regulating phosphatases in mouse oocytes remains unknown,

but another cell cycle-regulating phosphatase, CDC14, has been found to be

concentrated within the meiotic spindle (Schindler and Schultz 2009). This obser-

vation suggests that other phosphatases could also accumulate in the meiotic

spindle, where they would counterbalance kinase-dependent phosphorylation.

This arrangement, in turn, would imply the polarized distribution of a number of

phosphorylated substrates. Such complex organization of various molecules in the

oocyte cytoplasm would play a key role in the formation and temporal maintenance

of oocyte polarity.

Other examples of the asymmetric distribution of proteins guided by the meiotic

spindle are the mouse PAR polarity proteins, such as the PAR6-related proteins

mPARD6a and mPARD6b (Vinot et al. 2004). During the first meiotic M-phase, the

two proteins are located within the MI acentriolar spindle as it forms and migrates

to the cortex. The similar amounts of mPARD6a and b found in each spindle half

demonstrate an equal distribution of these proteins within the spindle. However, by

the end of the first meiosis, mPARD6a concentrates at this spindle pole, which is

closer to cortex, i.e., its localization within the single spindle becomes polarized.

During the MII arrest of oocytes, mPARD6b becomes rapidly relocated to the

neighboring cortex. Interestingly, when MTs are experimentally disassembled

during MI, the MT-free bivalents still migrate towards the oocyte surface and

mPARD6a accumulates preferentially on their side facing the cortex, suggesting

that this protein may play an active role in migration (Vinot et al. 2004). This

behavior of mPARD6a and b seems to be limited to the oocytes, as it was not

observed in early embryos, where this protein is equally distributed in the mitotic

spindles (Vinot et al. 2005). The asymmetric distribution of mPARD6a within the

meiotic spindle and the delocalization of mPAR6b from the spindle to the MII

oocyte cortex suggest that the meiotic spindle not only is the central structure

involved in polarization of the oocyte but also becomes an active vector bringing

the cortical proteins necessary for asymmetric division to the right place. It is

absolutely unknown whether the evolution of mPARD6a and b proteins described

earlier is causally related to the acentriolar character of the meiotic spindle.

2.6 Conclusions

Oocyte polarity is a prerequisite for the proper completion of embryogenesis.

In mouse oocyte ontogenesis, polarity develops twice. The final polarity of the

mature egg involves spindle migration and successful anchoring at the cortex.
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Once harbored at the cortex, the acentriolar spindle induces modifications of the

cell cortex and the cytoplasm, which maintain the polarity until fertilization and

permit asymmetric division to occur properly. In addition, the meiotic spindle is a

vector that brings the proteins necessary for unequal meiotic division (such as

CDK1, ERK1/2, and mPARD6a and b) to the right place. The complete under-

standing of mouse oocyte polarity will enable us to understand many important

aspects of mammalian (including human) embryo development and answer such

fundamental questions as when and how the embryo axes and body plan become

determined.
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Chapter 3

Chromatin Structure and ATRX Function

in Mouse Oocytes

Rabindranath De La Fuente, Claudia Baumann,

and Maria M. Viveiros

Abstract Differentiation of chromatin structure and function during oogenesis is

essential to confer the mammalian oocyte with meiotic and developmental poten-

tial. Errors in chromosome segregation during female meiosis and subsequent

transmission of an abnormal chromosome complement (aneuploidy) to the early

conceptus are one of the leading causes of pregnancy loss in women. The

chromatin remodeling protein ATRX (a-thalassemia mental retardation X-linked)

has recently emerged as a critical factor involved in heterochromatin formation at

mammalian centromeres during meiosis. In mammalian oocytes, ATRX binds to

centromeric heterochromatin domains where it is required for accurate chromo-

some segregation. Loss of ATRX function induces abnormal meiotic chromo-

some morphology, reduces histone H3 phosphorylation, and promotes a high

incidence of aneuploidy associated with severely reduced fertility. The presence

of centromeric breaks during the transition to the first mitosis in the early embryo

indicates that the role of ATRX in chromosome segregation is mediated through

an epigenetic mechanism involving the maintenance of chromatin modifications

associated with pericentric heterochromatin (PCH) formation and chromosome

condensation. This is consistent with the existence of a potential molecular link

between centromeric and PCH in the epigenetic control of centromere function

and maintenance of chromosome stability in mammalian oocytes. Dissecting

the molecular mechanisms of ATRX function during meiosis will have important

clinical implications towards uncovering the epigenetic factors contributing to the

onset of aneuploidy in the human oocyte.
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3.1 Regulation of Meiotic Division in Oocytes:

The Role of the Centromere

Meiosis is a unique division, which occurs exclusively in gametes, to reduce the

number of chromosomes to a haploid complement prior to fertilization. Chromo-

some reduction necessitates the progression through two successive divisions

without an intermediate S-phase. Meiosis-I entails the segregation of homologous

chromosomes (also referred to as bivalents)-paired copies of each maternal and

paternal chromosome, held together at sites of recombination (crossovers). In

contrast, meiosis-II is more analogous to mitosis as it involves the separation of

sister chromatids. This second division is initiated only upon fertilization and

oocyte activation. Both the segregation of homologues (meiosis-I) and sister

chromatids (meiosis-II) are dependent on the (1) correct attachment and pulling

force of spindle microtubules as well as (2) the dissolution of cohesin complexes

that link sister chromatids (Fig. 3.1).

Errors in meiotic division disrupt genomic stability in gametes and are the leading

genetic cause of congenital birth defects and pregnancy loss in women (Hassold et al.

2007; Hunt and Hassold 2008). Hence, faithful chromosome segregation is of

fundamental importance for embryonic development. This process is critically

dependent on stable and correct chromosome–microtubule attachments.

Microtubules bind to chromosomes specifically at the kinetochore, a specialized

region of the centromere (Cheeseman and Desai 2008). Kinetochores are transient

and only assemble upon entry into M-phase, then disassemble with mitotic exit

(Oegema et al. 2001). It is essential that a kinetochore assemble only at one location

on each chromosome, and various properties of the centromere mark it as the

exclusive site for kinetochore formation. This includes a combination of epigenetic

marks such as nucleosomes that contain Centromere Associated Protein-A (CENP-A)

as well as histone modifications that affect chromatin structure (Black et al. 2007;

Howman et al. 2000; Oegema et al. 2001). While the inner kinetochore plate contact

scentromeric heterochromatin, the outer kinetochore plate and corona layer contain

proteins required for microtubule interaction. Identified proteins with microtubule

binding activity include the dimeric kinesin CENP-E (Duesbery et al. 1997;

Wood et al. 1997), Ska1 complex (Welburn et al. 2009), as well as the KMN network

composed of KNL1, Mis12, and Ndc80 (Cheeseman et al. 2002). Elegant studies in

mitotic cells demonstrate that the NDC80 microtubule interacting complex directly

binds to microtubules and is essential for the formation of kinetochore–microtubule

attachments (Cheeseman et al. 2002). While it is not known if these mechanisms are

fully conserved in gametes, studies have shown that mouse oocytes express CENP-E

at the kinetochores and microinjection of specific antibodies to inhibit CENP-E

function lead to MI arrest (Duesbery et al. 1997).

For chromosomes to segregate properly, the kinetochore from each sister chromatid

must attach to microtubules from opposing spindle poles, referred to as bi-oriented or

amphitelic attachment. Different types of attachment errors can occur. For example,

syntelic errors denote when kinetochores from sister chromatids both attach to the same

spindle pole. In contrast, merotelic errors occur when a single kinetochore is attached to
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Fig. 3.1 Mechanisms of spindle-microtubule attachments and chromosome cohesion during

oocyte meiosis. Accurate segregation of homologous chromosomes (Meiosis-I) and sister

chromatids (Meiosis-II) depends on the establishment of bi-oriented (amphitelic) spindle-

microtubule attachments as well as the timely dissolution of cohesin complexes. Separation of

homologous chromosomes during Meiosis-I requires the attachment of both sister chromatids of

each homologue to the same spindle pole (co-orientation), while Meiosis-II involves the associa-

tion of each sister chromatid with microtubules originating from opposing spindle poles. In

addition, faithful chromosome segregation requires key mechanisms that prevent premature sister

chromatid separation prior to initiation of meiosis-II, including (1) sustained attachments of

homologous chromosomes at sites of crossovers and (2) chromosome cohesion along chromatids

and at centromeres during Meiosis-I. In oocytes, separase activity promotes dissolution of the

cohesin complex along the chromosome arms during anaphase-I. However, centromeric cohesion

remains protected from degradation by shugoshin proteins preserving sister centromere cohesion

until anaphase-II onset
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both spindle poles simultaneously. Chromosome–microtubule interactions during

meiosis-I are more complex as it involves the separation of homologous chromosomes,

rather than sister chromatids. This requires the attachment and segregation of sister

chromatids of each homologue to the same spindle pole (co-orientation). Hence, sister

kinetochores must function as a unit. The fidelity of chromosome segregation is

promoted by cellular mechanisms that stabilize appropriate bi-oriented (amphitelic)

kinetochore–microtubule attachments, while inappropriate (e.g., syntelic or merotelic)

attachments are eliminated (Nicklas and Ward 1994; Nicklas et al. 2001). In mitotic

cells, the phosphorylation of kinetochore substrates by the conserved Ipl1/Aurora B

kinase selectively eliminates incorrect attachments by promoting the turnover of

microtubule attachments in the absence of tension. Aurora B reportedly controls

kinetochore–microtubule attachments by modulating the microtubule binding activity

of key kinetochore proteins such as Hec1/Ndc8 (Cheeseman et al. 2002; DeLuca et al.

2006; Welburn et al. 2010). Importantly, studies in mouse oocytes have identified

Aurora C kinase, not Aurora B, as playing a pivotal role in regulating chromosome–-

microtubules interaction during meiotic division (Yang et al. 2010). Inhibition of

Aurora C activity in oocytes results in significant defects, including abnormal

kinetochore–microtubule attachments as well as premature chromosome segregation

and cytokinesis failure during meiosis-I (Yang et al. 2010). This points to potentially

unique regulatory mechanisms that govern chromosome–microtubule interactions

during meiotic division in mammalian oocytes.

Errors in chromosome attachment activate the spindle assembly checkpoint

(SAC), which inhibits the activity of the anaphase-promoting complex APC/Ccdc20

to prevent anaphase onset. Hence, SAC functions as a critical surveillance mecha-

nism and delays anaphase, allowing for error correction mechanisms to promote

bi-orientation. Key component proteins of SAC include Mad2, BubR1, and Bub3,

which localize to the outer kinetochore until stable chromosome–microtubule

interactions are established. Studies have confirmed the expression and function of

key checkpoint proteins in mammalian oocytes (Homer et al. 2005; Leland et al.

2009;McGuinness et al. 2009; Niault et al. 2007), which activate the SAC to prevent

anaphase onset until all chromosomes are attached to the meiotic spindle apparatus.

Interestingly, elegant high-resolution live cell imaging analyses indicate that homo-

logous chromosome co-orientation during meiosis-I is potentially error prone in

mammalian oocytes, as the majority of chromosomes undergo error correction of

kinetochore–microtubule attachments prior to anaphase onset and completion of the

first meiotic division (Kitajima et al. 2011). Moreover, studies have demonstrated

that oocytes can still progress to metaphase-II, despite activation of the SAC in

response to meiotic spindle defects during meiosis-I, leading to a high incidence of

aneuploidy (Ma et al. 2010; Nagaoka et al. 2011).

Accurate chromosome segregation is also critically dependent on the maintenance

of sister chromatid pairing until meiosis-II is initiated. Hence, key mechanisms

operate during meiosis-I to prevent premature sister chromatid separation. For exam-

ple, crossovers allow homologues to remain attached when kinetochore–microtubule

pulling forces are exerted. In addition, cohesin proteins hold sister chromatids

together along the chromosome arms as well as the centromere prior to chromosome
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segregation (Fig. 3.1). Known proteins that form the cohesin complex in mitotic cells,

include Rad21/Scc1, Smc1a, Smc3, Stag1/Sa1, and Stag2/Sa2 (Nasmyth and Haering

2009) for review. Notably, meiosis-specific cohesin components such as Rec8 and

Smc1b have also been identified, which are loaded onto the chromosomes in oocytes

during fetal development (Prieto et al. 2004). Upon anaphase onset cdc20-activated

APC/C (APC/Ccdc20) promotes destruction of the anaphase inhibitor (Pds1/securin)

that normally maintains the protease separase inactive. In oocytes, separase activity

promotes Rec8 degradation during anaphase-I onset, which leads to dissolution of the

cohesin complex along the chromosome arms (Kudo et al. 2006). Importantly,

centromeric Rec8 is specifically protected from degradation during meiosis-I and,

therefore, maintains the cohesin complex and sister chromatid attachment exclusively

at the centromeres during homologue separation. Studies have identified the

Shugoshin protein family (Sgo1 and Sgo2) as being essential for protection of

centromeric cohesin. Targeted deletion of Sgo2 leads to Rec8 degradation and,

therefore, premature sister chromatid separation in mouse oocytes prior to meiosis-

II (Lee et al. 2008; Llano et al. 2008).

Studies in yeast and human somatic cell lines have shown that centromeric

heterochromatin functions in recruiting Shugoshin (Yamagishi et al. 2008). More-

over, cohesin complexes, enriched at the pericentric region, play a key role in the

organization and packaging of mitotic chromosomes (Wood et al. 2010). Under-

standing whether similar mechanisms operate in mammalian oocytes is essential as

the centromere plays a critical role in the timing and accuracy of chromosome

segregation during meiosis. Specific chromatin remodeling proteins act at the

centromere to maintain its unique chromatin structure, and changes in higher

order chromatin structure and/or function critically impact chromosome segrega-

tion. In this chapter we focus on the chromatin-remodeling protein ATRX and its

function in heterochromatin formation during meiosis.

3.2 ATRX Structure and Function in Mammalian Cells

The alpha-thalassemia/mental retardation X-linked protein (ATRX) is a switch/sucrose

non-fermenting (Swi2/Snf2) helicase/ATPase that exhibits chromatin-remodeling

activity in mammalian cells (Gibbons et al. 1997; Picketts et al. 1996; Tang et al.

2004; Villard et al. 1997; Xue et al. 2003). The Atrx gene resides within the long arm of

the submetacentric human X chromosome and localizes to the acrocentric mouse X

chromosome where it encodes an evolutionarily conserved protein of approximately

280 kDa containing several characteristic protein domains. Among these is an N-

terminal cysteine-rich ADD domain reminiscent of sequences within the DNMT3

family of de novo DNA methyltransferases that comprises a zinc finger and a plant

homeodomain (PHD) as well as an alpha-helical sequence motif (Aapola et al. 2000;

Argentaro et al. 2007; Picketts et al. 1998). The carboxyl terminus exhibits several

helicase domains containing ATPase activity required for protein–protein interactions

(Mitson et al. 2011). A number of specific sequence motifs facilitate binding with

various protein partners and hence enable the interaction of ATRX with large protein
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complexes. For example, through its C terminus, ATRX associates with the methyl-

CpG-binding protein MeCP2 (Kernohan et al. 2010; Nan et al. 2007) as well as protein

components of promyelocytic leukemia (PML) nuclear bodies (Bérubé et al. 2007;

Ishov et al. 2004; Luciani et al. 2006; Xue et al. 2003). In addition, a primary DAXX

interacting domain (DID) within the intermediate section of the protein confers binding

to the transcriptional regulator death domain associated protein (DAXX) via paired

amphipathic alpha helices domains (Ishov et al. 2004; Tang et al. 2004; Xue et al.

2003). Motifs adjacent to the ADD domain of the N terminus enable binding of ATRX

protein to HP1-alpha (Kourmouli et al. 2005), the polycomb group protein EZH2

(Cardoso et al. 1998), and histone H3 residues tri-methylated at lysine 9 (Dhayalan

et al. 2011; Eustermann et al. 2011; Iwase et al. 2011). Therefore, ATRX has the

potential to assemble into large protein complexes that confer chromatin-remodeling

activity and/or exert transcriptional regulation according to the cell type or stage of

differentiation (Ishov et al. 2004; Kernohan et al. 2010; Nan et al. 2007; Tang et al.

2004; Xue et al. 2003).

Analysis of cells from human patients with hypomorph mutations in the Atrx coding
sequence supports a role of this chromatin-remodeling factor in multiple cellular

processes. For example, patients with ATRX mutations exhibit varying degrees of a

neurodevelopmental syndrome (ATRX syndrome) that include symptoms such as

mental retardation, facial anomalies, and hematological pathologies such as alpha-

thalassemia secondary to deregulated alpha-globin gene transcription (Gibbons et al.

1995, 2003) as well as evidence for urogenital abnormalities such as gonadal dysgene-

sis (Gibbons et al. 2003). Importantly, abnormal ATRX expression patterns have been

described in patients suffering from various types of cancers, such as acute myeloid

leukemia (AML) (Serrano et al. 2006), myelodysplastic syndrome (Gibbons et al.

2003), and pancreatic neuroendocrine tumors (Elsasser et al. 2011; Heaphy et al.

2011; Jiao et al. 2011). This suggests that loss of ATRX function may be involved in

the onset of malignant neoplastic transformation, potentially through mechanisms

involving compromised genome and chromosome stability (Elsasser et al. 2011;

Heaphy et al. 2011; Jiao et al. 2011). Several studies have shown that ATRX associates

with heterochromatin at the centromere, whereby it can impact chromosome stability

(Baumann et al. 2010; McDowell et al. 1999).

3.3 Role of ATRX in Heterochromatin Formation

at the Centromere

The centromere is composed of unique DNA sequences and chromatin structure,

including centric and pericentric heterochromatin (PCH). In mice, the 120 bp

minor satellite repeats of centric heterochromatin are characterized by the specific

incorporation of CENP-B protein which is required for the formation of a
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functional kinetochore on each sister chromatid of condensed chromosomes

(Henikoff et al. 2001; Karpen and Allshire 1997; Maison and Almouzni 2004;

Murphy and Karpen 1998; Perpelescu and Fukagawa 2011; Pluta et al. 1995; Polo

and Almouzni 2006; Sarma and Reinberg 2005; Wiens and Sorger 1998). In

contrast, PCH is comprised of repetitive major satellite elements as well as

transcriptionally repressive histone modifications. PCH has recently emerged as

an essential factor for the timely coordination of sister centromere cohesion and

chromosome segregation during mitosis (Guenatri et al. 2004; Maison and

Almouzni 2004). Notably, ATRX is a prominent mark at PCH domains in

human and mouse cells (Baumann et al. 2010; Bérubé et al. 2000, 2002; De La

Fuente et al. 2004b; Garrick et al. 2006; Kernohan et al. 2010; Law et al. 2010;

McDowell et al. 1999; Ritchie et al. 2008). The Drosophila homologue of ATRX

(dATRX/XNP) is required for heterochromatin formation as well as transcrip-

tional silencing of this nuclear domain (Bassett et al. 2008; Emelyanov et al.

2010; Schneiderman et al. 2009). Moreover, in human and mouse embryonic stem

(ES) cells, ATRX exhibits a direct interaction with telomeric DNA sequences

where it is required for deposition of the histone variant Histone H3.3 and

telomere heterochromatin structural integrity (Drane et al. 2010; Goldberg et al.

2010). ATRX also marks constitutive heterochromatin at the Y chromosome in

mouse cells (Baumann et al. 2008) where it might be involved in the maintenance

of facultative heterochromatin at the inactive X chromosome suggesting a critical

role for ATRX in heterochromatin formation (Baumann and De La Fuente 2009;

De La Fuente et al. 2011). Consistent with this hypothesis, spontaneous mutations

in patients with ATRX syndrome are associated with abnormal DNA methylation

patterns at repetitive sequences of ribosomal DNA, at a Y chromosome-specific

repeat as well as telomeric sequences (Gibbons et al. 2000).

Heterochromatin formation during gametogenesis is essential, yet the regulatory

mechanisms that govern this key process are poorly understood. Studies in somatic

cells indicate that transcriptionally repressive epigenetic marks, such as tri-methylation

of histone H3 at lysine 9 (H3K9me3), are a hallmark of PCH and essential for the

maintenance of a transcriptionally quiescent chromatin environment (Guenatri et al.

2004; Peters et al. 2001; Puschendorf et al. 2008). In turn, H3K9me3 is proposed to act

as a docking site for additional chromatin binding proteins such as heterochromatin

protein 1 (HP1) and ATRX (Bannister et al. 2001; Dhayalan et al. 2011; Kourmouli

et al. 2005; Lachner et al. 2001; Maison and Almouzni 2004; Rea et al. 2000; Schotta

et al. 2004). Peptide binding assays demonstrate that the association of ATRX with

PCH requires of a combinatorial readout of several histone modifications in which the

ADD domain of ATRX interacts with H3K9me3 only in the absence of transcription-

ally permissive chromatin modifications such as H3K4me3 and H3K4me2 (Dhayalan

et al. 2011; Eustermann et al. 2011).
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3.4 ATRX is a Critical Epigenetic Regulator

of Chromatin Structure and Function During Mitotic

and Meiotic Division

ATRX has recently emerged as a major chromatin-remodeling factor capable of

modulating chromatin structure at both the nucleosomal level as well as over large

chromosomal domains including PCH. At the nucleosomal level, ATRX regulates

gene expression of a subset of imprinted genes in brain tissue (Kernohan et al.

2010). ATRX is also known to regulate the expression of several ancestral genes

that have translocated from their original position at the pseudo-autosomal region

(PAR) on the sex chromosomes to specific autosomal chromosomes in mice (Levy

et al. 2008). Importantly, ATRX modulates key aspects of large-scale chromatin

modifications that are essential for the maintenance of genome and chromosome

stability during mitosis as well as meiosis (Bérubé 2011; De La Fuente et al. 2011).

The dual role of ATRX function in the control of gene expression as well as large-

scale chromatin structure has important clinical implications for understanding the

role of genome and chromosome stability during development, the onset of malig-

nant neoplastic transformation, and the pathogenesis of several human conditions

including neurodevelopmental syndromes (Bérubé 2011; De La Fuente et al. 2011).

In the postnatal mouse brain, ATRX regulates the expression patterns at several

imprinted genes by establishing a functional interaction with the cohesin proteins

SMC1/SMC3, the chromatin insulator CTCF, as well as the methyl cytosine

binding protein (MeCP2) where ATRX might be directly involved in regulating

histone modifications and chromatin loop formation at the imprinted control region

of the H19 locus (Kernohan et al. 2010).

Several lines of evidence underscore a critical role for ATRX in the regulation of

higher order chromatin structure and chromosome segregation. For example, func-

tional ablation of ATRX in mammalian oocytes through antibody microinjection or

short interfering RNAi sequences induces chromosome misalignment on the mei-

otic spindle (De La Fuente et al. 2004b). In addition, lack of ATRX function in

HeLa cells following RNAi microinjection promotes severe chromosome cohesion

and segregation defects with micronuclei formation (Ritchie et al. 2008). The

evidence to date indicates that ATRX might be essential for the epigenetic control

of centromere function and, hence, maintenance of chromosome stability during

mitotic and meiotic division. There is an essential need for a solid mechanistic

understanding of ATRX function in the female germ line. Although ATRX is

required for proper chromosome segregation during mitosis and meiosis, the rates

of chromosomal defects observed following functional ablation of ATRX in mouse

oocytes are twice as high compared to those observed in somatic cells (De La

Fuente et al. 2004b; Ritchie et al. 2008; Baumann et al. 2010). The type of

chromosome segregation defects observed in ATRX deficient oocytes, i.e., prema-

ture centromere separation and chromosome lagging closely resemble those

observed in oocytes from women of advanced reproductive age (Vialard et al.

2006). Importantly, although more than 70% of ATRX deficient oocytes exhibit

some kind of chromosomal defect, meiotic progression and the transition to the first
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mitosis following fertilization ensue uninterrupted with subsequent transmission of

severe aneuploidy to the early embryo (Baumann et al. 2010; De La Fuente et al.

2004b).

The mechanisms involved in the differential rates of chromosome instability due

to the loss of ATRX function during mitosis and meiosis are not clear at present.

However, the high rates of chromosomal non-disjunction in ATRX deficient

oocytes might reflect important differences in ATRX function during meiosis.

This might be attributed to the ability of ATRX to regulate gene expression and/

or protein–protein interactions on a cell type-specific basis (Tang et al. 2004; Xue

et al. 2003). In support of this premise, recent studies show key differences in the

temporal association of ATRX with the transcriptional regulator DAXX in mam-

malian oocytes (Baumann et al. 2010). In somatic cells, ATRX establishes a

physical interaction with DAXX at PCH only during a brief period restricted to

the final stages of the S phase of the cell cycle (Ishov et al. 2004). By contrast, in

mammalian oocytes, the association of DAXX with ATRX at PCH is maintained

beyond S-phase extending into the G2/M transition in fully grown oocytes

(Baumann et al. 2010). This process might be of functional significance for

centromeric heterochromatin formation during oogenesis as well as for the estab-

lishment of the unique chromatin remodeling events that characterize the onset of

meiotic resumption in mammalian oocytes (Baumann et al. 2010; De La Fuente

2006). Heterochromatin formation during oogenesis is essential to confer the

mammalian oocyte with both meiotic and developmental potential, as well as to

establish the maternal contribution of chromatin remodeling factors to the epige-

netic landscape of the embryonic genome following fertilization. Therefore, both

the ability of ATRX to interact with different protein partners according to the cell

type, stage of the cell cycle, and/or stage of differentiation as well as the germ line-

specific mechanisms regulating chromatin remodeling in the oocyte genome under-

score the importance to determine the germ line-specific functions of ATRX.

3.5 Chromatin Remodeling During Meiosis

in the Female Germ Line

To cope with the unique functional requirements and properties of meiotic

chromosomes, specialized mechanisms are set in place for the control of chromatin

remodeling in the germ line (De La Fuente 2006; Kimmins and Sassone-Corsi 2005;

Revenkova et al. 2001, 2004). Importantly, differentiation of chromatin structure

and function during oogenesis is critical for remodeling the oocyte genome into a

transcriptionally quiescent environment in preparation for accurate chromosome

condensation and segregation following meiotic resumption (De La Fuente 2006;

De La Fuente and Eppig 2001; De La Fuente et al. 2004b). Beginning on day 16 of

postnatal growth, the mouse oocyte genome undergoes striking changes in large-

scale chromatin structure in which a decondensed, transcriptionally active nucleus
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exhibiting a configuration termed non-surrounded nucleolus (NSN), progressively

acquires a condensed and transcriptionally quiescent chromatin configuration called

surrounded nucleolus (SN). At this stage, major centromeric satellite DNA

sequences in the germinal vesicle of preovulatory oocytes undergo a striking nuclear

redistribution forming a prominent heterochromatic rim or karyosphere around the

nucleolus (De La Fuente 2006; De La Fuente et al. 2004b). While the underlying

mechanisms are not fully understood, remodeling chromatin into the SN configura-

tion may confer centromeric domains with a functional configuration to recruit

heterochromatin-binding proteins such as ATRX that are required to mediate proper

chromosome alignment on the meiotic spindle (De La Fuente et al. 2004a, b).

It is postulated that regulation on global transcriptional repression and chromatin

remodeling in the germinal vesicle are under the control of different pathways

(De La Fuente et al. 2004a, b). Although chromatin remodeling into the SN

configuration and global transcriptional silencing take place concomitantly in

preovulatory oocytes, timely repression of transcription is observed in oocytes

lacking the nuclear chaperone nucleoplasmin 2 (Npm2), which fail to remodel

chromatin into the SN configuration (De La Fuente et al. 2004a, b). Moreover,

oocytes deficient for the histone H3K4 methyltransferase (MLL2) fail to undergo

global transcriptional silencing despite the presence of a SN configuration (Andreu-

Vieyra et al. 2010). Consistent with these observations, recent studies in mouse

oocytes indicate that global transcriptional silencing may be attributed to dissocia-

tion of the largest subunit of RNA polymerase II (RPB1) from the chromatin

template independent from global chromatin condensation in the germinal vesicle

in preovulatory oocytes (Abe et al. 2010). Therefore, although temporally linked,

global chromatin remodeling and transcriptional silencing in the oocyte genome are

autonomous developmental processes in the mammalian female gamete.

What then is the functional significance of the large-scale chromatin remodeling

events taking place in the germinal vesicle? In Drosophila oocytes, chromosomes

acquire a meiosis-specific nuclear organization or karyosome with functional

similarities to the karyosphere observed in preovulatory oocytes from several

mammalian species including human, mouse, and primates (Ivanovska et al.

2005; Ivanovska and Orr-Weaver 2006). These structures are thought to be essen-

tial to maintain a specific chromosome arrangement in order to promote chro-

mosome–nucleolar interactions and perhaps provide a transcriptionally repressive

chromatin environment to facilitate the association of major satellite DNA

sequences closely bound to the nucleolus with heterochromatin binding proteins

critical for proper chromosome segregation (Gruzova and Parfenov 1993). Impor-

tantly, histone posttranslational modifications play a vital role in the formation of

these nuclear structures in both Drosophila and mouse oocytes. For example, in

Drosophila oocytes the histone H2A kinase (NHK-1) induces H2A phosphorylation

at specific tyrosine residues and its functional deletion results in lack of karyosome

formation, chromosome segregation defects, and complete sterility (Ivanovska

et al. 2005; Ivanovska and Orr-Weaver 2006). Moreover, functional deletion of

the vaccinia-related kinase (VRK1), the mammalian homologue of Drosophila
NHK-1, results in delayed meiotic progression, abnormal chromosome segregation,
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and fertilization failure with female sterility (Schober et al. 2011). The TATA-

binding protein (TBP2) (Gazdag et al. 2009) is also required for the formation of the

karyosphere in mammalian oocytes. Whether these factors play a direct structural

role in large-scale chromatin remodeling, or in mediating the expression of addi-

tional chromatin associated factors that induce the SN configuration in mammalian

oocytes warrants further investigation (Gazdag et al. 2009; Schober et al. 2011).

Global chromatin remodeling in mammalian oocytes is regulated through a

(1) series of hierarchical histone posttranslational modifications such as histone

acetylation or histone methylation at different lysine residues (De La Fuente et al.

2004a; Kouzarides 2007), the incorporation of histone variants such as histone

H2A.Z, H3.3, or CENP-A (Polo and Almouzni 2006; Torres-Padilla et al. 2006), or

(2) through the action of ATP-dependent chromatin remodeling proteins such as

ATRX (Baumann et al. 2010; De La Fuente et al. 2004b). Importantly, covalent

histone modifications provide the chromatin context that confers structural and

functional identity to specialized chromosomal subdomains such as centromeres or

telomeres that are essential for heterochromatin formation and proper chromosome

segregation (Durand-Dubief and Ekwall 2008; Ekwall 2007). Initial studies in

mouse oocytes revealed the presence of high levels of histone H3 and histone H4

acetylation in the germinal vesicle of preovulatory oocytes. However, coincident

with the onset of GV breakdown and the resumption of meiosis, a wave of global

histone deacetylation removes the majority of acetylated histone marks throughout

the entire length of condensing chromatids in a process that is essential for proper

chromosome condensation and the establishment of specialized chromosome–-

microtubule interactions in mammalian oocytes (De La Fuente 2006; De La Fuente

et al. 2004a; Kim et al. 2003). Although the molecular mechanisms involved in the

removal of specific histone residues from meiotic chromosomes are not known,

exposure of mammalian oocytes to the histone deacetylase inhibitor trichostatin A

(TSA) prevents the onset of global deacetylation and induces the formation of

hyperacetylated chromosomes that exhibit abnormal chromosome condensation

and improper attachment to the microtubular network (De La Fuente et al.

2004a). These data indicate that histone deacetylases (HDACs) play a critical role

in the onset of global histone deacetylation during female meiosis. The nature of the

specific HDAC isoforms involved in this process remains to be established. Identi-

fication of the HDAC isoforms responsible for deacetylation of histone H4 at lysine 12,

which is specific to meiotic chromosome condensation (Kim et al. 2003; Kruhlak et al.

2001) is of particular importance.

Developmental transitions in chromatin modifications during meiotic resump-

tion are critical for the maintenance of chromosome stability in the female gamete

as demonstrated by the high levels of chromosome segregation defects observed in

mammalian oocytes following transient exposure to TSA (De La Fuente 2006; De

La Fuente et al. 2004a) as well as the transmission of an aneuploid chromosome

complement to the early conceptus following fertilization in the presence of TSA

(Akiyama et al. 2006). Interestingly, >80% of metaphase-I and metaphase-II stage

human oocytes obtained from women of advanced reproductive age exhibited

persistence of H4K12 acetylation associated with misaligned chromosomes.
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Thus, abnormal regulation of histone deacetylases and the subsequent lack of global

histone acetylation during oocyte aging might contribute to the high rates of

aneuploidy observed in human oocytes during advanced maternal age (van den

Berg et al. 2011). Global histone deacetylation during meiosis might be an essential

mechanism to recruit large protein complexes to centromeric domains essential for

heterochromatin formation, regulation of centromeric cohesion, and the establish-

ment of centromere–microtubule interactions (Akiyama et al. 2006; De La Fuente

2006; De La Fuente et al. 2004a). This mechanism seems to be particularly

susceptible to environmental disruption in the mammalian oocyte. For example,

inhibition of HDACs in somatic cells with TSA interferes with recruitment of

heterochromatin protein 1 (HP1b) to centromeric domains and results in abnormal

chromosome segregation defects after 5 days of treatment (Taddei et al. 2001,

2005). In contrast, TSA induced chromosome-wide hyperacetylation and interfered

with recruitment of ATRX to centromeric domains within 8 h of exposure resulting

in the presence of chromosomal non-disjunction in >60% of metaphase-II stage

oocytes and leading to the transmission of aneuploidy and subsequent post-

implantation embryo loss (Akiyama et al. 2006; De La Fuente 2006; De La Fuente

et al. 2004a).

3.6 Role of ATRX in Chromosome Segregation During

Meiotic Division in Oocytes

Centromeres are embedded within large PCH blocks in both mitotic as well as meiotic

cells. Accumulating evidence indicates the presence of a potential functional interac-

tion or “crosstalk” between PCH protein complexes and components of the kineto-

chore, the specialized centromeric domain that mediates chromosome–microtubule

interactions and chromosome segregation (Malik and Henikoff 2009). PCH is not

only required for chromosome structural integrity, but is also essential to recruit

cohesin protein complexes that maintain centromeric cohesion between sister

chromatids during metaphase-I and subsequently ensure an amphitelic microtubular

attachment to the metaphase-II spindle in order to segregate sister chromatids (Bernard

et al. 2001; Petronczki et al. 2003). PCH is particularly important during meiosis to

prevent illegitimate recombination between highly repetitive sequences at meiotic

centromeres that would otherwise result in compromised centromere integrity and

severely disrupt chromosome segregation (Lamb et al. 2005; Malik and Henikoff

2009; Talbert and Henikoff 2010). Moreover, chromatin remodeling proteins as well

as transcriptionally repressive histone marks associated with PCH during female

meiosis constitute an essential contribution to the epigenetic inheritance of the zygotic

genome necessary to coordinate the striking nuclear reprogramming events essential

for the activation of the embryonic genome following fertilization (Probst and

Almouzni 2011; Santenard and Torres-Padilla 2009; Santenard et al. 2010).
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The mouse centromere consists of several hundred kilobases of minor satellite

repeat units as well as the centromere-specific histone H3 variant CENP-A, which

confers the epigenetic information required for the formation of a functional

kinetochore (Karpen and Allshire 1997; Maison and Almouzni 2004; Polo and

Almouzni 2006; Sarma and Reinberg 2005). Epigenetic inheritance of the centro-

meric modifications through mitotic cell division depends on the assembly of newly

synthesized CENPA and nucleosomes at centromeric domains in daughter cells

during the G1 phase of the cell cycle and this process is mediated by histone

chaperones such as histone H3.1 and H3.3 (Black et al. 2010).

PCH is formed by repeats of major satellite sequences and contributes to the

formation of large chromatin remodeling complexes through the recruitment of

DNA-binding proteins such as HP1 and helicases of the switch/sucrose non-

fermenting (SWI/SNF2) family such as ATRX (De La Fuente et al. 2004b; Maison

and Almouzni 2004; McDowell et al. 1999). Interestingly, PCH is a key determinant

of CENP-A localization during neocentromere formation in human chromosomes

and its functional integrity is essential to coordinate sister centromere cohesion

during mitosis (Durand-Dubief and Ekwall 2008; Guenatri et al. 2004; Maison and

Almouzni 2004). Heterochromatin-binding complexes such as SNF2h are essential

to load the cohesin subunit Rad21 onto the centromeres in human mitotic cells

(Hakimi et al. 2002). Moreover, loss of HP1 from PCH in mouse somatic cells

deficient for the SUV39 histone methyltransferase severely affects cohesion

between sister chromatids (Maison et al. 2002; Peters et al. 2001). Collectively,

these studies indicate that PCH formation plays a major role in centromere cohesion

in mitotic cells and hence has a direct impact in mediating accurate chromosome

segregation.

In the mammalian germ line, PCH regulates important aspects of homologous

chromosome interactions during prophase-I of meiosis (Takada et al. 2011), as well

as during the formation and nuclear reorganization of chromocenters in the preim-

plantation embryo (Houlard et al. 2006; Peters et al. 2001; Probst and Almouzni

2011). Importantly, functional ablation of the ATRX protein in mammalian oocytes

points to an essential role for PCH in the epigenetic control of centromere function

during female meiosis and the transition to the first mitosis at the onset of preim-

plantation embryo development (Baumann et al. 2010; De La Fuente et al. 2004b).

ATRX is co-localized with histone H3 trimethylated at lysine 9 (H3K9me3) at

large heterochromatin domains in the germinal vesicle of preovulatory oocytes

where some of these foci are associated with the perinucleolar heterochromatin rim

at the karyosphere (De La Fuente et al. 2004b). Interestingly, upon germinal vesicle

breakdown, ATRX remains predominantly associated with centromeric domains of

condensing chromosomes where it is found partially co-localized with kinetochore

proteins detected by the CREST antiserum whereas H3K9me3 is redistributed

throughout the entire length of condensing meiotic chromosomes. The mechanisms

or functional significance of chromosome-wide H3K9me3 redistribution during

meiotic resumption are not known, although this process might reflect the impor-

tance of global chromatin remodeling events in chromosome condensation. Global

histone deacetylation during meiosis onset is required for the association of ATRX
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with centromeric domains as treatment of maturing oocytes with the histone

deacetylase inhibitor TSA induced a dramatic redistribution of ATRX throughout

the chromosomes. Notably, lack of ATRX at pericentric domains induced severe

abnormalities in chromosome segregation (De La Fuente et al. 2004a). Two

independent experimental approaches provided initial evidence indicating a poten-

tial role for ATRX in mediating chromosome–microtubule interactions during

female meiosis. For example, both microinjection of preovulatory oocytes with a

neutralizing antibody against ATRX as well as selective ablation of the ATRX

protein following microinjection with short interfering RNAi sequences had no

effect on meiotic progression to the metaphase-II stage. However, lack of ATRX

function induced severe abnormalities on the alignment of metaphase-II stage

chromosomes with the meiotic spindle in >60% of oocytes which exhibited

chromosome lagging and in extreme cases loss of the characteristic bipolar struc-

ture of the metaphase-II spindle (De La Fuente et al. 2004b). These studies indicate

that ATRX is involved in mediating proper chromosome alignment to the meiotic

spindle and strongly suggested that lack of ATRX function might result in the

transmission of aneuploidy to the early conceptus.

To address the potential molecular mechanisms of ATRX function during

meiosis, a mouse model with an oocyte-specific knockdown of ATRX was

generated (Baumann et al. 2010) using a transgenic RNAi approach, whereby the

expression of an Atrx hairpin double-stranded RNA is under the control of the zona

pellucida 3 (Zp3) gene promoter. Expression of the Atrx hairpin induced an efficient
degradation of ATRX transcripts resulting in a significant decrease in the levels of

ATRX protein in >95% of preovulatory oocytes. Consistent with previous studies

(De La Fuente et al. 2004b), functional ablation of ATRX had no effect on meiotic

progression to the metaphase-II stage. However, lack of ATRX function induced

severe defects in chromosome–microtubule interactions as well as abnormal chro-

mosome segregation in >70% of transgenic oocytes. Importantly, chromosome

segregation defects were observed at similar levels in transgenic oocytes matured

in vivo following gonadotropin stimulation or in mutant oocytes matured in vitro

(Baumann et al. 2010). In vivo matured mutant oocytes exhibited a spectrum of

chromosome segregation defects at the metaphase-II stage including severely

misaligned chromosomes, chromosome lagging, presence of single chromatids

loosely attached to the meiotic spindle, and in some instances premature

anaphase-II onset demonstrating that ATRX function is required for the establish-

ment of proper chromosome–microtubule interactions during meiosis in vivo.

Analysis of surface spread chromosomes under high resolution revealed that the

majority of mutant oocytes exhibit normal centromere cohesion at the metaphase-I

stage. However, lack of ATRX function induced abnormal chromosome morpho-

logy, premature centromere separation, as well as chromatid breaks in the majority

of oocytes at the metaphase-II stage. These chromosomal defects were also

associated with a high incidence of aneuploidy in mutant oocytes and severe

infertility. The high incidence of chromosome non-disjunction and presence of

single chromatids together with the chromosome alignment defects indicate that

ATRX plays a critical role in chromosome segregation during female meiosis and is

required for female fertility.
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This model provided the first insight into the molecular mechanisms of ATRX

function in the mammalian oocyte. For example, ATRX mutant oocytes exhibit

similar levels of H3K9me3 and CREST signals at centromeric domains suggesting

that H3K9me3 binding to centromeric domains is upstream from that of ATRX. Yet,

ATRX deficient oocytes at the germinal vesicle stage fail to recruit the transcrip-

tional repressor DAXX to centromeric domains suggesting that ATRX is essential

for the binding of DAXX to this nuclear domain. This observation is of particular

significance since it is well established that in somatic cells it is DAXX that recruits

ATRX to PML nuclear bodies. However, the mechanisms responsible for the

association of DAXX to heterochromatin domains remained to be determined

(Ishov et al. 2004). The unique functional interactions of ATRX with DAXX in

the female gamete are currently under investigation as studies revealed that lack of

ATRX function has a significant impact on the molecular composition of centro-

meric heterochromatin (Baumann et al. 2010). Consistent with this hypothesis,

ATRX deficiency at PCH domains results in abnormal individualization of

chromosomes and is associated with reduced levels of histone H3 phosphorylation

(H3S10ph), known to be an epigenetic hallmark of chromosome condensation.

Notably, the establishment of this histone modification is known to begin at centro-

meric heterochromatin domains and subsequently spread throughout the chromatids

of condensing chromosomes during mitosis (Hendzel et al. 1997). Therefore, lack of

ATRX function during female meiosis might interfere with the establishment, or

chromosomal distribution, of critical chromatin modifications that are required for

proper chromosome condensation and centromere cohesion during the metaphase-II

stage. Collectively these studies indicate some degree of evolutionary conservation

of the functional interactions between PCH protein composition, centromeric cohe-

sion, and chromosome segregation in yeast and mammals (Bernard and Allshire

2002; Bernard et al. 2001; Hakimi et al. 2002; Nonaka et al. 2002). The meiotic

phenotype observed in ATRX deficient oocytes is consistent with the potential

interaction (i.e., “crosstalk”) between centromeric and PCH in the epigenetic control

of centromere function in mammalian oocytes (Baumann et al. 2010).

3.7 ATRX Deficient Oocytes as an experimental Model:

Towards Uncovering the Epigenetic Origins of Human

Aneuploidy

Several independent lines of evidence underscore the importance of ATRX defi-

cient oocytes as a unique model to gain a better understanding of the molecular

basis of aneuploidy in the human oocyte: (1) The type of chromosome segregation

defects observed in ATRX deficient oocytes (i.e., whole chromosome non-

disjunction and premature separation of sister chromatids) are the two primary

mechanisms leading to aneuploidy in oocytes from women of advanced reproduc-

tive age (Fragouli et al. 2011; Vialard et al. 2006). (2) Analysis of global gene
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expression patterns by microarrays revealed that the expression of multiple chro-

matin remodeling proteins is severely compromised in oocytes from older females

(Fragouli et al. 2010; Hamatani et al. 2004). There was a notable reduction in

transcript levels as well as protein expression patterns of chromosome-associated

proteins such as BRCA1 as well as ATRX, in which lower expression has been

associated with high rates of aneuploidy in aging mouse oocytes (Pan et al. 2008).

(3) Both cytogenetic analysis and live cell imaging studies indicate that chromo-

some segregation defects in ATRX deficient oocytes arise predominantly during the

metaphase-II stage of meiosis and the transition to the first mitosis in the zygote

(Baumann et al. 2010). Therefore, this model is highly relevant for understanding

human aneuploidy since chromosome segregation errors that do not arrest the

mammalian oocyte at metaphase-I pose a significant risk for the transmission of

aneuploidy to the early conceptus. Importantly, ATRX deficient oocytes afford the

direct visualization of the critical transition from metaphase-II to the first mitosis to

better assess the molecular mechanisms involved in the transmission of aneuploidy

to the zygote stage embryo. Ethical guidelines restrict direct investigation of this

process in human oocytes, such that most data obtained so far are based mainly on

the analysis of second polar bodies (Fragouli et al. 2011; Kuliev et al. 2011).

Studies of genetic polymorphisms initially indicated that most human oocyte

aneuploidies are due to defects in metaphase-I of meiosis (Hassold et al. 2007;

Hassold and Hunt 2001). However, a series of recent comprehensive analyses of

first and second polar bodies by whole genome amplification (WGA) and compara-

tive genomic hybridization (CGH) revealed similar rates of aneuploidy arising

in human oocytes at the metaphase-I and metaphase-II stage (Fragouli et al.

2011). These results were confirmed by two independent research groups following

analysis of human oocytes from women of varying ages, and support that not

only metaphase-I, but also the metaphase-II stage is prone to segregation errors.

In oocytes from older women, metaphase-II aneuploidies frequently involved

chromosomes 16 and 22, a condition resulting in a high incidence of embryonic

demise before implantation (Fragouli et al. 2011; Kuliev et al. 2011).

Loss of maternal ATRX function in mouse oocytes results in pericentromeric

DNA breaks leading to severe meiotic centromere instability, the formation of

aneuploid embryos, and female subfertility (Baumann et al. 2010; De La Fuente

et al. 2004b). Taken together, these findings underscore a crucial role for ATRX in

the formation and molecular composition of PCH. Notably, centromeric hetero-

chromatin formation is susceptible to the aging process (Adams 2007) and its role

in mediating chromosome–microtubule interactions is potentially disrupted by

hormonal (Roberts et al. 2005) as well as environmental fluctuations (Yang et al.

2009). Therefore, it is important to determine whether there is an association

between PCH content of individual human chromosomes and their frequency of

non-disjunction in metaphase-II stage oocytes. PCH is also dynamically regulated

by epigenetic modifications and, contrary to cohesins (Chiang et al. 2010; Lister

et al. 2010; Revenkova et al. 2010), might be amenable to potential dietary

(Delage and Dashwood 2008) and/or pharmacological intervention through “epige-

netic therapy” to prevent the onset of aneuploidy.
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Chapter 4

Cyclin B in Mouse Oocytes and Embryos:

Importance for Human Reproduction

and Aneuploidy

Zbigniew Polański, Hayden Homer, and Jacek Z. Kubiak

Abstract Oocyte maturation and early embryo development require precise coordi-

nation between cell cycle progression and the developmental programme. Cyclin B

plays a major role in this process: its accumulation and degradation is critical for

driving the cell cycle through activation and inactivation of the major cell cycle

kinase, CDK1.CDK1 activation is required forM-phase entrywhereas its inactivation

leads to exit from M-phase. The tempo of oocyte meiotic and embryonic mitotic

divisions is set by the rate of cyclin B accumulation and the timing of its destruction.

By controlling when cyclin B destruction is triggered and by co-ordinating this with

the completion of chromosome alignment, the spindle assembly checkpoint (SAC) is a

critical quality control system important for averting aneuploidy and for building in

the flexibility required to better integrate cell cycle progression with development. In

this review we focus on cyclin B metabolism in mouse oocytes and embryos and

illustrate how the cell cycle-powered clock (in fact cyclin B-powered clock) controls

oocyte maturation and early embryo development, thereby providing important

insight into human reproduction and potential causes of Down syndrome.
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IFR 140, Faculté de Médecine, Université Rennes 1, UEB, Rennes F-35043, France

e-mail: jacek.kubiak@univ-rennes1.fr

J.Z. Kubiak (ed.),Mouse Development, Results and Problems in Cell Differentiation 55,

DOI 10.1007/978-3-642-30406-4_4, # Springer-Verlag Berlin Heidelberg 2012

69

mailto:jacek.kubiak@univ-rennes1.fr


4.1 Introduction

The precise temporal control of key cell cycle events is fundamentally important for

the integrity of oocyte maturation and embryonic development. Successive cell

divisions, represented by two meiotic divisions in oocytes followed by mitotic

divisions in embryos, must be synchronised with developmental transitions in

order to ensure harmonious embryonic development. In mammals, the dialogue

between the cell cycle regulating machinery and the developmental programme

seems to use specific cues since mammalian regulatory development requires

particular flexibility absent in other phyla (Tarkowski 1959; Tarkowski 1961;

Suwinska 2012; Morris and Zernicka-Goetz 2012). In mammalian oocytes and

embryos, contrary to invertebrates and lower vertebrates, this flexibility is achieved

among others by the presence of cell cycle-controlling checkpoint systems. The

main goal of checkpoints is to ensure the proper order of cell cycle transitions so

that the commitment to later events depends on the correct completion of early

events (Hartwell and Weinert 1989). In the presence of uncorrected errors, such as

misalignment of chromosomes on the spindle apparatus, a checkpoint mechanism

becomes activated that prevents the cell cycle from progressing to the subsequent

cell cycle stage, thereby furnishing the cell with sufficient time for rectifying the

error. Thus, checkpoints in mammalian cells provide opportunities for extending

specific cell cycle phases resulting in greater flexibility and unpredictability com-

pared with cell cycles in invertebrates and lower vertebrates (Greenwood et al.

2001). In the latter, the lack of checkpoint control during early development

(Gerhart et al. 1984) results in precarious embryonic survival that is compensated

for by producing large numbers of female gametes and consequently large numbers

of embryos. During evolution, the incorporation of checkpoint control within

mammalian oocyte maturation and early embryonic development culminated

(synergistically with internal embryonic development and parental care of progeny)

in a remarkable improvement in embryonic genetic integrity and consequently in a

drastic reduction in the number of embryos produced per mating. Understanding

how the embryonic developmental programme became adapted to a highly stochastic

pattern of cell cycle progression and the dialogue between the two, remains a

critically important focus of investigation.

Strikingly, mammalian oocyte maturation and the first few embryonic divisions

(depending on the species) are transcriptionally quiescent. Under these circum-

stances, cell cycle progression and developmental transitions are orchestrated by

maternally derived genetic information in the form of stored maternal mRNAs and

proteins that become stock-piled in oocytes during their protracted growth phase

(Clarke 2012). Thus, oocytes and early embryos are exclusively dependent upon

translational and post-translational modes of regulation. In the mouse, major

embryonic genome activation takes place at the two-cell stage introducing a further

level of complexity to the coordination of developmental events. Notably, some

maternal RNAs and proteins survive at least until the morula stage of preimplanta-

tion development (Hamatani et al. 2004). During this transient period therefore,
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developmental processes are controlled through the concerted actions of both

maternal as well as embryonic genetic information (Zheng and Liu 2012).

In this chapter we discuss the metabolism and regulation of cyclin B (largely

focussing on cyclin B1) to illustrate how the core machinery of the cell cycle

operates in mouse oocytes and early embryos. We discuss how mechanisms for

bringing about cyclin B destruction are regulated in order to control the timing of

chromosome segregation thereby augmenting the fidelity with which genetic infor-

mation is transmitted from the oocyte to the embryo at the earliest stages of

mammalian development. This review illustrates specialised aspects of cyclin B

regulation required for establishing the mammalian oocyte’s unique pattern of

maturation and fertilisation, thereby providing insight into how cell cycle regula-

tion is integrated with the embryonic programme.

4.1.1 Overview of Cyclins

Cell cycle regulation is critically dependent upon genes encoding a family of

proteins called cyclins (Murray 2004). Cyclins are regulatory subunits of major

cell cycle kinases known as cyclin-dependent kinases (CDKs). A-type cyclins are

involved both in S-phase (along with cyclins D and E) and M-phase regulation,

while B-type cyclins play pivotal roles in regulating the G2/M transition and in

M-phase progression.

The M-phase-related roles of A-type cyclins (A1 and A2) are still not fully

understood. Unlike cyclin A1 whose expression is highly restricted, cyclin A2 is

ubiquitously expressed and exerts its major role during S-phase when it associates

with CDK2 and mediates phosphorylation of critical S-phase regulating substrates

(Wolgemuth 2011). Cyclin A1 is expressed during meiosis in both male and female

murine germ cells (Sweeney et al. 1996) but is only essential for male meiosis (Liu

et al. 1998). Cyclin A2 is expressed in oocytes, with protein levels exhibiting a

decrease between the prophase I and MII arrest stages followed by an increase by

the pronuclear stage (Winston et al. 2000). In oocytes, cyclin A2 initially localises

to the nuclear membrane, becomes predominantly cytoplasmic following meiotic

resumption and then becomes symmetrically enriched on opposite sides of the

MII-plate perhaps reflecting localisation to the spindle poles (Winston et al.

2000). Exactly how this pattern of cyclin A2 expression and localisation relates

to its role in mouse oocytes and early embryos remains obscure. More is known

about cyclin A2 function in Xenopus laevis in which it associates both with CDK1

and CDK2 and Cyclin A2/CDK1 seems to potentiate cyclin B/CDK1 activation

essential for M-phase entry (Devault et al. 1992).

Cyclins B1 and B2 are pivotal for activating the major M-phase kinase, CDK1,

the activity of which can be specifically measured using histone H1 kinase assays

(Kubiak et al. 1993). Cyclin B1 is essential for murine embryonic development

while cyclin B2 is dispensable (Brandeis et al. 1998). The third mammalian B-type

cyclin, B3, is the only other mammalian meiosis-specific cyclin apart from cyclin A1
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and associates with CDK2 (Nguyen et al. 2002). Cyclin B3 is expressed in both

testes and ovaries becoming maximal at zygotene and decreasing by pachytene, a

down-regulation that appears important for normal spermatogenesis (Refik-Rogers

et al. 2006).

4.1.2 Time Course of Meiotic Maturation and Fertilisation

Mammalian oocytes are arrested in the ovary at the prophase stage of the first meiotic

division characterised by the presence of an intact nucleus (referred to in oocytes as

the germinal vesicle or GV).Within each oestrus cycle a cohort of prophase I-arrested

oocytes is recruited to undergo further development characterised initially by an

extended growth phase during which the oocyte’s volume increases over 100-fold.

Oocyte growth occurs contemporaneously with development of the oocyte’s somatic

cell investiture known as the follicle.

In response to hormonal cues, fully grown oocytes contained within dominant

antral follicles resume meiotic maturation. The first morphological sign of this

process is germinal vesicle breakdown (GVBD, equivalent to nuclear envelope

breakdown in somatic cells; Fig. 4.1a) readily visible under the light microscope as

t
GV GVBD MI Telophase I MII Telophase II

t
Pronuclear

stage
M1 Cleavage 2-cell embryo M2 4-cell embryo

a

b

Fig. 4.1 Changes of cyclin B levels during oocyte maturation, fertilisation (a) and the first two

cleavages of the embryo (b)
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the “disappearance” of the GV. Following GVBD, oocytes progress through

M-phase of the first meiotic division (MI) and immediately after cytokinesis

(marked by extrusion of the first polar body, 1PB), immediately enter the M-

phase of the second meiotic division (MII), when they become arrested for a second

time at metaphase II, thereby completing meiotic maturation (Masui and Clarke

1979). In mice, the duration of the first meiotic M-phase is strain-specific and

usually lasts from 6 to 10 h (Polanski 1997), thus being ~10 times longer than the

M-phase of a typical mitotic cell.

Oocyte activation, either by sperm penetration or the application of a partheno-

genetic stimulus, relieves the MII arrest, resulting in completion of the second

meiotic division (marked by extrusion of the second polar body, 2PB) and entry into

interphase of the first embryonic cell cycle manifested by formation of male and

female pronuclei (Fig.4.1b). As shown in Fig. 4.1, in the absence of a defined

interphase between MI and MII, almost the whole period of meiotic maturation is

occupied by the M-phases of the two meiotic divisions. MII arrest is mediated by an

activity referred to as cyostatic factor (CSF) and may also last for some hours as

there can be a considerable delay before fertilisation occurs (Masui and Markert

1971; Kubiak et al. 1993).

4.2 First Meiotic Division: Modulating CDK1 Activity

and Cyclin B1 Levels

4.2.1 Prophase Arrest and Entry Into M-Phase

Associated with the acquisition of meiotic competence during the oocyte’s growth

phase is a threefold increase in the concentrations of CDK1 and cyclin B1

(Kanatsu-Shinohara et al. 2000). Notably, however, in both meiotically incompe-

tent and competent oocytes, the concentration of cyclin B1 remains about sevenfold

in excess of CDK1 (Kanatsu-Shinohara et al. 2000), suggesting that it is the

accumulation of CDK1 that is limiting for the acquisition of meiotic competence

(Chesnel and Eppig 1995). The repository of CDK1-cyclin B1 is kept inactive in

fully grown oocytes in vivo until such time that GVBD and entry into M-phase is

triggered by a surge of luteinising hormone (LH).

An important aspect of CDK1-cyclin B1 suppression is to tip the balance in

favour of WEE1/MYT kinase family-mediated inhibitory phosphorylation at Thr

14 and Tyr 15 of the CDK1 catalytic subunit over removal of these inhibitory

phosporylations by the CDC25 phosphatases (Solc et al. 2010). A key upstream

player in setting this inhibitory balance is cyclic adenosine monophosphate (cAMP)

whose production depends on the trimeric G-protein (Gs) and the Gs-linked

G-protein coupled receptor 3 (GPR3) (Mehlmann et al. 2002; Mehlmann et al.

2004). A direct target of cAMP is protein kinase A (PKA), which serves to inhibit
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CDC25B (Zhang et al. 2008; Pirino et al. 2009) on the one hand and to potentiate

WEE2 (an oocyte-specific WEE1/MYT kinase family member) (Han et al. 2005)

on the other, altogether establishing the inhibitory phosphorylation profile.

Along with inhibitory phosphorylation, another pivotal contributor to suppressing

CDK1-cyclin B1 is to restrain the nuclear accumulation of activating cyclin B1.

Indeed, forced over-expression of cyclin B1 in GV-stage oocytes compromises the

ability to maintain prophase arrest even in the presence of drugs which ordinarily

inhibit GVBD by maintaining high levels of cAMP (Ledan et al. 2001; Reis et al.

2006). In recent years it has become evident that a key player involved in preventing

unwanted cyclin B1 accumulation is the multi-ubiquitin E3ligase known as the

anaphase-promoting complex or cyclosome (APC/C), which earmarks proteins

(such as cyclin B1) for destruction by the 26S proteasome (reviewed by Peters

2006). The APC/C in conjunction with its Cdh1 co-activator (APC/C-Cdh1) is

indispensable for prophase arrest through nuclear-concentrated cyclin B1 degradation

(Reis et al. 2006; Holt et al. 2010). Unexpectedly, this APC/C-Cdh1-dependent

mechanism requires BubR1 (Homer et al. 2009), a component of the spindle

assembly checkpoint (SAC) whose canonical role centres on regulating the Cdc20-

activated APC/C species (APC/C-Cdc20) important for controlling the metaphase-to-

anaphase transition (see below). Also required for APC/C-Cdh1 activity and for

prophase arrest is the CDC14B phosphatase (Schindler and Schultz 2009) that

counters CDK1-mediated inhibitory APC/C-Cdh1 phosphorylation.

M-phase entry triggered by the LH surge is the culmination of a signal transduc-

tion cascade conveyed via the surrounding follicular cells that ultimately brings about

the activation of nuclear CDK1-cyclin B1 in the oocyte. LH receptor (LHR) expres-

sion is not detectable in oocytes (Peng et al. 1991) indicating that the LH effect occurs

via the mural granulosa cells where LHR is expressed. LH induces expression of

epidermal growth factor (EGF) like factors, notably amphiregulin (AREG) and

epiregulin (EREG), which are critical for transducing the LH-mediated signal from

granulosa cells to oocytes for inducing GVBD (Park et al. 2004; Hsieh et al. 2007). It

appears that a critical downstream target of the LH-EGF pathway is cyclic guanosine

monophosphate (cGMP), levels of which decrease in the oocyte after the LH peak

resulting in an increase in the activity of the phosphodiesterase, PDE3, and conse-

quently in reduced cAMP levels (Norris et al. 2009; Vaccari et al. 2009).

LH-induced reduction in cAMP levels favours activation of CDK1-cyclin B1

thereby promoting GVBD. Reduced cAMP and hence PKA activity leads to

increased CDC25 and reduced WEE1/MYT kinase activities leading to the removal

of inhibitory phorphorylations at Thr 14 and Tyr 15 of the CDK1 catalytic subunit

(Solc et al. 2010). Added to this, cyclin B1 which is primarily cytoplasmic in

GV-intact oocytes translocates to the nucleus (Marangos and Carroll 2004; Reis

et al. 2006), an important step in bringing about GVBD (Holt et al. 2010).

Furthermore, as CDK1 activity rises, the resulting inhibition of APC/C-Cdh1

would allow for cyclin B1 accumulation and further CDK1 activation.
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4.2.2 Regulating M-Phase Progression in Oocytes Through
Cyclin B1 Synthesis

As mentioned above, the first meiotic M-phase in mouse oocytes is around ten

times longer than a typical mitotic M-phase. This marked discrepancy reflects

different levels of cyclin B availability in different cell-types. At the G2/M

transition, mitotic cells contain sufficient cyclin B to efficiently and rapidly induce

maximal CDK1 activation, which in turn enables fast passage through M-phase. In

contrast, in mammalian oocytes (and probably in oocytes of most other phyla),

cyclin B availability is restricted so that initial levels are only sufficient to enable

entry into M-phase but not to support the execution of all M-phase events. In

support of this, initial activation of CDK1 that drives GVBD in mouse oocytes can

occur in the absence of protein synthesis (Choi et al. 1991; Hampl and Eppig 1995;

Polanski et al. 1998) suggesting that removal of inhibitory phosphorylation from

pre-formed inactive CDK1-cyclin B1 complexes is sufficient and that new cyclin

B1 synthesis is dispensable for entry into M-phase. Following GVBD, however,

protein synthesis inhibitors prevent the attainment of maximal CDK1 activity and

severely impair normal spindle assembly and completion of MI (Hampl and Eppig

1995; Polanski et al. 1998). This failure to fully activate CDK1 likely reflects

impaired cyclin B1 synthesis since increased cyclin B1 synthesis is strongly

correlated with the increase in CDK1 that accompanies maturation (Winston

1997) and over-expressing cyclin B1 augments CDK1 activity (Polanski et al.

1998). Notably, although cyclin B1 destruction is crucial for exit from MI

(discussed later), during the CDK1 activation phase of MI, cyclin B1 degradation

is extremely low so that net levels are primarily controlled at the level of synthesis

(Winston 1997).

The importance of cyclin B1 for determining the nature of meiotic maturation

was vividly demonstrated by analyses of oocytes from two inbred strains of mouse,

CBA and KE, which differ greatly in the inherent timing of their first meiotic

division (Polanski, 1986). In “fast” oocytes of the CBA strain, MI lasts an average

of 9 h and is characterised by a constant rate of increase in CDK1 activity over a

relatively short interval. In stark contrast, in “slow” oocytes of the KE strain, MI

lasts about 12 h during which there is a transient initial increase in CDK1 activity,

which then temporarily plateaus before increasing again during a second phase of

activation (Polanski et al. 1998). This difference in the kinetics of CDK1 activation

during MI in oocytes of these two mouse strains was correlated with significantly

greater cyclin B1 accumulation in “fast” CBA oocytes than in “slow” KE oocytes

(“Polanski, 1986; Polanski et al. 1998”). Moreover, over-expression of cyclin B1

from exogenous mRNA was sufficient for accelerating passage through MI in

“slow” KE oocytes. Thus, the difference in the timing of MI in oocytes from

CBA and KE strains is a direct consequence of differences in CDK1 activation

patterns that in turn is a direct reflection of de novo cyclin B synthesis. Notably, in

keeping with a key role for cyclin B1 synthesis in determining MI progression but
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less so for entry into M-phase, although CBA and KE oocytes differ markedly in

their cyclin B1 and MI progression profiles, they are indistinguishable with regard

to the timing of GVBD (Polanski 1997).

On the basis of the foregoing therefore, the mechanism by which oocytes

control cyclin B1 synthesis from stored maternal transcripts is critical for

regulating maturation. One such mechanism is cytoplasmic polyadenylation-

induced translation involving the elongation of short poly(A) tails on dormant

maternal mRNAs to up to 100–150 nucleotides. Cytoplasmic polyadenylation is

conferred by the cytoplasmic polyadenylation element (CPE) residing in the

30UTR of responding mRNAs, which is bound by a sequence-specific RNA-

binding protein known as CPE binding protein (CPEB). In keeping with

polyadenylation-driven cyclin B1 translation, in mouse oocytes, the cyclin B1

30UTR contains 3 CPE-like sequences, cyclin B1 mRNA undergoes CPE-

dependent polyadenylation during MI and sterically impeding access to the

CPE-containing region of endogenous cyclin B1 mRNA impairs polyadenylation

and progression through MI (Tay et al. 2000). Polyadenylation-dependent trans-

lation depends upon Aurora kinase A-mediated CPEB phosphorylation as a

dominant negative phosphorylation-resistant CPEB mutant markedly reduces

cyclin B1 polyadenylation (Hodgman et al. 2001). Interestingly, in marked

contrast to its role in promoting polyadenylation-dependent translation during

MI, the CPE appears to exert the opposite role of repressing cyclin B1 translation

during the GV stage (Tay et al. 2000) perhaps providing an additional mechanism

for preventing CDK1 activation at this stage.

Nuclear-derived factors also appear important for activating CDK1 during MI.

Thus, following oocyte bisection to produce nuclear and anuclear fragments,

CDK1 undergoes an initial activation which then becomes arrested at an interme-

diate level in anuclear fragments contrasting with the GV-containing halves in

which CDK1 activity rises normally (Hoffmann et al. 2006). The increased CDK1

activation in nuclear fragments was associated with increased levels of cyclin B1

whereas CDK1 levels were similar in nuclear and anuclear halves. Furthermore, the

pattern of CDK1 activation in anuclear oocyte fragments is very reminiscent of

whole oocytes containing an intact GV which have been exposed to protein

synthesis inhibitors. Altogether, this suggests that as-yet-unidentified factor(s)

located within the nucleus are crucial for inducing cyclin B1 synthesis in maturing

oocytes. This notion is further supported by the finding that the strain-dependent

differences in M-phase duration between oocytes from CBA and KE strains

requires the presence of the GV (Polanski et al. 1998). Interestingly, further

analyses suggest that such nuclear factors increase cyclin B1 translation by

targeting the 30UTR (Hoffmann et al. 2006). Given the contribution of CPEB-

dependent polyadenylation to cyclin B1 translation and its dependence upon the

30UTR, it will be interesting to determine whether components of this machinery

reside within the nucleus. It is noteworthy that recent data indicate that CPEB and

30UTR-mediated translation are critical in mammalian oocytes for regulating the

expression not only of cyclin B1 but also of multiple other key regulatory proteins

including components of the APC/C and the SAC (Chen et al. 2011). It remains to
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be seen whether the nuclear dependence illustrated for cyclin B1 expression also

applies to these other proteins.

Overall therefore, cyclin B1-dependent progression through the first meiotic

M-phase in mouse oocytes relies on two mechanisms to be switched on in a

coordinated manner: (1) Activation of a limited store of pre-formed CDK1-cyclin

B1 complexes that is sufficient for inducing M-phase entry, and (2) Activation of

cyclin B1 synthesis that is important for attaining maximal CDK1 activity neces-

sary for proper execution of all M-phase events and completion of MI.

4.2.3 APC/C-Induced Cyclin B1 Destruction and the Metaphase
I-to-Anaphase I Transition and Exit from MI

Whereas M-phase progression depends on cyclin B1 accumulation and consequent

CDK1 activation (Winston 1997; Hampl and Eppig 1995; Polanski et al. 1998) as

discussed above, exit from M-phase is induced by dramatic cyclin B1 degradation

(Kubiak et al. 1993; Herbert et al. 2003; Reis et al. 2007). The mechanism by which

cyclin B1 is degraded at M-phase exit involves a highly conserved APC/

C-dependent process (Peters 2006; Pesin and Orr-Weaver 2008). The APC/C is

itself activated by CDK1-dependent phosphorylation of some of its subunits (e.g.

Cdc27) (Kraft et al. 2003). Thus, cyclin B1 accumulation and the resulting CDK1

activation required for M-phase progression also sets in motion the machinery that

drives later exit from M-phase through cyclin B1 destruction. This sequence of

events underpins the oscillations in CDK1-cyclin B1 responsible for the periodic

character of M-phase/interphase (Murray 2004).

Anaphase and M-phase exit are APC/C-mediated processes that must be tempo-

rally co-ordinated. Separation of chromosomes at anaphase requires separase-

mediated destruction of cohesins, the molecular glue that holds homologous

chromosomes (in the case of MI) or sister chromatids (in the case of MII and

mitosis) together (Nasmyth 2002; Petronczki et al. 2003). Cohesins resist the forces

exerted on chromosomes by spindle microtubules that have become attached to

specialised multi-protein complexes assembled on centromeric DNA called

kinetochores (Cheeseman and Desai 2008). The APC/C ubiquinates and targets

for destruction securin, a molecular chaperone that protects cohesins from cleavage

by separase, and cyclin B1, which until this stage had been important for preventing

M-phase exit by sustaining CDK1 activity (Peters 2006). Importantly therefore,

once the APC/C is kept inactive, both chromosome separation and M-phase exit

will be prevented. Following APC/C activation, however, cohesins undergo

destruction, thereby resulting in unopposed microtubule-mediated pulling forces

on chromosomes and, consequently, in chromosome (or chromatid) movement

towards opposite spindle poles. Destruction of the other important APC/C target,

cyclin B1, results in CDK1 inactivation (Peters 2006; Pesin and Orr-Weaver 2008)

and exit from MI marked by first polar body extrusion.
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4.2.4 The SAC in Mammalian Oocytes

In order to achieve correct chromosome segregation, it is imperative that cohesins

be destroyed only after kinetochores have acquired properly configured attach-

ments to microtubules (Tanaka 2010). Failure to fulfil this condition could result in

improperly attached or unattached kinetochores resulting in the unequal sharing of

chromosomes at the time of segregation, culminating in aneuploid daughter cells.

The SAC evolved to prevent aneuploidy by coupling the status of microtubule-

kinetochore (MT-K) attachments to the cell cycle engine (Musacchio and Salmon

2007). SAC components are derived primarily from the Mad (for Mitotic arrest-

deficient) and Bub (for Budding uninhibited by benzimidazole) protein families and

serve to signal from kinetochores to the APC/C. Mad and Bub proteins have the

capacity to bind unattached kinetochores and shuttle between such kinetochores

and the cytoplasm. Following recruitment to unattached kinetochores, SAC

proteins undergo modifications that promote their ability to bind to and sequester

the APC/C co-activator, Cdc20 (Musacchio and Salmon 2007). In this way, in the

presence of unattached kinetochores, the SAC prevents APC/C activation required

for chromosome separation and M-phase exit. Once kinetochores become saturated

with microtubules, SAC proteins are displaced from kinetochores thereby making

Cdc20 available to bind and activate the APC/C, which triggers anaphase-onset and

cell cycle progression.

Results from earlier reports, which questioned the existence of SAC-mediated

regulation in mammalian oocytes (LeMaire-Adkins et al. 1997), were subsequently

challenged when it was found that cyclin B1 destruction and MI progression were

severely delayed by spindle-disrupting agents and that this delay could be over-

come by impairing the function of individual SAC components (Brunet et al. 1999;

Wassmann et al. 2003; Homer et al. 2005a). Importantly, the functionality of the

SAC was indisputably established when it was shown that disruption of any one of a

number of different SAC components in unperturbed oocytes accelerated MI

progression by 2–4 h as a consequence of premature securin and cyclin B1

destruction, culminating in aneuploidy (Tsurumi et al. 2004; Homer et al. 2005b;

Niault et al. 2007; McGuinness et al. 2009; Hached et al. 2011).

Although the foregoing data highlight an absolute requirement of the SAC for

accurate chromosome segregation, an important question pertains to whether the

oocyte’s SAC is physiologically capable of responding to minor kinetochore-

microtubule attachment defects. Specifically, a single unattached kinetochore

which can efficiently prevent progression to anaphase in small-volume somatic

cells (Rieder et al. 1995) might not be capable of generating an inhibitory signal

sufficient for suppressing all of the APC/C throughout the much larger oocyte

volume (the volume of a mouse oocyte is ~270 pL, whereas that of a PtK1 cell is

only ~6 pL). In support of this notion, nocodazole-induced cell cycle arrest in

Xenopus eggs cannot be invoked until a threshold mass of chromosomes (and hence

kinetochores) has been exceeded (Minshull et al. 1994). Furthermore, recent work

in recombination-deficient mutant mouse oocytes showed that a minority of

78 Z. Polański et al.



misaligned chromosomes did not prevent progression to MII (Nagaoka et al. 2011).

One possible explanation for the latter observations is that the SAC signal generated

from a small number of incompletely attached kinetochores was not sufficient for

halting MI progression, supporting a model of compromised SAC efficiency sec-

ondary to SAC signal “dilution” within the oocyte’s large volume. However, such

an interpretation would be speculative at present as SAC protein recruitment to

kinetochores on misaligned chromosomes was not ascertained (Nagaoka et al.

2011). Indeed, a very recent study showed that within oocyte-halves a single

bivalent was equally as efficient as 19 bivalents at setting the proper timing of cyclin

B1 destruction and at preventing cyclin B1 destruction during MI (Hoffmann et al.

2011). Thus, at least when the oocyte volume is halved, a single unattached bivalent

possessing four kinetochores can induce a robust SAC-induced delay—it remains to

be seen whether the same holds true in whole oocytes with twice the volume.

Whilst embryonic aneuploidy resulting from suboptimal SAC activity could poten-

tially compromise reproductive performance (Homer 2011), SAC over-activation

could also be deleterious. Thus, in the LT/Sv mouse strain, the majority of oocytes

become permanently arrested at the first meiotic metaphase (Eppig 1978; O’Neill and

Kaufman 1987; Ciemerych and Kubiak 1998). Recent studies have shown that the

metaphase arrest underpinning reduced fertility in these oocytes is brought about by the

SAC (Hupalowska et al. 2008; Maciejewska et al. 2009; Hoffmann, Krol and Polanski,

in preparation). Although onemight reasonably assume that such SAC hyper-activation

might occur in response to overt kinetochore-microtubule attachments defects, immu-

nofluorescence analysis of LT/Sv oocytes has not revealed any obvious abnormalities

in spindle structure (Ciemerych and Kubiak 1998; Hupalowska et al. 2008). It remains

possible that much more subtle defects, undetectable by immunofluorescence, are

responsible. It will be important to understand the mechanism underpinning the LT/

Sv MI arrest phenotype as this could shed light on some of the causes of human

infertility that are associated with recurrent oocyte metaphase arrest (e.g. Harrison et al.

2000; Bergère et al. 2001; Schmiady and Neitzel 2002). In another strain of mice,

namely 129/Sv, an activated SAC arrests many oocytes at MI during in vitro culture,

probably reflecting the specific susceptibility of oocytes from this strain to spindle

anomalies under suboptimal culture conditions (Hoffmann, Kubiak and Polanski,

unpublished). This phenotype in 129/Sv oocytes is consistent with the protracted

SAC-mediated MI arrest that is the general rule in mouse oocytes treated with drugs

such as nocodazole which depolymerise the spindle thereby disrupting kinetochore-

microtubule interactions (Homer et al. 2005a).

4.2.5 Restraining Cyclin B1 Destruction at the MI-to-MII
Transition

Although cyclin B is degraded at the metaphase I-to-anaphase I transition by APC/

C-Cdc20, causing a rapid decline in CDK1 activity, cyclin B synthesis does not

cease as is the case during all other cell-division types. Notably, marked APC/
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C-induced degradation is strictly limited to a short window as a consequence of

APC/C inhibition brought about by early mitotic inhibitor 2 (Emi2) (Madgwick

et al. 2006).Continuing protein synthesis combined with a restricted period of

proteolysis towards the end of MI in the oocyte results in only a transient decrease

in cyclin B1. This is crucial for enabling cyclin B levels to re-accumulate after MI

thereby restoring high levels of CDK1 activity important for assembling the second

meiotic spindle within 1–2 h of exit from MI (Kubiak et al. 1992; Madgwick et al.

2006).

At the MI/MII transition, cyclin B1 is not completely destroyed (Fig.4.1a). Thus, a

limited pool of cyclin B1 is detectable at the midbody between the first polar body and

the oocyte (Huo et al. 2005). The residual histone H1 kinase activity related to this pool

of cyclin B could facilitate reactivation of CDK1 upon MII entry as occurs in Xenopus

laevis oocytes at the equivalent meiotic stage (Iwabuchi et al. 2000). Interestingly,

however, Huo and colleagues (2005) found that although CDK1 localised to the spindle

in mouse oocytes at anaphase/telophase of MI, it was specifically excluded from the

midbody. Thus, although detectable levels of cyclin B1 remain upon exit from MI in

mouse oocytes, it is unresolved whether this is important for sustaining residual levels

of CDK1 activity at the MI/MII transition and for rapid activation of this kinase upon

MII entry.

Compared with MI therefore, the time taken for the attainment of an advanced

M-phase status and bipolar spindle reformation in MII is considerably shorter. This

is perhaps related to the fact that the oocyte does not completely lose its M-phase

character during the MI-to-MII transition when the chromatin remains condensed,

microtubules remain short and restricted to the spindle area, cyclin B synthesis is

sustained and the activity of another important meiotic kinase, MAP kinase,

remains high (Verlhac et al. 1994, 1996). A number of additional mechanisms

may contribute to the integrity of MII spindle assembly such as the Ran pathway,

which could promote efficient bipolar spindle assembly (Dumont et al. 2007) as

well as MII-specific factors such as MISS (Lefebvre et al. 2002) and DOC1R

(Terret et al. 2003) that stabilise MII spindle structure.

The comparatively long first meiotic M-phase in oocytes might be needed to

provide sufficient time for properly bi-orienting bivalent kinetochores prior to

anaphase I, a process involving unique kinetochore configurations in which sister

kinetochores co-orient towards the same pole and not to opposite poles as in mitosis

(Hauf and Watanabe 2004). In support of this, recent high-resolution tracking of

kinetochores in living oocytes revealed that bi-orientation at MI is a slow process

during acentrosomal spindle assembly often necessitating several unsuccessful

attempts (Kitajima et al. 2011).

4.3 Second Meiotic Division

As CDK1 activity rises relatively quickly upon entering MII, one might expect

APC/C reactivation and re-establishment of cyclin B1 degradation. However, the

degree of APC/C activation is limited as a consequence of CSF, a unique APC/C

80 Z. Polański et al.



inhibitory activity present during the second meiotic M-phase in oocytes from

higher chordates (including almost all mammals) critical for sustaining cyclin B1

levels and hence CDK1 activity. CSF maintains the oocyte at metaphase II until

sperm penetration thereby ensuring that subsequent stages of embryonic develop-

ment are synchronised with fertilisation. Notably, however, although cyclin B

levels are sustained during MII arrest, cyclin B1 is continually turning over,

being both synthesised and degraded (Kubiak et al. 1993; Winston 1997; Nixon

et al. 2002). This dynamic cyclin B1 equilibrium is rapidly shifted towards net

destruction in the presence of puromycin and to net synthesis when the spindle is

destroyed by microtubule-depolymerising drugs (Kubiak et al. 1993; Winston

1997; Nixon et al. 2002), the latter showing that cyclin B1 degradation during

MII-arrest is dependent on the presence of an intact spindle. These experiments

further indicate that during MII arrest, CSF does not completely prevent, but rather

slows down cyclin B1 degradation and that the SAC also has the capacity to

modulate cyclin B levels.

On the basis of its APC/C inhibitory capacity, the SAC appeared a good

candidate for contributing to CSF activity. Indeed, spindle disruption or over-

expression of Mad2 in mouse eggs prevent cyclin B1 proteolysis and exit from

MII following parthenogenetic activation showing that when activated, the SAC

has the capacity to sustain anMII arrest (Tsurumi et al. 2004; Madgwick et al. 2005;

Madgwick et al. 2006). Ordinarily, however, when spindle formation is not

disrupted, the SAC appears to be dispensable for establishing CSF arrest as

expression of dominant negative mutants of Mad2, BubR1 or Bub1 during meiotic

maturation do not prevent oocytes from undergoing an MII arrest (Tsurumi et al.

2004). Notably, Mad2 and Bub1 are detectable at kinetochores of MII-arrested

oocytes (Kallio et al. 2000; Brunet et al. 2003). Given that kinetochore localisation

of SAC proteins is widely considered to be a marker of SAC signalling, these data

suggest that the SAC may still have some role in MII arrest. Interestingly, more

recent data have shown that kinetochore recruitment of Mad2 is maximal during the

initial hours of MII-arrest and then dissipates (Sikora-Polaczek et al. 2006). Taken

together therefore, it may be that the SAC helps to improve the efficiency of APC/C

inhibition on entry into MII as suggested previously (Madgwick and Jones 2007).

Given the importance of cyclin B1 in maintaining MII arrest, it is not surprising that

multiple inputs, perhaps including the SAC, along with Emi2 and Mos-MAPK

collaborate to prevent its destruction.

Apart from the continuous turn-over of cyclin B1, another aspect that highlights

the highly dynamic nature of MII-arrest pertains to the localisation of the MII

spindle. Thus, very recently, it was elegantly shown that maintaining an asymmetric

spindle position subjacent to the oocyte cortex, whilst appearing to be a quiescent

state, in fact requires a dynamic equilibrium of forces (Yi et al. 2011). Using

spatiotemporal image correlation spectroscopy (STICS) analysis, the Li lab showed

that cortical spindle anchoring involves the Arp2/3-dependent flow of actin

filaments that produces streaming of cytoplasmic particles in a direction that pushes

the spindle away from the oocyte centre and towards the cortex. This Arp2/3-

induced cytoplasmic streaming appears important for counteracting reverse
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cytoplasmic streaming secondary to myosin II-induced cap contractility that would

otherwise disrupt cortical spindle positioning. It has been suggested that such an

active mechanism requiring high energy expenditure for sustaining spindle posi-

tioning and hence subsequent successful fertilisation might constitute a form of

natural selection for the most energetically competent oocytes that are best

equipped for sustaining embryonic development (Yi et al. 2011).

4.4 Molecular Correlates of Age-Related Aneuploidy

and Reproductive Failure in Humans

Accurate chromosome segregation is crucially important during gametogenesis as

aneuploid gametes produce aneuploid embryos, the majority of which are incompat-

ible with life (Hassold and Hunt 2001). The vast majority of aneuploidy is the

consequence of errors arising specifically during MI in oocytes with relatively

minor contributions from spermatogenic errors (Hassold and Hunt 2001). Notably,

the incidence of these femaleMI segregation errors rises dramatically with advancing

female age (Hassold and Hunt 2001; Homer 2011). Given the importance of the SAC

in averting aneuploidy during MI in oocytes, one popular hypothesis has been that

age-related declines in SAC integrity in oocytes might be an important contributor to

the age-related rise in female MI errors (Shonn et al. 2002). In support of declining

SAC function with advancing female age, SAC components have been reported to be

less abundant in oocytes and ovaries from older mice (Baker et al. 2004; Pan et al.

2008) as well as in oocytes from older women (Steuerwald et al. 2001; Steuerwald

et al. 2007). However, the functional significance of this decline in expression with

regard to SAC integrity in older oocytes was not borne out by studies which showed

that oocytes from older murine females did not exhibit a more rapid transit through

MI as would be predicted of SAC compromise (Duncan et al. 2009). Overall,

therefore, the contribution of SAC dysfunction to age-related aneuploidy remains

unresolved.

More recently, several reports have focused on cohesins and how this molecular

glue that is important for the integrity of bivalent chromosomes might be affected

during the extremely protracted meiotic prophase I-arrest stage that mammalian

oocytes experience (prophase I arrest lasts about 1 year in mice depending on the

strain, and for a staggering 40–50 years in humans). Recent data show that the

integrity of bivalent-associated cohesins, which are loaded onto chromosomes in

foetal life during the predictyate stage of prophase I, is compromised with advancing

age in oocytes culminating in aneuploidy (Liu and Keefe 2008; Lister et al. 2010;

Chiang et al. 2010). This age-induced loss of chromosomal cohesin is exacerbated by

the lack of a mechanism for cohesin regeneration. Thus, bivalents in mice engineered

to endogenously express a TEV-containing version of the Rec8 subunit of meiotic

cohesin are not protected from TEV protease cleavage by expression of a non-TEV-

cleavable Rec8 from a BAC transgene during the oocyte’s growth phase (Tachibana-
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Konwalski et al. 2010). Furthermore, deleting the gene encoding another meiotic

cohesin subunit, SMC1b, shortly after birth, does not affect the structure of bivalents
or chromosome segregation during MI (Revenkova et al. 2010).

4.5 Cyclin B1 in Embryonic M-Phase Regulation

The first embryonic division takes place about 24 h post-fertilisation, with the

second one following about 18 h later. The M-phases of the first two embryonic

divisions bear similarities to M-phases in oocytes insofar as they are longer than

M-phases in somatic cells (albeit not as long as that of MI in oocytes) and the mode

of spindle formation, at least during the first cleavage division, is similar to the

meiotic model (Ciemerych et al. 1999; Kubiak and Ciemerych 2001; Sikora-

Polaczek et al. 2006; Maciejewska et al. 2009). Subsequent M-phases beyond the

second mitotic division become progressively shorter until, after several cleavage

divisions, they have acquired a duration that is comparable with the M-phase of

somatic cells. Thus, M-phases during the embryonic divisions exhibit a change in

character from the earliest ones, which are the product of mixed meiotic/mitotic

regulation to the latter ones, which are exclusively mitotic (see also Courtois and

Hiiragi 2012 this volume).

The first embryonic M-phase of the mouse zygote is almost twice as long as the

second one (Ciemerych et al. 1999). The striking prolongation of the first mitotic

M-phase reflects a specific delay at metaphase (of ~45 min) that may involve

meiosis-related activities but appears to be SAC-independent as Mad2 remains

undetectable at kinetochores for the duration of the arrest (Kubiak et al. 2008;

Sikora-Polaczek et al. 2006). The protracted nature of the first embryonic division

compared with the second seems common to embryos from different species

including Xenopus laevis (Chesnel et al. 2005a), sea urchin and C. elegans (Chesnel
et al. 2005b) although the difference between the first and second divisions is more

subtle than in the mouse and embryos from these species do not arrest transiently in

metaphase.

As with MI andMII in oocytes, the timing of M-phases in early embryos is strictly

regulated and is dependent upon cyclin B1 metabolism. Thus, the first embryonic

divisions in Xenopus, sea urchin and C elegans are characterised by high levels of

cyclin B accumulation resulting in high CDK1 activity and a longer M-phase.

Consequently, by changing the levels of cyclin B during the first embryonic mitosis

in X. laevis one can modify the duration of M-phase; increasing cyclin B levels

prolongs and reducing cyclin B levels shortens M-phase (Chesnel et al. 2005a).

Consistent with this, during the shorter second embryonic M-phase, cyclin B levels

are lower than during the first one (Chesnel et al. 2005a).

M-phase prolongation during early embryonic divisions in the mouse also seems

to be related to cyclin B levels. G2-stage zygotes and 2-cell-stage embryos contain

comparable levels of cyclin B, indicating that each blastomere of a 2-cell-stage
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embryo contains approximately half as much cyclin B as that in a single zygote

(Ciemerych et al. 1998). Consequently, the proportion of cyclin B per mitotic

spindle containing a diploid number of chromosomes is halved by the second

mitosis in keeping with which, histone H1 kinase activity is twice as high during

the first mitotic division as it is in a single blastomere undergoing the second

division (Ciemerych et al. 1999). Given that in mouse oocytes a large proportion

of cyclin B (Huo et al. 2004) and histone H1 kinase activity (Kubiak et al. 1993)

accumulates in the region of the meiotic spindle, it is conceivable (albeit not

directly proven) that the halving of cyclin B and histone H1 kinase activity per

blastomere compared with the zygote may result in a lowering of the effective

CDK1 levels, thereby accounting for the reduced M-phase duration.

In Xenopus and mouse embryos, regulatory pathways that impact cyclin B seem

to play a role in modulating M-phase duration. Thus, depletion of Mad2 from cell-

free extracts of X. laevis embryos shortens the duration of the first embryonic

M-phase suggesting that reduced cyclin B levels secondary to increased APC/C-

mediated cyclin B degradation culminated in a shortened M-phase altogether

supporting the assertion that cyclin B metabolism is a critical factor underpinning

M-phase duration (Chesnel et al. 2005b). Notably, since this effect was observed in

a cell-free mitotic extract in which chromosomes were absent, this suggests the

involvement of cytoplasmic Mad2 and not kinetochore-associated Mad2. Although

comparable experiments are lacking in mouse embryos, Mad2 accumulates on

kinetochores for a very similar period of approximately 20–30 min during

prometaphase of the first two embryonic divisions, suggesting that SAC activity

disappears after a similar delay in both mitoses (Sikora-Polaczek et al. 2006). After

Mad2 is displaced, the first and second mitoses enter metaphase, but, as mentioned

above, only anaphase of the second embryonic division proceeds immediately,

while anaphase of the first embryonic division is delayed for further 45 min. Whilst

canonical SAC activity seems not to be involved in this 45 min delay insofar as

Mad2 is absent from kinetochores, on the basis of findings in Xenopus extracts

discussed above, one cannot exclude a role for the cytoplasmic pool of Mad2.

Alternatively, the prolongation of the first embryonic M-phase in the mouse could

reflect residual meiotic activities derived from the MII-arrest state. One possible

candidate is the ERK 1/2 MAP kinase pathway. As judged by mobility shifts on

PAGE gels, p90rsk, the downstream target of ERK 1/2 is fully phosphorylated during

MII-arrest, but only partially phosphorylated during the first embryonic mitosis

ultimately becoming unphosphorylated by the second mitosis (Kalab et al. 1996).

This supports the notion of a progressive modification of the mode of regulation in a

meiotic-to-mitotic direction during mouse embryonic divisions as has previously

been postulated (Kubiak et al. 2008).

Although the SAC itself does not seem to be involved in the specific

prolongation of the M-phases of early embryos, it nevertheless exerts its canonical

role of delaying anaphase-onset until spindle formation is complete (e.g. in LT/Sv

embryos; Maciejewska et al. 2009). This is an important issue since erroneous

segregation of chromosomes, both in MI and MII (Fragouli et al. 2011) as well as
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during the earliest embryonic cell divisions may impact infertility and aneuploidy

to similar extents because both affect all or at least a high number of cells of a

developing embryo. If the first few cell cycles during development do indeed

depend on mixed meiotic/mitotic control mechanisms (Sikora-Polaczek, et al.

2006; Kubiak et al. 2008; Maciejewska et al. 2009), the unresolved questions

regarding SAC efficiency in oocytes apply equally well to early embryos.

4.6 Conclusions

Cyclin B1 plays a central role in the cell cycle control of mouse oocytes and

embryos via the activation and inactivation of CDK1. Cyclin B1 is absolutely

necessary for embryo development, whilst the CCNB2 gene encoding cyclin B2

is dispensable and seems to be largely compensated for by cyclin B1. The key

events of oocyte maturation and early embryonic development are regulated by

timely accumulation and degradation of cyclin B1. Thus, GVBD requires sufficient

levels of cyclin B1 for establishing a threshold of CDK1 activity capable of

promoting M-phase entry. Numerous cytoplasmic and nuclear factors converge to

sustain the prophase arrest stage and to facilitate transduction of the LH-induced

signal into reduced oocyte cAMP levels that ultimately promote CDK1 activation

required for GVBD. Cyclin B1 accumulation during MI is influenced by nuclear

factors acting on the 30UTR region of cyclin B mRNA, whilst APC/C-mediated

cyclin B1 degradation is held in check until the MI/MII transition. The dynamics of

cyclin B1 accumulation in turn determine the kinetics of oocyte maturation

resulting in “fast” and “slow” strains of mice. The timing of the MI/MII transition

is set by the SAC, which in oocytes might be somewhat compromised by the

inability to detect small numbers of misaligned chromosomes. During MII-arrest

cyclin B1 is more dynamic than during MI and is subject to simultaneous synthesis

and degradation, the extent of degradation being limited by CSF, which is disabled

by fertilisation thereby allowing the transition into the embryonic mitotic divisions.

During embryonic mitoses cyclin B accumulates to different levels, which correlate

with the duration of different embryonic M-phases. Clearly therefore, cyclin B and

its regulators are key determinants of female reproductive capacity by virtue of

impacting elements such as the accuracy of chromosome segregation and hence

embryonic aneuploidy. As we continue to expand our understanding of how cyclin B

regulatory mechanisms operate within the unique context of the large oocyte volume

we will undoubtedly get closer to understanding how human aneuploidies, such as

those that underpin Down syndrome, come about.
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Chapter 5

Src Protein Kinases in Mouse and Rat Oocytes

and Embryos

Mattan Levi, Lihi Ninio-Mani, and Ruth Shalgi

Abstract Meiosis of the mammalian oocytes is a specialized cell division, initiated

during the female’s embryonic life. It arrests at the germinal vesicle (GV) stage and

resumes with GV breakdown, followed by segregation of the chromosomes and

extrusion of the first polar body in an asymmetric cell division that concludes the

first meiotic division, before arresting at metaphase of the second meiotic division

(MII). Once fertilized, the oocyte exits from MII, extrudes the second polar body,

and the developing zygote will continue dividing to create a blastocyst. Although

the two processes of meiosis and mitosis have different developmental functions, it

is believed that they share similar mechanisms. Src family kinases (SFKs) are nine

non-receptor protein tyrosine kinases that regulate many key cellular functions

including meiotic and mitotic cell cycles. In this review we discuss the involvement

of SFKs in meiotic and mitotic cell cycle key processes as nuclear envelope

breakdown, spindle stabilization, karyokinetic exit from metaphase, regulation of

cortical actin, and cytokinetic cleavage furrow ingression.

5.1 The Development from Oocytes to Blastocysts

Meiosis of the mammalian oocytes is a unique process that includes two rounds of

chromosome segregation without an S phase, resulting in one haploid daughter cell.

Meiosis commences during the female’s prenatal life and arrests around birth, at

diplotene stage of the first meiotic division prophase, characterized by the presence

of a germinal vesicle (GV). During pubertal life, follicle-stimulating hormone (FSH)

stimulates the growth of immature ovarian follicles, and the following synergic

luteinizing hormone (LH) will induce selected oocytes to resume their first meiotic
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division (RMI) and to arrest at metaphase of the second meiotic division (MII;

Wassarman and Albertini 1988). RMI includes GV breakdown (GVBD); condensa-

tion of the chromosomes; formation of the first meiotic spindle with aligned

chromosomes; segregation of the chromosomes (karyokinesis); extrusion of the

first polar body (PBI), a unique case of cytokinesis; and alignment of the

chromosomes on the second meiotic spindle during MII. The progress from GV to

MII oocyte is referred to as oocyte maturation. LH induces also the process of

ovulation that results in transport of mature oocytes to the oviduct where fertilization

will take place. The process of fertilization includes penetration of the spermatozoon

through the oocyte’s glycoprotein extracellular coat (zona pellucida—ZP) and its

fusion with the MII oocyte membrane, thus initiating cortical granules exocytosis

(CGE), which, in turn, will cause changes in the ZP glycoproteins to establish the

block to polyspermy (Miller et al. 1993) and the resumption of the second meiotic

division (RMII). This series of events that takes place within the fertilized oocyte is

also referred to, as oocyte activation. Extrusion of the second polar body (PBII)

indicates the completion of meiosis. The formation of both paternal and maternal

haploid pronuclei (PN) within the fertilized oocyte (zygote) marks the beginning of

pre-implantation embryonic development (Halet et al. 2003). It continues with

S phase in each PN, migration of the two PN to the center of the zygote, nuclear

envelope breakdown (NEBD), condensation of the chromosomes, spindle forma-

tion, and alignment of the chromosomes at the metaphase plate. The exit from

metaphase is followed by segregation of the chromosomes and cytokinesis that

will give rise to two embryonic cells, called blastomeres, each containing a new

diploid genome. Completion of the first mitotic division is followed by a series of

mitotic cleavages that will give rise to embryos of smaller and smaller blastomeres.

The segmentation of mammalian embryos is total and asynchronous that produce

blastocysts consisting of 32 cells or more (Dard et al. 2008, 2009). Although the two

processes of meiosis and mitosis have different functions in development, it is

believed that many mitotic mechanisms are similar in meiosis as well, like the

establishment and exit from metaphase. Progression through meiotic divisions,

like progression through mitotic divisions, is controlled by maturation promoting

factor (MPF), a heterodimer consisting of the Cyclin-Dependent Kinase 1 (CDK1 or

p34/cdc2) and a regulatory subunit (cyclin-B1; Morgan 1997; Kubiak et al. 2008).

MPF activity is low at the GV stage and increases just before GVBD and during the

MI. A transient inactivation of MPF accompanies the metaphase–anaphase transi-

tion and the extrusion of PBI (Brunet et al. 2003). Under the influence of the

reactivated MPF, the MII spindle forms and the oocytes arrest, owing to a cytostatic

factor (CSF; Kubiak et al 1993; Verlhac et al. 1996; Ciemerych and Kubiak 1998;

Fang et al. 1999; Peters 2002; Tunquist and Maller 2003). Cyclin-B1 degradation

occurs in mammalian oocytes during the CSF-induced cell cycle arrest (Nixon et al.

2002), with cyclin-B1 having a half-life of 4 h, thus spontaneous oocyte activation is

prevented only by a continued cyclin-B1 synthesis (Markoulaki et al. 2003). Release

from the cell cycle arrest is triggered by an increase in intracellular calcium

concentration ([Ca2+]i) induced by the fertilizing spermatozoon. Inactivation of

MPF during exit from both MI and MII is controlled by the anaphase-promoting
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complex (APC/C, Fig. 5.1), a multi-subunit E3 ligase that ubiquitinates cyclin-B1,

thereby targeting it for degradation by the 26S proteasome (Kubiak et al. 1993; Fang

et al. 1999; Nixon et al. 2002; Peters 2002; Jones 2004).

5.2 Src Family Kinases

Src family kinases (SFKs) are nine non-receptor protein tyrosine kinases that

regulate many key cellular functions (Thomas and Brugge 1997). The structural

similarities between SFKs suggest that they may act as a family (Kubiak 2010) and

compensate for one another (Stein et al. 1994; Roche et al. 1995a). Src, Yes, and Fyn

are found in a broad range of mammalian tissues, including oocytes (Schartl

and Barnekow 1984; Kinsey 1996; Sato et al. 1996; Talmor-Cohen et al. 2004a;

Fig. 5.1 Model of the pathways involved in the release from MII arrest. Oocytes awaiting

fertilization are arrested at MII stage. Two pathways of APC/C-Cdc20 inhibition have to be

inactivated in order to induce RMII; one of them is the spindle checkpoint. Mitotic arrest-

deficient 2 protein (Mad2) is an essential component of the spindle checkpoint pathway. Mad2

inhibits the APC/C when chromosomes are improperly aligned on the metaphase plate. Once the

chromosomes alignment is accomplished, Mad2 inhibition is removed (Musacchio and Hardwick

2002). The second pathway of APC/C-Cdc20 inhibition is the CSF that requires the activity of

early mitotic inhibitor 2/Emi-related protein 1 (Emi2/Erp1; Liu and Maller 2005; Rauh et al. 2005)

as well as the mos-MAP kinase pathway (Tunquist and Maller 2003) that can activate Emi2/Erp1

(Inoue et al. 2007). Upon fertilization, the resulting Ca2+ rise activates calmodulin-dependent

protein kinase II (CaMKII), which in turn phosphorylates Emi2/Erp1 (circled P), thereby creating
a docking site for Polo-like kinase 1 (Plk1). The recruited Plk1 re-phosphorylates Emi2/Erp1,

thereby targeting it for destruction (Hansen et al. 2006). As a result, APC/C-Cdc20 is no longer

inhibited and anaphase inhibitors such as cyclins and securin are targeted for degradation, allowing

the release from MII arrest (Peters 2002)
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Mehlmann and Jaffe 2005; Meng et al. 2006; McGinnis et al. 2007; Zheng et al.

2007) while Lck, Fgr, Lyn, Hck, and Blk are restricted to cells of the haematopoietic

lineages. SFKs are composed of five distinct functional domains: amino-terminal

membrane-binding domain that signals post translational modifications such as

myristoylation and palmitoylation, that will in turn lead to membranous localization

of the SFKs; Src-homology-3 (SH3) domain capable of binding to proline-rich

sequences; Src-homology-2 (SH2) domain capable of binding to phosphotyrosine-

containing sequences: Src-homology-1 (SH1) domain that transfers g-phosphates
from ATP molecules to tyrosine residues of target proteins, thereby transmitting

extracellular signals to downstream cellular components; carboxy-terminal regu-

latory domain that contains a phosphorylatable tyrosine residue needed for negative

regulation of the kinase activity (Thomas and Brugge 1997). In mammalian cells,

Src is normally maintained in an inactive conformation; its SH2 domain engaged

with the tyrosine at the carboxy-terminal regulatory domain, and its SH3 domain

engaged with the SH2-kinase linker. Dephosphorylation of the tyrosine at the

carboxy-terminal regulatory domain, occurring as a result of protein tyrosine phos-

phatase (PTP) action, disrupts the intramolecular interaction of the SH2 domain and

the tyrosine at the carboxy-terminal regulatory domain, thus activating SFKs.

Phosphorylation of the carboxy-terminal tyrosine by c-Src tyrosine kinase (Csk)

allows reformation of the intramolecular interaction of SH2 and tyrosine, resulting

in SFKs inactivation. Binding of SFKs to tyrosine-phosphorylated growth-factor

receptors via the receptor-SH2 domain, results in displacement of the carboxy-

terminal tyrosine that allows for SFKs activation (Hubbard and Till 2000; Thomas

and Brugge 1997).

5.3 SFKs in the Cell Cycle

It was reported that Fyn�/� or Src�/� female mice are sub-fertile (McGinnis et al.

2009; Stein et al. 1994); however, the cause of their sub-fertility is yet to be

determined. One hypothesis could be that SFKs are involved in the cell cycle of

somatic cells, so that inhibiting SFKs can result in impaired embryonic develop-

ment. Several lines of evidence from two decades ago indicate the importance of

SFKs in the somatic cell cycle control. c-Src, c-Yes, and Fyn are activated in

response to various growth factors during the transition from G0 to G1, and at the

end of G2 phase of the cell cycle (Kypta et al. 1990; Courtneidge et al. 1993; Roche

et al. 1995a), whereas inhibition of SFKs in fibroblasts inhibits mitogenic response

to growth factors (Twamley-Stein et al. 1993; Roche et al. 1995b). Fluorescence-

activated cell sorter (FACS) analysis of HeLa cells demonstrated that inhibition of

SFKs resulted in an arrest at the G2/M stage (Fig. 5.2b). Following a 24 h exposure to

5 mMSU6656, 10 % of the cells were at the G1 stage, 9 % at the S stage, and 32 % at

the G2/M stage, whereas 43 % of untreated control cells were at the G1 stage and

11 % at the S stage (Fig. 5.2a). Moreover, it seems that essential cell cycles during

early embryogenesis are also affected by SFKs. Inhibition of Fyn in oocytes

microinjected with dominant negative form of Fyn (DN-Fyn) cRNA inhibited

mitosis in blatomers during the transition from 2-cells stage embryo to blastocyst
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(Fig. 5.3). However, accumulating data from the last few years suggest that this

explanation is not the entire picture and there is another interesting piece to the

puzzle. It is possible that SFKs are involved also in cell cycle events that take place at

earlier stages of development. This suggestion is based on the evidence regarding

SFKs involvement in NEBD, in the exit from metaphase and in cytokinesis during

both meiosis and the first mitotic division. In the next part of this review we will

elaborate on the involvement of SFKs in these three essential processes.

5.4 SFKs and NEBD

Studies have shown that SFKs take part in GVBD. Mouse oocytes, matured in the

presence of the SFK inhibitor, PP2, were unable to undergo the process of GVBD

(Zheng et al. 2007); we demonstrated that subjecting oocytes to SU6656, an

inhibitor of Fyn, Yes, and Src, or microinjecting them with DN-Fyn, inhibits

Fig. 5.2 SFKs inhibition causes a cell cycle arrest of HeLa cells. Untreated HeLa cells (a; control)

and HeLa cells exposed for 24 h to 5 mM SU6656 (b) were trypsinized, washed three times in cold

phosphate-buffered saline (PBS), re-suspended in 1.0 ml hypotonic buffer (50 mg/ml propidium

iodide, 0.1 % sodium citrate and 0.1 % Triton X-100), and incubated for 1 h at 4�C in the dark.

Cells were subsequently analyzed by FACSort Flow Cytometer andWinMDI 2.8 software. Single-

parameter FL2 (area) histogram illustrate relative DNA content
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GVBD during RMI. Other observations suggest that SFKs involvement is not

restricted only to the meiotic GVBD, but they also take part in the mitotic process

of NEBD. McGinnis et al. (2007) demonstrated that activated SFKs concentrate

around the PN and are in close association with the nuclear envelope. Microinjec-

tion of DN-Fyn cRNA into zygotes at the PN stage reduced their ability to develop

into two-cell embryos. Meng et al. (2006) showed that MII oocytes injected with

protein of the Fyn SH2 remained arrested at the PN stage, while Roche and

colleagues (1995a) showed that fibroblasts at the G2 phase, microinjected with

antibodies against SFKs do not undergo NEBD. Our recent results reinforced these

observations by showing that inhibiting Fyn in oocytes by microinjection of DN-

Fyn cRNA caused a dramatic inhibition of NEBD (Fig. 5.4a), while exposing the

Fig. 5.3 SFKs inhibition impairs early stages of mouse embryogenesis. (a) Two-cell stage

embryos flushed from the oviducts of mated female mice, 48 h after hCG administration, were

microinjected with cRNAs Histone-H2B-RFP cRNA with or without WT-Fyn-FLAG or DN-Fyn-

FLAG. The number of live cells (blastomers) was assessed 24 or 48 h later. NA—not assessed.
*Number of cells is statistically different from that of Histone-H2B-RFP cRNA injected embryos.
**Number of cells is statistically different from that of WT-Fyn-FLAG cRNA injected embryos

(P < 0.05). (b) A representative embryo with four small cells (solid arrows) descendants from a

non-injected cell and two large cells (dashed arrows) descendants from a cell injected with

Histone-H2B-RFP and DN-Fyn-FLAG RNAs. (c) Illustration of the pre-implantation embryo

during the segmentation
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Fig. 5.4 SFKs inhibition prevents exit from MII and NEBD in mouse oocytes. Mouse oocytes at

the MII stage were subjected to several treatments: non-injected oocytes incubated with 10 mM
SU6656 (SU; 41 oocytes; black) or without it (NI—non-injected control; 110 oocytes; purple);
oocytes microinjected with cRNA of Histone-H2B-RFP and b-tubulin-GFP mixed with either

WT-Fyn-FLAG (WT-F; 58 oocytes; blue) or DN-Fyn-FLAG (DN-F; 21 oocytes; orange); oocytes
microinjected with cRNA of Histone-H2B-RFP mixed with either WT-Fyn-Venus (WT-V; 19

oocytes; pale green) or DN-Fyn-Venus (DN-V; 41 oocytes; red). Oocytes were cultured in M2

medium for 6 h, allowing translation of the cRNA, triggered parthenogenically with 8 % EtOH for
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oocytes to SU6656 at the late PN stage caused an even more significant inhibition

of NEBD, implying a functional overlapping of the SFKs members. Altogether,

these results suggest that SFKs, in general, and Fyn, in particular, take part in the

signaling leading to the meiotic GVBD and the mitotic NEBD. However, the

mechanism of SFKs’ action in these processes is yet to be determined.

5.5 SFKs and Karyokinesis

The involvement of Fyn in the exit from metaphase during karyokinesis has been

reported by several research groups. Inhibition of SFKs by chemical inhibitors or by

microinjection of either DN-Fyn or DN-Yes inhibited the exit from MII arrest in rat

oocytes (Talmor-Cohen et al. 2004a; Tomashov-Matar et al. 2007, 2008).

According to our recent research, the exit from metaphase was inhibited also in

mouse oocytes microinjected with DN-Fyn-FLAG or DN-Fyn-Venues cRNA

(Fig. 5.4b). Other studies show that the exit from MI was inhibited in Fyn�/�

mice oocytes and in oocytes exposed to the SFKs inhibitors, SKI606, PP2 or

SU6656 (Zheng et al. 2007; McGinnis et al. 2009; Levi et al. 2010a), implying

that SFKs are generally involved in the exit from metaphase, rather than being

specifically involved in the special mechanism of exit from MII that includes CSF

inactivation. The association of Fyn with the spindle microtubules (MTs) implies a

specific site of SFKs action in the exit from metaphase. Fyn co-localizes with the

mitotic spindle and spindle poles in immune cells such as T lymphocytes (Ley et al.

1994); it also coimmunoprecipitates, through its SH2 and SH3 domains, with

g-tubulin in activated mast cells (Sulimenko et al. 2006). Pretreatment of mast

cells with PP2 inhibits the formation of MTs and reduces the amount of tyrosine-

phosphorylated-proteins in g-tubulin complexes, suggesting that SFKs are involved

in the initial stages of MTs formation (Sulimenko et al. 2006).

Fyn localizes at the spindle area in rat and mouse oocytes (Talmor et al. 1998;

Talmor-Cohen et al. 2004a, b; Levi et al. 2011b), whereas inhibition of SFKs by

SU6656 results in disruption of the spindle structure (Levi and Shalgi 2010). During

the exit from metaphase, the total amount of phosphorylated Fyn and the amount of

Fyn at the spindle poles were both reduced (Levi et al. 2011b). McGinnis et al.

(2007) demonstrated an elevated level of phosphorylated tyrosine at the poles of the

MII spindle in mouse oocytes, which eventually disappeared during the exit from

MII. It was previously reported that SFKs also take part in MPF pathway; inhibition

Fig. 5.4 (continued) 6 min, washed and imaged with a spinning-disk confocal microscope at

15 min intervals. Non-injected oocytes served as control. Four-dimensional (x,y,z,t) image stacks

acquired in three channels (488 nm, 561 nm and DIC) were processed and analyzed by the

Volocity 5 software. The disappearance of the PN, as observed through the DIC channel, was

classified as NEBD stage (a). The appearance of segregated chromosomes, as observed through

the 561 nm channel, was classified as either anaphase or telophase of the second meiotic division

(AII and TII, respectively; b)
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of SFKs by SU6656 inhibit the degradation of cyclin-B1 and the release from MII

arrest in fertilized rat oocytes (Tomashov-Matar et al. 2007). An efficient degrada-

tion of Cyclin-B1 is required for the exit of oocytes from metaphase arrest (Jones

2004). In response to mitogenic stimuli, p34cdc2 phosphorylates serine and threo-

nine residues at the amino terminal portion of Src, thus causing dephosphorylation

at the carboxylic terminus and activating Src during mitosis (Taylor and Shalloway

1993). Several studies reported an elevated SFKs activity during mitotic metaphase

of somatic cells, and its correlation with phosphorylation of SFKs by p34cdc2 on

several serine and threonine residues (Shalloway and Shenoy 1991; Fumagalli et al.

1994; Taylor and Shalloway 1996; Thomas et al. 1995). Altogether, these studies

suggest a possible negative feedback mechanism during karyokinesis: accumula-

tion of cyclin-B1 during metaphase leads to the high activity of p34cdc2, which

phosphorylates SFKs and induces their elevated activity that, in turn, will induce an

association with g-tubulin and the high level of phosphorylated tyrosine at the

spindle poles. High activity of SFKs induces degradation of cyclin-B1 and thus, via

a negative feedback, the reduction in the level of active SFKs at the spindle poles,

allowing the exit from metaphase and karyokinesis.

5.6 SFKs and Cytokinesis

It was suggested that SFKs play also an important role in the intricate pathway of

cleavage furrow ingression during cytokinesis. Cytokinesis is blocked in pro-B

cells from Fyn-null mice (Yasunaga et al. 1996), and inhibition of SFKs by SU6656

or by microinjection of SH2 domains of Src or Fyn inhibits cytokinesis in sea-

urchin embryos (Ng et al. 2005). Moreover, inhibition of Fyn decreased the rate of

extrusion of the PBs as well as the first mitotic cleavage in both mice and rats

oocytes and embryos (Levi et al. 2010b, a). The ingression of the cleavage furrow in

many cell types depends on the constriction of an actomyosin contractile ring

(Bompard et al. 2008). Fyn is localized at the cleavage furrow of hematopoietic

pro-B cells (Yasunaga et al. 1996) and hybridoma T-cells (Campbell et al. 1998). It

also colocalizes with filamentous actin (F-actin) at the meiotic cleavage furrow area

of mammalian oocytes (Levi et al. 2010b, a). Recent studies showed that the

cortical organization of F-actin is disrupted in oocytes of Fyn-null mice, in oocytes

exposed to SFKs inhibitors, SKI606 or SU6656, and in oocytes microinjected with

DN-Fyn cRNA (Luo et al. 2009; Levi et al 2011a). Other studies showed that SFKs

can regulate actin polymerization by association and activation of cortical actin

polymerizing factors such as RhoA (Nozu et al. 1999; Veettil et al. 2006; Knock

et al. 2008; Pasquale 2010; Shaifta et al. 2010), Arp2/3, FAK, Wiskott–Aldrich

syndrome proteins (WASP), WASP family verprolin homologous (WAVE) family

of proteins (Frame and Brunton 2002; Pollard and Borisy 2003; Badour et al. 2004),

formins (Uetz et al. 1996; Tominaga et al. 2000), and mDia-interacting protein

(DIP; Satoh et al. 2001; Meng et al. 2004). All these studies indicate that SFKs are

recruited to the area of cleavage furrow formation and regulate the F-actin stabili-

zation effectors during ingression of the cleavage furrow.
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5.7 Conclusions

Themammalian oocytes meiotic divisions and the early embryonic mitotic divisions

have unique characteristics but they also share many general cell cycle mechanisms.

We propose that SFKs takes part in regulating meiotic and mitotic key signaling

pathways as NEBD, spindle stabilization during exit from metaphase and F-actin

regulation during cytokinetic cleavage furrow ingression (Fig. 5.5). It is also safe to

assume that SFKs take part in more than one process within oocytes and embryos.
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Chapter 6

Gradual Meiosis-To-Mitosis Transition

in the Early Mouse Embryo

Aurélien Courtois and Takashi Hiiragi

Abstract The transition from meiosis to mitosis is a fundamental process to

guarantee the successful development of the embryo. In the mouse, the transition

includes extensive reorganisation of the division machinery, centrosome establish-

ment and changes in spindle proprieties and characteristic. Recent findings indicate

that this transition is gradual and lasts until the late blastocyst stage. In-depth

knowledge of the mechanisms underlying the transition would provide new insight

into de novo centrosome formation and regulation of spindle size and proprieties.

Here, we review recent advances in the understanding of acentrosomal spindle

formation, centriole establishment and the meiosis-to-mitosis transition in the

mouse pre-implantation embryo.

6.1 Introduction

The transition from meiosis to mitosis is an integral part of the oocyte-to-embryo

transition programme and is essential for the accurate development during early

embryogenesis. The fertilisation by sperm classically defines the transition from

meiosis to mitosis. While mitosis-to-meiosis transition during germ line differenti-

ation has been extensively studied (reviewed in Wolgemuth et al. 1995; Kimble

2011), very little is known about the transition from meiosis to mitosis. However,
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several studies have shed light on this topic, revealing the presence of a transition

phase until establishment of mitosis proper in the early mouse embryo (Calarco-

Gillam et al. 1983; Schatten et al. 1985; Schuh and Ellenberg 2007; Kubiak et al.

2008; Fitzharris 2009; Courtois et al. 2012). This 3-day long transition phase is

characterised by the absence of centriole, which is the major microtubule

organising centre (MTOC) of animal cells and long assumed to be required for

accurate mitotic cell divisions. However, it was recently shown that acentriolar

spindle can form during animal cell mitosis under experimental conditions

(Megraw et al. 2001; Basto et al. 2006; Mahoney et al. 2006).

Another key assumption in the centrosomal cycle has been the requirement of a

template for centriole duplication. However, recent studies demonstrated de novo

centriole formation in experiments where centrioles were removed or destroyed

(Khodjakov et al. 2002; La Terra et al. 2005; Basto et al. 2006). Interestingly, the

centriole in the mouse has been shown to be reduced in both gametes (Szollosi et al.

1972; Schatten et al. 1986; Manandhar et al. 1998; discussed in Kubiak and Prigent

2012) and was not found in the early embryo until the 64-cell blastocyst stage

(Gueth-Hallonet et al. 1993), the developmental phase that coincides with the final

step in meiosis-to-mitosis transition. How can mouse embryonic cells form spindles

and carry out mitotic divisions without a centriole? How can the centriole regener-

ate or form de novo in the mouse embryo? How does the embryonic cell shift from

meiotic to mitotic divisions? The mouse pre-implantation embryo provides an

attractive system to address these fundamental questions in cell biology, enabling

investigation de novo centriole formation under physiological conditions and of the

hidden essential component(s) for centriole propagation and spindle formation.

In this review, we summarise recent advances in these topics, with particular

focus on understanding the mechanism of acentrosomal spindle formation in mouse

oocytes and early embryos and on the potential mechanism(s) underlying de novo

centriole formation.

6.2 Acentrosomal Spindle Formation in the Early

Mouse Embryo

Given the apparent lack of a centriole during the first 3 days of development, the

primary question concerns the mechanism by which mouse embryonic cells assem-

ble the spindle for cell divisions. The shape of the spindle during the first embryonic

divisions is distinct from the typical mitotic spindle (Fig. 6.1, metaphase). Immu-

nofluorescence staining analysis in the mouse oocytes (Wassarman and Fujiwara

1978) followed by studies in the early mouse embryo described a similar barrel-

shaped form of the spindle (Schatten et al. 1985). Pericentriolar material (PCM)

proteins were also visible as a “broad band” at the spindle poles in the early mouse

embryonic cells (Calarco-Gillam et al. 1983), consistent with our recent findings

that the MTOCs at the bottom of the spindle pole form a circle or two half-circles
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(Courtois et al. 2012), while from the 8-cell stage, the spindle pole becomes more

focused (Schatten et al. 1985; Courtois et al. 2012) (Fig. 6.2). The length of the

spindle during the first four divisions of the mouse development is around 25 mm,

similar to that for the oocyte. The length begins to decrease at the fifth division,

becoming around 18 mm at the 16-cell stage and 10 mm at the blastocyst stage. The

size of the spindle is well correlated to, and precisely regulated by, cell size, but

limited to a maximum size (Courtois et al. 2012). Another interesting property of

the mouse embryonic spindle is its dependence on Kinesin-5 to maintain its shape

in the first three divisions, which gradually disappears from the 8-cell stage

(Fitzharris 2009).

The morphological differences between the acentrosomal spindle in the early

mouse embryo and the typical mitotic spindle, with the former having wider spindle

poles that progressively focus during subsequent divisions, prompt us to examine

how the early embryonic cells manage to establish these spindles in the absence of

interphase prophase

metaphaseprometaphase

Fig. 6.1 Immunofluorescence staining of the mouse zygote fixed at consecutive stages of devel-

opment: interphase (top–left), prophase (top–right), prometaphase (bottom–left) and metaphase

(bottom–right). Z-projected images of confocal sections show microtubules (green), pericentrin
(red) and DNA (blue). Scale bar: 10 mm
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centriole. At the start of development, the mouse zygote apparently inherits 40–50

cytoplasmic microtubule asters from the oocytes. The cores of these asters are

composed of a few PCM components, including pericentrin and gamma-tubulin.

Based on this composition and the ability of these structures to polymerise

microtubules, we define these structures as MTOCs, as suggested in a recent review

(L€uders and Stearns 2007). These non-centriolar MTOCs are randomly distributed

throughout the cytoplasm (Courtois et al. 2012). Unlike many other species in

which the sperm delivers centrioles to oocytes at fertilisation, no contribution of

centrioles or MTOCs by the sperm can be observed in the mouse zygote (Courtois

et al. 2012). During interphase, the number of MTOCs visible on the pronuclei

membrane increases gradually, to around 20 at the end of interphase in a manner

dependent on microtubules and dynein (Courtois et al. 2012) (Fig. 6.1, interphase).

Towards the end of the first interphase, the small MTOCs begin to polymerise

microtubules and form small asters throughout the cytoplasm and also around the

pronuclei (Szollosi et al. 1972; Schatten et al. 1985; Houliston et al. 1987) (Fig. 6.1,

prophase). Surprisingly, the cytoplasmic asters are not recruited to the pronuclear

membrane, but instead are very limited in their movement. This striking difference

from the oocyte (Schuh and Ellenberg 2007) can be explained in part by the

presence of kinesin-5 in the mouse zygote and early embryos, which counteracts

Fig. 6.2 Schematic summary of the meiosis-to-mitosis transition throughout the pre-implantation

development. Embryos (top) and spindles (bottom) are illustrated for different stages. Microtubules

(green), MTOCs (pericentrin, red) and DNA (blue) are indicated. See text for details
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dynein-based recruitment of MTOCs, and which may be absent in oocytes. At the

time of nuclear envelope breakdown (NEBD), the asters on the pronuclear surface

massively polymerise microtubules toward the chromosomes due to Ran GTPase,

whereas the cytoplasmic asters become destabilised and lose their polymerised

microtubule signal, pointing toward an inactivation of their MTOC function. Thus,

a multi-polar spindle directly emerges in the middle of the cell (Fig. 6.1,

prometaphase) without forming the “microtubule-ball” that is prominent in meiotic

division in the oocyte (Schuh and Ellenberg 2007). The minus-end motor protein,

dynein, plays a key role in clustering the MTOCs and organising the multi-polar

spindle. In its absence, two separate MTOC clouds are formed upon NEBD, which

slowly fade away. On the other hand, the plus-end motor protein, kinesin-5, pushes

apart the MTOCs, and its lack leads all MTOCs to merge into a monopolar spindle.

Thus, the concerted action of dynein and kinesin-5 is required for formation of a bi-

polar spindle, reminiscent to the mechanism in oocytes.

Overall, spindle formation during the first three divisions of the mouse embryo

appears to be a stochastic self-assembly process involving a number of MTOCs.

From the fourth division at the compacted morula stage, MTOCs are often localised

at one side of the nucleus, preferentially the apical side (Houliston et al. 1987), and

the spindle elongation rates quickens, with the time from NEBD to the beginning of

anaphase decreasing from over 40 min during the first three divisions to less than

30 min at subsequent divisions (Kaufman 1973; Ciemerych et al. 1999; Courtois

et al. 2012). In some cases the established spindle exhibits rotations (Courtois et al.

2012), raising the possibility of topological cues that direct spindle orientation. In

any event, the absence of centriole during the first few “mitotic” divisions implies

features and underlying mechanisms that differ substantially from those in typical

animal mitosis. Clearly, cells in the mouse embryo establish mitosis proper, i.e.,

with centrioles, during subsequent development. The question is how the embryo

(re-)generates the centriole.

6.3 Changes in MTOCs Proprieties Throughout the

Pre-Implantation Stage

The progression from acentrosomal spindle formation in meiosis to eventual

establishment of mitosis with bona fide centrioles requires de novo generation of

the centriole, a notion that contrasts with the classical view of template-dependence

for centriole duplication. Recent studies have begun to shed light on centriole

biogenesis under experimental conditions that lead to centriole regeneration after

their removal (Khodjakov et al. 2002; La Terra et al. 2005; Basto et al. 2006). In the

mouse pre-implantation embryo, the centriole regeneration can be observed and

analysed under physiological conditions, making the mouse model uniquely attrac-

tive for centriole de novo formation studies.
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Non-centriolar MTOCs were initially described as electron-dense fibrillar mate-

rial (Szollosi et al. 1972) and subsequently confirmed by an anti-PCM antibody

(Calarco-Gillam et al. 1983) in mouse early embryonic cells, although their

electron-microscopic structure remains to be characterised. Those MTOCs are

capable of polymerising microtubules recruited through gamma-tubulin (Gueth-

hallonet et al. 1993) and pericentrin (Courtois et al. 2012) and organise the

microtubule network. In contrast to the dominant role of the centriole, the small

non-centriolar MTOCs act in a concerted fashion and tend to a stochastic

organisation of the spindle and microtubule network. In some cases, non-centriolar

MTOCs follow the rearranged microtubule network (Houliston et al. 1987),

suggesting additional organisation clues after compaction. In the mouse zygote,

about 70 non-centriolar MTOCs are identifiable, which gradually increase to

around 120 in total in the 16-cell stage embryo. Interestingly, individual MTOCs

become progressively smaller during this period, suggesting that these MTOCs may

actually be formed by splitting them in the parent cell. Alternatively, MTOC size

might be regulated according to cell size or embryo stage.

A previous electron microscopy study demonstrated the presence of centriole in

the 64-cell stage mouse embryo at blastocyst (Gueth-Hallonet et al. 1993). Our

recent study consistently identified the emergence of centrin-positive MTOCs at

E3.5, in the divisions from 32- to 64-cell stage (Courtois et al. 2012). The presence

of two intense microtubule asters next to each other on the nuclear surface at

prophase also supports the notion that the centrosome regenerates shortly after

32-cell stage, as proposed by Calarco-Gillam and colleagues (1983). This centriole

emergence is asynchronous in timing during development, since not all cells exhibit

centrin at early E3.5. This asynchronous transition is similar to that in kinesin-5-

dependence of the spindle (Fitzharris 2009). In addition, no difference between

trophectoderm and inner cell mass cells in the timing of centriole emergence was

observed (Courtois et al. 2012). It will be particularly interesting to examine

whether the centrosomal components become integrated in each cell in the same

or different order; the former would suggest a hierarchical assembly, while in the

latter, a stochastic self-assembly to achieve de novo centriole formation.

The cues for centriole reappearance in vivo in the early mouse embryo also

remain to be investigated. The progressive decrease in size and number of MTOCs

per cell prompts us to consider the possibility that a progressive reduction of the

MTOC components at the E3.5 stage might trigger the centrosomal cycle, as might

other cellular characteristics that are also changing during this developmental

stage, e.g., cleavage duration and interphase length. Alternatively, centriole gener-

ation may be induced simply by transcriptional activation of some essential

component. However, it remains to be shown whether the centriole is entirely

established de novo and not through as yet unknown cues introduced by the

sperm or the oocyte.

These progressive changes in MTOCs, spindle assembly and proprieties,

accompanied by the establishment of the centriole, indicate a gradual transition

from meiosis to mitosis throughout the pre-implantation stage in the early mouse

embryo.
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6.4 Concluding Remarks

The fertilisation event classically marks the transition from meiosis to mitosis.

However, Kubiak et al. (2008) recently proposed the possibility of a meiosis-to-

mitosis transition phase, based on their analysis suggesting that while the first

mitotic division in the mouse embryo shares cell cycle control such as spindle

assembly checkpoint mechanism with oocytes, it differs frommeiosis in the activity

of cytostatic factors and mechanisms for prolonging the first division. Our recent

study (Courtois et al. 2012) provided evidence for this transition phase frommeiosis

to mitosis during mouse pre-implantation development, based on characteristics

and proprieties of the MTOCs and spindle. The first phase until 8-cell stage exhibits

similarities with meiosis in many aspects in agreement with Kubiak et al. (2008).

The actual transition phase starts at compaction until establishment of the typical

mitotic division by late E3.5 blastocyst, a time frame that coincides with the

changes in spindle proprieties demonstrated by Fitzharris (2009) and Schatten

et al. (1985). This transition phase, during which the centriole reappears de novo

under physiological conditions, offers a promising focal point for studies of the

mechanisms underlying centrosome biogenesis in vivo.

These recent findings raise several key questions: How is the centriole assem-

bled de novo and what triggers the assembly? Is there a similar transition phase in

other mammals? In-depth investigation of the structure and composition of the

MTOCs during the transition in the mouse pre-implantation embryo would provide

further insight into these fundamental questions in cellular and developmental

biology.
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Chapter 7

Maternal Control of Mouse Preimplantation

Development

Wenjing Zheng and Kui Liu

Abstract Mammalian preimplantation development is a process of dedifferentia-

tion from the terminally differentiated eggs to the totipotent blastomeres at the

cleavage stage, and then to the pluripotent cells at the blastocyst stage. Maternal

factors that accumulate during oogenesis dominate early preimplantation develop-

ment until the embryonic factors gain control after the activation of the embryonic

genome. Recently, a handful of maternal factors that are encoded by the maternal-

effect genes have been characterized in genetically modified mouse models. These

factors are shown to participate in many aspects of preimplantation development,

such as the degradation of maternal macromolecues, epigenetic modification,

protein translation, cellular signaling transduction, and cell compaction. Even so,

little is known about the interactions between different maternal factors. In this

chapter, we have summarized the functions of known maternal factors and hope-

fully this will lead to a better understanding of the regulation of preimplantation

embryogenesis by the maternal regulatory network.

7.1 Introduction

In mice, preimplantation development is generally defined as the period from the

formation of the one-cell zygote by fertilization to the implantation of the expanded

blastocyst into the uterine wall. During this period, the dividing embryo travels

down the oviduct to the uterus and goes through three principal phases: (1) from

fertilization to the two-cell stage, which is mainly controlled by the maternal factors

stored in the oocyte; (2) from the late two-cell stage after the embryonic genome

activation (EGA) to the formation of compacted morula, which is controlled by

W. Zheng (*) • K. Liu (*)

Department of Cell and Molecular Biology, University of Gothenburg, Medicinaregatan 9C,

40530 Gothenburg, Sweden

e-mail: wenjing.zheng@gu.se; kui.liu@gu.se

J.Z. Kubiak (ed.),Mouse Development, Results and Problems in Cell Differentiation 55,

DOI 10.1007/978-3-642-30406-4_7, # Springer-Verlag Berlin Heidelberg 2012

115

mailto:wenjing.zheng@gu.se
mailto:kui.liu@gu.se


declining maternal factors and increasing newly synthesized factors from the

embryonic genome; (3) formation of the blastocyst with fluid-filled blastocyst

cavity and two distinct cell lineages: the inner cell mass (ICM), which is pluripotent

and will give rise to the embryo proper, and the trophectoderm (TE), which will

form the extraembryonic tissues.

During follicular development within the ovary, maternal RNAs and proteins

that are derived from the maternal genome accumulate within oocytes, with a

concomitant ~300-fold increase in volume (Liu et al. 2006). Some of these

oocyte-derived macromolecules are believed to be dispensable for oocyte develop-

ment and fertilization, but are essential for sustaining the early embryogenesis, at

least prior to the robust transcription from the embryonic genome. This phenome-

non is therefore called the maternal effect (Schultz 2002; Li et al. 2010). In this

chapter we focus on the stage-specific control of preimplantation development by

the maternal factors.

7.2 Maternal Control of the Egg-to-Embryo Transition

7.2.1 Formation of the Zygotic Nucleus After Fertilization

After the sperm–egg fusion, the haploid DNA from the sperm forms the paternal

pronucleus (PN), whereas other subcellular organelles and macromolecules within

the cytoplasm of the sperm head do not contribute to the embryogenesis (Latham

1999). Thus, the maternal factors in the egg are believed to dominate the subsequent

reunion of maternal and paternal PNs, and finally the constitution of a diploid

zygotic genome.

As major architectural components, maternal histone proteins are thought to be

crucial for this global genome reorganization. In the mouse, shortly after fertiliza-

tion, the sperm-specific histone-like proteins (protamines) are rapidly replaced by

the oocyte-specific linker histone H1Foo (H1 histone family, member O, oocyte-

specific) (Becker et al. 2005). Similarly, during somatic cell nuclear transfer

(SCNT) when a nucleus of a somatic cell is introduced into a meiosis II oocyte,

the somatic linker histone is replaced by H1Foo within 60 min (Becker et al. 2005).

Accordingly, the SCNT-induced genomic reprogramming and cell transdiffer-

entiation are significantly impaired in the absence of H1Foo (Becker et al. 2005;

Maki et al. 2010), indicating that H1Foo is required for reprogramming of the

somatic-type DNA to a stem cell-type DNA. H1Foo is solely expressed from the

germinal vesicle-(GV-) stage oocyte until the late two-cell-stage embryo (Tanaka

et al. 2001; Becker et al. 2005). An in vitro chromatin assembly system revealed that

maternal H1Foo allows chromatin to be remodeled to an open status by ATP-

dependent chromatin remodeling factor, whereas somatic histone H1 prevents this

remodeling (Saeki et al. 2005). Thus maternal H1Foo is associated with the estab-

lishment of totipotency of the embryonic genome in the one-cell zygote through
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regulation of the organization of chromatin (Becker et al. 2005). In Xenopus,
nucleoplasmin, an oocyte-specific nuclear protein, is reported to be essential for

sperm chromatin decondensation (SCD) and replacement of the sperm protamines

by H1Foo in fertilized eggs (Burglin et al. 1987; Ohsumi and Katagiri 1991).

Similarly, null mutation of its ortholog in mouse, NPM2 (nucleoplasmin 2), also

delays the SCD (Inoue et al. 2011), revealing the indispensible role of oocyte factors

in the processing of paternal PN in one-cell zygotes.

After this reorganization of paternal chromatin, the maternal and paternal PNs

migrate to the center of the zygote for DNA replication. A zygotic genome is formed

after the breakdown of both PNs, which is the indication of entry into the first

cleavage. In mice, a maternal factor called Zar1 (zygote arrest 1) has been found to

be essential at this stage. Oocytes from Zar1-null females can be fertilized. PN

formation andDNA replication also proceed normally in Zar1-null one-cell zygotes.
However, the maternal and paternal genomes remain separated in discrete PN,

arresting the cell cycle progression at the G2 phase of the first mitotic cycle (Wu

et al. 2003). Given that Zar1 is only detectable in the cytoplasm from oocytes within

the primary follicles till one-cell zygotes, it is regarded as the first well-characterized

oocyte-specific maternal-effect gene that regulates the association of chromosomes

of parental PNs to form the zygotic genome (Table 7.1) (Wu et al. 2003).

In addition, quite apart from its roles in regulating the SCD, NPM2 is required

for nuclear and nucleolar organization in oocytes and early embryos. Most Npm2-
null one-cell zygotes are arrested at the M phase of the first mitotic cell cycle,

accompanied by defects in histone H3 deacetylation and heterochromatin formation

surrounding the nucleoli (Burns et al. 2003). Thus, NPM2 is probably also involved

in the last few steps of the transition from the haploid gamete genomes to the

zygotic genome in mice (Table 7.1).

7.2.2 Degradation of Maternal RNAs

In early mouse embryos, maternal macromolecules (mostly proteins and RNAs) are

rapidly degraded once their duties have been accomplished, providing a pool of

starting materials to generate embryonic macromolecules (Schultz 1993; Li et al.

2010). These cyclic processes are also believed to be governed by the maternal

factors and pathways in the oocyte.

In the mouse, the transcription in oocytes has been proposed to be silenced from

GV-intact oocytes to late one-cell-stage zygotes (Bachvarova 1985; Bouniol et al.

1995; Aoki et al. 1997). A progressive destruction of maternal RNA is started after

the resumption of meiosis. Sixty percent of the maternal RNA is degraded by the

late one-cell stage, and more than 90 % is degraded by the mid-two-cell stage

(Fig. 7.1) (Bachvarova 1985; Paynton et al. 1988; Alizadeh et al. 2005). Depletion

of the maternal RNA has been proposed to take place through the following

mechanisms:
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Table 7.1 List of maternal-effect genes

Gene Function Strategy References

Phase I: Egg to embryo transition

H1foo Replacing sperm protamines N/A Becker et al. (2005)

Npm2 1. Sperm chromatin

decondensation

KO Inoue et al. (2011)

2. Nucleolar organization and

heterochromatin formation

KO Burns et al. (2003)

Zar1 Fuse of parental pronuclei KO Wu et al. (2003)

Zfp36l2 Maternal RNA degradation KO Ramos et al. (2004)

Dicer Maternal RNA degradation Oo-KO Murchison et al. (2007), Tang

et al. (2007)

Ago2 Maternal RNA degradation Em-RNAi Lykke-Andersen et al. (2008)

mHR6A Maternal protein degradation KO Roest et al. (2004)

Atg5 Maternal protein degradation Oo-KO Tsukamoto et al. (2008)

Phase II: Embryonic genome activation

Brg1 Chromatin remodeling Oo-KO Bultman et al. (2006)

Tif1a Chromatin remodeling Em-RNAi Torres-Padilla and Zernicka-

Goetz (2006)

Basonuclin Transcriptional factor Oo-RNAi Ma et al. (2006)

Ctcf Transcriptional factor Oo-RNAi Wan et al. (2008)

Oct4 Transcriptional factor Em-RNAi Foygel et al. (2008)

Sox2 Transcriptional factor KO Avilion et al. (2003)

DN Pan et al. (2011)

Mater Unknown, components of SCMC KO Tong et al. (2000)

Floped Unknown, components of SCMC KO Li et al. (2008a)

Padi6 Formation of cytoplasmic lattices KO Yurttas et al. (2008)

Pdk1 Unknown, PI3K signaling pathway Oo-KO Zheng et al. (2010)

Tcl1 Unknown, Akt subcellular

translocation

KO Narducci et al. (2002)

Phase III: Beyond embryonic genome activation

Filia Maintaining euploidy, components

of SCMC

KO Zheng and Dean (2009)

Cdh1 Junction formation during

compaction

KO

Oo-KO

Larue et al. (1994),

Riethmacher et al. (1995),

de Vries et al. (2004)

Dnmt1 Preservation of DMR methylation Oo-KO Hirasawa et al. (2008)

Stella Preservation of DMR methylation KO Nakamura et al. (2007)

Zfp57 De novo methylation and

preservation of DMR

methylation

KO Li et al. (2008b)

N/A no records, KO conventional knockout, Oo-KO oocyte-specific conditional knockout, Em-
RNAi introducing siRNA or dsRNA to degrade target mRNAs in embryos, Oo-RNAi degradation
of target mRNAs through dsRNAs driven by oocyte-specific promoter, DN overexpression of the

dominant-negative mRNA, SCMC subcortical maternal complex, DMR differentially methylated

region

118 W. Zheng and K. Liu



7.2.2.1 RNA Degradation by Binding of Regulatory Proteins

Tristetraprolin (TTP) is the prototype of the CCCH tandem zinc finger protein

family. In somatic cells, TTP has been shown to bind and destabilize mRNAs with

an AU-rich region (ARE) at the 30-UTR (Lai et al. 2000). Disruption of a TTP

protein zinc finger protein 36-like 2 (Zfp36l2) in mice results in a cleavage-stage

arrest at the two-cell stage. Defectiveness in the degradation of certain types of

maternal RNA is associated with developmental arrest, but the mRNAs that are

targeted have not been identified (Ramos et al. 2004). The existence of cytoplasmic

polyadenylation elements (CPEs) and nuclear polyadenylation signal (NPS) within

60 nucleotides of the 30-UTR is another property of RNAs that undergo rapid

degradation after fertilization, but the maternal factors that target this type of

RNA are not yet known (Alizadeh et al. 2005). Efforts are currently being made

to identify more maternal factors that act in trans, and their target mRNAs.

7.2.2.2 RNA Degradation by Small Noncoding RNAs

Dicer is a critical factor for the generation of small interfering RNAs (siRNAs) and

microRNAs (miRNAs). Fully processed siRNAs and miRNAs are engaged by the

RNA-induced silencing complex (RISC) to target certain mRNAs for degradation.

Depletion of maternal Dicer from mouse oocytes impairs spindle formation, and the

mutant oocytes cease growing in meiosis I (Murchison et al. 2007; Tang et al.

2007). Knockdown of the expression of argonaute 2 (Ago2), a catalytic component

Fig. 7.1 Preimplantation development in mice. The time of fertilization is designated embryonic

day 0.5 (E0.5). Embryos develop to the two-cell stage at E1.5 when EGA takes place, before they

divide to the four- to eight-cell stage at E2.5. The compact morula can be observed at E2.5 or E3.0.

A blastocyst with fluid-filled blastocoel cavity is formed at E3.5. The expanded blasocysts become

implanted in the uterine wall at E4.5. Note that maternal factors are mostly degraded by EGA in

two-cell embryos. Some of the maternal factors persist in the embryos until later stages of

development
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of RISC, from the one-cell mouse zygote stabilizes a certain set of maternal RNAs

and impairs activation of the embryonic genome, causing developmental arrest at

the two-cell stage (Lykke-Andersen et al. 2008). Interestingly, the function of

oocytic miRNAs was found to be suppressed during oogenesis and early embryo-

genesis in a recent study (Ma et al. 2010). Thus, it has been hypothesized that the

endogenous siRNA pathway in the oocyte is essential for the degradation of

maternal RNAs in oocytes and early embryos, whereas the miRNA pathway may

be dispensable at this stage.

7.2.3 Degradation of Maternal Proteins

Clearance of the maternal proteins follows a similar course in mice (Fig. 7.1). The

degradation accelerates shortly after fertilization, and only approximately 50 % of

the maternal proteins remain in late two-cell embryos (Merz et al. 1981). Evidence

is accumulating that the ubiquitin–proteasome system and autophagy are possibly

the main pathways for recycling of maternal proteins in early embryos (Table 7.1).

7.2.3.1 Protein Degradation by the Ubiquitin–Proteasome System

In eukaryotic cells, ubiquitination is the prevalent way of selectively targeting

proteins for proteolysis. Ubiquitin is activated by E1-activating enzyme and is

passed on to E2 ubiquitin-conjugating enzymes. E2 ubiquitin conjugase and E3

ubiquitin ligases selectively target the substrate protein for ubiquitination. The

ubiquitinized proteins are finally degraded by proteasomes (Wilkinson 2000;

Pickart 2001). Knockout of the mouse homolog of yeast RAD6 (mHR6A), an E2

ubiquitin conjugase, from female mice causes infertility due to the developmental

arrest of their embryos after the first cleavage (Roest et al. 2004), thus shedding

light on the requirement for a functional maternal ubiquitin system for the early

embryonic progression. Ret finger protein-like 4 (Rfpl4) was initially characterized

as an E3 ligase exclusively expressed in adult germ cells (Rajkovic et al. 2002). It

accumulates in all growing oocytes and disappears in embryos by the eight-cell

stage (Suzumori et al. 2003). In vitro assays have indicated that Rfpl4 may bind to

mHR6A and target cyclin B1 for degradation (Suzumori et al. 2003). Skp1-Cullin-

F-box (SCF) complex is another E3 ligase that targets cell cycle regulators in

eukaryotes. The substrate preference of different SCF complexes is determined

by F-box proteins. In the mouse, F-box proteins are found to be abundant in both

oocytes and early embryos, e.g., F-box/WD repeat-containing protein 15 (Fbxw15)

(De La et al. 2008; Wang et al. 2010). Thus, the maternal ubiquitin systems

probably contribute to the meiosis-to-mitosis transition by selectively targeting

the cell cycle regulation proteins of the oocyte.
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7.2.3.2 Autophagy

Autophagy is a major recycling system for massive degradation of damaged or

unused cytoplasmic organelles or proteins, and for re-allocation of cellular nutrients

under various intracellular and extracellular stimulations (Xie and Klionsky 2007).

In metazoans, autophagy takes place in the following steps: signaling and induc-

tion; autophagosome nucleation; membrane expansion and vesicle completion;

autophagosome targeting, docking, and fusion with the lysosome; and finally,

degradation and reexport of breakdown products to the cytoplasm (Melendez and

Neufeld 2008). TOR (target of rapamycin) signaling is involved in the induction

steps and negatively regulates the autophagy in both yeast and higher eukaryotes

(Kamada et al. 2000; Scott et al. 2007). Two ubiquitin-like conjugation pathways—

the Atg12 conjugation system (consisting of a complex of Atg12, Atg5, and Atg16)

and the Atg8 lipidation system (consisting of Atg8, Atg3, and Atg7)—mediate

vesicle expansion and vesicle completion (Ohsumi 2001; Melendez and Neufeld

2008). In the mouse, mTOR signaling is inactivated from the one-cell zygote stage

to the four-cell embryo stage, and an experimental fusion protein of LC3 (the

mammalian homolog of Atg8) and GFP (green fluorescent protein) has been

observed to form dots within the blastomeres, indicating that autophagy is active

at this stage (Tsukamoto et al. 2008). Moreover, oocyte-specific Atg5 knockout

females are totally infertile if their eggs are fertilized by Atg5-null sperms. All the

mutant embryos stop growing at the four- to eight-cell stage even though oogenesis

and fertilization were normal in the mother. However, the mutant eggs can give rise

to pups if they are fertilized by wild-type (WT) sperms, despite the fact that there is

a lower birth rate than in WT females (Tsukamoto et al. 2008). These data indicate

that autophagy may be required for preimplantation development, and factors such

as Atg5 expressed from the embryonic genome may compensate for the loss of an

oocyte-inherited autophagy system in the embryo, although the viability of the

embryo is compromised (Tsukamoto et al. 2008).

Collectively, these studies in mice reveal that degradation of RNAs and proteins

from the oocyte is supposed to be a prerequisite for the activation of the embryonic

genome and preimplantation mitotic progression. A range of oocyte-derived factors

have been identified in control of this self-destruction (Table 7.1).

7.3 Maternal Control of Embryonic Genome Activation

In early mouse embryos, clearance of the oocyte-derived factors is coupled to the

generation of embryonic products, and the transcripts from the embryonic genome

start to dominate the embryonic developmental program after EGA, when the

embryo shifts from maternal control to embryonic control (Latham 1999; Latham

and Schultz 2001). A minor wave of EGA is detectable as early as in late one-cell

mouse embryos and the major wave of EGA takes place in the G2 phase of two-cell
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mouse embryos (Schultz 1993; Latham and Schultz 2001). It is generally believed

that the epigenetic modifications such as DNA demethylation and chromatin

remodeling are the initial steps of EGA; these are followed by activation of RNA

polymerase II (pol II) and a range of transcriptional factors (Latham 1999).

7.3.1 The Minor Wave of EGA

Pioneering studies on the expression of plasmid-borne reporter genes within the

one-cell mouse zygote first led to the idea that the one-cell zygote is transcription-

ally active (Ram and Schultz 1993; Matsumoto et al. 1994; Christians et al. 1995). It

has been shown in another study that BrUTP (5-bromouridine 50-triphosphate) can
be incorporated into the newly synthesized RNA and then visualized by immuno-

fluorescence in the one-cell mouse zygote. RNA synthesis is thought to be 30–40 %

of that in two-cell embryos, based on the quantification of fluorescence intensity

(Aoki et al. 1997). However, addition of a-amanitin, a specific and irreversible

inhibitor of RNA pol II in mouse embryos, to a cultured one-cell zygote does not

prevent it from dividing into a two-cell embryo (Warner and Hearn 1977; Flach

et al. 1982). In addition, it has been found in recent high-throughput studies that

basically no a-amanitin-sensitive RNAs (indicating de novo synthesized RNAs)

can be detected in one-cell zygotes, leaving the question of whether the minor EGA

at the late one-cell stage can generate functional messenger RNAs (Hamatani et al.

2004; Zeng and Schultz 2005).

It has been observed in mouse that a series of epigenetic modifications take

place during the one-cell stage, before the first round of DNA replication starts.

During gametogenesis, the haploid genomes of the male and female germ cells

are highly methylated (Reik 2007). After fertilization, the male PN is actively

demethylated by a group of demethylases in the cytoplasm of the oocyte, whereas

the female PN is only passively demethylated during the subsequent cleavage

events (Oswald et al. 2000; Mayer et al. 2000; Morgan et al. 2005). Meanwhile,

histone modifications show a dramatic asymmetry in the pronuclei, with enriched

lysine methylation in the female PN and enriched histone H4 acetylation in the

male PN, making the latter more accessible for the entry and binding of different

transcriptional factors (TFs) (Adenot et al. 1997; Barton et al. 2001; Liu et al.

2004; van der Heijden et al. 2005). Therefore, it has been proposed that the male

PN supports a significantly higher level of transcription than the female PN in

one-cell zygotes (Aoki et al. 1997). Even so, the asymmetry of transcriptional

activity between male and female genomes is found to be lost upon exit from the

first mitotic cell cycle (Liu et al. 2005).
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7.3.2 The Major Wave of EGA

The robust transcription from the embryonic genome starts at the G2 phase of the

second mitotic cell cycle and is crucial for embryonic development beyond the two-

cell stage. It has been shown using RNA arrays that genes involved in ribosome

biogenesis and assembly, protein synthesis, RNA metabolism, and transcription are

transcribed during this major wave of EGA. They are mostly housekeeping genes

and are critical for maintaining the cleavage-stage development that follows

(Hamatani et al. 2004; Zeng et al. 2004; Zeng and Schultz 2005). Regulation of

the major wave of EGA is considered in the following sections.

7.3.2.1 Nuclear Control of EGA

Chromatin Remodeling

Chromatin remodeling refers to the ATP-dependent transient conformational

changes of nucleosomes, which alter the accessibility of chromatins to various

chromatin proteins that control transcription, DNA replication, recombination, and

other biological processes. Thus, chromatin remodeling has long been thought to

play an important role in reprogramming of gene expression during EGA (Schultz

and Worrad 1995; Thompson et al. 1998). Three classes of chromatin remodeling

protein complexes have been characterized in mammalian cells, according to their

different catalytic ATPase subunits and associated proteins: SWI/SNF/Brm

(switching defective/sucrose non-fermenting/brahma), ISWI (imitation switch),

and Mi-2/NuRD (nucleosome remodeling and deacetylase) (Li 2002).

In the mouse, Brg1 (brahma-related gene 1) encodes a catalytic subunit of the

SWI/SNF remodeling complex (Kingston and Narlikar 1999). Oocyte-specific

depletion of Brg1 protein has no effect on the oogenesis and fertilization of mutant

females, but the resulting embryos all stop growing at the two-cell stage. Expres-

sion of TRC (transcription-requiring complex), a 70-kDa protein complex that is

commonly accepted as the hallmark of EGA, is significantly downregulated in

mutant embryos, accompanied by the defective de novo RNA synthesis at the G2

phase of the two-cell stage. Consequently, the major wave of EGA is impaired in

Brg1 maternal mutant embryos (Bultman et al. 2006). This study, for the first time,

directly links the initiation of EGA with the maternal chromatin remodeling

effectors.

In addition, Brg1-associated factors have also been found to be essential for the

initiation of EGA. TIF1a (transcription intermediary factor 1-alpha) interacts with

numerous proteins involved in chromatin structure in Drosophila and mammalian

somatic cells (Remboutsika et al. 2002; Germain-Desprez et al. 2003). Depletion of

TIF1a by microinjection of siRNA leads to aberrant localization of Brg1, RNA pol

II, and SNF2H (or Smarca5: SWI/SNF-related, matrix-associated, actin-dependent

regulator of chromatin, subfamily a, member 5) in one-cell zygotes. Expression of a
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subset of genes is downregulated and embryonic development is arrested at the two-

to four-cell transition in these injected zygotes (Torres-Padilla and Zernicka-Goetz

2006). These results indicate that TIF1a may be involved in spatial control of the

major EGA by influencing the localization of certain remodeling complexes in

early embryos.

It is possible that the other two remodeling families may play equally important

roles in the initiation of the major wave of EGA, although the mechanisms involved

remain elusive. Further studies using the oocyte-specific gene mutation strategy

may provide further insights into the temporal and spatial control of chromatin

remodeling by maternal factors in early embryos.

Activation of RNA pol II

The notion that RNA pol II is involved as a principal effector of EGA is based on

the pioneering studies on embryo culture with a-amanitin. As mentioned in Sect.

6.3.1, a-amanitin selectively and irreversibly inhibits the activity of RNA pol II.

Thus, the transcription in early embryos is sensitive to a-amanitin and embryos stop

growing at the two-cell stage when cultured with a-amanitin (Flach et al. 1982).

In ovulated mouse eggs, the largest subunit of RNA pol II is predominantly

hyperphosphorylated at its carboxy-terminal domain (CTD), which is a sign of

permissive transcription. This hyperphosphorylation is lost after fertilization but is

regained before the onset of the major wave of EGA, accompanied by gradual

translocation of RNA pol II into the nucleus (Bellier et al. 1997). The hyperpho-

sphorylation of CTD is independent of DNA replication but is dependent on protein

synthesis, whereas the nuclear importation of RNA pol II is found to be irrelevant to

either of these processes (Bellier et al. 1997), revealing the possible existence of an

internal zygotic/embryonic clock that regulates the major wave of EGA indepen-

dent of cell cycle progression. A recent study in mouse embryonic fibroblasts

(MEFs) has indicated that Mat1 (menage à trois homolog 1), the kinase subunit

of transcription factor IIH (TFIIH), is required for most of the CTD phosphorylation

at serine 5 and serine 2 (Helenius et al. 2011). A strong decrease in RNA pol II
transcription is observed upon deletion of Mat1, in combination with defective

mRNA capping and splicing (Helenius et al. 2011). Further studies are needed to

determine whether oocyte-derived Mat1 is also involved in the CTD phosphoryla-

tion and regulation of RNA pol II activity during the major wave of EGA.

Transcriptional Factors

After the epigenetic changes in chromatin structure, the embryonic genome

becomes selectively accessible to certain transcription factors to allow the sequen-

tial transcription of certain genes during the major wave of EGA.

Four classic transcriptional factors have been documented to have critical roles

in early embryogenesis in mice. Sp1 (trans-acting transcription factor 1) belongs to
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the C2-H2 zinc finger family (Briggs et al. 1986). The amount of Sp1 transcript

decreases during oocyte maturation and reaches a minimum level at the two-cell

stage, after which the amount of this transcript increases progressively to the

blastocyst stage, indicating a replacement of oocyte-derived Sp1 by embryo-

derived Sp1. The level of Sp1 protein increases gradually during preimplantation

development, contributing to an increase in transcription rate at this stage (Worrad

and Schultz 1997). TBP (TATA binding protein) is a subunit of the RNA pol II

transcription factor TFIID, but it is only essential for transcription by RNA pol I and

pol III in mice. Maternal TBP is degraded in embryos at the eight-cell stage, and the

embryonic TBP is required for embryos to survive beyond the blastocyst stage

(Martianov et al. 2002). ATF1 (activating transcription factor 1) and CREB (cyclic

AMP response element binding protein) are basic leucine-zipper transcription

factors. Embryos with double knockout of these two genes die before implantation

due to developmental arrest, but single knockout of neither gene influences the

preimplantation development (Bleckmann et al. 2002). Particularly, the knockout

embryos mentioned above are all derived from the fusion of heterozygous oocytes

and sperms, due to the embryonic or perinatal lethality. Thus, it is highly possible

that the phenotypes of those embryos with null mutations at early developmental

stages are actually masked by the proteins inherited from the cytoplasm of the

heterozygous oocytes. More studies using the oocyte-specific conditional knockout

strategy are needed to elucidate the functions of the above-mentioned transcrip-

tional factors during EGA.

Recently, two more zinc-finger transcriptional factors have been identified using

the oocyte-specific siRNA knockdown approach (Table 7.1). Basonuclin is abun-

dant in oocytes and persists in early embryos. Deficiency of basonuclin in mouse

oocytes affects both RNA pol I- and II-mediated transcription, and also affects

oocyte morphology. Some of these mutant oocytes are fertilizable, but no embryos

derived from them grow beyond the two-cell stage (Ma et al. 2006). Similarly,

depletion of CTCF (CCCTC-binding factor) in mouse oocytes by siRNA alters the

expression of genes related to embryogenesis, and compromises meiotic compe-

tence. The resulting embryos experience a restrained EGA and are arrested at

various cleavage stages, indicating a strong effect of CTCF on preimplantation

development (Wan et al. 2008). These data suggest that the oocyte zinc-finger

transcriptional factors are essential for both meiotic maturation in oocytes and EGA

in early embryos, functioning either as global regulators of transcription or as

regulators of transcription of certain gene families.

The pluripotency-related transcription factors have also been found to be

indispensible for the genomic reprogramming during EGA in mice (Table 7.1).

Depletion of Oct4 (octamer-binding transcription factor 4) mRNA in the one-cell

zygote of the mouse leads to the arrest of the majority of embryos before the morula

stage. The expression of a group of genes involved in translation and RNA

processing is altered in the absence of Oct4; these genes are distinct from the

Oct4-targeted genes in the embryonic stem cells (ESCs) (Foygel et al. 2008). In

addition, Oct4 is also associated with the degradation of two maternal RNAs: Zar1
and Nobox (NOBOX oogenesis homeobox) (Foygel et al. 2008). These data
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indicate that Oct4 may function in a stage-specific manner during EGA, which is

related to the establishment of totipotency in the early mouse blastomeres. Sox2
(SRY-box containing gene 2) is among the first batch of genes to be expressed

during EGA, but its maternally inherited protein persists in embryos throughout the

mouse preimplantation stage (Avilion et al. 2003; Pan and Schultz 2011). Maternal

SOX2 translocates to the nucleus of two-cell embryos and remains there in the ICM

of the blastocyst (Avilion et al. 2003). Intriguingly, overexpression of the WT Sox2
gene causes more severe defects in EGA and embryonic progression than

overexpression of a dominant-negative Sox2 (Sox2-D) (Pan and Schultz 2011).

Embryos with WT Sox2 overexpression are arrested at the two-cell stage, and

expression of 15 % of the embryonic genes is altered during the EGA. On the

contrary, overexpression of Sox2-D arrests the embryos after the two-cell stage but

before the eight-cell stage, and has a negative effect on the expression of only 1 %

of the embryonic genes (Pan et al. 2011). It is thus highly possible that the activity

of these two pluripotency-related transcription factors is fine-tuned to ensure the

successful transition from maternal to embryonic control. Probably these factors

contribute to the establishment of totipotency during the cleavage stage in a manner

that differs from the establishment of pluripotency in ESCs.

7.3.2.2 Cytoplasmic Control of EGA

The cytoplasmic control of EGA relies mainly on the translational and posttransla-

tional regulation of maternally inherited mRNAs and proteins, and of some of the

earliest transcripts from the embryonic genome. It apparently plays an equally

important role to that played by the nuclear regulatory events at the initiation of

EGA, and ensures that it proceeds correctly (Table 7.1) (Latham 1999).

The Subcortical Maternal Complex

Currently, four members have been identified from a protein complex that is

prevalent in the subcortical region of oocytes and early embryos in mice: the

subcortical maternal complex (SCMC). They are Mater (maternal antigen that

embryos require), Floped (factor located in oocytes permitting embryonic devel-

opment), Tle6 (transducin-like enhancer of split 6) and Filia (RIKEN cDNA

2410004A20) (Li et al. 2008a). Disruption of either of the two core factors,

Mater or Floped, may destabilize the SCMC, impair the EGA, and arrest the

mouse embryos at the two-cell stage (Tong et al. 2000; Li et al. 2008a). Even so,

Filia has been found to be irrelevant to EGA, but is required for normal spindle

morphogenesis during preimplantation development in mice (Zheng and Dean

2009). How this oocyte-derived protein complex performs these two seemingly

irrelevant functions during early embryogenesis is not known.
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Cytoplasmic lattices (CPLs) store components of the protein synthetic machin-

ery including ribosomes in mouse oocytes, and Padi6 (peptidyl arginine deiminase

type VI) has been found to be essential for the formation of CPLs (Hovland et al.

1996; Wright et al. 2003). In Padi6-null two-cell embryos, the de novo protein

synthesis is altered due to the loss of CPLs, resulting in a defective EGA and

developmental arrest at the two-cell stage (Yurttas et al. 2008). Remarkably, Padi6

is located in the subcortical region of early mouse embryos and physically interacts

with the SCMC (Li et al. 2008a), giving rise to a notion that early embryos may use

the SCMC to organize the temporal and spatial regulation of various maternal

factors.

The Maternal Phosphatidylinositol 3-kinase (PI3K) Pathway

In somatic cells, class IA PI3Ks are activated by receptor protein tyrosine kinases

(RPTKs) and generate the intracellular second messenger phosphatidylinositol

3,4,5-trisphosphate (PIP3), which promotes cell proliferation and survival.

Fig. 7.2 The phosphatidylinositol 3-kinase (PI3K) pathway. The class IA PI3Ks are heterodimers

consisting of a catalytic subunit (p110) and a regulatory subunit (p85). Upon ligand binding, the

RPTK recruits PI3K to the inner membrane area of the cell and activates this lipid kinase to

produce PIP3. PIP3 binds to kinases containing PH domains (including PDK1 and Akt) and

recruits them to the subcortical area, where PDK1 phosphorylates Akt at threonine 308. Akt is

fully activated after being phosphorylated further by mTORC2 at serine 473. The phosphorylated

Akt is shuttled to the nucleus during the two-cell stage, with the assistance of TCL1. The maternal

PI3K signaling pathway regulates the early embryogenesis through Akt substrates that are yet to be

identified
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A phosphatase PTEN (phosphatase and tensin homolog deleted on chromosome 10)

converts PIP3 to phosphatidylinositol 4,5-bisphosphate (PIP2), thus negatively

regulating the activities of PI3Ks (Fig. 7.2) (Vanhaesebroeck et al. 2001; Cantley

2002). PI3K signaling has been shown to have a dominant role in controlling the

oogenesis and folliculogenesis in mice by a series of studies using oocyte-specific

conditional knockout mouse models (Reddy et al. 2008, 2009; Zheng et al. 2011).

Recently, accumulating evidence strongly suggests that early embryogenesis is also

dependent on this oocyte-derived signaling pathway. Embryos from mice and

humans can survive and develop in vitro in defined culture media lacking exoge-

nous growth factors or serum (Whitten and Biggers 1968; Edwards et al. 1969),

suggesting that early embryos generate intrinsic signals promoting their survival

and development (O’Neill 2008). In the mouse, expression of the p85 and p110

subunits of PI3Ks can be detected throughout the preimplantation stage, generating

high levels of PIP3 in the subcortical region (Lu et al. 2004; Riley et al. 2005; Halet

et al. 2008). Either knockout of PI3K subunits or culture of the embryos with the

PI3K inhibitor LY294002 causes embryonic lethality or developmental arrest (Bi

et al. 1999, 2002; Brachmann et al. 2005; Halet et al. 2008). Moreover, insulin-like

growth factor-I (IGF-I) receptor, IGF-II receptor, and platelet-activating factor

(PAF) receptor, which can activate the intracellular PI3K pathway, are expressed

in preimplantation embryos (Lighten et al. 1997; Lu et al. 2004), indicating that

PI3K signaling is one of the intrinsic signals that the embryos use to maintain their

autonomous preimplantation development.

The 3-phosphoinositide-dependent protein kinase-1 (PDK1 or Pdpk1) is a

master kinase in PI3K signaling pathway. PIP3 binds to the pleckstrin homology

(PH) domain of PDK1 and another master kinase protein kinase B (PKB or Akt),

and recruits them to the subcortical region, where PDK1 phosphorylates the

activation loop of Akt (Mora et al. 2004). Full activation of Akt is achieved upon

further phosphorylation at the hydrophobic motif by mTORC2 (mammalian

target of rapamycin complex 2) (Fig. 7.2) (Sarbassov et al. 2005). In the

mouse, oocyte-specific deletion of Pdk1 shows no effects on folliculogenesis,

meiosis maturation, or fertilization, but the resultant embryos are arrested at the

two-cell stage and EGA is obviously impaired (Zheng et al. 2010). Nonetheless,

these developmental defects can be rescued by the restoration of Akt activity

through concurrent oocyte-specific deletion of Pten (Zheng et al. 2010). In

particular, Akt is found to be retained in the cytoplasm in the one-cell mouse

zygote but is transiently transported to the nucleus in the mid-two-cell stage with

the assistance of TCL1 (T cell leukemia/lymphoma1) (Fiorenza et al. 2008).

Disruption of this TCL1-mediated cell cycle dependent Akt shuttling signifi-

cantly inhibits embryonic progression in mice (Narducci et al. 2002). Thus, it

has been postulated that the maternal PI3K signaling pathway plays pivotal roles

in the regulation of EGA and early embryonic progression (Fig. 7.2). Further

studies are needed to identify the downstream effectors that are directly involved

in the onset of EGA and to determine how this signaling pathway interacts with

other maternal factors.
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7.4 The Influence of Maternal Factors Beyond EGA

7.4.1 Compaction and Formation of the Blastocyst

In mice, after three mitotic cell cycles, the embryos compact and form individually

polarized cells that are tightly connected by adhesive junctions (Ducibella et al.

1977). Inhibition of mRNA synthesis at the four-cell stage has no effect on the

compaction, while inhibition of protein synthesis even induces premature compac-

tion at this stage (Kidder and McLachlin 1985). Thus, the initiation of compaction

has been linked to the posttranslational control of maternal factors, or factors

produced before the four-cell stage (Kidder and McLachlin 1985; Cockburn and

Rossant 2010). As the major component of adherens junctions (AJs), E-cadherin (or

CDH1) becomes localized to the cell boundaries during the process of compaction

(Vestweber et al. 1987). Maternal E-cadherin accumulates during oogenesis. Stud-

ies using conventional knockout mouse models have shown that the maternal

E-cadherin inherited from heterozygous oocytes is sufficient to support the com-

paction of E-cadherin-null embryos at the eight-cell stage, but the compaction is

lost at the blastocyst stage (Larue et al. 1994; Riethmacher et al. 1995). In contrast,

oocyte-specific depletion of E-cadherin inhibits the compaction of the resulting

eight-cell mouse morula, but the embryonic E-cadherin rescues the compaction

before the 16-cell stage (de Vries et al. 2004). Moreover, phosphorylation of both

E-cadherin and its binding partner b-catenin is only detectable during compaction,

which is known to increase their binding affinity to form AJs (Pauken and Capco

1999). It has been found that forced phosphorylation of these two proteins through

artificial activation of protein kinase C (PKC) signaling induces the premature

compaction at the four-cell stage, whereas culture of the embryos with PKC

inhibitors disrupts the initiation of compaction (Winkel et al. 1990; Pauken and

Capco 1999). Based on these data, a hypothesis has been put forward that the

initiation of compaction is regulated by PKC signaling through phosphorylation of

E-cadherin and b-catenin (Pauken and Capco 1999; Cockburn and Rossant 2010).

After compaction, the blastomeres become polarized and form the apical region

(outward-facing) and the basolateral region (inward-facing). Then, at the 16-cell

stage, the asymmetrical cell division generates two distinct cell groups: the outer

cells, which develop into trophectoderm, and the inner cells, which develop into

ICM (Johnson and McConnell 2004; Marikawa and Alarcon 2012; Suwińska 2012;

Xenopoulos et al. 2012; Morris and Zernicka-Goetz 2012). Polarization of different

cell types is commonly regulated by a set of evolutionarily conserved proteins

called the PAR (partition-defective)-aPKC (atypical protein kinase C) system

(Ohno 2001). Par genes were initially found to be essential for the asymmetric

division of the Caenorhabditis elegans zygote (Etemad-Moghadam et al. 1995;

Guo and Kemphues 1995; Suzuki and Ohno 2006). It has been reported that in

mouse morulas, Par3, Par6, and aPKC all accumulate in the apical region, whereas

Par1 and Lethal giant larvae (Lgl) are present in greatest quantity in the basolateral

region, indicating that different PAR–aPKC complexes may function mutually to
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regulate the cell polarization (Suzuki and Ohno 2006). Moreover, injection of

dsRNA against Par3 or mRNA encoding a dominant negative form of aPKC into

mouse blastomeres at the four-cell stage has been found to inhibit the injected cells

from developing into trophectoderm (Plusa et al. 2005). It is thus highly possible

that the embryonic but not the maternal PAR–aPKC is critical for polarization of

blastomeres in eight-cell morulas and subsequently influences the specification of

cell lineage.

In the mouse, the SCMC becomes localized in the apical region of blastomeres at

the morula stage, and trophectoderm cells at the blastocyst stage (Ohsugi et al.

2008; Li et al. 2008a). In contrast, PIP3, the intracellular second messenger, is

enriched near the boundaries of the apical region in blastomeres at the morula stage,

but is retained in ICM cells at the blastocyst stage. Culture of mouse embryos with

LY294002, the inhibitor of PI3K, significantly increases the apoptosis during the

morula–blastocyst transition (Halet et al. 2008). This asymmetric but highly

organized redistribution of protein probably contributes to the cell polarization

and lineage specification, but more experimental evidence is needed to ascertain

this hypothesis.

As the majority of maternal factors are degraded after EGA, development of the

blastocyst is supposed to be largely dominated by embryonic products (Fig. 7.1).

The detailed mechanisms of specification of cell lineage and determination of cell

fate are discussed in separate chapters.

7.4.2 DNA Methylation

DNA methylation mainly refers to the addition of a methyl group to the 50 position
of the pyrimidine ring of cytosine. It occurs primarily at CpG dinucleotides in

mammals and is linked to the repressive chromatin states (Bird 2002). There are

three well-documented universal DNA methyltransferases: Dnmt1, Dnmt3a, and

Dnmt3b. Dnmt3a and Dnmt3b are both required for de novo methylation, and

Dnmt1 is responsible for the maintenance of methylation during DNA replication

(Chen and Li 2004). Dnmt1 has two isoforms, the somatic form (Dnmt1s) and the

oocyte-specific form (Dnmt1o). Interestingly, it has been reported that Dnmt1o is

inherited from the oocyte and retained in the cytoplasm of early blastomeres all

through the preimplantation stage, whereas Dnmt1s is expressed after EGA and is

located in the nucleus from the two-cell stage onwards (Hirasawa et al. 2008).

As mentioned in Sect. 6.3.1, the DNA in male and female germ cells is highly

methylated and imprinted. Many imprinted genes have differentially methylated

regions (DMRs), which are methylated differently between the parental alleles and

are critical for stabilization of the genome, inactivation of the X-chromosome in

females, and suppression of retroposon transcription (Li et al. 1993; Bestor 2000;

Kaneda et al. 2004). Although the genome in early embryos undergoes global

epigenetic reprogramming, losing most of its methylation during preimplantation

development, the methylations in most DMRs are faithfully maintained (Reik and

130 W. Zheng and K. Liu



Walter 2001; Branco et al. 2008). Dnmt1o-null female mice are viable. However,

when they are mated with WT males, the resulting heterozygous fetuses die in the

uterus during the final third of the gestation period, with a loss of allele-specific

expression and methylation at certain imprinted loci (Howell et al. 2001). Indeed, it

has been found in mice that imprintings on DMRs are maintained by Dnmt1o

before the EGA at the two-cell stage, and by Dnmt1s after that (Hirasawa et al.

2008). In contrast, neither Dnmt3a nor Dnmt3b is essential for preimplantation

development, which is consistent with the absence of de novo DNA methylation at

this stage (Hirasawa et al. 2008). Thus, Dnmt1 is regarded as a maternal-effect gene

that protects the DNA methylation on DMRs against the global demethylation

during preimplantation embryogenesis.

Except for the common DNA methyltransferases mentioned above, two other

maternal factors have been found to be critical for the regulation of DNA methyla-

tion in early mouse embryos: Stella (or Dppa3, developmental pluripotency-

associated 3) and Zfp57 (zinc-finger protein 57) (Table 7.1). The early expression

of Stella is detected at late streak stage at approximately E7.0 and remains in the

germ line until about E15.5 in male gonads and until about E13.5 in female gonads.

Stella protein is again detectable in immature oocytes of newborn female mice and

persists in their embryos until the blastocyst stage (Sato et al. 2002; Saitou et al.

2002). Stella contains both a nuclear localization signal (NLS) and a nuclear export

signal (NES). It shuttles from the cytoplasm to the pronuclei after fertilization, and

is then retained in the embryonic nucleus all through the preimplantation stage

(Payer et al. 2003; Nakamura et al. 2007). Loss-of-function studies have indicated

that most embryos derived from Stella-null oocytes die before reaching the blasto-

cyst stage. Although expression of Stella from the paternal allele starts after EGA, it

is insufficient to rescue the abnormalities caused by the absence of maternal Stella

during preimplantation development (Payer et al. 2003). It has been shown by later

studies that maternal Stella is critical for the maintenance of methylation of most

of the maternal genome, and of at least two paternally imprinted genes in early

embryos (Nakamura et al. 2007).

Another maternal-effect gene, Zfp57 (zinc-finger protein 57), was initially

identified as a key transcriptional factor downstream of STAT3 (signal transducer

and activator of transcription 3) and Oct4 in ESCs (Akagi et al. 2005). Its expres-

sion is found to be downregulated upon ESC differentiation (Li and Leder 2007). In

the mouse oocyte, Zfp57 is essential for de novo methylation at the Snrpn (Small

nuclear ribonucleoprotein polypeptide N) region, one of the female DMRs that has

been implicated in Prader-Willi and Angelman syndromes in humans (Li et al.

2008b). Oocytic Zfp57 persists in early embryos until the blastocyst stage at E3.5,

when the embryonic Zfp57 is both expressed and detectable. Depletion of both

maternal and embryonic Zfp57 leads to embryonic lethality, caused by the loss of

methylation on both female and male DMRs. Intriguingly, although the methylation

of the Snrpn region is lost in oocytes and resulting embryos by depletion of

maternal Zfp57, it can be rescued by the expression of paternal Zfp57 in the

blastocyst after E3.5, revealing a differential role of maternal and embryonic

Zfp57 in the regulation of the DNA methylation of certain DMRs in mice

(Li et al. 2008b).
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Collectively, the DNA methylation patterns in early embryos have been found to

influence the embryonic development both before and after implantation. Both

maternal and embryonic DNA methyltransferases are essential for the maintenance

of perfect DNA methylation on DMRs, in order to regulate the parent of origin-

specific transcription. In particular, methylation of some of the DMRs may be

controlled by more than one DNA methyltransferases (Table 7.1), but how these

maternal factors interact with each other and whether they directly or indirectly

regulate the DNA methylation is still unknown.

7.5 Conclusions

Preimplantation development is regarded as a turnover from terminally diffe-

rentiated gametes to totipotent or pluripotent blastomeres, which involves the

reprogramming of the genome as well as a drastic replacement of cytoplasmic

macromolecues. Strikingly, early preimplantation development is dominated by

factors that are inherited from oocytes—at least prior to EGA, at the two-cell

stage. Some of these factors even persist after EGA, and influence the preimplanta-

tion and postimplantation development that follows. Since the first two maternal-

effect genes were discovered in 2000, less than 30 maternal-effect genes have been

identified inmice participating in PN formation, maternal RNA/protein degradation,

histone remodeling, activation of RNA pol II and the transcriptional machinery,

morula compaction, DNAmethylation, etc. (Table 7.1). Most of the maternal-effect

genes have been determined to be essential for normal embryonic progression, and

may cause embryonic lethality in their absence. Even so, the exact functions of most

maternal-effect genes are still largely unknown, including the genes encoding the

components of the SCMC. The emerging roles of maternal signaling transduction

indicate that maternal factors may function in coordination, rather than indepen-

dently, in the regulation of early embryogenesis. More studies employing the

conditional knockout strategy and high-throughput approaches such as RNA/

siRNA deep sequencing and proteomics may improve our understanding of how

maternal factors orchestrate their self-destruction under the zygotic/embryonic

clock to accomplish the transition from egg to embryo, and how the embryonic

genome is reprogrammed and activated. Hopefully, the knowledge obtained from

such studies will also benefit other research fields such as induced pluripotent stem

cells (iPSCs), regarding factors that enhance the genomic, and human preimplanta-

tion genetic diagnosis (PGD), regarding molecular markers that indicate the viabil-

ity of the embryo.
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Chapter 8

Preimplantation Mouse Embryo: Developmental

Fate and Potency of Blastomeres

Aneta Suwińska

Abstract During the past decade we have witnessed great progress in the under-

standing of cellular, molecular, and epigenetic aspects of preimplantation mouse

development. However, some of the issues, especially those regarding the nature

and regulation of mouse development, are still unresolved and controversial and

raise heated discussion among mammalian embryologists. This chapter presents

different standpoints and various research approaches aimed at examining the fate

and potency of cells (blastomeres) of mouse preimplantation embryo. In dealing

with this subject, it is important to recognize the difference between the fate of

blastomere and the prospective potency of blastomere, with the first being its

contribution to distinct tissues during normal development, and the second being

a full range of its developmental capabilities, which can be unveiled only by

experimental perturbation of the embryo. Studies of the developmental potential

and the fate of blastomeres are of the utmost importance as they may lead to future

clinical application in reproductive and regenerative medicine.

8.1 Introduction

During mammalian embryogenesis early embryonic cells progressively differenti-

ate and form distinct cell lineages. As development proceeds, cells of the embryo

gradually lose their full developmental potential, i.e., the ability to give rise to all

cell types of an organism. The first fundamental question of developmental biology

is: when and how apparently identical cells start to differ from each other within the

embryo and acquire a destiny directing them into a specific developmental path?

Generally, development of animals is defined as “determined,” i.e., regulated by
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morphogenetic determinants as, for example, in Drosophila melanogaster,
Caenorhabditis elegans, or Xenopus laevis, or “regulative” (“flexible”), which is

attributed (among others) to mammals, including the mouse. The next question

coming to mind is: to what extent mouse cells and embryos are flexible and what is

their potency, i.e., ability to change in response to the environmental changes? The

understanding of the mechanisms that underlie this plasticity is extremely important

for development of new therapies and assisted reproductive technology and for

improving the derivation of embryonic stem cells. Issues of cell lineage allocation

and molecular regulation of this process, although closely related, are treated

cursorily in this article, because they are thoroughly discussed and reviewed in

other chapters of this volume.

8.2 A Brief Overview of Mouse Preimplantation Development

Preimplantation period of mouse development extends from fertilization to implan-

tation of the embryo in uterus that takes place 4.5 days post-fertilization. The fusion

of sperm with oocyte, which is arrested in the second meiotic division, results in the

formation of a zygote. The zygote then undergoes a series of cleavage divisions,

which, because the cell growth is inhibited before preimplantation, give rise to the

progressively smaller blastomeres. Epigenetic and morphogenetic events lead to the

formation of two different cell types at the 16-cell stage: they have distinct

destination and form the first two primary cell lineages. The asymmetric

(differentiative) cellular division occurring at the 8- to 16-cell stage transition

results in the formation of the inner and an outer population of cells (Johnson and

Ziomek 1981). At the 16-cell stage embryo, cell divisions of the outer layer occur

either symmetrically, resulting in two progeny of cells that remain in the outside

layer of the embryo, or asymmetrically, generating one outer and one inner daugh-

ter cell. The outer blastomeres are precursors of trophectoderm (TE), while the

inner blastomeres will form the inner cell mass (ICM) of the resulting blastocyst, as

proposed in 1967 by Tarkowski in his “inside-outside” hypothesis (Tarkowski and

Wroblewska 1967). The trophectoderm covering ICM (polar TE) forms

ectoplacental cone and, subsequently, the embryonic part of the placenta, while

trophectodermal cells surrounding the blastocyst’s cavity (mural TE) stop to divide,

replicate DNA, and form trophectodermal giant cells. The mural TE is responsible

for implantation of the embryo in the uterus and together with placenta forms the

external barrier between the fetus and the mother. ICM is composed of pluripotent

cells and occupies one pole of the blastocyst interior.

Specification of both primary cell lineages (TE and ICM) requires interaction of

specific transcription factors. CDX2, a caudal-related homeodomain protein, is the

regulator of trophectoderm lineage. Cdx2 gene begins to be expressed at the 8-cell

stage and becomes gradually restricted, first to the outside cells of the morula, and

eventually to the trophectodermal cells of the blastocyst (Dietrich and Hiiragi 2007;

Ralston and Rossant 2008). CDX2 regulates cell polarity and promotes symmetric
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cell divisions in 8- to 32-cell embryos, thereby contributing to the spatial allocation

of the future TE cells within the embryo. On the other hand, blastomere polarity

also influences CDX2 expression through asymmetric distribution of CDX2 mRNA

to the outer blastomeres (Jedrusik et al. 2008). Among genes required for specifi-

cation of ICM is Oct4 (Octamer-binding transcription factor 4). It is initially

expressed ubiquitously in every cell during period of cleavage, but following

blastocyst formation becomes limited to the inside, future ICM, cells. This restric-

tion depends on CDX2 as shown by the fact that in Cdx2 mutants OCT4 remains

expressed in the TE, resulting in the death of the embryo at the time of implantation

(Strumpf et al. 2005; Ralston and Rossant 2008). Molecular mechanisms underly-

ing the differentiation of TE and ICM are described in detail in Chaps. 10 and 11.

Just prior to implantation, a third tissue emerges on the surface of the ICM facing

the blastocyst cavity—the primitive endoderm (PE) that later contributes to the

endoderm layer of extraembryonic tissue, the yolk sac. The remaining, deeper ICM

cells form the epiblast (EPI), which is the source of the definite embryo and some of

the extraembryonic membranes, such as allantois and amnion.

8.3 In Search of the Best Method to Study the Developmental

Potential of Mouse Blastomeres

Developmental biologists argue about the best research approach of studying the

course of events in mouse development. Some of them are in favor of examination

of cell fate (contribution to tissues) in intact, undisturbed embryos. This method is

based on the tracing of cell movements and destinations by time-lapse, live

imaging, and thus enables to investigate the progress of development and to assess

the fate of marked cells in their relatively natural environment, with minimal

interference and harmful influence of any manipulations. Other researchers use

different strategy: they observe how the embryonic cells behave when the embryo is

subjected to unusual circumstances due to experimental intervention. This “brutal”

method makes possible to reveal full range of developmental capabilities of cells

and shows their prospective potency. However, this tactics involves the interference

in the structure of the embryo. Both methodological approaches have advantages

and drawbacks, but only a combination of these two approaches provides compli-

mentary data permitting to understand the mechanism of early development.

8.4 Mouse Embryonic Cells: Determined or Regulative?

Zygote—an egg cell penetrated by a sperm—is a “mother cell” of a complex

embryo and finally of the adult organism. It sits atop a lineage hierarchy and can

generate multiple types of differentiated cells that contribute to embryo proper and

extraembryonic structures supporting its development, i.e., placenta and fetal
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membranes. In this sense, zygote is a totipotent cell. The progeny cells formed by

cleavages just a few divisions down the line become progressively developmentally

restricted, i.e., lose totipotency defined as the ability to individually give rise to

complete individual, but remain pluripotent, that is, they are able to contribute to all

parts of the individual. If embryonic cells are pre-patterned (pre-programmed) and

have a specified fate we classify them as “determined”, and when their fate is not

restricted and they are able to contribute to any organ, they are defined as “regula-

tive” (flexible). In earlier embryological literature (terminology), the first type of

embryos was called “mosaic” and the other “regulative”.

8.4.1 The Evidence for Existence of Pre-patterning

In many invertebrates and vertebrates, the asymmetries that are established in the

oocyte correlate with the segregation of maternally supplied factors, termed cyto-

plasmic determinants, affecting further cell lineage formation and embryonic axes

development. In mammals there is no clear evidence for a polarized distribution of

molecules that may function as cytoplasmic determinants. However, some

researchers believe that in the undisturbed embryo the spatial information (what-

ever it might be) recorded in the structure of a fertilized egg determines a strictly

defined program, which guides future development. This information would dictate

to the arising blastomeres distinct functions and destinies. This hypothesis assumes

that differences between cells emerge before cells adopt inside or outside positions

within the embryo.

Several factors have been proposed to play a role in the positioning of the plane

of first cleavage: the second polar body position, sperm entry site, positions of male

and female pronuclei, and shape of the zona pellucida (reviewed in Hiiragi et al.

2006). According to some researchers, the second polar body (2 pb) marks the

animal pole, i.e., part of the egg, where the meiotic divisions have occurred.

Consequently, the vegetal pole lies on the opposite side. These researchers assume

that the 2 pb does not change its position during the cleavage. In the blastocyst, the

2 pb usually localizes at the boundary between embryonic (containing ICM and

overlying polar TE) and abembryonic (mural TE) hemispheres (Gardner 1997,

2001; Piotrowska and Zernicka-Goetz 2001; Piotrowska et al. 2001; Plusa et al.

2002a). Such localization would testify that the plane of the first cleavage division

is perpendicular to the embryonic–abembryonic axis.

Several studies seem to support the existence of strict correlation between zygote

organization and geometry of the blastocyst. By defining the position of sister

blastomeres at 2-cell embryo by marking the zona pellucida with mineral oil

drops (Gardner 2001) or labeling both blastomeres with different fluorescent dyes

(Piotrowska et al. 2001; Fujimori et al. 2003; Plusa et al. 2005) and subsequently

tracking their fate in blastocyst, these authors showed that cells derived from the

earlier dividing blastomere contribute to the embryonic part of the blastocyst and

descendant cells of the second one—to the abembryonic part. In contrast,
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experimental data from other laboratories indicate that the first two blastomeres are

not pre-patterned in their fate, and neither of them is predisposed to form ICM or TE

(Alarcón and Marikawa 2003, 2005; Chroscicka et al. 2004; Waksmundzka et al.

2006; Kurotaki et al. 2007). By labeling both blastomeres and following the

distribution of their descendants in developing blastocysts or time-lapse photogra-

phy of intact embryos development from the 2-cell to the blastocyst stage it was

shown that they do not form discrete groups, as shown by Piotrowska and Zernicka-

Goetz (2001), but undergo mixing and contribute to embryonic as well as

abembryonic hemisphere of the blastocyst (Alarcón and Marikawa 2003, 2005;

Chroscicka et al. 2004; Waksmundzka et al. 2006; Kurotaki et al. 2007).

Additionally, Zernicka-Goetz and collaborators state that the order of the divi-

sion of the first two blastomeres is determined by sperm entry site. According to

these authors, the sperm preferentially enters the vegetal part of the oocyte and the

blastomere that inherits this specific region of the cytoplasmic membrane tends to

divide first and produces cells that contribute predominantly to the embryonic part

of the blastocyst (Piotrowska and Zernicka-Goetz 2001; Plusa et al. 2002b). How-

ever, results of other studies deny that the site of sperm entry has an influence on the

establishment of the plane of the zygote division and the sequence of the division of

the first two blastomeres (Davies and Gardner 2002; Gardner and Davies 2003;

Motosugi et al. 2005).

Aforementioned hypothesis regarding early determination of cell fate was

subjected to criticism by many other researchers. The time-lapse observations of

preimplantation mouse embryo development from the zygote to the blastocyst stage

showed movement of the second polar body towards the furrow during the first

cleavage (Hiiragi and Solter 2004; Motosugi et al. 2005). Thus, these authors

contest the usefulness of the position of the polar body as a landmark of the first

cleavage plane. Instead, Hiiragi and Solter (2004) claim that the first cleavage plane

is dependent on the mutual arrangement of two pronuclei and that it passes

perpendicularly to the plane of the pronuclei alignment. This discovery was re-

confirmed by the visualization of the mitotic spindle at the second cleavage division

using tubulin-GFP expressed in zygotes (Louvet-Vallée et al. 2005).

The last of the controversial issues regarding existence of pre-patterning is

centered on the question whether the orientation of the first cleavage plane is

determined by extrinsic cues, such as the shape of the egg, imposed by the overlying

egg membrane—zona pellucida. The zona pellucida is usually ellipsoid in shape

and the plane of the first cleavage division is perpendicular to its longer axis

(Kurotaki et al. 2007). Experimental change of the shape of eggs resulted in

repositioning of the cleavage plane and imposing the division along short axis of

the embryo (Gray et al. 2004). Other observations indicate that, due to the mechani-

cal pressure exerted by zona pellucida, the embryonic–abembryonic axis (identified

by the site of the nascent blastocyst cavity) is aligned along the long axis of the

embryo (Motosugi et al. 2005; Kurotaki et al. 2007). Alarcón and Marikawa (2008)

showed that, at the two-cell stage, the shape of the zona pellucida varies among

embryos and does not change until the blastocyst stage. In embryos having ellipsoid

zona pellucida, the embryonic–abembryonic axis tends to form orthogonally to the
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first cleavage plane, while in the embryos enclosed in a spherical zona pellucida,

there is no such relationship (Alarcón and Marikawa 2008).

8.4.2 The Evidence for Regulative Capacities of Mouse Embryo

Irrespective of whether cell fate is to some extent pre-programmed in intact,

developing embryos, as suggested by some studies discussed above, the preimplan-

tation mouse embryo shows a very high degree of flexibility and resistance to the

experimentally imposed loss or addition of cells. Mouse embryo is able to accom-

modate itself by “sensing” missing or added cells and to follow the normal program

of embryogenesis culminating in the birth of entirely normal animal.

8.4.2.1 Consequences of the Excess of Blastomeres: Capacity of Combined

Embryos to Form a Chimeric Individual

The first reports throwing doubt on the early determination of cell fate in the mouse

embryo originate from pioneer experiments performed in early 1960s indepen-

dently by Tarkowski and by Mintz. Regulative capacities of the mouse embryo

have been proven by tracking the development of aggregated whole embryos.

Aggregation of two 8-cell mouse embryos resulted in the formation of one giant,

but morphologically normal blastocyst, which (following transplantation into the

oviduct or uterus of foster mothers) gave rise to a chimera—an individual

consisting of both components (Tarkowski 1961, 1963; Mintz 1962; for a review

see McLaren 1976; Tarkowski 1998; Fig. 8.1). In order to analyze cell colonization

and differentiation, embryos originating from mouse strains differing in coat and

eye pigmentation or biochemical markers were used for the creation of chimeras. In

addition, it was shown that viable mouse chimeras can be created by aggregation of

more than two cleaving embryos: some animals generated from three genetically

different 8-cell embryos were composed of cells derived from all three partners

(Markert and Petters 1978).

Fig. 8.1 Regulation of excess of blastomeres—formation of chimeras. Aggregation of two 8-cell

embryos originating from mouse strains that differ in coat color results in the formation of a single

chimeric blastocyst that after the transplantation to the foster mother gives rise to the two-colored

chimeric individual
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Mouse chimeras can be produced also from more advanced embryos: the morula

composed of 16 cells (Mintz 1964) and even from the blastocysts. In the case of

blastocysts, the fusion of trophectoderm of the two adhering blastocysts was

obtained with Sendai virus (Tarkowski and Wojewodzka 1982) or electric impulses

(Ozdzeński et al. 1997; Tarkowski et al. 2005b). The resulting chimeric blastocysts

can have either one common or two separate ICMs developing after implantation

into a single chimeric animal or dizygotic twin fetuses, respectively (Tarkowski and

Wojewodzka 1982; Ozdzeński et al. 1997; Tarkowski et al. 2005b). All these

discoveries strongly indicate that spatial organization of the cleaving embryo is

labile and developmental fate of blastomeres is not determined until the late stages

of preimplantation development.

8.4.2.2 Consequences of the Reduction of Blastomeres Number: Capacity of

Embryo Fragments to Form a Whole Organism

A direct and also the most convincing evidence for the unrestricted developmental

potential of each cell in the 2-cell embryo is the birth of live animal derived from a

single isolated blastomere. Destroying mechanically one of the blastomeres of a

2-cell embryo (henceforth termed as 1/2 blastomere) inside the zona pellucida and

transferring the surviving blastomere individually into reproductive tract of recipi-

ent female, Tarkowski (1959a, b) proved that a single 1/2 blastomere is totipotent,

i.e., may give rise to an adult, fertile mouse (Fig. 8.2). This exciting discovery

proved that the early mouse embryo is characterized by a great developmental

flexibility, which allows compensation for not only the excess, but also for the lack

of blastomeres. However, Tarkowski did not investigate the compensation

capabilities of both “halves” of the same 2-cell embryo. Hence, he did not resolve

the dilemma whether the two first blastomeres have an equal developmental

potential. This was shown later by Mullen et al. (1970) and Tsunoda and McLaren

(1983) who managed to obtain monozygotic mouse twins from both separated sister

1/2 blastomeres of the same embryo.

Fig. 8.2 Compensation for lack of blastomere. Removing mechanically one blastomere from the

2-cell embryo results in development of the remaining blastomere to the blastocyst that after the

transfer to the recipient female gives rise to a viable animal
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8.4.2.3 Step-By-Step Attempts to Reveal Totipotency or Pluripotency of

Blastomeres at Later Stages of Development

Much work has been done on trying to verify totipotency of single cells originated

from mouse embryos at later stages of development (e.g., 4- or 8-cell stage). These

attempts turned out to be unsuccessful, as no mouse was born as a result of these

experiments (Rossant 1976). Also, the ability to form preimplantation embryos

from isolated blastomeres at these stages of development was highly reduced. Most

of individual cells isolated at the 4-cell stage (1/4 blastomeres) developed into

miniature blastocysts, whereas single cells derived from 8-cell stage (1/8 blastomeres)

usually gave rise to trophoblastic vesicles completely devoid of ICM (Tarkowski

and Wroblewska 1967). Both of these structures were capable of implanting and

forming trophoblast giant cells, but almost never produced egg cylinders (Rossant

1976). However, this failure of development was attributed to the insufficient

number of cells required for the formation of functional ICM (future embryo

proper), rather than to the identity of blastomeres and the restriction in their

developmental potential (Rossant 1976). This conclusion was supported by the

data obtained from experiments on other mammalian species. It was previously

discovered that single blastomeres of 2- (Seidel 1952, 1960), 4-, and 8-cell rabbit

embryo (Moore et al. 1968) are able to develop into viable individuals. In sheep, the

single blastomeres of a 4- and sporadically even of an 8-cell embryo also can

develop into adult animals (Willadsen 1981). Moreover, four pairs of blastomeres

of the 8-cell sheep embryos gave rise to quadruplet lambs (Willadsen 1981), and the

separation of blastomeres of 4-cell cow embryo resulted in the birth of four

genetically identical quadruplet calves (Johnson et al. 1995). These data support

the hypothesis that greater developmental potential of blastomeres of rabbit and

cattle cleaving embryo, comparing to that of the mouse, results from the larger total

number of cells attained by these embryos at the time of implantation.

One of the ways to overcome the small size of blastomere-derived mouse

blastocysts and especially insufficient number of ICM cells at the time of implanta-

tion is to restore the normal cell number in the mouse embryo by supporting a

single, tested blastomere with helper “carrier” cells. Diploid, polyploid, or parthe-

nogenetic cells originated from other embryos can be used as the supporting cells.

When single blastomeres are combined with genetically distinct diploid “carrier”

cells, chimeras composed of cells derived from distinct embryos are created

(Fig. 8.3a). The application of aggregation method for chimera generation using

tetraploid cells (obtained by electrofusion of blastomeres at the 2-cell stage; Kubiak

and Tarkowski 1985) results in birth of animals derived entirely from a diploid

blastomere. The success of this approach, known as “tetraploid complementation”,

is due to the elimination of tetraploid cells from the embryonic derivatives of ICM

(fetal tissues), which however persist in the extraembryonic structures, where they

successfully replace diploid cells (Tarkowski et al. 1977; James et al. 1995;

MacKay and West 2005; Fig. 8.3b).

When single blastomeres of 4- and 8-cell mouse embryos were aggregated with

sufficient number of “carrier” diploid blastomeres, the progeny of the former was
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able to contribute to both ICM and TE derivatives in postimplantation E10 chimeric

conceptuses, and even successfully born offspring (Kelly 1975, 1977). In another

experiment, inner and outer single 1/16 blastomeres were injected under the zona

pellucida of diploid 8-cell embryos, transferred to foster mothers and analyzed at

midgestation (Rossant and Vijh 1980). Despite preponderance of the embryos with

donor-descendant cells solely in the trophectodermal tissues, in several embryos the

progeny of donor cells was allocated also in the ICM-derived tissues, thus

demonstrating the pluripotency of blastomeres at this stage of development. Similar

results were obtained when diploid parthenogenetic cells were used as a source of

“carrier” cells (Pinyopummin et al. 1994; Tsunoda et al. 1987). Parthenogenetically

activated eggs are not able to develop till term, as both epigenetically different

maternal and paternal genomes are required for successful development (Tarkowski

et al. 1970; McGrath and Solter 1984; Surani et al. 1984). However, parthenoge-

netic cells can survive and contribute to both ICM and TE of the chimeric blastocyst

if they are aggregated with normal diploid cells. At midgestation they undergo

selection, first in extraembryonic, and then in embryonic tissues. Altogether, these

data show that diploid parthenogenetic blastomeres can assist single normal

blastomeres of 4- (Pinyopummin et al. 1994) and 8-cell stage embryos to develop

to term (Tsunoda et al. 1987).

The next step towards verification of developmental capacity of mouse

blastomeres was done by the method of “tetraploid complementation”. As a result

Fig. 8.3 Methods of testing the potency of individual blastomeres. (a) Aggregation of a single

blastomere with genetically distinct diploid “carrier” blastomeres results in formation of chimera

composed of cells derived from both types of blastomeres as shown in Fig. 8.1. (b) Aggregation of

a single diploid blastomere with tetraploid blastomeres, obtained by electrofusion of blastomeres

at the 2-cell stage, results in birth of a “pure” diploid animal derived exclusively from the tested

blastomere. Tetraploid cells are gradually eliminated from the embryo proper but survive and

contribute to the extraembryonic structures (fetal part of placenta and some fetal membranes)

8 Preimplantation Mouse Embryo: Developmental Fate and Potency of Blastomeres 149



of surrounding a single, diploid blastomere with tetraploid blastomeres of different

genotype Tarkowski and colleagues obtained diploid and non-chimeric (i.e.,

derived exclusively from tested single blastomere) animals from 1/4, 1/8, and

even from 1/16 blastomere (Tarkowski et al. 2001a, 2005a; 2010). In addition,

they showed that when sister (i.e., originating from one embryo) blastomeres were

used to construct separate aggregate embryos, this approach permits to generate

genetically identical multiplets (twins, triplets, and quadruplets) from as late

blastomeres as those obtained from 16-cell embryos.

Pluripotency of blastomeres from 16-cell embryo was also tested by using

disaggregation–reaggregation techniques. Rossant and Vijh (1980) microsurgically

removed individual cells from the outside of decompacted 16-cell embryos and

then reconstituted morulae by injecting more than 20 of these cells into empty zona

pellucida. The majority of thus constructed embryos produced morphologically

normal blastocysts that were transplanted to foster mothers. Such reconstituted

embryos were able to develop into egg cylinders containing derivatives of both

ICM and TE (Rossant and Vijh 1980). Moreover, by separating polar outer cells and

apolar inner cells and recombining them as homogeneous aggregates, Ziomek and

colleagues (1982) have shown that there were no differences in postimplantation

development of such reconstituted embryos and that they were able to develop into

9.5-day-old fetuses. The full developmental potential of at least some cells of the

outer and inner population was definitively proved by experiments in which the

embryos reconstructed exclusively from inner or outer blastomeres of 16-cell stage

embryo were able to develop into fertile mice (Suwinska et al. 2008).

Experimental approaches discussed above proved indirectly that at least some

blastomeres of cleaving 4-, 8-, and 16-cell embryo still remain pluripotent. How-

ever, the question whether all blastomeres at these stages of development are

equivalent and have identical developmental potencies still remains open. Techni-

cal limitations of the experimental procedure, such as possible harmful effect of

manipulations and low transplantation efficiency, prevent from producing animals

from all separated blastomeres of the stages in question. It is therefore practically

impossible to ascertain whether this inability is solely related to technical

difficulties related to the challenging procedure or to a subtle intrinsic property of

the specific blastomeres.

Indeed, some studies indicate the existence of the differences between the

blastomeres, especially in the 4-cell stage. The first suggestion comes from the

aggregation experiment aimed at evaluation of the number of the founder

blastomeres making the animal body. When single mouse blastomeres obtained

from 4-cell embryo were aggregated with blastomeres of the same stage, but

differing in pigmentation, in the ratio 1:3 and 2:2, the observed proportion of

chimeric to non-chimeric animals indicated that usually only two out of four

blastomeres are founder cells of ICM, and finally, the animal’s body (Tarkowski

et al. 2001b). From the above study it did not follow, however, that any particular

two of the four blastomeres preferentially contribute to ICM. Another support for

the suggestion that each of 1/4 blastomeres has different developmental potential

originates from the studies on chimeras comprising of four 1/4 blastomeres of the
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same origin with respect to the pattern of cleavage (Piotrowska-Nitsche et al. 2005).

The most common pattern of division is the one in which one 1/2 blastomere divides

meridionally, and the other equatorially. Chimeras constructed entirely from

blastomeres resulting from equatorial or oblique division (inheriting either animal

or vegetal components of the zygote) showed various developmental abnormalities.

The most severe defects were observed in case of cells inheriting vegetal part. In

contrast, chimeras made from blastomeres arising from meridional second cleavage

division (inheriting both parts of the zygote) developed successfully to term

(Piotrowska-Nitsche et al. 2005). Certain cleavage patterns have thus been shown

to predict developmental differences, possibly reflecting intrinsic differences

between cells that result from epigenetic modifications (Torres-Padilla et al.

2007). According to this hypothesis, the differential methylation of histone H3 at

arginines 17 and 26 affects the fate of 4-cell stage blastomeres. The levels of histone

H3methylation at specific arginine residues are highest in those 1/4 blastomeres that

will contribute to the ICM and the polar TE. These blastomeres undertake full

development when combined with cells of the same type with respect to the pattern

of cleavage in chimeras. In contrast, the arginine methylation of histone H3 is at the

lower level in cells whose progeny contributes to the mural TE and that show

compromised development when combined together in chimeras. Moreover,

Jedrusik and collaborators (2008) have shown that both the orientation and the

order of divisions at the transition from 2- to 4-cell stage affect the heterogeneity of

Cdx2 expression during the next cell cycle, i.e., in the blastomeres of the 8-cell

embryo. Specifically, in embryos in which a meridional division precedes an

equatorial one, the blastomeres of 4-cell embryos originating from an equatorial

division tend to express elevated levels of Cdx2 mRNA and protein comparing to

other cells, undertake symmetric divisions more frequently, and contribute predom-

inantly to the TE (Jedrusik et al. 2008). Last but not least, the fluorescent decay after

photo-activation (FDAP) studies of Plachta and colleagues (2011) investigating the

kinetic behavior (nuclear export and import) of the photo-activatable GFP–OCT4 in

cells of the live 4- and 8-cell stage embryo showed that the differential dynamics of

OCT4 associated with chromatin forecasts cell lineage patterning. Morphologically

indistinguishable cells of 4- and 8-cell stage embryos differ in the kinetic behavior

of OCT4. Cells with slower OCT4 kinetics preferentially divide asymmetrically

giving rise to the pluripotent cell lineage that contributes to the ICM, whereas those

with faster OCT4 kinetics preferentially undergo symmetric divisions to contribute

mostly to the extraembryonic lineage—TE. The differences in OCT4–GFP move-

ment are due to the differences in the accessibility of the DNA-binding sites for

OCT4 in the nuclei of different cells (Plachta et al. 2011).

On the other hand, there are some observations that argue against the heteroge-

neity of blastomeres of the 4-cell embryo. González et al. (2011) reported that

blastomeres isolated from 4-cell embryo are equally competent to derive embryonic

stem cells (ES cells). In addition, these authors did not observe any significant

differences in the efficiency of ES cell derivation from the first and the second

dividing blastomeres of the 2-cell embryos. In contrast, Wakayama et al. (2007)

were unable to obtain ES cell lines from all the blastomeres of the same embryo at

the 4-cell or 8-cell stage.
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8.4.2.4 Pluripotency of Blastocyst Cells: Hanging in the Balance

Mouse embryos reach the blastocyst stage around the 32-cell stage, following five

rounds of cell divisions. Although the developmental potency of cells at the

blastocyst stage was evaluated by various approaches, the results obtained as well

as the interpretation and conclusions drawn from these experiments are often very

conflicting.

Inside and outside cells derived from 32-cell embryos differ in their behavior

and potency when separated and arranged in monotypic groups. Suwinska et al.

(2008) showed that homogeneous aggregates composed of 32 outer blastomeres

from 32-cell embryos are able to form normally structured blastocysts built of TE

and ICM only if the source of blastomeres is the embryo that had just completed the

fifth cleavage division in all or nearly all blastomeres, but had not yet initiated

cavitation. The aggregated outer blastomeres originating from nascent blastocysts

that had already commenced cavitation gave rise only to clumps of trophectoderm

vesicles devoid of ICM and, hence, were unable to form an embryo (Suwinska et al

2008). In contrast, clusters of exclusively inner cells of the same stage developed

into morphologically normal blastocysts. Externally located cells in such aggregate

embryos were able to switch on Cdx2 expression and, albeit with a certain delay, to
form TE. In in vitro cultured outgrowths TE cells differentiated into giant cells

expressing cytokeratin Endo-A (a marker of differentiated trophectoderm). How-

ever, the transfer of such embryos to recipients did not result in birth of young,

probably due to their inability to implant correctly (Suwinska et al. 2008). These

results point to the restricted potential of blastomeres at this stage of development.

On the other hand, when single inner and outer 1/32 blastomeres were supported

with tetraploid cells, they located in all three primary cell lineages: PE, EPI, and TE

and resulting embryos, after the transfer to recipients, sporadically generated

fetuses (Tarkowski et al. 2010). These results indicate that some of the blastomeres

of 32-cell stage are pluripotent.

Another method of testing developmental potency of the inner cells of blastocyst

is an isolation of ICMs and checking its ability to undergo trophectodermal

differentiation. ICM isolation can be performed either by immunosurgery (cyto-

toxic immune lysis of outer cells by sequential treatment with antiserum and active

complement) (Solter and Knowles 1975), or microsurgically by the mechanical

separation of ICM from the trophectoderm (Gardner and Johnson 1972). There are

reports indicating that ICMs isolated immunosurgically from early blastocysts (not

fully expanded, ca 32–50 cells) still retain the ability to form the outer layer of

trophectoderm. However, they lose this capacity after reaching the stage of approx-

imately 60 cells (Handyside 1978; Hogan and Tilly 1978a; Spindle 1978; Nichols

and Gardner 1984; Pierce et al. 1988). In these studies regeneration of TE was

judged mainly by the formation of the blastocyst-like structures and outgrowths of

trophectodermal giant cells in in vitro cultures as well as in ectopic grafts. Further

evidence arguing in favor of pluripotency of blastocyst cells was provided by

Rossant and Lis (1979) who showed that ICM cells of early blastocysts (32–50

cell) when aggregated with morulae occasionally contributed not only to the ICM
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but also to TE tissues of chimeric fetuses examined at mid-pregnancy. Moreover,

when four ICMs derived from the early blastocysts were aggregated together to

restore normal embryonic cell number, they were able to induce a decidual reaction

and developed into normal E5.5 egg cylinders. In contrast, the aggregates com-

posed of four late ICMs (derived from 50–70-cell blastocysts) produced

trophectoderm in vivo very rarely (Rossant and Lis 1979).

The main problem with the interpretation of the data from the above studies is

that the method of immunosurgery does not guarantee complete removal of all TE

cells. Various approaches were undertaken to confirm the reliability of this method,

including labeling of TE cells with horseradish peroxidase, granules of melanin, or

antibodies against TE-specific surface proteins (Handyside and Barton 1977; Fleming

et al. 1984; Louvet-Vallee et al. 2001). However, it was not possible to detect for

certain single trophectodermal cells that could have escaped complement-mediated

lysis and could become a source of regenerated TE. Indeed, recent report of

Szczepanska et al. (2011) contradicted results presented in many previous studies.

These authors evaluated the effectiveness of the lysis of TE cells by labeling cells of

the original TE with the fluorescent latex microspheres before immunosurgery, and

detecting surviving TE cells, after isolation of ICM, on the basis of the presence of

TE-specific marker—CDX2. This study showed that the reconstructed outer layer

of TE develops from the labeled cells of the original TE that survived

immunosurgery and remained on the surface of isolated ICM. Thus, these results

indicate that after segregation of TE and ICM (in advanced blastocysts composed of

50–70 cells) the ICM cells lose their potential to differentiate into TE (Szczepanska

et al. 2011). This conclusion finds confirmation in similar experiments in which

microsurgery rather than immunosurgery was used for the isolation of ICMs, and in

which ICM cells isolated from early blastocysts were not able to differentiate into

TE (Gardner and Johnson 1972; Rossant 1975a, b). Most likely, the microsurgery

was more efficient in removing TE cells. These data are also in agreement with the

experiments in which single, GFP-positive cells from ICM of 3.5-day-old

blastocysts (containing ca 64 cells) were aggregated with 8-cell stage embryos

(Chazaud et al. 2006). These cells colonized TE only in 8 % of the resulting

blastocysts and after microinjection into the embryos at the blastocyst stage they

did not contribute to the TE layer at all (Chazaud et al. 2006).

These studies demonstrate that at the early blastocyst stage (i.e., between the 32-

and 64-cell stage) cells of two lineages, ICM and TE, become committed to their

prospective fates and their pluripotency is lost.

8.4.2.5 Time of Ultimate Determination of Cell Fate

All the data reported here suggest that the restriction of developmental potencies

occurs earlier in cells of the future TE, than of ICM. Whereas pluripotency of outer

cells appears to be lost around 32-cell stage, the plasticity of inner cells of the

blastocyst, especially in regard to the ultimate choice of one of the two alternative

paths of differentiation—EPI or PE, is maintained for relatively long period during
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the preimplantation development. Microinjection of cells derived from ICM of 3.5-

day-old blastocysts into the embryos at the blastocyst stage revealed that while the

minority of ICM cells was bipotential and capable of generating both EPI and PE

cells of ICM, the majority of them had restricted fate. This suggests that ICM of

mid-blastocyst is a mosaic of morphologically indistinguishable EPI and PE

progenitors having different developmental potential (Chazaud et al. 2006). The

heterogeneity of ICM cells relies on diversified expression of markers specific for

EPI and PE, such as NANOG (Nanog homeobox) and GATA6 (Gata-binding

protein), respectively. Before PE and EPI layers become clearly morphologically

distinct, the cells expressing these genes are intermingled and localized in both

deeper and surface compartments of the early ICM (Chazaud et al. 2006; Plusa et al.

2008). The presence of two populations of ICM cells: progenitors of PE and EPI

having diversified gene profiling was confirmed by a single-cell gene expression

analysis (Kurimoto et al. 2006; Guo et al. 2010). In late (80–120 cells) blastocyst

PE and EPI progenitor cells sort out into the appropriate cell layers. It was shown

that multiple factors, such as actin-dependent cell movement, adhesion, selective

apoptosis and positional signals participate in PE and EPI lineage segregation

(Plusa et al. 2008; Meilhac et al. 2009; Morris et al. 2010). However, the precise

timing of irreversible determination of ICM cells, i.e., definitive choice of the

routes of differentiation—into EPI or PE—has not yet been established. It seems

that it takes place prior to implantation, because in 4.5-day-old fully expanded

blastocyst the EPI and PE layers are already separated and developmentally

committed. This conclusion is supported by the observation that after microinjec-

tion of dissociated EPI and PE cells of 4.5-day-old blastocyst into recipient blasto-

cyst, their contribution in resulting chimeras was restricted to the lineage of their

origin (Gardner and Rossant 1979). On the other hand, it was also shown that the

inner cells isolated from expanded, late blastocysts either by immunosurgery or by

microdissection were able to regenerate a layer of PE cells on the blastocyst surface

(Rossant 1975a, b; Pedersen et al. 1977; Hogan and Tilly 1978a, b; Dziadek 1979;

Gardner 1985). However, it still is not clear whether regenerated PE originated

from the EPI cells that, in response to outside environment, reversed their fate

towards PE, or from the original PE cells that escaped lysis during ICM isolation

procedure. Until one of these alternatives is confirmed, these experiments do not

help to define the precise stage at which the final and irrevocable determination of

ICM cells occurs.

8.4.3 Possible Mechanisms of Embryo Regulation

Experimental studies involving disaggregation of embryos into single cells and

their re-aggregation in various configurations revealed great regulative properties

and plasticity of the preimplantation mouse embryo. Depending on circumstances,

embryonic cells may use diverse strategies to adapt, switch their fate, and regulate

their development. Homogeneous aggregates of inner or outer blastomeres derived
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from 16-cell embryos continue their embryogenesis till term, despite disruption of

the original position, polarity, and connections between cells within the embryo

(Suwinska et al. 2008). At the time of re-aggregation, in the aggregates composed

of the outer cells, most of the blastomeres started to synthesize CDX2, while in

the aggregates built of the inner cells the blastomeres were CDX2-negative. Thus,

the regulation of development of newly formed embryos required a switch in the

direction of differentiation in accordance with a new position occupied by the cells

within the aggregate. Former inner blastomeres, which became allocated externally,

and former outer blastomeres, that happened to be located in the inside position, had

to undergo developmental reprogramming, i.e., regulation of expression of genes

involved in cell lineage differentiation, such as upregulation and downregulation of

Fig. 8.4 Mechanisms involved in embryo regulation after experimental manipulation. Sixteen-
cell embryos use different strategies to regulate their development when they are subjected to

disaggregation into individual cells and subsequently re-aggregated in various configurations.

(a) In the aggregates composed exclusively of inner or outer cells the blastomeres undergo

molecular reprogramming of lineage-specific genes, e.g., Cdx2. Outer cells of “inner” aggregates
start to synthesize CDX2. (b) The inner cells of “outer” aggregates downregulate the expression of

CDX2. (c) Single originally outer cell (marked with asterisk) placed experimentally inside the

embryo translocates to the outside. (d) Originally inner blastomere (marked with asterisk) forced
to locate at the surface of the embryo either returns to its original inside position, or remains

outside and undergoes reprogramming according to a new position. (e) In aggregates consisting of

spatially mixed sister inner and outer blastomeres cells tend to migrate to their original positions.

White arrows point to the direction of cell movement; black arrows indicate cells undergoing

molecular reprogramming
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Cdx2 gene, respectively (Fig. 8.4a, b). This observation supports the belief that, at

least until certain stage of development, the position of cells determines their future

fate.

The consequences of experimental alteration of the arrangement of blastomeres

were also examined by determining the contribution of labeled single cells in the re-

aggregates, which were cultured until the blastocyst stage. Most of these

experiments indicate that originally outer cells placed internally have a tendency

to relocate to the surface and do not change their phenotype (Ziomek and Johnson

1982; Randle 1982; Surani and Handyside 1983; Fig. 8.4c), while initially inner

cells placed on the outside of embryo either differentiate according to the new

position, thus acquiring a new phenotype (Ziomek and Johnson 1982), or migrate

inside and participate in the formation of the ICM (Randle 1982; Surani and

Handyside 1983; Fig. 8.4d). Similar cell behavior was also observed in our labora-

tory (Suwinska et al. 2008). In the aggregates composed of spatially intermingled

inner and outer sister cells derived from 16- and 32-cell embryos, the blastomeres

used sorting mechanism rather than molecular reprogramming concordant with a

new location within the embryo, to regulate their development (Suwinska et al.

2008). Irrespective of implemented strategy of regulation the final outcome turned

out to be successful, as evidenced by the birth of a young (Suwinska et al. 2008). By

labeling the outside cells of embryos before disaggregation with a lipophilic dye we

followed repositioning of cells in newly formed aggregates, and found that the

majority of cells occupied their original, precedent position. This indicates that the

cells proceeded along their original route of differentiation (Fig. 8.4e). Solitary

cells that were misplaced and occupied “wrong” position probably underwent a re-

programming (or underwent apoptosis). These observations advocate the thesis that

both phenotype and the position of cells affect the cell fate. It seems that

differentiative division generates blastomeres differing in properties and tendency

to differentiate into one specific cell lineage. However, it seems that the localization

within the embryo and the positional signals coming from other cells give addi-

tional support for the choice between different differentiation pathways. In sum-

mary, all these data strongly suggest that the multiple regulative mechanisms act in

concert to assure proper development of embryo.

8.5 Pre-patterning Versus Flexibility Model: Do They Rule Out

or Complement Each Other?

At the first glance the pre-patterning of the mouse embryo might appear at odds

with the experimental data, which demonstrate the apparent pluripotency of the

early embryonic cells. However, even if an intact, undisturbed embryo possesses an

internal pattern of development, as it is suggested by some researchers (Gardner

1997, 2001; Piotrowska et al. 2001; Piotrowska and Zernicka-Goetz 2001), this

does not preclude the regulation of development. Although various manipulations
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performed on the embryos, such as the alteration of the position, number, or

composition of the blastomeres, should severely perturb the potential pattern of

the embryo, they do not have deleterious effect on further development; the

manipulated embryos recover and complete embryogenesis successfully. The

results of a variety of experimental approaches, such as reduction of blastomere

number or an aggregation of cleaving embryos to create chimeras, testify to the

extraordinary regulative abilities of the mouse embryo. This, however, does not

necessarily mean that during a normal development the embryo will always activate

and use its inherent regulative mechanisms, as under normal circumstances there is

no need to use them.

The followers of pre-patterning model claim that although the existence of pre-

patterning (developmental bias) is evident, meaning that some regions of the zygote

or some blastomeres are predisposed to contribute to specific parts of the embryo, it

guides rather than determines cell fate. The fact that during normal development the

blastomeres follow their delineated paths, and in the case of emergency they can be

re-directed and re-programmed indicates their compatibility with the regulative

nature of development. However, the advocates of the regulative model believe that

as long as the fate of the blastomeres can be altered in response to experimental

manipulation, these cells are not determined, i.e., irreversibly committed to specific

fates.

In summary, although a new technology of time-lapse observation of cells in

intact embryos allows monitoring of such subtle changes as dynamic differences in

the mobility of specific transcription factors, it does not tell when the final and

irreversible cell fate decisions are made. Only the integration of emerging

technologies with the traditional methods of experimental embryology allows the

whole outlook of developmental processes and indicates that there is a relationship

between these two seemingly incompatible models of development.

8.6 Do the Same Developmental Mechanisms Operate in

Human and Mouse Preimplantation Embryo?

For ethical and legal reasons most of the experiments performed on animal embryos

cannot be repeated on human embryos. Very limited experimental work performed

on human embryos indicates that blastomeres isolated from human 4-cell embryo

can individually develop in vitro into the blastocysts with TE and ICM (Van de

Velde et al. 2008). For obvious reasons, such blastocysts could not be transferred

into a uterus in order to determine whether they were totipotent, i.e., whether they

could develop into babies. At any rate the above study shows that all four

blastomeres of the 4-cell human embryo are not yet irreversibly allocated to either

cell lineage, i.e., ICM or TE. Additional evidence in favor of the pluripotency of

blastomeres of preimplantation human embryo is provided by derivation of human

embryonic stem (hES) cells from single blastomeres of 4-cell (Geens et al. 2009)
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and 8-cell embryos (Klimanskaya et al. 2007). The establishment of embryonic and

extraembryonic stem cell lines from 8-cell embryos was first demonstrated in the

mouse (Chung et al. 2005). As both mouse and human stem cells generated in these

ways have the capacity to differentiate into the cell types representing all three

embryonic germ layers both in vitro (i.e., in embryoid bodies) and in vivo (i.e., in

teratomas formed in immunodeficient mice), it indicates that at least some human

blastomeres at these stages are indeed pluripotent.

On the other hand, it was found by reverse transcription polymerase chain

reaction (RT-PCR) studies that individual blastomeres of 2- to 5-cell embryos

express differently lineage-specific genes: marker of ICM—Oct4, and TE

markers—b-HCG and b-LH (Hansis et al. 2002, 2004). These data suggest, in

turn, that molecular divergence of blastomeres into inner and outer cell lineages

(ICM and TE, respectively) begins in human embryos earlier than in the mouse. In

conclusion, the scarcity of information on human preimplantation embryos does not

permit to make any sound generalization.

8.7 Summary: Significance of Experimental Approach

in Studying Early Mouse Development

The knowledge emerging from experiments described in this chapter gives us better

understanding of mechanisms controlling preimplantation mammalian develop-

ment, and is also of key importance for practical medical applications. The infor-

mation provided by experimental embryology of the mouse undoubtedly helps in

developing techniques presently used in assisted human reproduction, preimplan-

tation genetic diagnosis, and in establishing ES cell lines.

Experiments initiated as early as in the 1950s of the last century became

foundations for the biopsy procedure employed in the preimplantation genetic

diagnosis (PGD), which is carried out in the clinics worldwide to identify the

genetic defects in embryos created through in vitro fertilization before they are

implanted to the uterus (Handyside et al. 1990). This procedure consists of biopsy

of one blastomere from 8-cell stage embryo for genetic analysis and the transfer of

the remaining 7-cell embryo that has no abnormalities to the mother’s uterus for

implantation and pregnancy. More than a decade of experience during which many

healthy babies were born following PGD procedure indicates that the removal of a

single blastomere does not affect embryo viability, reduction in pregnancy rate, or

the potential increase in the rate of congenital malformations comparing to their

prevalence in the general population (Hardy et al 1990; Staessen et al. 2004).

Moreover, as human ES cells can be derived from single blastomeres of 4-cell

(Geens et al. 2009) and 8-cell stage embryos (Klimanskaya et al. 2007), this

procedure may potentially provide additional benefits for overcoming ethical bar-

rier in isolation of hES cells. If therapies based on patient-derived hES cells come to
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fruition, the blastomere-derived human ES cell lines, obtained without of the harm

to the embryo, would be of great potential benefit for regenerative medicine.
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Kurimoto K, Kabuta Y, Ohinata Y, Ono Y, Uno KD, Hamada RG, Ueda HR, Saitou M (2006) An

improved single-cell cDNA amplification method for efficient high-density oligonucleotide

microarray analysis. Nucleic Acids Res 34:e42

Kurotaki Y, Hatta K, Nakao K, Nabeshima Y, Fujimori T (2007) Blastocyst axis is specified

independently of early cell lineage but aligns with the ZP shape. Science 316:719–723

Louvet-Vallee S, Dard N, Santa-Maria A, Aghion J, Maro B (2001) A major posttranslational

modification of ezrin takes place during epithelial differentiation in the early mouse embryo.

Dev Biol 231:190–200

Louvet-Vallée S, Vinot S, Maro B (2005) Mitotic spindles and cleavage planes are oriented

randomly in the two-cell mouse embryo. Curr Biol 15:464–469

Markert CL, Petters RM (1978) Manufactured hexaparental mice show that adults are derived

from three embryonic cells. Science 202:56–58

MacKay GE, West JD (2005) Fate of tetraploid cells in 4n$2n chimeric mouse blastocysts. Mech

Dev 122:1266–1281

McGrath J, Solter D (1984) Completion of mouse embryogenesis requires both the maternal and

paternal genomes. Cell 37:179–183

McLaren A (1976) Mammalian chimaeras. Cambridge University Press, Cambridge, London,

New York, Melbourne

Mintz B (1962) Formation of genotypically mosaic mouse embryos. Am Zool 2:432

Mintz B (1964) Formation of genetically mosaic mouse embryos and early development of “lethal

(t12/t12)-normal” mosaics. J Exp Zool 157:273–292

Meilhac SM, Adams RJ, Morris SA, Danckaert A, Le-Garrec JF, Zernicka-Goetz M (2009) Active

cell movements coupled to positional induction are involved in lineage segregation in the

mouse. Dev Biol 331:210–221

Moore NW, Adams CE, Rowson LEA (1968) Developmental potential of single blastomeres of

the rabbit egg. J Reprod Fertil 17:527–531

Morris SA, Teo RT, Li H, Robson P, Glover DM, Zernicka-Goetz M (2010) Origin and formation

of the first two distinct cell types of the inner cell mass in the mouse embryo. Proc Natl Acad

Sci USA 107:6364–6369

Motosugi N, Bauer T, Polanski Z, Solter D, Hiiragi T (2005) Polarity of the mouse embryo is

established at blastocyst and is not prepatterned. Genes Dev 19:1081–1092

Mullen RJ, WhittenWK, Carter SC (1970) Studies on chimeric mice and half-embryos. In: Annual

report of the Jackson Laboratory. Bar harbor, Maine, pp 67–68

Nichols J, Gardner RL (1984) Heterogeneous differentiation of external cells in individual isolated

early mouse inner cell masses in culture. J Embryol Exp Morphol 80:225–240
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Chapter 9

Creation of Trophectoderm, the First

Epithelium, in Mouse Preimplantation

Development

Yusuke Marikawa and Vernadeth B. Alarcon

Abstract Trophectoderm (TE) is the first cell type that emerges during develop-

ment and plays pivotal roles in the viviparous mode of reproduction in placental

mammals. TE adopts typical epithelium morphology to surround a fluid-filled

cavity, whose expansion is critical for hatching and efficient interaction with the

uterine endometrium for implantation. TE also differentiates into trophoblast cells

to construct the placenta. This chapter is an overview of the cellular and molecular

mechanisms that control the critical aspects of TE formation, namely, the formation

of the blastocyst cavity, the expression of key transcription factors, and the roles of

cell polarity in the specification of the TE lineage. Current gaps in our knowledge

and challenging issues are also discussed that should be addressed in future

investigations in order to further advance our understanding of the mechanisms of

TE formation.

9.1 Introduction

The very first morphogenetic event in animal development is epithelialization of

the outer cells. After several rounds of cleavages, cells located on the surface of the

embryo become firmly adhered to each other and establish junctional connections

to create a seamless epithelial sheet. This epithelium serves as structural as well as

chemical barrier to separate the embryo from the environment. In many species, the

epithelium surrounds a fluid-filled cavity called the blastocoel. The blastocoel

provides space to allow cell movement during gastrulation, which brings presump-

tive mesoderm and endoderm interiorly.
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Like other animals, the first morphogenetic event in development of eutherians

(placental mammals, such as human and mouse) is epithelialization of the outer

cells. However, unlike other animals, the first epithelium of eutherian embryos is

specifically called the trophectoderm (TE), and it plays unique roles that are

inherent to the viviparous nature of eutherian reproduction. TE physically interacts

with the endometrium of the mother’s uterus to initiate implantation and

differentiates into extraembryonic tissues, namely, trophoblast, to construct the

placenta. In addition, the fluid-filled cavity surrounded by TE (which is specifically

referred to as the blastocyst cavity, rather than the blastocoel, in this chapter) is

neither functionally nor developmentally equivalent to the blastocoel in other

animals; the blastocyst cavity is not a space for gastrulation to bring in presumptive

mesoderm or endoderm. Instead, the blastocyst cavity expands robustly during

preimplantation development, which facilitates hatching of the embryo from the

egg shell, or the zona pellucida. In addition, expansion of the blastocyst cavity

enlarges the surface area of the embryo, which increases the efficiency of interac-

tion with the uterine endometrium during implantation. Thus, TE formation is one

of the evolutionary inventions that are customized for the specialized reproductive

mode of placental mammals.

Fertilization and preimplantation development of eutherian embryos naturally

occur in the oviduct of the mother. However, for many species, including the human

and mouse, fertilization and preimplantation development can be recreated in vitro

in a chemically defined culture medium under a controlled environment without

significantly impairing the developmental potential of embryos (Summers and

Biggers 2003; Gardner 2008; Vajta et al. 2010). Thus, a large portion of our current

knowledge on the morphological as well as molecular aspects of preimplantation

development is derived from the studies using in vitro cultured embryos. In the case

of the mouse, the first cleavage occurs at about 16–20 h after fertilization, and the

following cleavages take place at an interval of roughly 12 h. At late 8-cell stage, all

blastomeres become attached firmly to each other, and the embryo adopts a

spherical appearance (Fig. 9.1). This process is known as compaction. The follow-

ing cleavages result in emergence of the two types of cells with respect to their

positions in the embryo: outer and inner cells. Generally, outer cells give rise to TE,

whereas the inner cells become the inner cell mass (ICM), the latter of which is a

population of pluripotent stem cells that eventually contribute to all cell types in the

body. Between 16- and 32-cell stages, the blastocyst cavity starts to form, which

gradually expands. At this point, the embryo is called the blastocyst (Fig. 9.1).

The purpose of this chapter is to review the current knowledge on the

mechanisms of TE formation in the mouse embryo, with a specific focus on the

molecular processes controlling the generation of the blastocyst cavity, the tran-

scriptional regulators that are involved in TE development, and the initial signals

that separate the TE lineage from the ICM lineage. The chapter is particularly

devoted to highlight elusive aspects and gaps in our knowledge as well as challeng-

ing issues that may be hindering progress in our understanding of the mechanisms

of TE formation.
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9.2 Formation, Expansion, and Maintenance of the Blastocyst

Cavity

The creation of the blastocyst cavity is the morphological landmark of TE epitheli-

alization. The following four steps are fundamental to the formation and mainte-

nance of an expanded blastocyst cavity: (1) formation of microlumen as the initial

small cavity, (2) generation of osmotic gradient between the cavity and the external

environment, (3) water influx into the cavity, and (4) establishment of paracellular

sealing in TE (Fig. 9.2a). Failure in any of these steps would compromise the

blastocyst cavity formation.

9.2.1 Formation of Microlumen

The blastocyst cavity starts as a small cavity, or microlumen, which emerges in the

intercellular space after the fifth cleavages, i.e., between 16- and 32-cell stages.

In some embryos, multiple microlumens appear which eventually coalesce to form

a single cavity during expansion. Microlumens originate from intracellular vesicles,

or vacuoles, that form in the outer cells (presumptive TE) and are released by

exocytosis at the basal membrane (Fig. 9.2b; Aziz and Alexandre 1991; Motosugi

et al. 2005). Various questions regarding the molecular mechanisms of microlumen

formation during blastocyst development are yet to be answered. What signals

control the timing of vacuole production and exocytosis? What machinery directs

vacuoles specifically to the basal membrane?

The molecular mechanisms of microlumen formation have been intensively

studied using in vitro cell culture systems, such as the MDCK (Madin-Darby canine

kidney) cell line (Wang et al. 1990; Apodaca 2010; Engelberg et al. 2011). By

culturing three-dimensionally in a collagen gel, individual MDCK cells proliferate

and assemble into a cyst, which is a spherical epithelial layer surrounding a central

cavity. Using the MDCK cyst as a model for luminogenesis, several molecules have

Fig. 9.1 Morphological transformation of the mouse embryo from the 1-cell stage to the blasto-

cyst stage, which takes place during the first 3 days after fertilization
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been identified that are involved in the generation of the initial intracellular vesicles

and their targeted delivery and exocytosis (Bryant et al. 2010). These molecules

may also regulate microlumen formation in mouse preimplantation development.

Nonetheless, it is of particular importance to note that the orientation of epithelial

cell polarity is totally reversed between the MDCK cyst and the blastocyst: the

apical side is facing the lumen in the MDCK cyst, whereas the basal side of TE is

facing the blastocyst cavity. In the MDCK cyst formation, intracellular vesicles are

targeted to the apical membrane for exocytosis, in which conserved apical

components, such as Cdc42, Par3, and atypical PKC, play essential roles (Martin-

Belmonte et al. 2008; Delous et al. 2009; Schluter et al. 2009; Yoshihama et al.

2011). In contrast, the apical components in TE are located exteriorly, that is, facing

away from the cavity. Thus, these apical components are unlikely to be involved in

targeted vesicle transport and exocytosis in the blastocyst cavity formation. Despite

that these results could be instructive, it is critical to investigate the mechanisms of

initial lumen formation in the context of blastocyst formation since they seem to

involve other mechanisms than the ones described in the MDCK cells.

Fig. 9.2 (a) Snapshot images taken by time-lapse cinematography of a developing mouse

embryo, showing the initial formation of microlumens and their expansion to generate the

blastocyst cavity. (b) Schematic diagrams, depicting the microlumen formation by exocytosis of

vacuoles at the basal membrane in the outer cells. (c) Schematic diagrams, portraying three critical

steps to expand and maintain the blastocyst cavity, namely, directional sodium ion transport, water

influx, and paracellular sealing. See text for details
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9.2.2 Generation of Osmotic Gradient

After the initial microlumen formation by vacuole exocytosis, further expansion

is mediated by water influx from the external environment into the microlumen.

This water influx is driven by an osmotic gradient, which is established by differ-

ential sodium ion (Na+) concentration, such that it is higher in the cavity than in the

external environment (Fig. 9.2c; Borland et al. 1977; Biggers et al. 1988;

Manejwala et al. 1989; Watson and Barcroft 2001). Elevated Na+ concentration

in the cavity is created by active transport of Na+ through transmembrane pumps

(Fig. 9.2c). Na+/H+ exchangers and Na+/K+-ATPases play key roles in Na+ influx

at the apical membrane and Na+ efflux at the basal membrane, respectively

(Wiley 1984; Manejwala et al. 1989; Watson 1992; Barr et al. 1998; Barcroft

et al. 2004; Kawagishi et al. 2004). One of the Na+/H+ exchangers, NHE3

(Slc9a3; Mouse Genome Informatics), is enriched in the apical membrane of TE.

The inhibition of NHE3 using a specific inhibitor S3226 interferes with blastocyst

cavity formation, whereas cariporide, an inhibitor for NHE1, does not (Kawagishi

et al. 2004). Importantly, S3226 also interferes with the re-expansion of the

blastocyst cavity after its collapse by a transient treatment with cytochalasin D

(Kawagishi et al. 2004). This indicates that S3226 inhibits the blastocyst cavity

formation by interfering with its expansion rather than the initial microlumen

formation. While the inhibitor experiment strongly suggests the importance of

NHE3, surprisingly the homozygous NHE3 mutant embryo does not appear to

have abnormalities in preimplantation development (Schultheis et al. 1998). Fur-

ther investigations are required to test whether S3226 affects other Na+/H+

exchangers that may function redundantly with NHE3. It also needs to be deter-

mined whether maternally supplied NHE3 is sufficient to support preimplantation

development, which would explain the lack of a phenotype in the homozygous

mutant embryo.

Multiple isoforms of alpha- and beta-subunits of Na+/K+-ATPase are expressed

in mouse preimplantation embryos (MacPhee et al. 2000; Kidder 2002; Kidder and

Watson 2005). In particular, a1-subunit (Atp1a1) and b1-subunit (Atp1b1) are

enriched in the basal membrane of TE. Atp1a1 null-mutant embryos fail to develop

to the blastocyst stage when cultured in vitro, although they develop normally to the

blastocyst stage in vivo (Barcroft et al. 2004). Blastocyst cavity formation is also

impaired when Atp1b1 is knocked down by specific siRNA (Madan et al. 2007).

While these studies suggest that the basally localized Na+/K+-ATPases are essential

for blastocyst cavity formation, further studies are essential to determine whether

the cavity defect is caused primarily by the lack of osmotic gradient. It has been

shown that knockdown of Atp1b1 causes abnormal distributions of tight junction

components, namely, ZO-1 and occludin, raising the possibility that Atp1b1 is also

essential for establishing paracellular sealing of TE (see Sect. 9.2.4). Indeed, in
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addition to the ion transport activity, Atp1b1 has been shown to function as a cell

adhesion molecule (Rajasekaran and Rajasekaran 2009; Tokhtaeva et al. 2011),

which may be linked to the tight junction defects in Atp1b1 knockdown embryos.

The phenotypes of the Atp1a1 null-mutant embryo, as described above, pose an

interesting question about critical differences between in vitro and in vivo

conditions for preimplantation development. Evidently, the absence of Atp1a1 is

not detrimental enough to cause an abnormality in the blastocyst formation in an

in vivo environment within the oviduct. In contrast, conventional medium for

in vitro embryo culture, such as KSOM (Lawitts and Biggers 1993), cannot support

the preimplantation development of Atp1a1 null-mutant embryos, although KSOM

can support blastocyst formation in wild-type embryos. The chemical composition

of KSOM is much simpler than that of the endogenous oviduct fluid. Thus, it is

possible that KSOM may not contain certain types or levels of specific ions that are

essential to compensate the lack of the Na+/K+-ATPase. A recent study shows that a

complex medium that is originally formulated to culture mouse embryonic stem

cells can promote the expansion of the blastocyst cavity more robustly than KSOM

(Gelber et al. 2011). Thus, culture medium for mouse preimplantation embryo may

be further modified to support blastocyst formation in slightly impaired embryos,

such as Atp1a1 null-mutant.

9.2.3 Water Influx

Although osmotic gradient is the driving force for water influx into the cavity, the

actual osmotic pressure is not high enough to move water molecules directly across

the lipid bilayers of the plasma membrane (Borland et al. 1977; Biggers et al. 1988).

Thus, water channels, namely, aquaporins (AQPs), are required to facilitate water

influx through the outer cells (Fig. 9.2c). In mouse preimplantation development,

various AQP isoforms are expressed, and each isoform has a distinct temporal and

spatial expression patterns (Edashige et al. 2000; Offenberg et al. 2000; Barcroft

et al. 2003). For example, AQP9 is enriched in the apical membrane, whereas AQP3

and AQP8 are mainly present in the basal membrane of TE (Barcroft et al. 2003;

Bell et al. 2009), raising the possibility that each isoform plays unique roles.

However, currently, functional significance of specific isoforms for preimplantation

development has not been clearly delineated, as the knockout of individual AQP

gene has no apparent defect in blastocyst formation (Ma et al. 1997b, 1998, 1999,

2000; Krane et al. 2001; Hara-Chikuma et al. 2005; Morishita et al. 2005;

Sohara et al. 2005; Yang et al. 2005; Rojek et al. 2006, 2007; Kitaura et al. 2009;

Ohta et al. 2009; Thrane et al. 2011). It is possible that the lack of one AQP gene

may be compensated by other AQPs or maternally supplied mRNA and/or protein,

although these speculations need to be tested by further investigations.
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9.2.4 Paracellular Sealing

The blastocyst cavity expansion requires retaining of Na+ and water molecule that

had moved into the cavity. This task is achieved by paracellular sealing of TE

(Fig. 9.2c). For the first time in the embryo life, the junctional complexes, namely,

adherens junction, tight junction (TJ), desmosome junction, and gap junction, are

established between TE cells. This is an important step in embryo development

since it enables to form the first tissue-like structures within the embryo. Among

these junctions, TJ is mainly responsible for paracellular sealing, which acts as

permeability barrier for ions and water molecules. TJ is composed of various

components, such as claudins, occludin, and zonula occludens proteins (ZO-1,

ZO-2, and ZO-3), and these components are assembled sequentially after compac-

tion to build the mature permeability barrier of TE (Eckert and Fleming 2008).

However, which TJ components play essential roles in the paracellular sealing of

TE are not fully elucidated. None of the single knockout of the TJ components has

resulted in the inhibition of the blastocyst cavity formation (Saitou et al. 2000;

Adachi et al. 2006; Katsuno et al. 2008; Xu et al. 2008; Escudero-Esparza et al.

2011). We can speculate that the lack of clear phenotypes in single knockouts

during preimplantation development is most likely due to functional redundancy

with the other TJ components, which still need to be confirmed through further

investigations. Nonetheless, experiments using RNAi to knock down specific TJ

components have yielded phenotypes in blastocyst development. For example,

knockdown of ZO-1 and/or ZO-2 causes delayed expansion of the blastocyst cavity,

suggesting their roles in paracellular sealing (Sheth et al. 2008). In another study,

RNAi-mediated knockdown of ZO-1 results in a much severe phenotype, such as

delayed cell division and abnormal gene expressions that are involved in both TE

and ICM development, which implicates that ZO-1 plays other functions in addition

to TJ formation (Wang et al. 2008). The cause of the discrepancy between these

studies is currently unclear, although the specificity of the RNAi-mediated knock-

down needs to be carefully evaluated (e.g., by the use of different siRNA sequences

and/or rescue experiment) to confirm that the observed phenotypes are caused

solely by the lack of ZO-1.

Another approach to test the role of TJ components, specifically claudins, has

been taken by using Clostridium perfringens enterotoxin (CPE), which specifically

binds claudins in the intestinal epithelium to cause food poisoning (Katahira et al.

1997). While the C-terminal half of CPE (C-CPE) is noncytotoxic, it can still bind

and sequester claudins to increase paracellular permeability of the epithelium

(Sonoda et al. 1999). C-CPE-treated mouse embryos exhibit impaired blastocyst

cavity expansion (Moriwaki et al. 2007), suggesting that claudins play an essential

role in TE permeability sealing. C-CPE can bind to various claudin isoforms,

namely, claudins 3, 4, 6, 7, 8, and 14 (Sonoda et al. 1999; Fujita et al. 2000).

Among these, however, only claudins 4, 6, and 7 are detectable in the mouse

blastocyst (Moriwaki et al. 2007), suggesting that these isoforms are specifically

involved in TE paracellular sealing.
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9.3 Transcriptional Regulators Involved in TE Development

Transcription factors can coordinate the expressions of many other genes, and

thereby function as master regulators of complex events, such as cell differentia-

tion. Several transcription factors have been identified that are involved in TE

development, as described below. Each factor appears to function in a distinct

manner based on their knockout or knockdown phenotypes in mouse preimplanta-

tion as well as early postimplantation development. However, the identities of their

transcriptional targets are mostly unclear, particularly with respect to how and

which aspects of TE development are controlled by these transcription factors.

Further studies involving global gene expression analyses, in conjunction with loss-

of-function as well as gain-of-function of each transcription factor, should reveal

the transcriptional regulatory networks that control TE development.

9.3.1 Cdx2

Cdx2 encodes a caudal-type homeodomain protein, and is specifically expressed in

TE of the mouse blastocyst (Strumpf et al. 2005). Homozygous Cdx2 knockout

mutant embryos develop defective TE, as they fail to implant in vivo and are unable

to give rise to trophoblast giant cells as well as trophoblast stem cells in vitro.

However, Cdx2 knockout embryos develop normal ICM, from which embryonic

stem cells can be derived. In addition, ICM marker genes Nanog and Oct4 (Pou5f1;

Mouse Genome Informatics) are ectopically expressed in the outer cells of Cdx2

knockout embryos, suggesting that Cdx2 promotes TE development and suppresses

the ICM lineage formation (Strumpf et al. 2005; Ralston and Rossant 2008).

Nonetheless, Cdx2 knockout embryos are capable of forming the blastocyst cavity,

indicating that epithelialization of TE is not dependent on Cdx2 (Strumpf et al.

2005; Ralston and Rossant 2008). At later stages, however, TE epithelium starts to

exhibit defects, such as a disorganized ZO-1 distribution pattern, resulting in the

collapse of the blastocyst cavity. Thus, Cdx2 may be involved in gene regulations

that are essential for the maintenance of epithelial integrity at later stages of the

blastocyst. Alternatively, significant increase in apoptosis is observed in the outer

cells of Cdx2 knockout embryos (Strumpf et al. 2005), which may be contributing

to the degeneration of epithelial integrity. It is unclear how the loss of Cdx2 is

mechanistically linked to the increased incidence of apoptosis.

Transcriptional targets of Cdx2 that are involved in trophoblast differentiation

are still elusive. As mentioned above, loss of Cdx2 during preimplantation devel-

opment results in ectopic expression of Pou5f1 and Nanog (Strumpf et al. 2005;

Wang et al. 2010). Also, Cdx2 directly binds to the promoters of Pou5f1 and Nanog
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to repress their expressions in embryonic stem cells (Niwa et al. 2005; Chen et al.

2009). Thus, Pou5f1 and Nanog may be direct transcriptional targets of Cdx2 to

repress the key regulators of ICM formation. However, the expression pattern of

Cdx2 does not necessarily correlate with reduced expression of Pou5f1 or Nanog

during the early stages of blastocyst development (Dietrich and Hiiragi 2007),

implicating that Cdx2 expression may not be sufficient to repress Pou5f1 and

Nanog. A recent study shows that Brg1, which encodes a regulator of chromatin

remodeling, cooperates with Cdx2 to repress the expression of Pou5f1 (Wang et al.

2010). Thus, Cdx2 is necessary, but may not be sufficient by itself to repress Pou5f1

and Nanog. In contrast, Cdx2 may act as a positive regulator of the transcription of

Eomes, which encodes another TE-specific transcription factor (see Sect. 9.3.2).

The Eomes transcript level is markedly reduced in Cdx2 knockout embryos

(Strumpf et al. 2005). However, whether the expression of Eomes is directly

regulated by Cdx2 is yet to be determined.

Recent conflicting reports argue for, and against, a distinct functional role for

maternally supplied Cdx2 mRNA in preimplantation development. In one group of

studies, siRNA- or antisense oligo-mediated knockdown of both maternal and

zygotic Cdx2 mRNA causes much severe defects than the phenotype of homozy-

gous Cdx2 mutant embryos: delayed cell division as well as developmental arrest

even at 4-cell stage (Jedrusik et al. 2008, 2010). In these studies, the expression of

cell polarity regulators has been suggested to be under the control of maternal Cdx2,

which may be linked to the early developmental defects. However, the other study

shows that effective removal of maternal and zygotic Cdx2 mRNA by RNAi results

in defects only at later stages that are comparable to the homozygous Cdx2 mutant

embryos (Wu et al. 2010). The cause of this contradiction has not been clarified at

this point (Bruce 2011), although it would be essential to investigate the role of

maternal Cdx2 through other approaches, such as conditional gene knockout in

developing oocytes (Sun et al. 2008).

9.3.2 Eomes

Eomes encodes a T-box domain transcription factor and is expressed specifically in

TE of the mouse blastocyst (Russ et al. 2000; McConnell et al. 2005). In contrast to

the Cdx2 mutant embryos, Eomes homozygous knockout embryos can form

expanded blastocysts, hatch from the zona pellucida, and maintain the TE epithelial

integrity for an extended period in culture (Russ et al. 2000). Although the Eomes

mutant embryos can implant, they are unable to differentiate into trophoblast cells

(Russ et al. 2000; Strumpf et al. 2005). Thus, the function of Eomes is required in

TE, particularly for trophoblast differentiation but not for epithelialization or

blastocyst cavity formation.

9 Creation of Trophectoderm, the First Epithelium, in Mouse Preimplantation. . . 173



9.3.3 Klf5

Klf5 is a Kruppel-like zinc-finger transcription factor and is expressed ubiquitously

during preimplantation development, although slightly enriched in the outer cells at

the blastocyst stage (Ema et al. 2008; Lin et al. 2010). Klf5 homozygous knockout

embryos are unable to implant. The expressions of Cdx2 and Eomes are markedly

reduced in Klf5 mutant embryos, suggesting that Klf5 acts upstream of Cdx2 and

Eomes in TE development (Ema et al. 2008; Lin et al. 2010). Although a blastocyst

cavity initially forms in the Klf5 mutant embryos, its expansion is significantly

impaired (Lin et al. 2010). Thus, the morphological phenotype of Klf5 mutant

embryos is reminiscent of the Cdx2 mutant embryos. However, the gene expression

profiles are strikingly different between these two types of mutant embryos: the

expressions of Nanog and Pou5f1 are markedly reduced in the Klf5 mutant, while

they are upregulated in the Cdx2 mutant embryos (Ema et al. 2008; Lin et al. 2010).

Embryonic stem cells can be derived consistently from the Cdx2 mutant but not from

the Klf5 mutant embryos (Strumpf et al. 2005; Ema et al. 2008). Thus, while Klf5 is

essential for TE development, it is also required for normal ICM development.

9.3.4 Gata3

Gata3 is a member of the GATA family of transcription factors and is specifically

expressed in TE of the mouse blastocyst (Home et al. 2009; Ralston et al. 2010).

Gata3 homozygous knockout embryos appear to develop into normal blastocysts,

which can implant and form trophoblast, although their placenta exhibits abnormal

gene expression profiles (Pandolfi et al. 1995; Ting et al. 1996; Ma et al. 1997a).

In contrast, shRNA-mediated knockdown of Gata3 results in much earlier and

severer phenotypes; only about half of the knockdown embryos are able to form

the blastocyst cavity (Home et al. 2009). One of the potential Gata3 targets

contributing to normal TE development is Cdx2. Cdx2 expression is significantly

reduced in Gata3-knockdown embryos. Also, the first intron of Cdx2 gene contains

a conserved Gata3-binding site, which is sufficient to drive the reporter expression

in trophoblast stem cells (Home et al. 2009). In contrast, Gata3 expression in TE is

independent from Cdx2 expression (Ralston et al. 2010). These studies suggest that

Gata3 acts upstream of Cdx2, although the apparent lack of preimplantation

phenotypes in Gata3-knockout embryos needs to be further investigated with

respect to the Cdx2 expression.

9.3.5 Sox2

Sox2 is an HMG-domain transcription factor and is expressed both in TE and ICM

of the mouse blastocyst (Avilion et al. 2003; Keramari et al. 2010). Sox2 homozy-

gous knockout embryos form the blastocyst, which can implant but cannot develop
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the epiblast. This suggests that Sox2 is essential for ICM development but is

dispensable for TE development in the blastocyst (Avilion et al. 2003). However,

a recent study employing siRNA to knock down both maternal and zygotic Sox2

mRNA shows that Sox2 may also play an essential role at earlier stages of

preimplantation development; many of the knockdown embryos are unable to

reach the blastocyst stage (Keramari et al. 2010). Interestingly, the expression of

Cdx2 and the nuclear localization of Yap protein (see Sect. 9.3.6) are markedly

reduced, whereas Pou5f1 is still robustly expressed in the knockdown embryos

(Keramari et al. 2010). This implicates that maternal Sox2 may be required

specifically for TE formation, which would be in striking contrast with its role in

the maintenance of pluripotency as well as in suppression of trophoblast lineages in

embryonic stem cells (Li et al. 2007; Masui et al. 2007). Further studies, particu-

larly with the use of oocyte-specific conditional knockout, would illuminate the

functional significance of maternal Sox2.

9.3.6 Tead4

Tead4 is a TEA-domain transcription factor. Although Tead4 is ubiquitously

expressed during mouse preimplantation development, the homozygous knockout

embryos exhibit TE-specific defects (Yagi et al. 2007; Nishioka et al. 2008). Tead4-

knockout embryos are unable to form the blastocyst cavity at all. The Cdx2

expression is markedly reduced in the Tead4 mutant embryos, whereas Nanog

and Pou5f1 are ectopically expressed in the outer cells. Furthermore, the Tead4

mutant embryos can give rise to embryonic stem cells but not to trophoblast stem

cells (Yagi et al. 2007; Nishioka et al. 2008). Thus, Tead4 is specifically required

for the critical aspects of TE formation: blastocyst cavity formation as well as

trophoblast differentiation. TE-specific action of Tead4 is mediated by its binding

protein, Yap, which acts as a transcriptional co-activator. Yap protein accumulates

in the nucleus only in the outer cells, starting at 16- to 32-cell stage, before the onset

of the blastocyst cavity formation. In contrast, Yap is phosphorylated by Lats

kinases in the inner cells, which results in exclusion from the nucleus (Nishioka

et al. 2009). Currently, however, it is not clear whether the activity of Lats kinases is

differentially regulated between the inner and outer cells.

The action of Yap/Tead4 complex as a transcriptional activator is both necessary

and sufficient to induce the expression of Cdx2 (Nishioka et al. 2009), although

whether Tead4 directly binds to the promoter or enhancer of Cdx2 gene is yet to be

determined. On the other hand, the activation of Yap/Tead4 appears to be insuffi-

cient to induce epithelialization, because morphologically normal blastocysts,

including a distinct ICM, still form when Yap or Tead4 is ectopically activated in

the inner cells (Nishioka et al. 2009). Regardless, Tead4 is essential for the

blastocyst cavity formation, based on knockout as well as knockdown phenotypes

(Yagi et al. 2007; Nishioka et al. 2008; Alarcon 2010). How Tead4 is involved in

the regulation of the blastocyst cavity formation, particularly with respect to the

four critical steps discussed above, is currently under investigation.
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9.4 Initial Signals for TE Formation

What is the first cue that segregates the TE lineage from the ICM lineage during

preimplantation development? Cell lineage tracing as well as cell transplantation

experiments have demonstrated that cell positions at around 32-cell stage dictate

the cell fate: cells on the outside of the embryo give rise to TE, whereas cells in the

inside become ICM (Rossant and Vijh 1980; Ziomek et al. 1982; Ziomek and

Johnson 1982; Johnson and Ziomek 1983; Suwinska et al. 2008). How does a cell

interpret its relative position and translate it into distinct cellular morphogenesis

(i.e., epithelialization) and activation of TE-specific transcription factors? The

establishment of apical–basal cell polarity plays a key role in interpreting cell

position. Basically, only the outside cells can form the apical domain on the cell

surface that is not in contact with other cells (Fig. 9.3a). Various molecules have

been identified that are specifically localized at, or excluded from, the apical

domain in the outside cells (Fig. 9.3b; Yamanaka et al. 2006; Eckert and Fleming

2008; Johnson 2009). Do these molecules play any essential roles in TE formation?

If so, which aspects of TE development are controlled by these molecules?

A recent study shows that one of the apically localized molecules, Pard6b, is

crucial for TE formation (Alarcon 2010). Pard6b is one of the three mouse

homologs of the nematode par-6, which was originally identified as the gene

essential for specifying the oocyte polarity linked to the anterior–posterior body

axis (Watts et al. 1996; Hung and Kemphues 1999). In the mouse preimplantation

embryo, Pard6b starts to localize to the apical domain around the time of compac-

tion at the 8-cell stage and remains enriched in the apical domain in the outer cells

up to the blastocyst stage (Vinot et al. 2005). Knockdown of Pard6b by microinjec-

tion of specific shRNA plasmid causes cavitation failure in the embryo, without

impairing cell division cycles. Lack of blastocyst cavity formation in the Pard6b-

knockdown embryo is due to defective TJs, which is responsible for paracellular

sealing (Alarcon 2010). Consistent with this finding, impairment of TJs is also

induced by the knockdown of aPKCl, which is a functional partner of Par6

homologs (Dard et al. 2009). Furthermore, Pard6b knockdown causes significant

reduction of Cdx2 expression as well as upregulation of Nanog expression in the

outer cells. Thus, the polarity regulator Pard6b is essential for both epithelial

morphogenesis as well as activation of Cdx2 (Alarcon 2010).

The phenotype of Pard6b-knockdown embryos is strikingly similar to that of

Tead4-knockout or knockdown embryos, both of which fail to form the blastocyst

cavity and to upregulate Cdx2 (Yagi et al. 2007; Nishioka et al. 2008; Alarcon

2010). It is currently unclear whether there is a mechanistic link between Pard6b

and Lats/Yap/Tead4. It is unlikely that the transcriptional regulation of the Pard6b

gene is under the control of Tead4, because the level of Pard6b mRNA is

unchanged in response to Tead4 knockdown (Alarcon 2010). Also, Tead4-

knockout embryos still exhibit a distinct apical localization of aPKCz (Nishioka

et al. 2008), which is dependent on Pard6b (Alarcon 2010). These observations

raise the possibility that Pard6b may act upstream of, or parallel to, Tead4.
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Further investigations are required to elucidate the mechanistic links between these

molecules that are fundamental for TE formation.

The apical–basal cell polarity may control morphogenesis and gene expression

in a cell-autonomous manner, as shown in Fig. 9.3c. However, several studies have

also proposed a more indirect mechanism for cell polarity to control TE specifica-

tion (Fig. 9.3d; Plusa et al. 2005; Jedrusik et al. 2008). In the latter case, cell polarity

affects the cell division plane, namely, by regulating the orientation of the mitotic

spindle, which determines whether daughter cells contribute to the outside or inside

position. Specifically, the presence of the apical–basal polarity induces symmetric

cell division, which creates two outside cells. In contrast, the absence of polarity

results in asymmetric cell division, which generates one outside and one inside

daughter cells. Thus, cells with the apical–basal polarity preferentially give rise to

outside cells, that is, presumptive TE cells.

The above two mechanisms by which cell polarity regulates TE formation

(i.e., direct cell-autonomous regulation and more indirect regulation through the

control of cell division orientation) are not exclusive of each other. However, the

dichotomy of symmetric versus asymmetric cell divisions, though it may appear

straightforward theoretically, is more complex and obscure during actual embryo

development. Recent advancements in live imaging techniques have revealed that

cells change their positions after cleavages more dynamically than previously

expected (Kurotaki et al. 2007; Dard et al. 2009; Morris et al. 2010; Yamanaka

et al. 2010; McDole et al. 2011). For example, even when both daughter cells are

Fig. 9.3 (a) Schematic drawing, showing the formation of the apical–basal cell polarity in the outer

cells. (b) Confocal optical sections of morula-stage embryos that are immunofluorescently stained

for polarity proteins, Pard6b (apical component) or Scribble (basal component). (c) A schematic

diagram of a model for the regulation of tight junction formation and TE-specific gene activation by

the apical polarity regulators. See text for details. (d) Schematic diagrams, showing the control of

cell division patterns by the polarity regulators to influence the positions of daughter cells
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initially positioned outside soon after cleavage (i.e., appearing “symmetric”), one of

the daughter cells is later internalized by surrounding cells and ends up inside (i.e.,

appearing “asymmetric”) (Yamanaka et al. 2010; McDole et al. 2011). Thus,

ultimate positions of daughter cells may not be determined by the orientation of

the mitotic spindle. Furthermore, in Pard6b-knockdown embryos, cells that are

located outside fail to form TE and instead exhibit a characteristic of ICM (Alarcon

2010). This suggests that the cell polarity regulator plays more direct roles in

specifying the TE lineage, even though it could also influence cell division pattern

to bias the contribution to outside positions.

While epithelialization and expression of TE-specific transcription factors take

place simultaneously, these two events may be uncoupled from each other. A recent

study shows that the lack of cell adhesion molecule E-cadherin severely impairs

epithelialization even though Cdx2 is still robustly expressed, suggesting that

epithelialization is not obligatory for TE-specific gene expression (Stephenson

et al. 2010). Even in the absence of E-cadherin, membrane enrichment of apical

domain components, such as Par6 and aPKCz, occurs, which correlates with the

expression of Cdx2 and nuclear localization of Yap protein (Stephenson et al.

2010). This suggests that the polarity regulators may control the expression of

TE-specific transcription factors independently from epithelialization.

9.5 Concluding Remarks

TE is the first cell type to differentiate in the development of placental mammals.

In most nonmammalian animals, the first cell differentiation events are the genera-

tion of the three germ layers (i.e., ectoderm, mesoderm, and endoderm) and the

specification of the body axes (i.e., anterior–posterior and dorsal–ventral axes).

These body patterning events are preceded by TE formation in placental mammals,

reflecting their evolutionary transition to a unique viviparous mode of reproduction.

Embryo development takes place in utero, relying on nutrients supplied by the

mother through the placenta, instead of depending on the yolk stored in the egg.

This often serves as a disadvantage in studying mammalian development, because

embryos in utero are generally inaccessible for experimental manipulations and

observations. However, preimplantation development is an exception, because the

fertilized egg gives rise to the blastocyst without depending on the mother. The

availability of methods to recapitulate the whole preimplantation development

in vitro has significantly advanced our knowledge on the mechanisms of TE

development.

But, there are still several challenges that have been hindering further progress in

our understanding of the molecular mechanisms of preimplantation development,

as discussed in this chapter. First, there are subtle but significant differences

between in vivo and in vitro conditions. This is most strikingly exemplified by

the phenotype of Atp1a1 mutant embryos, which develop normally in vivo but fail

to form the blastocyst in vitro. It is critical to elucidate the causes of the differences
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in order to interpret the experimental results appropriately. It may also be necessary

to further modify the in vitro culture media to better mimic the in vivo condition.

Secondly, maternally supplied molecules that may play essential roles in preim-

plantation development need to be analyzed more systematically and carefully.

In one example, RNAi-mediated knockdown of maternal and zygotic Sox2 mRNA

results in the unexpected abnormal development of TE, which opens up the

possibility of a new function for this well-known pluripotency regulator. However,

in another example, knockdown of maternal and zygotic Cdx2 mRNA has resulted

in two conflicting results. Further investigations are pivotal to elucidate maternal

contribution of this transcription factor to preimplantation development. Thirdly,

functional redundancy between multiple genes often makes elucidation of gene

function very difficult, because knockout or knockdown of a single gene may not

exhibit a clear phenotype. For example, there are more than 20 claudin genes in

the mouse genome (Mouse Genome Informatics), and the loss of a single claudin

does not appear to cause TJ defects during TE development. Thus, simultaneous

knockout or knockdown of multiple genes, or the use of unique inhibitors or

dominant-negative constructs, is essential to determine the functional significance

of a group of genes.

Nonetheless, significant progress has been made in the past decade to elucidate

the molecular and cellular mechanisms of TE formation, particularly with the

assistance of new methodologies, such as gene-specific knockdown and live imag-

ing. Further studies will surely reveal the mechanisms that create TE, in which

epithelial morphogenesis and cell differentiation events are intricately regulated.
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Chapter 10

Cell Lineage Allocation Within the Inner Cell

Mass of the Mouse Blastocyst

Panagiotis Xenopoulos, Minjung Kang, and Anna-Katerina Hadjantonakis

Abstract At the time of implantation, the early mouse embryo consists of three

distinct cell lineages: the epiblast (EPI), primitive endoderm (PrE), and

trophectoderm (TE). Here we will focus on the EPI and PrE cell lineages, which

arise within the inner cell mass (ICM) of the blastocyst. Though still poorly

understood, our current understanding of the mechanisms underlying this lineage

allocation will be discussed. It was originally thought that lineage choice was

strictly controlled by the position of a cell within the ICM. However, it is now

believed that the EPI and PrE lineages are defined both by their position and by the

expression of lineage-specific transcription factors. Interestingly, these lineage-

specific transcription factors are initially co-expressed in early ICM cells,

suggesting an initial multi-lineage priming state. Thereafter, lineage-specific tran-

scription factors display a mutually exclusive salt-and-pepper distribution that

reflects cell specification of the EPI or PrE fates. Later on, lineage segregation

and likely commitment are completed with the sequestration of PrE cells to the

surface of the ICM, which lies at the blastocyst cavity roof. We discuss recent

advances that have focused on elucidating how the salt-and-pepper pattern is

established and then resolved within the ICM, leading to the correct apposition of

cell lineages in preparation for implantation.

10.1 Preimplantation Development Involves Two Cell Fate

Decisions

Before implanting into the maternal uterus, the mouse embryo consists of three

molecularly distinct spatially segregated cell lineages: the epiblast (EPI) that

lies within the interior of the inner cell mass (ICM) of the blastocyst. The EPI is
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encapsulated by two tissues: the primitive endoderm (PrE) an epithelium located on

the surface of the ICM, which lies in contact with the blastocyst cavity; and the

trophectoderm (TE) comprising the epithelial surface of the blastocyst, which lies

in contact with the external environment (Fig. 10.1) (reviewed by Arnold and

Robertson 2009; Nowotschin and Hadjantonakis 2010; Rossant and Tam 2009;

Zernicka-Goetz et al. 2009). The EPI is the pluripotent lineage within mammalian

embryos and so will give rise to most of the fetus, whereas the TE and PrE

predominantly give rise to extraembryonic tissues, namely, the fetal portion of

the placenta and the endodermal component of the visceral and parietal yolk sacs,

respectively. Thus two cell fate decisions take place before blastocyst formation to

ensure the proper specification and spatial segregation of the extraembryonic

lineages from the pluripotent epiblast.

After fertilization, the embryo undergoes three rounds of cell division, leading to

the eight-cell stage. At this time, the blastomeres generally appear morphologically

indistinguishable and have the ability to contribute to any of the three lineages of

the blastocyst, as has been assessed in chimera experiments (Kelly 1977; Suwinska

et al. 2008; Tarkowski and Wroblewska 1967). However, several studies have

argued for an existing heterogeneity between the blastomeres at the four- and

eight-cell stages, resulting from previous asymmetric cell divisions at the animal

part of the oocyte (Gardner 1996). This heterogeneity is evident at the level of

differential epigenetic modifications at the four-cell stage, as well as at the level of

expression and kinetics of certain transcription factors (e.g., Oct4; discussed later)

(Plachta et al. 2011; Torres-Padilla et al. 2007). Moreover, each of these eight

blastomeres has acquired an apical-basal polarity as a result of compaction,

E4.5
Blastocyst

E3.5
Blastocyst

E3.25

~100 cells32-64 cells~32 cells8-16 cells4 cells2 cells1 cell
time

Trophectoderm 
(TE)

Epiblast 
(EPI)

Primitive endoderm
(PrE)

Totipotent
cells Inner Cell Mass

(ICM)

E2.5

Fig. 10.1 Mouse preimplantation development leading to blastocyst formation. During preim-

plantation development, the mouse embryo undergoes cleavages that culminate in the proper

segregation of three lineages at the blastocyst stage. This process involves two cell fate decisions:

the first decision occurs when the inner cell mass (ICM) is segregated from the extraembryonic

trophectoderm (TE); the second decision occurs within the ICM and involves the segregation of

the pluripotent epiblast (EPI) from the extraembryonic primitive endoderm (PrE)
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a process in which cell–cell contacts increase (Johnson and Ziomek 1981). The first

fate decision, involving the segregation of the TE lineage from the ICM, takes place

after the third embryonic cell division. It relies on a cascade of cell divisions taking

place at the 8- to 16- and 16- to 32-cell stage transitions. These divisions can be

either symmetric or asymmetric, depending on the orientation of the mitotic spindle

with respect to the apical–basal (inside–outside) polarity of the blastomeres. Sym-

metric divisions generate two daughter cells that remain on the outer surface of the

embryo and contribute to TE, whereas asymmetric divisions produce one cell that

stays on the outer surface, giving rise to TE and one cell that becomes internalized

and contributes to the ICM.

This “inside–outside” model is based on the two rounds of asymmetric divisions;

it was first introduced more than 40 years ago and could explain observations from

experiments where spatial rearrangements have an effect on cell fate (Tarkowski

and Wroblewska 1967). However, more recent studies have challenged the posi-

tional model suggesting that it may only provide a mechanism underlying the first

fate choice and have thus argued for more determinants to be taken into account.

First, acquisition of cell polarity affects cell fate, perhaps earlier than the emergence

of inside and outside cells (Jedrusik et al. 2008; Johnson and Ziomek 1981;

Plusa et al. 2005). Second, TE and ICM identities are linked to key molecular

determinants such as differential Hippo signaling, which depends on the position of

the cell and regulates the expression of certain lineage-specific transcription factors.

Hippo signaling remains inactive in outer cells, leading to the translocation of the

transcriptional cofactor Yap/Taz in the nucleus, which then binds the transcription

factor TEAD4 and results in the expression of the TE-specific transcription factor

Cdx2; importantly, an additional target gene directed by TEAD4 is Gata3, which
encodes for another TE-specific transcription factor (Ralston et al. 2010). Conversely,

the Hippo signaling pathway becomes activated in inside cells, promoting phos-

phorylation and exclusion of Yap/Taz from the nucleus, which results in repression

of Cdx2 (Nishioka et al. 2009, 2008; Ralston and Rossant 2008; Strumpf et al. 2005;

Yagi et al. 2007). Third, expression of the pluripotency-linked transcription factor

Oct4, which has been shown to repress Cdx2 activity, ensures the TE versus ICM

segregation (Chambers and Smith 2004; Niwa et al. 2005). To this end, a recent

study suggested that seemingly “equivalent” blastomeres at the eight-cell stage

display differential Oct4 transcription factor kinetics; those with slow kinetics

mostly undergo asymmetric divisions, contributing mostly to ICM, whereas those

with fast kinetics divide symmetrically, giving rise to outer TE cells (Plachta et al.

2011). It should however be noted that this study involved the widespread

misexpression of a photoactivatable Oct4–GFP fusion protein, which might not

fully recapitulate the endogenous behavior of the Oct4 promoter or protein. There-

fore, the identity of the two lineages emerging from the first fate decision is linked

to the levels of expression as well as the kinetics of lineage-specific transcription

factors, which play an equally important role for the second fate decision, as will be

discussed extensively in this chapter.

The second fate decision occurs within the ICM and results in the segregation of

the extraembryonic PrE lineage from the pluripotent EPI. The segregated PrE
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lineage acquires an epithelial morphology and lies on the surface of the ICM,

contacting the blastocyst cavity. On the other hand, the EPI lineage is located in

the interior of the ICM likely having no contact with the blastocyst cavity or the

outer environment. In this chapter, we focus on recent findings aimed at elucidating

the mechanisms underlying this lineage allocation event within the ICM.

10.2 Challenging the Positional Model for Determining Cell

Fate Choice in the ICM: The Role of Lineage-Specific

Transcription Factors

Drawing parallels with the “inside–outside” model underlying the first cell fate

decision, it was originally thought that cells within the ICM are segregated in

corresponding lineages based on their positions, such that inner cells give rise to

EPI, whereas outer ICM cells, which face the blastocyst cavity, give rise to PrE.

Moreover, PrE specification was thought to be linked with positional cues acting on

the ICM cells at the blastocyst cavity roof (Fig. 10.2) (Enders et al. 1978). This

positional model was supported by studies which have demonstrated that during the

formation of embryonic bodies from cultured embryonic stem (ES) cells, a PrE

layer is generated on the surface (Becker et al. 1992; Martin and Evans 1975;

Murray and Edgar 2001). Recently however, this strictly positional-based model

has been challenged from several studies over the last years (Chazaud et al. 2006;

Plusa et al. 2008). These studies have shown that, cells within the ICM express

certain EPI-specific or PrE-specific transcription factors. Interestingly, these tran-

scription factors start to be expressed early, at around the 32-cell stage,

irrespectively of the position of cells within the ICM, perhaps suggesting a multi-

lineage priming state (Fig. 10.2). As the two nascent lineages emerge, PrE cells

begin to exclusively express transcription factors such as Gata4, Gata6, Sox7, and

Sox17, whereas EPI cells express pluripotency-associated factors such as Nanog,

Sox2, and Oct4.

Gata4 and Gata6 are two transcription factors of the Gata family, which are

expressed in the PrE. Gata6 is one of the first lineage-specific transcription factors

to be observed, being expressed at around the 16- to 32-cell stage, in an overlapping

manner with the expression of the EPI-specific factor Nanog. Gata4 is expressed

later, at around the 64-cell stage, when the “salt-and-pepper” distribution of tran-

scription factors is evident and thus, when cells are more likely fated to form PrE.

Mouse mutant embryos for either Gata4 or Gata6 usually form PrE and die at

postimplantation stages and, in the case of Gata6 mutants, they exhibit defects in

the visceral endoderm, a tissue derivative of PrE (Koutsourakis et al. 1999; Kuo

et al. 1997; Molkentin et al. 1997; Morrisey et al. 1998). Therefore, PrE formation

is not compromised in either single mutant embryos, perhaps hinting at a functional

redundancy between these two transcription factors. One might predict that a

double Gata4; Gata6 mutant might exhibit a phenotype in PrE formation. Gata6-

expressing cells also co-express the transcription factor Sox17, which is required
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for the maintenance of the PrE lineage (Artus et al. 2011; Niakan et al. 2010).

Another transcription factor, Sox7, is expressed at the final stages of preimplanta-

tion development, when PrE cells are spatially segregated on the blastocyst cavity

roof (Artus et al. 2011). This observation reveals that PrE cells positioned on the

cavity are molecularly distinct with those that have yet to sort to their final position.

In addition to these PrE-specific transcription factors, other PrE markers have been

identified. For example, Pdgfra is a marker of PrE cells, and a Pdgfra::H2B-GFP

time

E3.25
~32 cells

E3.5
32-64 cells

E4.5
~100 cells

a   Position-based model

b   Three-phase model 

Epiblast (EPI)

Primitive endoderm (PrE)

Inner Cell Mass (ICM)

Trophectoderm (TE)

overlapping
expression of
transcription

factors

salt-and-pepper sorted

Fig. 10.2 Models for lineage allocation within the ICM. (a) In the positional-based model, all

ICM cells are morphologically and molecularly equal, being able to contribute to either EPI or

PrE. Lineage allocation is strictly controlled by cell position: cells positioned in the interior of the

ICM give rise to EPI, whereas cells that underlie the blastocyst cavity form PrE, possibly as a

result of positional induction. (b) In the three-phase-based model, lineage allocation is controlled

by the sequential activation of key transcription factors as well as dynamic cell movements within

the ICM. Initially, EPI- and PrE-specific transcription factors are co-expressed in all cells of the

ICM. That is followed by a mutually exclusively expression pattern, where cells expressing EPI-

or PrE-specific transcription factors are distributed in a salt-and-pepper fashion irrespectively of

their position within the ICM. Finally, randomly positioned PrE precursor cells will sort to the

surface of the ICM ensuring the spatial segregation of the EPI and PrE lineages before

implantation
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reporter has been used as a tool for single-cell resolution live imaging experiments

(Plusa et al. 2008).

The EPI-specific factors Oct4 and Nanog start being expressed in all cells at the

eight-cell stage, and at around the 32-cell stage, they are co-expressed in all cells

along with the PrE-specific Gata6. Nanog persists within the ICM, and thereafter

becomes exclusive in EPI cells until the late blastocyst stage when its expression

declines and later becomes re-established in the germline (Chambers et al. 2003;

Mitsui et al. 2003). Nanog has been shown to be required for the maintenance of

pluripotency in mouse ES cells, as well as in the ICM (Chambers et al. 2007).

Interestingly, Nanog expression is also required for the maintenance of the PrE

lineage (Messerschmidt and Kemler 2010). Along with Nanog, Oct4 is another key

transcriptional regulator, expressed by pluripotent cells (Chambers and Smith

2004). Oct4 is a POU-domain transcription factor that is co-expressed with Cdx2

in all blastomeres of the early embryo. Oct4 regulates the activity of Cdx2, thus

promoting ICM over TE fate during the first fate decision (Niwa et al. 2005).

Moreover, Oct4 mutant embryos do not form an ICM and inner blastomeres acquire

a TE identity (Nichols et al. 1998). As mentioned previously, the kinetics of Oct4

were suggested to play a significant role during the first cell fate choice involving

cells dividing symmetrically or asymmetrically and thus contributing to TE or ICM,

respectively (Plachta et al. 2011). As with Nanog, Oct4 expression becomes

restricted within the ICM and is enriched in EPI cells; however, unlike Nanog,

low levels of expression Oct4 are observed in PrE cells, even at the late blastocyst

stage. Oct4 does eventually become restricted and is expressed specifically in the

germline (Palmieri et al. 1994). Another early ICM-specific, and thereafter EPI-

specific, transcription factor is Sox2. A recent study showed that, along with Oct4,

Sox2 is one of the first markers of the emerging ICM. However unlike Oct4 and

Nanog, Sox2 is not expressed by all blastomeres early on, instead it was shown to be

specifically upregulated in cells that internalize first during the divisions occurring

between the 8- to 16-cell stages (Guo et al. 2010). Later on, Sox2 is downregulated

in ICM cells that contribute to PrE but remains expressed in TE cells (as opposed to

Oct4). Disruption of Sox2 results in preimplantation lethality, emphasizing

its importance on the formation and maintenance of multipotent cell lineages

(Avilion et al. 2003).

It is now widely accepted that the EPI versus PrE lineage decision is likely to be

linked to the expression of lineage-specific transcription factors rather than strictly

determined by cell position alone. Several studies, supported by experimental data

obtained by live embryo imaging, have indicated that lineage allocation within the

ICM involves three distinct, but successive phases involving: (1) initial co-

expression of lineage-specific transcription factors (at around the 32-cell stage),

(2) subsequent mutually-exclusive expression and salt-and-pepper distribution of

EPI- and PrE-precursor cells (at around the 64-cell stage), and (3) finally dynamic

cell movements leading to the final sorting and spatial segregation of the EPI and

PrE cell lineages (at around the 100-cell stage) (Fig. 10.2) (Chazaud et al. 2006;

Meilhac et al. 2009; Plusa et al. 2008). Therefore, cells within the ICM initiate

expression of lineage-specific transcription factors prior to the formation of the
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blastocyst cavity, suggesting that initially they may acquire a state of multi-lineage

priming, and thereafter develop a propensity to form the EPI or PrE lineage before

the induction of any positional cues. An important step during this process occurs

when transcription factors transition their expression from a homogeneous to a

mutually-exclusive pattern, where cells expressing PrE-specific factors cease to

express EPI-specific ones and vice versa, resulting in the emergence of a salt-and-

pepper distribution of nascent PrE and EPI progenitors.

During the next sections, we will focus on how this mutually exclusive pattern,

which marks the first point on EPI versus PrE cell fate decision, takes place and is

acquired within the ICM cell population. Specifically, recent studies have aimed at

answering the following questions: Is the establishment of a salt-and-pepper distri-

bution influenced by signaling cues? Do ICM cells acquire this pattern of expres-

sion randomly, or is there a lineage bias that influences the subsequent cell fate

decision?

10.3 Salt-and-Pepper Expression of Lineage-Specific

Transcription Factors

At around the morula stage (16–32 cells), the EPI-specific transcription factor

Nanog starts being expressed homogeneously within inner blastomeres and is

excluded from outer cells (Chazaud et al. 2006; Plusa et al. 2008). A similar pattern

of expression has also been observed for the earliest observed PrE-specific tran-

scription factor, Gata6. This overlapping expression is evident until the 64-cell

stage. By this stage, the EPI and PrE markers are being expressed in a nonoverlap-

ping mutually exclusive manner, which is also referred to as a salt-and-pepper

distribution (Chazaud et al. 2006; Plusa et al. 2008). By using the PrE-specific

marker Pdgfra, live imaging experiments in embryos carrying a Pdgfra::H2B-GFP
knock-in reporter, comprising a human histone H2B fusion to GFP targeted to the

Pdgfra locus (Hadjantonakis and Papaioannou 2004), have confirmed that Gata6-

positive PrE precursors do not express Nanog and are positioned randomly within

the ICM in a salt-and-pepper distribution (Plusa et al. 2008). At the 64- to 100-cell

stage transition, the majority of GFP-positive cells not already residing on the

cavity roof move toward the surface of the ICM, subsequently becoming committed

to the PrE. A minor population of internal GFP-positive cells will likely either

downregulate the Pdgfra::H2B-GFP reporter or apoptose, and so be eliminated

from the embryo. In this way, the salt-and-pepper distribution precedes the forma-

tion of the PrE epithelium, suggesting that the specification of EPI and PrE

precursor cells takes place before the subsequent cell sorting and epithelialization

of the PrE lineage, which in turn depends on positional cues relative to the

blastocyst cavity.

The salt-and-pepper distribution marks the first step of PrE versus EPI lineage

allocation within the ICM. Cells expressing PrE but not EPI markers are fated to

contribute to the PrE lineage rather than the EPI during normal development
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(Chazaud et al. 2006). It is however debatable whether these cells though

committed to a specific lineage may exhibit plasticity dependent on context. This

raises the question of whether cells possess a less restricted developmental poten-

tial, not necessarily exclusively reflecting the lineage for which they exhibit

marker-specific expression. Recent experiments support such a hypothesis,

indicating that, at the salt-and-pepper stage, individual ICM cells, and in particular

those of the PrE, exhibit greater plasticity than generally appreciated when isolated

from embryos and reintroduced into chimeras, and that this plasticity is lost once

the cells have sorted to their respective tissue layers and the PrE begins to epitheli-

alize (Grabarek et al. 2012).

Lineage allocation and the developmental potential within the ICM have been

shown to be influenced by FGF/MAPK signaling (Fig. 10.3) (reviewed in Lanner and

Rossant 2010). Activation of FGF/MAPK signaling induces the expression of PrE-

specific transcription factors, such as Gata6 (Li et al. 2004; Morrisey et al. 1998).

Fgf 
signaling

No
FGF

(Fgf -/-)

Normal
WT 

(Fgf +/+)

High
FGF

Epiblast (EPI)

Primitive endoderm (PrE)

Trophectoderm (TE)

FGFR2

FGF4

time

Fig. 10.3 Lineage allocation in the ICM depends on FGF/MAPK signaling. At around the 32-cell
stage, when EPI- and PrE-specific transcription factors are expressed homogeneously in all ICM

cells, a differential expression of the ligand Fgf4 and the receptor Fgfr2 starts to become evident.

EPI precursor cells express and secrete Fgf4, whereas PrE precursor cells express Fgfr2. Binding

of Fgf4 to Fgfr2 activates the FGF/MAPK signaling pathway, which is required for the induction

of PrE-specific transcription factors, thus promoting PrE formation. When the signaling is not

active, such as in Fgf4 mutants or by inhibiting the receptor Fgfr2, PrE is not formed and all

ICM cells contribute to EPI. On the contrary, in the presence of excess Fgf4, all ICM cells

contribute to PrE
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The analysis of mouse mutants has revealed that the ligand Fgf4, the receptor Fgfr2

and the adaptor protein Grb2, which mediate FGF/MAPK signaling, are all required

for PrE formation (Arman et al. 1998; Cheng et al. 1998; Feldman et al. 1995; Wilder

et al. 1997). Perturbations in FGF/MAPK signaling greatly influence the balance

between the EPI and PrE lineages in the ICM: excess of Fgf4 converts all ICM cells

to adopt a PrE identity (Yamanaka et al. 2010), whereas inFgf4mutants, all ICM cells

becomeNanog positive and PrE is not formed (Piliszek A,MK and AKH unpublished

observations). A comparable defect is observed in embryos lacking the adaptor protein

Grb2 (Chazaud et al. 2006). In support of these observations on mutants with

perturbations in Fgf signaling, chemical inhibition of FGF signaling results in all

ICM cells adopting an EPI fate (Nichols et al. 2009). Therefore, it has been proposed

that cells expressingFgfr2 and thus receiving signal through binding of the Fgf4 ligand

are fated to form PrE, whereas cells that do not express Fgfr2 but instead secrete Fgf4

will be EPI precursors.

One interesting question pertains the stage at which this differential FGF signal-

ing takes place with respect to the expression of EPI- and PrE-specific transcription

factors. A recent single-cell expression analysis study showed that, at around the

32-cell stage, there is a reciprocal Fgf4/Fgfr2 ratio of expression in the ICM cells

with approximately half cells predominantly expressing the ligand and the other half

expressing the receptor (Fig. 10.3) (Guo et al. 2010). Interestingly, this reciprocal

ligand/receptor expression is evident prior to the emergence of the salt-and-pepper

distribution of transcription factors, indicating that FGF/MAPK signaling might act

upstream of the differential expression of lineage-specific transcription factors.

Consistent with this hypothesis, in Fgf4 mutant embryos, even though the initial

phase of transcription factor co-expression is observed, the salt-and-pepper distri-

bution is not established and all ICM cells shift to the EPI lineage (Piliszek A, MK

and AKH unpublished observations). This suggests that FGF signaling is not

required for the initial expression of lineage-specific transcription factors, although

it does regulate the salt-and-pepper patterning and thus cell fate choice.

It is tempting to speculate how the heterogeneity in FGF signaling might be

established prior to the emergence of a salt-and-pepper distribution of lineage-fated

precursors. First, might it be possible that the initial homogeneous expression of

factors such as Nanog, Oct4 and Gata6 play a role? It is worth mentioning that Fgf4

is produced in the ICM under the control of the early ICM factors Oct4 and Sox2

(Yuan et al. 1995), suggesting that an initial expression of these factors is needed

for the ligand to be expressed and secreted. Second, could this heterogeneity in

Fgf4/Fgfr2 expression be stochastic? This hypothesis fits well with the heterogene-

ity observed in ES populations, which exhibit stochastic fluctuations in the levels of

pluripotency-linked transcription factors, such as Nanog (Chambers et al. 2007;

Kalmar et al. 2009; Singh et al. 2007). Third, might it be possible that FGF

signaling is influenced by cues from other signaling pathways? As mentioned

earlier, the Hippo signaling pathway plays a role in the first (TE versus ICM) cell

fate decision, by converting cell-density signals into cell growth control and gene

activity (Nishioka et al. 2009; Yagi et al. 2007). In low-density/outside cells, the

transcriptional cofactor Yap/Taz mediates the Hippo signaling pathway by its
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translocation to the nucleus, which results in the establishment of Tead4 activity.

Tead4 will then direct the expression of Cdx2, which is the first lineage-specific

transcription factor marking the TE. By contrast, in high density/inside cells,

Yap/Taz remains in the cytoplasm, and thus Cdx2 is not expressed. Therefore,

Oct4 is not downregulated and these cells adopt an ICM identity. Interestingly,

recent studies have connected the Hippo signaling pathway with the TGF-b/Smad

activity (Varelas et al. 2010). Considering the significant degree of cross-talk

between signaling pathways during late development (Guo and Wang 2009), it is

tempting to speculate that these pathways might influence the initial ratio of

expression of Fgf4/Fgfr2 in early ICM cells. Furthermore, if existing, such a link

would connect the first and second cell fate decisions, a hypothesis that has been put

forward over the last years (Bruce and Zernicka-Goetz 2010). Finally, does the

heterogeneity in FGF signaling reflect a lineage bias? An interesting observation

was that cells that are internalized early (between the 8- and 16-cell stages) were

shown to express Sox2 (Guo et al. 2010). Since Sox2 directs the expression of the

ligand Fgf4 in these cells (Chen et al. 2008; Yuan et al. 1995), this might then signal

to Fgfr2-expressing cells that are internalized later setting up a lineage bias earlier

than believed (i.e., in the transition between the 16- and 32-cell stages). Therefore,

at around the 32-cell stage, the reciprocal Fgf4/Fgfr2 pattern of expression starts to

become evident. Consistent with these observations, cells that are internalized first

are more likely to contribute to EPI, whereas cells that are internalized later are

fated to become PrE. This attractive “time inside–time outside” model was recently

put forward by Zernicka-Goetz and colleagues and will be discussed in the next

section in greater detail (Morris et al. 2010). It is worth mentioning that, although

this model may explain the upregulation of Fgf4 in the early-internalized cells, the

mechanisms underlying its downregulation as well as the upregulation of Fgfr2 in

the latter internalized cells remain unknown.

10.4 Two Models for the Establishment of the “Salt-and-

Pepper” Pattern of Expression in the ICM

EPI and PrE lineage-restricted precursors are first identified at the 64-cell stage,

when EPI- and PrE-specific transcription factors, such as Nanog and Gata6, respec-

tively, are observed in a mutually exclusive pattern. As mentioned previously, the

establishment of this salt-and-pepper distribution of lineage progenitors greatly

depends on signaling cues, in particular the FGF/MAPK pathway. Nevertheless,

an interesting observation is that nascent EPI and PrE cells appear to be positioned

in a salt-and-pepper distribution within the ICM at this stage. Recent studies have

attempted to elucidate how this distribution emerges: does it occur in a random

way, or is it biased by the developmental history of a cell? Two models have been

put forward with studies providing support for both the random-based as well as the

lineage bias-based models (Fig. 10.4).
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Two “waves” of asymmetric cell divisions (8- to 16-cell and 16- to 32-cell

stages) generate the inner cells that contribute to the ICM (Chazaud et al. 2006;

Chisholm and Houliston 1987). It has been proposed that the history of a cell,

namely whether it was internalized during the first or the second wave of cell

divisions, could influence its propensity to contribute to EPI or PrE. Experimental

support for this hypothesis (Morris et al. 2010) was reported through experiments

which used noninvasive lineage tracing of cells from the eight-cell to late

blastocyst stage. This study demonstrated that cells internalized during the first

wave exhibited a greater bias toward the EPI, whereas cells internalized with the

second were biased to form PrE. Moreover, the few cells that are internalized

during the third wave of asymmetric divisions (32- to 64-cell stage) invariably

a  ‘Time Outside - time Inside’ Model

first wave of cell division
EPI destined cells 

internalized

second wave of cell division
PrE destined cells 

internalized

time
8 > 16 cell 16 > 32 cell

b  ‘Random/No lineage-biased’ Model

The fate of a cell to be either EPI or PrE is NOT biased
by the time of cell internalization 

PrE-biased cells

EPI-biased cells

Fig. 10.4 Two models for the establishment of the salt-and-pepper distribution of cells in the
ICM. The two “waves” of asymmetric cell divisions, which take place at the 8- to 16-cell and

16- to 32-cell stages, generate the inner cells of the ICM. (a) In the “time-outside/time-inside”

model, cells that are internalized with the first wave are biased to form EPI, whereas cells that are

internalized with the second wave are biased to form PrE. (b) In the “random/no lineage-biased”

model, cells could contribute to EPI or PrE irrespectively of whether they have internalized during

the first or the second wave
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contribute to PrE. Contributions to EPI or PrE were scored based on the morphol-

ogy of cells by the late blastocyst stage. Based on these observations, Morris and

colleagues put forward the “time-outside/time-inside model,” suggesting that the

greater the time an ICM cell spends on the outside of an embryo the greater

its propensity to differentiate, whereas with more time spent inside, their

pluripotency is preserved and thus, they contribute to EPI.

The “time-outside/time-inside” model invoking a cellular memory was challe-

nged by the findings of another study that showed that the waves of asymmetric

divisions generate EPI- and PrE-precursors in an apparently random fashion,

irrespectively of whether the cells were internalized early or late (Yamanaka et al.

2010). Yamanaka et al. injected blastomeres at the eight-cell stage with mRNA for

nuclear and membrane markers, which allowed them to monitor whether inner cells

were generated during the first or the second wave of asymmetric divisions. The fate

of these cells in postimplantation stages (i.e., contribution to either established EPI or

PrE-derived tissues) was then assayed after uterine transfer to pseudo-pregnant

females. In contrast to Morris and colleagues, Yamanaka et al. reported that cells

internalized from either the first or the second wave contributed to either EPI or PrE

without being biased to form a certain lineage.

Recently, an informed debate has taken place over the conclusions drawn from

different studies (Bruce and Zernicka-Goetz 2010). It has been suggested that the

discrepancies between studies, may be due to technical differences, for example

different methods have been used for lineage tracing. However, an absolute

correlation between lineage bias and timing of internalization is not evident.

Morris et al. reported that 25 % of cells internalized with the first wave (i.e.,

cells biased to form EPI) in fact contribute to PrE, whereas a 15 % of cells

internalized with the second wave (i.e., cells biased to form PrE) can instead

contribute to EPI (Morris et al. 2010). Therefore, even though a lineage bias

could certainly be a factor, the cells of the early ICM seem to exhibit some

developmental plasticity, and additional mechanisms are likely required for their

final commitment to a specific lineage. Most notably, as mentioned previously,

FGF/MAPK signaling influences cell fate choice within the ICM. The study of

Yamanaka and colleagues lent further support for the critical role of FGF signaling

by showing that inhibition of FGF/MAPK signaling results in all ICM cells shifting

to a Nanog-positive EPI fate. Conversely, removal of the FGF/MAPK inhibitor

resulted in the restoration of the PrE lineage, indicating that the ICM cells retain a

highly dynamic and plastic state. Interestingly, the effects of FGF signaling

inhibition could be observed after the salt-and-pepper pattern of expression,

suggesting that the developmental plasticity in the ICM is evident even after that

stage. Nevertheless, the plasticity was progressively lost after E4.0, indicating that

by the late blastocyst stage, cells have committed to a certain lineage (Yamanaka

et al. 2010). Therefore, commitment likely becomes fixed as, or soon after, cells

have undergone their final sorting process (discussed in the next section). Consis-

tent with these observations, recent experimental data have further shown that

lineage plasticity is retained at the salt-and-pepper stage and is lost much later, just

before implantation (Grabarek et al. 2012). Interestingly, this stage coincides with

when Oct4 has begun to be excluded from cells of the PrE lineage after they have

sorted (Grabarek et al. 2012).
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10.5 The Final Cell Sorting and Spatial Segregation

After the salt-and-pepper distribution at around the 64-cell stage, dynamic cell

movements and rearrangements occur within the ICM and lead to the spatial segre-

gation (aka “sorting”) of the PrE precursor cells toward the surface of the ICM, facing

the blastocyst cavity (Fig. 10.5) (Gerbe et al. 2008; Meilhac et al. 2009). By using a

PrE-specific GFP reporter for expression of Pdgfra, live imaging experiments have

unraveled the cell behaviors that take place during the sorting process (Plusa et al.

2008): (1) GFP-positive cells (i.e., PrE precursors) that are positioned at an inner

location in the ICM, tend to move toward the surface of the cavity. These cells later

contribute to form the established PrE epithelial layer. However, some other GFP-

positive cells, located at similar inner positions, do not move close to the cavity and

instead undergo apoptosis. Interestingly, a substantial number of these cells have also

been shown to evade the apoptotic pathway downregulating GFP expression and

convert to an EPI fate. (2) GFP-positive cells that are located close to the surface of

the cavity already from an early stage rarely move. These observations suggest that a

positional signal might be important to retain these cells to their location. (3) Some

GFP-negative cells (i.e., EPI precursors) that lie next to the cavity have been shown

to upregulate GFP expression and eventually contribute to PrE. Therefore, at this

case, cells have shifted their fate from EPI to PrE, possibly due to positional cues

originating at the surface of the cavity.

Based on the studies described above, it is becoming widely accepted that

dynamic cell rearrangements, involving actin-dependent cell movements and/or

apoptosis, as well as possible PrE-to-EPI or EPI-to-PrE cell lineage conversions

occur during the final sorting. After sorting, cells are committed to their prospective

lineages, confirmed by their inability to contribute to chimeras. Indeed, the sorted

PrE cells are morphologically and molecularly distinct from the unsorted

PrE precursor cells. The sorting cells gradually polarize as they move next to the

surface of the blastocyst cavity, showing a characteristic epithelial morphology

(Gerbe et al. 2008); moreover, they start to express the transcription factor Sox7,

which is an exclusive marker for these PrE-committed cells (Artus et al. 2011).

Activation of Sox7 in these cells (as well as exclusion of Oct4) marks the point

where developmental plasticity has been lost and commitment to PrE has occurred

(Grabarek et al. 2012).

The mechanisms underlying the final cell sorting have not yet been fully

elucidated. The fact that sorted cells are polarized is critical. Indeed, important

markers were shown to localize in the apical surface (positioned adjacent to the

blastocyst cavity) of the sorted cells (Gerbe et al. 2008). One of them, the low-

density lipoprotein receptor-related protein Lrp2, is expressed by PrE-precursor

cells at around the salt-and-pepper stage and then localizes specifically at the apical

surface of the sorted PrE-committed cells (Gerbe et al. 2008). The cargo protein

adaptor Dab2 also shows a distinct localization on the apical surface of the sorted

cells (Yang et al. 2002). Dab2 binds to Lrp2 and it has been suggested that Dab2

recruits Lrp2 to the apical surface after sorting. Interestingly, disruption of Dab2
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results in preimplantation embryos in which PrE precursor cells specified within the

ICM are unable to sort to their final position adjacent to the cavity (Yang et al.

2002). However, the mechanisms through which Dab2 facilitates sorting remain

unknown. It is possible that it could play a critical role in transporting protein(s)

important for the movement of these cells to the surface of the ICM. To this end,

mutation of the Dab2 interaction partner integrin b1 leads to PrE formation failure,

suggesting that cell adhesion changes, mediated by Dab2 and its integrin partners,

play a significant role in the sorting process (Fassler and Meyer 1995; Stephens

et al. 1995). Overall, the apical localization of several markers in the sorted cells

and the gradual polarization of these cells seem to be essential for the sorting

process.

Signaling cues might also be important for the final sorting step. A possible

candidate could be the PDGF signaling. As mentioned previously, Pdgfra is one of

the first markers to be expressed in the PrE precursor cells (along with Gata6) and

PDGF signaling plays a crucial role for the expansion of PrE-committed cells in late

blastocysts (Artus et al. 2010). Nevertheless, the sorting process in Pdgfra mutant

embryos seems to occur normally, even though the PrE epithelium consists of fewer

cells compared to wild-type blastocysts (Artus et al. 2010). However, positional-

induced signaling cues seem to have a more direct effect on the sorting process. To

this end, Wnt9a, which is expressed on the surface of the blastocyst, was shown to

facilitate repositioning of the Gata6-expressing cells (Meilhac et al. 2009). In

conclusion, it is becoming widely accepted that the sorting process does not simply

involve cell movement governed by the expression of lineage-specific transcription

factors. Instead, several other parameters, such as gradual polarization, changes in

cell adhesion properties, and signaling cues induced by position, all likely have a

cumulative effect on this final sorting step, which culminates in lineage commit-

ment and tissue segregation.

time
salt-and-pepper sorted lineages

PrE to EPI shift

EPI to PrE shift

Apoptosis

E3.5
32-64 cells E4.5

~100 cells

Epiblast (EPI)

Primitive endoderm (PrE)

Trophectoderm (TE)

>

>

>

Positional cues

Fig. 10.5 Cell sorting ensures the spatial segregation of PrE and EPI. After the salt-and-pepper
distribution of cells within the ICM, dynamic cell rearrangements take place, involving the

movement of EPI and PrE precursor cells to inner locations of the ICM and surface of the

blastocyst cavity, respectively. Some PrE precursor cells that are located deep into the ICM may

undergo apoptosis or convert to an EPI fate. On the contrary, some EPI precursor cells that lie next

to the blastocyst cavity might convert to a PrE identity. Moreover, positional signals from the

blastocyst cavity (such as Wnt9a) might induce the migration of PrE precursor cells toward the

cavity and the maintenance of PrE identity in these cells
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10.6 Making a Compromise: Is Lineage Allocation in the ICM

a Stochastic Process with a Lineage Bias?

Many aspects regarding lineage allocation in the ICM remain puzzling. However,

seemingly conflicting reports might actually be revealing complementary

mechanisms governing the EPI versus PrE fate choice. The initial EPI- and PrE-

specification at the onset of the salt-and-pepper distribution noticeably occurs in a

spatially disorganized manner. This observation could point to a stochastic process

underlying the second fate decision. Indeed, the stem cell population of the ICM

might exhibit a similar dynamically heterogeneous state as their in vitro counterparts

(Chambers et al. 2007; Kalmar et al. 2009; Singh et al. 2007). Moreover,

heterogeneities in the levels of Cdx2 and Nanog expression have been observed at

even earlier stages in the embryo, indicating that stochastic processes play a signifi-

cant role during the first ICM versus TE fate decision as well (Dietrich and Hiiragi

2007). However, amongst this apparent randomness, the fate of an individual ICM

cell could be biased; to this end, stochastic does not necessarily mean unbiased

(Zernicka-Goetz and Huang 2010). Indeed, if lineage allocation were solely based

on random and unbiasedmechanisms, its phenomenally certain outcomewould have

been unpredictable. Moreover, the final cell sorting is clearly influenced by deter-

ministic cues, such as positional signaling originating from the cavity surface, which

stabilizes lineage commitment. Therefore, the early embryo provides an experimen-

tal model in order to investigate in vivo the crosstalk between stochastic and

deterministic processes and how intercellular signaling pathways, such as the FGF

pathway, influence these processes. Future experiments will likely elucidate the

order of these events, and the mechanisms driving them during embryogenesis,

which ultimately give rise to the remarkably structured blastocyst stage embryo.
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Chapter 11

Formation of Distinct Cell Types in the Mouse

Blastocyst

Samantha A. Morris and Magdalena Zernicka-Goetz

Abstract Early development of the mouse comprises a sequence of cell fate

decisions in which cells are guided along a pathway of restricted potential and

increasing specialisation. The first choice faced by cells of the embryo is whether to

become trophectoderm (TE) or inner cell mass (ICM); TE is an extra-embryonic

tissue which will form the embryonic portion of the placenta, whilst ICM gives rise

to cells responsible for generating the foetus. In the second cell fate decision, the

ICM is further refined into pluripotent cells forming the future body of the embryo,

epiblast (EPI) and extra-embryonic primitive endoderm (PE), a tissue essential for

patterning the embryo and establishing the developmental circulation. Understand-

ing this early lineage segregation is critical for informing attempts to capture

pluripotency and direct cell fate in vitro. Unlike the predictability of nonmamma-

lian cell fate, development of the mouse embryo retains the flexibility to adapt to

changing circumstances during development. Here we describe these first cell fate

decisions, how they can be biased whilst maintaining flexibility and, finally, some

of the molecular circuitry underlying early fate choice.
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11.1 Introduction

Embryonic development comprises a series of fate decisions whereupon cells

decrease in potential and increase in specialisation. In contrast to nonmammalian

species where first fate decisions are predictable, development of the mouse embryo

is regulative; it has the flexibility to adapt to changing circumstances. For example,

one or two cells (blastomeres) from an eight-cell stage human embryo can be

removed for pre-implantation genetic diagnosis without negatively impacting on

developmental outcome (Handyside et al. 1992). The same is true in more drastic

circumstances: following destruction of one blastomere of the two-cell stage mouse

embryo, the surviving blastomere can develop to term (Tarkowski 1959). To further

demonstrate this developmental flexibility, the position of cells can be altered

experimentally and they adapt to their new position, taking on the appropriate

fate (Suwinska et al. 2008). This is a unique feature of mammalian development

relying upon the fact that cells at this stage are not yet fully committed to a specific

lineage (Rossant and Lis 1979; Rossant and Vijh 1980). This flexibility in early

development is thought to facilitate formation of the essential first three lineages,

which will support implantation and continued development of the embryo to term.

Although there remain many unanswered questions as to how the embryo is

endowed with this remarkable regulative capacity, we shall see in this chapter

that we have a grasp of the molecular circuitry rooted in this early event and later

mechanisms which help maintain flexibility in development, thus creating a robust

system to establish the first lineages.

Three distinct cell types arise in the 4.5 days of development between the time of

fertilisation and implantation: the epiblast (EPI), primitive endoderm (PE), and

trophectoderm (TE). EPI will give rise to all the cells of the body; PE forms the yolk

sac, a structure responsible for patterning the embryo and initiating developmental

circulation prior to establishment of an internal circulatory system; the TE will form

the embryonic portion of the placenta (Fig. 11.1). The priority of the embryo at this

early stage centres on implantation where the TE takes on the role of providing

chemical and physical integration with the uterus. The TE is the first distinct

lineage, whereas the EPI and PE are initially mixed within the inner cell mass

(ICM) of the embryo. ICM and TE lineages are physically separated by 3.5 days

after fertilisation in a structure referred to as the blastocyst (from Greek blastos,
meaning bud). Visual inspection of the blastocyst reveals a fluid filled ball of cells,

inside which lies a mass of cells asymmetrically positioned to one side. These inside

cells constitute the pluripotent ICM, whereas the surrounding outside cell popula-

tion forms the differentiated extra-embryonic TE. The formation of these inside and

outside cell populations are the foundation of the first cell fate decision, but how do

cells become different? To understand the establishment and properties of the first

three lineages, we must understand the developmental events leading up to and

contributing to their formation.
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11.2 Events Leading to Formation of the Blastocyst

Prior to implantation, the first seven cell cycles are cleavage divisions in which cells

halve in size, due to the absence of growth (Lehtonen 1980). After fertilisation in

the ampulla of the oviduct, a region in close proximity to the ovary, the first

cleavage begins around a day later as the embryo travels towards the uterus.

Mammalian cleavage is unique; in addition to the slow, asynchronous divisions

(mammalian embryos frequently contain odd numbers of blastomeres) and early

activation of the genome (Schultz 2002), the second cleavage in particular has been

a subject of much interest due to its unique orientation. The first cleavage is a

regular meridional division, following the direction of the animal–vegetal axis.

However, in the second cleavage, it is common for one blastomere to divide

meridionally, and the other to divide equatorially, this is termed rotational cleavage
(Fig. 11.2) (Gulyas 1975). The order and orientation of the second cleavage

divisions has been found to influence later patterning. This was a provocative

finding as the traditional view of early mammalian development considered it to

be random, since pre-implantation development can withstand perturbation and

there is no clear morphological axis determination until after implantation.

Following a further round of cleavage to the eight-cell stage, where all

blastomeres are in contact with the extracellular space between the embryo and

zona pellucida (ZP: a glycoprotein membrane surrounding the embryo, produced

during oogenesis, functioning to prevent polyspermy), the embryo begins a trans-

formation marked by the formation of an inside cell population as it transitions to

the 16-cell stage. After a fifth round of cleavage to produce a 32-cell stage embryo,

there is an osmotic accumulation of water in-between cells which establishes the

blastocyst cavity, driven by a trans-trophectoderm sodium ion gradient (Watson

1992). The ICM is asymmetrically positioned to one end within this cavity

(Fig. 11.3). Concerning the formation of the blastocyst, three models exist to

account for its generation, which we will discuss in detail. Each model centres on

the establishment of the inside and outside cell populations—is this totally random,

or do initial differences between cells exist which influence their final fate?

Fig. 11.1 Three distinct lineages of the pre-implantation mouse embryo: epiblast, primitive

endoderm and trophectoderm, giving rise to the foetus, yolk sac and placenta, respectively
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11.2.1 The “Early-Asymmetry” Hypothesis

The “early-asymmetry” hypothesis in its most extreme form was rooted in studies of

nonmammalian embryos, where partitioning of determinants in combination with

standardised cleavage patterns was held responsible for determination of cell fate.

This view proposed that asymmetry of the egg would generate differences between

cells that would dictate their final fate (Dalcq 1957). Support for this hypothesis came

from studieswhere asymmetric distribution of the leptin protein hormone and STAT3

transcription factor was discovered along the animal–vegetal (AV) axis in oocytes

and embryos (Antczak and Van Blerkom 1997). In addition to this, earlier studies

where silicon oil droplets were injected to mark central or peripheral cytoplasm in

two- and four-cell stage embryos (Graham and Deussen 1978; Wilson et al. 1972)

suggested a relationship between early position and later cell fate. However, this was

only correlative, and proof for the early-asymmetry hypothesis in its most drastic

interpretation would rely on maintenance of cell fate following manipulation of cells

into alternate positions. Rather than support the early-asymmetry hypothesis, when

Fig. 11.2 Rotational cleavage. The first cleavage is a regular meridional division, following the

direction of the animal–vegetal axis. In the second cleavage, it is common for one blastomere to

divide meridionally, and the other to divide equatorially

Fig. 11.3 Formation of the blastocyst. Generation of inside cells commences from the 8- to

16-cell stage transition. At the 32-cell stage, fluid accumulates in a cavity of the embryos,

completing formation of the blastocyst
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such manipulative experiments were eventually performed, the hypothesis was ruled

out to account for lineage establishment in the early mouse embryo.

11.2.2 The “Inside–Outside” Hypothesis

This is perhaps the most conceptually simple of the models to account for formation

of inside and outside cell populations. The “inside–outside”model hypothesised that

blastomeres are equivalent and totipotent until around the 32-cell stage, at which

point some blastomeres are surrounded by other blastomeres, resulting in microen-

vironmental positional differences which would then dictate cell fate (Tarkowski

and Wroblewska 1967). This model was supported by experiments where labelled

blastomeres were placed into inside or outside positions within an unlabelled

embryo. When positioned outside, the labelled blastomeres contributed to TE the

reciprocal was true with inside-placed labelled blastomeres contributing to ICM

(Hillman et al. 1972), thus demonstrating that blastomeres respond to positional

cues. Still though, it remained unknown what, if anything, governed cell position,

and with the discovery that eight-cell stage blastomeres become polarised along

their apical–basal axes (Johnson and Ziomek 1981), prior to establishment of inside

and outside populations, it seemed the model for blastocyst formation would have to

be revised.

11.2.3 The Polarisation Hypothesis

Two and a half days after fertilisation, the embryo consists of eight loosely arranged

blastomeres. Through the duration of the eight-cell stage, the physical properties of

cell–cell contacts undergo a dramatic phenotypic change, with blastomeres

transitioning from a spherical appearance to flatten against each other, giving the

embryo a smooth appearance. At the cellular level, blastomere polarity is

established, resulting in an apical face covered in microvilli and smooth basolateral

cell–cell contacts (Handyside 1980; Reeve and Ziomek 1981; Ziomek and Johnson

1980). This polarity is maintained throughout the subsequent two cleavage

divisions to the 32-cell stage. It was proposed that the polarisation of blastomeres

was a critical event in creating differences between cells which would lead to

lineage segregation (Johnson and Ziomek 1981); the apical pole of microvilli is

structurally stable, and it is the inheritance of this pole which functions as an outer

determinant, in that any cell inheriting it becomes polarised (Wiley and Obasaju

1988). Inside cells are generated when some of these eight-cell blastomeres divide

to generate an inside and an outside cell in a so-called differentiative division,

which can be considered as an asymmetric division since the resulting cells take

different position and fate. This contrasts to conservative (or symmetric) divisions

responsible for the production of two outside cells (Johnson and Ziomek 1981).

The question is, which cells divide asymmetrically? What this model does not

address is if it is random or pre-determined to any extent.
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11.2.4 Integration of the Models

There has traditionally been an inclination to favour one of the above models over

the others, but are all three models of blastocyst formation mutually exclusive? For

example, even though inside and outside cells differ from the moment they are

established, with polarity clearly involved, they are still able to respond to an

experimental change in position. The links between polarity and position are

clear, but are there any findings that early asymmetry is integrated to enhance our

understanding of blastocyst development. Indeed, there is evidence that the order

and pattern of the second cleavage divisions can influence cell fate.

The majority of embryos (over 80 %) divide in the two- to four-cell transition to

form a tetrahedral structure, where one cell has divided meridionally and the other

equatorially (Gardner 2002). Within this major group, several key discoveries of

developmental bias have been uncovered where the first cleavage is meridional

(M), and the second equatorial (E, a so called “ME” embryo). Firstly, it has been

demonstrated that blastomeres in four-cell stage ME embryos are not equivalent;

when chimeras of a like cells were constructed, the blastomeres inheriting material

from both the animal and vegetal pole in the meridional division (AV blastomeres)

were fully competent to develop into a live mouse. In contrast to this, the animal (A)

and vegetal (V) blastomeres produced upon the subsequent equatorial cleavage

(which divides the animal and vegetal cytoplasm) lack full developmental potential.

This is demonstrated by animal chimeras producing live mice in only 25 % of cases,

whereas vegetal chimeras are not viable (Piotrowska-Nitsche et al. 2005). Further

support for the relation between developmental bias and early cleavages comes

from live-imaging of unmanipulated embryos; AV blastomeres of ME embryos

were found to contribute to the ICM whereas V blastomeres preferentially

contributed to the extra-embryonic lineages of PE and TE (Bischoff et al. 2008).

As we will see in the following discussion, understanding molecular regulation

helps to resolve the importance of each model in understanding blastocyst forma-

tion, and now with the advent of molecular biology and live-imaging technologies

we have gained a better understanding of how all three models, early asymmetry,

position, and polarity, can be integrated.

11.3 Interplay Between Cell Polarity, Position and Fate

11.3.1 Polarity: PAR Proteins

Partitioning defective (PAR) proteins, originally discovered in the worm,

Caenorhabditis elegans, have been implicated in the regulation of cell polarisation

and asymmetric division. PAR homologues, and their interactors, atypical protein

kinase C (aPKCs), are expressed asymmetrically in mouse oocytes and embryos.

For example, members of the Par complex, JAM1 (Thomas et al. 2004), aPKC, and
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PAR3 (Plusa et al. 2005) become apically localised at the eight-cell stage, whilst

Par1 is localised basolaterally (Vinot et al. 2005). Tight junctions will progressively

form between the blastomeres to eventually establish the epithelium of the TE

(Fleming et al. 2001). Downregulation of polarity complex members, aPKC or

PAR3, in individual blastomeres drives their progeny into an inside position where

they develop as ICM, either by promoting asymmetric division or engulfment by

more polarised neighbours (Plusa et al. 2005). The reciprocal is also true; trans-

plantation of inside cells to an outside position results in their polarisation and

contribution to TE (Handyside 1978; Rossant and Lis 1979; Spindle 1978), thus

demonstrating the interplay between polarity and position. Moreover, when expres-

sion of pluripotency-related genes is enhanced in a blastomere, its progeny are

directed to the pluripotent ICM (Torres-Padilla et al. 2007), facilitated by

downregulation of cell polarity (Parfitt and Zernicka-Goetz 2010). Is the same

also true in that genes regulating TE formation are implicated in polarity?

11.3.2 Cdx2: Interplay of Cell Fate, Polarity and Early
Asymmetry

Can polarity and position affect expression of genes driving lineage segregation in

the early mouse embryo? Cdx2 is a transcription factor (TF) central to TE forma-

tion; Cdx2 protein is restricted to the TE of the blastocyst, where in the absence of

Cdx2, TE identity cannot be maintained (Strumpf et al. 2005). The initiation of

Cdx2 protein expression was found to be heterogeneous in the eight-cell stage

embryo (Dietrich and Hiiragi 2007; Ralston and Rossant 2008), and was therefore

suggested to arise at random (Dietrich and Hiiragi 2007). In a series of experiments

addressing the role of Cdx2 in segregation of the TE lineage, Jedrusik et al. (2008)

found that Cdx2 expression levels related to early cleavage divisions; in ME

embryos, the progeny of the vegetal blastomere were found to express higher levels

of Cdx2 mRNA and Cdx2 protein. This was in agreement with earlier findings of

such vegetal cells contributing more frequently to TE (Bischoff et al. 2008) and

having little potential to develop to term (Piotrowska-Nitsche et al. 2005). Probing

the mechanism in further detail, blastomeres in which Cdx2 expression was experi-
mentally enhanced, prior to inside cell generation, exhibited a higher frequency of

symmetric divisions, and hence contribution to the outside TE population. More-

over, these blastomeres in which Cdx2 was elevated appeared to be more highly

polarised, on the basis of apical aPKC localisation (Jedrusik et al. 2008). In addition

to this, polarity was found to influence localisation of Cdx2 mRNA, thus creating a

mutually reinforcing loop between polarity and Cdx2 expression to establish TE

fate. Together, this demonstrates the interplay between early asymmetry, gene

expression and polarity, which in turn directs cell allocation to either the inside or

outside lineages. A question remained though: how do cells sense their position in

the embryo to respond to it; by up- or downregulating polarity to elicit a position

change, or by adjusting lineage-specific gene expression?
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11.3.3 Hippo Signalling: Unlocking Position, Polarity and Fate?

How are differences translated into differential gene expression in inside and

outside cells? An ideal candidate could function by sensing cell position through

cell–cell contacts. In mammals, Hippo signalling controls growth through cell

contact-mediated control of proliferation (Pan 2007). Cell–cell contact regulates

the nuclear accumulation of Yes-associated protein 1 (Yap1) through Hippo signal-

ling and controls cell proliferation by regulating transcriptional activity of Tead

proteins (Ota and Sasaki 2008). Interestingly, Tead4 null mice die shortly after

implantation due to reduced cell proliferation and increased apoptosis (Sawada

et al. 2008) and Cdx2 expression is controlled by the transcriptional regulator,

TEAD4 (Nishioka et al. 2008; Yagi et al. 2007), thus establishing a link between

cell contact/position and lineage-specific gene expression. Prior to the blastocyst

stage, Yap1 is localised to the nucleus of outside cells (cytoplasm of inside cells),

regulated by phosphorylation via the Hippo signalling pathway member kinases

Lats1/2. Here, in the nucleus, Yap can directly interact with its transcriptional co-

activator Tead4 to stimulate transcription of Cdx2 (Nishioka et al. 2009).As yet, the
identity of the Yap-regulating signals that can sense cell position remain unknown,

but likely involve the Hippo signalling pathway and possibly proteins involved in

cell contact such as cadherins. Nonetheless, this recent advance represents a

promising direct link between cell position and gene expression.

Taken together, the above examples demonstrate the interplay between early

asymmetry, position, polarisation and cell fate. First of all, blastomeres are not identical

at their inception; gene expression relates to developmental history, with Cdx2

expressed in a distinct blastomere population. This gene expression is in turn able to

effect a change in polarisation, which itself is able to translate into specific positioning

within the embryo, either executed through orientation of division or physical move-

ment of entire cells. Furthermore, polarity feeds into gene expression, reinforcing cell

identity. Wemust remember though that developmental flexibility is a hallmark of the

mouse embryo, thus this sequence of events as described is not absolute. This is

demonstrated by the capacity for polarity and gene expression to adapt to a change

in blastomere position within the embryo, and vice versa. We have recently been able

to garner a deeper understanding of this elegant interplay through improved

technologies to uncover the molecular circuitry underlying developmental flexibility.

To understand the segregation of embryonic (ICM) and extra-embryonic fates (TE) in

greater detail, we must address the second cell fate decision in pre-implantation

development where the ICM is further refined into the EPI and PE lineages.

11.4 The Second Cell Fate Decision: Lineage Segregation of the

Inner Cell Mass

A second cell fate decision distinguishes two ICM cell types: pluripotent EPI, stem

cells for the future foetus; and PE, the second extra-embryonic tissue that becomes

visceral endoderm and parietal yolk sac after implantation (Gardner 1982). Of the
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numerous possibilities to account for this fate decision, one of the earliest was the

Induction (or Positional) hypothesis. In this, the fate of ICM cells was thought to

reflect their position: surface ICM cells next to the blastocyst cavity would become

PE, and deeper cells, epiblast. Consistent with this, the outside cells of isolated ICM

or embryoid bodies formed from embryonic stem (ES) cells differentiate into

endoderm when cultured in vitro (Martin and Evans 1975; Rossant 1975; Solter

and Knowles 1975; Dziadek 1979; Murray and Edgar 2001). Later studies of the

differential distribution of cytokeratin filaments in blastomeres suggested that inner

cells generated in two successive rounds of asymmetric divisions might physically

differ (Chisholm and Houliston 1987) leading to speculation, without definitive

evidence, that this might be the route towards PE and epiblast formation (Rossant

et al. 2003). The subsequent finding that the PE marker Gata6 and the epiblast

marker Nanog “were expressed in a random ‘salt-and-pepper’ pattern” in early

blastocysts in advance of PE formation (Chazaud et al. 2006; Kurimoto et al. 2006)

gave rise to the idea of a mixed population of epiblast and PE progenitors that

would then segregate into their composite layers: the Sorting model. The origins of

this pattern had never been addressed, but it was widely taken to have stochastic

origins. The apparent lack of any relationship of this heterogeneity to cell position

seemed to signal the demise of the Positional/Induction model. However, neither

the positional nor the sorting model alone appears sufficient to account for PE

origins because when single surface ICM cells were injected with lineage markers

in the early blastocyst, they gave rise predominantly to PE but a minor proportion

gave epiblast or even both epiblast and PE lineages (Fig. 11.4) (Perea-Gomez et al.

2007; Weber et al. 1999).

Despite this multitude of theoretical proposals, a definitive explanation of the

heterogeneity of the early ICM had been lacking because all interpretations were of

fixed rather than living, dynamic preparations. The first, recently published time-

lapse study, starting at the early blastocyst stage, demonstrated that at least some

deep ICM cells expressing Pdgfra, a marker of the late PE, move to the ICM surface

(Plusa et al. 2008). Unfortunately, this work could not follow the behaviour of all

ICM cells and thus the question of genesis and behaviour of the epiblast was left

open. The implication was, however, that the intermingling of epiblast and PE

progenitors was the consequence of a stochastic process. There are reasons to be

Fig. 11.4 Models of PE and EPI segregation in the second cell fate decision. Induction: PE is

induced in the cells contacting the blastocyst cavity, where they will finally reside. Cell sorting:

EPI and PE are specified randomly, or in relation to developmental history and subsequently sort

into their correct positions. Alternatively, the induction and cell sorting models may be combined
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cautious about this interpretation. First, these particular time-lapse studies

commenced when it was only possible to observe the resolution of the “salt-and-

pepper” pattern and not how the pattern originated. Second, the “PE-reporter” gene

used is initially expressed in a broad domain before becoming restricted to PE,

making it impossible to unambiguously identify PE progenitors by this criterion.

Thus, it had remained unknown how intermingling of epiblast and PE progenitors

first arises and exactly how it becomes resolved into both epiblast and PE lineages.

To resolve these different views and to uncover the genesis of ICM lineages, the

origin, behaviour and fate of each and every individual cell was followed as it

developed into either PE or epiblast. This revealed that the developmental timing

with which cells become set aside in the inside part of the embryo by successive

waves of asymmetric division dictates their fate. Thus, inside cells generated by the

first wave during the 8- to 16-cell transition give rise to the majority of epiblast

cells. Conversely, the majority of PE cells are progeny of inside cells generated by

the second wave (Morris et al. 2010). This relationship between cell fate and

developmental history is most apparent when the ICM is generated from equal

proportions of early and late asymmetric divisions, as is most often the case. When

the ICM is derived mostly from the early first wave, these cells have the flexibility

to generate both the EPI and PE (Morris et al. 2010) (Yamanaka et al. 2010). Thus,

the asymmetric divisions, which play such an important part in the first cell fate

decision, also have a major impact upon the second cell fate decision (Fig. 11.5).

11.4.1 Molecular Circuitry of the Second Cell Fate Decision

The transcription factors Gata4 and Gata6 contribute to development of extra-

embryonic endoderm after implantation (Morrisey et al. 1998; Koutsourakis et al.

1999). Both genes are expressed at the early blastocyst stage (Wang et al. 2004) and

drive PE formation when overexpressed in ES cells (Fujikura et al. 2002; Shimosato

et al. 2007). However, these might not be the sole transcription factors required to

specify the PE and indeed the Sox17 protein appears important for endoderm

differentiation in different model systems (Kanai-Azuma et al. 2002) (Niakan

et al. 2010). Sox17 levels rise dramatically when PE becomes specified at the

Fig. 11.5 The influence of developmental history on lineage segregation in the ICM. EPI is derived

from wave 1 internalised cells, whereas PE is derived from the later, wave 2 internalisations
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blastocyst stage (Wang et al. 2004) beginning in PE progenitor cells of the second

wave of asymmetric divisions (Morris et al. 2010). Consistently, downregulating

levels of Sox17 in individual blastomeres prevents their forming PE and promotes

their development to EPI. Conversely, overexpression of Sox17, enhanced by

Gata6, directs cells to the PE lineage.

11.4.2 The Role of FGF Signalling in the Second
Cell Fate Decision

Intact FGF signalling is essential for PE formation, where loss of the FGF receptor,

or ligand, FGF-4 results in the absence of PE differentiation and peri-implantation

lethality (Arman et al. 1998; Feldman et al. 1995). The exact mechanism by which

FGF signals participate in ICM patterning is currently unknown, although attempts

to integrate it into stochastic and origin-dependent models have been made.

In the stochastic model of ICM pattering—it is proposed that individual ICM

cells randomly respond to different levels of FGF signalling, leading to the “salt-

and-pepper” distribution of EPI and PE progenitors as described above. This model

was developed from the finding that chemical inhibition of FGF signalling with

small molecules blocks differentiation into PE and promotes the formation of an

ICM consisting purely of EPI cells (Nichols et al. 2009; Yamanaka et al. 2010).

Conversely, when embryos are treated with high-level exogenous FGF-4 ligand, the

ICM differentiates entirely into PE (Yamanaka et al. 2010). This lead to the

conclusion that cells of the early ICM have the potential to become either EPI or

PE—and stochastic fluctuations in FGF signal intensity drive the switch between

pluripotency and differentiation.

The finding that ICM cells possess early flexibility does not preclude the

influence of developmental history on the capacity of a cell to transduce FGF

signals. For example, the FGF4 receptor, FGFR2, has been found to be expressed

at higher levels in outside cells of the 16-cell stage embryo (Guo et al. 2010). As

these are the cells which generate the second wave divisions giving rise to PE

progenitors, raising the possibility that such cells inherit FGFR2 conferring com-

petence to form PE. In contrast to this, those early wave 1 internalised cells would

have little or no FGFR2 receptor, rendering them “blind” to FGF4 ligand and fated

to EPI. In support of this, in the early blastocyst, PE markers Sox17 and Gata6

expression cluster with FGFR2 expression whereas Nanog expression clusters with

that of FGF4 (Kurimoto et al. 2006).

In summary, the first and second cell fate decisions both demonstrate the

remarkable capacity for the early mouse embryo to maintain the flexibility to adjust

to changing circumstances during its development. Even though these adaptive

mechanisms exist, it does not rule out the existence of biases, in which develop-

mental history influences cell fate. Through examining these facets and flexibilities

of patterning, we may build towards a more complete understanding of patterning

in the early embryo, and learn how to direct it in vitro in stem cells for clinical use in

regenerative medicine.
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Chapter 12

Cell Movements in the Egg Cylinder Stage

Mouse Embryo

Bradley Joyce and Shankar Srinivas

12.1 Introduction

Embryonic development does not simply consist of the growth of a preformed

miniature foetus or “homunculus”. It is a tremendously dynamic process,

characterised by a great deal of cell movement and tissue rearrangement. For

example, during embryogenesis the forming heart starts “ahead” of the forming

brain and only comes to lie in its more familiar position with respect to the brain

following extensive tissue movements. This chapter looks at the movement of the

anterior visceral endoderm, a signalling centre in the early embryo that is responsi-

ble for the correct orientation of the anterior–posterior axis.

12.2 Formation of the Mouse Egg Cylinder

By about 3.5 days post-coitum (dpc), the zygote has undergone several rounds of

cleavage divisions to give rise to the blastocyst, a roughly spherical structure with

an asymmetrically positioned fluid-filled space, the blastocyst cavity (reviewed in

Rossant and Tam 2009). The blastocyst is initially composed of two cell types: the

inner cell mass (ICM) surrounded by a layer of trophectoderm (TE). The ICM

subsequently differentiates to give rise to the primitive endoderm (PE) abutting the

blastocyst cavity, and the epiblast, positioned between the PE and overlying TE

(Plusa et al. 2008). Over the course of the next day, some cells of the PE differenti-

ate into the parietal endoderm, which migrate away to line the blastocyst cavity.

The remaining cells of the PE form the visceral endoderm (VE).
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From about 4.0 dpc onwards, the embryo undergoes not only implantation in the

uterus but also profound morphological changes. It is transformed from a roughly

spherical blastocyst to a more elongated “egg cylinder” (Fig. 12.1). The formation

of the egg cylinder from the late blastocyst occurs as a result of rapid proliferation

of cells of the epiblast and overlying TE, causing them to grow into the blastocyst

cavity. The TE derived portion of the egg cylinder is called the extra-embryonic

ectoderm (ExE). The VE comes to envelope both the epiblast and ExE. The anterior

visceral endoderm (AVE) is a specialised subset of cells in the VE that is responsi-

ble for the correct positioning of the primitive streak in the epiblast, thereby

specifying the orientation of the anterior–posterior (A–P) axis (Arnold and

Robertson 2009; Rossant and Tam 2009; Srinivas 2006).

At around 5.5 dpc, cells at the distal tip of the VE differentiate to form the

distinct subpopulation of the AVE, characterised by the expression of genetic

markers such as Hex, Lefty1 and Cer1 (Thomas et al. 1998; Belo et al. 1997;

Yamamoto et al. 2004). The TGF-b protein Nodal is a key factor required for the

specification of the AVE (Brennan et al. 2001). Though Nodal is expressed

throughout the epiblast at this stage, induction of the AVE is restricted to the distal

tip of the egg cylinder by repressive signals from the ExE (Rodriguez et al. 2005).

Proliferation of epiblast cells results in the elongation of the egg cylinder, presum-

ably moving the distal VE cells beyond the repressive influence of the ExE and

allowing them to differentiate into AVE cells (Mesnard et al. 2006).

12.3 The AVE Shows Directional Movement

The importance of the AVE as a signalling centre was identified by microsurgical

removal, which results in the loss of forebrain markers (Thomas and Beddington

1996). Early experiments quickly identified the AVE as a characteristic feature of

the prospective anterior, although the role of the AVE in the generation of the A–P

Fig. 12.1 Diagram of an egg

cylinder stage mouse embryo,

showing the major tissues.

The AVE is marked in green.

A multicellular rosette is

outlined in magenta in the

surface view at left
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axis was not identified until later. Further analysis identified the expression of the

homeobox containing transcription factor Hex as a marker of the AVE (Thomas

et al. 1998). The expression of Hex indicated that the AVE first formed at the distal

tip of the egg cylinder at early 5.5 dpc before becoming localised to the prospective

anterior at late 5.5 dpc. At the time it was identified, the asymmetric expression of

Hex was the earliest indicator of the orientation of the A–P axis which until this

point had been defined by the formation of the primitive streak or the expression of

streak markers like Brachyury (T) in the prospective posterior as much as a day

later, at about 6.5 dpc. Lineage tracing experiments using DiI labelling of the distal

VE showed that the shift in Hex expression from the distal tip of the egg cylinder to

the prospective anterior was the result of cells moving, as opposed to changes in the

pattern of expression of Hex (Thomas et al. 1998).

12.4 Cell Context for AVE Migration

Using a GFP transgenic reporter for Hex (Rodriguez et al. 2001) to mark the cells of

the AVE, it was shown by time-lapse imaging of cultured embryos that AVE cells

actively migrated over a 4–5 h period, often projecting cellular processes in the

direction of migration. As AVE cells reach the border of the ExE, they move

laterally, remaining in the VE overlying the epiblast rather than move into the

VE overlying the ExE. The border with the ExE therefore represents an endpoint to

the proximal migratory movement of the AVE (Srinivas et al. 2004).

From this position, the AVE induces anterior pattern in the underlying epiblast

by restricting expression of posterior markers to the opposite side of the epiblast

cup (Perea-Gomez et al. 2001; Arnold and Robertson 2009). In mutants such as

NodalD600/LacZ and Cripto–/–, the AVE is correctly induced at the distal tip of the

egg cylinder but fails to migrate, leading consequently to posterior markers in the

epiblast being incorrectly localised. Such embryos show severe gastrulation defects

and fail to develop further (Ding et al. 1998; Norris et al. 2002).

The VE remains a monolayer during AVE migration, suggesting that AVE cells

migrate through the surrounding VE cells rather than on top of or beneath them.

Recently, Trichas and collaborators (2011) have characterised in further detail the

migratory behaviour of the AVE and surrounding cells of the VE. This was done

using differential interference contrast (DIC) microscopy to visualise all VE cells,

in combination with confocal microscopy to identify fluorescently labelled AVE

cells. Time-lapse sequences were used to track and characterise cellular behaviour

across the VE, of both GFP labelled AVE cells as well as surrounding non-

fluorescently labelled VE cells. Parameters such as cell shape characteristics and

neighbour exchanges between cells were quantified.

The resulting analysis indicated that the AVE migrates by neighbour exchange

and intercalation with surrounding (non-AVE) VE cells. Furthermore this approach

identified differences in migratory behaviour between cells in the regions of the VE

overlying the epiblast (Epi–VE) and the ExE (ExE–VE). Epi–VE cells exhibited
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a great deal of movement as well as neighbour exchange events and distorted cell

shapes, indicative of motile behaviour. In comparison ExE–VE cells remained

relatively static and showed very little cell mixing. The barrier to AVE migration

therefore appears to be a region of VE (the ExE–VE) that is non-permissive of the

cell rearrangements required for AVE migration (Trichas et al. 2011).

12.5 Migration in an Epithelial Context

During the process of AVE migration the VE remains a coherent, single-layer

epithelium (Trichas et al. 2011). Since AVE cells migrate to the prospective

anterior by neighbour exchange within the context of an intact epithelium, they

presumably undergo remodelling of apical junctional complexes.

The remodelling of cell shape required for neighbour exchange in epithelia is

achieved through the actions of F-actin and non-muscle myosin (Bertet et al. 2004;

Blankenship et al. 2006). The two behaviourally distinct regions of VE show dramatic

differences in the localisation of F-actin and myosin IIA. In the Epi–VE, F-actin is

localised to cortical rings both before and after AVE migration. In contrast in the

ExE–VE, F-actin is localised in cortical rings prior to migration, but during and after

migration, it is greatly enriched in the apical cell cortex which in opacity rendering

appears as a shroud across this region (Fig. 12.2 and Trichas et al. 2011). Myosin IIA

shows a similar dynamic localisation pattern. It is notable that mutants forMyosin IIA

have severe VE defects by 6.5 dpc and die by 7.5 dpc (Conti et al. 2004).

Wnt-planar cell polarity (PCP) signalling is responsible for coordinating mor-

phogenetic events across fields of cells, influencing cell movement by regulating

actin dynamics (Schlessinger et al. 2009). Dishevelled (Dvl) is a key mediator of

Wnt signalling through both canonical and PCP pathways. Dvl translocation to the

cell membrane is a hallmark of PCP signalling (Axelrod et al. 1998). The two

behaviourally distinct regions of the VE show dramatic differences in Dishevelled-

2 (Dvl-2) localisation. Dvl-2 is membrane localised specifically in the Epi–VE,

suggestive of active PCP signalling in this region that shows robust cell movement

activity. In contrast Dvl-2 is excluded from the plasma membrane in the

behaviourally static ExE–VE. Interestingly, in embryos, mutant for the key pattern-

ing molecule Nodal, membrane localisation of Dvl-2 is reduced and in mutants for

the Nodal inhibitor Lefty1, Dvl-2 is ectopically membrane localised, establishing a

role for Nodal in modulating PCP signalling in the VE and providing a mechanism

for integrating cell differentiation and morphogenetic cues (Trichas et al. 2011).

12.6 AVE Migration and Multicellular Rosettes

AVE migration is accompanied by changes in the packing of cells in the VE

(Trichas et al. 2012). A hexagonal arrangement of cells (where the mean number

of sides or “polygon number” of cells is close to six) is considered to be the
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preferred or equilibrium packing of cells in an epithelium and deviations from this

are indicative of increased disequilibrium (Gibson et al. 2006; Zallen and Zallen

2004). Before the AVE starts to migrate, the distribution of cell polygon number is

comparable in the Epi–VE and ExE–VE, with a peak between five and six sides.

Fig. 12.2 Opacity rendering (a–c) and confocal optical sections (a0–c0) of F-actin localisation in

fixed embryos at different stages of AVE migration. Prior to migration F-actin is localised to the

cortical regions (a, a0). During migration and post-migration at E6.5 (b, b0 and c, c0, respectively),
F-actin becomes enriched at the apical surface of the ExE-VE (arrow heads in b0 and c0). Dotted
lines indicate the border of the Epi-VE and ExE-VE. Scale bars represent 50 mm
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During AVE migration, however, mean polygon number drops and polygon distri-

bution shifts towards three- and four-sided cells, but only in the Epi–VE. The

ExE–VE in contrast does not show so marked a reduction in mean polygon number.

This type of shift in polygon numbers is not seen in mutant embryos in which the

AVE fails to migrate, suggesting that it is specifically linked to AVE migration.

Time-lapse studies show that the change in mean polygon number in the course of

AVE migration is due to dynamic changes in the packing of existing VE cells rather

than, for example, new cells with fewer cell edges arising through division. These

findings suggest that during AVE migration the Epi–VE is in a state of increased

disequilibrium with respect to cell packing (Trichas et al. 2012).

Multicellular rosettes, a striking conformation of cells where five or more cells

meet at a common central point, are also observed in the Epi–VE. In the Drosophila

germ-band, rosettes have been shown to be transient intermediaries of the long-

range coordinated cell movements of convergent-extension (Blankenship et al.

2006). There are no convergent-extension movements evident in the mouse VE,

and rosettes appear to play a different role in this context. There is a significant

increase in rosettes during AVE migration, found almost exclusively in the

Epi–VE, the region of the VE to which AVE migration is restricted. Mutants with

a failure of AVE migration show greatly reduced rosette numbers, indicating a

specific link between rosettes and AVE migration (Trichas et al. 2012).

Mathematical models have been helpful in probing the role of rosettes during

AVE migration. A model has been made where the cells of the VE are represented

as a vertex model implemented on an ellipsoidal surface. Simulations of AVE

migration using parameters where rosettes are allowed to form result in AVE

migration that is very similar to that observed experimentally. However, simulations

in which rosettes are not allowed to form show abnormally disordered AVE migration

(Trichas et al. 2012). This is backed up by experiments using a mutant line in which

PCP signalling is disrupted by expressing a membrane tethered C-terminal fragment of

the core PCP molecule Celsr1 (ROSA26Lyn-Celsr1) (Trichas et al. 2011). Genetically

perturbing PCP signalling leads to a dramatic reduction in rosettes and also disrupts

AVE migration. Interestingly, the mean polygon number in such mutant embryos is

significantly lower than that in wild-type embryos at the equivalent stage, indicating

that there is increased epithelial disequilibrium in the absence of rosettes. This suggests

that while rosettes are not essential for AVE migration, they are essential for the

orderliness of this migration and that they might somehow buffer the epithelial

disequilibrium that accompanies AVE migration, allowing AVE cells to migrate as a

coherent group (Trichas et al. 2012).

12.7 Formation of Cellular Projections

Migrating AVE cells show cellular projections, typically orientated in the direction

of AVEmigration (Srinivas et al. 2004). These projections often extend greater than

one cell radius in length (Srinivas et al. 2004). Time-lapse data collected by

Migeotte and colleagues (2010) show that these long projections form along the
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basal surface of the VE and are often “tipped with filopodia-like structures that

appear to sample the environment” (Migeotte et al. 2010). These projections have

so far only been observed in living embryos in which the outline of AVE cells can

be discerned by the expression of GFP. They are not observed in the AVE of fixed

embryos, possibly because they are delicate structures that do not fix well. Even in

live embryos, such cellular projections have so far not been identified in non-AVE

cells of the VE imaged by DIC optics. It is not clear if this is because these

projections are a feature unique to AVE cells or because of limitations of imaging

cellular characteristics using non-fluorescence microscopy.

The formation of cellular projections is dependent upon the small GTPase Rac1,

which modulates cytoskeletal dynamics in response to PCP signals. Rac1 mutants

do not exhibit the ability to remodel the actin cytoskeleton in order to form

lamellipodia or change shape and exchange neighbours. As a result the AVE of

Rac1 null embryos fails to migrate (Migeotte et al. 2010). Similarly, approximately

50% of mutants for Nap1, a component of the WAVE complex that regulates Actin

branching, show a failure of AVE migration (Rakeman and Anderson 2006).

12.8 Molecular Basis for AVE Migration

Mutants with reduced levels of Nodal activity show a failure of the AVE to migrate,

indicating that Nodal is required for AVEmigration (Norris et al. 2002). However, it

is not completely understood howNodal exerts a control on the migratory behaviour

of the AVE. Nodal antagonists Lefty1 and Cer1 are both expressed in the AVE and

inhibit Nodal signalling by either competitively binding the Nodal receptor as in the

case of Lefty1 (Sakuma et al. 2002), or by binding Nodal itself as in the case of Cer1

(Piccolo et al. 1999). Both Lefty1 and Cer1 are expressed at the distal tip of the egg
cylinder at the time of AVE formation. The expression domain of both is slightly

tilted towards that prospective anterior even prior to AVE migration (Yamamoto

et al. 2004). This asymmetric localisation of Lefty1 and Cer1 expression would be

expected to create a bias in the activity of Nodal signalling, with higher levels in the

posterior VE. One possibility is that this increased Nodal activity in the posterior

leads to increased levels of proliferation in the VE in the prospective posterior

relative to the anterior, causing directional movement of AVE cells (Yamamoto

et al. 2004). However, more recent work has shown that there is no difference in

levels of cell proliferation in the anterior and posterior VE, but that Nodal-dependent

proliferation of epiblast cells is essential for AVE migration (Stuckey et al. 2011).

The asymmetric expression of Lefty1 in the VE has been traced back to asym-

metric expression of Lefty1 in the primitive endoderm of the pre-implantation

blastocyst, providing an intriguing mechanism by which the direction of AVE

migration might already be specified at least as early as the pre-implantation

blastocyst (Takaoka et al. 2011, 2006).

Experiments by Yamamoto and collaborators (2004) showed that the AVE

migrates towards ectopically expressed Nodal antagonists, indicating that they

play an important role in the regulation of AVE migration. However, genetic
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knock-outs of Lefty1 (Meno et al. 1998) and Cer1 (Belo et al. 2000; Simpson et al.

1999; Stanley et al. 2000) exhibit seemingly normal AVE migration, possibly

indicating that these genes exhibit some functional redundancy. When both

Lefty1 and Cer1 are removed, embryos show three broad classes of phenotypes

(Perea-Gomez et al. 2002). In roughly 30% of double mutants (“Class I”) the streak

appears to be correctly positioned (though it shows other defects), suggesting that in

these embryos the AVE migrated to the prospective anterior and that Nodal

antagonists are not required absolutely for AVE migration. On the other hand, the

majority of double mutants show very severe defects in the positioning of the streak

and importantly, in the AVE itself, which is seen to form an unusual accumulation

at the prospective anterior, which argues for a major role for these two antagonists

in AVE migration, even if they are not absolutely required. It is not clear what the

cause of this variability in phenotype is, but it would appear that there are multiple

levels of control over AVE migration. In addition, recent observations have shown

that the majority of Lefty1 null embryos exhibit a subtle abnormality of AVE

migration with cells moving onto the ExE–VE, pointing to a role for lefty1 and

Nodal signalling in maintaining the differences in behaviour between the Epi–VE

and ExE–VE that normally results in a “barrier” to migration (Trichas et al. 2011).

The secreted Wnt antagonist Dickkopf1 (Dkk1) causes reduced Wnt activity by

binding the Wnt receptors LRP5/6. This consequently allows phosphorylation and

subsequent degradation of b-Catenin, thus preventing canonical Wnt signalling

(Bafico et al. 2001). Dkk1 has been shown to be sufficient to rescue the AVE arrest

phenotype of Otx2 mutants and act as a guidance cue for AVE migration in bead

experiments (Kimura-Yoshida et al. 2005). However, despite acting as a guidance

cue when provided exogenously, the in vivo role of Dkk1 remains unclear given

that Dkk1 null embryos have correctly positioned primitive streaks (though they

show a later anterior neuroectoderm defect), indicating that the AVE is able to

migrate in such embryos (Mukhopadhyay et al. 2001).

Given that Dkk1, in addition to its well-established role as an inhibitor of

canonical signalling, can also act as an agonist of Wnt-PCP signalling (Caneparo

et al. 2007; van Amerongen and Nusse 2009), and PCP signalling is important in

regulating the orderliness of AVE migration by facilitating rosette formation

(Trichas et al. 2011; Trichas et al. 2012), it is tempting to speculate that in the

context of the VE, Dkk1 might be acting not directly as a guidance cue for AVE

migration, but more subtly, to modulate AVE migration so that it occurs in an

ordered manner. If this were the case, one might find that in Dkk1 null embryos, the

AVE migrates sufficiently for it to fulfil its function of positioning the primitive

streak, but does so abnormally, as in Lefty1 or ROSA26Lyn-Celsr1 mutants.

12.9 Conclusion

The VE is a uniquely accessible epithelium, located on the outside of the develop-

ing embryo, which makes it relatively easy to image at high resolution. In addition

the peri-implantation embryo lends itself to live imaging both due to its size and
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because the embryos can be cultured to allow the imaging of normal developmental

processes. Study of the VE and in particular the migratory behaviour of the AVE

provides useful insights not only into the process of anterior patterning, but also

regulation of cell migration in other epithelial tissues. The AVE therefore makes a

good model to study the process of epithelial cell movements in mammals.

The past decade has seen many advances in our understanding of AVE migra-

tion, but much of it understandably has focused on the AVE itself. It is becoming

increasingly clear that to fully understand the movement of AVE cells, we need to

also understand the behaviour of the surrounding VE cells. Future research will

hopefully provide insights into how AVE migration is coordinated with the move-

ment of surrounding cells so that they can reproducibly negotiate their way through

the epithelial VE to the future anterior.
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Chapter 13

Balancing the Dose in the Mouse

Mary E. Donohoe

Abstract Organisms that use a chromosomal basis of sex determination have a

problem of gene inequality. In the mouse, this dimorphism is evident by the

presence of two X-chromosomes in females, while males have a single X- and

a single Y-chromosome. To balance this disparity, one of the two female

X-chromosomes is transcriptionally silenced to neutralize the gene dose with the

XY male. Dosage compensation in mammals is known as X-chromosome inactiva-

tion (XCI) and is a crucial early developmental process. XCI is an example of

epigenetics: a phenotype resulting in changes on a chromosome without a change in

nucleic acid sequence. Studies in mouse embryology and genetics have answered

many questions about the process of balancing the dose. In this chapter, I highlight

how the mouse dosage compensates the gene disparity between XX females and

XY males in a crucial epigenetic process called X-chromosome inactivation (XCI).

13.1 The Lyon Hypothesis

In 1949 Barr and Beltram reported a dark, condensed peri-nucleolar structure

present in the nuclei of female cat neurons (Barr and Bertram 1949). Later they

described that other female mammalian somatic cells including mouse and man

have this cytological entity now known as the “Barr body” found in somatic cells.

Ten years later in 1959, Susumo Ohno suggested that the Barr body is a condensed

or heteropyknotic X-chromosome (Ohno et al. 1959). That same year, Russell

described that XO female mice having only one X-chromosome (instead of the

normal two X-chromosomes) lack the Barr body, develop normally, and are fertile
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(Russell et al. 1959). But it was not until 1961 that a geneticist, Mary Lyon,

studying X-linked coat, color variegation in the Tabby and Mottled mice proposed

an explanation for the above findings. In a landmark paper, Lyon noted that XY

males had a solid color, whereas heterozygous XX females had a mottled or

variegated color due to gene expression differences between male and females

(Lyon 1961). (Similarly, female tortoiseshell and calico cats show visible evidence

of XCI with the variegation of the X-linked orange and red colors analogous to

those described in the Tabby and Mottled mice.) She deduced that the condensed

Barr body is the genetically inactivated X chromosome originating from either

maternal or paternal origin. In addition, Lyon hypothesized that mammalian

females balance X-linked gene disparity or dose with XY males by silencing one

of the two X chromosomes. She posited that the inheritance of this inactive

X-chromosome state is clonally propagated over cell divisions. Now over

50 years later we celebrate the golden anniversary of the discovery of XCI honoring

Mary Lyon’s hypothesis, “Gene action in the X-chromosome of the mouse (Mus
musculus L)” where one of the two female X chromosomes is randomly silenced in

the soma to balance the gene dosage with XY males (Lyon 1961; Lee 2011; Morey

and Avner 2011). In 1961 the idea of random XCI was not widely accepted but the

Lyon Hypothesis explained the non-Mendelian inheritance of many human

X-linked diseases in female carriers (such as hemophilia, red–green color blind-

ness, etc.) (Beutler et al. 1962; Linder and Gartler 1965; Gartler et al. 1972; Puck

and Willard 1998). Today we know that the Lyon Hypothesis describing the

balance of gene dosage on the X-chromosome is not a theory, but a fact that

spawned a new field: XCI.

13.2 Two Forms of XCI: Random Versus Imprinted

There are two forms of XCI in the mouse: random and imprinted (Fig. 13.1). Both

forms of XCI are essential for early development and segregate with lineage

allocation in the mouse. Random and imprinted XCI offer a paradigm to studies

of epigenetics in the early embryo as the XCI cycle involves rounds of inactivation

and reactivation (Payer and Lee 2008). The random form occurs in all somatic cells

where either of the two female X-chromosomes (maternal or paternal) may be

chosen for silencing and occurs at the epiblast stage. In the extraembryonic tissues

of the mouse embryo, XCI occurs selectively on the paternal X-chromosome (XP)

(Sharman 1971; Takagi and Sasaki 1975). This preferential silencing of the XP is

the imprinted form of XCI. Imprinted XCI was the first description of mammalian

genomic imprinting (Sharman 1971). Genomic imprinting refers to a parent-of-

origin gene expression and many examples of autosomal imprinting in the mouse

have been described (McGrath and Solter 1984; Bartolomei and Ferguson-Smith

2011; Surani et al. 1984). The silencing of the XP occurs in the male germline

and shares mechanistic features with autosomal imprinting including setting and

232 M.E. Donohoe



erasing imprinted marks via DNA repetitive elements and methylation (Bartolomei

and Ferguson-Smith 2011; Payer and Lee 2008).

13.3 XCI: Not Just for Females

XCI is not just a female-specific process. In the mouse a third form of dosage

compensation occurs in the male germline and is called meiotic sex chromosome

inactivation (MSCI) (Turner 2007). MSCI occurs during the first meiotic prophase

of spermatogenesis when homologous pairing or synapsis takes place (Greaves et al.

2006; Lifschytz and Lindsley 1972; Turner et al. 2006). Homologous chromosomes

pair during meiosis. However, the dimorphic X and Y sex chromosomes can only

pair with each other at their homologous pseudoautosomal regions (PARs) situated

at the tips, while the nonhomologous X- and Y-specific regions remain unpaired.

The double-strand break/DNA-repair machinery initially recognizes unpaired

regions. This results in the recruitment of multiple repressive marks so that the

sex chromosomes form a distinct structure during the pachytene stage called the

“XY” or “sex body” (Fig. 13.2). The “XY body” is heterochromatic and transcrip-

tionally silent. The formation of the “XY body” is thought to suppress recombina-

tion across nonhomologous chromatin. The evolution of MSCI may have arisen

from an ancient mechanism seen in lower organisms in which unpaired chromatin or

DNA is silenced (Turner 2007). The post-meiotic sex chromatin remains transcrip-

tionally silenced throughout spermatogenesis (Namekawa et al. 2006). As a result

this partially inactivated paternal X-chromosome (XP) is then passed onto the next

generation via the mature sperm (Cooper 1971; Huynh and Lee 2003).

Xp Xm Xp Xm

i a ia

Xp = paternal X i = inactive X
a = active XXm = maternal X

or

Random XCI

Xp Xm

i a

Imprinted XCI Skewed XCI Xce allele

Xp Xm

i a

Xp Xm

ia

Xp Xm

ia

Fig. 13.1 Two forms of X-chromosome inactivation are present in the mouse. In the random form

of XCI there is an equal chance for either the paternal or maternally inherited X-chromosome to be

chosen for inactivation. In the imprinted form of XCI the paternal X is exclusively silenced.

Skewing of random XCI may result by the X-controlling element (Xce) allele on particular strains
of mice
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13.4 XCI and Early Lineage Allocation

At fertilization, the XP arrives partially pre-inactivated due to MSCI. The gamete-

to-embryo inactivation of the XP occurs in two sequential steps (Namekawa et al.

2010). At the time of zygotic gene activation during the two-cell stage (Zheng and

Liu 2012), the repetitive elements on the XP are silenced (Huynh and Lee 2003;

Namekawa et al. 2010). Following the two-cell stage, there is a gradual silencing of
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Fig. 13.2 The cycle of X-chromosome inactivation (XCI) in mouse development. During mouse

spermatogenesis the paternal X (XP) is partially inactivated as a result of meiotic sex chromosome

inactivation (MSCI). During oogenesis the maternal X-chromosome (XM) resists silencing.

Following fertilization the female zygote has a partially pre-inactivated XP that subsequently

undergoes DNA repeat element silencing followed by genic silencing. By the blastocyst stage the

XP is completely inactivated in the trophectoderm (TE) and primitive endoderm (PrE). In contrast,

the epiblast (Epi) undergoes an erasure or reactivation of the XP. Random XCI (inactivation of

either the XP or XM) occurs shortly afterwards. As a result, the extraembryonic tissues exhibit

imprinted XCI while the embryo proper shows random XCI. The Epi also gives rise to the

primordial germ cells (PGCs). The PGCs undergo an X-reactivation to ensure equal meiotic

segregation of the XM and XP
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the coding genes on the XP (Namekawa et al. 2010; Okamoto et al. 2004). The

imprinted formed of XCI is completed by the blastocyst stage (Okamoto et al.

2004). The extraembryonic tissues, the trophectoderm (TE) and the primitive

ectoderm (PrE), have their XP transcriptionally silenced (Fig. 13.2). In contrast,

the cells in the epiblast (Epi) undergo a remarkable reactivation of the silenced XP

(Mak et al. 2004; Martin et al. 1978; McMahon et al. 1983; Monk and Harper 1979;

Rastan and Robertson 1985). Between embryonic day (E) 3.5 and E4.5, the inactive

XP is exclusively reactivated in the Epi but not in the fated extraembryonic cells of

the TE and PrE. Shortly afterwards, one of the two X-chromosomes (either the

maternal or paternal) is randomly chosen for silencing in the epiblast. At E6.5, the

mouse extraembryonic tissues have the imprinted and the embryo proper have

the random form of XCI. Following the primordial germ cells (PGCs) migration

to the genital ridge (E7.0–E10.5), the PGCs undergo a progressive X-chromosome

reactivation (Chuva de Sousa Lopes et al. 2008; de Napoles et al. 2007; Gartler

et al. 1972; McLaren and Monk 1981; McMahon et al. 1981; Monk and McLaren

1981; Sugimoto and Abe 2007). This results in the germ cells having two active Xs

prior to gametogenesis. The cycle is then continued with MSCI in the male

germline and a maternal imprint that silences the X-inactive specific transcript,
Xist, on the maternal X-chromosome (Tada et al. 2000).

The early mouse lineages have their own progenitor cells that are derived from

and represent each of the lineages present in the blastocyst. These stem cells also

reflect the form of XCI present in the lineages. The derivation and propagation of

the lineage progenitor cells offer a powerful in vitro tool to study the regulation of

XCI. Embryonic stem (ES) cells are derived from and represent the epiblast (Evans

and Kaufman 1981). ES cells exhibit the random form of XCI (Martin et al. 1978;

Rastan and Robertson 1985). Mouse ES cells faithfully recapitulate XCI as the

embryo itself and are a valuable reagent to study this process. Undifferentiated ES

cells are pre-XCI with both female X-chromosomes active. Upon differentiation, a

random choice is made for one of the two female Xs to be silenced. This silencing is

maintained over cell divisions. Trophoblast stem (TS) cells are derived from and

represent the trophectoderm (Takagi and Sasaki 1975; Tanaka et al. 1998). Extra-

embryonic endoderm (XEN) stem cells are derived from and represent the primitive

endoderm. Both TS and XEN cells maintain the imprinted form of XCI (Kunath

et al. 2005). Taken together the mouse conceptus and their lineage progenitor cells

allow one to investigate the mechanisms of XCI.

13.5 Defining the Mouse X-Chromosome Inactivation Center:

Counting, Choosing, and Silencing

Following Lyon’s paper on XCI, research focused on cells containing more than

X-chromosome per set of autosomes. It was discovered in diploid cells that all but

one of the Xs was silenced as evident by the presence of the Barr body.
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This suggested that each cell could “count” the number of X-chromosomes and

inactivate Xs (n � 1) per autosome set (Gartler and Riggs 1983). The cell

determines its X/autosome (X/A) ratio to maintain one active X-chromosome.

Thus, cells harboring more than one X would silence all but one X-chromosome,

whereas a normal XY male or an XO female shows no XCI. The XXX cells exhibit

two condensed Xs or Barr bodies while XXY cells harbor one inactivated X. There

is also a mutually exclusive “choice” of active versus inactive X-chromosome in

somatic cells with each X having a 50:50 ratio or random chance of silencing.

Nonrandom or skewing can be noted and arise from factors or genomic regions

implicated in the XCI process (Payer and Lee 2008). In mice, primary XCI skewing

is genetically defined by the X-controlling element (Xce) as defined by Bruce

Cattanach (Cattanach and Williams 1972). They showed that certain genetic back-

ground strains might be more likely to resist XCI than others based on the Xce
allele. For example, in the crossing of 129 and M. castaneus mice, XCI favors the

129 X because it carries a relatively weak Xce modifier. The precise genomic

localization of Xce remains elusive and studies are actively in progress to determine

how an X chooses to be inactivated.

XCI is established very early in mouse development and is initiated by a unique

X-linked locus called the X-inactivation center (Xic) (Russell 1963). The Xic
initiates the counting, choice, and cis-silencing of the 155-megabases along the

X-chromosome (Payer and Lee 2008). Mouse transgenics defined this region to

450-kilobases (kb) by showing that this region of the X-chromosome can recapit-

ulate the steps of XCI: counting, choice, and silencing (Heard et al. 1996; Lee

et al. 1996). Smaller Xic transgenes of 100-kb are capable of XCI ectopically (Lee

et al. 1999b). Thus the XCI machinery resides within a defined region on the

X-chromosome within the Xic.

13.6 Noncoding RNAs and XCI

The molecular mechanisms for XCI have led to the discovery of numerous long,

noncoding RNAs situated within the mouse Xic (Fig. 13.3). The search for an XIC
candidate gene led to the discovery of a gene XIST, X-inactive specific transcripts, by
Brown et al. in 1991 that was exclusively expressed from the human inactive

X-chromosome (Xi) (Brown 1991). That same year the mouse Xist gene was

described (Borsani et al. 1991; Brockdorff et al. 1991). Both the mouse and human

Xist homologs are poorly conserved at the nucleotide level but show similar genomic

organization including a long (15–17 kb), noncoding RNA whose expression is

restricted to the nucleus (Brockdorff et al. 1992; Brown et al. 1992). By using

fluorescence in situ hybridization (FISH) techniques, the dynamic expression of

Xist expression can be visualized in the developing female mouse embryo and

differentiating female ES cells. Xist RNA “paints” the entire inactive X chromosome

(Barr body) (Clemson et al. 1996; Panning et al. 1997). Xist is essential for random
and imprinted XCI (Lee et al. 1996; Marahrens et al. 1997; Penny et al. 1996;
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Wutz and Jaenisch 2000). However, once XCI is established, the inactive state of the

X is no longer dependent on the expression of Xist (Csankovszki et al. 1999). The Xi

has a battery of silencing factors such as Polycomb repressive complex 2 (PRC2)

factors and trimethylated histone 3 lysine 27 marks associated with facultative

heterochromatin (Okamoto et al. 2004; Plath et al. 2003, 2004; Silva et al. 2003).

Xist has other associated proteins that localize to the Xi during and the initiation of

XCI: The other polycomb group protein complex (PRC1) (de Napoles et al. 2004),

the structural maintenance of chromosomes hinge domain-containing 1 protein

(SmcHD1) (Blewitt et al. 2008), a histone variant macro-H2A1 (Costanzi and

Pehrson 1998), a trithorax group protein Ash2I (Pullirsch et al. 2010), and a nuclear

matrix heterogeneous nuclear ribonucleoprotein U (hnRNP U) (Hasegawa et al.

2010; Helbig and Fackelmayer 2003; Pullirsch et al. 2010). Xist RNA directly

binds PRC2 via a 50 repeat region A to target this complex to the Xic before spreading
(Zhao et al. 2008). Although Xist can be spliced and polyadenylated, it is not exported
to the cytoplasm but remains in the nucleus by binding hnRNP protein (Brockdorff

et al. 1992; Brown et al. 1992; Hasegawa et al. 2010). Xist RNA is anchored to the Xi

via a nucleation center within exon 1 by YY1 transcription factor (Jeon and Lee

2011).

The mouse Xic also harbors another long (40-kb), noncoding RNA Tsix
discovered by Jeannie Lee (Lee et al. 1999a). Tsix is anti-sense to Xist and

negatively regulates Xist expression early in development. During cellular differ-

entiation, Tsix expression is extinguished on the future Xi and Xist RNA is

upregulated nearly one hundred fold. Tsix is imprinted in the early embryo and

extraembryonic tissues (Lee 2000). Tsix becomes randomized following X

XicX-chromosome

5 kb

TsxXiteXistJpx

TsixFtxXpctRnf12

Pairing, counting, choice

Spreading, silencing

Pairing
Xi nucleation center

DXPas34

Fig. 13.3 The mouse X-inactivation center (Xic) and surrounding regions. The Xic has been

defined as the minimal region necessary and sufficient to drive XCI. Noncoding RNAs are

abundant at the Xic. A dark dashed line denotes the genomic regions implicated in the steps of

XCI (pairing, etc.). Rnf12 encodes a protein that is an activator of Xist. Xpct (Slc16a2) is an

X-linked PEST-containing transporter. Ftx (50 to Xist) is a noncoding RNA. Jpx (Enox:expressed
neighbor of Xist) is an activator of Xist. Xist (X-inactivation specific transcript) is upregulated
during cellular differentiation and its RNA coats the entire Xi. The red box within Xist is Repeat
A. Tsix is a long, noncoding RNA antisense to Xist and controls its expression. The DXPas34
repeat region is the imprint control region within Tsix. Xite harbors an enhancer for Tsix. Tsx is a
testis-specific RNA and protein. The shaded circle depicts the centrosome
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reactivation in the epiblast and is expressed exclusively from the future active

X-chromosome (Xa). The importance of Tsix is underscored in knockout female

ES cells where the female X-chromosome harboring the mutation is nearly

always chosen as the Xi (Lee 2002; Lee and Lu 1999). Tsix is required for an

X-chromosome to remain active. Forced over-expressed of Tsix in female ES

cells suppresses Xist expression (Stavropoulos et al. 2001). Tsix contains a repeat

region, DXPas34, which controls Tsix expression (Cohen et al. 2007; Debrand

et al. 1999; Vigneau et al. 2006). The chromatin insulator Ctcf binds to DXPas34
as well as other regions within Tsix (Chao et al. 2002). Ctcf has a co-factor, Yy1.

Yy1-deficient embryos have abnormal Tsix and Xist expression and die shortly

after implantation (Donohoe et al. 2007). Taken together, Tsix is an important

epigenetic switch for XCI in early mouse development.

An additional long noncoding RNA, Xite (X-inactivation intergenic transcrip-
tion element), situated upstream of Tsix harbors an enhancer for Tsix that enables its
expression persistence on the future Xa (Ogawa and Lee 2003). Xite is cis-acting
and has a number of transcriptional elements. Similar to Tsix, Xite is developmen-

tally regulated functioning as a Xa choice element. Both Xite and Tsix are expressed
during the pluripotent state and their expression is extinguished upon cellular

differentiation.

In addition to Xist and Tsix, we now appreciate that there is a plethora of long,

noncoding RNAs situated at the Xic. Jpx (also known as Enox: expressed neighbor
of Xist), a long, noncoding RNA, is located upstream of Xist and is essential for its

activation (Chureau et al. 2002). Unlike Tsix and Xite, Jpx is trans-acting and

activates either Xist allele (Tian et al. 2010). Rnf12 situated 500-kb 50 relative to

Xist, produces a trans-factor RNF12, an ubiquitin ligase. Over expression of RNF12
can induce Xist coating of the single X in differentiating male and both X’s in

female ES cells (Barakat et al. 2011; Jonkers et al. 2009). Therefore, RNF12 is an

activator of Xist. Ftx (50 to Xist) is another noncoding RNA situated upstream of Jpx
(Chureau et al. 2002). Deletion of Ftx in male ES cells alters the chromatin structure

surrounding Xist (Chureau et al. 2010). Taken together, long, noncoding RNAs play
an important role for XCI and can provide precise regulation within the Xic.

13.7 Silencing Along the X-Chromosome

How does Xist spread along the Xi to transcriptionally silence nearly 155 Mb of

DNA? The X-chromosome has nearly double the amount of LINE-1 (long

interspersed nuclear elements) repeat elements as compared with autosomes.

Mary Lyon proposed that the X-chromosome silencing marks are propagated via

LINE-1 elements that act as way stations (Lyon 2000). The Heard lab has shown

that LINEs create a silent nuclear compartment in female cells and a subset of

young LINE-1 elements are expressed during XCI and reside near XCI escape

prone regions (Chow et al. 2010). LINEs may facilitate XCI are multiple levels

establishing heterochromatin and propagation of silencing.
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13.8 Nuclear Dynamics of the X Chromosomes:

A Developmental Dance

The conformation of the Xi as the Barr body has opened additional studies linking

the compartmentalization of the silenced versus active X. Genic and nongenic

elements harbored on the Xi are organized in a nonrandom fashion with chromatin

conformation and looping most likely involved in gene activation versus repression.

Although Xist, Tsix and Xite act in cis, a trans-communication between the two

female X-chromosomes must take place to achieve the mutually exclusive fate of

active (Xa) versus inactive X (Xi) (Bacher et al. 2006; Xu et al. 2006). Homologous

X pairing is a rare example of somatic or non-meiotic pairing. This chromosomal

“kissing” is mediated by sequences within Xite and Tsix, and X–X pairing is

necessary for XCI to take place (Augui et al. 2007; Bacher et al. 2006; Xu et al.

2006). The transcription regulators Ctcf and Oct4 control X–X pairing (Donohoe

et al. 2009; Xu et al. 2007).

13.9 XCI and the Link with Pluripotency

It is now appreciated that transcription factors are key regulators for the different

mouse lineages. In a landmark study, Yamanaka and Takahasi showed that over

expression of four key transcription factors, Oct4, Klf4, c-Myc, and Sox2, convert

a differentiated fibroblast to an induced pluripotent stem cell (iPS) (Takahashi

and Yamanaka 2006). Since this first description, iPS cells have been generated in

both humans and mouse and may offer hope for future therapeutics. The coupling

of the pluripotent state and reactivation of both female X-chromosomes was

demonstrated in the conversion of female mouse fibroblasts to iPS cells (Maherali

et al. 2007). XCI is tightly linked with cellular differentiation and Oct4, Sox2,

Klf4, c-myc, and Rex transcription factors bind Xite and Tsix, the noncoding

RNAs expressed during pluripotency (Navarro et al. 2008; Navarro et al. 2010;

Donohoe et al. 2009). Oct4 not only activates Tsix but is also involved in X–X

pairing, an event necessary for the mutual choice between active versus inactive

X-chromosomes (Donohoe et al. 2009).

13.10 Genes That Escape XCI: Breaking the Rules

Although XCI is generally a silencing of all genes residing on the Xi, there are

exceptions to the rule. Genes that escape XCI may be divided into two groups.

Genes situated within the pseudoautosomal region (PAR) and genes located outside

the PAR (Berletch et al. 2011). The genes harbored within the PAR do not need

dosage compensation because they have equivalents on the Y-chromosome.
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In humans nearly 15% of the 1,500 genes residing on the X-chromosome escape

silencing (Carrel and Willard 2005). In contrast, only a few genes escape the

chromosomal-wide silencing in mouse. X-chromosome escape raises many

questions. Why there are fewer numbers of escaping genes in mice? What are the

molecular mechanisms of XCI escape? Genes that thwart XCI are frequently

organized in clusters (Carrel and Willard 2005; Li and Carrel 2008). It has been

postulated that chromatin insulation by Ctcf and noncoding RNAs may shield those

genes destined to escape silencing by XCI (Filippova et al. 2005; Reinius et al.

2010). Ctcf insulation on its own may not sufficient to protect from XCI (Ciavatta

et al. 2006). In addition, the LINE-1 element density is low in regions where XCI

escape is frequent (Chow et al. 2010). Genes that escape may reside in a different

nuclear subdomain or compartment to shield silencing.

13.11 Conclusions

In the fifty years since Mary Lyon’s landmark paper proposing XCI, we have

learned much information on the molecular mechanism and important players in

this process. Most of these findings have come from the studies using mouse

embryology and genetics. These studies have opened new doors to the biology of

noncoding RNAs, nuclear compartmentalization, gene regulation in epigenetics,

etc. in both humans and mouse. The next 50 years will surely enlighten us and offer

exciting findings.
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Chapter 14

Mouse Oviduct Development

C. Allison Stewart and Richard R. Behringer

Abstract The oviduct, or Fallopian tube in humans, transports oocytes and sperm,

serves as the site of fertilization, and supports early embryonic development. The

oviduct is essential for fertility. In the mouse, the oviduct is a coiled, complex

structure that develops from the simple embryonic M€ullerian duct. The oviduct

consists of four segments, including the infundibulum, ampulla, isthmus, and

uterotubal junction. Additionally, the mouse oviduct forms coils, develops longitu-

dinal folds, and undergoes both mesenchymal and epithelial differentiation. Ovi-

duct development and differentiation occurs perinatally. Several signaling

pathways have been found to be involved in oviduct formation, such as Wnt,

Tgfb, microRNA processing, as well as others. Overall, the process of oviduct

development is poorly understood and can be utilized to further knowledge of

epithelial–mesenchymal interactions, regulation of coiling, characteristics of

pseudostratified epithelia, and smooth muscle differentiation.

14.1 The Mouse Oviduct

The oviduct (Fallopian tube as it is referred to in humans) is a narrow tube through

which newly ovulated oocytes travel from the ovary to the uterus. It is also the site

of fertilization and regulates the number of sperm that ultimately interact with the

oocytes (Pulkkinen 1995; Ikawa et al. 2010). The mature oviduct consists of four

distinct regions, from anterior to posterior, the infundibulum, ampulla, isthmus, and

uterotubal junction (Fig. 14.1). The segments of the oviduct are supported by the

mesosalpinx, a portion of the broad ligament. In both mice and humans, some of the

oviduct segments can first be distinguished prior to birth based on gross morphology
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(Agduhr 1927; Perlman et al. 2005). However, a significant degree of differentia-

tion and morphogenesis occurs postnatally.

Oviduct length in mature mice is approximately 1.8 cm (Agduhr 1927) and

Fallopian tube length in humans is approximately 11 cm (Blandau 1978; Eddy

and Pauerstein 1980). Interestingly, oviduct length is much longer in avian species
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Fig. 14.1 Morphology of the mouse oviduct. (a) Gross morphology of the mouse female

reproductive tract. (b) Coiling of the mouse oviduct. (c) A partially “uncoiled” mouse oviduct.

(d) Schematic representation of the oviduct if it were uncoiled
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and can be up to 95 cm in turkeys (Bakst 1998). The structure of the oviduct varies

between species. In mice, oviducts form coiled loops containing approximately

11 turns (Agduhr 1927), whereas in humans there are no coils.

Another distinct difference between mice and humans is the presence of an

ovarian bursa in mice. The ovarian bursa is a sac that encapsulates the ovary and

anterior oviduct in mice and many other species. Interestingly, the ovarian bursa is

absent in humans. At birth, the forming bursa does not completely surround the

ovary of mice, but does so by postnatal day (P) 7.5 (Agduhr 1927).

Morphologically, the oviduct consists of a pseudostratified epithelium and a thin

stromal layer surrounded by inner circular and outer longitudinal smooth muscle

layers (myosalpinx). The epithelium consists of two types of cells: ciliated and

secretory. The oviduct epithelium forms longitudinal folds that increase surface

area (Fig. 14.2). The abundance of these longitudinal folds varies among species.

The oviduct regions can be distinguished by the ratio of ciliated versus secretory

epithelial cells, as well as the degree of longitudinal epithelial folding and thickness

of the smooth muscle layers (Fig. 14.3).

The oviduct receives its blood supply from the ovarian and uterine arteries. The

venous drainage is closely apposed to the arterial supply. In addition to the vascula-

ture, the oviduct contains an extensive lymphatic system. Most of the available

information on the lymphatic system in the oviduct comes from research in the sow.

The lymphatic system is more extensive within the posterior region of the oviduct,

including the isthmus and uterotubal junction. The vasculature and lymphatic

drainage connect to the oviduct via the mesosalpinx (Hafez and Blandau 1969).

Furthermore, both systems are sensitive to steroid hormones in mature animals.

Fig. 14.2 Histology of the mouse oviduct. Hematoxylin and eosin staining of the embryonic

M€ullerian duct (a, e) and segments of the adult oviduct, including the infundibulum (b, f), ampulla

(c, g), and isthmus (d, h). Prior to birth, the presumptive oviduct consists of an epithelium

surrounded by a loose mesenchyme. In the adult, the pseudostratified epithelia consist of both

ciliated and secretory cells (SC). There are more longitudinal epithelial folds within the ampulla

region, while the smooth muscle layers, or myosalpinx, are thicker in the isthmus region. Scale

bars represent 50 mm (a–d) and 10 mm (e–h)
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14.2 The Oviduct Is Derived from the M€ullerian Duct

Prior to sexual differentiation, the fetal gonads are bipotential, meaning that they

are able to give rise to either ovaries or testes. They are connected to the

mesonephroi that contain a pair of genital ducts. Embryos of both sexes develop

Wolffian (mesonephric) and M€ullerian (paramesonephric) ducts, which form the

reproductive tracts in males and females, respectively. The expression of Sry on the
Y chromosome is essential for Sertoli cell differentiation and the formation of

testicular cords (Koopman et al. 1991). The Sertoli cells of the testis produce anti-

M€ullerian hormone (AMH), which actively induces the regression of the M€ullerian
ducts in males. The Wolffian ducts give rise to the epididymis, vas deferens, and

seminal vesicles. In females, the absence of fetal AMH production results in the

maintenance of the M€ullerian ducts, which along the anterior–posterior axis, give

rise to the oviducts, uterus, cervix, and anterior portion of the vagina (Kurita et al.

2001; Kobayashi and Behringer 2003; Yin and Ma 2005). The process of M€ullerian
duct regression in males has been well studied, but little is known of M€ullerian duct
differentiation into the tissues of the female reproductive tract. This review will

focus primarily on the development and differentiation of the M€ullerian duct into

the oviduct.

The development of the male and female reproductive tracts is similar in most

mammalian species, but this chapter will focus largely on mouse and human

development. The urogenital system, including the kidneys, gonads, urinary tract,

and both male and female reproductive tracts, is derived from intermediate mesoderm.

The Wolffian ducts begin to develop at embryonic day (E) 9.5 (fertilization ¼ E0)

and grow caudally towards the urogenital sinus. A few days later, at E11.75,

the M€ullerian duct originates as an invagination of the mesonephric epithelium

(Orvis and Behringer 2007). This invagination remains open and will form the
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Fig. 14.3 Representation of oviduct characteristics that vary along the anterior to posterior axis.

The anterior tip of the oviduct, the infundibulum, contains higher numbers of ciliated cells (a) and

longitudinal epithelial folds (b). In contrast, the isthmus has more secretory epithelial cells (a) and

a thicker smooth muscle layer (b). This relationship appears to be linear
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infundibular ostium of the oviduct (Kurita et al. 2001). The M€ullerian duct forms

adjacent to the Wolffian duct and remains in close contact as it extends rostro-

caudally to the urogenital sinus. The presence of the Wolffian duct is essential for

M€ullerian duct development (Gruenwald 1941; Kobayashi et al. 2005); however,

the Wolffian duct epithelium does not contribute cells to the M€ullerian duct (Orvis

and Behringer 2007). At E13.5, embryos of both sexes have fully extended

Wolffian and M€ullerian ducts. The entire process, from invagination to completion,

takes 30–45 h (Orvis and Behringer 2007). AMH produced by the Sertoli cells of

the fetal testis bind to the AMH receptor type 2 (AMHR2) in the M€ullerian duct

mesenchyme to cause regression of the M€ullerian duct. The absence of AMH in the

fetal ovary allows for maintenance of the M€ullerian duct in females. Additionally,

the absence of testis hormones prevents further development of the Wolffian duct

and results in its regression. M€ullerian duct development and regression is similar

to this point in most mammalian species.

In this chapter, the female mouse reproductive tract before birth will be referred

to as the M€ullerian duct and after birth by the region-specific name (i.e., oviduct,

uterus, etc.). The oviduct develops from the most anterior region of the M€ullerian
duct. As the M€ullerian duct increases in length, it remains a relatively straight tube.

The anterior region of the M€ullerian duct curves into a C-shape with the presence of
flexures that curve the oviduct region around the ovary. The flexura medialis is

present posterior to the ovary and is believed to delineate which regions of the

M€ullerian duct will give rise to the oviduct and uterus (Agduhr 1927). At later

stages of gestation, the diameter of the oviduct region of the M€ullerian duct is less

than the diameter of the uterine region.

Morphologically, the M€ullerian duct consists of a simple epithelium surrounded

by mesenchyme. A few morphological differences between regions of the

M€ullerian duct were noted prior to birth, including more organization of the

mesenchyme into smooth muscle cells within the uterine region and the presence

of “club” cells, or secretory cells, within the epithelia of the oviduct region (Agduhr

1927). There are very few reports of differences in gene expression between regions

of the M€ullerian duct (Nielsen et al. 2000). Within days after birth the M€ullerian
duct differentiates into the distinct reproductive tract structures, including the

oviduct, uterus, cervix, and anterior portion of the vagina, each with unique gene

expression profiles.

14.3 Regions of the Oviduct

14.3.1 Infundibulum

The infundibulum is the most anterior structure of the oviduct, which forms the

ostium or opening of the oviduct to receive ovulated oocytes in cumulus from the

ovary. In mice, the infundibulum is found within the ovarian bursa. Compared to
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the adjacent ampulla, the infundibulum is enlarged and “inside-out”, with the

epithelium extending beyond the smooth muscle and stromal tissues. The exterior

infundibular epithelium is continuous with the epithelial lining of the oviduct.

Epithelial cells found in the infundibular region are highly ciliated. This is likely

to encourage the funneling of oocytes in cumulus into the oviduct. Once the oocytes
enter into the oviduct, they move to the ampulla. In some species, including humans

and rabbits, the infundibulum is a trumpet-shaped structure that contains numerous

fimbrae, which are fluted, finger-like structures. In humans, the infundibulum is

approximately 1 cm in length (Eddy and Pauerstein 1980). The infundibulum is

very sensitive to ovarian hormones, causing the fimbrae to extend and nearly engulf

the ovary during estrus, but not during other stages of the estrous cycle (Blandau

1978; Eddy and Pauerstein 1980).

As mentioned previously, the initial invagination from the mesonephric epithe-

lium remains open throughout development and will eventually form the infundib-

ulum (Kurita et al. 2001). This makes it the first segment of the entire female

reproductive tract to form. However, the distinct structure of the infundibulum is

not morphologically evident until closer to birth. The fimbrae form in humans in the

18th week of gestation (Perlman et al. 2005). In mice, the distinct structure of the

infundibulum can first be identified immediately before birth (Agduhr 1927).

14.3.2 Ampulla

The ampulla is the segment of the oviduct tube proximal to the ovary and is

morphologically and histologically distinct from the isthmus segment, which is

proximal to the uterus. The epithelium of the ampulla is highly folded and contains

more ciliated cells than that of the isthmus. The human ampulla is 5–8 cm in length

(Blandau 1978; Eddy and Pauerstein 1980). Furthermore, the smooth muscle layers

are not as thick as in the isthmus. The oocytes entering the oviduct are contained

within cumulus masses not as single cells. The relaxed nature of the smooth muscle

layers within the ampulla allows for stretching to accommodate these relatively

large clumps of cells. Fertilization occurs within the ampulla. Following fertiliza-

tion, the cumulus masses are disassembled and individual zygotes will pass into the

isthmus region, which contains thicker smooth muscle layers. Interestingly, ectopic

embryo implantations in women occur most commonly in the ampulla (Woodruff

and Paurstein 1969). The ampullary–isthmic junction (AIJ) between the two major

oviduct regions can first be observed at postnatal day (P) 6 in mice (Agduhr 1927).

14.3.3 Isthmus

The isthmus is the segment of the oviduct proximal to the uterus, extending from

the uterotubal junction. It joins to the ampulla at the AIJ. The isthmus is
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characterized by having a thick, well-developed myosalpinx and fewer longitudinal

folds. The ratio of secretory to ciliated epithelial cells is higher in the isthmus than

the ampulla. Very little is known about what regulates the development of the

isthmus region or when it becomes distinct from the ampulla. This region is two to

three cm long in the Fallopian tube (Blandau 1978; Eddy and Pauerstein 1980).

14.3.4 Uterotubal Junction

The oviduct and the uterus are joined at the uterotubal junction. In humans, this is

sometimes referred to as the interstitial region. Depending on the species, the

uterotubal junction is either intramural or diffuse. An intramural uterotubal junction

occurs when the oviduct extends into the uterine horn and is present in humans,

horses, and mice (Blandau 1978; Morris et al. 2000). In other species, such as cows,

pigs, sheep, and goats, the oviduct does not extend into the uterine horn and the

junction is diffuse (Agduhr 1927). The location of the uterotubal junction in cats,

dogs, horses, and mice is dorsolateral to the tip of uterine horn, not in the center

(Agduhr 1927). In mice, the uterotubal junction is formed as early as three days

after birth (Poweirza 1912). The uterotubal junction functions to regulate passage of

spermatozoa from the uterus into the oviduct, as well as embryos from the oviduct

into the uterus. The ability for the uterotubal junction to allow passage between the

uterus and oviduct is tightly regulated by steroid hormones during the estrous cycle

and pregnancy. This can be easily observed by injecting blue dye into the uterine

lumen. The dye will not enter into the oviduct when the uterotubal junction has

formed properly or is functioning correctly (Newbold et al. 1983; Gonzalez and

Behringer 2009). It is crucial that embryos do not remain within the oviduct. This

can be a problem in species, such as humans where tubal pregnancies can be life

threatening. Ectopic pregnancies account for 1–2% of pregnancies in women. This is

a significant problem especially when the risks of maternal mortality can be as high

as 10% (Shaw et al. 2010). An ectopic pregnancy in humans can occur when the

embryo does not pass through the uterotubal junction, but remains in the Fallopian

tube, where it implants and continues to develop. Ectopic pregnancies in mice are

rare and have only been reported in conjunction with Chlamydia infections.

14.4 Oviduct Differentiation and Morphogenesis

Differentiation and morphogenesis of the oviduct consists of several events: ovi-

ductal coiling, mesenchymal differentiation, epithelial folding, and epithelial dif-

ferentiation (Fig. 14.4). Differentiation of the mesenchyme results in a thin layer of

stromal cells directly underlying the epithelia surrounded by two layers of smooth

muscle cells. The simple epithelia found in the undifferentiated M€ullerian duct

become either ciliated or secretory cells postnatally.
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14.4.1 Oviductal Coiling

Oviduct coiling does not occur in all species, including humans. Interestingly,

oviduct coiling is present in amphibians, including frogs, salamanders and

caecilians, and birds (Wake and Dickie 1998). In mice, oviduct coiling is a very

intricate system of looping that is supported by a connective tissue called the

mesosalpinx. The pattern of oviduct coiling is not random, as shown by intricate

tracing of mature and developing oviducts (Agduhr 1927). Distinct flexures form in

the M€ullerian duct and postnatal oviduct, resulting in the coiling pattern observed in
mature animals (Agduhr 1927). Oviduct coiling in mice is complete by P15.

However, it is currently unknown what directs the formation of these flexures. In

the intestines, coiling is regulated by asymmetrical differences in the extracellular

matrix, as well as adhesion molecules (Kurpios et al. 2008). It is certainly possible

that a similar mechanism regulates oviductal coiling.

14.4.2 Epithelial Folding

The presence of longitudinal epithelial folds in the oviduct is evolutionarily

conserved in most species. These folds are present in avian species, such as

chickens and turkeys (Bakst 1998), as well as the amphibians mentioned above

E18.5 P0 P1 P3 P4 P6 P7
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folding
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Fig. 14.4 Timeline of oviduct development in the mouse. Oviduct differentiation and develop-

ment begin late during embryonic life and is completed within the first few weeks of neonatal life.

It is possible that additional oviduct development occurs after puberty under the influence of

ovarian hormones, as is seen in the mouse uterus. 1Agduhr (1927), 2Poweirza (1912), 3Dirksen

(1974), 4Yamanouchi et al. (2010)
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(Wake and Dickie 1998). The degree of folding differs dramatically among differ-

ent species. While this has not been studied extensively, there appears to be an

inverse relationship between oviductal coiling and abundance of epithelial folding.

Humans do not have coiled oviducts, but have extensive epithelial folding and mice

are the opposite. In adult mice, seven to eight folds in the ampulla region and four to

six longitudinal folds can be found in the isthmus region (Agduhr 1927).

The development of these epithelial folds has not been examined closely. Epi-

thelial folding can first be observed three to four days after birth in the ampulla and

six days after birth in the isthmus of the oviduct in mice (Agduhr 1927). Therefore,

the process of epithelial folding occurs at the same time as oviduct coiling.

14.4.3 Mesenchymal Differentiation

Radial patterning of the oviduct results in the undifferentiated mesenchyme present

in the M€ullerian duct to form a shallow stroma and smooth muscle layers. The

shallow stroma, or lamina propria, forms the scaffolding for the epithelial folds.

The smooth muscle layers of the oviduct are referred to as the myosalpinx. The

postnatal mesenchyme from the specific oviduct regions (i.e., ampulla, isthmus)

determines epithelial cell morphology (Yamanouchi et al. 2010).

Very little information exists on the development of the myosalpinx. The

morphology of the M€ullerian duct mesenchyme suggests that smooth muscle

differentiation occurs after birth (Agduhr 1927), which is consistent with what

occurs in the uterine myometrium (Brody and Cunha 1989). The wall of the

myosalpinx is thicker in the isthmus region compared to the ampulla. Longitudinal

folding is more abundant in oviduct regions with thinner muscle layers. A combi-

nation of ciliary movement and smooth muscle contractions are important for

oocyte transport (Jansen 1984). However, inhibition of smooth muscle contractions

does not impair fertility (Halbert et al. 1989).

14.4.4 Epithelial Differentiation

The M€ullerian ducts morphologically consist of simple cuboidal epithelia

surrounded by mesenchyme. Following postnatal differentiation, the oviduct epi-

thelial cells form a pseudostratified layer consisting of both secretory and ciliated

epithelial cells. In general, there is an anterior to posterior gradient in which the

infundibulum contains the highest abundance of ciliated cells and the isthmus

contains the fewest. Conversely, the highest percentage of secretory cells can be

found in the isthmus. In mice, during the first week after birth, the mesenchyme

from the different oviduct segments has the ability to determine the abundance of

ciliated or secretory cells (Yamanouchi et al. 2010). This suggests that oviduct

epithelial cell fate is still plastic for a week after birth.
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14.4.4.1 Secretory Cells

Secretory cells produce secretions important for oocyte and embryo survival. These

cells can be identified based on cell morphology. The apical cell surface extends

into the oviduct lumen above the beating cilia. Due to this appearance, they have

also been called “club” cells (Agduhr 1927). Secretory cells are differentiated by

P23 in mice (Komatsu and Fujita 1978), although they can be recognized as being

devoid of cilia about a week or so after birth. These cells are highly responsive to

ovarian hormones in the mature animal.

14.4.4.2 Ciliated Cells

In mature animals, a combination of ciliary movement and smooth muscle

contractions is important for transport of the cumulus mass and the early embryo.

The absence of Fallopian tube ciliary movement, as seen in women with

Kartagener’s syndrome, results in subfertility, not infertility (Afzelius et al.

1978). The cilia in the infundibulum and ampulla beat towards the uterus. However,

ciliary direction in the isthmus differs among species. In women and mice, the cilia

beat towards the uterus, but in rabbits the cilia beat in both directions (Blandau

1978; Shi et al. 2011).

Ciliated cells are more abundant within the fimbrae of the infundibulum than in

the isthmic region of the Fallopian tube. In humans, approximately 50% of the

epithelial cells in the fimbrae are ciliated and this is reduced to 35% in the isthmus

(Patek et al. 1972; Lyons et al. 2006). The oviductal cilia are 10 mm in length and

0.25 mm in diameter (Satir 1992).

Ciliated cells are observed in the Fallopian tubes of humans by the 18th week of

gestation (Perlman et al. 2005). Ciliated cells are first observed histologically in the

ampulla region of mice on P4 (Agduhr 1927). However, taking a closer look by

scanning electron microscopy reveals the presence of immature cilia as early as P1

(Dirksen 1974). These immature cilia can be found on the oviduct epithelia before

P12, when only mature cilia are present.

14.5 Genes Involved in Oviduct Development

Genetic deletion studies in mice have led to the discovery of many genes involved

in oviduct development. These genes can affect oviduct development at various

different stages. For example, there are several genes that are known to be essential

for initial M€ullerian duct formation including Wnt4 (Vainio et al. 1999), Lhx1
(Kobayashi et al. 2004), Pax2 (Torres et al. 1995), Emx2 (Miyamoto et al. 1997),

Dach1, and Dach2 (Davis et al. 2008), and retinoic acid (RA) signaling genes

(Mendelsohn et al. 1994; Kastner et al. 1997). However, there is no evidence that

these genes are specifically involved in oviduct development. Oviduct development
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is sensitive to exposure to endocrine disruptors, such as diethylstilbestrol (DES)

(Newbold et al. 1983; Yin and Ma 2005) and bisphenol A (BPA) (Suzuki et al.

2002; Newbold et al. 2009). The genes below have been linked to oviduct develop-

ment and/or differentiation.

14.5.1 M€ullerian Duct Differentiation/Patterning

Homeobox genes are involved in segmental patterning of many different tissues

(Krumlauf 1994). In the female reproductive tract, some Abdominal B Hox gene

family members regulate the tissue identity of the M€ullerian duct into the oviduct,

uterus, cervix, and anterior vagina. These Hox genes exhibit overlapping patterns of
expression within the mesenchyme of the postnatal female reproductive tract from

anterior to posterior, Hoxa9, Hoxa10, Hoxa11, and Hoxa13 (Taylor et al. 1997).
The reproductive tracts of Hoxa10 null mice underwent homeotic transformation of

the anterior portion of the uterus into the morphology of the oviduct. These mice

also lack a uterotubal junction (Benson et al. 1996). This suggests that Hoxa10 is

required for establishing the boundary between the differentiating oviduct and

uterus. A milder version of uterine homeotic transformation towards oviduct

morphology can be seen in Hoxa11 null mice (Gendron et al. 1997).

Wnt7a is expressed by the M€ullerian duct epithelia and is essential for M€ullerian
duct regression in males, as it regulates mesenchymal Amhr2 expression (Parr and

McMahon 1998). Wnt7a is also involved in patterning of the female reproductive

tract (Miller and Sassoon 1998; Parr and McMahon 1998).Wnt7a null mice exhibit

posteriorization of reproductive tract structures. Thus, the oviduct exhibits uterine

morphology and the uterus exhibits vaginal morphology. This further results in a

loss of oviduct coiling. Wnt7a is expressed throughout the M€ullerian duct epithe-

lium, but becomes limited to the oviduct and uterus after birth (i.e., differentiation

of the M€ullerian duct into female reproductive tract structures). Furthermore,

Wnt7a regulates uterine myometrial organization and may also regulate myosalpinx

organization (Miller and Sassoon 1998).

14.5.2 Oviduct Differentiation

Several genes have been identified that play a role in mature oviduct function,

including the cannabinoid receptor CB1 (Cnr1) (Wang et al. 2004), but the focus of

this chapter is on oviduct development. Therefore, this section will address genes

involved in oviduct differentiation.

Hedgehog signaling is involved in development of a number of different tissues

and organs. When a dominant active allele of smoothened (SmoM2) is conditionally
overexpressed in the M€ullerian duct-derived mesenchyme, oviduct development is

compromised. The oviducts do not coil and radial patterning is altered. These mice also

exhibited increased levels of Wnt5a and Hoxa13 in the anterior uterus and oviduct.
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These genes regulate patterning of the posterior M€ullerian-derived structures,

including the cervix. Their misexpression in the oviduct may result in uterine

characteristics, including a lack of coiling (Migone et al. 2012).

Beta-catenin (Ctnnb1) is the downstream effector of the canonicalWnt signaling
pathway. It is required for M€ullerian duct regression in males (Kobayashi et al.

2011). Conditional deletion of Ctnnb1 in the M€ullerian duct-derived mesenchyme

resulted in a loss of oviduct coiling. However, no changes in Wnt5a or Wnt7a
expression were detected, so the phenotype is not attributable to the loss of either

Wnt (Deutscher and Hung-Chang Yao 2007). Interestingly, conditional deletion of

Ctnnb1 leads to a change of fate in the uterine myometrial cells from smooth

muscle to adipocytes (Arango et al. 2005). It is not clear if this occurs in the

myosalpinx of these mice, as well. This suggests that mesenchymal, Ctnnb1, and
canonicalWnt signaling may play a role in both oviductal coiling and mesenchymal

differentiation within the oviduct.

Transforming growth factor beta (TGFb) is another large superfamily of genes

important broadly during development. Conditional deletion of Tgfb type 1 recep-

tor (Tgfbr1) in M€ullerian duct mesenchyme-derived tissues resulted in the develop-

ment of oviductal diverticula, or fluid-filled cysts on the oviducts. These diverticula

were present as early as 3 weeks of age and are similar to those observed in Dicer1
conditional knockout mice. This similarity is not due to common regulation.

Further, deletion of Tgfbr1 decreased expression of smooth muscle markers and

several microRNAs involved in smooth muscle specification at 3 weeks. However,

these differences were not observed in P7 mice, suggesting that Tgfbr1 is not

essential for initial smooth muscle differentiation but rather for organization and

maintenance of the smooth muscle layers (Li et al. 2011).

DICER1 is a ribonuclease that is essential for microRNA processing. Condi-

tional deletion of Dicer1 in the M€ullerian duct mesenchyme severely impacted

female reproductive tract development and function. In the oviduct, less coiling was

apparent and fluid-filled cysts were present in the isthmus (Hong et al. 2008;

Nagaraja et al. 2008; Gonzalez and Behringer 2009). The formation of these cysts

may be due to defects in smooth muscle formation within the oviduct, causing a

weakness in the oviduct. These cysts served as reservoirs for fertilized oocytes,

preventing them from traveling into the uterine horns (Nagaraja et al. 2008;

Gonzalez and Behringer 2009). Conditional deletion of Dicer1 also resulted in

improper formation of the uterotubal junction (Gonzalez and Behringer 2009).

The dimer of tuberous sclerosis complex (TSC) 1 and TSC2 is essential for the

suppression of mammalian target of rapamycin (mTOR) to prevent tumor forma-

tion. Conditional deletion of Tsc1 in the M€ullerian duct mesenchyme resulted in an

interesting oviduct phenotype. The lumen of the isthmus was occluded, but the

ampulla region appeared normal (Tanaka et al. 2012). As a result, the mice were

infertile. However, Tsc1 is also important in the uterine mesenchyme, as in vitro

fertilization of embryos was not able to rescue infertility. Tsc1 in the isthmus

mesenchyme directly regulates secretory epithelial cells, because in the absence

of Tsc1, the secretory cells are the ones occluding the oviduct lumen (Tanaka et al.

2012). This mouse model genetically emphasizes the importance of the oviduct

mesenchyme to direct epithelial cell fate and behavior.
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FOXJ1 is a member of the forkhead box family of transcription factors. FOXJ1

is expressed by ciliated epithelia and is required for ciliogenesis throughout the

body (Chen et al. 1998). In the mouse oviduct, Foxj1 expression is induced by

estrogen. Furthermore, estrogen receptor alpha (Esr1) expression is restricted to the
ciliated cells in the infundibulum and ampulla regions of the oviduct. Postnatal

estrogen treatment can accelerate ciliogenesis in the oviduct of rats. However, Esr1
null mice undergo normal ciliogenesis (Okada et al. 2004). Thus, estrogen and Esr1
are not essential for oviduct ciliogenesis, but they are stimulatory of Foxj1 expres-

sion, which in turn regulates ciliogenesis.

14.6 Summary

The mammalian oviduct is a structure that is deceptively simplistic. It is derived

from the embryonic M€ullerian duct, which is a simple epithelial tube surrounded by

mesenchyme. In a very specific perinatal time frame, the oviduct differentiates into

four unique segments that are somewhat complex. The basic structure and cell types

are evolutionarily conserved from fish (Borcea 1906; Wourms 1977) to amphibians

(Wake and Dickie 1998), birds (Bakst 1998), rodents (Agduhr 1927) to humans

(Blandau 1978), although the oviduct in egg-laying species contains significant

modifications. Proper development of the oviduct is essential for fertility. Under-

standing how the mouse oviduct develops can give insight into the process in

women. The differences between oviducts in mice and women are fewer than the

similarities, and include the presence of an ovarian bursa, oviductal coiling, and a

less developed infundibulum in mice.

Because most mouse oviduct differentiation occurs postnatally, it facilitates

developmental studies. For example, the oviduct is an excellent model for studying

epithelial–mesenchymal interactions, as the epithelia remain plastic during the first

week of postnatal life. Similarly, oviductal coiling occurs postnatally and can

provide insight into coiling in other tissues (i.e., gut, epididymis, etc.). Most of

what we know of basic mouse oviduct development is based on a study performed

in the 1920s (Agduhr 1927) or focused specifically on ciliogenesis (Dirksen 1974;

Hagiwara et al. 2000). Many basic developmental questions remain about cell

differentiation, how and why the oviduct coils, develops longitudinal folds, and

forms the interstitial type uterotubal junction seen in both women and mice.
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Chapter 15

Cell Lineages, Growth and Repair

of the Mouse Heart

Fabienne Lescroart and Sigolène M. Meilhac

Abstract The formation of the heart involves diversification of lineages which

differentiate into distinct cardiac cell types or contribute to different regions such as

the four cardiac chambers. The heart is the first organ to form in the embryo.

However, in parallel with the growth of the organism, before or after birth, the heart

has to adapt its size to maintain pumping efficiency. The adult heart has only a mild

regeneration potential; thus, strategies to repair the heart after injury are based on

the mobilisation of resident cardiac stem cells or the transplantation of external

sources of stem cells. We discuss current knowledge on these aspects and raise

questions for future research.

15.1 Introduction

The function of the heart is intimately linked to its structure. Malformations of the

heart which impair the connections or the confinement of cardiac chambers impinge

on the circulation of the blood and its degree of oxygenation. The architecture of the

heart, including trabeculations and oriented fibres of the myocardium, is essential

for efficient contraction. Therefore, the study of heart morphogenesis provides

important insights into the molecular and cellular mechanisms which are required

to shape the heart. This is relevant to medical issues, such as congenital heart

diseases and heart repair. Here, we shall deal mainly with the mouse heart, as an

experimental model for mammals, unless otherwise specified.
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15.2 Lineages of Heart Cells: Origin and Clonal Segregation

Myocardium is the main component of the heart; however, many different cell

types contribute to the heart. In the last decade, much progress has been made in the

elucidation of the lineage relationships between them (Fig. 15.1) and between the

cardiomyocytes colonising different regions of the heart (Fig. 15.2). The underlying

issues include the organisation of the heart field which contains the progenitor cells

in the embryo, the timing of segregation of the lineages and the identification of

markers of cell lineages.

15.2.1 Cardiogenic Mesoderm and the Layers of the Heart
(Pericardium, Epicardium, Myocardium and
Endocardium)

Heart cells can be traced back to gastrulation stages. Clonal analyses have indicated

that heart progenitors in the epiblast (E6.5), before gastrulation, are clonally related

to the endoderm, the neuroectoderm, the extra-embryonic mesoderm and the

paraxial mesoderm (Buckingham et al. 1997; Lawson and Pedersen 1987;

Tzouanacou et al. 2009). Fate map experiments have shown that cardiac

progenitors ingress early, at the mid-streak stage, and are located in the anterior

region of the primitive streak, in close proximity with progenitors of the cranial

mesoderm (Kinder et al. 1999).Mesp1, which encodes a bHLH transcription factor,

is expressed transiently in the nascent mesoderm at gastrulation. It is the earliest

marker of cardiovascular lineages but is not restricted to them (Saga et al. 2000,

1999). Mesp1 has been proposed to act as a master regulator of cardiovascular fate

specification (Bondue et al. 2008).

The embryonic heart is composed of two concentric tissues: the endocardium,

which is the endothelial lining of the heart, and the myocardium, which is the

muscular envelope, and is enclosed in a cavity outlined by the pericardium. The

progenitors of these three tissues are localised in the same region of the epiblast

(Tam et al. 1997). However grafting experiments have indicated that these

progenitors are not committed to a cardiac fate before they have completed their

migration, as lateral plate mesoderm cells, towards the cranial region of the E7.5

embryo, where they form bilateral heart fields or cardiogenic mesoderm. The

timing of the segregation between the endocardial, myocardial and pericardial

lineages is still controversial (Harris and Black 2010). Distinct progenitors of the

endocardium or myocardium have been described in the chick early primitive

streak, following retroviral cell labelling (Wei and Mikawa 2000). However in

the mouse, genetic tracing experiments have shown that the myocardium, endocar-

dium and pericardium all derive from progenitor cells that are positive for Nkx2-5
(Stanley et al. 2002), and that the myocardium and the endocardium also derive

from progenitor cells that have expressed Mesp1 and Isl1 (Cai et al. 2003;
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Saga et al. 2000; Sun et al. 2007). As Nkx2-5 and Isl1, that encode homeodomain

transcription factors, are first expressed at the early head fold stage (E7.5), in

undifferentiated progenitors (Cai et al. 2003; Lints et al. 1993), these genetic data

indicate that endocardial, myocardial and pericardial progenitor cells still share

spatial and molecular relationships in the E7.5 heart fields. Moreover, the gene

Etv2, which encodes an ETS domain transcription factor and is expressed in

endothelial cells, is essential for endocardium development and is regulated by

Nkx2-5 (Ferdous et al. 2009). Etv2-expressing cells give rise only to endocardial

cells in the heart. However, in the absence of Etv2, the cells which should have

expressed it differentiate into other muscle lineages including the myocardium

(Rasmussen et al. 2011). This suggests that there is a tightly regulated balance

between myocardial and endocardial cell lineages. In addition to their origin in the

cardiogenic mesoderm, some endocardial cells may also derive from vascular

endothelial cells, which have never expressed Isl1 (Milgrom-Hoffman et al.

2011). In the cardiac crescent, the three cell types can be distinguished histologi-

cally: squamous pericardial cells are part of the somatic mesoderm, whereas

myocardial cells are found in the epithelial splanchnic mesoderm and endocardial

cells appear as small clusters ventrally, which delaminate from the splanchnic
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Fig. 15.1 Lineage of cardiac cell types. Schemes summarising the lineage tree of cardiac cell

types, which derive from three origins: (a) the cardiogenic mesoderm (in red), at the early head

fold stage, contains precursors of the endocardium (yellow), myocardium (orange) and pericar-

dium (green); (b) the proepicardium (in blue) or the cardiac neural crest (in purple) at the looped
heart tube stage. The histology of the foetal heart is represented in c, with colour-coded cell types.

A anterior, AA arch arteries, Ao aorta, ehf early head folds, ICV inferior caval vein, IVS interven-

tricular septum, LA left atrium, LV left ventricle, P posterior, PT pulmonary trunk, PV pulmonary

vein, RA right atrium, RV right ventricle, SCV superior caval vein
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Fig. 15.2 First and second heart fields and further subdivisions of the myocardial lineage. (a) The

myocardium of the heart forms from two cell populations: the first (red) and second (green) heart
fields. The second heart field can be subdivided into an anterior (light green and yellow) and
posterior (dark green) domain, based on molecular markers (see text). The second heart field,

which extends into the pharyngeal arches (first arch in light green, second in yellow) at E8.5, is
progressively added to the heart tube at both the arterial and venous poles of the heart (arrows).
Derivatives of the heart fields are shown at E14.5, in addition to the clonally related skeletal head

muscles, which derive from the pharyngeal arches. (b) Lineage tree of myocardial cells, as

revealed by retrospective clonal analyses. (c) The heart fields are also patterned according to

left/right signalling. The right heart field and its derivatives are shown in light grey, whereas the
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mesoderm (Kaufman and Navaratnam 1981). It is still unclear to what extent cells

of the splanchnic mesoderm are bipotent for endocardial and myocardial fates

(Linask et al. 1997). As an indication of myocardial differentiation, the expression

of sarcomeric proteins such as Myl7 (also known as MLC2a) is first detected at the

early head fold stage, in a subset of cells of the heart fields which is more lateral

compared to the Isl1-expressing progenitors (Cai et al. 2003). This is before the

formation of the a-cardiac actin-positive cardiac crescent (Sassoon et al. 1988), in

which the contractile apparatus of myocardial cells becomes functional (Nishii and

Shibata 2006).

The epicardium originates from the proepicardium, a transient structure

observed between E8.5 and E10.5 at the venous pole of the heart (Schulte et al.

2007). Cells detach from the proepicardium and, by E11.5, have covered most of

the heart to form a single layered epithelial outer sheet. From an evolutionary point

of view, the epicardium has permitted the formation of a multi-layered myocardium

and thus a more efficient pumping heart (Carmona et al. 2010). The proepicardium

expresses markers such as Tbx18 and Wt1, encoding transcription factors which

also mark the kidney. The proepicardium originates from mesoderm on the surface

of the septum transversum (the primordium of the diaphragm), adjacent to the sinus

venosus or inflow tract of the heart (Viragh and Challice 1981), and may be induced

by signals from the neighbouring liver bud (Ishii et al. 2007). How the

proepicardium relates to the other tissue layers of the heart is still unclear.

Depending on the targeted allele of Cre used, controversial results have been

obtained by genetic tracing experiments, regarding the origin of the epicardium

from Nkx2-5 and Isl1 expressing progenitor cells (Lints et al. 1993; Ma et al. 2008;

Sun et al. 2007; Zhou et al. 2008b). Markers such as Cited2 (Dunwoodie et al.

1998), which is traced back for earlier expression pattern, would indicate a

craniolateral origin at the early head fold stage, which becomes a caudal territory

upon closure of the foregut at the straight heart tube stage. This is consistent with

cell labelling experiments which traced back the Tbx18 expression domain

(Mommersteeg et al. 2010). At the heart tube stage in the chick, labelling of cells

in the splanchnic mesoderm of the right vitelline vein, caudal to the heart, has

indicated a spatial proximity between progenitors of the inflow tract myocardium

and the proepicardium (van Wijk et al. 2009). In addition to these complex

movements of proepicardial cells, the epicardium in the outflow region of the

chick heart has a distinct origin, from the cephalic pericardium (Perez-Pomares

et al. 2003). The epicardium, as well as other tissue layers of the heart, later

contributes to the diversification of cell types in the heart.

�

Fig. 15.2 (continued) left heart field and its derivatives are shown in dark grey. Skeletal head
muscles, which are clonally related to the outflow tract myocardium, are also schematised. Ao
aorta, AVC atrio-ventricular canal, E embryonic day, IFT inflow tract (veins), LA left atrium, LSCV
left superior caval vein, LV left ventricle, OFT outflow tract, PhA pharyngeal arches, pt pulmonary

trunk, PV pulmonary vein, RA right atrium, RSCV right superior caval vein, RV right ventricle
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15.2.2 Derivatives of the Epicardium, Myocardium
and Endocardium

Cells of the epicardium undergo an epithelial to mesenchymal transition from E11.5

and invade the subepicardial space and the myocardium. The orientation of the

mitotic spindle is important for balancing the expansion of the epicardium with the

invasion of the myocardium (Wu et al. 2010). Cell labelling experiments in the chick

have shown that the epicardium-derived cells contribute most of the cardiac inter-

stitial cells such as fibroblasts, as well as the smooth muscle cells of the coronary

blood vessels, which irrigate the myocardium (Manner 1999; Mikawa and Gourdie

1996). Genetic tracing experiments with Wt1-Cre and Tbx18-Cre have lead to

controversial conclusions on the participation of epicardium-derived cells in the

myocardium, because precise knowledge on the spatiotemporal pattern of expres-

sion of the marker is required to interpret the data (Cai et al. 2008; Christoffels et al.

2009; Zhou et al. 2008a). The contribution of epicardium-derived cells to the

endothelium of the coronaries has also been debated, based on discrepancy between

embryological experiments in the chick, in favour of such a contribution (Manner

1999; Mikawa and Gourdie 1996), and genetic tracing in the mouse against

(Cai et al. 2008; Zhou et al. 2008a). This question has been recently solved in an

elegant study by Red-Horse et al. (2010), which has revealed that the endothelial

lining of both the coronary veins and arteries arises initially from angiogenic sprouts

of the sinus venosus at E11.5. These venous cells are not descendants of Tbx18
expressing progenitors, and thus do not correspond to epicardium-derived cells.

Similar to the epicardium, the endocardium can also undergo an epithelial to

mesenchymal transition. This occurs from E9.5 in the atrio-ventricular canal and

later in the outflow tract. The endocardial cushions correspond to the accumulation

of endocardium-derived mesenchymal cells, between the endocardium and myocar-

dium of specific heart regions. These cushions later give rise to the cardiac valves

and also contribute to the septation of the atria, of the ventricles and the partition of

the outflow tract into the aortic and pulmonary trunks. Among the many studies

which support this characterisation (see Camenisch et al. 2010) are the pioneering

cell labelling experiments in the chick (De la Cruz et al. 1983) and more recent

genetic tracing in the mouse using markers such as Tie2 (de Lange et al. 2004). The
endocardium has also been shown to participate in the endothelial lining of the

coronaries, via endocardial blood islands in the interventricular region, although to a

lesser extent than the sinus venosus derivatives (Red-Horse et al. 2010).

Derivatives of the myocardium have also been reported. The cardiac conduction

system generates and transmits electrical impulses to coordinate heart contraction.

It is mainly composed of modified cardiomyocytes (Christoffels et al. 2010).

The timing and mode of segregation of contracting and conductive myocytes has

been controversial in the chick. Progenitors of the ventricular conduction system

have been postulated to arise at the crest of the interventricular septum, from an

independent pool (Chan-Thomas et al. 1993; Lamers et al. 1991) or by continuous

recruitment from neighbouring cardiomyocytes (Gourdie et al. 1998). A dual origin
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of the cardiac conduction system is supported in the mouse by genetic tracing with

Mesp1-Cre, which indicated that 20 % of cells in the ventricular conduction system

have never expressed this early marker of the cardiogenic mesoderm (Kitajima

et al. 2006). Clonal analyses have characterised common progenitors of contracting

and conductive myocytes of the ventricle, which are segregated by E16.5 (Miquerol

et al. 2010). Cells of both lineages continue to proliferate after the segregation,

although the proliferation of conductive myocytes is much lower. The origin of the

central conduction system, which includes the sino-atrial and atrioventricular

nodes, remains obscure. Markers of the central conduction system such as Tbx3

can potentially be traced back to the early heart tube (Hoogaars et al. 2004),

although it is unclear whether they correspond to conductive cell progenitors at

this early stage.

The initial cardiogenic mesoderm, or heart fields, provides most cells of the

heart, after diversification of lineages. However, there is also contribution from

another source.

15.2.3 Cardiac Neural Crest Cells

The cardiac neural crest, which delaminates from the neural tube, migrates through

the posterior pharyngeal arches and reaches the heart from E9.5. It has been well

characterised by cell labelling experiments in the chick (Kirby et al. 1983; Le

Lievre and Le Douarin 1975) and genetic tracing in the mouse (Jiang et al. 2000),

which have demonstrated a later contribution to the smooth muscle of the aortic and

pulmonary trunks, to the smooth muscle of the pharyngeal arch arteries, to the

septum of the ventricles and the septum between the aortic and pulmonary trunks, to

the valves, as well as to the parasympathetic innervation of the heart.

With the identification of the derivatives of the neural crest cells and of the tissue

layers of the heart, a lineage tree can be reconstructed, which explains how the

different cell types, which are integrated in the heart, diverge. However, lineage

analyses have also been instrumental in understanding the origin of the different

regions of the heart such as the four cardiac chambers.

15.2.4 The First and Second Heart Fields of Myocardial Cells

The early (straight) heart tube, at about the six somite stage, does not contain

progenitors of all regions of the heart. The myocardium of the outflow tract and

right ventricle is added later by recruitment of cells from undifferentiated

progenitors (Viragh and Challice 1973; Zaffran et al. 2004). This source of progen-

itor cells was initially located by genetic tracing with theMlc1v-lacZ-24 transgene,
which recapitulates Fgf10 expression (Kelly et al. 2001). It is first expressed

medially to the cardiac crescent, in the Isl1 expression domain, and later in the
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pharyngeal mesoderm. The perdurance of the b-galactosidase indicated contribu-

tion of cells to the outflow tract and right ventricle, which was confirmed by cell

labelling experiments in the pharyngeal mesoderm. These observations show that

there are two waves of cardiomyocyte differentiation, which reflect the existence of

two heart fields (Buckingham et al. 2005).

A retrospective clonal analysis demonstrated the existence of two distinct

myocardial cell lineages, which mainly correspond to these two heart fields. The

first lineage contributes to the left ventricle, right ventricle and both atria but not to

the outflow tract of the embryonic heart, whereas the second lineage contributes to

the outflow tract, right ventricle and both atria, but not to the left ventricle. The two

myocardial lineages, which have overlapping contributions to the heart tube, were

shown to segregate early, probably at the onset of gastrulation (Meilhac et al. 2004a).

The expression of Isl1 is more extensive than the domain of Fgf10. Isl1 is

expressed medially to the cardiac crescent and then dorsally to the heart tube and

is not expressed in differentiated myocardial cells (Cai et al. 2003). It has been

regarded as the marker of the second heart field. Genetic tracing indicates that the

cells which have expressed Isl1 have a myocardial contribution which closely

resembles that of the second lineage. Further experiments, with a tamoxifen-

inducible Isl1-CreERt2, have shown that myocardial cells have expressed Isl1
between E6.5 and E9 (Sun et al. 2007). In Isl1 mutants, the cells, which should

have expressed it, fail to enter the heart, resulting in organ truncation (Cai et al.

2003). Therefore, Isl1 was initially considered as a marker of the second myocardial

lineage. However, other studies with a new Isl1-Cre line (Prall et al. 2007) or a new
reporter of Cre recombinase activity (Ma et al. 2008) suggest a more extensive

contribution of Isl1-expressing cells to the heart and in particular to the left

ventricle. This raises the question whether Isl1 is a bona fide marker of the second

myocardial lineage. In general, such a marker of the entire second myocardial

lineage is still lacking, although there are several markers of subdomains of the

second heart field.

15.2.5 Subdivisions of the Second Heart Field

The second heart field is subdivided into anterior and posterior subdomains that are

defined by molecular differences (see Vincent and Buckingham 2010) and by

different contributions to the heart.

The anterior second heart field is characterised by the expression of Fgf8, Fgf10
(Kelly et al. 2001) and Tbx1 (Brown et al. 2004; Xu et al. 2004). An enhancer of the
Mef2c gene is widely used to specifically drive expression in the anterior second

heart field, with later derivatives in the outflow region and the right ventricle

(Dodou et al. 2004; Verzi et al. 2005). Connected to this arterial pole of the heart,

the pharyngeal arches are transient embryonic structures, which integrate different

cell populations to generate the oro-facial–pharyngeal region. The mesodermal core

of the arches can be regarded as an extension of the anterior second heart field, and
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expresses markers such as Isl1 and Fgf10 (Cai et al. 2003; Kelly et al. 2001) The

second pharyngeal arch can contribute cells to the outflow tract of the heart (Kelly

et al. 2001), whereas the first pharyngeal arch, the most anterior, contributes to the

right ventricle (Lescroart et al. 2010). The more caudal arches (3–6) contain

progenitors of endothelial cells of the pharyngeal arch arteries (Kelly et al. 2001;

Sun et al. 2007). Derivatives of the pharyngeal arches also include smooth muscles

of the aortic and pulmonary trunks as shown in the chick (Waldo et al. 2005; Ward

et al. 2005). In proximity with these heart progenitors are the progenitors of the

head muscles, which are also part of the mesodermal core of the pharyngeal arches.

Retrospective clonal analysis has demonstrated a clonal relationship between cells

deriving from the second heart field and head muscles, such that the outflow tract is

clonally related to facial expression muscles (derivatives of the second arch),

whereas the right ventricle is clonally related to the masticatory head muscles

(derivatives of the first arch). A further left/right regionalisation is detected,

which distinguishes the trunk of the pulmonary artery and the left facial expression

muscles, from the aorta and the right facial expression muscles (Lescroart et al.

2010). This regionalisation of the outflow tract depends on the left/right patterning

of the embryo. Expression of a transgene under the control of Pitx2c, which is a

major player in left/right patterning, is consistent with a regionalisation of the

outflow tract prefiguring the great arteries (Furtado et al. 2011). Other transgenic

markers include the 96–16 transgene, which is inserted close to the Semaphorin 3c
locus and is preferentially expressed in the pulmonary trunk myocardium, or the

T55 transgene, that has trapped part of the regulatory sequence of the Hes1 locus

(encoding a downstream target of the Notch pathway) and is later expressed in the

base of the aorta (Bajolle et al. 2008; Rochais et al. 2009; Theveniau-Ruissy et al.

2008). This reveals differences in transcriptional regulation in these subdomains.

As distinct from the anterior second heart field, which contributes to the arterial

pole of the heart, the posterior second heart field mainly gives rise to the venous

pole. It is characterised as the Isl1-expression domain that does not express the

markers of the anterior heart field (Galli et al. 2008) and positive markers include

Podoplanin (Gittenberger-de Groot et al. 2007). Genetic tracing experiments

suggested that the caval vein myocardium arises from a population of cells

expressing Tbx18 and not Isl1 which is thus different from the second heart field

(Christoffels et al. 2006; Mommersteeg et al. 2010). However, retrospective clonal

analysis demonstrated that both the caval vein and pulmonary vein myocardium

share common progenitors with atrial myocardium (FL, Mohun, Bennet and

Buckingham, unpublished observations). This correlates with cell labelling

experiments, which indicated a common origin for the atria and outflow tract

myocardium in the posterior second heart field (expressing Isl1 and not Fgf10),
with an additional contribution to the atrio-ventricular canal (Domı́nguez, SMM,

Bland, Buckingham and Brown, unpublished observations). Further left/right

regionalisation was also revealed by these studies. The second heart field appears

thus to be patterned both along the left–right and antero-posterior axis. Retinoic

acid signalling is important for antero-posterior patterning and embryos deficient

for it have an expanded anterior second heart field (Ryckebusch et al. 2008).
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Downstream lie the homeogenes Hoxb1, Hoxa1 and Hoxa3, which are expressed in
a graded fashion in the second heart field (Bertrand et al. 2011).

The complexity of the myocardial lineage tree invalidates the old segmented

model of heart development, which hypothesised that each region of the heart

corresponds to a segment, defined as a transcriptional and lineage module, with

an early origin before the formation of the heart tube (Fishman and Chien 1997).

However, questions remain for the future regarding the two heart field model. For

example the mechanism of the segregation between the two myocardial lineages is

unknown and, if characterised, should make it possible to identify bona fide

markers of the lineages. Another challenge will be to understand the precise

relationship between the first/second heart fields and the first/second lineages.

Indeed, the heart fields are defined by molecular markers of progenitor cells,

which differentiate before or after the cardiac crescent stage, whereas the lineages

are defined by the clonal history of differentiated cells. It is conceivable, for

example, that some precursors of the first lineage, which differentiate after the

crescent stage, are still present in the second heart field.

15.3 Growth of the Developing Heart: Hyperplasia

and Hypertrophy

The previous section shows that the embryonic heart grows from the recruitment of

cells from progenitor sources such as the heart fields. However, the heart also grows

significantly from the proliferation of its differentiated cells during the embryonic

period, or from their enlargement after birth. These mechanisms of growth are

called hyperplastic and hypertrophic, respectively (Sedmera and Thompson 2011).

The hyperplastic growth of the chamber myocardium results in the formation

of trabeculations, i.e., finger-like protrusions pointing towards the blood cavity. In

contrast, the epicardial–most myocardium remains compact and is highly proliferative.

The hypertrophic growth of the myocardium is mainly based on the binucleation of

cardiomyocytes, which undergo karyokinesis without cytokinesis. In the postnatal

heart, cardiomyocytes no longer constitute the most abundant cell type of the heart

and a significant contribution to the growth of the postnatal heart comes from the

proliferation of cardiac fibroblasts. Growth of the heart is necessary to accommodate

with the increased size of the organism. It is a dynamic process, which extends beyond

development, which is common to all individuals, to more adaptive mechanisms such

as physiological growth after exercise or pathological responses to injury.We shall give

an insight in some of the many factors that have been identified to regulate develop-

mental growth, in both rate and orientation.

Modulation of the proliferation of cardiac progenitors and of the recruitment of

these cells to the heart tube will impinge on the growth of the embryonic heart. For

example, the proliferation of the cardiac progenitors of the second heart field has

been shown to be promoted by Fgf, hedgehog and canonical Wnt signalling.

Canonical Wnt, together with Notch and Bmp signalling, also exerts an effect on
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the differentiation of these cells, and hence on their recruitment to the heart tube

(see Vincent and Buckingham 2010).

The hyperplastic growth of the myocardium is dependent on well characterised

crosstalks between the different tissue layers of the heart. Inactivation, in the

epicardium, of the genes encoding receptors of retinoic acid leads to hypoplasia

of the compact ventricular myocardium (Merki et al. 2005), as do mutations, like

Itga4�/� or Wt1�/� (Kreidberg et al. 1993), which impair the formation of the

epicardium. The epicardium requires retinoic acid and erythropoietin autocrine

signalling to secrete mitogenic signals to cardiomyocytes (see Sucov et al. 2009).

The nature of the secreted signal is still unclear. Direct candidates include Fgf,

Pdgf, Igf2 (Li et al. 2011), or the signal may be indirect via Wnt9b secretion. The

endocardium is another source of factors promoting growth, such as Notch,

EphrinB2 and Neuregulin1, which favour the differentiation of trabeculations, via

the activation of ErbB2/4 and Bmp10 in the myocardium (Chen et al. 2004; Grego-

Bessa et al. 2007; Meyer and Birchmeier 1995).

When the myocardium becomes thicker, it is unlikely that the signals from other

tissue layers can reach all myocardial cells. Factors intrinsic to the myocardium

indeed intervene in the regulation of hyperplastic growth. Transcription factors such

as Nkx2-5, Tbx2, Gata4 or Foxm1 control the balance between the compact and

trabeculated myocardium (Bolte et al. 2011; Cai et al. 2005; Nakajima et al. 2011;

Terada et al. 2011). The differential expression of transcription factors in the cardiac

chambers as opposed to the rest of the cardiac tube may underlie the preferential

growth of the myocardium in the chambers, as explained in the ballooning model

(Christoffels et al. 2004). Another pathway active in the myocardium is the non-

canonical Wnt/Planar Cell Polarity pathway, which is required for the compaction of

the myocardium. Indeed, inactivation of Scrib, Vangl2, Daam1 or Wnt11 results in

non-compaction of the ventricles (Henderson and Chaudhry 2011). A classical

signalling pathway, that modulates the growth of many organs, is the Hippo pathway.

It has recently been shown to be important for the growth of the myocardium, by

impacting both cell proliferation and apoptosis. Heart specific deletions of members

of the Hippo pathway such as Lats2, Sav1 or Mts1/2 (Heallen et al. 2011) or

overexpression of Yap1 (Xin et al. 2011) produce cardiomegaly, with a hyperplastic

heart. This pathway can influence canonical Wnt signalling. As a consequence of

heart specific deletions of b-catenin, the heart becomes hypoplastic (Klaus et al.

2007; Kwon et al. 2007; Lin et al. 2007).

Downstream effectors of the different pathways regulating myocardial growth,

include K-ras, CyclinD1/2/3, Cdk2/4 and N-myc, which are directly involved in

cell cycle regulation (see Sucov et al. 2009).

Growth of the heart is regulated regionally, both for its rate and orientation,

which ultimately determines the shape of the heart. Hyperplastic growth of the

myocardium is mainly exponential (Meilhac et al. 2003). The proliferation of heart

progenitors is dispersive, whereas that of differentiated cells is more coherent

(Meilhac et al. 2003). Local increased rates of cell proliferation have been

documented during the embryonic period, particularly in the chick (Thompson

et al. 1990; van den Berg et al. 2009), and account for the elongation of the early
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heart tube, the expansion of cardiac chambers and the thickening of the myocardial

wall. Clonal analyses have indicated that orientation of myocardial hyperplastic

growth underlies fine differential shaping of the cardiac chambers (Meilhac et al.

2004b) as well as myofibre architecture (Meilhac et al. 2003). Cardiac myofibres

correspond to the alignment of individual elongated cells, connected with gap

junctions, and are important for the rapid propagation of the contraction. Orienta-

tion also concerns cell hypertrophy, which has been shown to differ in dynamics

between the right and left ventricles (Leu et al. 2001).

The extra-cellular matrix appears to play an important role in the growth of the

heart. Disruption of hyaluronan synthase-2, encoding an enzyme required for the

production of a glycosaminoglycan, or versican, encoding a chondroitin sulphate

proteoglycan, abrogates ventricular trabeculation (Camenisch et al. 2000). The

extra-cellular matrix is involved in direct signalling via integrin or FAK receptors,

which are essential for myocardial growth (Peng et al. 2008; Shai et al. 2002). It also

controls the availability of growth factors, which are trapped or even modified by its

components, as exemplified by the interaction between hyaluronan and the

neuregulin receptor ErbB2 (Camenisch et al. 2002). Growth factors can be released

by the action ofmetalloproteinases. For example, themetalloproteinase ADAMTS1,

which can cleave versican, is secreted by the endocardium and prevents excessive

trabeculation of the myocardium (Stankunas et al. 2008).

Cardiac fibroblasts, which secrete components of the extra-cellular matrix,

provide another aspect of myocardium growth control. In coculture experiments,

it was demonstrated that fibroblasts secrete heparin-binding epidermal growth

factor (HB-EGF), which binds to EGF or neuregulin receptors to stimulate

myocardial growth. The concomitant secretion of proteins of the extra-cellular

matrix, collagen and fibronectin, stimulates the mitogenic activity of HB-EGF at

embryonic stages and creates a microenvironment that permits b1A-integrin-
mediated proliferation (Ieda et al. 2009). In addition to being a source of paracrine

growth factors, fibroblasts at least double in number during the first 2 weeks after

birth, providing an important direct contribution to the growth of the postnatal heart

(Snider et al. 2009). However, the balance between the number of cardiomyocytes

and cardiac fibroblasts must be tightly controlled, since too many fibroblasts, a

condition called fibrosis, impair myocardial stiffness and contractility (Weber and

Brilla 1991).

Adult cardiac fibroblasts, as distinct from embryonic fibroblasts, inducemore cell

hypertrophy, but less proliferation (Ieda et al. 2009). Hypertrophy corresponds to the

enlargement of cells, by accumulation of sarcomeric proteins, either longitudinally

(eccentric hypertrophy) or radially (concentric hypertrophy). It is not confined to

postnatal stages, as it has been shown in the mouse that the length of cardiomyocytes

increases threefold between E8.5 and birth (Hirschy et al. 2006), whereas

cardiomyocyte volume raises up to 15-fold between birth and adult stages (Leu

et al. 2001). Direct transcriptional regulation of sarcomere integrity, as for instance

by the homeodomain transcription factor Prox1, is required for foetal cardiomyocyte

hypertrophy (Risebro et al. 2009). When the organism grows to adult stages, there is

a volume overload, which stimulates cell hypertrophy, via stretch-induced gene
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expression. An important determinant of physiological hypertrophy is the Igf1-

PI3K-Akt pathway. Overexpression of the Igf1 receptor in transgenic mice causes

cardiac hypertrophy, with an increased size of cardiomyocytes (McMullen et al.

2004). Physiological hypertrophy (see Catalucci et al. 2008) is molecularly distinct

from pathological hypertrophy (see Barry et al. 2008), and is beneficial for cardiac

function. In pathological conditions of the adult heart, stimulation of myocardial

hyperplastic growth is essential to regenerate tissue.

15.4 Cardiac Stem Cells: A Tool for Heart Repair

Myocardial infarction is the leading cause of death. Because of an interruption of

blood supply in the myocardium, a massive loss of cardiomyocytes occurs. In

response, scar tissue is formed to prevent leakage. Cardiomyocytes undergo hyper-

trophy to compensate for the impairment of contractility. However the scar, which

is mainly composed of extra-cellular matrix, fibroblasts and myofibroblasts, has a

poor contractility and thus induces cardiac remodelling, that corresponds to a

change of shape (dilation) of the heart. This compromises in the longer term the

sustained function of the heart.

Strategies for heart repair (Fig. 15.3) address several challenges, including the

short-term minimisation of the damage and, in the longer term, the supply of new

cardiomyocytes to restore a sufficient pumping capacity. We shall consider the

intrinsic regeneration potential of the mouse heart, survey the characterised sources

of resident cardiac stem cells and discuss the possibilities of transplanting external

sources of stem cells.

15.4.1 Regeneration Potential of the Heart

The postnatal mammalian heart is no longer considered as a fully post-mitotic organ.

During the first week of life, hyperplastic growth of the mouse heart is still important

(Fernandez et al. 2001; Soonpaa et al. 1996), such that the heart, when injured

the first day after birth, is able to regenerate within 21 days and produce new

cardiomyocytes (Porrello et al. 2011). This proliferative response is preceded by

partial dedifferentiation to less mature cardiomyocytes. There is a limited time

window during which regeneration can occur, as opposed to the situation in the fish

heart, which conserves a regeneration potential through adulthood (Poss et al. 2002).

Cardiomyocyte proliferation decreases after this neonatal period, although some

turnover persists throughout life. For example, analysis of the integration of 14C,

delivered by nuclear bomb tests during the cold war, lead to an estimated turnover

rate of 1% per year in adult humans (Bergmann et al. 2009). However, depending on

the technique used, the absolute figures remain controversial, and may vary with the

age and between individuals (seeMummery et al. 2010). After myocardial infarction

proliferation can be further activated (Beltrami et al. 2001). In a pulse-chase
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experiment in the adult mouse heart, based on inducible genetic tracing (Hsieh et al.

2007), all cardiomyocytes which express Myh6 (also known as aMHC) were

labelled irreversibly by a pulse of tamoxifen. After a chase period during normal

ageing or following injury, the percentage of labelled cardiomyocytes was found

unchanged or decreased, respectively. The decreased percentage indicates that new

cardiomyocytes in the injured heart were formed from non-myocardial cells, such as

stem or progenitor cells. In contrast, stem cells during normal ageing did not

contribute significantly new cardiomyocytes, which may rather derive from the

division of other cardiomyocytes. This study however did not characterise the

progenitor cells which regenerate myocardium, nor their origin.
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These data indicate that the mouse heart conserves a regeneration potential after

birth, but it is insufficient in adulthood to repair an extensive injury after myocardial

infarction. A challenge for heart repair is therefore to stimulate this potential or to

complement it by other sources of cardiomyocytes.

15.4.2 Mobilisation of Resident Cardiac Stem Cells

The existence of resident stem cells in the adult heart is suggested by cell surface

markers. This is exemplified by the classical stem cell marker c-kit, which was

initially identified in hematopoietic stem cells as a receptor tyrosine kinase impor-

tant for cell survival, proliferation and differentiation. In the rat heart, c-kit positive

cells, which are negative for blood lineage markers, are able to self-renew and

differentiate into cardiomyocytes, as well as smooth muscles and endothelial cells,

both in vitro and in vivo (Beltrami et al. 2003). These cells can be found at a low

frequency of 1 out of 104 cardiomyocytes. Another classical surface receptor of

stem cells is Sca1 (Ly6a), which facilitates cell signalling by generating lipid rafts.

In the heart, Sca1-positive cells are small interstitial cells, able to differentiate into

cardiomyocytes in vitro and expressing the telomerase reverse transcriptase, which

is associated with self-renewal (Matsuura et al. 2004). Transplantations in infarcted

hearts showed that these cells have homing abilities, such that they can find their

cardiac niche when injected intravenously. They survive and contribute to the heart.

However, cardiac contribution is mainly due to fusion of the candidate stem cells

with pre-existing cardiomyocytes (Oh et al. 2003). Stem cells are also frequently

identified based on their capacity to pump out drugs, such as the dye Hoechst, via

transporters of the ATP-binding cassette family. In the heart, this population,

referred to as Side Population (SP), is present at a low frequency of 1 cell per

3 � 104 cardiac cells (Martin et al. 2004). In vitro these cells are able to differenti-

ate into hematopoietic and cardiac lineages, but their in vivo potential is unknown.

Although three markers associated with stem cells are found in the adult heart,

labelling by one of these is not sufficient to conclude on stemness. A perivascular

niche of cardiac stem cells was revealed in the ventricles of juvenile 4-week old

mice. These cardiac mesoangioblasts express endothelial (CD31) and pericyte

(NG2) markers, as well as the stem cell markers Sca1 and c-kit and early cardiac

transcription factors (Nkx2.5). They can generate cardiomyocytes locally, when

transplanted in an injured heart (Galvez et al. 2008). In general, the lineage origin of

the resident cardiac stem cells remains uncertain, for example whether they derive

from cardiogenic mesoderm or rather correspond to genuine hematopoietic stem

cells, which have left their bone marrow niche.

Another indication of resident cardiac stem cells is the persistence of embryonic

cardiac progenitor cell markers. For example, Isl1-positive cells were found in the

postnatal heart at a level of 500–600 cells per heart in the 5-day old rat (Laugwitz et al.

2005). These cells can differentiate in vitro and in the embryo into cardiomyocytes, as

well as into smoothmuscle and endothelial cells (Moretti et al. 2006; Sun et al. 2007).
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Their potential for producing new cardiomyocytes after infarction has not been

determined so far. A pending question is to understand whether cells of the first

myocardial lineage, which contribute exclusively to the embryonic left ventricle,

would be better in repairing the adult left ventricle. For the purification of such cells,

the molecular signature of the first and second lineages would be useful knowledge

(Domian et al. 2009), although no bona fide marker of myocardial lineages is

currently available to distinguish the two populations.

Cardiac stem cells may not necessarily be localised in the myocardium, as

indicated by studies on the epicardium. Under physiological conditions, there seems

to be no differentiation of epicardial cells into cardiac muscle (see Sect. 15.2.2).

Proliferation of the epicardium ceases by 4 days after birth, accompanied by repres-

sion of the embryonic epicardial genes. Upon infarction, re-activation of these genes,

such asWt1 and Tbx18, is observed. Treatment with thymosin b4, an actin regulating
peptide, primes the epicardium and can lead to the recruitment of cells, which have

re-activatedWt1, into the myocardial lineage (Smart et al. 2011). Additional benefits

include the stimulation of vascularisation, as reflected by the natural potential of

epicardial cells to give rise to coronary vessels. Epicardium-derived cells have also

been identified as a new source of resident stem cells, which are isolated as colony-

forming units-fibroblasts (CFU-F) expressing the receptor PDGFRa and resembling

mesenchymal stem cells with a perivascular origin (Chong et al. 2011).

An emerging theme is the dedifferentiation of cardiomyocytes upon injury,

which is no longer a peculiarity of the zebrafish model (Jopling et al. 2010). In

mouse, the cytokine oncostatin was identified as a factor which promotes cardiac

dedifferentiation, as indicated by the re-expression of embryonic cardiac markers

and the activation of stem-cell markers (Kubin et al. 2011). Higher efficiency was

provided by a combined treatment with Fgf2. Activation of the c-kit marker after

treatment raises the possibility that cells previously identified as resident cardiac

stem cells, in fact correspond to dedifferentiated cardiomyocytes. The difficulty of

such stimulation of dedifferentiation lies in the control of the ratio between stem

cells and differentiated cells, to provide sufficient repair without compromising

immediate contractility. A way to ensure supply of cardiomyocytes is to graft them

from external sources.

15.4.3 Transplantation of External Sources of Cardiac Stem Cells

External sources would favour control over the number and the state of differentia-

tion of cardiac stem cells, but may raise problems of ethics, immunoreaction or

tumorigenicity. Foetal cardiomyocytes derived from transgenic embryos and

transplanted in adult mouse hearts were shown to differentiate into mature

cardiomyocytes in vivo and to be maintained in the myocardium up to 2 months

after transplantation (Soonpaa et al. 1994). Such transplantation after injury is

beneficial, as indicated by improvement of ventricular function as well as better

survival of endogenous cells (Roell et al. 2002). These cells integrate well into the
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host myocardium, as electrical coupling between host and grafted cardiomyocytes

is established (Rubart et al. 2003).

Because such a strategy of heart repair is difficult to implement in human, other

sources of muscular cells were explored, such as satellite cells or myoblasts, which

can potentially be used in autologous grafts. The C2C12 mouse cell line, which was

initially derived from perinatal satellite cells, has been transplanted into an adult

mouse heart. The grafted cells survived and differentiated but were never coupled

electrically with host myocardial cells (Koh et al. 1993). They can fuse with host

myocardial cells (Reinecke et al. 2004; Rubart et al. 2004). However this is a very

low frequent event, which does not provide an increase in the number of cardiac

cells. Clinical trials involving the transplantation of skeletal myoblasts in injured

hearts showed a positive effect on left ventricular function. Nonetheless, the trials

were interrupted because of the appearance of deleterious arrhythmias, which

correspond to the different contraction and electrical properties of skeletal and

cardiac muscle cells (Menasche et al. 2003; Smits et al. 2003).

C-kit-positive, lin-negative bonemarrow cells, which are known to have potential

for other than haematopoietic lineages, were an attractive source of cells for heart

repair. The fate of hematopoietic stem cells after transplantation in an injured heart

has been controversial: initial report of transdifferentiation into cardiomyocytes,

endothelial cells and smooth muscles (Orlic et al. 2001) has not been reproduced

and other studies have rather demonstrated fusion with host cardiomyocytes (Balsam

et al. 2004; Murry et al. 2004). Using the pulse-chase technique, a recent study has

elegantly shown that new cardiomyocytes are formed after transplantation of bone

marrow cells. However none of the newly cardiomyocytes derived from the

transplanted cells (Loffredo et al. 2011). The consensus now is that benefits of

bone marrow cell treatment result from paracrine effects, which protect myocardial

cells from the ischemic damage and stimulate the recruitment of endogenous progen-

itor cells in the myocardial lineage. Clinical trials showed only modest long-term

improvements (see Laflamme and Murry 2005). Another population of the bone

marrow is that of mesenchymal stem cells, which has the advantage of escaping the

host immune system and thus being compatible with allogeneic transplantations.

These cells secrete growth factors, cytokines, components of the extra-cellularmatrix

and matrix modulating enzymes (see Choi et al. 2011). However, these cells have

been reported to be less competent than hematopoietic stem cells to promote the

production of new cardiomyocytes in the injured heart (Loffredo et al. 2011). Another

potential source of mesenchymal stem cells is the perivascular cell population called

mesoangioblasts.When transplanted into the infarcted heart, theymay be recruited to

the smooth muscle lineage and mainly promote short-term improvement by a para-

crine effect on angiogenesis and cardiomyocyte survival (Galli et al. 2005).

To increase the number of contractile cells after injury, which is required for

long-term improvements of ventricular function, pluripotent stem cells which are

committed to the cardiac lineage are appealing candidates, with the additional

benefit of providing vessels as well. These pluripotent cells are either Embryonic

Stem (ES) cells derived from blastocyst embryos, or induced Pluripotent Stem (iPS)

cells, which derive from reprogrammation of differentiated cells such as fibroblasts.
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A challenge is to trigger cardiac differentiation. Studies of mouse ES cells have

shown that the transient activation of Mesp1, described as a master gene of cardiac

differentiation (see Sect. 15.2.1), can enhance cardiac specification (Bondue et al.

2008; Lindsley et al. 2008). Other studies with human ES cells have characterised

alternative protocols, such as coculture with mouse visceral endoderm cells (Mum-

mery et al. 2003), depletion of insulin (Freund et al. 2008), prostaglandin (Xu et al.

2008), or a combination of growth factors including Bmp4/activinA (Laflamme

et al. 2007) or Bmp2/Wnt3A/Fgf inhibitor (Blin et al. 2010). These protocols are

working well to initiate the differentiation of cardiomyocytes, but fail to result in

more mature phenotypes. Another issue is the reprogrammation of differentiated

cells into iPS cells and cardiomyocytes. Mouse mesodermal cells exposed ectopi-

cally to Smarcd3, Tbx5 and Gata4 are directed to differentiate into cardiomyocytes

(Takeuchi and Bruneau 2009). Cardiac fibroblasts can be induced to transdif-

ferentiate into cardiomyocytes via the transfection of Mef2c, Gata4 and Tbx5
(Ieda et al. 2010). Under these conditions, 20 % of cardiomyocytes can be formed,

based on the expression of cardiac markers, and only a sub-fraction has cardiac

physiological properties. The transduction of Oct4, Sox2 and Klf4 in mouse embry-

onic or tail fibroblasts led to a complete reprogrammation to a pluripotent state (Efe

et al. 2011) from which cardiomyocytes can be derived following an ES-cell like

protocol. To purify the population of differentiated cardiomyocytes, identification

of cell surface markers is progressing (Dubois et al. 2011).

Transplantation of mouse ES cells that were committed to the cardiac lineage

improved cardiac function after injury in a mouse model. This effect is greater with

transplantation of cells overexpressing VEGF to promote vascularisation (Yang

et al. 2002). Cardiomyocytes derived from human ES cells can survive up to

9 months and facilitate short- and long-term recovery, with increased myocardial

vascularisation. However, there is no alignment of fibres and no coupling between

human and mouse cells, due to the species difference in the contraction rate (van

Laake et al. 2009). iPS treatment can restore contractile performance and electric

stability without a long-term contribution to the myocardium. It halts progression of

the pathological remodelling in infarcted hearts and provides new cardiac, smooth

muscle and endothelial tissue (Nelson et al. 2009). The use of iPS cells has the

advantage of being suitable for autologous transplantation, but is associated with a

risk of tumour formation, which will need to be assessed in the long term.

For the future, questions remain about the protocol of delivery of cardiac stem

cells such as the appropriate number of cells or time of delivery after the injury to

maximise their survival and integration. An important parameter of the survival in the

infracted zone is the resistance of cells to hypoxia, which is more a feature of stem

cells than differentiated cells. A new possibility for improving the integration of cells

would be to graft tissue grown in vitro, rather than isolated cells. Such bioengineered

myocardium would include supportive cells, as for example fibroblasts and vessels

which provide trophic factors, and would be more mature, with an appropriate

architecture of oriented fibres, which could rapidly increase contraction, if it can be

synchronised with the heart. This strategy, which is already being explored, will

require integration of our knowledge on the lineage of heart cells, to control the cell
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types of the graft, on the growth of the myocardium, to generate a mature and

functional tissue, and on heart repair, to optimise transplantation.
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Chapter 16

Cellular Reprogramming During Mouse

Development

Zoë D. Burke, Gabriela Miron-Buchacra, and David Tosh

Abstract States of terminal cell differentiation are often considered to be fixed.

There are examples, however, in which cells of one type can be converted to a

completely different cell type. The process whereby one cell type can be converted

to another is referred to as cellular reprogramming. Cellular reprogramming is also

referred to in the literature as transdifferentiation (or the direct conversion of one

cell type to another without dedifferentiation to an intermediate cell type). Where

the conversion between cell types occurs in the developing embryo, the process is

referred to as transdetermination. Herein we examine some well-defined examples

of transdetermination. Defining the molecular and cellular basis of transdeter-

mination will help us to understand the normal developmental biology of the

cells that interconvert, as well as identifying key regulatory transcription factors

(master switch genes) that may be important for the reprogramming of stem cells.

Harnessing the therapeutic potential of reprogramming and master genes is an

important goal in regenerative medicine.

16.1 Definitions

States of terminal cell differentiation were often considered to be fixed, but we now

know that this is not the case. A number of examples of the reprogramming of one

cell type to another exist in the literature. Such changes usually arise in situations of

chronic tissue damage and associated regeneration or under defined experimental

conditions. Some examples of reprogramming may be indirect, occurring through

an intervening stem cell, whereas others may be direct transformations, referred to

as transdifferentiation. The term transdifferentiation was originally coined by
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Selman and Kafatos to describe the conversion of the cuticle-producing cells to

salt-secreting cells in the silk moth during metamorphosis from the larval to the

adult moth (Selman and Kafatos 1974). The issue of whether reprogramming

necessarily involves dedifferentiation depends on the timescale of the switch in

phenotype. Inevitably, one set of genes needs to be switched off and a new set needs

to be turned on. If this happens quickly then the products of the first may still persist

as those of the second accumulate. In this scenario, there will be no dedifferentiated

intermediate stage between the original and end states.

Reprogramming of one cell type is important in a pathological context. Some

cell type conversions are known to predispose to cancer. In this case the switch in

cellular phenotype is known as metaplasia. One such example is Barrett’s metapla-

sia. Barrett’s metaplasia is a pathological condition in which the distal oesophageal

epithelium switches from stratified squamous to intestinal-type columnar epithe-

lium (Colleypriest et al. 2009a). Barrett’s metaplasia is important clinically as it

predisposes to oesophageal adenocarcinoma. The condition is the consequence of

long-term gastro-oesophageal reflux disease (Colleypriest et al. 2009b).

One of the best known examples of transdetermination comes from Drosophila
developmental biology. The imaginal discs of Drosophila are larval structures that

metamorphose to the main epidermal body parts during pupation. While the discs

are not visibly differentiated in the larva, the molecular biology of imaginal discs

during development is well understood (Cohen 1993). In a now classical series of

experiments, Hadorn cultured disc fragments in the abdomens of adult female flies

(Hadorn 1965). During the culture, the disc type (i.e., leg, wing) was usually

conserved, but in the longer term it sometimes switched to another disc type.

This switch in phenotype was called transdetermination (Hadorn 1965). In terms

of the molecular biology of transdetermination, it has been found that ectopic

expression of the transcription factor Vestigial can bring about the conversion of

the leg to a wing (Maves and Schubiger 1995). Vestigial is not normally expressed

in the leg, but is expressed in the wing, and experimental activation of the Wingless

(Wnt) pathway in the leg disc will turn on vestigial and cause a transdetermination

to wing.

16.2 Examples of Cell-Type Conversions in the Gastrointestinal

Tract

The gastrointestinal tract provides some excellent examples of reprogramming

events that occur both during normal development as well as following genetic

manipulation.

During development, cephalo-caudal and lateral folding of the embryo creates

an endodermally lined cavity, the primitive gut tube. The primitive gut tube extends

the entire length of the body and gives rise to both the gastrointestinal and respira-

tory tracts. Between embryonic days 11 and 12 (E11–E12) in the mouse embryo, an
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outgrowth in the anterior region of the primitive gut tube emerges and generates

two distinct tissues: the respiratory and digestive tracts. The respiratory tube forms

the trachea which bifurcates into two bronchi and the lungs while the digestive tube

becomes regionalised to give rise to the oesophagus, stomach and intestine. Fur-

thermore, buds arising in the foregut region of the digestive tube give rise to the

liver, pancreas and gallbladder (Wells and Melton 1999).

16.3 Transdetermination in Normal Mouse Development

16.3.1 Development of the Oesophagus

The oesophagus is the region of the gastrointestinal tract that connects the pharynx

to the stomach, serving primarily to allow the passage of food into the gut. In the

adult mouse the oesophagus is lined by a stratified squamous epithelium which

exhibits a distinct basal layer surrounded by the spinous, granulated and cornified

suprabasal layers. The inner epithelial layer is surrounded by two layers of muscle;

the longitudinal and circular layers (Raymond et al. 1991; Yu et al. 2005). In the

developing mouse (E11–E12) the early oesophagus and more caudal regions of the

gastrointestinal tract are lined by a simple columnar epithelium surrounded by

undifferentiated mesenchyme. Between E13.5 and E17.5 the epithelial lining of

the oesophagus remains columnar but becomes multilayered while the surrounding

mesenchyme separates into zones that will later contribute to the submucosal and

smooth muscle layers. The cornified layer of the stratified squamous epithelium

typically found in the adult oesophagus appears perinatally while the basal layer

becomes distinct only in the adult oesophagus. Therefore, the simple columnar

epithelium of the early oesophagus is replaced by the stratified squamous epithe-

lium in the adult and represents a transdetermination of epithelial type since it

begins during embryonic development (Fig. 16.1). This observation led to the

proposal that the basal layer of the stratified squamous epithelium is derived from

the simple columnar epithelium of the early oesophagus (Thorey et al. 1993). A

model has been developed for studying oesophageal development in vitro which

fully recapitulates the in vivo development of the oesophagus and provides the

direct evidence for this conversion (Yu et al. 2005).

First, Yu and colleagues characterised the profile of expression of intermediate

filament proteins through immunohistochemical analysis of sections taken from

developing mouse embryos. The intermediate filament protein cytokeratin 14

(CK14) is a marker for the basal layer of stratified squamous tissue while

cytokeratins 8 (CK8) and 18 (CK18) are typically found in columnar epithelium

(Moll et al. 1982). The cells of the columnar epithelium lining the embryonic

oesophagus at E11.5 express CK8 but not CK14. Expression of CK8 persists as

the oesophagus becomes multilayered but diminishes until it is almost absent from

the basal layer at E18.5 and disappears postnatally from the oesophageal epithelium
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completely. However, the expression of CK14 is quite different. CK14 is first

detected at around E17.5 in the basal cells which no longer express CK8 and later

it is localised to all of the basal cells in the adult oesophagus. The change in

expression of CK8 and CK14 in the basal layer correlates with the switch in

organisation of the epithelium from a columnar to stratified squamous type.

Next, Yu and colleagues developed a novel in vitro method for the culture of

embryonic oesophagus in order to study the cellular basis of the cell-type conver-

sion (Yu et al. 2005). Oesophageal tissue dissected from E11.5 embryos and

cultured on fibronectin-coated coverslips differentiates as stratified squamous epi-

thelium and exhibits the same switch in expression from CK8 to CK14 in the basal

cells as seen in vivo. When oesophageal explants were co-stained for CK8 and K14

it was revealed that some cells expressed both markers suggesting that CK14-

positive basal cells arose directly from the CK8-positive columnar cells (Yu et al.

2005). In order to determine the exact origin of the basal cells of the squamous

epithelium in the adult oesophagus, a lineage-tracing experiment was performed. A

reporter plasmid expressing GFP under the control of the CK14 promoter was

electroporated into oesophageal tissue isolated from E15.5 embryos prior to culture,

thus cells in which the CK14 promoter is active express the reporter gene GFP.

Subsequent co-staining of the cultures for GFP and CK8 revealed that some of the

GFP positive cells also expressed CK8 indicating that the basal squamous cells

arise through direct conversion from CK8-positive columnar cells. The embryonic

oesophageal explant model described by Yu and colleagues provided the first

evidence of a direct conversion from columnar to stratified squamous cells (Yu

et al. 2005). Interestingly in Barrett’s Metaplasia the lining of the adult oesophagus

undergoes metaplastic transformation from normal stratified squamous epithelium

to columnar-lined epithelium. In patients with Barrett’s metaplasia abnormal

oesophageal tissue adopts an epithelial organisation typically found in embryonic

oesophagus and other parts of the gastrointestinal tract and is often characterised by

intestinal differentiation (Barbera and Fitzgerald 2010). Therefore understanding

the molecular basis of the conversion of one epithelial type to another during

development will provide insights into the mechanisms driving the reverse conver-

sion in Barrett’s metaplasia.

Fig. 16.1 Illustration depicting the epithelial organisation of the oesophagus. During develop-

ment the oesophagus is lined by a simple columnar epithelium (a) which is replaced postnatally by

a fully differentiated stratified squamous epithelium (b)
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16.4 Transdetermination in the Developing Lung

The alveolar epithelium consists of two types of cells alveolar “Type I” and alveolar

“Type II” epithelial cells. Type I cells provide the gas exchange surface whereas Type

II cells function to produce the surfactant proteins A, B, C and D. In vitro models have

shown that adult Type II cells cultured on plastic over a period of 4–5 days gradually

lose their phenotype and transdifferentiate into Type I cells (Chen et al. 2005; Dobbs

et al. 1988; Rock and Hogan 2011). Therefore, Type II cells are considered to act as

progenitor cells during restoration of the alveolar epithelium following injury, either

by giving rise to new Type II cells or transdifferentiating into Type I cells (Qiao et al.

2008) . The molecular basis for the switch from Type II to Type I mouse alveolar

epithelial cells has recently been elucidated. FoxM1, a member of the mammalian

forkhead box family of transcription factors, plays a crucial role mediating morpho-

genesis and differentiation of the embryonic lung. During tissue repair, FoxM1 plays

an important role in restoring the alveolar epithelial barrier. FoxM1 is highly

expressed in Type II alveolar epithelial cells. Intriguingly, when FoxM1 is deleted

in mouse Type II cells, the cells are no longer capable of proliferation or transdiffer-

entiation into Type I cells, resulting in alveolar barrier dysfunction and suggesting

that Type II cells are the progenitors for Type I alveolar epithelial cells (Liu et al.

2011). It would be of interest to determine whether the conversion of Type II

epithelial cells to Type I is a direct or indirect transdifferentiation event.

To date there is limited evidence for the transdifferentiation of adult human

alveolar epithelium (Fuchs et al. 2003), and until recently there were no previous

descriptions of transdetermination in the human foetal lung. The differentiated

phenotype of Type II alveolar epithelial cells isolated from human foetal lung can

be maintained in vitro following culture with dexamethasone, cAMP and isobutyl-

methylxanthine (referred to as DCI treatment) (Gonzales et al. 2001). These culture

conditions are also able to induce the differentiation of Type II cells from human

foetal lung epithelium (Gonzales et al. 2002). Removing the DCI from the culture

medium caused the human foetal Type II alveolar cells to transdetermine towards

Type I-like cells (Foster et al. 2007). Transdetermination was associated with a

change in cell morphology, reduced expression of Type II alveolar markers and

induction of Type I cell markers. Since models for Type I cells are lacking, the

transdetermination of Type II human foetal alveolar cells to Type I could poten-

tially be used as a tool for studying human alveolar Type I cell biology. However,

the maturation status of the Type I cells must be determined to provide unequivocal

evidence of a switch to a more mature phenotype.

16.5 Transdetermination of Liver to Pancreas

in the Hes 1 Knockout Mouse

During normal development the liver and ventral pancreas arise as evaginations of

the ventral foregut endoderm in response to specifying signals, such as bone mor-

phogenetic proteins (BMPs) and fibroblast growth factors (FGFs), secreted by the

16 Cellular Reprogramming During Mouse Development 295



cardiac and septum transversum mesenchyme, respectively (Jung et al. 1999; Rossi

et al. 2001). Outgrowth of the cranial region of the foregut endoderm generates the

hepatocytes of the liver parenchyma and the intrahepatic biliary system while the

caudal foregut endoderm gives rise to extrahepatic biliary structures such as

the gallbladder, common hepatic duct, cystic duct and common bile duct. The

pancreas is constructed from the ventral pancreatic diverticula, located adjacent to

the hepatic foregut region, and a second outgrowth arising from the dorsal foregut

endoderm. At around E12.5 of mouse development the dorsal and ventral pancreatic

outgrowths fuse and continued differentiation generates the pancreatic ducts and the

hormone-producing cells of the islets of Langerhans (Jorgensen et al. 2007).

Many transcription factors have now been shown to be essential for the specifi-

cation and differentiation of the liver and pancreas. One pathway of particular

interest is the Notch signalling pathway, first discovered in Drosophila, which
controls developmental decisions made by cells according to the state of their

immediate neighbours. In Drosophila the transmembrane glycoprotein receptor

Notch is activated by two ligands, Delta and Serrate (Portin 2002). In mammals

there are four Notch receptors (Notch 1–Notch 4) and five ligands, two serrate-like

(Jagged 1 and Jagged 2) and three delta-like (Delta-like 1, Delta-like 3 and Delta-

like 4). Binding of the ligand on one cell to the receptor on an adjacent cell causes

the cleavage of the intracellular domain of Notch (ICN) which then translocates to

the nucleus where it mediates the upregulation of the transcription factor Hairy

Enhancer of Split 1 (HES1). A role for the Notch signalling pathway in fate

determination of pancreatic progenitors and maintenance of progenitor cell

populations has been well documented (Apelqvist et al. 1999; Jensen et al. 2000;

Murtaugh and Melton 2003; Murtaugh et al. 2003; Norgaard et al. 2003). Hes1 is

initially expressed throughout the entire pancreatic progenitor population where it

strongly suppresses expression of differentiation factors, thereby allowing the

progenitor state to be maintained. Hes1 then directs some progenitor cells towards

an endocrine cell fate through lateral inhibition and co-ordinated regulation of the

bHLH transcription factors, Ngn3 and NeuroD1. Ngn3 expression is restricted to

endocrine cells while Hes1, which is a strong repressor of Ngn3, is expressed in the

exocrine cell population. Although a role for Notch signalling in liver development

is less well understood there are two pieces of evidence to suggest that the Notch

pathway may be important for the development of the biliary system. The first

comes from studies in mice which have shown that all four Notch receptors are

expressed in the liver. However, there is a rise in Notch 2 expression around E15.5d

of liver development which coincides with the formation of the ductal plate and the

appearance of ductal cell precursors (Loomes et al. 2002; Shiojiri 1997). The

second piece of evidence comes from the observation that mutations in the gene

encoding Jagged 1 is the main cause of the human disorder Alagille syndrome, a

condition characterised by abnormalities in liver development including a lack of

intrahepatic bile ducts (Alagille et al. 1987; Li et al. 1997; Nijjar et al. 2002).

Remarkably, it has been demonstrated that Hes1 deficiency in mice results in the

conversion of the biliary system to ectopic pancreatic tissue (Sumazaki et al. 2004).

Despite the initial budding phase of bile duct development occurring as normal,

continued elongation and growth of the extrahepatic and common bile duct is
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severely impaired. The truncated remnant of the duct in these animals contains

aggregations of epithelial cells that resemble pancreatic exocrine acini. In addition

to exocrine tissue expressing amylase and carboxypeptidase, the ectopic tissue also

contains endocrine pancreatic cell types expressing glucagon (a-cells), insulin

(b-cells), somatostatin (d-cells) and pancreatic polypeptide (PP cells) (Fig. 16.2).

The conversion of the common bile duct to pancreatic tissue represents an example

of transdetermination and demonstrates a role for Hes1 in the maintenance of the

biliary phenotype. Interestingly, it is only the extrahepatic biliary system, and not the

intrahepatic component of the liver, that undergoes transdetermination to a pancreatic

fate. While Hes1 is initially localised to the region of the foregut endoderm that gives

rise to the intra- and extrahepatic biliary systems, its expression persists only in the

extrahepatic ductal tissue and is lost from the liver by E12.5. Thus the first stage of

intrahepatic biliary differentiation from periportal hepatoblasts occurs independently

of the Notch signalling pathway as removal of Hes1 has no effect on early develop-

ment of the intrahepatic bile ducts. However, the intrahepatic biliary system continues

to develop postnatally. It has been shown that Hes1 expression is detectable in the

neonatal liver; since Hes1 null mice die at E18.5 it remains to be determined whether

Hes1 contributes to the later stages of development of the intrahepatic biliary system.

Another interesting observation in the Hes1 null mice is that normal pancreatic

development is also perturbed. Due to depletion of the pancreatic precursor popula-

tion through accelerated endocrine cell differentiation and apoptosis, the Hes�/�

pancreas is hypoplastic and underdeveloped. However, the ectopic pancreatic tissue

in the biliary system appears to develop like a wild-type pancreas containing clusters

of insulin- and glucagon-expressing cells migrating away from the biliary epithelium.

The conversion of extrahepatic biliary components to pancreatic tissue led the authors

to conclude that Hes1 not only maintains the biliary phenotype but also represses

differentiation along the pancreatic pathway (Sumazaki et al. 2004). The potential for

the extrahepatic biliary system to give rise to pancreatic tissue is supported by the

following observations. The common bile duct, which is the site of ectopic pancreatic

tissue, develops from the caudal hepatic endoderm immediately adjacent to the

pancreatic endoderm; therefore, both tissues are very similar with respect to the

signals they encounter during development (Li et al. 1997). During human foetal

liver development, hepatocytes and the primitive ducts in the hilar region, where the

intrahepatic ducts meet the common hepatic duct, express pancreatic amylase (Terada

et al. 1998). Finally, the endocrine pancreas in the sea lamprey arises through

transdifferentiation of the common bile duct (Elliott and Youson 1993).

16.6 Transdifferentiation of Intestine to Forestomach in the

Cdx2 Knockout Mouse

The endodermal lining of the gut tube extends the full length of the body, and when

the anterior and posterior ends form the surrounding splancnic mesenchyme

becomes regionally specified. As the developing gut tube interacts with regionally
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specified mesenchyme, it too becomes regionalised differentiating to form the

oesophagus, stomach and intestine. During early development the entire gastroin-

testinal tract is lined by a simple columnar epithelium which, with the exception of

Fig. 16.2 Representation of the generation of ectopic pancreas in Hes1�/� extrahepatic endo-

derm. The common bile duct primordia of the extrahepatic biliary system in Hes1 mutant mice is

completely replaced by pancreatic tissue possessing both well-differentiated b cells and exocrine

acinar structures. Prior to the premature death of these animals mature islets were not identified
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the oesophagus, is maintained into adulthood. The lower oesophageal sphincter

marks the junction between the oesophagus and the non-glandular forestomach,

both of which are lined by stratified squamous epithelium. The columnar epithelium

of the gastric mucosa is divided into three parts based on the different type of glands

present; the cardia, the corpus and the distal region of the stomach. The pylorus

contains the cardiac, gastric and pyloric glands. In more posterior regions of the

gastrointestinal tract the lining epithelia remains columnar in nature. The small

intestinal region is comprised of an epithelium organised into many highly

specialised villi containing absorptive, goblet, Paneth and enteroendocrine cells.

The epithelium lining the large intestine contains the same cell types found in the

small intestine, with the exception of Paneth cells, but is smooth in appearance due

to the absence of villi.

Specification of different regions along the anterior–posterior axis of the gut tube

is mediated by the Sonic hedgehog (Shh) signalling pathway (Ramalho-Santos et al.

2000). Initially Shh is expressed in endoderm of the pharynx and posterior hindgut,

but the domain of expression expands throughout the endoderm of the entire gut

tube as the anterior and posterior ends extend towards the centre of the embryo

(Roberts et al. 1998). Shh secreted from the hindgut region binds to the Patched

receptor expressed by the splancnic mesenchyme surrounding the gut tube. In doing

so the mesenchyme is induced to express a set of ‘posterior’ Hox genes the anterior

boundaries of which delineate the morphological boundaries of different gastroin-

testinal tissues (Kawazoe et al. 2002; Roberts et al. 1995). The Hox genes contain a

conserved sequence called the homeobox domain. They were first identified in

Drosophila and are known to confer positional information to tissue during devel-

opment. For example Drosophila mutants for the homeobox gene cad exhibit

shortening of the body axis and loss of posterior segments (Mlodzik et al. 1985).

Mouse homologues of the Caudal (Cad) gene, Cdx1, Cdx2, and Cdx4 have been

identified and are widely expressed throughout development. Interestingly, Cdx1
and Cdx2 expression is restricted to the endoderm of the posterior hindgut later in

development and after birth (Silberg et al. 2000).

In a landmark study Beck and collaborators demonstrated that Cdx2 is essential

for the development of the posterior gastrointestinal tract (Beck et al. 1999). Cdx2
homozygous-null mice die due to a failure to undergo implantation. Cdx2 hetero-

zygous mice however survive into adulthood but exhibit many abnormalities

including a tendency to develop intestinal polyp-like lesions in the proximal

colon. The colon is typically lined by a simple columnar epithelium containing

non-branching mucus-producing glands. The polyp-like lesions arising in the colon

of Cdx2 heterozygous mice were found to contain epithelial tissue type typically

found in more anterior regions of the gastrointestinal tract. Detailed histological

analysis revealed that the polyps regularly contained stratified squamous epithelium

similar to that found in the forestomach, gastric epithelia reminiscent of the cardia,

corpus and pyloric regions of the stomach as well as small-intestinal type epithe-

lium (Beck et al. 1999). Histologically normal colonic tissue surrounding the

polyps expressed Cdx2 while the epithelia within the polyps themselves lacked

Cdx2 expression. The authors proposed that the levels of Cdx2 in most cells are
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sufficient to allow normal morphogenesis of the proximal colon; however, the

levels of Cdx2 are lower in some cells possibly due to epigenetic factors. Since

the gut is a rapidly dividing tissue, cells expressing a lower level of Cdx2 could very
quickly give rise to a clone of cells in which the positional information that

normally allows them to form proximal colon is insufficient. Consequently the

cells in that region will differentiate towards a more anterior fate specified by the

lower levels or absence of the colon differentiating factor Cdx2.

16.7 Summary and Future Perspectives

Although there is accumulating evidence for the transdetermination or conversion

of one cell type to another during embryonic development, several challenges

remain to be addressed. The first challenge is to identify the molecular basis for

the switch in phenotype and whether the gene(s) responsible can be used to

distinguish the two cell types during development. The second concerns testing

whether ectopic expression of the gene responsible can induce the reprogramming

of the cell types in vitro. Although some in vitro models may need to be developed,

this approach might provide direct proof of the nature of the master switch genes.

Identifying the molecular basis for transdetermination will be an important step in

harnessing the therapeutic potential for cell therapy.
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Chapter 17

Differentiation of Definitive Endoderm from

Mouse Embryonic Stem Cells

Peter T.W. Kim and Christopher J. Ong

Abstract Efficient production of definitive endoderm from embryonic stem (ES)

cells opens doors to the possibilities of differentiation of endoderm-derived tissues

such as the intestines, pancreas, and liver that could address the needs of people

with chronic diseases involving these organs. The lessons learned from develop-

mental biology have contributed significantly to in vitro differentiation of definitive

endoderm. Gastrulation, a process that results in the production of all three embry-

onic germ cell layers, definitive endoderm, mesoderm, and ectoderm, is an impor-

tant step in embryonic development. Gastrulation occurs as a result of the events

that are orchestrated by the signaling pathways involving Nodal, FGF, Wnt, and

BMP. Understanding these signaling pathways has led to the introduction of key

ingredients such as Activin A, FGF, Wnt, and BMP to the differentiation protocols

that have been able to produce definitive endoderm from ES cells. Efficient

production of definitive endoderm needs to meet the specific criteria that include

(a) increase in the production of markers of definitive endoderm such as Sox 17,

FOXA2, GSC, and Mixl1; (b) decrease in the production of markers of primitive/

visceral/parietal endoderm, Sox 7 and OCT4; and (c) decrease in the mesoderm

markers (Brachyury, MEOX) and ectoderm markers (Sox1 and ZIC1).
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17.1 Mouse Embryonic Development

17.1.1 Early Development

In mice, by day 3.5 after fertilization, the zygote develops into a blastocyst. The

mammalian blastocyst structurally resembles a vertebrate blastula, which is a

hollow sphere of cells that is comprised of undifferentiated cells called blastomeres

that form an epithelial layer (blastoderm) enclosing a fluid-filled cavity (blasto-

coel). At preimplantation stages, the early blastocyst of the mouse is a fluid-filled

blastula-like sphere comprised of the trophectoderm, inner cell mass, and blastocyst

cavity that is formed through a process called blastulation. Despite their morpho-

logical similarity and semantic relatedness, the blastocyst is not homologous to and

should not be confused with the blastula, and the blastocyst cavity to the blastocoel

of amphibian blastula. The latter is the primary cavity of the embryo, while the

blastocyst cavity is extraembryonic. The real homologue of the blastula stage

during mouse development can be distinguished at the egg cylinder stage

(6.5 dpc) right before gastrulation (see the next section) (O’Farrell et al. 2004).

The outer cells of the blastocyst (trophoblast) form the trophectoderm that gives rise

to extraembryonic tissues such as placenta. The inner cell mass is composed of a

cluster of pluripotent stem cells located at one end of the blastocyst that gives rise to

the embryo proper as well as the amnion, yolk sac, and allantois and is the cell

source from which embryonic stem cells are derived.
By day 4.5, late blastocyst contains three cell types: epiblast (EPI), trophectoderm

(TE), and primitive endoderm (PE). Trophectoderm gives rise to the extraembryonic

ectoderm (ExE) and all the trophoblast lineages that eventually form the majority of

the fetal part of the placenta (Rossant 2004). The PE gives rise to the visceral (VE)

and parietal endoderm. The PE and VE are called “endoderm,” but they are different

from the definitive endoderm in that they do not contribute to the embryo but are

extraembryonic. Due to the fact that they share the term endoderm, this has led to

some confusion. The EPI gives rise to all of the cells that make up the entire fetus, as

well as the allantois and the extraembryonic mesoderm cells that line the visceral

yolk sac.

While the trophoblasts (outer cells of the preimplanted embryo) are invading the

uterine wall, the inner cell mass develops an epithelial structure distally. This

structure has been variously named: primitive endoderm (PE), extraembryonic,

primary endoderm, or hypoblast. The primitive endoderm gives rise to two

structures: parietal endoderm and the visceral endoderm (Verheijen and Defize

1999). Parietal endoderm gives rise to the parietal yolk sac and this is critical for

absorption of nutrients during early development and it protects the embryo from

mechanical damage. The visceral endoderm later in gestation, together with extra-

embryonic mesoderm, gives rise to the visceral yolk sac (Verheijen and Defize

1999). These extraembryonic tissues are precursors of the placenta and serve

multiple functions; they are required for invasion of the uterine lining, they protect

the embryo, and facilitate the embryo–maternal interactions and are responsible for

nutrient and waste exchange between mother and the fetus.
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17.1.2 Gastrulation

Gastrulation in mice, as in humans, is a set of morphogenetic processes that occur

during development that transforms an unstructured embryo into a gastrula with

three germ layers: endoderm, mesoderm, and ectoderm. Coined by Haeckel, it is

derived from the Greek word, “gaster” which means a stomach or a gut (Solnica-

Krezel 2005). In mice, the early gastrula looks like a cup and undergoes four

morphogenetic movements: internalization, epiboly, convergence, and extension

(Solnica-Krezel 2005). Internalization brings the cells of the prospective mesoderm

and endoderm beneath the prospective ectoderm via an opening in the blastula

proper stage embryo called the primitive streak (PS) also known as the blastopore.

Epiboly movements spread and thin germ layers. Convergence and extension

movements narrow the germ layers mediolaterally and elongate the embryo from

head to tail. These movements are preceded and accompanied by processes that are

largely in part controlled by the Spemman-Mangold organizer (SMO) located in the

dorsal or axial aspect of the blastopore (Spemann 1938).

The formation of the primitive streak marks the beginning of gastrulation. As

outlined in Fig. 17.1, the PS forms in the region of the embryo that will eventually

form the posterior end (Tam and Behringer 1997). The EPI cells then undergo an

epithelial-to-mesenchymal transition (EMT) and exit from PS to form mesoderm or

endoderm. The distribution of the distinct population of mesoderm and endoderm

Fig. 17.1 Mouse embryo at

gastrulation illustrating the

location and organization of

the extraembryonic structures

and the precursor of definitive

endoderm (epiblasts).

Adapted from Evolution of

the mechanisms and

molecular control of

endoderm formation by

Grapin-Botton and Constam.

Mechanism of Development

2007; 124:253–278
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are not random but they follow a specific sequence. The mobilized population of

EPI cells traverses the posterior PS and gives rise to the extraembryonic mesoderm

that forms the allantois, amnion, and the hematopoietic, endothelial, and vascular

smooth muscle cells of the yolk sac (Kinder et al. 1999). As illustrated in Fig. 17.2,

the EPI cells migrate further toward the more anterior parts of the PS and form

cranial and cardiac mesoderm (Murry and Keller 2008). The definitive endoderm

arises from the EPI cells that travel to the most anterior region of the PS. In contrast

to the mesoderm and endoderm, ectoderm arises from the anterior part of the

epibast that does not enter the PS. The ectoderm will eventually give rise to

epidermis and the neural tissues.

Fig. 17.2 A description of the production of the three germ cell layers and the regulatory factors.

Adapted from Differentiation of embryonic stem cells to clinically relevant populations: lessons

from embryonic development by Murry and Keller. Cell 132:661–680. 2008
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The definitive endoderm is subdivided into medial and lateral anterior and

posterior endoderm. The first EPI cells that exit the PS migrate toward anterior

giving rise to medial and lateral anterior endoderm and axial mesoderm (Kimura

et al., 2006; Lawson and Schoenwolf, 2003; Lawson and Pedersen, 1987). Endo-

derm that exits the PS later contributes to the posterior endoderm.

The genetic expression patterns in the embryo support the spatial distribution of

different population of EPI cells. As the different type of EPI cells occupy different

parts of the PS, the gene expression patterns also have a spatial distribution. The

genes such as Brachyury (Hart et al. 2002; Kispert and Herrmann 1994) and Mixl1

(Hart et al. 2002) are expressed throughout the PS. In contrast, Foxa2 and

Goosecoid are found predominantly in the anterior regions (Kinder et al. 2001;

Sasaki and Hogan 1993). HoxB1 and Evx1 are found in the posterior regions (Dush

and Martin 1992; Forlani et al. 2003).

17.2 Definitive Endoderm

The definitive endoderm gives rise to an array of epithelial cell types that line the

respiratory and gastrointestinal tract and contributes to associated essential organs

such as the thymus, thyroid, lungs, liver, bile ducts, and the pancreas. There is some

evidence that suggest the endoderm and the mesoderm arise from a transient

common precursor tissue called the mesendoderm (Gouon-Evans et al. 2006;

Tada et al. 2005). After gastrulation, the endoderm is transformed into the primitive

gut tube and assumes the specific orientation and becomes regionalized along the

dorsal–ventral (D-V) and anterior–posterior (A-P) axes into foregut, midgut, and

hindgut (Zorn and Wells 2009). The foregut gives rise to the esophagus, trachea,

stomach, lungs, and the first two portions of the duodenum. Thyroid, lungs, liver,

bile ducts, and the pancreas develop as outpouchings of the foregut. The midgut

gives rise to the small intestine, and the hindgut forms the large intestine.

17.2.1 Endoderm Formation

Nodal, Wnt, FGF, and BMP signaling pathways play important roles in lineage

allocation and germ layer specification during early embryogenesis (Tam and

Loebel 2007).

17.2.1.1 TGFb Signaling

The TGFb superfamily of ligands includes Nodal, Activin A, BMPs, and TGFb. As
illustrated in Fig. 17.3, these ligands bind to the type II and type I serine–threonine

kinase receptors and signal through the Smad2/Smad3 branch (Payne et al. 2011;
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Schier 2003; Whitman 2001). Nodal/Activin A bind to the Activin receptor type

2 (ActRIIA or ActRIIB) dimer resulting in phosphorylation of the Activin receptor

type 1B (ALK4). The Smad 2/3 complex is recruited to ALK4 by SARA. Phos-

phorylation of Smad 2/3 allows it to bind to Smad 4. The Smad 2/3/4 complex

enters the nucleus and initiates gene expression along with cofactors (Fork head box

h1 (FoxH1), FoxA2, MIX/BIX) and P300/CBP. For Nodal signaling, a member of

the EGF-CFC coreceptor family, such as Cripto and Criptic in mouse, needs to bind

to ALK4 to stabilize the tetrametric ALK-4–AcRII receptor complex. Once

activated, intracellular signaling is the same as the Activin A signaling. Nodal

signaling can be inhibited extracellularly by Lefty and Cerberus.

BMP signaling also requires an assembly of a tetrameric receptor complex, but

there are more options for assembly since there is an additional type II receptor

(BMPRII) and three type I receptors (ALK2, ALK3, and ALK6). Contrary to

Activin A/Nodal, BMP signaling uses the Smad1/5/8/4 pathway and affects gene

transcription (Feng and Derynck 2005; Heldin et al. 1997; Itoh and ten Dijke 2007).

The Nodal signaling pathway is necessary for endoderm formation. In vitro,

Activin A binds to the same receptor as Nodal and mimics Nodal signaling (Gadue

et al. 2006). This response is dose dependent. High levels of Nodal signaling

promote endoderm development, whereas lower doses promote mesoderm devel-

opment (Kubo et al. 2004; D’Amour et al. 2005). Loss of function in any core

Fig. 17.3 Smad-mediated pathway of Activin/Nodal and BMP signaling. Adapted from The role of

activin/nodal and Wnt signaling in endoderm formation. Vitamins and Hormones 85:207–216. 2011
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pathway component results in a compromised mesendoderm development (Shen

2007). In a recent study, inhibition of endogenous BMP4 signaling has been shown

to promote production of definitive endoderm in mouse (Li et al. 2011)

17.2.1.2 Wnt/b-Catenin Signaling

As illustrated in Fig. 17.4, the Wnt signaling pathway is broadly divided into

canonical and non-canonical pathways. The canonical pathway involves binding

of Wnt to its cell surface receptor Frizzled and its coreceptor low-density lipopro-

tein receptor protein (LRP5/6). This results in the activation of the Dishevelled

(DSH) family proteins which recruits axin to the plasma membrane and inhibits the

assembly of the “destruction complex” made of Axin, GSK3b, APC, and CKI

(Logan and Nusse 2004; Moon et al. 1997). The absence of destruction complex

results in b-catenin stability allowing it to travel to the nucleus. In the absence of

Wnt signaling, b-catenin is phosphorylated and ubiquitinated by the “destruction

complex” promoting its degradation (Clevers 2006). In the nucleus, b-catenin
interacts with the T-cell factor/lymphocyte enhancing binding factor (TCF/LEF)

family of transcription factors and results in the displacement of transcriptional

repressor Groucho and HDAC and eventual activation of transcription (Arce et al.

2006; Clevers 2006; Moon 2005).

Fig. 17.4 Wnt/b-catenin signaling pathway. Adapted from The role of activin/nodal and Wnt

signaling in endoderm formation. Vitamins and Hormones 85:207–216. 2011
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The non-canonical Wnt pathway does not involve the frizzled receptor and

b-catenin. This pathway involves activation of protein kinase C resulting in

an increase in intracellular calcium or activation of small Rho GTPases (e.g.,

c-Jun N terminus kinase (Jnk)) (Kuhl et al. 2000; Nateri et al. 2005; Topol et al.

2003; Westfall et al. 2003).

The canonical Wnt signaling plays an important role in formation of PS and

endoderm. This has been shown in knockout mouse studies where mouse embryos

lacking b-catenin fail to form PS, mesoderm, or endoderm (Haegel et al. 1995). In

addition, Wnt3 has been shown to be important in PS formation (Liu et al. 1999)

and Wnt signaling has been shown to be important in human liver development

(Hay et al. 2008).

A complex regulatory circuit involving Nodal, Wnt3, and BMP4 occurs in

mouse embryo. To stimulate the formation of primitive streak, an unprocessed

Nodal ligand can signal from the epiblast to the adjacent extraembryonic ectoderm

to induce expression of Furin and Pace4 proprotein convertases and BMP4 (Ben-

Haim et al. 2006). Then BMP4 signals back to the epiblast to activate Wnt3

expression which can upregulate Nodal and Cripto expression in the epiblast

through the canonical Wnt pathway. Gdf3 is likely involved in this feedback loop

(Chen et al. 2006).

The definitive endoderm can further be differentiated to hepatic fate with FGF and

BMP-4 (Gouon-Evans et al. 2006). Retinoic acid with inhibition of the sonic hedge-

hog (SHH) results in the production of cells of pancreatic fate (D’Amour et al. 2006).

17.2.1.3 Endoderm Transcription Factors

Markers of Definitive Endoderm

There are a number of transcription factors that are expressed in definitive endo-

derm. These include Sox17 (Sry (sex-determining region Y)-related HMG box),

FOXA2, Goosecoid (GSC), and Mixl1.

Originally identified as a stage-specific transcriptional activator during sper-

matogenesis, based on a study involving the Sox 17 null mutant mouse embryo,

Sox 17 is expressed in the definitive endoderm as well as the primitive endoderm

(Kanai-Azuma et al. 2002).

FOXA2 (HNF3b) is one of forkhead domain (FD)-containing genes. It is

expressed in the definitive endoderm as well as anterior part of the primitive streak,

notochord, mesoderm, and primitive endoderm. Co-expression of Sox17 and

FOXA2 imply production of definitive endoderm (Ang et al. 1993; Monaghan

et al. 1993; Sasaki and Hogan 1993).

Goosecoid (GSC) is a homeobox gene expressed during gastrulation, but it is

also expressed in primitive endoderm (Blum et al. 1992). Mixl1, a homeobox gene,

is a primitive streak marker, and it is also expressed in the visceral endoderm (Hart

et al. 2002; Pearce and Evans 1999).
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Because most markers of the definitive endoderm are also commonly expressed

in the primitive/visceral/parietal endoderm as well, additional markers are required

to distinguish between extraembryonic endoderm versus definitive endoderm.

Markers that have restricted expression in extraembryonic endoderm such as

Sox7 (Futaki et al. 2004) and pluripotency marker OCT4 (POU5F1) (Pesce and

Scholer 2001; Rosner et al. 1990) are used to help delineate whether an increase in

endoderm marker expression is truly from production of definitive endoderm. For

example, a decrease in extraembryonic endoderm markers, Sox7 and OCT4, in

combination with an increase in the endoderm markers Sox17, FOXA2, Mixl1, and

GSC implies production of definitive endoderm.

To ensure that there is enrichment and efficient production of definitive endo-

derm rather than chaotic differentiation of all three germ layers, the levels of the

mesoderm markers such as Brachyury and MEOX1 are monitored (Candia et al.

1992; Candia and Wright 1996; Kubo et al. 2004; Wilkinson et al. 1990) as well as

the ectoderm markers SOX1 and ZIC1 (Nagai et al. 1997; Pevny et al. 1998).

CXCR4 is a cell surface chemokine receptor specific to stromal-derived factor-1

(SDF-1) expressed in definitive endoderm and mesoderm and not expressed in

visceral/primitive endoderm (McGrath et al. 1999). It has been used as a tool for

isolating definitive endodermal cells (D’Amour et al. 2005).

17.3 Production of Definitive Endoderm from Embryonic

Stem (ES) Cells

17.3.1 Embryoid Body Formation

The capacity of ES cells to differentiate into definitive endoderm was first

demonstrated by Keller et al. who showed that Brachyury expressing definitive

endoderm cells were contained within embryoid bodies (EBs) (Kubo et al. 2004).

Embryoid bodies are three-dimensional, multicellular aggregates of differentiated

and undifferentiated ES cells that develop following culture of ES cells under

conditions that promote cell aggregation and differentiation (Kubo et al. 2004).

Descendants of all three germ layers can be generated from ES cells following EB

formation. Under these conditions, a wide spectrum of cell types can be produced

from ES cells including hemopoietic, cardiac, pancreatic, hepatic, neural, and even

germ cells. However, as opposed to the highly organized and coordinated spatial

and temporal development of the normal embryo in vivo, cell differentiation within

embryoid bodies in vitro occurs in a relatively disorganized and chaotic fashion.

However, features of organized differentiation have been observed within embry-

oid bodies including the establishment of anterior–posterior polarity, the formation

of primitive streak-like regions, epithelial-to-mesenchymal transition-generating

mesoendodermal progenitor cells and execution of a coordinated gastrulation-like

process (ten Berge et al. 2008).
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Variability in EB size can greatly influence cell differentiation. For example,

during EB-induced gastrulation-like differentiation, cells within the vicinity of the

original inducing cell are recruited to the polarizing center, whereas an inhibitory

signal acting over a longer range prevents formation of multiple polarizing centers.

Small EBs typically have single polarizing centers; however, as the size of EBs

increased, multiple polarizing centers were often observed suggesting that the size

of the EBs grew beyond the range of action of key morphogens. Thus, regulating

the size of EBs and the timing of their formation is crucial for controlling the

differentiation of ES cells within EBs. Current conventional methods typically

result in EBs that are heterogeneous in size and shape, leading to inefficient and

uncontrolled differentiation. Hence, strategies for generation of uniform-sized

embryoid bodies are currently being developed (Jeong et al. 2011; Mohr et al.

2010; Torisawa et al. 2007; Xu et al. 2011a).

Directed cell differentiation within the embryoid bodies is difficult to control

due to the stochastic nature of differentiation within embryoid bodies, the chaotic

organization of diverse cell types, and the intrinsic variability of cell-to-cell

interactions and exposure to variable levels of external signals within embryoid

bodies. Furthermore, the three-dimensional cellular structure of EBs restricts the

ability of exogenously added growth factors to diffuse more than a limited distance

through the outer shell of the embryoid body (Sachlos and Auguste 2008). Recent

studies have shown that both human and mouse ES cells can be induced to

differentiate as monolayers in the absence of EB formation providing a platform

for more controlled directed differentiation (D’Amour et al. 2005; Hansson et al.

2009; Kim et al. 2010; Shi et al. 2005; Xu et al. 2011b).

17.3.2 Role of Serum

Fetal bovine serum (FBS) is commonly used in conventional methods for embryoid

body differentiation of ES cells. FBS provides the key factors that influence

differentiation of ES cells toward diverse lineages including endoderm. For exam-

ple, an important role for serum in triggering gastrulation-like processes during EB

differentiation is to provide Bmp activity that activates Wnt signaling that is needed

to initiate primitive streak formation (ten Berge et al. 2008).

The yield of endoderm cells within EBs is typically low and highly variable.

Variability in endoderm differentiation within EBs is highly influenced by different

batches of FBS and/or by addition of exogenous factors. FBS contains complex

mixtures of undefined growth and differentiation factors. Different batches of FBS

often contain highly variable levels of endoderm-inducing factors. In addition, FBS

may also contain inhibitory factors that actively suppress endoderm differentiation,

and/or contain high levels of competing morphogens that drive differentiation

toward alternate lineages. This concept is supported by the fact that the production

of definitive endoderm from ES cells is decreased by culture in high serum

concentrations, whereas limiting exposure to serum increases production of
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definitive endoderm (D’Amour et al. 2005; Kubo et al. 2004; Sherwood et al. 2011).

Furthermore, batch selection of FBS was found to be critical for efficient definitive

endoderm differentiation (Kim et al. 2010).

Since the addition of serum which consists of an undefined mixture of growth

factors and inhibitors is a major cause of variability in regulating ES cell differen-

tiation, attempts to replace the serum-containing medium with purified factors in

chemically defined serum-free media are actively being pursued to improve consis-

tency and reproducibility of differentiation cultures. Nusse and coworkers showed

that serum-containing media can be replaced with purified growth factors such as

Wnt3a, BMP4, or Activin A in chemically defined medium to induce gastrulation-

like process in EBs (ten Berge et al. 2008). Furthermore, Kubo and coworkers

(2004) found that the presence of Activin A in serum-free conditions could replace

the need for serum to induce formation of definitive endoderm in EBs.

17.3.3 Effects of Exogenous Agents

17.3.3.1 Activin A

Activin A, a member of the TGF-b superfamily, has been used in the initial studies

in mouse to produce definitive endoderm from embryonic stem cells using embry-

oid bodies (Kubo et al. 2004; Tada et al. 2005). Activin A has been a key agent in

the development of endoderm in human embryonic stem cells as well (D’Amour

et al. 2005; Xu et al. 2011b). While Activin A is an essential component in

formation of definitive endoderm from ES cells, a number of factors can modulate

the ability of Activin A to induce production of definitive endoderm.

High doses of Activin A have been required for efficient production of definitive

endoderm. Sufficient concentration appears to be between 30 and 100 ng/ml

(D’Amour et al. 2005; Kubo et al. 2004; Shim et al. 2007). Lower concentrations

such as 10 ng/ml seem to be acceptable when the ES cells are cultured in

monolayers (Tada et al. 2005) but higher concentrations are required for EBs. In

mouse ES cells, the duration of exposure to Activin A has been dependent on the

concentration and the nature of the cells (EBs vs. monolayer). When higher

concentration was used in EBs, the duration of Activin exposure was shorter

(1–3 days) (Gouon-Evans et al. 2006; Shi et al. 2005), whereas, when lower

concentration was used in monolayers, a longer duration was used (4–6 days)

(Tada et al. 2005; Yasunaga et al. 2005).

17.3.3.2 Wnt

Wnt signaling has been shown to be required for endoderm formation from ES

cells (D’Amour et al. 2006; Gadue et al. 2006; Lindsley et al., 2006). Activin-

induced endoderm differentiation of mES cells is potentiated by Wnt signaling
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while antagonizing Wnt signaling impairs endoderm yield (Sherwood et al. 2011).

Exogenous Wnt3a protein posteriorizes the embryoid body, resulting in predomi-

nantly mesoendodermal differentiation (ten Berge et al. 2008). Conversely,

Wnt antagonists promoted anterior character and neuroectodermal differentiation

(ten Berge et al. 2008).

17.3.3.3 BMPs

Previous studies on the role of BMP on the production of definitive endoderm have

yielded conflicting results in human and mouse embryonic stem cells. Addition of

BMP4 to human ES in culture results in the production of trophectoderm, and

native BMP signaling is necessary for the production of extraembryonic endoderm

(Pera et al. 2004; Xu et al. 2002). Introduction of BMP4 and FGF inhibition

decreased the production of primitive streak markers even in the presence of

high-dose Activin A (D’Amour et al. 2005). However, in mouse, BMP4 alone,

Activin A alone or both combined induced primitive streak markers (Jackson et al.

2010; Nostro et al. 2008). Other studies have suggested that the combination of

factors BMP, Activin A, and bFGF was necessary to induce mesendoderm differ-

entiation and that BMP4 combined with the other factors does not adversely affect

DE production (Vallier et al. 2009; Xu et al. 2011b). On the other hand, inhibition

of BMP4 signaling by Noggin promoted Activin A-induced differentiation of mES

cells to definitive endoderm (Li et al. 2011). Inhibiting BMP4 with dorsomorphin

promoted endoderm differentiation of mES cells, whereas addition of BMP4

inhibited endoderm differentiation (Sherwood et al. 2011).

17.3.3.4 Fibroblast Growth Factors

Gene-targeting experiments have shown that FGF plays an important role in endo-

derm formation. Treatment of mouse embryos with FGF4 resulted in a dose-

dependent expression of anterior endoderm (NeuroD) and posterior endoderm

(Somatostatin) markers (Niswander and Martin 1992). FGF2 with Activin A resulted

in an additive effect of cells expressing Sox 17 and PDX1 (Shiraki et al. 2008).

17.3.3.5 Chemical Inducers of Endoderm Differentiation

Cell permeable small molecules can alter cellular processes by modulating signal

transduction pathways, gene expression, or cell metabolism. A number of small

molecules have been effectively used to promote ESC differentiation toward

definitive endoderm.

Lithium chloride (LiCl) treatment in combination with Activin A and Noggin

improved production of definitive endoderm from mESC (Li et al. 2011).

LiCl treatment triggers downstream effects that mimic Wnt pathway activation

314 P.T.W. Kim and C.J. Ong



such as stabilization and accumulation of b-catenin. LiCl is presumed to mimic Wnt

signaling by inhibiting GSK3b—a key regulator of the b-catenin degradation

complex. Interestingly, GSK3b inhibitors, CHIR99021 and m1, have been shown

to promote definitive endoderm production from hIPS and hESC, respectively

(Bone et al. 2011; Kunisada et al. 2012).

Inducer of definitive endoderm (IDE)-1 and IDE-2 are two small molecules that

can efficiently induce definitive endoderm from mouse and human ESCs that were

identified through screening of a small-molecule library (Borowiak et al. 2009).

IDE1 and IDE2 activate SMAD2 phosphorylation by upregulating Nodal signaling.

IDE1 and IDE2 promote definitive endoderm formation through activation of

canonical Activin/Nodal signaling pathways.

From a high content imaging screen, stauprimide was identified as a small

molecule that increased the efficiency of Activin A-induced differentiation of

mouse and human ESCs toward definitive endoderm (Zhu et al. 2009). Stauprimide

binds to NME2 and inhibits activation of c-Myc transcription. c-Myc plays an

important role in the maintenance of the proliferative, self-renewing ES state; its

downregulation reduces this proliferative capacity.

17.4 Conclusions

The lessons learned from developmental biology have formed the basis for in vitro

differentiation of definitive endoderm from embryonic stem cells. The common

thread in the culture protocols described in the literature includes Activin A, FGF,

and serum-free media. Although there are areas of improvement in the field,

efficient production of definitive endoderm is now possible. Ability to form specific

population of definitive endoderm forms a foundation on which specific tissues

such as liver and pancreas that could be produced in vitro.
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Chapter 18

Mouse and Human Pluripotent Stem Cells and

the Means of Their Myogenic Differentiation

I. Grabowska, K. Archacka, A.M. Czerwinska, M. Krupa,

and M.A. Ciemerych

Abstract Pluripotent stemcells, such as embryonic stem cells and induced pluripotent

stem cells, are an important tool in the studies focusing at the differentiation of various

cell types, including skeletal myoblasts. They are also considered as a source of

the cells that due to their pluripotent character and availability could be turned

into any required tissue and then used in future in regenerative medicine. However,

the methods of the derivation of some of cell types from pluripotent cells still need to

be perfected. This chapter summarizes the history and current advancements in

the derivation and testing of pluripotent stem cells-derived skeletal myoblasts. It

focuses at the in vitro methods allowing the differentiation of stem cells grown

in monolayer or propagated as embryoid bodies, and also at in vivo tests allowing

the verification of the functionality of obtained skeletal myoblasts.

18.1 Introduction

Skeletal muscles possess a great capacity to regenerate in response to injury or

disease. The key role in this process is played by satellite cells (SCs), i.e., muscle

stem cells (Collins et al. 2005). However, repetitive injuries may lead to the

exhaustion of SC population and, in consequence, to the impairment of regenera-

tion and muscle dysfunction. Such scenario is characteristic for the progression of

muscular dystrophies, a group of incurable genetic diseases affecting proper struc-

ture and functionality of muscles (Goyenvalle et al. 2011). Transplantation of cells

that could replenish SC population and support muscle regeneration could be

considered as possible therapy of such diseases. The low number of SCs within

muscle as well as difficulties with their isolation and in vitro culture limit their use
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in cell therapies. Therefore, other sources of cells for transplantation are sought.

Due to their unique properties, stem cells, as well as myogenic cells derived from

them, could serve as such sources. Many types of cells have been tested so far,

including undifferentiated pluripotent stem cells or their more differentiated prog-

eny. Such studies revealed several problems that have to be solved before cells

application in the clinic. First of all it is necessary to fully characterize the potential

of pluripotent cells both in vitro and in vivo. Such issues as progression of their

myogenic differentiation, assessment of functionality and integration after trans-

plantation into injured tissue, as well as tumorigeneity and immunogeneity must be

addressed before pluripotent stem cells can be used for muscle diseases treatment.

In this chapter, we summarize current knowledge on the myogenic pluripotent stem

cells differentiation in vitro and in vivo after their transplantation into ectopic sites,

e.g., subcutaneously, or into the injured skeletal muscle. But at first we will start

with a brief history of these stem cells and their characteristics.

18.2 Pluripotent Stem Cells

18.2.1 The Origin of Pluripotent Stem Cells

Thirty years ago first papers describing the derivation of embryonic stem cells

(ESCs) have been published by Gail Martin (1981) as well as Martin Evans and

Matthew Kaufman (1981). Since then, mouse ESCs were subjected to various tests

and analyses that allowed characterization of the molecular basis of their pluripo-

tent state and also molecular changes associated with their differentiation into

various cell lines. Properly stimulated ESCs differentiate into ecto-, endo-, meso-

derm, and also germ cells. However, when cultured under suitable conditions, they

are also able to self-renew and retain their pluripotent character. The knowledge

accumulated during the studies on mouse ESCs led to the derivation of ESCs from

human (Thomson et al. 1998), monkey (Thomson et al. 1996; Sasaki et al. 2005),

and rat embryos (Buehr et al. 2008; Li et al. 2008, a; Ueda et al. 2008). Finally, it

was creatively used in the experiments leading to the reprogramming of various

mammalian somatic cells into induced pluripotent stem cells (iPSCs) (e.g.,

Takahashi and Yamanaka 2006; Takahashi et al. 2007; Maherali et al. 2008).

Cellular pluripotency, however, was discussed much earlier. In 1941, Jackson and

Brues published the results of their studies on embryoma that developed in the female

of C3H mice (Jackson and Brues 1941). Repeated transplantations of the small

fragments of this tumor resulted in the development of as many as 250 tumors

containing various tissues. Analysis of their histology led the authors to speculate

that “the pluripotential nature of the embryonal cells in this tumor seems probable.”

Similar idea was presented later by Fekete and Ferrigno who, describing teratomas

developing in the same strain of mice, wrote that “undifferentiated embryonic tissues

of teratomas are pluripotent and are able to give rise to cells that differentiate into the
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diverse components of these complex tumors” (Fekete and Ferrigno 1952). Next,

Stevens and Little presented the paper describing testicular teratomas in males of 129

strain of mice and wrote that “pluripotent embryonic cells appear to give rise to both

rapidly differentiating cells and others which, like themselves, remain undifferenti-

ated” (Stevens and Little 1954). Since then, their work on 129 and also LT/Sv strain

of mice is widely considered as the initial step in the history of the isolation of

pluripotent stem cells (e.g., Ciemerych et al. 2009; Evans 2011). Teratomas can be

characterized as mature (benign), i.e., containing well-differentiated tissues and

somatic structures, or as immature (malignant), i.e., containing masses of undiffer-

entiated embryonic cells together with differentiated tissues. Teratomas containing

undifferentiated cells were described as “teratocarcinomas”. Following studies on the

cells isolated from teratomas or teratocarcinomas revealed that even single cell has

the potency to reproduce tumor composed of multiple tissues (Kleinsmith and Pierce

1964; Stevens 1967). In vitro culture of these cells led to the formation of spherical

structures, so-called embryoid bodies (EBs), and also resulted in the derivation of the

first pluripotent cell lines, i.e., embryonal carcinoma cells (ECCs) characterized by

high potential to proliferate (Kahan and Ephrussi 1970; Rosenthal et al. 1970; Evans

1972; Martin and Evans 1974), as well as to differentiate in vitro (Martin and Evans

1975). ECCs were also able to form teratomas and to participate in the development

of chimeras (Brinster 1974; Mintz and Illmensee 1975; Papaioannou et al. 1975;

Bradley et al. 1984). Simultaneously, the studies involving the transplantation of cells

isolated from the inner cell mass (ICM) of mouse blastocysts into the cavities of host

blastocysts were carried out (Gardner 1968; Rossant et al. 1978). These experiments,

together with those ones involving transplantation of ICMcells into ectopic sites such

as kidney capsule, established the basis for the future in vivo testing of stem cells, i.e.,

generating chimeras and teratomas (Evans 2011, Fig. 18.1). Finally, first ESC lines

were derived (Evans and Kaufman 1981; Martin 1981) and soon became the model

for the studies on the pluripotency and differentiation. ESCs also became indispens-

able, thanks to the development of techniques allowing genetic modifications of their

genomes, as a tool for the creation of genetically modified mouse (Mak 2007).

18.2.2 Basic Molecular Networks Regulating Pluripotency

Among the factors that have been shown to play a crucial role in the securing self-

renewal and pluripotency, i.e., preventing differentiation, were the proteins playing

a crucial role during early mammalian development. The core pluripotency network

relies on the Oct4, Nanog, and Sox2 transcription factors (e.g., Nichols et al. 1998;

Avilion et al. 2003; Chambers et al. 2003; Mitsui et al. 2003); however, many others

were shown to be involved [for review, see Czyz et al. (2003), Suwinska and

Ciemerych (2011)]. Importantly two of these factors, i.e., Oct4 and Sox2, together

with Klf4 that influences the expression of Nanog, and c-Myc oncogene, were used

to achieve first mouse and human fibroblasts conversion into iPSCs (Takahashi and

Yamanaka 2006; Takahashi et al. 2007).
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Importantly, the cells hidden behind the term “pluripotent” can differ not only

depending on the technique of their derivation and culture, or the species of their

origin. Comparisons of morphology, clonogenicity, signaling pathways, and gene

expression patterns ofmost extensively studiedmouse, rat, and humanESCs revealed

several important differences (e.g., Czyz et al. 2003). In order to remain pluripotent,

mouse ESCs require to be cultured in the presence of LIF (leukemia inhibitory factor)

(Rathjen et al. 1990) and BMP4 (bone morphogenetic protein 4) (Ying et al. 2003).

LIF interacts with LIFR-gp130 receptor activating signaling pathways impacting at

the activation of STAT3 transcription factor that controls the expression of crucial

pluripotency factors such as Klf4, Sox2, and Oct4 (e.g., Niwa et al. 1998, 2009;

Burdon et al. 1999; Bourillot et al. 2009) [reviewed in Suwinska and Ciemerych

(2011)]. Interestingly, involvement of such LIF-STAT3-dependent mechanism is

questioned in rat (Buehr et al. 2008) and in human ESCs (Daheron et al. 2004;

Humphrey et al. 2004). Activation of LIFR-gp130 receptor is a double-edged sword

since it may also induce ESC differentiation via induction of MAPK ERK1/2 signal-

ing pathway. Moreover, MAPK activation can be also driven by the interaction of

FGF4 with FGFR. Thus, blocking MAPK activating kinase MEK1 prevents ESC

differentiation and improves their self-renewal capacity (Kunath et al. 2007; Ying

et al. 2008; Nichols et al. 2009). Importantly, preventing the activation of MAPK

Fig. 18.1 Testing of the pluripotency and developmental abilities of ESC and iPSC involves:
(a) Production of mouse chimeras via microinjection of tested cells into cavity of diploid

blastocysts; (b) production of non-chimeric mouse via microinjection of tested cells into the

cavity of tetraploid blastocyst [so-called tetraploid complementation technique (Eggan et al.

2001)]. In such case tetraploid host cells will contribute to extraembryonic tissues only when

tested diploid stem cells will give rise to the embryo proper; (c) transplantation of animal or human

stem cells under the skin of immunodeficient mice leading to the development of teratomas;

(d) in vitro differentiation of animal or human stem cells
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ERK1/2 appeared to be sine qua non condition in experiments leading to the deriva-

tion of rat ESCs (Buehr et al. 2008). Surprisingly, blocking of MAPK signaling was

shown to result in the decrease of self-renewal of human ESCs (Li et al. 2007).

Activation of BMP-dependent signaling suppresses differentiation of mouse but not

of human ESCs (Xu et al. 2002; Ying et al. 2003; Pera et al. 2004). Except that also

other differences of cellular signaling can be pinpointed [for review, see Suwinska

and Ciemerych (2011)]. Interestingly, even the cell lines of the same species, e.g.,

mouse, manifest evident differences. For example, the success rate of the derivation

ofmouse ESCs varies between various strains. From embryos of some strains, such as

BALB/c, ESCs have been obtainedwith the frequency as low as 5%while the success

rate of derivation of ESCs from 129/Sv mouse strain was 61% (Schoonjans et al.

2003). The major improvement in the derivation of ESCs from “difficult” strains of

mice has been made after the inhibitors of MAPK, GSK3, or TGFbeta have been

introduced (Lorthongpanich et al. 2008; Lee et al. 2011; Hassani et al. 2012)

suggesting that the variability in the activity of the “differentiation” pathways

could have been the cause of the observed phenomenon. Moreover, even the ESC

lines derived from the embryos of the same strain of mice are not the same, and their

ability to differentiate into given cell type might not be comparable. It was noted, for

example, by Rohwedel and coworkers who described the ESC line used in their study

as failing to form cardiomyocytes in in vitro culture (Rohwedel et al. 1994).

All of the primarily derived ESC and iPSC lines were carefully in vivo tested by

chimera or teratoma formation and were proven to be pluripotent (Fig. 18.1). But

over the time numerous other ESC lines were derived and not all of them were

subjected to such stringent tests. In 2001, Rudolf Yaenisch’s group proved that

development of the embryos cloned from different ESC lines may be significantly

different. Embryos which were produced from ESCs generated from inbred

embryos had lower developmental potential than those originating from ESCs of

mixed genetic background (Eggan et al. 2001). Analysis of subclones originating

from V6.5 ESC line and of mice cloned from these ESCs revealed different

methylation status of H19 and Igf2 genes, strongly suggesting that ESCs are

genetically unstable (Humpherys et al. 2001). Moreover, it is possible that even

the characteristics of the one that has been carefully checked might change with

time, i.e., as a result of in vitro culture and passaging. Conditions of ESC derivation,

culture, or the number of passages can greatly impact at the transcriptome, prote-

ome, or epigenome of ESCs (Humpherys et al. 2001; Newman and Cooper 2010;

Ooi et al. 2010; Bock et al. 2011). Same was shown to be true for iPSCs (Newman

and Cooper 2010; Ooi et al. 2010; Bock et al. 2011). Meta-analysis comparing

human ESCs and iPSCs generated in the several labs vividly documented

variability in the gene expression pattern, described as the “laboratory signature”

(Newman and Cooper 2010). To make the story even more complicated, iPSCs that

were not passaged enough times can retain the molecular “memory” of the type of

cell of their origin (Polo et al. 2010; Ohi et al. 2011).
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18.2.3 Insight Into the Differentiation of Pluripotent Cells

As already mentioned pluripotent cells can differ from each other. However,

despite described differences these cells should be able to differentiate into all

types of cells within the body, including germ cells (Fig. 18.1). However, not all

types of cells are formed from pluripotent cells with the same frequency. Among

first cells that arise almost “spontaneously,” both in vitro and in vivo, are

cardiomyocytes (Doetschman et al. 1985; Wobus et al. 1991; Boheler et al.

2002). Modification of culture conditions, such as addition of activin A and

BMP4 increased the rate of cardiac differentiation of human ESCs up to 90%

(Laflamme et al. 2007). This example can be considered as an exceptional one,

since other types of cells, such as osteoblasts or myoblasts, can be generated from

pluripotent cells with much lower frequency. Thus, derivation of many cell types

in vitro is usually inefficient and requires many additional actions. Despite many

difficulties a broad spectrum of cell types have been generated from pluripotent

cells so far, including various types of neurons, pancreatic b-cells, and many other

[see Grivennikov (2008), Murry and Keller (2008)]. Nevertheless, identity and

functionality of many cell types derived from ESCs or iPSCs are still debatable.

Especially that numerous of the early studies describing derivation of particular cell

type from pluripotent cells limited the characteristic of obtained cells only to the

description of their “in vitro phenotype.” Changes of cell morphology or expression

of tissue-specific markers were usually taken as the solid indicators of differentia-

tion. However, to prove that obtained cells are functional such analyses must be

complemented by the one proving that the cell can be functional in vivo. For

example, the key feature of myoblasts that is crucial for proper development and

functionality of skeletal muscle is their ability to fuse and form multinucleated

myotubes, and then myofibers. As long as myoblasts obtained from pluripotent cells

do not possess capacity for fusion and contraction they cannot be treated as “real”

ones, even if they express muscle-specific genes, such as myogenic regulatory

factors (MRFs). Moreover, identity and functionality of ESC- or iPSC-derived

cells must be verified in vivo, for example by their transplantation into animals,

e.g., those one that serve as animal “models” of human diseases (see Sect. 4.1).

Formation of functional, specialized cells requires global rearrangement of

cellular machinery leading to the epigenetic changes, new gene expression, as

well as protein synthesis profile, cell cycle modifications, and many other cellular

effects. Despite the great progress in our understanding of these processes, many of

such mechanisms associated with myogenic differentiation of pluripotent stem cells

remain not fully understood. It seems, however, that the central role in the myo-

genic differentiation, similarly as it happens during embryogenesis, is played by

MyoD, i.e., the transcription factor of MRFs family. MyoD interacts with both

epigenetic modifiers, such as histone acetylases, chromatin remodeling complexes

(SWI/SNF), and cell cycle regulators, such as Rb or CDK4 [reviewed in Ciemerych

et al. (2011)]. MyoD influences also the expression of other muscle-specific genes,

such as Myogenin, M-cadherin, or Myosin Heavy Chains (MyHC) (Berkes and
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Tapscott 2005). Overexpression of MyoD in P19 ECCs or ESCs led to their

myogenic differentiation, however, only if they were cultured under suitable

conditions, i.e., propagated as EBs in low-mitogen medium (Dekel et al. 1992;

Shani et al. 1992; Armour et al. 1999; Gianakopoulos et al. 2011). Although

overexpression of MyoD or other muscle-specific genes, such as Pax3 or Pax7,
leads to the formation of myogenic cells (Darabi et al. 2008, 2011b) (see Sect. 3.1

and 4.1); due to genetic manipulations such cells cannot be considered as clinically

relevant. Apart from the methods involving overexpression of selected factors, a

variety of other approaches have been proposed to derive myogenic cells from

pluripotent cells. Nevertheless, this process is still inefficient.

During embryonic development, induction of myogenic differentiation requires

precisely controlled co-operation of many factors, such as Sonic Hedgehog, Wnts,

or TGFbeta family proteins (Tajbakhsh 2009). It is still unknown which factors

should be combined to create “the cocktail” that would sufficiently increase the

efficiency of myogenic cells generation. Thus, it is absolutely necessary to assess

and fully understand the influence of different chemical substances or culture

conditions modifications on the fate of pluripotent cells. In the next chapters, we

will review the approaches and solutions proposed so far by different research

groups, indicating both their advantages and limitations.

18.3 In Vitro Derivation of Skeletal Myoblasts

18.3.1 Embryoid Bodies

18.3.1.1 Embryoid Bodies as a Model of Periimplantation Development

One of the methods used to differentiate pluripotent cells into cells of various

lineages is to allow them to form embryoid bodies, three-dimensional structures in

which cells spontaneously differentiate in a manner resembling periimplantation

embryonic development (Czyz andWobus 2001). Thus, ectoderm forms inner mass

of cells, endodermal monolayer is positioned at the surface of EB, and mesodermal

cells can be found between ecto- and endoderm. First described EBs, containing

differentiating cells, were obtained frommouse teratocarcinoma cells established as

an ascitic tumor (Pierce and Dixon 1959; Stevens 1960). Also mouse ECCs when

cultured without feeder layer formed tight round aggregates (Kleinsmith and Pierce

1964; Martin and Evans 1975; Ducibella et al. 1982). Importantly, cells forming

outer layer of these aggregates exhibited endodermal features, as they produced

characteristic mucopolysaccharide layer, i.e., Reichert’s membrane, which during

murine embryonic development surrounds the egg cylinder. Next, reattachment of

such EBs to the dish surface resulted in the formation of the outgrowths and

differentiation into many cell types, such as fibroblasts, neurons, cartilage, and

keratinizing epithelium (Martin and Evans 1975).
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Similarly to ECCs, murine ESCs form solid EBs (Evans and Kaufman 1981;

Martin 1981). However, when cultured for prolonged time such EBs may convert

into so-called cystic EBs characterized by the presence of the central cavity

(Doetschman et al. 1985). Cystic EBs consist of two layers: endoderm and colum-

nar ectoderm-like cells making the structure similar to egg-cylinder stage mouse

embryo. Further culture of cystic EBs resulted in their expansion and formation of

extraembryonic tissues such as yolk sac-like structures. Moreover, the presence of

blood islands and contracting cardiomyocytes also proved that the cells within such

EBs were able to differentiate into mesodermal derivatives (Doetschman et al.

1985). Analyses of the sequence of endoderm-specific genes expression, such as

a-fetoprotein, or Transthyretin, during the formation of yolk sac-like structures

revealed that it reflected the changes observed during embryonic development

in vivo (Abe et al. 1996). To further investigate the similarity between EBs and

early postimplantation embryos, Leahy and coworkers compared changes in the

expression of subset of genes both in in vitro formed EBs and in vivo developing

mouse embryos. By means of in situ hybridization they followed the expression of

mRNAs encoding markers of germ layers: Oct4, Fgf5 for embryonic ectoderm,

Gata4 for primitive endoderm, Brachury T, Nodal for mesoderm, and also addi-

tional genes expressed in the variety of more “advanced” cell lineages, e.g., Flk1,
Nkx2.3, Eklf, and Msx3. These analyses showed that temporal and spatial relations

in gene expression occurring in vivo are also maintained in EBs. During first 3 days

of in vitro culture, EBs were shown to be equivalent to pregastrulation mouse

embryos (4.5–6.5 dpc, days post-coitum), while EBs analyzed from 3rd to 5th day

of in vitro culture resembled gastrulating mouse embryo (6.5–7.5 dpc). Afterwards

changes in genes expression characteristic for early organogenesis were observed

(Leahy et al. 1999). Resemblance of mouse ESC differentiation in EBs to differen-

tiation process occurring during embryonic development was also confirmed by

Karbanova and Mokry, who showed that at 26th day of culture in suspension

expression of Pax7 can be detected in EBs, suggesting the initiation of myogenic

differentiation (Karbanova and Mokry 2002). Analysis of EBs formed by human

ESCs also showed sequential expression of embryonic markers specific for differ-

ent cellular lineages, i.e., ectoderm (neurofilament 68 kDa), endoderm (a-FETO-
PROTEIN), mesoderm (a-CARDIAC ACTIN), and mesodermal hematopoietic

lineage (g-GLOBIN) (Itskovitz-Eldor et al. 2000).
Similarity of EBs to postimplantation embryos makes them a suitable model to

examine differentiation processes occurring during embryogenesis. It is also one of

the best in vitro tests used to prove pluripotency of murine (Evans and Kaufman

1981; Martin 1981), human (Itskovitz-Eldor et al. 2000; Cowan et al. 2004), or rette

ESCs (Li et al. 2009a; Demers et al. 2011), as well as murine, porcine, bovine,

rhesus monkey, or human iPSCs (e.g., Takahashi and Yamanaka 2006; Takahashi

et al. 2007; Liu et al. 2008; Ezashi et al. 2009; Li et al. 2009b; Sumer et al. 2011).

Apart from pluripotent stem cells also other types of cells, such as mesenchymal

ones were tested using this system (e.g., Fong et al. 2007). Importantly, EBs give an

opportunity to examine functions of different genes during early development, for

example by analyzing fate of ESCs in that certain gene has been silenced by RNAi,
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knocked out, or replaced by its modified version (e.g., Weitzer et al. 1995;

Desbaillets et al. 2000; Myer et al. 2001). One of these techniques, i.e., RNAi,

was used in the study investigating the role of Pax3 and Pax7 during myogenic

differentiation of mouse ESCs. Analysis of EBs formed by such modified cells

showed that silencing the Pax3 or Pax7 expression led to decreased expression of

MyoD, Myf5, and Desmin (Bhagavati et al. 2007). EBs system can also be used for

the assessment of effects of genes overexpression, like in the studies documenting

the delay in myogenic differentiation of ESCs in that the expression ofM-twist was
increased (Rohwedel et al. 1995), or acceleration of myogenic differentiation when

IGF2 (Insulin Growth Factor 2) was overexpressed (Prelle et al. 2000). Finally, EBs
can serve during the analyses of the influence of various drugs or growth factors on

differentiation processes (e.g., Edwards et al. 1983; Wiles and Keller 1991;

Schuldiner et al. 2000) or used in embryotoxicity tests (Schmidt et al. 2001).

18.3.1.2 Methods of Embryoid Bodies Generation

Traditional method of generating EBs, initially used by Martin and Evans for ECCs

(Martin and Evans 1975), and then for ESCs (Evans and Kaufman 1981; Martin

1981), requires the removal of factors maintaining pluripotency, such as LIF in case

of mouse ESCs (Shen and Leder 1992), or bFGF in case of human ESCs (Itskovitz-

Eldor et al. 2000), and culture without feeder cells. Under such culture conditions,

ECCs or ESCs spontaneously formed three-dimensional aggregates and then

differentiated asynchronously (Martin and Evans 1975; Edwards et al. 1983;

Doetschman et al. 1985). In order to synchronize differentiation, i.e., to induce

simultaneous formation of EBs, ESCs need to be cultured in the suspension

preventing them from incidental adhesion to the dish. To achieve this goal several

approaches were proposed, among them culture of cells on methylcellulose (Wiles

and Keller 1991), in nonadhesive bacterial-grade dishes or in culture flasks placed on

rotary shaker (Doetschman et al. 1985). Unfortunately, EBs formed in such

conditions still differed in size, meaning that each of them can differently advance

in the differentiation processes. To obtainmore uniform EBs so-called hanging drops

methodwas proposed. Initially this methodwas used for culture of mouse embryos to

study blastocysts development (Morris et al. 1982; Potter and Morris 1985) and then

successfully adapted for the generation of EBs from P19 ECCs (van den Eijnden-van

Raaij et al. 1991), and ESCs (Wobus et al. 1991; Maltsev et al. 1993; Rohwedel et al.

1994). ESCs that were cultured on feeder layer should be at first purified from feeder

cells, e.g., using preplating method (Sanchez et al. 1991). Next, ESCs are transferred

into the droplets of medium placed on the lid of Petri dish (Fig. 18.2). The number of

the cells transferred to each drop may differ depending on the protocol used, but

usually varies between 400 and 800 (Rohwedel et al. 1994, 1998; Rose et al. 1994;

Weitzer et al. 1995; Myer et al. 2001; Schmidt et al. 2001). During the first 24 h of

culture in hanging drops, ESCs form aggregates and start differentiation (Fig. 18.2).

Since volume of the drop is limited, after several days of culture EBs should be

transferred to low-adhesive cell culture or nonadhesive bacterial dishes and cultured
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in the abundant amount of medium. Several modifications of EBs derivationmethods

have been proposed to ensure better reproducibility. Among them are the use of so-

called multiwell chip (Kim et al. 2007), culture in conical tubes (Kurosawa et al.

2003), in 96-well round-bottom plates that are either low adhesive (Ezekiel et al.

2007) or coated with polymers, like pluronic (Dang et al. 2002). To produce high

number of EBs, spinner flasks or stirred bioreactors were recommended (Schroeder

et al. 2005; Cameron et al. 2006). It has to be noted, however, that some of these

systems may lead to EBs aggregation, which can significantly change experimental

conditions (Dang et al. 2002).

Formation and differentiation of cells within EBs may differ due to the compo-

sition of medium used in experiments. Standard medium used for differentiation of

both murine and human ESCs in EBs consists of DMEM or IMDM (Iscove’s

modification of DMEM) supplemented with fetal calf serum (FCS), sodium pyru-

vate, nonessential amino acids, antibiotics, L-glutamine, and b-mercaptoethanol,

Fig. 18.2 In vitro differentiation of pluripotent stem cells using embryoid bodies formation
technique. (a) Stem cells are cultured in monolayer in medium containing LIF; (b) 400–800

stem cells are transferred into medium drops positioned at the cover of the culture dish. The dish

itself is filled with PBS which prevents the drying of the medium drops. (c) 1–3 day long culture

allows the formation of EBs; (d) EBs are transferred into the dish filled with medium and cultured

in suspension for additional 2–5 days. The photograph shows the EBs after 2 days culture in

suspension bar 100 mm; (e) EBs are plated in the culture dish allowing their attachments and

formation of outgrowth. Next, depending on the protocol, the outgrowths are cultured for different

periods and then harvested either for molecular (RT-PCR) or cytological analyses (in situ

hybridization, immunocytochemistry, FACS), or cells are FACS sorted according to the expres-

sion of selected markers; (f) selected cells are used for transplantation into injured or dysfunctional

muscles; (g) analyses of regenerated skeletal muscle including the analysis of localization of

myofibers and satellite cells originating from ESCs or iPSCs

330 I. Grabowska et al.



and also other supplements, such as bovine serum albumin (BSA), selenium, or

transferrin [(Wobus et al. 1994), see also Sect. 3.2]. Interestingly, the concentration

of glucose in the medium influences the differentiation of pluripotent cells in EBs.

Culture of EBs in high glucose medium (25 mM) resulted in the differentiation into

multiple cell lineages, manifested by the expression of markers of cardiac muscle,

endodermal cells, and neurons (Mochizuki et al. 2011). On the other hand, low

concentration of glucose (5.5 mM) preferentially induces differentiation of plurip-

otent cells into neuronal lineage (Mochizuki et al. 2011). The quality of the serum is

another crucial factor influencing differentiation of cells, and it is widely accepted

that some batches are more “effective” than others (Rohwedel et al. 1994; Abe et al.

1996). Some sort of serum “standardization” can be achieved by the removal of

growth factors and hormones by dextran-coated charcoal treatment (e.g., Edwards

et al. 1983) or by the use of defined serum replacement (SR). However, SR is

designed to maintain ESCs’ pluripotency; thus, it does not facilitate their differen-

tiation (Cheng et al. 2004; Koivisto et al. 2004).

18.3.1.3 Myogenic Differentiation of Pluripotent Stem Cells Within

Embryoid Bodies

EBs formation is one of the most frequently used methods in the studies attempting

to derive myogenic precursor cells in vitro. However, no single, simple, and

effective protocol was designed so far. Instead, a variety of experimental designs

were tested with variable success rate (Table 18.1). In general, the initial step of

experiments aiming at the induction of myogenic differentiation of pluripotent cells

often starts with the production of EBs using hanging drops technique. Then after

4–7 days of culture in suspension EBs are plated onto gelatin- or Matrigel-coated

dishes, and cultured for several days or weeks, depending on the protocol. Using

such experimental design myogenic differentiation was induced in EBs formed

by ECCs (Edwards et al. 1983; Edwards and McBurney 1983) and then also by

ESCs. Myogenic differentiation of pluripotent cells can be enhanced by culturing

them in the medium temporarily supplemented with ascorbic acid and activin A

(Tian et al. 2008), retinoic acid (RA) (Wobus et al. 1994), or either in the medium

supplemented with insulin, transferrin, and selenium (ITS), as well as dexametha-

sone and epidermal growth factor (EGF), or in medium supplemented with horse

serum (HS) (Zheng et al. 2006).

However, the most efficient methods, so far, for induction of myogenic differ-

entiation using EBs system, involve genetic modification of ESCs (Table 18.1). In

trailblazing experiments, expression of MyoD in monolayer-cultured mouse ESCs

resulted in the synthesis of Myogenin and Myosin light chain 2 but was not

sufficient to promote myotube formation (Dekel et al. 1992). Myotubes were

formed only if cells overexpressing MyoD were differentiated in EBs, indicating

that apart from endogenous factors also environmental factors, such as signals

coming from surrounding cells are necessary for myogenic differentiation of

pluripotent cells (Dekel et al. 1992). Microarray analyses of gene expression

18 Mouse and Human Pluripotent Stem Cells and the Means of Their Myogenic. . . 331



T
a
b
le

1
8
.1

S
y
n
o
p
si
s
o
f
m
y
o
g
en
ic

d
if
fe
re
n
ti
at
io
n
o
f
p
lu
ri
p
o
te
n
t
st
em

ce
ll
s
in

v
it
ro

C
el
ls
(l
in
e
n
am

e)
E
x
p
er
im

en
ta
l
co
n
d
it
io
n
s

M
ar
k
er
s
o
f
m
y
o
g
en
ic

d
if
fe
re
n
ti
at
io
n
an
al
y
ze
d

(t
ec
h
n
iq
u
e
ap
p
li
ed
)

A
b
il
it
y
to

fo
rm

m
y
o
tu
b
es

E
ffi
ci
en
cy

o
f
m
y
o
b
la
st

d
er
iv
at
io
n
/m

y
o
tu
b
e
fo
rm

at
io
n

R
ef
er
en
ce
s

m
E
S
C
s
(D

3
)

E
B
s

em
b
ry
o
n
ic

M
yH

C
(N

o
rt
h
er
n
b
lo
t)

N
D

N
D
,
b
u
t
es
ti
m
at
ed

as
ex
tr
em

el
y

lo
w

R
o
b
b
in
s
et

al
.

(1
9
9
0
)

m
E
S
C
s
(B
L
C
6
)

E
B
s’
o
u
tg
ro
w
th
s

M
-c
ad

he
ri
n
(R
T
-P
C
R
,
IF
)

Y
es

m
y
o
b
la
st
s
d
et
ec
te
d
in

u
p
to

1
0
0
%

o
f
E
B
s

R
o
se

et
al
.

(1
9
9
4
)

m
E
C
C
s
(P
1
9
)

o
u
tg
ro
w
th
s
fr
o
m

D
M
S
O
-t
re
at
ed

E
B
s

m
o
rp
h
o
lo
g
y
,
M
y
H
C
(I
F
)

Y
es

m
y
o
tu
b
es

d
et
ec
te
d
in

~
9
0
%

o
f
E
B
s,
u
p
to

1
2
%

M
y
H
C

+
ce
ll
s
in

ea
ch

E
B

E
d
w
ar
d
s
et
al
.

(1
9
8
3
)

m
E
C
C
s
(P
1
9
)

o
u
tg
ro
w
th
s
fr
o
m

R
A
-t
re
at
ed

E
B
s

m
o
rp
h
o
lo
g
y
,
M
y
H
C
(I
F
)

Y
es

m
y
o
tu
b
es

d
et
ec
te
d
in

~
4
0
%

o
f
E
B
s

E
d
w
ar
d
s
an
d

M
cB

u
rn
ey

(1
9
8
3
)

m
E
S
C
s
(B
L
C
6
)

E
B
s’
o
u
tg
ro
w
th
s,
cu
lt
u
re

m
ed
iu
m

co
n
ta
in
in
g
B
S
A
an
d
tr
an
sf
er
ri
n

m
o
rp
h
o
lo
g
y
,
M
yf
5
,
M
yo
D
,

M
yo
ge
ni
n
,
M
rf
4
(R
T
-P
C
R
);

d
es
m
in
,
M
y
H
C
(I
F
),
an
al
y
si
s

o
f
io
n
ic

cu
rr
en
ts

Y
es

m
y
o
b
la
st
s
d
et
ec
te
d
in

u
p
to

1
0
0
%

o
f
E
B
s

R
o
h
w
ed
el

et
al
.

(1
9
9
4
)

m
E
S
C
s
(D

3
)

o
u
tg
ro
w
th
s
fr
o
m

R
A
-t
re
at
ed

E
B
s,

cu
lt
u
re

m
ed
iu
m

co
n
ta
in
in
g

se
le
n
it
e,
tr
an
sf
er
ri
n
,
B
S
A

M
y
o
g
en
in

(I
F
),
an
al
y
si
s
o
f
io
n
ic

cu
rr
en
ts

N
D

m
y
o
b
la
st
s
d
et
ec
te
d
in

~
5
0
%

o
f
E
B
s

W
o
b
u
s
et

al
.

(1
9
9
4
)

m
E
S
C
s

E
B
s’
o
u
tg
ro
w
th
s,
p
ro
to
co
l

in
v
o
lv
in
g
se
v
er
al

v
ar
io
u
s

m
ed
ia
,
as
co
rb
ic

ac
id

an
d

ac
ti
v
in

M
yf
5
,M

yo
D
,M

yo
ge
ni
n
(R
T
-P
C
R
),

d
es
m
in
,
M
y
H
C
(I
F
)

Y
es

1
-3

co
n
tr
ac
ti
n
g
m
y
o
tu
b
es

p
er

cu
lt
u
re

p
la
te

p
re
se
n
t

in
9
5
%

o
f
p
la
te
s

T
ia
n
et

al
.

(2
0
0
8
)

m
E
S
C
s
(D

3
,
R
1
)

o
u
tg
ro
w
th
s
cu
lt
u
re
d
in

m
ed
iu
m

co
n
ta
in
in
g
H
S

m
o
rp
h
o
lo
g
y
,
M
y
H
C
(I
F
)

Y
es

m
y
o
tu
b
es

d
et
ec
te
d
in

~
3
0
%

o
f
E
B
s

H
ir
sc
h
et

al
.

(1
9
9
8
)

h
E
S
C
s

E
B
s
cu
lt
u
re
d
in

cu
st
o
m

m
ed
iu
m

en
ri
ch
ed

w
it
h
B
M
P
4
,

P
D
G
F
aR

-p
o
si
ti
v
e
ce
ll
s
w
er
e

F
A
C
S
so
rt
ed

P
D
G
F
aR

(F
A
C
S
)

N
D

5
5
-6
1
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r

P
D
G
F
aR

N
g
et

al
.

(2
0
0
8
)

332 I. Grabowska et al.



m
E
S
C
s
(D

3
)

E
B
s’
o
u
tg
ro
w
th
s,
cu
lt
u
re

m
ed
iu
m

co
n
ta
in
in
g
H
S
;
S
M
/C
-2
.6
-

p
o
si
ti
v
e
m
y
o
g
en
ic

p
re
cu
rs
o
rs

w
er
e
F
A
C
S
so
rt
ed

S
M
/C
-2
.6

(
F
A
C
S
),
P
ax
7
,
M
yf
5
,

M
yo
D
,
M
yo
ge
ni
n
(R
T
-P
C
R
,I
F
)

y
es

1
6
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r
S
M
/C
-

2
.6
;
1
1
%

o
f
th
es
e
ce
ll
s

fo
rm

ed
m
y
o
tu
b
es

C
h
an
g
et

al
.

(2
0
0
9
)

m
E
S
C
s
(D

3
)

E
B
s’
o
u
tg
ro
w
th
s,
cu
lt
u
re

m
ed
iu
m

co
n
ta
in
in
g
H
S
;
S
M
/C
-2
.6
-

p
o
si
ti
v
e
m
y
o
g
en
ic

p
re
cu
rs
o
rs

w
er
e
F
A
C
S
so
rt
ed

S
M
/C
-2
.6

(
F
A
C
S
),
M
y
H
C
(I
F
),

P
ax
3
,
P
ax
7
,
M
yf
5
,
M
yo
D
,

M
io
ge
ni
n
(R
T
-P
C
R
,
IF
)

Y
es

3
2
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r
S
M
/C
-

2
.6
;
2
2
%

o
f
th
es
e
ce
ll
s

fo
rm

ed
m
y
o
tu
b
es

M
iz
u
n
o
et

al
.

(2
0
1
0
)

m
iP
S
C
s

E
B
s’
o
u
tg
ro
w
th
s,
cu
lt
u
re

m
ed
iu
m

co
n
ta
in
in
g
H
S
;
S
M
/C
-2
.6
-

p
o
si
ti
v
e
m
y
o
g
en
ic

p
re
cu
rs
o
rs

w
er
e
F
A
C
S
so
rt
ed

S
M
/C
-2
.6

(
F
A
C
S
),
M
y
H
C
(I
F
),

P
ax
3
,
P
ax
7
,
M
yf
5
,
M
yo
D
,

M
io
ge
ni
n
(R
T
-P
C
R
,
IF
)

Y
es

3
2
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r
S
M
/C
-

2
.6
+
;
1
5
%

o
f
th
es
e
ce
ll
s

fo
rm

ed
m
y
o
tu
b
es

M
iz
u
n
o
et

al
.

(2
0
1
0
)

h
E
S
C
s
(H

1
,
S
H
3
9
)

E
B
s
in
cu
b
at
ed

fo
r
2
4
h
w
it
h
5
-a
za
-

C
;
E
B
s’

o
u
tg
ro
w
th
s
cu
lt
u
re
d
in

m
ed
iu
m

co
n
ta
in
in
g
H
S

P
ax
7
an
d
M
y
o
D

(I
F
),
d
es
m
in

an
d

M
y
H
C
n
o
t
d
et
ec
te
d
(I
F
)

N
o

5
0
%

o
f
ce
ll
s
w
er
e
P
ax
7
+
;
5
7
%

o
f
ce
ll
s
w
er
e
M
y
o
D
+

Z
h
en
g
et

al
.

(2
0
0
6
)

h
P
G
C
s

E
B
s-
d
er
iv
ed

ce
ll
s
cu
lt
u
re
d
in

en
d
o
th
el
ia
l
b
as
al

m
ed
iu
m

su
p
p
le
m
en
te
d
w
it
h
g
al
ec
ti
n
-1

D
E
SM

IN
,
M
yH

C
,
D
Y
ST

R
O
P
H
IN

(R
T
-P
C
R
,
IF
),
M
Y
F
5,

M
Y
O
D
,

M
Y
O
G
E
N
IN

,
M
R
F
4
(R
T
-P
C
R
)

Y
es

8
-1
4
%

o
f
ce
ll
s
ex
p
re
ss
ed

m
y
o
g
en
ic

m
ar
k
er
s

S
h
ao

et
al
.

(2
0
0
9
)

m
E
S
C
s

E
B
s’
o
u
tg
ro
w
th
s
fo
rm

ed
b
y

M
y
o
D
-o
v
er
ex
p
re
ss
in
g
E
S
C
s,

cu
lt
u
re
d
in

m
ed
iu
m

co
n
ta
in
in
g

H
S
an
d
in
su
li
n

m
o
rp
h
o
lo
g
y

Y
es

2
0
-5
0
%

o
f
ce
ll
s
in

o
u
tg
ro
w
th
s

D
ek
el

et
al
.

(1
9
9
2
),

S
h
an
i

et
al
.

(1
9
9
2
)

m
E
S
C
s
(R
1
)

E
B
s’
o
u
tg
ro
w
th
s
fo
rm

ed
b
y
IG

F
2-

o
v
er
ex
p
re
ss
in
g
E
S
C
s

m
o
rp
h
o
lo
g
y
,
M
yf
5
,
M
yo
ge
ni
n
,

M
yo
D
(R
T
-P
C
R
),
M
-c
ad
h
er
in
,

ti
ti
n
,
M
y
H
C
(I
F
)

Y
es

m
y
o
tu
b
es

d
et
ec
te
d
in
u
p
to
8
0
%

o
f
E
B
s

P
re
ll
e
et

al
.

(2
0
0
0
)

m
E
S
C
s

(D
3
)

E
B
s’
o
u
tg
ro
w
th
s
fo
rm

ed
fr
o
m

P
ax
3
-
o
r
M
yo
D
-o
v
er
ex
p
re
ss
in
g

E
S
C
s

u
p
re
g
u
la
ti
o
n
o
f
d
es
m
in

ex
p
re
ss
io
n

(m
ic
ro
ar
ra
y
)

N
D

N
D

C
ra
ft
et

al
.

(2
0
0
8
)

m
E
S
C
s

E
B
s’
o
u
tg
ro
w
th
s
fo
rm

ed
fr
o
m

P
ax
3
-o
v
er
ex
p
re
ss
in
g
E
S
C
s

(e
x
p
re
ss
io
n
in
d
u
ce
d
at

2
n
d
d
ay

o
f
cu
lt
u
re
);
P
D
G
F
aR

-p
o
si
ti
v
e

an
d
F
lk
-n
eg
at
iv
e
ce
ll
s
w
er
e

F
A
C
S
so
rt
ed

an
d
cu
lt
u
re
d
in

m
ed
iu
m

co
n
ta
in
in
g
H
S

P
D
G
F
aR

,
M
-c
ad
h
er
in

(F
A
C
S
),

M
R
F
s,
M
-c
ad
h
er
in
,
M
y
H
C
(I
F
)

Y
es

5
5
-6
1
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r

P
D
G
F
aR

an
d
n
eg
at
iv
e
fo
r

F
lk
1
,
7
8
%

o
f
so
rt
ed

ce
ll
s

fo
rm

ed
m
y
o
tu
b
es

D
ar
ab
i
et

al
.

(2
0
0
8
)

(c
o
n
ti
n
u
ed
)

18 Mouse and Human Pluripotent Stem Cells and the Means of Their Myogenic. . . 333



T
a
b
le

1
8
.1

(c
o
n
ti
n
u
ed
)

C
el
ls
(l
in
e
n
am

e)
E
x
p
er
im

en
ta
l
co
n
d
it
io
n
s

M
ar
k
er
s
o
f
m
y
o
g
en
ic

d
if
fe
re
n
ti
at
io
n
an
al
y
ze
d

(t
ec
h
n
iq
u
e
ap
p
li
ed
)

A
b
il
it
y
to

fo
rm

m
y
o
tu
b
es

E
ffi
ci
en
cy

o
f
m
y
o
b
la
st

d
er
iv
at
io
n
/m

y
o
tu
b
e
fo
rm

at
io
n

R
ef
er
en
ce
s

m
E
S
C
s

E
B
s’
o
u
tg
ro
w
th
s
fo
rm

ed
fr
o
m

P
ax
7
-o
v
er
ex
p
re
ss
in
g
E
S
C
s

(e
x
p
re
ss
io
n
in
d
u
ce
d
at

2
n
d
d
ay

o
f
cu
lt
u
re
);
P
D
G
F
aR

-p
o
si
ti
v
e

an
d
F
lk
-n
eg
at
iv
e
ce
ll
s
F
A
C
S

so
rt
ed

an
d
cu
lt
u
re
d
in

m
ed
iu
m

fo
r
fu
rt
h
er

cu
lt
u
re

in
m
ed
iu
m

co
n
ta
in
in
g
b
F
G
F
an
d
H
S

P
D
G
F
aR

,
M
-c
ad
h
er
in

(F
A
C
S
),

P
ax
7
,M

y
f5
,M

y
o
D
,M

y
H
C
(I
F
)

Y
es

8
4
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r

P
D
G
F
aR

an
d
n
eg
at
iv
e
fo
r

F
lk
1
fo
rm

ed
m
y
o
tu
b
es

D
ar
ab
i
et

al
.

(2
0
1
1
b
)

h
E
S
C
s

E
S
C
s
cu
lt
u
re
d
in

m
o
n
o
la
y
er
,

p
ro
to
co
l
in
v
o
lv
in
g
se
v
er
al

v
ar
io
u
s
m
ed
ia
,
IT
S
,

F
A
C
S
-s
o
rt
in
g
o
f
C
D
7
3
an
d

N
-C
A
M
-p
o
si
ti
v
e
ce
ll
s

C
D
7
3
,
N
C
A
M

(F
A
C
S
),
M
Y
O
D
,

M
Y
O
G
E
N
IN

,
M
yH

C
(R
T
-P
C
R
,
IF
)

Y
es

4
6
%

o
f
ce
ll
s
p
o
si
ti
v
e
fo
r

M
Y
O
G
E
N
IN

B
ar
b
er
i
et

al
.

(2
0
0
7
)

m
m
u
ri
n
e,
h
h
u
m
an
,
N
D
n
o
t
d
et
er
m
in
ed
,
R
A
re
ti
n
o
ic

ac
id
,
D
M
SO

d
im

et
h
y
l
su
lf
o
x
id
e,
IF

im
m
u
n
o
fl
u
o
re
sc
en
ce

334 I. Grabowska et al.



profiles in EBs produced from ESCs overexpressing MyoD or Pax3 documented

upregulation of the whole set of genes crucial for myogenic differentiation, such as

Desmin (Craft et al. 2008). Moreover, as it was shown in elegant experiments

performed by Darabi and coworkers, overexpression of Pax3 or Pax7 is sufficient to
produce functional myoblasts (Darabi et al. 2008, 2011b). EBs were formed from

ESCs carrying doxycycline-inducible Pax3 gene. Next, after 2 days of culture in

suspension Pax3 expression was stimulated with doxycycline. Such manipulation

resulted in the robust myogenic differentiation within outgrowths obtained after

EBs plating. However, the transplantation of such cells into injured skeletal muscle

resulted in the formation of teratomas documenting that at least some of ESCs did

not differentiate, i.e., remained pluripotent. To select pure population of myoblasts

precursors EBs were disaggregated and obtained cells were FACS sorted on the

basis of the presence of Platelet-Derived Growth Factor-a Receptor (PDGF-aR),
i.e., the marker of paraxial mesoderm which during embryonic development is a

source of myogenic precursors, and the absence of Flk1, i.e., marker of lateral plate

mesoderm. When cells synthesizing PDGF-aR and lacking Flk1 were transplanted

into injured muscle no teratoma formation was observed, confirming the adequacy

of such experimental approach [(Darabi et al. 2008), Fig. 18.3]. Following the same

scheme PDGF-aR-positive/Flk1-negative cells overexpressing Pax7 were tested

and also shown to undergo robust myogenic differentiation (Darabi et al. 2011b). It

has to be stressed that Pax3 or Pax7 overexpressing cells actively participated in

muscle regeneration and, thus, were functional. Although the above approach

resulted in the efficient generation of functional myoblasts, such cells could not

be used in the therapy as they were obtained using DNA integrating vectors.

FACS sorting was also used in the studies in that EBs were formed from mouse

ESCs (Chang et al. 2009) and iPSCs (Mizuno et al. 2010) that were not subjected to

any genetic modifications. After the initial induction of EBs formation, myogenic

differentiation was stimulated by culturing them in the presence of HS, and then

plating in the Matrigel-coated culture dishes. Cells resulting from such outgrowths

were dissociated, labeled with SM/C-2.6 antibody recognizing yet unknown surface

antigen characteristic for SCs (Fukada et al. 2004), and FACS sorted (Chang et al.

2009; Mizuno et al. 2010). Selected population of SM/C-2.6.-positive cells was

significantly enriched for cells expressing markers of SCs, such as M-cadherin and

Pax7, when compared to SM/C-2.6-negative cells. During in vitro culture cells

expressing SM/C-2.6 formed MyHC-positive myotubes while cells negative for

SM/C-2.6 were not able to undergo myogenic differentiation (Chang et al. 2009;

Mizuno et al. 2010, Table 18.1).

Myogenic differentiation of pluripotent cells forming EBs could be also induced

and enhanced by signals released by in vitro differentiating myoblasts. Such

strategy turned out to be efficient, for example, in promoting differentiation of

mesenchymal stem cells (MSCs) (Shi et al. 2004) or neural stem cells (Galli et al.

2000). Such protocol was also used in experiments in that EBs initially grown in

suspension were then co-cultured with myoblasts (Bhagavati and Xu 2005).

Interactions between both types of cells probably induced differentiation of ESCs

as they participated in the formation of new myofibers after introduction into

skeletal muscle (Bhagavati and Xu 2005, for details see Sect. 4.1 and Fig. 18.3).
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Spatiotemporal relationship between differentiating cells, that to some extend is

reproduced within EBs, facilitates formation of mesoderm and its derivatives, such

as myoblasts (Czyz and Wobus 2001). However, the efficiency of this process is

very low (Table 18.1) and various supplementary strategies aiming to increase it

have been proposed.

18.3.2 Differentiation of Pluripotent Stem Cells in the Presence
of Insulin, Transferrin, and Selenium

Amid supplements that was shown to increase efficiency of mesoderm formation and

alsomyogenic differentiation is ITS (i.e., insulin, transferrin, selenium). For example,

Fig. 18.3 Synopsis of myogenic differentiation of pluripotent stem cells in vivo
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it was shown that ITS promotedmyogenic differentiation ofmousemyoblasts C2C12

or 23A2 (Wyzykowski et al. 2002), human primary myoblasts (Pawlikowski et al.

2009), or MyoD-null and Myf5-null mouse embryonic fibroblasts (Di Padova et al.

2007). Also the outgrowths obtained from human EBs were exposed to the medium

supplemented with ITS, as well as dexamethasone and epidermal growth factor

(EGF), or to medium supplemented with HS (Zheng et al. 2006). Two and 4 weeks

after EBs plating cells expressingmyogenicmarkers, such asMYOD and PAX7were

detected. Much higher number of such cells were identified when plated EBs were

treated with hemimethylating agent, 5-azacytidine for 24 h (see also Sect. 3.3).

However, despite the induction of the expression of myogenic regulators, under

none of these culture conditions myotubes formation occurred, indicating that tested

cells did not convert into functional myoblasts. Thus, the cells neither changed their

morphology nor synthesized skeletal muscle structural proteins, such as MyHC,

DESMIN, DYSTROPHIN, or TROPONIN (Zheng et al. 2006).

Differentiation of ESCs into mesodermal cells that can further become myogenic

precursors, and finally myoblasts fusing into myotubes, is also possible in monolayer,

i.e., omitting EBs formation (Barberi et al. 2007; Stavropoulos et al. 2009). Medium

containing BMP4 and ITS was shown to induce the expression of PDGF-aR in

as many as 60% of cells within EBs (Ng et al. 2008). Furthermore, Barberi

and coworkers described protocols requiring ITS in order to obtain population of

myogenic precursors (Barberi et al. 2007; Stavropoulos et al. 2009). This method

involves several steps of cell culture in that variousmedia with orwithout ITS are used

at selected points of the experiment. Briefly, human ESCs were at first cultured in the

medium supplemented with ITS for 3 weeks, and then for 1 week in the absence of

ITS.At this point CD73-positive cells, i.e., mesodermal precursors were FACS sorted.

Such subpopulation of cells was cultured for additional 2–4 days, and then sorted, this

time to select NCAM-bright cells. After NCAM-bright cells reached confluence,

culture medium was shifted again to the one supplemented with ITS, as well as

progesterone and putrescine (Stavropoulos et al. 2009). As a result 46% of NCAM-

positive cells were shown to express MYOGENIN already 24 h after sorting and

culture in ITS-containing medium (Table 18.1). These cells were also able to fuse

and formMyHC-expressing contracting myotubes and to participate in muscle regen-

eration [(Barberi et al. 2007), see Sect. 4.1]. Although the protocol was shown to

enhance myogenic differentiation of pluripotent cells, it is rather time-consuming and

still not very efficient.

18.3.3 Azacytidine Analogues

Among the factors used to induce myogenic differentiation of pluripotent cells are

5-azacytidine (5-aza-C) and 5-aza-20-deoxycytidine (5-aza-dC). They were primarily

described as cytotoxic agents (Sorm et al. 1964), but soon it was shown that they are

potent inhibitors of DNA methylation able to change gene expression and induce

differentiation of in vitro cultured cells (Constantinides et al. 1977; Jones and Taylor
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1980). Within the cell both analogues replace cytosine during DNA replication

(Constantinides et al. 1978). Their impact at the epigenetic modifications was

shown to be connected to the interference with the function of DNA methylases.

DNA methylation, which along various histone modifications is the major player in

epigenesis, is executed by themethylation ofC5 position of cytosine residues resulting

in the formation of 5-methylcytosine (Holliday and Pugh 1975). CpG islands, that are

DNA regions of more than 500 bp with GC content greater than 55%, were shown to

be located within the promoter regions of about 40% of mammalian genes. Their

methylation maintained by a number of DNA methyltransferases (DNMTs) causes

stable heritable transcriptional silencing (Takai and Jones 2002). The molecular

mechanism of 5-aza-C and 5-aza-dC action most probably relies on their permanent

covalent binding to methylases which depletes enzyme pool and prevents correct

DNAmethylation (Jones and Taylor 1980; Juttermann et al. 1994). Such change in the

methylation pattern may impact at the embryonic development since changes in the

expression of various genes decide about cell fate (Constantinides et al. 1978; Taylor

and Jones 1982; Konieczny and Emerson 1984; Li et al. 1992; Okano et al. 1999).

The cytotoxicity of 5-aza-dC is tenfold stronger than this of 5-aza-C

(Constantinides et al. 1978; Wakitani et al. 2003), although the cytotoxic effect of

both factors depends also on the sensitivity of treated cells. For example, incubation

of 10 T1/2 fibroblasts with 1 mM solution of 5-aza-C resulted in the survival of only

10% of cells (Constantinides et al. 1978). Under the same culture conditions over

20% of MSCs survived (Wakitani et al. 2003). Cytotoxicity of azacytidine

analogues seems to be only partially connected with hypomethylation mechanism.

In fact, decreased levels of methylating enzymes make cells more resistant to

azacytidine analogues (Juttermann et al. 1994). Thus, trapped methylases that act

as protein adducts to DNA strand may be the main reason for cytotoxic effect.

Indeed, firm position of methylases causes replication fork to collapse, resulting in

the formation of DNA double strand breaks (Michel et al. 2001; McGlynn and

Lloyd 2002) and eventually in the induction of apoptosis (Kiziltepe et al. 2007).

5-azacytidine and 5-aza-20-deoxycytidine were first used to induce myogenic

differentiation in the 70s of XX century. The 24 h culture of mouse fibroblasts in the

medium containing various concentrations of 5-aza-C or 5-aza-dC (from 0.03 mM
of 5-aza-dC to 10 mM of 5-aza-C) resulted in the formation of multinucleated,

contracting myotubes (Constantinides et al. 1977, 1978; Taylor and Jones 1979).

Detailed analysis of these cells revealed that increasing amount of azacytidine

analogues induced the formation of more multinucleated myotubes, although due

to 5-aza-C or 5-aza-dC toxicity only few of them survived (Constantinides et al.

1977, 1978; Taylor and Jones 1979). Following studies, in that MSCs isolated from

rat bone marrow were treated with 5-aza-C or 5-aza-dC, resulted in the low rate of

myogenic differentiation, i.e., none or few myotubes were observed. In fact,

myotubes were found only when MSCs were cultured in the medium containing

high concentrations, i.e., 1 mM of 5-aza-C; however, only 20% of cultured cells

survived (Wakitani et al. 1995). De Coppi and coworkers tested human amniotic
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fluid stem cells (AFSCs) expressing c-kit, and showed that these cells, treated with

3 mM of 5-aza-dC and then cultured in the presence of HS and chicken embryo

extract initiated the expression of muscle specific factors, such as MRF4, MYOD,
and DESMIN. Similar data were obtained using mouse AFSCs (De Coppi et al.

2007). However, Bossolasco and coworkers were not able to induce myogenic

differentiation of cells isolated from human amniotic fluid using the same concen-

tration of 5-aza-dC in medium containing also FCS, EGF, and PDGF-BB

(Bossolasco et al. 2006). Observed differences most probably resulted from the

different culture conditions and experimental design applied in both studies, and

also from the fact that De Coppi and coworkers analyzed c-kit expressing cells only,

while Bossolasco and coworkers studied the whole population of cells isolated from

amniotic fluid (Bossolasco et al. 2006; De Coppi et al. 2007).

Except that azacytidine analogues change the DNA methylation status they can

also impact at the stem cells differentiation via different mechanism. In the case of

ESCs and iPSCs efficient differentiation occurs when pluripotency factors such as

Oct4 or Nanog are downregulated. Degradation of these factors is driven by

caspases 3 and 7 which are activated in the response to double strand breaks caused

by the azacytidine analogues (Musch et al. 2010). Since Oct4 negatively regulates

the expression of MyoD gene (Watanabe et al. 2011) its degradation leads to the

expression of MyoD [reviewed in Ciemerych et al. (2011)]. Thus, the use of

azacytidine analogues may enhance myogenic differentiation by lowering the

expression of pluripotency markers. For this reason application of 5-aza-C or

5-aza-dC in the experiments in that ESCs or iPSCs differentiate within EBs could

be considered to facilitate myogenic differentiation. However, Tian and coworkers

claimed that this approach does not result in myogenic differentiation of pluripotent

cells (Tian et al. 2008). This stays in contradiction with results of Zheng and

coworkers who showed that treatment of human ESCs with 10 mM 5-aza-C

resulted in the changes of both cell morphology and gene expression. Four weeks

after 5-aza-C treatment about 50% of cells were elongated and synthesized such

myogenic factors as Pax7 and MyoD. However, these cells did not synthesize

Myf5, Desmin, Dystrophin, MyHC, Troponin I, M-cadherin, or NCAM, and

never formed myotubes or myofibers (Zheng et al. 2006). Thus, their myogenic

differentiation was not completed.

Although knowledge concerning myogenic differentiation of pluripotent stem

cells is accumulating, presented results of in vitro studies indicate that this process

is far more complex and difficult to reproduce in vitro than expected. It also has to

be remembered that full recognition of properties of obtained cells is possible only

if the proper in vivo studies are performed. Only under such condition issues such as

integration and functionality of cells transplanted into muscle as well as their

tumorigeneity and immunogeneity can be addressed.
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18.4 Studies on Myogenic Potential of Pluripotent Stem Cells In

Vivo

18.4.1 Pluripotent Stem Cells and Regeneration of Skeletal
Muscle

The first experiments testing the myogenic potential of pluripotent cells in vivo

were conducted by Bhagavati and Xu (2005). Mouse ESCs expressing GFP were

first propagated as EBs (for 1–5 days) and then co-cultured for another 4 days with

cells isolated from skeletal muscle of mdx (murine X-linked dystrophy) mice,

which lack dystrophin, i.e., one of the structural protein necessary for proper

function of skeletal muscle (Sicinski et al. 1989). Mixture of 5–10 � 104

co-cultured cells was transplanted into muscle of mdx mice, and 2 weeks later

both dystrophin and GFP were detected within injected muscle. However, it should

be noted that GFP-positive fibers were detected in the muscles of only 2 out of

8 analyzed mice, and one of these mice had as few as 30 of such fibers (Bhagavati

and Xu 2005). Interestingly, no dystrophin-positive fibers were detected when EBs

were co-cultured with C2C12 myoblasts, suggesting that they can release different

signals that primary myoblasts isolated directly from the muscle. Myogenic poten-

tial of pluripotent stem cells in vivo was also investigated by other research groups.

Both undifferentiated (Tian et al. 2008) and induced to differentiate mouse ESCs

(e.g., Kamochi et al. 2006; Chang et al. 2009) were transplanted into skeletal

muscles. In other studies participation of differentiating human ESCs was exam-

ined in the regeneration of skeletal muscle (Zheng et al. 2006; Barberi et al. 2007).

Not all of these experiments addressed, however, such crucial issues as the survival

rate of transplanted cells or their ability to proliferate and migrate within the

muscle. Moreover, successful cell therapy for dysfunctional muscles requires

both efficient contribution of transplanted cells to myofibers formation and to the

population of SCs. Barberi and coworkers showed that ESC-derived cells, selected

on the basis of CD73 and NCAM expression, were able to express markers of

SCs – M-cadherin, syndecan-4, and CD34. However, after their transplantation into

skeletal muscle none of these cells were detected in the niche of SCs [(Barberi et al.

2007), Fig. 18.3]. In other studies cells obtained from ESCs pretreated with EGF,

ITS, and FCS, or from ESCs overexpressing Pax3 or Pax7 were shown to synthe-

size markers of SCs and to occupy their position when introduced into muscle

(Darabi et al. 2008). However, in all of these studies such cells accounted for only

few percent of all cells localized within SC niche (Fig. 18.3), what is much below

the threshold (20–30%) that gives a chance to obtain therapeutic effect [see Phelps

et al. (1995), Wells et al. (1995) and discussion in Chan et al. (2007)].

The influence of transplanted pluripotent cells or their progeny on the muscle

weight, strength, or fatigue resistance was shown only in few studies so far

(Fig. 18.3). In mice, recovery of motor function as well as improvement of

contractile properties of muscles was observed one month after transplantation of
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cells derived from ESCs overexpressing either IGF2 (Kamochi et al. 2006), Pax3
(Darabi et al. 2008), or Pax7 (Darabi et al. 2011b). However, use of genetically

modified cells, as it was mentioned in the previous chapters, limits clinical transla-

tion of proposed protocols. It should be also realized that in many of the described

studies pluripotent cells or their progeny were transplanted to immunodeficient

animals what diminished the risk of their rejection (Barberi et al. 2007; Darabi et al.

2008; Sakurai et al. 2008, Fig. 18.3). Although such approach allows transplanting

cells regardless their immunological profile, it is distant from clinical practice

during which allogeneic transplantations prevail. For many years ESCs were

considered to be immunologically privileged as they express low levels of MHC I

and lack MHC II (Drukker et al. 2002; Li et al. 2004). However, recently it became

clear that it is not the case. First, undifferentiated ESCs were shown to be removed

by NK cells that recognize and kill cells expressing low level of MHC I (Ma et al.

2010). Second, expression of MHC I increases during differentiation of ESCs, and

thus, leads to the development of immune response of allogeneic host (Swijnenburg

et al. 2005; Nussbaum et al. 2007). Our own results indicate that transplantation of

undifferentiated mouse ESCs into injured mouse skeletal muscle increase inflam-

matory response, and in consequence perturbs regeneration (Archacka et al.

unpublished data). Administration of immunosuppressive agent, Tacrolimus®,

increased the number of surviving cells. However, such treatment led to further

impairment of regeneration as this drug inhibits calcineurin/NFAT pathway that is

crucial for proper fusion and formation of right-sized myotubes and myofibers

(Horsley and Pavlath 2004). Therefore, in both cases introduction of undifferenti-

ated ESCs into injured muscle of allogeneic host led to extensive fibrosis and

impaired muscle regeneration (Archacka et al. in preparation).

Application of myogenic cells derived from genetically matched iPSCs could

solve the problem of immunological mismatch between donor and host. Two

reports addressed the issue of myogenic potential of iPSCs so far. Mizuno and

coworkers showed that mouse iPSCs cultured as EBs and then plated on Matrigel-

coated dishes start to express myogenic markers such as Pax3, Pax7, and MRFs

(Mizuno et al. 2010). After 27 days of culture nearly 50% of iPSC-derived cells

synthesized protein recognized by SM/C-2.6 antibody (Fukada et al. 2004; Mizuno

et al. 2010). Subpopulation of these cells also synthesized M-cadherin, CD34, and

integrin a7, characteristic for SCs, and underwent final myogenic differentiation,

forming myotubes in vitro. However, when transplanted into injured muscle of mdx
mice SM/C-2.6-positive cells engrafted as little as 1% of all fibers [(Mizuno et al.

2010); Fig. 18.3]. Much higher efficiency of muscle engraftment was reported by

Darabi and coworkers who obtained myogenic precursors from mouse iPSCs that

overexpressed Pax7 transcription factor (Darabi et al. 2011a). When introduced

into dystrophic muscle iPSC-derived cells contributed to formation of 15–20% of

all fibers, leading to the functional improvement of injected muscles (Fig. 18.3).

Transplanted cells were also found in the SC niche, but the frequency of such events

was not determined (Darabi et al. 2011a). Although these results are promising,

both low efficiency of iPSC derivation technique and lack of efficient, nongenetic

method of their myogenic differentiation, do not allow considering this solution as
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“therapeutically” realistic, so far. However, it cannot be excluded that due to the

rapid advances in iPSC technology as well as the progressive comprehension of

mechanisms regulating myogenic differentiation it will happen one day.

Last but not least, a great attention must be paid to the precise selection of

differentiated cells derived from pluripotent cells from the cells that are not fully

committed to myogenic lineage. Transplantation of such cells may lead to the

formation of teratomas as it was shown in the experiments during which undifferen-

tiated or partially differentiated ESCs were introduced into immunodeficient or

immunosuppressed mice (Darabi et al. 2008; Tian et al. 2008). On the other hand,

the transplantation of properly selected, differentiated cells seems to be safe as no

teratomas were detected within mice injected systemically or locally with such

myogenic precursors (Kamochi et al. 2006; Barberi et al. 2007; Darabi et al. 2008,

2011a, b). As it was mentioned earlier, teratomas development is considered as a

serious risk associated with the transplantation of ESC- or iPSC-derived cells that are

not sufficiently differentiated. On the other hand, detailed studies on teratoma

formation could be beneficial for deciphering processes that drive myogenic differ-

entiation. Thus, apart from its role as a valid and commonly used test of the

pluripotency, teratomas are valuable, but still underestimatedmodel for investigating

formation of skeletal muscle in vivo.

18.4.2 Myogenic Differentiation of Pluripotent Stem Cells During
Teratoma Formation

Although chimera formation is the most stringent in vivo test for pluripotency, it is

limited by the requirement for special equipment allowing micromanipulation of

preimplantation embryos, and more importantly, it cannot be applied to human

cells. Therefore, generation of teratomas is widely used as a valid and crucial

method for in vivo evaluation of differentiation ability of the given cell lines,

also those of human origin. The term teratoma comes from Greek word “teratos”
(monster) and reflects the composition of these structures, i.e., disordered mixture

of mature tissues and deformed organs. German pathologist, Rudolf Virchow

introduced this term in 1863 in his monograph on tumors “Die krankhaften

Geschw€ulste” (Virchow 1863). However, documented cases of human or even

mouse teratomas were certainly known much earlier. At the end of 40s and at 50s

of the past century teratomas were described as a rare mouse tumor consisting of

several decipherable embryonic tissues at various levels of differentiation (e.g.,

Fawcett 1950; Fekete and Ferrigno 1952). Results of one of the most influential

teratoma-focused studies were published by Stevens and collaborators (Stevens and

Little 1954; Stevens 1962; Stevens and Varnum 1974; reviewed in Ciemerych et al.

2009). Histological analysis showed that these ovarian teratomas originated from

spontaneously activated oocytes which begun parthenogenetic development. The

“intra-ovarian” parthenogenetic embryos developed until blastocyst stage and

during further development became disorganized and formed tumors containing
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several tissue types and also undifferentiated cells (Stevens and Varnum 1974).

Other studies documented that such teratomas can develop from preimplantation

embryos transferred into extra-uterine sites, e.g., subcutaneously or under kidney

capsule (Stevens 1968, 1970; Solter et al. 1970).

Analysis of the contribution of various tissues within teratomas involves stan-

dard histological methods, i.e., different stainings allowing identification of skeletal

muscles, epithelia, connective tissue, neurons, pigmented cells, and many other.

However, as such methods are a bit crude and in many cases do not allow to reveal

the true identity of differentiated cells and tissues, currently in situ hybridization,

immunolocalization of selected tissue-specific markers, RT-PCR, as well as West-

ern blotting are commonly used. One has also to remember that teratoma develops

within the host organism and it is possible that host cells can contribute to its

formation. Analysis performed by Gertow and coworkers, involving FISH

detecting total human genomic DNA, undoubtedly showed that mouse host cells

can contribute to some structures of teratoma developing from human ESCs. Within

the teratomas studied more than 90% of all tissues were almost exclusively human.

However, mouse cells were present mainly within blood vessel endothelium (Bloch

et al. 1997; Gertow et al. 2004).

Since the derivation of ECC and ESC teratomas became indispensable as a

“tool” allowing characterization of differentiation potential of stem cell, such as

mouse (Kleinsmith and Pierce 1964) and human ECCs (Przyborski et al. 2004);

mouse, human, and rat ESCs (Thomson et al. 1998; Cao et al. 2007; Buehr et al.

2008); mouse embryonic germ cells (Kanatsu-Shinohara et al. 2004); multipotent

adult germline stem cell (Guan et al. 2006); and finally mouse and human iPSCs

(Takahashi and Yamanaka 2006; Takahashi et al. 2007). However, it should be

remembered that progression of in vivo differentiation and variety of formed cells

and tissues may depend on various factors. Thus, among the issues that can

influence formation and composition of teratomas are (1) the type and the

characteristics, e.g., species of origin, derivation technique, culture conditions of

the pluripotent cells tested (ESCs versus iPSCs); (2) transplantation site, e.g.,

subcutaneously, under kidney capsule, into the selected organ or tissue; (3) number

of cells transplanted; (4) type of the host, i.e., syngeneic or allogeneic one.

Pluripotent cells such as ESC or iPSC lines can differ in their ability to form

teratomas. Gutierrez-Aranda and coworkers compared the efficiency of the forma-

tion, latency, and composition of teratomas resulting from seven humanESC and four

iPSC lines (Gutierrez-Aranda et al. 2010). They did not find any differences in the

histological composition of obtained teratomas. However, the rate of their formation

was 81–94% for ESCs and 100% for iPSCs. More importantly, iPSCs were more

“aggressive” in vivo and after transplantation they started to grow faster (latency was

shortened from 59 to 31 days after subcutaneous injection, and from 66 days to

31 days after intratesticular injection) than human ESCs analyzed (Gutierrez-Aranda

et al. 2010). Interestingly, meta-analysis comparing gene expression patterns in

various human ESCs and iPSCs generated in several laboratories documented certain

differences that can cause differences in cells potency to differentiate into various

tissues, also within the teratomas (Newman and Cooper 2010).
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Except the strain of mice used, also the site of transplantation affects cell growth

and differentiation. Among the most “popular” transplantation sites are intracapsular

space of the kidney (Heins et al. 2004), testis subcapsular compartment (Sundstrom

et al. 1999; Gertow et al. 2004; Mikkola et al. 2006; Valbuena et al. 2006), and

subcutaneous transplantation (Martin 1981; Cao et al. 2007). Moreover, pluripotent

cells injected into the heart muscle (Nussbaum et al. 2007), liver (Cooke et al. 2006),

or skeletal muscle (Thompson et al. 1998; Lee et al. 2009) also resulted in the

development of teratomas. However, depending on the tissue in that they were

localized their growth and composition differed. For example, ECCs or ESCs

transplanted into the liver produced large tumors containing predominantly

differentiated tissues and immature cells expressing pluripotent cells marker

SSEA3 (Cooke et al. 2006). Tumors obtained from cells transplanted subcutaneously

were five to eight times smaller even if they were allowed to grow much longer than

the ones developing in the liver, but contained well-differentiated tissues (Cooke

et al. 2006). The site of the transplantation was also shown to impact at the frequency

of teratoma formation. Subcutaneous transplantations of human ESCs into NOD/

SCID mice gave variable results, i.e., tumors were formed in 25–100% of cases.

Moreover, injections of these cells under the kidney capsule resulted in 100% success

rate, while intratesticular in 60%, and intramuscular in only 12.5% (Prokhorova et al.

2009). The rate of subcutaneous teratoma formation increased to 80–100% when

human ESCs were transplanted together with Matrigel (Prokhorova et al. 2009). The

differentiation of ESCs within teratomas can also be determined by the site of the

injection. Introduced into the knee joint mouse ESCs preferably form cartilage

(Wakitani et al. 2003), transplanted into heart form cardiomyocytes, however, with

low frequency (Singla et al. 2006; Cao et al. 2007). The efficiency of teratoma

formation can also be influenced by the number of transplanted cells. Even as few

as only two or ten cells can initiate teratoma formation if transplanted with the

additional support of other nondividing or non-neoplastic cells and Matrigel

(Lawrenz et al. 2004; Cao et al. 2007). However, the efficiency of the procedure is

much lower when only few cells are transplanted (Lawrenz et al. 2004). Despite the

fact that there is no evidence that the number of transplanted cells has any effect on

the differentiation processes in teratomas, in most studies 103–106 cells is needed to

ensure teratoma formation.

Among the factors that may influence in vivo differentiation of tested cells is

immunological mismatch between donor and host. Initially, formation of teratomas

was induced after the transplantation of tested cells into syngeneicmice (e.g., Jackson

and Brues 1941; Kleinsmith and Pierce 1964). Mouse ESCs injected into the both:

allogeneic and syngeneic mice were shown to form teratomas. However, in alloge-

neic mice these teratomas can be almost completely annihilated due to immune

reaction (Swijnenburg et al. 2005, 2008). For example, teratomas formed from

mouse D3 ESCs (derived from 129/Sv mice) transplanted into the skeletal muscles

of BALB/c mice were shown to be infiltrated by host CD45+ inflammatory cells and

to gradually decrease in size (Swijnenburg et al. 2008). Currently, SCID or nude

mice, that accept xenogeneic transplants, are the “first of choice” in pluripotency

analysis of human cells and teratoma formation assays (e.g., Tveit et al. 1980; Wirth

et al. 1983; Oakley et al. 1993).
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As mentioned before, except the general analyses testing the pluripotency of

ESCs, iPSCs, or other cells, formation of the teratomas may be used in the studies

focusing at the differentiation of only one tissue, such as skeletal muscle. The

presence of skeletal muscle tissues within the teratomas was reported in multiple

reports analyzing pluripotency of ESCs or iPSCs. However, only few of the projects

were using teratomas to study skeletal muscle formation in detail. One of such studies

analyzing myogenic differentiation within testicular teratomas was reported in 1990

(Muntener et al. 1990). In their study, Muntener and coworkers investigated the

relationship between nervous and muscular tissues in teratomas of 129/Sv mice. In

such tumor skeletalmuscle tissuewas present and restricted to one-third of its volume

in approximately half of the teratomas. In contrast, nervous tissue was dispersed over

the entire tumor. The authors also reported their unpublished data documenting that

parts of this testicular teratomas were able to contract. Striated muscle fibers in the

teratomas were arranged in bundles of variable size and contained up to 400 fibers. In

most cases these fibers were parallel and uniform in type of myofibrillar ATPase

activity, suggesting that they were composed of only one fiber type. However,

myofibers varied in the reaction for cytochrome c oxidase activity in given fiber

bundle, being generally higher in the small myofibers what suggests existence of

metabolically different fiber types, characteristic for normal adult muscles. Sarco-

plasmic activity of acetylcholinesterase (AChE) was uniformly very low. M€untener
and coworkers also reported that probably each muscle fiber contained one endplate.

In the teratoma sections stained for AChE andmotor nerve terminals, neuromuscular

contacts were visible (Muntener et al. 1990). Thus, in mouse teratomas, development

and innervation of themuscle fibers largelymimics normal developmental processes,

although fiber type differentiation remains partially incomplete.

Teratomas can also serve as easily available assay allowing the in vivo testing of

differentiation potency of pluripotent cells carrying various mutations or disease-

specific iPSCs. Studies, involving generation of iPSCs from patients suffering from

various genetic diseases, were initiated as early as in 2008 (Park et al. 2008). Among

the first patient-specific iPSCs generated were cells from those suffering from

Duchenne’s and Becker’s muscular dystrophies (Park et al. 2008). Teratomas were

used to analyze the differentiation potency of iPSCs derived frommdxmice in which

themutation in dystrophin genewas annihilated by the introduction of human artificial

chromosome carrying functional gene (Kazuki et al. 2010). This systemwas also used

to prove that iPSCs derived frommesangioblasts, i.e., muscle-derived cells associated

with blood vessels, are more prone to differentiate into skeletal muscle tissue than into

other types of cells (Quattrocelli et al. 2011). In teratomas formed from such iPSCs

striated muscle tissue accounted for up to 70% of tumor mass.

18.5 Concluding Remarks

Techniques promoting the differentiation of pluripotent stem cells give the oppor-

tunity of creating the precursor cells that can be transplanted into damaged or

dysfunctional tissues or organs. However, in order to apply such methods in the
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clinics mechanisms governing differentiation impacting at the quality of obtained

cells have to be understood. Despite the vast knowledge that has been accumulated

since the first ESC lines were derived we still fail to efficiently reproduce the

environment necessary to produce many functional cells, including skeletal

myoblasts. However, rapid progress in uncovering mechanisms regulating both

pluripotency and differentiation of cells gives a chance to reach this aim, eventually.
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Chapter 19

Stem Cells and Corneal Epithelial Maintenance:

Insights from the Mouse and Other Animal

Models

Richard L. Mort, Panagiotis Douvaras, Steven D. Morley, Natalie Dorà,

Robert E. Hill, J. Martin Collinson, and John D. West

Abstract Maintenance of the corneal epithelium is essential for vision and is a

dynamic process incorporating constant cell production, movement and loss.

Although cell-based therapies involving the transplantation of putative stem cells

are well advanced for the treatment of human corneal defects, the scientific under-

standing of these interventions is poor. No definitive marker that discriminates stem

cells that maintain the corneal epithelium from the surrounding tissue has been

discovered and the identity of these elusive cells is, therefore, hotly debated.

The key elements of corneal epithelial maintenance have long been recognised

but it is still not known how this dynamic balance is co-ordinated during normal

homeostasis to ensure the corneal epithelium is maintained at a uniform thickness.

Most indirect experimental evidence supports the limbal epithelial stem cell

(LESC) hypothesis, which proposes that the adult corneal epithelium is maintained

by stem cells located in the limbus at the corneal periphery. However, this has been

challenged recently by the corneal epithelial stem cell (CESC) hypothesis, which
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proposes that during normal homeostasis the mouse corneal epithelium is

maintained by stem cells located throughout the basal corneal epithelium with

LESCs only contributing during wound healing. In this chapter we review experi-

mental studies, mostly based on animal work, that provide insights into how stem

cells maintain the normal corneal epithelium and consider the merits of the alterna-

tive LESC and CESC hypotheses. Finally, we highlight some recent research on

other stem cell systems and consider how this could influence future research

directions for identifying the stem cells that maintain the corneal epithelium.

19.1 Introduction

19.1.1 Introduction to the Cornea

The transparent adult cornea has rightly been called our window on the world. Its

unique properties allow it to maintain transparency, refract light and form a

protective, impermeable barrier. The cornea comprises an outer squamous, non-

keratinised epithelium of keratinocytes, which is about 5–6 cells thick, a thick

stroma of flattened keratocytes embedded in collagen and the corneal endothelium,

comprising a single inner cell layer (Fig. 19.1). In addition, an acellular, collage-

nous basement membrane (Descemet’s membrane) separates the corneal stroma

and endothelium, and in humans and other primates there is also a distinct acellular

Bowman’s layer (anterior limiting lamina) between the stroma and corneal epithe-

lium. This is rudimentary and indistinct in mice but visible by electron microscopy

(Haustein 1983). The cornea is avascular and absorbs oxygen and nutrients from the

tear film and aqueous humour but it is innervated and the nerves provide additional

trophic support. Mouse corneal anatomy is described in detail in Smith et al. (2002).

The corneal epithelium develops from the head surface ectoderm and both the

stromal keratocytes and corneal endothelium are produced by mesenchyme

(Haustein 1983), which in mice is derived predominantly from neural crest cells

with an additional contribution from cranial mesoderm (Gage et al. 2005). During

development, nerves grow into the stroma from the limbus and form a nerve plexus

beneath the epithelium which projects fine nerves through the epithelium to the

ocular surface (McKenna and Lwigale 2011).

The corneal epithelium has more cell layers than the neighbouring conjunctival

epithelium, which is distinguished by the presence of goblet cells and blood vessels,

both of which are incompatible with transparency and absent from the corneal

epithelium (Smith et al. 2002). Mitosis is restricted to the basal layer in both the

corneal and conjunctival epithelia. The basal corneal epithelial cells are cuboidal

while the suprabasal cells are progressively more flattened towards the anterior.

These comprise 2–3 layers of polyhedral ‘wing cells’ and 1–3 layers of superficial

squamous cells with flattened nuclei (Fig. 19.1), which are held together by tight

junctions to form an effective barrier. Corneal epithelial cells are continuously
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Fig. 19.1 Mouse cornea and limbus. (a) Montage of mouse cornea. (b) Whole eye used to

produce montage shown in (a). (c) Peripheral cornea, limbus and part of the conjunctiva.
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being shed (desquamated) from the superficial layer and replenished, yet the tissue

maintains a uniform structure and thickness, so transparency is not compromised.

In the adult, neither the corneal stromal nor endothelial cells divide unless

injured; endothelial cells are arrested in G1 and show contact inhibition (Joyce

2003) whereas stromal keratocytes exit the cell cycle around the time the eyes open

in mice, at postnatal days (P) 12–14, and remain quiescent in G0 (Zieske 2004;

Zieske et al. 2004). The corneal endothelium consists of a single layer of cells that is

critical for maintaining correct hydration of the corneal stroma via metabolic pumps

that actively transport fluid out of the stroma and into the anterior chamber. The

corneal stroma is less hydrated than the neighbouring sclera and if the cornea

becomes too hydrated it swells and becomes opaque.

Laterally, the corneal stroma merges with the sclera and forms a region known as

the limbus at the corneoscleral junction. The limbus is less pronounced in mouse

than humans but it forms a morphological ‘dent’ in the mouse ocular surface that is

not always apparent in histological sections. The epithelial layer of the limbus

forms a transition zone between the corneal epithelium and the conjunctival

epithelium. The mouse corneo-limbal epithelial boundary can be identified by

immunostaining for keratin 15 (K15) or K19, which are both present in the

conjunctiva and limbus but not the cornea, or immunostaining for K12, which is

specific for the corneal epithelium (Fig. 19.1e,f). The corneal epithelium is thinner

at the periphery and, unlike the human, the mouse limbal epithelium is also thin.

According to the conventional limbal epithelial stem cell (LESC) hypothesis

(Schermer et al. 1986; Cotsarelis et al. 1989), some basal limbal epithelial cells

are stem cells that maintain the corneal epithelium (see Sect. 19.3). There is some

evidence that there may also be separate populations of stem cells for the stromal

keratocytes (Du et al. 2005; Funderburgh et al. 2005) and endothelium (McGowan

et al. 2007) that reside in or close to the limbal region (but below the epithelial

layer).

Fig. 19.1 (continued) (d) Higher magnification of the limbal region shown in (c). (e) Peripheral

cornea, limbus and part of the conjunctiva immunostained for keratin 12 (K12; dark staining) to
show the border between the corneal epithelium (K12 positive) and limbal epithelium (K12

negative). (f) Higher magnification of dark K12 immunostaining shown in (e) to demonstrate

border between corneal and limbal epithelia. (g) Central cornea showing corneal epithelium,

stroma and endothelium. (h–k) Confocal images of corneal epithelium from tau-GFP transgenic

mouse (TgTP6.3; Pratt et al. 2000) showing optical sections of different epithelial layers, as

indicated in (g), from flattened squamous cells in the superficial layer at the corneal surface (h) to

intermediate ‘wing cells’ in the suprabasal layers and compact basal epithelial cells (k). Scale
bars: (a, b) 200 mm; (c–f), 50 mm; (g), 20 mm. Abbreviation in (c): cj conjunctiva
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19.1.2 Scope of This Review

The focus of this review is how adult stem cells maintain a healthy cornea. Mainte-

nance involves a balance of cell production, movement and loss, orchestrated by

stem cells. The conventional LESC hypothesis has recently been challenged. The

alternative view proposes that stem cells scattered throughout the mouse corneal

epithelium are responsible for homeostatic maintenance of the tissue and that LESCs

are only active during wound healing (Majo et al. 2008). Although human limbal

epithelium is used successfully as a source of stem cells for treating human corneal

epithelial conditions that are thought to involve a stem cell deficiency (Rama et al.

2010), this does not prove that limbal epithelial cells maintain the cornea during

normal homeostasis. Such controversies highlight the difficulty in defining a stem

cell niche; however, this is a matter crucial to understanding the basis of corneal

stem cell biology. The availability of genetic and transgenic resources makes the

mouse the experimental animal of choice for many investigations of the cornea.

Mousemodels of human corneal abnormalities provide insights intomany aspects of

normal and abnormal corneal epithelial maintenance. The aim of this review,

therefore, is to discuss our present understanding of the basic cell biology of stem

cells that maintain the corneal epithelium, to focus on the mouse to examine its

contribution and to discuss its relevance as an effective model for human corneal

epithelial maintenance.

19.2 Maintenance of Stratified Squamous Epithelia

by Adult Stem Cells

Adult stratified squamous epithelia are composed of layers of flattened epithelial

cells lying on top of a basement membrane and are often found in tissues that are

subjected to constant abrasive forces such as the skin, the oral mucosa and the

corneal epithelium. These tissues are highly dynamic; cells are constantly lost

from the tissue surface and therefore must be replaced in order to maintain a

constant cellular mass. Their inherent self-renewing capacity is driven by an adult

stem cell (SC) population that resides in the basal layer of the epithelium. SCs

divide to produce transient (or transit) amplifying cells (TACs) that proliferate in

the basal layer before differentiating, moving through the suprabasal layers to the

outer stratified layers and finally being shed from the tissue surface (Kruse 1994;

Ren and Wilson 1996). Although, overall, net asymmetric division is required to

maintain the SC pool and produce TACs, in some systems SCs need not always

divide asymmetrically but may also divide symmetrically to produce two TACs

or two SCs, providing a stochastic mechanism whereby some SC lineages expand

and others are lost (Nakagawa et al. 2007; Snippert et al. 2010; Lopez-Garcia

et al. 2010; Klein and Simons 2011). The adult stem cells that maintain these

epithelia divide relatively infrequently; however, they have the potential to divide
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indefinitely (Braun and Watt 2004). Identification of the stem cells has, therefore,

exploited these features using incorporation of tritiated thymidine (3H-TdR) or

the thymidine analogue bromodeoxyuridine (BrdU) into the DNA of dividing

cells during S-phase of the cell cycle (Potten and Loeffler 1990). Although the

stem cells divide infrequently they can be labelled by prolonged exposure and the

label is retained over time but lost from the more rapidly dividing daughter cells.

However, these traditional label-retaining methods may preferentially identify

a subset of functional stem cells. For example, SCs may alternate between active

and quiescent periods or separate populations of active and quiescent SC pop-

ulations may exist (see Sect. 19.8). The more quiescent SCs, though less likely to

incorporate label during the period of exposure, are more likely to retain that

label during the chase period (Li and Clevers 2010). The use of this approach to

identify stem cells that maintain the corneal epithelium is discussed in

Sect. 19.3.2. In addition to cell production by stem cells and proliferation of

TACs, the mechanism of corneal epithelial maintenance involves centripetal

migration of cells from the periphery (as discussed in Sect. 19.4.2).

Label-retaining stem cells in the mouse epidermis have also been identified by

an elegant transgenic system whereby chromatin is labelled with GFP when a

transgene producing a histone-2B (H2B)-GFP fusion protein is expressed early in

development and then switched off for the chase period via a Tet-Off switch,

activated by continuous doxycycline treatment (Tumbar et al. 2004). This GFP

label-retaining cell approach is more powerful and easier to interpret than the

conventional BrdU label-retaining cell method because (1) all the potential stem

cells can be labelled with H2B-GFP before the chase period, (2) live H2B-GFP-

positive cells can be FACS sorted and used for transcriptional profiling, (3) H2B-

GFP labelling can be restricted to specific tissues, so simplifying analysis of

label-retaining cells. It is likely that this and similar transgenic approaches will

be used to identify putative stem cells as GFP label-retaining cells in other tissues,

including the ocular surface.

19.3 Stem Cells That Maintain the Corneal Epithelium

19.3.1 The Limbal Epithelial Stem Cell Hypothesis

The burden of evidence (discussed in Sect. 19.3.2) suggests that during adult

corneal epithelial homeostasis cell production depends on a population of adult

stem cells at the periphery of the cornea. These are known as LESCs because they

are thought to reside in the basal layer of the limbal epithelium (limbus) at the

corneoscleral junction (Schermer et al. 1986; Cotsarelis et al. 1989; Lehrer et al.

1998; Li et al. 2007); Fig. 19.1. LESCs cycle slowly unless stimulated to proliferate

by corneal insult. Daughter TACs move into the corneal epithelium, where they

undergo several further rounds of division to maintain the epithelium, move
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centripetally and leave the basal layer of the epithelium at variable times as pairs of

cells (Beebe and Masters 1996). TAC populations near the periphery have a greater

replicative potential than their more centrally located counterparts (Lehrer et al.

1998). Once in the suprabasal layers, the cells differentiate, become post-mitotic,

move vertically to the superficial layer and are subsequently lost by desquamation

at the corneal surface. In order to maintain a uniform corneal epithelial thickness,

some TACs must leave the basal layer at the periphery of the cornea and others

must move on towards the centre, but it is not known how this process is regulated.

19.3.2 Indirect Evidence That Stem Cells in the Limbus
Maintain the Corneal Epithelium

The hypothesis that the corneal epithelium is maintained by SCs in the limbus was

proposed by Schermer et al. (1986), based on the conclusion that the basal limbal

epithelium was less differentiated than the suprabasal limbal epithelium and both

basal and suprabasal corneal epithelia in the rabbit. More recent studies also

indicate that basal limbal epithelial cells are morphologically distinct from basal

corneal epithelial cells, being smaller and euchromatin-rich with a high nucleus to

cytoplasm ratio (Romano et al. 2003; Chen et al. 2004). These are properties that

are believed to be typical of stem cells in a variety of tissues (Barrandon and Green

1985; Tani et al. 2000; Gaspar-Maia et al. 2009). Evidence that cells move

centripetally from the limbal region was also emerging at the time that the LESC

hypothesis was proposed (Kinoshita et al. 1981; Buck 1985) and this was confirmed

later (see Sect. 19.4.2).

Subsequent label retaining experiments in the mouse identified a population of

putative stem cells in the basal layer of the limbal epithelium (Cotsarelis et al. 1989;

Lehrer et al. 1998). The early label retaining studies relied on wounding of the

central cornea in order to stimulate LESCs to divide during an initial pulse of

tritiated thymidine (3H-TdR) label. Such methods may not recapitulate the

unwounded homeostatic mechanisms accurately (Cotsarelis et al. 1989). However,

the results were confirmed using BrdU perfusion by osmotic minipump, which

avoided the need for wounding because of the much-increased length of the pulse

period (Lehrer et al. 1998).

SCs may divide infrequently in vivo but their proliferative potential can be

unmasked by culturing them in vitro. Barrandon andGreen classified human epidermal

cultures as holoclones, paraclones or meroclones, depending on their proliferation

characteristics and the morphology of the colonies produced (Barrandon and Green

1987). Holoclones have the greatest proliferative potential and are thought to

be produced from SCs. Paraclones form abortive colonies and are believed to consist

mainly of terminally differentiated cells. Meroclones constitute a transitional class and

are cultures formed by cells with limited growth potential, now thought to be TACs.

Pellegrini et al. (1999) showed that cells cultured from human limbal tissue, but
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not central or paracentral corneal tissue, were able to produce holoclones, suggesting

that stem cells are found in the human limbus but not in the cornea itself. As discussed

in Sect. 19.8, care must be taken in the interpretation of ex vivo culture experiments,

as it is possible to unmask proliferative potential that is not relevant to normal

homeostasis.

Clinical data also suggest that the limbus contains a population of stem cells. If

the corneal epithelium is completely destroyed along with the limbal zone,

a situation that occurs in patients with chemical burns, standard cornea replacement

is ineffective but transplantation of small pieces of healthy, human limbal epithelial

tissue can reconstitute the entire corneal epithelium (Kenyon and Tseng 1989;

Tseng 1989). However, grafts that include both limbal and corneal tissue seem to

be more successful than limbal grafts alone and treatment with cultured limbal cells

is also proving effective (Rama et al. 2010; Shortt et al. 2011).

19.3.3 The Quest for Markers of LESCs

Table 19.1 summarises a selection of the most promising positive and negative

markers of the various human limbal/corneal epithelial compartments. Although

a number of markers are specifically enriched in the basal limbal epithelium no

single marker has been unambiguously confirmed as LESC specific. The most

promising combination of markers currently appears to be a C/EBPd-positive,
Bmi1-positive, DNp63a-positive population identified in the human peripheral

limbus (Barbaro et al. 2007).

The markers outlined in Table 19.1 are indicative of a tissue hierarchy that is

initiated in the basal limbus and terminated in the suprabasal cornea, further

supporting the LESC hypothesis. Markers of basal limbus are associated with

SC-like properties including quiescence (C/EBPd), self-renewal and proliferation

(Bmi1 and DNp63a) and cell adhesion (N-cadherin and integrin a9) whereas

markers of suprabasal cornea appear more associated with terminal differentiation

(keratin 3/12, connexin 43). Five of the most promising and widely cited markers of

LESCs/TACs are discussed in further detail below.

19.3.3.1 DNp63a

The p63 transcription factor has been identified as a marker of the most proliferative

basal cells in the skin (Yang et al. 1998) and is required for the development of all

stratified epithelia. Homozygous p63 null mouse embryos die postnatally and have

severe limb defects and lack development of epidermal tissues (Mills et al. 1999).

Six isoforms are generated from the p63 gene. Three isoforms (p63a, b and g),
having transactivating activity, are transcribed from the upstream promoter and have

distinct C termini, whilst the three DN isoforms which lack the N-terminal coding

exons are transcribed from a downstream intronic promoter (Parsa et al. 1999;
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Yang andMcKeon 2000). Di Iorio et al. (2005) showed thatDNp63a is present in the
human basal limbal epithelium and that DNp63g may be expressed at low levels in

superficial cornea and limbus. Neither DNp63a nor DNp63b is present in resting

(non-wounded) human corneas but all threeDNp63 isoforms are expressed widely in

Table 19.1 Markers of human corneal and limbal epithelial compartments

Marker

LESCsa TACs Differentiated

Function ReferencesbLE bCE sLE sCE

Positive limbal epithelial markers

Bmi1 Yes

(rLESC)

SC self-renewal Barbaro et al. (2007)

C/EBPd Yes

(rLESC)

Cell-cycle arrest Barbaro et al. (2007)

DNp63 Yes b Proliferation Pellegrini et al. (2001)

DNp63a Yes Proliferation Di Iorio et al. 2005

ABCG2 Yes Cell-surface

transport

Chen et al. (2004)

Integrin a9 Yes ECM binding Chen et al. (2004)

N-cadherin Yes Cell adhesion Hayashi et al. (2007)

Nonspecific markers

GDNF Yes Yes Cell survival Qi et al. (2008)

GFR a1 Yes Yes Cell survival Qi et al. (2008)

Keratin 15 Yes Yes Structural Yoshida et al. (2006)

Keratin 5/

Keratin 14

Yes Yes Structural Schlotzer-Schrehardt

and Kruse (2005)

Nestin Yes Yes Intermediate

filaments

Chen et al. (2004)

a-enolase Yes Yes Yes Yes Metabolic

enzyme

Zieske et al. (1992)

Negative limbal epithelial markers

NGF receptor

(p75NTR)

Yes Yes Yes Survival/

differentiation

Chen et al. (2004)

Involucrin Yes Yes Yes Structural Chen et al. (2004)

Keratin 3/

Keratin 12

Yes Yes Yes Structural Chen et al. (2004)

Connexin 43 Yes Yes Yes Structural Chen et al. (2004)

E-cadherin Yes Yes Yes Cell adhesion Chen et al. (2004)

Abbreviations: bCE basal corneal epithelium; bLE basal limbal epithelium; sLE suprabasal limbal

epithelium; sCE suprabasal corneal epithelium; aLESC active limbal epithelial stem cell; rLESC
resting limbal epithelial stem cell
aLESCs are located in the basal limbal epithelium. Some markers identify a sub-set of LESCs in

the peripheral basal limbal epithelium that are thought to be resting LESCs (shown here as

rLESC). Other LESC markers may be expressed in both active and resting LESCs or this

information may be unknown
bDNp63 is not expressed in the human basal corneal epithelium (Pellegrini et al. 2001) but it is

expressed in the mouse (Collinson et al. 2002; Moore et al. 2002; Ramaesh et al. 2005) and rat

(Moore et al. 2002)
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the corneal epithelium after wounding. DNp63a has, therefore, been proposed as a

marker of both quiescent and active LESCs (Pellegrini et al. 2001; Barbaro et al.

2007) but its expression pattern suggests it is also likely to be expressed in early

TACs. In the mouse, unspecifiedDNp63 isoforms are detectable in the basal layer of

the corneal epithelium at all times (Collinson et al. 2002; Moore et al. 2002;

Ramaesh et al. 2005). In agreement with a role for DNp63a in LESCs, a recent

report shows that individuals who are heterozygous for some p63 mutations have

LESC deficiency (Di Iorio et al. 2012).

19.3.3.2 ABCG2

The multi-drug resistance gene ATP-binding cassette sub-family G member

2 (ABCG2) was identified in a subpopulation of bone marrow cells (known as the

side population) that efluxed Hoechst 33342 nuclear dye and exhibited SC-like

properties (Goodell et al. 1996). ABCG2 has been proposed as a stem cell marker in

other systems. It may protect stem cells from exogenous damage by exporting toxic

compounds from the cell. It is detectable in the basal limbal epithelium by

immunohistochemistry or RT-PCR of different species, including mice (Krulova

et al. 2008). Cells from limbal explants that express ABCG2 show high clonogenic

potential; however, its broad expression pattern in basal limbus suggests that it is

a marker of early TACs as well as LESCs (Budak et al. 2005; Chen et al. 2004;

de Paiva et al. 2005; Krulova et al. 2008).

19.3.3.3 C/EBPd and Bmi1

Bmi1 is a proposed oncogene that has been shown to promote neural stem cell self-

renewal by repressing the cell cycle inhibitors p16Ink4a and p19Arf (Molofsky et al.

2005). It is essential for the maintenance of neural stem cells (distinguishing their

self-renewal from progenitor cell proliferation) and is responsible for the mainte-

nance of adult self-renewing haematopoietic cells (Molofsky et al. 2003; Park et al.

2003). Knockout mice have defects in haematopoiesis, skeletal patterning and

neurological development (Van der Lugt et al. 1994; Park et al. 2003). Bmi1 is

expressed in limbal epithelium side-population cells (see earlier) but is expressed at

extremely low levels if at all in the central cornea (Umemoto et al. 2006).

The CCAAT enhancer-binding protein d (C/EBPd) is a transcription factor that

has been shown to regulate the cell cycle in an epithelial specific manner by

inducing a G0/G1 arrest (O’Rourke et al. 1999; Hutt et al. 2000). Barbaro et al.

(2007) demonstrated co-localisation of C/EBPd and Bmi1 in human peripheral

basal limbal epithelial cells constituting ~10% of the total population. They show

that this expression overlaps with DNp63a expression but that after wounding

there is a distinct population of cells that are DNp63a positive but Bmi1 and

C/EBPd negative. They suggest that DNp63a marks quiescent LESCs, activated

SCs and early TACs but C/EBPd and Bmi1 only mark a subpopulation of LESCs
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that are quiescent during normal corneal maintenance (Fig. 19.2) but may be

activated during wounding (also see Sect. 19.5). The balance of proliferative

proteins (Bmi1 and DNp63a) and quiescence-associated factors (C/EBPd) may

allow slow cycling LESCs to exist in an intermediate state between quiescence

and proliferation, poised to proliferate more rapidly if stimulated to do so by

corneal injury.

19.3.3.4 Integrin a9

Integrins are membrane-bound glycoproteins important in cell–cell and cell–matrix

adhesion. The corneo-limbal distribution of integrin a9 changes postnatally. At P7

in the mouse (a time when the cornea epithelium is still growing in size) integrin a9
positive cells are distributed throughout the epithelium but by P42 expression

is restricted to the basal limbal epithelium (Pajoohesh-Ganji et al. 2004).

TD

Displacement

LIMBUS CENTRAL CORNEA

Proliferation

Resting SCs

ΔNp63α, ABCG2, Integrin α9, N-cadherin

C/EBPδ, Bmi1

Active SCs/Early TACs Mid TACs Late TACs

Displacement + maintenance + wound healingProliferation +
Displacement

Slow cycling, self renewal
proliferation potential

GST ω-1

GST α-4

ΔNp63

Fig. 19.2 A model of mammalian corneal regeneration and maintenance. Quiescent LESCs that

express Bmi1, C/EBPd (which sustain their quiescence and self-renewal) and DNp63a (which

primes them for proliferation) reside at the periphery of the basal limbal epithelium (dark shading;
Barbaro et al. 2007). They divide in response to injury or periodically during tissue maintenance to

produce active LESCs and/or early TACs that down-regulate Bmi1 and C/EBPd but continue to

express DNp63a as they proliferate to produce TACs. Basal limbal cells also express integrin a9,
N-cadherin and ABCG2 (Chen et al. 2004; Hayashi et al. 2007; Budak et al. 2005). In humans

DNp63a is restricted to the basal limbal epithelium and although DNp63b and DNp63g are

expressed in the basal corneal epithelium during wound healing (not shown) no DNp63 isoforms

are detectable in the resting basal corneal epithelium (Pellegrini et al. 2001; Di Iorio et al. 2005).

However, in mice unspecified DNp63 isoforms are detectable in the resting basal corneal epithe-

lium (Collinson et al 2002; Moore et al 2002; Ramaesh et al 2005). During normal maintenance

TACs differentiate and migrate to the suprabasal layers. Here they become wing cells, down-

regulate all p63 isoforms and begin to express GST-a4 in the intermediate layers (Norman et al.

2004). In the most superficial layer of the corneal epithelium they down-regulate GST-a4 and

up-regulate GST-o1 (Norman et al. 2004). It is not known whether GST-a4 and GST-o1 are

expressed in the limbal epithelium. The diagram is adapted from one published by Barbaro et al.

(2007) but includes information from both human and mouse studies. Bmi1 and C/EBPd have been
identified in the human ocular surface but not yet in mouse whereas GST-a4 and GST-o1 have

been identified in mouse but not yet in human
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The expression of integrin a9 is up-regulated during wound healing (see Sect. 19.5).
This suggests that integrin a9 is a marker of LESCs and the early TAC populations

(Stepp et al. 1995; Pal-Ghosh et al. 2004).

19.3.3.5 Identification of Markers Through mRNA and Proteomic

Expression Studies

Table 19.2 summarises recent attempts to identify genes specific to corneo-limbal

compartments using mRNA and proteomic expression techniques. A selection of

the markers that have been independently validated from these studies is outlined in

Table 19.3. There is a surprising lack of overlap with the markers described in

Table 19.1 and also a lack of concordance between different studies. Crucially, the

methods used to collect the tissue vary from laser capture dissection (Zhou et al.

2006) to selection of cells by their adhesive properties (Bian et al. 2010). Zhou et al.

(2006) identified around 50 genes that are differentially expressed between basal

limbal and basal corneal epithelium in the mouse. Further characterisation of

randomly picked genes from the initial screen used semi-quantitative RT-PCR

Table 19.2 Summary of differential expression studies

Method Species

Differentially regulated transcripts

ReferencesGroup 1 (n) Group 2 (n) Group 3 (n)

1 PCR array Human LE only (21) NA CE only (24) Nieto-Miguel et al.

(2011)

2 Microarray Human LEC (95) LE (169) CE (1,237) Kulkarni et al.

(2010)

3 Microarray Human CE (93) NA CJE (211) Turner et al. (2007)

4 Microarray Human FL (33) LXE (22) CE (11) Figueira et al. (2007)

5 Microarray Human RA LE (499) NA N/SA LE (277) Bian et al. (2010)

6 Microarray Mouse Basal LE (32a) NA Basal CE (17a) Zhou et al. (2006)

7 SAGE Mouse P9 TC only

(3,052)

Both

(3,483)

Adult TC only

(2,394)

Norman et al. (2004)

8 SAGE Rat LE only (759) Both

(2,292)

C only CE

(844)

Adachi et al. (2006)

9 Microarray Monkey CJE (506) LE (186) CE (644) Ding et al. (2008)

10 Microarray Pig LE SP (382) NA LE SP (296) Akinci et al. (2009)

11 2D-Page/

MSpec

Human LE (70) NA C CE (32) Lyngholm et al.

(2008b)

Abbreviations: LE limbal epithelium; CE corneal epithelium; P9 postnatal day 9; TC total cornea;

C central; TL, total limbus; LEC limbal epithelial crypt; SP side population; CJE conjunctival

epithelium; FL foetal limbus; FC foetal cornea; LXE limbal explant epithelium; LEP limbal

epithelial progenitors; RA rapidly adherent; N/SA none or slowly adherent. 2D-Page
2-dimensional polyacrylamide gel electrophoresis; Mspec mass spectrometry

n ¼ number of markers identified in each group
aOf the top 49 differentially expressed genes listed
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and showed that Ereg (epiregulin), Dach2 (dachshund 2) and Sry (sex determining

region of chromosome Y) transcripts were found exclusively in limbal basal cells

and not in corneal basal cells. Furthermore, diablo, cyclin M2 and multiple PDZ

domain protein were expressed at significantly higher levels in corneal basal cells

compared to limbal basal cells. Epiregulin-LacZ mice showed b-galactosidase-
positive staining restricted to the basal limbal epithelium (Zhou et al. 2006).

Because the basal limbal epithelium contains early TACs as well as LESCs it is

not clear if these markers will be useful and further studies are required to

determine if any are expressed specifically in LESCs.

19.3.4 The Limbal Niche

The microenvironment surrounding adult SCs plays a vital role in supporting,

protecting and regulating the function of somatic and germ stem cells (Moore

and Lemischka 2006). Evidence suggests that, in humans, LESCs reside in a

specific anatomical location within the limbus known as the palisades of Vogt

(Davanger and Evensen 1971; Townsend 1991; Dua and Azuara-Blanco 2000).

These are subepithelial, vascularised papillae between which the epithelium

projects downwards (Goldberg and Bron 1982). The limbus is a good candidate

Table 19.3 Top confirmed potential LESC markers from differential expression studies

Molecule Species Confirmed by References

Epiregulin Human Microarray þ IHC Zhou et al. (2006)

Wnt-4 Human Microarray þ IHC Figueira et al. (2007)

Keratin 14 Human Microarray þ IHC Figueira et al. (2007)

P-Cadherin Human Microarray þ IHC Figueira et al. (2007)

SOD2 Human Microarray þ IHC þ Mass

Spec

Lyngholm et al. (2008a);

Kulkarni et al. (2010)

Keratin 15 Human/Rat Microarray þ IHC þ Mass

Spec

Figueira et al. (2007);

Akinci et al. (2009);

Lyngholm et al. (2008a)

ID4 Human 2 independent expression studies Takacs et al. (2009);

Wolosin et al. (2000)

Spondin-1 Human 2 independent expression studies Takacs et al. (2009); Zhou

et al. (2006)

S100A8 Human 2 independent expression studies Takacs et al. (2009);

Lyngholm et al. (2008a)

Catenin-a2 Human 2 independent expression studies Figueira et al. (2007); Zhou

et al. (2006)

GPX2 Monkey/Pig 2 independent expression studies Ding et al. (2008); Akinci

et al. (2009)

Keratin 13 Rat/Monkey 2 independent expression studies Adachi et al. (2006); Ding

et al. (2008)

Abbreviations: IHC immunohistochemistry; Mass Spec mass spectrometry
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for a stem cell niche because it has blood vessels (which supply growth factors and

nutrients), immune cells (such as Langerhans cells and T-lymphocytes which

protect against pathogens) and, in some species, melanocytes which may protect

SCs from ultraviolet light and potential DNA damage (Baum 1970) (Vantrappen

et al. 1985; Boulton and Albon 2004; Li et al. 2007).

In humans three anatomical sites, associated with the palisades of Vogt, have

been identified as probable LESC locations. These are known as the limbal epithe-

lial crypts (LECs), limbal crypts (LCs) and focal stromal projections (FSPs). LECs

were the first to be described (Dua et al. 2005) and are anatomical projections from

the peripheral aspect of the limbal palisades that extend either radially into the

conjunctival stroma or circumferentially along the limbus and contain epithelial

cells that express K14 and the proposed LESC marker ABCG2 (see Sect. 19.3.3).

Despite their similar names, LECs and LCs are anatomically distinct, with only the

more peripheral LECs extending from the limbus into the conjunctival stroma.

(It may be helpful to rename LECs and/or LCs because the similarity in their names

is confusing and the original terminology has not always been used consistently.)

Shortt et al. (2007b) describe LCs as downward focal projections of the basal limbal

epithelium into the corneal limbal stroma and the FSPs as finger-like projections of

stroma, containing a central blood vessel, extending upwards into the corneal

limbal epithelium. LCs and FSPs are asymmetrically distributed, with the majority

concentrated in the superior and inferior limbal quadrants (Shortt et al. 2007b).

Other evidence also suggests the distribution of the limbal niche is asymmetrical in

humans (Lauweryns et al. 1993; Wiley et al. 1991) and mice (Pajoohesh-Ganji et al.

2004). Epithelial cells in the LC/FSP regions are generally smaller, have a higher

nuclear to cytoplasm ratio and express high levels of p63 and ABCG2. In addition,

cells cultured from LC/FSP-rich regions of the limbus have a higher colony forming

potential than those from non-LC/FSP-containing tissue (Shortt et al. 2007b). The

palisades of Vogt are not present in most species and LCs have not been identified

in mouse, rat or rabbit but have been identified in pig (Notara et al. 2011).

19.3.5 The Corneal Epithelial Stem Cell Hypothesis

Barrandon and colleagues propose that during normal homeostasis the corneal

epithelium is maintained by stem cells residing throughout the basal layer of the

corneal epithelium (Majo et al. 2008). Central to their argument was the observation

that limbal and central corneal tissue, transplanted into immunocompromised mice,

produced clones of centripetally migrating donor tissue only when the host corneal

epithelium was removed. In these cases, both the corneal and limbal tissues behaved

similarly. The authors proposed that LESCs were active during wound healing but

played no role in normal maintenance of the unwounded corneal epithelium.

Although Majo et al. (2008) do not address the question experimentally, they also

suggest that, in contrast to the conventional LESC hypothesis, any movement in the
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corneal epithelium was more likely to be centrifugal than centripetal (Fig. 19.3).

Using in vitro colony-forming assays, they also demonstrated that the replicative

potential of the limbus and central cornea in culture was similar for many species

(Majo et al. 2008). However, consistent with an earlier observation (Pellegrini et al.

1999), there was no evidence that the human central and intermediate cornea

produced holoclones. For technical reasons, the holoclone assay currently does not

work for the mouse cornea, so they were unable to investigate whether the mouse

cornea produced holoclones.

The results reported by Majo et al. (2008) for the mouse are controversial and

open to several interpretations but importantly they prompt re-evaluation of the

conventional LESC hypothesis. Several authors have reported results that they

consider support the new corneal epithelial stem cell (CESC) hypothesis for

humans as well as mice but none is conclusive. A 12-h, ex vivo study of human

corneal wound healing showed that the initial stage of wound closure was

a  LESC Hypothesis b  CESC Hypothesis

T1

T2

T3

T4

T5

T6

T7

T8

T9

limbus cornea limbus cornea

Fig. 19.3 Alternative hypotheses for maintaining the corneal epithelium. (a) Conventional

Limbal Epithelial Stem Cell Hypothesis. Diagram representing the limbal epithelium and periph-

eral corneal epithelium with LESCs shown as black basal cells in the limbus. At time T1, one

LESC produces a TAC (shaded grey). At later times (T2–T9) the daughter cells of this TAC are

shown moving centripetally, dividing and, in some cases, leaving the basal layer, becoming non-

mitotic and more differentiated and moving to the surface. For simplicity, only one clone of

labelled cells is illustrated, only one TAC is shown dividing at each time point, basal and

suprabasal cells move centripetally at the same rate and cells move vertically through the

suprabasal layers to the surface relatively slowly. At T2, T4, T6 and T8 both daughter cells remain

in the basal layer but at T3, T5, T7 and T9 both daughter cells move to the first suprabasal layer.

(b) Alternative Corneal Epithelial Stem Cell Hypothesis (see Majo et al. 2008). Diagram

representing the limbal epithelium and peripheral corneal epithelium with CESCs shown as

black basal cells in the corneal epithelium and quiescent LESCs shown as black basal cells in

the limbal epithelium. At time T1, one CESC produces a TAC (shaded grey). At times T2–T9 the

daughter cells of this TAC are shown moving slowly centrifugally, dividing and, in some cases,

leaving the basal layer. (TACs produced by CESCs in the corneal epithelium could either maintain

the local area of corneal epithelium or move centrifugally (towards the limbus). For simplicity the

clone of cells is shown moving centrifugally but relatively slowly)
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independent of the limbus (Chang et al. 2008). This experiment has been interpreted

as supporting the CESC hypothesis (Sherwin 2009) but a 12-h study would be too

short to evaluate the role of the limbus adequately. However, p63-positive, cultured

clonogenic spheres can be isolated from the human central cornea as well as the

limbus, albeit less efficiently, indicating that the human central cornea may contain

some cells with progenitor potential (Chang et al. 2011). Other evidence suggests

that the central cornea of both humans and rabbits has some ability to self-maintain.

Thus, some patients with total LESC deficiency (with conjunctivalisation) retain

central islands of normal corneal epithelium for several years (Dua et al. 2009).

Similarly, the central cornea survives for months after surgical removal or isolation

of the limbus in rabbits (Huang and Tseng 1991; Kawakita et al. 2011), but corneal

integrity slowly degenerates and it is incapable of responding adequately when

challenged by corneal wounding. These studies do not disprove the LESC hypoth-

esis for humans or rabbits because although they imply that the central corneal

epithelium has cells able to act as progenitors, either in culture or if LESCs are

unable to maintain the corneal epithelium, they do not show these cells act as

progenitors during normal homeostasis. Furthermore, autografts of ex vivo-labelled

rabbit keratolimbal explants have shown that transplanted limbal tissue can colo-

nise the corneal epithelium without wounding of the host tissue (Bradshaw et al.

1999). Thus, there is no reason to reject the LESC hypothesis for rabbits. If some

progenitor TACs are able to assume the stem cell role in situations where LESCs

are unable to maintain the corneal epithelium this would also explain the transplan-

tation results obtained by Majo et al. (2008) with mice. This latent potential of

some central corneal epithelial cells to proliferate in vitro and in transplantation

experiments does not mean that they act as stem cells during normal tissue

homeostasis in vivo. In younger individuals such cells could be equivalent to

stem cells that persist from foetal stages (Tanifuji-Terai et al. 2006) and in older

individuals these could be early TACs derived from LESCs.

The evidence for the existence of a LESC population in the mouse cornea is

strong. In interpreting their results to formulate the new CESC hypothesis (Majo

et al. 2008), the authors disregard convincing evidence that during normal mainte-

nance of the unwounded cornea, corneal epithelial cells move centripetally not

centrifugally (Kinoshita et al. 1981; Buck 1985; Nagasaki and Zhao 2003; Collinson

et al. 2002; Endo et al. 2007; Mort et al. 2009), whereas conjunctival epithelial cells

do not move significantly in either direction (Nagasaki and Zhao 2005). The

distribution of individual b-galactosidase-positive radial stripes in the corneal

epithelium of KRT5LacZ/� mosaic transgenic mice suggests the stripes extended

centripetally from the limbus, so favouring the LESC hypothesis over the CESC

hypothesis (Douvaras et al. 2012), but this experiment should be repeated with an

inducible lineage marker to provide more conclusive evidence (see Sect. 19.8).

Thus, while the transplantation experiment reported by Majo et al. (2008) has

focused attention on the progenitor potential of the central corneal epithelium,

current evidence favours the conventional LESC hypothesis over the new CESC

hypothesis for the mouse as well as other species.
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19.4 Maintaining Corneal Epithelial Homeostasis

19.4.1 Evolution of Ideas About Corneal Epithelial
Maintenance (XYZ to LESC)

The corneal epithelium undergoes continuous cell renewal, which can replace the

whole tissue every 2weeks (Cenedella and Fleschner 1990) and corneal homeostasis

must be carefully regulated to ensure a uniform epithelial thickness. Before the role

of adult stem cells was understood, the corneal epithelium was thought to be a self-

renewing tissue. Studies with 3H-TdR labelling had shown that the basal corneal

epithelial cells divided and moved vertically and were sloughed off within

3.5–7 days in mice and rats (Hanna and O’Brien 1960), so the corneal epithelium

was thought to be maintained by proliferation of the basal epithelial cells. By 1982

evidence was beginning to emerge that corneal epithelial cells moved centripetally

(Kinoshita et al. 1981; Buck 1982) and in 1983, Thoft and Friend proposed the ‘X, Y,

Z hypothesis’ (Thoft and Friend 1983). This described the balance of proliferation,

migration and cell loss by the simple formula X þ Y ¼ Z, where X was defined as

‘the proliferation of basal epithelial cells’, Y as ‘the contribution to the cell mass by

centripetal movement of peripheral cells’ and Z as ‘the epithelial cell loss from the

surface’. It was not knownwhether the centripetal movement includedmovement of

conjunctival cells across the limbus to the cornea as well as movement of cells from

the peripheral cornea. It had been thought that conjunctival epithelium could

transdifferentiate into corneal epithelium and was a source of new corneal epithelial

cells during corneal wound healing (Friedenwald 1951). However, by 1986 it was

becoming clear that this was not the case (Buck 1986) and the concept of centripetal

movement was more firmly established (Buck 1985). Davanger and Evensen (1971)

had already shown that the limbus produced cells that could colonise the corneal

epithelium but the idea that the corneal epithelium was maintained by stem cells

located in the limbus did not gain acceptance until later (Schermer et al. 1986;

Cotsarelis et al. 1989).

Although the ‘X, Y, Z’ hypothesis of corneal epithelial maintenance has

provided the framework for much of the subsequent research into corneal epithelial

homeostasis leading to the LESC hypothesis, in its original form it does not take

account of the role of stem cells in corneal maintenance. Nowadays the ‘contribu-

tion to the cell mass by centripetal movement of peripheral cells’ (Y) would be

interpreted as production of basal corneal epithelial cells (TACs) by stem cells in

the limbus (see Sect. 19.3.1). Production of cells by stem cells must precede

proliferation of TACS, so if the X, Y, Z hypothesis was updated to allow for stem

cells it could be redefined as: YSC þ XTAC ¼ ZL, where YSC is production of basal

corneal epithelial cells by LESCs, XTAC is proliferation of basal corneal epithelial

TACs, as originally proposed (Thoft and Friend 1983), and ZL is epithelial cell loss

from the surface (Fig. 19.1). By including the qualification that the stem cells are

located in the limbus, this revised formulation is equivalent to the LESC hypothesis.
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Although the X, Y, Z hypothesis is still much cited it is now obsolete and has

long been superseded by the LESC hypothesis, which currently provides the most

likely explanation of how the corneal epithelium is maintained (as discussed in

Sect. 19.3).

19.4.2 Centripetal Migration, Differentiation and
Desquamation of Corneal Epithelial Cells

Centripetal migration in the mouse corneal epithelium has been demonstrated

robustly both directly and indirectly by a number of experimental systems. Directly

labelling superficial and wing cells with India ink allowed Buck (1985) to estimate

a rate of centripetal migration of 17 mm/day. More recently Nagasaki and Zhao

(2003) directly visualised centripetal migration using time-lapse imaging of GFP-

bright clusters of corneal epithelial cells in ubiquitous-GFP reporter mice and

estimated the rate of migration to be around 26 mm/day. Indirect methods using

mouse genetic mosaics have also been very informative. When cells are randomly

labelled with an X-linked LacZ transgene or a GFP-tagged lentiviral vector,

a postnatal switch is observed from a randomly orientated mosaic pattern to

a pattern of radial stripes in the corneal epithelium (Fig. 19.4). These patterns

extend from the limbal region towards the central cornea and are evident from

about 5 weeks postnatally. The stripes are thought to represent clones of centripe-

tally migrating epithelial cells produced by LESCs that become active in the

postnatal period prior to stripe formation (Collinson et al. 2002, 2004b; Mort

et al. 2009; Endo et al. 2007). In most mosaic corneas, the stripes meet at a central

clockwise or anticlockwise spiral (Collinson et al. 2002). The frequency of spirals

increases with age, suggesting that they form stochastically but are stable once

formed (Mort et al. 2009). Corneal stripes and spirals are also visualised in some

human conditions (Bron 1973) and are unexplained. They may reflect failure of

centripetally migrating cells to meet precisely at the centre of the tissue or could

arise from small stochastic variations in movement of the epithelial sheet.

The causes of centripetal movement are still unknown and possibilities include

(1) population pressure from the periphery due to production of new TACs by

LESCs (Bron 1973; Sharma and Coles 1989; Wolosin et al. 2000); (2) preferential

desquamation of epithelial cells from the central cornea drawing peripheral cells

toward the centre (Lemp and Mathers 1989; Lavker et al. 1991); (3) chemotaxis

involving a gradient resulting in either attraction to a central signal or repulsion

from the periphery (e.g. limbal blood vessels) (Buck 1985); (4) stimulation by

corneal nerves (Jones and Marfurt 1996); (5) response to endogenous electric

currents due to ion flow in wounded and unwounded corneas (McCaig et al.

2005). Unlike the cornea, the conjunctival epithelium does not show any cell

movement (Nagasaki and Zhao 2005) and mosaic patterns appear as patches rather

than stripes (Collinson et al. 2002; Mort et al. 2009). This is consistent with the idea
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that stem cells renewing this epithelium are distributed throughout the tissue

(Nagasaki and Zhao 2005).

Differentiation of the corneal epithelium continues after birth. Evidence from

expression of an ocular surface marker in the rat suggests that during development

‘stem-like’ cells reside throughout the basal layer of the corneal epithelium but

become restricted to the limbus postnatally (Chung et al. 1992). This postnatal loss

of stem cells from the central cornea is supported by analysis of mosaic mouse

corneas which shows that transition to LESC-maintained corneal epithelium occurs

between postnatal weeks 5 and 8 and the pattern is not fully mature until at least

10 weeks (Collinson et al. 2002; Mort et al. 2009). Changing postnatal expression

of the keratins K12 and K14 suggests that the mouse corneal epithelium may not be

fully mature until 3–6 months after birth (Tanifuji-Terai et al. 2006). Expression of

integrin a9b1 suggests that the limbus also matures progressively during the first

8 weeks after birth (Pajoohesh-Ganji et al. 2004). Care must be taken when

extrapolating results from animal models to human because there are some notable

species differences in corneal differentiation as well as more obvious differences of

tissue size and life span. For example, mice have no Krt3 (keratin 3) gene but

Fig. 19.4 Corneal epithelia of different types of mosaic mice show a transition from patches to

radial stripes. (a, b) b-galactosidase staining in XLacZ X-inactivation mosaics (Collinson et al.

2002). (c, d) GFP fluorescence in CAG-GFP transgenic mosaics (Zhang et al. 2008). (e, f) GFP

fluorescence in corneal epithelium after transfecting conceptuses with lentiviral vectors encoding

green fluorescent protein (GFP) at embryonic day 9 or 10 (Endo et al. 2007). Images (c, d) are

reproduced with permission of the authors and Molecular Vision. Images (e, f) are reproduced with

permission of the authors and Molecular Therapy
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keratin 5 is present in the mouse cornea (Byrne and Fuchs 1993; Lu et al. 2006;

Ou et al. 2008). It has been suggested that K5 may pair with K12 in the cornea of

mice and some other species with low K3 levels, including humans and dogs

(Chaloin-Dufau et al. 1993; Hesse et al. 2004).

When TACs undergo their final division both daughter cells leave the basal layer

together and begin the next stage of differentiation synchronously (Beebe and

Masters 1996) and then move to the superficial layer within a few days (Hanna

and O’Brien 1960). Few studies have been undertaken to measure the rate of

epithelial shedding in mouse or human corneal epithelium. However, Ren and

Wilson (1996), using both in vivo and in vitro measurements of corneal epithelial

shedding rates in the rabbit, calculated that on average cells are shed at a rate of

5–15 cells/min from each cornea.

19.5 Corneal Epithelial Wound Healing and Homeostasis

Wound healing has been used as an experimental tool to challenge corneal homeo-

stasis and, thus, has already been mentioned several times in this review. The nature

of the corneal wound healing response depends on the type of injury and is

regulated by molecules produced by the epithelium, stroma and lacrimal glands

(Imanishi et al. 2000; Schultz et al. 1994; Wilson et al. 2001, 2003). Briefly, healing

proceeds through three stages: an initial migratory stage to cover the wound,

a proliferative stage to restore the epithelial thickness and a period of differentiation

to restore the epithelium’s complex structure (Suzuki et al. 2003). In essence this

regenerative process mirrors normal corneal maintenance and has therefore been

used as a tool to investigate this process. There are obvious caveats in the interpre-

tation of results from wound healing studies, already alluded to elsewhere in this

review (e.g. Sects. 19.3.3 and 19.3.5).

Several studies have shed light on the tissue hierarchy in the corneal epithelium

by examining re-epithelialisation and have helped to identify compartments of

putative resting SCs, activated SCs, TACs and differentiated cells. Cell-cycle

double-labelling techniques have shown that the cornea uses three strategies to

generate new epithelial cells in response to injury: (1) the activation of SCs to

replenish the TAC population; (2) additional rounds of TAC proliferation and

(3) the shortening of TAC cell cycle time to produce new tissue more quickly

(Lehrer et al. 1998).

These cell cycle changes are accompanied by changes in the distribution of cells

expressing proposed markers of LESCs and/or early TACs. Upon corneal

wounding, early TACs (expressing DNp63a) migrate into the basal layer of the

corneal epithelium from the limbus (Di Iorio et al. 2005). As outlined in

Sect. 19.3.3, Barbaro and co-workers identified a subpopulation of basal limbal

epithelial cells that are positive for C/EBPd, Bmi1 and DNp63a. These are present
during normal homeostasis and are thought to represent relatively quiescent LESCs.

After wounding, some of these cells lose expression of C/EBPd and Bmi1 but
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continue to express DNp63a as they proliferate, suggesting that some quiescent

LESCs become active LESCs and early TACs, which move from the limbus to the

cornea (Barbaro et al. 2007).

During healing of very large wounds, involving most of the cornea, integrin a9
expressing TACs move to repair the wound and this is accompanied by a depletion

of integrin a9-expressing basal limbal epithelial cells (Pal-Ghosh et al. 2004). The

loss of integrin a9 expression at the limbus after formation of large wounds seemed

to correlate with the presence of goblet cells in the central cornea suggesting

ingression of cells from the surrounding bulba-conjunctiva. Overall, this suggests

that these very large corneal epithelial wounds place high demands on the stem cell

reserve in the limbus, which may cause a depletion of stem cells and early TACs in

the limbus and ingression of conjunctival cells.

19.6 Effects of Ageing on Corneal Epithelial Maintenance

Numerical analysis of striping patterns in corneas of adult X-inactivation mosaic

mice (Fig. 19.4b) can give an indirect estimate of the number of coherent clones of

LESCs maintaining the corneal epithelium (Collinson et al. 2002, 2004b; Mort et al.

2009). Although this is not equal to the number of active stem cells, it is useful for

comparing dynamic patterns of SC maintenance in different experimental groups.

The corrected number of radial stripes in the corneal epithelium declines from

~100 at 10 weeks postnatally to ~50 at 39 weeks, with no further decline up to 52

weeks (Collinson et al. 2002; Mort et al. 2009). This suggests that the number of

coherent clones of LESCs maintaining the corneal epithelium decreases with age

(Fig. 19.5), which could reflect either a loss of LESCs (Fig. 19.5b) or an increase in

the proportion of quiescent LESCs (Fig. 19.5c). Alternatively, stochastic neutral

drift in the distribution of LESCs may reduce the number of LESC clones but not

the number of active LESCs (Fig. 19.5d). This possibility is suggested by lineage

tracing studies which have identified similar coarsening of mosaic patterns derived

from SC clones in the mouse testis (Nakagawa et al. 2007) and mouse intestine

(Snippert et al. 2010; Lopez-Garcia et al. 2010; Klein and Simons 2011). Stochastic

replacement of a SC clone by a neighbouring one could occur if SCs did not always

divide asymmetrically to produce one SC and one TAC at each division, but

sometimes divided symmetrically to produce two SCs or two TACs (Fig. 19.6).

Similarly, the age-related decline in frequency of rare corneal epithelial stripes in

mosaic KRT5LacZ/� transgenic mice (Douvaras et al. 2012) could reflect a decline in

SC function with age or neutral drift in stem cell clones without an overall reduction

in SC number. Other methods are required to investigate whether SC numbers

decline with age.

Some observations on the human cornea and limbus support the notion that

ageing affects stem cell numbers. The frequency of holoclones generated from

skin of an infant was ten times greater than from an individual aged 64

(Barrandon and Green 1987) and a recent study showed that the efficiency of
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holoclone production from the human corneal limbus declined with age (Notara

et al. 2012). Cells derived from younger donors (0–30 years old) had a signifi-

cantly higher colony forming efficiency than cells from middle aged

(30–60 years) and older donors (60–90 years). Other age-related changes noted

for the human limbus include increased frequency of eyes without detectable

palisades of Vogt (Zheng and Xu 2008), reduction in limbal crypts and focal

stromal projections (see Sect. 19.3.4) in people over 60 years old (Notara et al. 2012)

b c d

a

Fig. 19.5 Alternative explanations of age-related reduction in corrected stripe number in corneal

epithelia of mouse X-inactivation mosaics. The mosaic corneal epithelium is shown as a disk with

radial dark and light stripes produced by LESCs, represented by dark and light stars, at the edge of
the cornea. (For purposes of illustration dark and light LESCs alternate around the circumference

so all dark and light stripes are the same width.) Dark and light circles represent quiescent LESCs.
(a) Full complement of active LESCs in young eye. (b) Reduced number of LESCs in older

eye. (c) Increased proportion of quiescent LESCs in older eye. (d) Number of LESC clones

declines (without reducing the number of LESCs) by stochastic neutral drift in the distribution

of LESCs (also see Fig. 19.6). The corrected stripe number produced by quantitative analysis of

X-inactivation mosaic patterns indicates the relative number of active LESC coherent clones

rather than the actual or relative number of active LESCs (Collinson et al 2002; Mort et al

2009). Nevertheless, the possibilities illustrated in the figure still apply—i.e. stripe numbers can

be reduced by stem cell loss, inactivation or redistribution. Adapted from Mort et al. (2009)
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and an increase in average size of cells in the basal limbal epithelium (Zheng and

Xu 2008). It has also been reported recently that the frequency of side-population

cells (see discussion of ABCG2 marker in Sect. 19.3.3) declines with age and this

could indicate an age-related decline in the number of SCs and early TACs (Chang

et al. 2011).

Despite experimental evidence suggesting that stem cell function may decline

with age, corneal epithelial maintenance appears to be remarkably robust and there

is no evidence that ageing significantly compromises the integrity of the normal,

healthy corneal epithelium. However, older mice of some strains are prone to

corneal stromal mineralisation and some types of mouse cage bedding may trigger

neovascularisation and keratitis in older mice (Smith et al. 2002).
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Fig. 19.6 Asymmetric and symmetric stem cell divisions. Stem cells (SCs) are represented by

dark and light circles marked with the letter ‘S’ associated with a niche; transient (or transit)

amplifying cells (TACs) are shown as dark and light hexagons, marked with the letters ‘TA’.

(a) Asymmetric division of stem cells always produces one stem cell and one TAC, which will

divide a limited number of times to produce more differentiated cells. (b) Stem cells might also

divide symmetrically to produce two equivalent daughter cells, which compete with neighbours to

occupy limited space on the niche. Daughter cells securing contact with the niche would become

stem cells and others would become TACs. This would provide scope for stochastic replacement

of a SC by a daughter cell of a neighbouring SC. In the diagram, the top dark SC is lost and both

daughter cells produced by the neighbouring light SC occupy the niche so the light SC clone

expands
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19.7 Genetic Defects of Corneal Epithelial Maintenance

Corneal maintenance is impaired when LESCs are depleted by injury or disease

(Daniels et al. 2001; Shortt et al. 2007a). When LESC deficiency only affects one

eye, it can be treated with autografts of limbal tissue from the unaffected eye

(Kenyon and Tseng 1989) or by transplanting cultured limbal epithelial cells

(enriched for putative LESCs and early TACs) derived from the contralateral eye

(Rama et al. 2010). LESC deficiency is also thought to underlie the corneal

deterioration that occurs in people who are heterozygous for PAX6 mutations that

cause aniridia (discussed later) and those who are heterozygous for some p63

mutations (Di Iorio et al. 2012).

19.7.1 Aniridia-Related Keratopathy

Aniridia is an inherited eye disease caused by heterozygosity for a PAX6 mutation

(PAX6+/�), which results in low levels of the PAX6 transcription factor. PAX6

expression is reduced in eyes of PAX6+/� aniridia patients and also in the abnormal

corneal pannus tissue of patients with Stevens–Johnson syndrome (Li et al. 2008).

Eyes of PAX6+/� aniridia patients develop abnormally and the cornea usually

deteriorates progressively causing corneal opacity that sometimes leads to blind-

ness (Mackman et al. 1979; Nelson et al. 1984; Nishida et al. 1995). This corneal

deterioration is known as aniridic keratopathy or aniridia-related keratopathy

(ARK) and features include irregular thickening of the peripheral corneal epithe-

lium, in-growth of blood vessels from the limbus, associated with connective tissue

(pannus), stromal scarring and accumulation of goblet cells within the corneal

epithelium. Goblet cells are normally only found in the conjunctival epithelium

(beyond the limbus) and their presence in the corneal epithelium has been

interpreted as evidence for encroachment of conjunctival cells to compensate

for poor LESC activity (Nishida et al. 1995). Limbal morphology is abnormal in

PAX6+/� aniridia patients and the palisades of Vogt (putative LESC niche) are

absent (Nishida et al. 1995). The conclusion that ARK is at least partly caused by

LESC deficiency is supported by the clinical observation that transplantation

treatment has much better success when transplanted tissue is healthy limbal and

peripheral corneal tissue (kerato-limbal allograft) rather than central corneal tissue

(penetrating keratoplasty) (Holland et al. 2003).

19.7.2 Pax6+/� Mouse Aniridia Model

Heterozygous Pax6+/� (e.g. Pax6+/Sey-Neu) mice provide an excellent model of both

the developmental eye defects seen in aniridia and the progressive corneal changes

characteristic of ARK, although, unlike humans with aniridia, Pax6+/� mice also
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have small eyes (microphthalmia) (Ramaesh et al. 2003, 2005, 2006; Davis et al.

2003; Sivak et al. 2004; Leiper et al. 2006). It is clear that low levels of Pax6
expression cause abnormal maintenance of the adult cornea in both mice and

humans, but this may involve multiple mechanisms. The presence of goblet cells

is consistent with LESC deficiency (Nishida et al. 1995) but this remains circum-

stantial because other explanations, such as abnormal differentiation, are possible

(Ramaesh et al. 2005). Proliferation of TACs in the basal layer of the corneal

epithelium is higher in Pax6+/� mice than in wild-type mice (Davis et al. 2003;

Ramaesh et al. 2005) and this could be a secondary response to greater cell loss

from a fragile epithelium (Davis et al. 2003) and/or reduced LESC function, rather

than a direct effect of reduced Pax6 levels on cell proliferation.

Patterns visualised in the corneal epithelia of mosaic and chimeric mice provide

clues about corneal epithelial maintenance. Wild-type (WT) XLacZ, X-inactivation
mosaic mice exhibit radial striping patterns in the corneal epithelium, with stripes

converging at a central spiral or midline and only very rarely do abnormal patterns

occur (Fig. 19.7a–c). The pattern in Pax6+/� XLacZmosaics is usually disorganised,

implying that corneal epithelial cell movement is abnormal (Collinson et al. 2004a;

Mort et al. 2011; Fig. 19.7d–f). However, it is unclear whether this is caused by some

intrinsic movement defect or a response to chronic wounding of a thin and

fragile corneal epithelium that diverts cells from their normal centripetal migration.

Quantitative analysis implies that Pax6+/� mice have fewer active clones of LESCs

maintaining the corneal epithelium than normal (Collinson et al. 2004a; Mort et al.

2011). However, it is unclear whether there are fewer active LESCs or if LESCs

are simply clustered into larger clones in Pax6+/� eyes. Quantitative analysis of

Pax6+/� $ WTmouse chimeras showed that Pax6+/� cells were under-represented

in the corneal epithelium of adults (Collinson et al. 2004a) but not in embryonic day

(E) 16.5 foetuses (Collinson et al. 2001). This implies that Pax6+/� LESCs contri-

bute less well to the adult corneal epithelium than WT cells, which indicates either

that in these chimeras Pax6+/� LESCs are under-represented relative to WT LESCs

or that they produce fewer TACs. Overall, the mosaic and chimera analyses are

consistent with a mild LESC abnormality in the Pax6+/� mouse model of aniridia.

19.7.3 Other Examples of Abnormal Corneal Epithelial
Maintenance in Mice

Although Pax6+/� XLacZ mosaic corneal patterns were mildly disrupted, other

Pax6 defects are associated with more abnormal patterns. Pax6+/Leca4 XLacZ
mosaics (Mort et al. 2011) and Pax6+/Sey-Neu Gli3+/XtJ XLacZ double heterozygotes

(Kucerova et al. 2012) both produced randomly orientated patterns of patches in the

adults (Fig. 19.7g–j). This suggests that movement of cells from the limbus is

severely reduced or absent and that the corneal epithelium may be maintaining

itself, either because of LESC deficiency or a primary failure of centripetal cell
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Fig. 19.7 Normal and abnormal mosaic patterns in the mouse corneal epithelium. (a–l)

b-galactosidase staining in XLacZ X-inactivation mosaics; (m–p) GFP fluorescence in GFP

transgenic mosaics. (a, b) Mosaic patterns in corneal epithelia of normal, wild-type XLacZ
X-inactivation mosaic mice show radial stripes that meet at either a central spiral (a) or at the

midline (b). (c) A rare wild-type XLacZ X-inactivation mosaic cornea with two points of stripe

convergence. (d–f) Pax6+/Sey-Neu XLacZmosaics may have normal striped patterns (d) but in most

cases stripes are disrupted (e, f). (g–j) Pax6+/Leca4 XLacZ mosaics (g, h) and double heterozygous

Pax6+/Sey-Neu Gli3+/XtJ XLacZ mosaics (i, j) have a pattern of patches rather than stripes. Cornea

(j) has a double spiral pattern. (k, l) PAX77Tg/� XLacZ mosaics over-express Pax6 but usually

show a normal pattern of radial stripes. (m, n) Images from time-lapse confocal microscopy of

healing of a 1 mm peripheral wound in a Y001deltaDRR (PAX6-GFP) mosaic corneal epithelium

shows closure of the wound between 5.25 h. after wounding (m) and 18.75 h. (n) to form a second

point of stripe convergence (Mort et al. 2009). (o, p) Flat whole mount CAG-EGFP corneas show

radial stripes of GFP fluorescence (o) but adult homozygous GFP-Dstncorn1/corn1 corneas (p) show
globular and diffuse GFP patterns (Zhang et al. 2008). Images (o) and (p) are reproduced from

Zhang et al. (2008) with permission of the authors and publishers of Molecular Vision. Others are

from our own studies: a, b, c,m, n (Mort et al. 2009); d (Mort 2007); e, f (Collinson et al. 2004a);

i, j (Kucerova et al. 2012); g, h, k, l unpublished
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movement, as reported for Dstncorn1/corn1 mosaics (Zhang et al. 2008), discussed

below. Wild-type mice carrying the PAX77 transgene (Schedl et al. 1996) over-

express Pax6 and show some corneal epithelial abnormalities characteristic of

Pax6+/� heterozygotes (Dorà et al. 2008) but PAX77Tg/� XLacZ mosaics have

normal radial stripes (Fig. 19.7k,l), implying centripetal movement is normal

(Mort et al. 2011). Abnormal striped patterns also occur occasionally in wild-type

XLacZ mosaics (Fig. 19.7c) and may be caused by healing of lateral wounds to

generate a second point of stripe convergence during wound closure. Studies with

GFP mosaics confirmed that lateral wounding can create a new convergence point

and cell migration can reorientate after wounding (Fig. 19.7m,n; Mort et al. 2009).

In Dstncorn1/corn1, CAG-EGFP mosaics, GFP radial stripes begin to emerge but

their centripetal extension ceases at around 6 weeks of age and mosaic patterns

become more globular (Zhang et al. 2008) (Fig. 19.7o,p). Cells in the corneal

epithelium are stationary but proliferative (with regions of epithelial hyperplasia)

and comprise a mixture of corneal epithelial and conjunctival epithelial phenotypes

(including goblet cells in older mice), with BrdU label-retaining cells being

distributed throughout the corneal epithelium instead of being confined to the

limbus. The absence of cell movement suggests that the goblet cells arise by

abnormal differentiation within the corneal epithelium, rather than by immigration

from the conjunctiva. The authors proposed that the Dstncorn1/corn1 corneal epithe-
lium maintains itself with one or more populations of stem cells within the corneal

epithelium that can produce K12-positive corneal epithelial cells, K8-positive

conjunctiva-like epithelial cells and goblet cells (Zhang et al. 2008).

19.8 Research Directions for Identification of Stem Cells

As discussed in Sects. 19.2 and 19.3, the conventional view is that most adult

tissues, including the corneal epithelium, are maintained by populations of long-

lived, predominantly quiescent, SCs, residing in a specialised niche. These SCs

show the hallmarks of being able to ‘self-renew’ (duplicate without losing

developmental potential) and give rise to all differentiated cell types of the tissue

or organ in which they reside (Potten and Loeffler 1990; He et al. 2009). In the

case of the corneal epithelium, this SC population is unipotent generating only

differentiated keratinocytes (and undifferentiated SCs). As discussed in the pre-

ceding sections the most plausible hypothesis to explain corneal epithelial main-

tenance at present is the LESC hypothesis.

A number of recent observations have forced stem cell biologists to re-appraise

their interpretation of tissue stem cell hierarchies and may inform the current

debate. For example, fast cycling populations of cells with stem cell or progenitor

cell characteristics have been identified in mouse tail epidermis, the hair follicle

epithelium and the small intestine. This evidence suggests either that quiescence is

not a prerequisite for an adult SC population or that, in some tissues, TACs/pro-

genitors are responsible for much of the normal maintenance (Clayton et al. 2007;
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Barker et al. 2007; Jaks et al. 2008). Furthermore, evidence from the small intestine,

spermatogonia and interfollicular epidermis suggest that some tissues may be

maintained in a stochastic manner with competition between daughter cells to

occupy the SC niche, rather than by rigid asymmetrical stem cell division

(Lopez-Garcia et al. 2010; Klein et al. 2010; Li and Clevers 2010; Klein and

Simons 2011); also see Fig. 19.6. In addition, SC-like potential can be ‘unmasked’

in hair follicle bulge cells that contribute to repair of the interfollicular epidermis

despite the fact that they appear not to be involved during normal homoeostasis (Ito

et al. 2005; Levy et al. 2007; Yu et al. 2008).

These studies suggest that mechanisms of stem cell maintenance may differ

between tissues and that the interaction between the tissue ‘environment’ and the

‘plasticity’ of a particular cell population is key. Experimental approaches that

modify the local environment (by wounding, transplantation or ex vivo expansion)

may therefore induce SC-like behaviour in cells that do not normally contribute to

homeostasis (Potten and Loeffler 1990). One current model suggests that in some

tissues there may exist a rapidly cycling ‘committed progenitor’ (CP) responsible

for the bulk of tissue maintenance as well as a population of quiescent or slow

cycling SCs. These proposed CPs maintain the tissue and retain a degree of

‘stemness’ which enables them to act as an alternative source of stem cells in

response to injury or physiological stress (Li and Clevers 2010; Klein and Simons

2011; Kaur and Potten 2011); however CPs have a lower proliferative potential than

SCs. In tissues where this model fits the experimental data, identification of the

relevant tissue-maintaining SC will require additional approaches. It is not yet

known whether the corneal epithelium is maintained by such a combination of

quiescent SCs and more active CPs. However it is intriguing that, for human cornea,

Barbaro et al. (2007) identified a Bmi1-positive, C/EBPd-positive and DNp63a-
positive population (possibly a quiescent SC) that responds to injury and a separate

Bmi1-negative, C/EBPd-negative and DNp63a-positive population (possibly a CP)
in uninjured limbus. It remains to be seen however, whether this potential quiescent

SC population contributes to normal tissue maintenance or whether the potential

CPs fulfil this role alone. Lineage tracing studies (see below) should resolve this.

What is clear is that, in order to identify the SC that is responsible for corneal

epithelial maintenance, experimental approaches are required that seek to unpick

the tissue hierarchy without altering the tissue ‘environment’ or unmasking latent

‘plasticity’. To date the most useful and transparent techniques (in their execution if

not in their interpretation) have been those that use genetic markers driven by the

promoters of specific genes to demonstrate lineage, coupled with conditional

diphtheria toxin-mediated cell ablation of those populations. For example, in the

case of the small intestine, two potential SC populations have been identified.

A slow cycling population that expresses Bmi1 is located at the +4 position

immediately above the base of the crypt (Sangiorgi and Capecchi 2008). The faster

cycling crypt columnar cells (CBCs) are interspersed with the Paneth cells at the

base of the crypt and expresses Lgr5 (Barker et al. 2007). Lineage tracing has

shown that both populations give rise to all mature intestinal epithelial cell lineages.

However, whilst ablation of CBCs either genetically or by irradiation leads to
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expansion of the þ4 cells to restore tissue maintenance (Tian et al. 2011; Yan et al.

2012), genetic ablation of the Bmi1-positive, þ4 cell population results in wide-

spread cell death and is not compatible with crypt maintenance (Sangiorgi and

Capecchi 2008). The evidence suggests, therefore, that CBCs are responsible for

the bulk of tissue maintenance, but that þ4 cells sit at the top of the lineage as

quiescent SCs able to divide in response to injury.

This demonstrates how the combination of cell lineage tracing and genetic cell

ablation can be used as powerful tools to tease apart potential SC populations within

a tissue. Combined with the identification of additional cell-specific markers and

theoretical modelling of stem cell dynamics (Lopez-Garcia et al. 2010; Klein and

Simons 2011), similar approaches are likely to be crucial in defining (or rejecting

the existence of) SC/CP cell hierarchies in the corneal epithelium. The expression

pattern of Bmi1 in the human cornea (Barbaro et al. 2007) and the availability of

Bmi1 transgenic mouse lines (Sangiorgi and Capecchi 2008) make the gene an

obvious starting point for such an analysis. To unambiguously identify the corneal

epithelium-maintaining stem cell population the following key points should be

demonstrated: (1) The prospective SC population can be shown to populate the

entire corneal epithelium though lineage analysis. (2) Ablation of the prospective

SC population should result in corneal deterioration. Thus, although C/EBPd and

Bmi1 appear to be good candidates as markers of a subpopulation of quiescent

LESCs in the human limbus, lineage tracing and ablation studies are required

to determine whether these are the ultimate stem cells that maintain the corneal

epithelium.

19.9 Conclusions

Ocular surface damage and disease are major causes of blindness and so are of great

clinical significance. This has motivated the development of new clinical procedures,

including transplantation of cells cultured from the corneal limbus to treat LESC

deficiency (Rama et al. 2010; Shortt et al. 2011). In some respects clinical science

is running ahead of the biological understanding and many fundamental basic

research questions remain unresolved, not least the isolation and characterisation of

the proposed LESC population.

The evidence reviewed here favours a model by which the corneal epithelium is

maintained by LESCs. Evidence that describes a stem cell population within the

corneal epithelium itself (CESCs) may represent the unmasking of latent ‘plasticity’

within the resident TAC population and does not support a fundamental difference

between humans and the mouse. The balance of experimental evidence supports the

conventional LESC hypothesis over the new CESC hypothesis for the mouse as well

as other species. Nevertheless, there are significant differences among species, which

need to be taken into account when extrapolating results from animal models to

humans. Despite these differences the mouse has many advantages as an experimen-

tal animal and the availability of mouse genetic mutants, mosaics and various
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transgenic models provide powerful experimental resources with which to unravel

the secrets of corneal epithelial maintenance and to model corneal epithelial defects.

There are currently some promising gene expression patterns that may open the

door to reliable LESC biomarkers. Careful cell lineage and ablation studies com-

bined with expression profiling will be required to validate these potential markers

and unpick the tissue hierarchy responsible for corneal epithelial maintenance.

With a better understanding of the basic biology, clinicians will be able to refine

their existing therapies and achieve better clinical outcomes. Furthermore, they will

gain better insight and a clearer understanding of the long-term efficacies of these

still relatively new therapies.
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Chapter 20

Mouse-Induced Pluripotent Stem Cells

Hui Zhang and Ying Jin

20.1 Brief Introduction of Mouse-Induced Pluripotent

Stem Cells

Pluripotent stem cells belong to a unique population of cells, which can self-renew

indefinitely and have the potential to give rise to all cell types in an organism.

Generally, pluripotent stem cells include embryonic stem cells (ESCs), embryonic

germ cells (EGCs), and embryonal carcinoma cells (ECCs) (Boiani and Scholer

2005). In 2006, a new type of pluripotent stem cells, induced pluripotent stem cells

(iPSCs), was established by direct reprogramming of differentiated somatic cells

(Takahashi and Yamanaka 2006). The unique properties of iPSCs make them

extremely attractive in regenerative medicine, drug screening, disease modeling, as

well as study of developmental biology (Cyranoski 2008;Maherali andHochedlinger

2008; Nishikawa et al. 2008).

Based on the hypothesis that factors playing important roles in the establishment

andmaintenance of pluripotency also play crucial roles in somatic cell reprograming,

Yamanaka and Takahashi overexpressed 24 pluripotency-associated genes by a

retroviral expression vector in mouse embryonic and adult fibroblasts. Interestingly,

they found that a small fraction of fibroblasts in culture dishes acquired ESC-like

properties and named the reprogrammed cells as iPSCs. After further narrowing

down, they could generate iPSCs with genes encoding four transcription factors:

Oct4, Sox2, Klf4, and c-Myc (Takahashi and Yamanaka 2006). This was the first time

in history that differentiated somatic cells were reverted to an undifferentiated state

directly by defined transcriptional factors in vitro and the technique carries huge

application potential in regenerative medicine. It caused a tremendous sensation in

both public and scientific circles. Although the first generation of iPSCs generated by
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Yamanaka and colleagues resembled ESCs inmany aspects, they differed fromESCs

in that alive chimera were not born when iPSCs were injected into the blastocyst. In

the following 2007, Jaenisch group further optimized the technique and generated

mouse iPSCs that were epigenetically and developmentally indistinguishable from

embryo-derived ESCs. The second generation of mouse iPSCs could produce

chimera and were germline competent (Meissner et al. 2007). In 2008, human

iPSCs were successfully generated by three groups independently through transduc-

tion of defined factors into human differentiated somatic cells, a step forward to the

application of iPSC technology in regenerative medicine. Similar to mouse iPSCs,

human iPSCs are similar to human ESCs in terms of the ability to self-renew and

differentiate into all cell types of the three germ layers (Meissner et al. 2007;

Takahashi et al. 2007; Yu et al. 2007). Finally, the debate of whether mouse iPSCs

possess the same developmental potential as mouse ESCs do was settled by three

reports in 2009 when viable mice were produced by iPSCs using the most stringent

assay, i.e., tetraploid blastocyst complementation, to test the pluripotency of stem

cells (Boland et al. 2009; Kang et al. 2009; Zhao et al. 2009).

This promising breakthrough provides an invaluable resource for regenerative

medicine, enabling the generation of patient- or disease-specific cells of any

lineages without the use of embryonic material involved in ethical controversies,

as well as providing the potential solution to circumvent tissue rejection following

transplantation. Furthermore, it is thought to herald the revolutionaries of regener-

ative medicine, pharmaceutical screening and disease models. In addition, the

ability to revert somatic cells to an embryonic state provides a unique tool to dissect

the molecular events that permit the conversion of one cell type to another. Thus, it

is also of great significance to clarify vital principles of cell fate determination in

basic researches (Ramalho-Santos 2009).

20.2 Considerations of Direct Reprogramming Technology

As mentioned above, the iPSCs were originally derived by retroviral over expres-

sion of certain transcriptional factors. The technology suffered from certain

drawbacks: (1) some reprogramming factors are oncogenes such as c-Myc and

Klf4, and their reactivation could lead to tumor formation in iPSC-produced

chimeras; (2) the reprogramming process was slow and inefficient; (3) there exists

insertional mutagenesis to the genome of starting cells by virus infection; and

(4) incomplete reprogramming. It is critical to overcome these obstacles before

the technology would be utilized in the clinical setting (Robinton and Daley 2012;

Yamanaka 2009b; Zarzeczny et al. 2009).

While generation of iPSCs appears conceptually and technically simple, as

shown in Fig. 20.1, several variables must be considered: (1) selection of starting

cell types; (2) option of reprogramming factors; (3) approaches for factor delivery;

(4) derivation conditions; (5) identification of iPSC colonies; and (6) expansion and

characterization of iPSC lines. During the past several years, scientists have made
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extensive efforts to improve the iPSC technology, in order to realize somatic

reprogramming in a safe and efficient manner. The exploration for new technologies

of reprograming has advanced rapidly (Maherali and Hochedlinger 2008; Stadtfeld

and Hochedlinger 2010).

20.2.1 Selection of Reprogramming Factors, Starting Cells,
and Derivation Conditions

The original four-factor cocktail of Oct4, Sox2, Klf4, and c-Myc has been used to

induce reprogramming successfully for multiple cell types of mouse and human as

well as other species, including the rat, pig and rhesus monkey (Maherali and

Hochedlinger 2008; Stadtfeld and Hochedlinger 2010). Another four-factor cocktail

containing OCT4, SOX2, NANOG, and LIN28 was also used to establish iPSC lines

(Yu et al. 2007). Previous reports indicate that a variety of reprogramming cocktails,

in certain cases only one factor, could convert somatic cells into a pluripotent state.

20.2.1.1 Factor Selection

To circumvent tumor risk caused by oncogenes in the pool of reprogramming

factors, Klf4 and c-Myc were first removed from the cocktail with a great sacrifice

Fig. 20.1 Research directions and the current state of direct reprogramming technology: centering

around the safety and efficiency for future clinic applications based on six variables of iPSC

generation
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of the derivation efficiency (Huangfu et al. 2008b). In testing what was the minimal

factor requirement for direct reprogramming, Sox2 was found not essential in cell

types with or without its endogenous expression (Eminli et al. 2008), while Oct4
could play solo both in neural progenitor cells (NPCs) and fibroblast cells,

demonstrating that Oct4 is crucial in the reprogramming process (Kim et al.

2009b, c; Wang et al. 2011b). On the other hand, emphasizing on the efficiency

of iPSC generation, some researchers induced reprogramming with additional

factors (Liao et al. 2008). For example, BAF complex components could mediate

reprogramming with higher efficiency by facilitating Oct4 binding to target

promoters during reprogramming (Singhal et al. 2010). In addition, it was reported

that the silencing of certain factors could also enhance the reprogramming effi-

ciency. For instance, knockdown of DNA methyltransferase (DNMT) would permit

full reprogramming in mouse fibroblast cells (Huangfu et al. 2008a) and the

suppression of p53 would convert up to 10% transduced MEF to iPSCs in the

absence of the Myc retrovirus (Hong et al. 2009; Marion et al. 2009).

In the screening for the optimal reprogramming cocktail, Sox1 and Sox3 were

found to be able to replace Sox2, albeit with a decrease in the reprogramming

efficiency. Moreover, Klf2 could replace Klf4. Importantly, less tumorigenic L-Myc
or N-Myc could induce reprogramming in place of oncogenic c-Myc (Maherali and

Hochedlinger 2008; Stadtfeld and Hochedlinger 2010). Recent studies demonstrated

that Oct4 could be replaced with nuclear receptor Nr5a2 or Esrrb, or E-cadherin
(Feng et al. 2009a; Heng et al. 2010; Redmer et al. 2011). These investigations have

enhanced our understanding of the principles and mechanisms underlying the

reprogramming process dramatically. Whereas avoiding oncogenes sacrificed the

efficiency, small chemical compounds or specific cell types have been found to be

capable of facilitating the conversion from somatic to pluripotent status.

20.2.1.2 The Chemical Platform

The initial attempts to use small compounds that might mimic the effect of tran-

scription factors aimed at avoiding oncogene’s involvement and eliminating the

problem of genomic integration. Melton and collaborators reported that the

reprogramming efficiency increased by 100-fold in the presence of valproic acid

(VPA), a histone deacetylase (HDAC) inhibitor, and that pluripotency was

established without the introduction of Klf4 and c-Myc. It was further proposed

that HDAC inhibitors enhance the histone acelylation level, which correlates with

transcriptional activation, mimicking the effects of c-Myc (Huangfu et al. 2008a).

Currently, VPA is commonly used in the induction of reprogramming to enhance the

efficiency in various cell types. To date, small molecules used in the efficiency

improvement mainly play roles in epigenetic modifications, such as 5-azacytidine

(DNA methylating inhibitor) (Mikkelsen et al. 2008) and BIX01294 (histone

methyltransferase G9a inhibitor) (Kubicek et al. 2007; Shi et al. 2008b), or in the

regulation of certain signaling pathways such as BayK8644 (L-type calcium channel

agonist) (Shi et al. 2008a) andWnt3a (cell signaling molecule) (Feng et al. 2009b) in
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combination with CHIR99021 (a GSK3-b inhibitor) and PD0325901 (a MEK/ERK

inhibitor) (Eminli et al. 2008). In addition, Wang and colleagues reported recently

that histone demethylases Jhdm1a/1b enhance somatic cell reprogramming in a

vitamin-C-dependent manne (Esteban et al. 2010; Wang et al. 2011a). With the

evidence that BIX01294 could take the place of Oct4 to induce pluripotency from

NPCs and that a transforming growth factor TGF-b inhibitor (named 616452) could

replace Sox2 during iPSC generation, one of the ambitious goals in this field is

ultimately to achieve complete chemical reprogramming by novel small molecules

or novel cocktail of small molecules.

20.2.1.3 Cell Types Amenable to Reprogramming

Mouse iPSCs have been generated from multiple cell types, including fibroblast

cells from embryo or adult tail tips, bone marrow cells, hepatocytes, gastric

epithelial cells, pancreatic cells, NPCs, melanocyte, and mature B lymphocytes

(Maherali and Hochedlinger 2008; Stadtfeld and Hochedlinger 2010). Among

reported starting cell resources, several types of cells exhibited extremely high

efficiency of induction of reprogramming. For example, the efficiency of iPSC

generation from myeloid progenitors and hematopoietic stem cells could be 25%

and 13%, respectively, which is a soaring increase compared with 0.02% fromMEF

(Maherali and Hochedlinger 2008; Raya et al. 2009). One explanation for this

phenomenon is that progenitors possess the transcriptional and epigenetic features

similar to stem cells. However, the detailed mechanisms underlying this phenome-

non remain limited understanding. Taking advantage of endogenous expression of

Sox2, NPCs could be reprogrammed by two factors (Oct4 and Klf4) or even Oct4
alone (Kim et al. 2009c; Shi et al. 2008a). Worthy of noting, a recent report

indicated that Oct4-induced pluripotency could also be achieved in MEF in the

presence of certain chemical compounds, which suggests the powerful and

promising application of small-molecule compounds in somatic reprogramming

(Shi et al. 2008a). Generally, the cell types which possess epigenetic and gene

expression signatures closer to pluripotent cells tend to have a high efficiency in the

establishment of iPSC lines.

20.2.1.4 Culture Conditions

Traditional conditions supporting the ESC maintenance are sufficient for both

mouse and human iPSC generation. For instances, the substitution of knockout

serum replacement (KSR) for fetal bovine serum that greatly enhances mouse ESC

derivation also improves reprogramming process in mouse fibroblasts (Zhao et al.

2009). Moreover, conducting reprogramming under hypoxic conditions leads to an

increased efficiency for both mouse and human cells, whereas a low O2 tension

prevents differentiation of human ESCs (Yoshida et al. 2009). A key goal for

exploring favorable derivation conditions is to achieve defined and xeno-free
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cultures for the establishment of iPSCs suitable for clinical applications. By far,

mouse iPSCs can be derived under feeder-free conditions (Silva et al. 2008).

Basically, modification of iPSC derivation cultures relies on the experiences with

ESC culture.

20.2.2 Approaches of Delivering Reprogramming Factor

In vitro reprogramming from somatic cells can serve as an appealing approach to

produce patient-specific stem cells. This promising prediction has been convinced

by reports that reprogrammed skin cells have alleviated the symptoms of

Parkinson’s disease (Wernig et al. 2008) and sickle cell anemia (Hanna et al.

2007) inmousemodels. However, the original protocols employed retroviral vectors

and constitutive/inducible lentiviruses to deliver reprogramming factors, which

could lead to insertional mutagenesis and potential reactivation of the viral

transgenes (Hanna et al. 2007; Meissner et al. 2007; Okita et al. 2007; Takahashi

et al. 2007; Takahashi and Yamanaka 2006). The exploration for new approaches of

pluripotency inductionwithout ectopic integration has advanced significantly. So far

integration-free iPSCs have been derived via excisable (transposon and floxed

lentiviruses), nonintegrating vectors (plasmid, episomal, and adenovirus vectors),

and DNA-free (recombination protein with a cell-penetrating peptide, Sendai virus,

and synthetic modified mRNA) approaches.

20.2.2.1 Approaches with Genomic Integration

In vitro direct reprogramming methods were accomplished initially with the

employment of Moloney-based retroviral vectors that are known to undergo silenc-

ing in the pluripotent state (Takahashi and Yamanaka 2006). This self-silencing

property was considered as one of the criteria for full reprogramming (Stadtfeld

et al. 2008a). However, besides genome integration, there are several drawbacks to

preclude the utilization of retrovirus: (1) they usually target dividing cells, which

restrict the resource of starting cells; (2) gradual silencing during cell conversion

may result in a low efficiency of iPSC generation. Lentiviruses permit infection into

nondividing cell types and several groups obtained lentivirus-mediated iPSCs.

Nevertheless, they are not a preferable option due to their constitutive expression

in cell conversion. Drug-inducible lentiviral vectors polished this technique by

managing temporal control over factor expression (Markoulaki et al. 2009). Even

though this method exhibits genome integration, it is a powerful model to conduct

mechanistic analyses. Applying such system, Hockemeyer and colleagues established

“secondary iPSCs” in which iPSC-derived differentiated cells displayed the same

proviral integrations. Once induced by drug, the transgenes are homogeneously

reactivated, resulting in a 100-fold increased efficiency in the secondary iPSC produc-

tion (Hockemeyer et al. 2008).
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20.2.2.2 Integration-Free Approaches

In 2008, Hochedlinger and his colleagues derived iPSCs by adenovirus-mediated

factor induction from skin and liver cells of mice. The adenovirus excelled other

viral vectors like lentivirus and retrovirus in non-incorporating its own genes into

the host, thus avoiding potentially insertion-associated mutagenesis (Stadtfeld et al.

2008b). In the same year, Yamanaka group reprogrammed mouse cells by transfec-

tion with plasmids (Okita et al. 2008). Up to date, a number of integration-free

methods for direct reprogramming have been reported, such as minicircles (Jia et al.

2010), transposons (Woltjen et al. 2009), episomal vectors (Yu et al. 2009), and

DNA multicistronic construct targeting by homologous recombination (Wu et al.

2011). Several approaches involve sequential integration and excision of exoge-

nous gene, for example, the piggyBac transposon system. In principle, these non-

integration vectors are supposed to avoid transgene insertion, while in practice they

could not exclude insertional mutagenesis entirely. Furthermore, non-integration

approaches tend to possess dramatically lower efficiency compared with methods

with integration.

20.2.2.3 DNA-Free Approaches

Suffering from low efficiency of iPSC generation with rare but possible risk of

transgene insertion, the integrating-free approach did not satisfy the expectation for

factor delivery. One attractive attempt is to induce iPSCs directly by transduction of

proteins of reprogramming factors. Based on recombination proteins incorporating

cell-penetrating peptide (11-arginine peptide), Ding’s group demonstrated that

protein-mediated transduction supported reprogramming murine somatic cells to

pluripotency (Zhou et al. 2009); soon after, Kim and collaborators successfully

applied a similar method on human fibroblast cells (Kim et al. 2009a). Although

protein-based iPSC generation is the exclusive method to date without the use of

genetic materials, it requires recombinant protein expression and purification exper-

tise, and also suffers from extremely low efficiency as well as a long conversion

process, which limits its further application. Nevertheless, protein based-iPSC gener-

ation deserves further research. In our lab, we have explored a simple, genetic

material-free strategy for somatic cell reprogramming based on fusion proteins with

protein transduction domain TAT (Schwarze and Dowdy 2000). We demonstrated

that TAT fusion proteins of reprogramming factors could transduce multiple human

and mouse cell lines and activate their corresponding reporter genes. However, we

failed to establish iPSC lines using recombinant proteins alone. A huge step forward in

the factor delivery field was taken in 2010. Warren and colleagues reported efficient

induction of pluripotency by synthetic modified mRNA, which contained stabilizing

modifications such as 5-methylguanosine capping or substituted ribonucleobases, e.g.,

pseudouracil, to alleviate the innate antiviral defence pathways such as interferon and

NF-kB-dependent pathways triggered by single-stranded RNA biotypes (Fig. 20.2).
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This method satisfied both safety and efficiency of iPSC generation with a 35-fold

higher efficiency than that of viral transduction (Warren et al. 2010). The repeatability of

similar techniques in more research groups is critical for the eventual application in the

clinic settings.

20.2.2.4 Reprogramming Factor Independent Approaches

Reprogramming approaches described above are dependent on overexpression of a

set of transcription factors. Recently, Anokye-Danso and collaborators opened a

novel way to direct reprogramming by the expression of the micro RNAs (miR302/

367 cluster) in mouse and human somatic cells in the absence of exogenous transcrip-

tion factors. In this report, the miRNA-based reprogramming process was surpris-

ingly rapid and efficient with two orders of the magnitude more efficient than the

standard four-factor mediated reprogramming. Nevertheless, suppression of HDAC2

is required. This work not only provides a powerful tool for reprogramming, but also

challenges the conventional stereotype that miRANs regulate gene expression in a

fine-turn-way (Anokye-Danso et al. 2011).

Fig. 20.2 Protein and mRNA based transduction. (a, b), the workflow of generation of

reprogramming factors in TAT-fusion protein or mRNA forms and how they play their roles

in vivo. (c, d) the transduced reprogramming factors (TAT-Oct4 and mRNA c-MYC) mediated by

two approaches and localized primarily to the nucleus are readily detectable 24 h after transduction

by immunofluorescen staining
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20.2.3 Identification, Expansion, and Characterization
of iPSC Colonies

The first generation of mouse iPSCs was selected for the expression of ESC-

specific, but nonessential, gene Fbx15 (Takahashi and Yamanaka 2006). Subse-

quently, iPSCs were generated through selection for the expression of essential

ESC-specific genes, Nanog orOct4 (Meissner et al. 2007; Okita et al. 2007; Wernig

et al. 2007). Given that selection was enabled by the introduction of reporter alleles,

the system appeared unfeasible in a clinical setting. Further investigation found the

selection to be unnecessary and actually counterproductive. Currently, identifica-

tion of iPSC colonies is solely based upon morphological observation, which relies

on ESC culture experiences (Stadtfeld et al. 2008a). In general, mouse iPSC

colonies can be distinguished by their ESC-like morphological properties. Aimed

to monitor fully reprogrammed state, some groups established transgenic mice,

harboring pluripotent gene (Oct4 or Nanog) promoter driven EGFP. For example,

Jaenisch’s group generated transgenic mice that harbor an IRES-EGFP fusion

cassette downstream of the stop codon of the Oct4 (Pou5f1) gene. Using this

system, EGFP is supposed to be turned on once somatic cells are converted into

the pluripotent state and the expression of EGFP indicates the expression of

endogenous Oct4 (Lengner et al. 2007).

Characterization of iPSCs shares similar criteria with those of mouse ESCs and

basic characteristics of pluripotent cells include unlimited self-renewal, the capability

of differentiation into all cell lineages in vitro and in vivo. In addition, several

examinations includingpluripotency gene expression, genome stability, clonogenicity,

karyotype, and extensive proliferation in vitro under certain culture conditions are

also required. To determine the differentiation ability of iPSCs, in vitro assays

such as embryoid body formation and in vivo assays such as teratoma formation,

chimeric mice, and germline transmission are generally conducted. Under certain

circumstances, the tetraploid complementation assay is performed to validate the full

development potential. With the development of new techniques, more and more

genome-scale profiles have been utilized to evaluate the status of iPSC lines in test,

for instance, transcription and DNA methylation profiles (Meissner et al. 2007;

Mikkelsen et al. 2007; Okita et al. 2007; Takahashi and Yamanaka 2006; Wernig

et al. 2007).

20.3 Thoughts in Conflicts and Challenges in Current

Understanding mechanisms and principles underlying the reprogramming process

is the guarantee of bringing all potentialities of iPSCs into full play. In fact,

researches on this topic have turned out to be an international brainstorm spreading

over almost all aspects in cell biology. Jaenisch has pondered and summarized that

“these studies left important questions relevant to the basic mechanisms of
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epigenetic reprogramming unresolved: how does the reprogramming process prog-

ress over time and what happens to the majority of the cells that do not become

reprogrammed upon continued cell growth and expression of the reprogramming

factors? Why do some somatic cells that circumvent senescence or apoptosis

induced by Oct4, Sox2, Klf4, and c-Myc convert into iPSCs earlier than others?

Do all adult donor cells expressing Oct4, Sox2, Klf4, and c-Myc reprogramming

factors eventually give rise to iPSCs or would this be achieved only upon additional

genetic or small molecule manipulation? Is high reprogramming efficiency

restricted to non-lineage committed or adult stem cells?” (Hanna et al. 2009)

There are numerous questions by which hypotheses arise, and on which different

thoughts in conflicts are argued and exchanged. Facts and evidences have

accumulated and experts studying on this field have approximated the “truth”

step by step. Unfortunately, limited to the space of this chapter, we can merely

discuss several excellent while imperfect answers to these key questions in this

rapidly moving field.

20.3.1 Cell Responding to Reprogramming: Elite or Stochastic?

With conventional viral expression system, the efficiency of initial germline-

competent iPSC generation was only 0.05%, namely one cell is successfully

converted into the ESC state among 2,000 originally plated starting cells (Maherali

and Hochedlinger 2008; Takahashi and Yamanaka 2006). The low frequency

implies that iPSCs might origin from rare tissue stem/progenitor cells that exist in

the fibroblast cultures (studies have indicated that 0.067% of mouse skin cells are

stem cells). Yamanaka’s pioneering work attempted to exclude this possibility by

showing that even from bone marrow stroma, which is more enriched in mesenchy-

mal stem cells and other multipotent cells, the efficiency of iPSC generation was still

comparably low (Takahashi and Yamanaka 2006). Therefore, reprogramming does

not seem to favor multipotent tissue. In 2009, Yamanaka proposed “Elite and

stochastic models for iPSC generation” to explain the low efficiency. In the elite

model, only a small portion of cells, determined either before or after retroviral

transduction, can be converted either partially or fully. While in the stochastic

model, most (if not all) differentiated cells initiate the reprogramming process, but

only a few can complete reprogramming (Yamanaka 2009a). From experimental

observation, iPSC emergence seems to be a rare event with heterochrony. The

quantified dissection of crucial events occurring during the in vitro reprogramming

process has been problematic due to the cellular and genetic heterogeneity of de

novo infected somatic cells. For instance, different infection efficiencies of four

transcription factors and variable transcription factor expression in individual cells.

It is also noteworthy that population-level measurements typically employed in

reprogramming studies cannot distinguish between the above models (Hanna et al.

2009; Mikkelsen et al. 2008). Jaenisch’s group answered this question in an inge-

nious and elegant way using the secondary generation iPSC system. They chose
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B-cell lineage-committed cells from the secondary chimeras with a Nanog-GFP
reporter and doxycycline-inducible lentiviral vectors encoding the four transcription

factors. B-cell lineage-committed cells at the early pre-B-cell stage present a deter-

mined differentiated somatic cell type. They were efficiently cloned as single cells

once isolated and served as a defined and homogenous starting cell population for

reprogramming. With this powerful reprogramming system, they found that almost

all donor cells eventually gave rise to iPSCs with continued growth and transcription

factor expression. This evidence eloquently demonstrated that reprogramming by

forced expression of transcription factors is a continuous stochastic process. In

addition, they applied quantitative analyses to define distinct cell-division rate-

dependent (inhibition of the p53/p21 pathway or over expression of Lin28) and

independent (Nanog overexpression) modes for accelerating the dynamic process

of reprogramming, and suggested that the number of cell divisions is a key parameter

driving epigenetic reprogramming to pluripotency (Hanna et al. 2009).

20.3.2 iPSCs vs. ESCs: Are They Equivalent?

Fully reprogrammed iPSCs can form fertile mice by tetraploid blastocyst comple-

mentation (all iPSC mice), suggesting the equal developmental potential between

mouse ESCs and iPSCs (Boland et al. 2009; Kang et al. 2009; Zhao et al. 2009).

However, based on the observation of substantial variations among pluripotent cell

lines, translational researches require better understanding of the differences

between ESCs and iPSCs. This prime concern inspired flooded analyses of

transcriptome and epigenome of iPSCs by reference to those of ESCs (Bock et al.

2011; De Carvalho et al. 2010; Gore et al. 2011; Guenther et al. 2010; Hussein et al.

2011; Laurent et al. 2011; Pasi et al. 2011; Stadtfeld et al. 2010). Inevitably,

conclusions from these studies were highly dependent on the technique used and

research aspects focused on. For instances, Young’s group revealed that there is

little difference between a panel of human ESCs and iPSCs (not genetic matched

but with enlarged sample amounts) with respect to global chromatin structure

(histone H3K4me3 and H3K27me3 modifications) and gene expression profiles

(Guenther et al. 2010). Alexander Meissner’s group reported the global similarity in

DNA methylation and gene expression levels among a set of human ESCs and

iPSCs line. Despite the deviation of a number of genes from the other cell lines,

which is more prevalent among iPSC lines than among ESC lines, no epigenetic or

transcriptional deviation was found unique and shared by all iPSC lines. Therefore,

in their model, ESCs and iPSCs should not be considered as one or two defined

points but rather as two partially overlapping point clouds (Bock et al. 2011).

In 2011, four independent studies came with unexpected haze: the genome itself

of iPSCs suffered from mutations. Pasi and collaborators proposed that oncogenes

(c-Myc) fuel the reprogramming-induced DNA damage by replicative stress (RS),

which was supported by comparative genomic hybridization (cGH) analyses of

iPSCs genomes (Pasi et al. 2011). Hussein and colleagues reinforced the link
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between RS and mutagenic-induced reprogramming by examining copy number

variations (CNVs). This work suggested that de novo CNVs confer growth or

survival disadvantages to the cells and that the genome of iPSCs would be

dynamically influenced during culture and in vitro manipulation (Hussein et al.

2011). A much deeper study from Gore and colleagues revealed that iPSCs acquire

epigenetic and genetic modifications as well. However, half of the mutations

detected by sequencing the exons of 22 human iPSCs generated by five independent

methods (including the most safe mRNA-iPSCs to date) existed in the starting

cells before reprogramming. This finding suggested that the detected mutations

(particularly for point coding mutations) might be selected for, rather than

generated, during reprogramming (Gore et al. 2011). By performing a comprehen-

sive high-resolution SNP analysis of 189 pluripotent (iPSCs and ESCs) and 119

non-pluripotent samples, Laurent and collaborators argued that intrinsic genomic

instability is a general property of pluripotent genomes (both iPSCs and ESCs), but

with different genomic aberration patterns (Laurent et al. 2011).

Stadtfeld and collaborators conducted genetically matched comparisons between

mouse ESCs and iPSCs with respect to global mRNA and miRNA expression profiles

(Stadtfeld et al. 2008a). They demonstrated that the overall messenger RNA and

microRNA expression patterns are not distinguishable with the exception of a few

transcripts encoded within the imprinted Dlk1–Dio3 gene cluster. iPSCs with low

levels of these transcripts contributed to chimeras poorly and failed to develop into all

iPSC mice (Stadtfeld et al. 2010). A recent investigation showed that iPSCs with low

expression of the Dlk1-Dio3 cluster could support the development of all iPSC mice

but with a lower frequency than those having normal expression of the cluster (Carey

et al. 2011).

20.3.3 Patient-Specific iPSCs: Free From Auto-immunity?

Given that autologous cells are supposed to be immune tolerated by corresponding

recipient, a granted promise for regenerative medicine is that applying patient-

specific iPSCs into transplantation would avoid immune rejection response in

recipient. Although this assumption is appealing and sound, astonishingly, Xu’s

group casted a timely warning that iPSCs were immunogenic even in the geneti-

cally matched recipients (Zhao et al. 2011). In this study, four pluripotent cell lines,

namely, ESCs from B6 and 129/SvJ mice, and iPSCs by either retroviral (ViPSCs)

or episomal approach (EiPSCs) derived from B6 MEF were injected into B6 mice.

Subsequently, teratoma formation and immune responses were monitored. They

found that B6 ESCs efficiently formed teratomas without any evident immune

rejection, whereas allogeneic 129/SvJ ESCs failed to form teratomas due to rapid

rejection by recipients. In contrast to B6 ESCs, teratomas formed by B6 EiPSCs

were immunogenic in B6 mice with T-cell filtration. Moreover, they found multiple

genes (e.g., Zg16 and Hormad1) abnormally overexpressed in teratomas derived

from EiPSCs, which possibly contributed to the immunogenicity of the B6 EiPSCs
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derived cells in B6 mice. These unexpected results added to a series of findings that

iPSCs differ in subtle but potentially important ways from ESCs, and pointed out

that some vital issues are required to be precisely evaluated before confidently

clinical application of iPSCs: (1) whether differentiated cells from iPSCs would be

immonogenic in autologous receipt? (2) To what extent the methods of iPSC

generation will affect their immunogenicity; (3) whether the same response

would happen in humans? In the meantime, the results underscore the importance

to carry on researches of ESCs in order to fully understand the differences between

iPSCs and ESCs.

20.4 Perspectives

Compared with human stem cells, mouse stem cells that benefit from being more

amenable have served as the preferable research tools in stem cell study. With the

same principle, mouse iPSCs also served as a rehearsal platform before iPSCs can

be considered for human therapy (Robinton and Daley 2012). For example,

Jaenisch’s group established iPSC lines from fibroblasts of sickle anemia mice

(Hanna et al. 2007). Importantly, they corrected the mutated gene in iPSCs and

further differentiated iPSCs into hematopoietic stem cells, which rescued the

disease phenotypes after transplanted back to sickle anemia mice. The study proves

a principle that disease-specific iPSCs could be used for the cell therapy. In

addition, mice models also are used as a reliable system to evaluate the long-term

safety of iPSCs. Even with outwardly indistinguishable similarities between

4n-iPSCs (iPSC lines that have been tested by tetraploid complementation assay)

and ESCs, evaluations and comparisons of the long-term safety and developmental

process of animals produced from above two cell types are required. Recently, Man

Tong and colleagues performed systematic comparison between mice derived from

4n-iPSCs and ESCs and found 4n-iPSC mice behaved normally in intelligence test

and clinical hematological analysis (Tong et al. 2011). They suffered from devel-

opmental abnormities, including embryonic arrest, open-eyelid, and respiratory

failure, at a comparable rate as that of ESC mice. However, tumorigenic cells

were identified in 23% of iPSC mice, not in ESC mice, probably due to the

reactivation of transgenic c-Myc (and Klf4). Furthermore, observations in human

and mouse systems are complementary and should be discussed side by side to

emphasize the similarities and the differences in the two systems. All these infor-

mation would be combined to shed new light on understanding the epigenetic

regulation of cellular programming and reprogramming processes.

Worthy of note, even with flooded and detailed dataset generated, several

essential elements must be taken into consideration before any unimpeachable

conclusions could be made to the critical questions (1) unavoidable contribution

of genetic background and residual transgene expression in tested pluripotent cell

lines; (2) imperfect reprogramming protocol: by far, even the most safe protocol for

generation of mRNA-iPSCs still requires at least 18 rounds of RNA transfection
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through cationic lipid delivery vehicles. Moreover, single-stranded RNA biotypes

trigger innate antiviral defence pathways, which would lead to apoptotic cell death

(Warren et al. 2010). Therefore, further in-depth investigation is needed in order to

fully understand the molecular basis of cellular reprogramming and develop safe

cell therapeutic protocols. Undoubtedly, mouse iPSCs will serve as an essential

player for realizing such goals.
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Chapter 21

Aging in the Mouse and Perspectives

of Rejuvenation Through Induced

Pluripotent Stem Cells (iPSCs)

Ken-ichi Isobe, Zhao Cheng, Sachiko Ito, and Naomi Nishio

Abstract The mouse is a perfect model to study aging in mammals. It has a

relatively short life span and genetic manipulations in this species are well

established. Most interestingly, the mouse is a fantastic tool to produce stem

cells. Forced expression of only four transcription factors (Oct3/4, Sox2, Klf4,

and c-Myc) in murine and human somatic cells resets the expression of genes that

are characteristic of differentiated cells and consequently induces the formation of

pluripotent stem cells (iPSCs). This technology opens new and exciting possibilities

in medical research, especially personalized cell therapies for treating human

disease. To treat damaged tissues or repair organs in elderly patients, it will be

necessary to establish iPSCs from their tissues. To determine the feasibility of using

this technology with elderly patients, we asked whether it was indeed possible to

establish iPSCs from the tissues of aged mice and to differentiate them to tissue

cells. We succeeded in establishing iPSC clones using bone marrow (BM) from

21-month-old EGFP-C57BL/6 mice, which had been cultured for 4 days in the

presence of granulocyte macrophage-colony stimulating factor (GM-CSF). Our

iPSCs from aged mice (aged iPSCs) and those from mouse embryonic fibroblasts

(MEFs) strongly expressed SSEA-1 and Pou5f1, and showed strong alkaline phos-

phatase (AP) activity. Our aged iPSCs made teratomas when injected into the back

skin of syngeneic mice, and differentiated to tissue cells of three germ lines in vitro.

Further experiments to make chimeric mice and germ line cells will determine

whether the aged iPSCs possess the properties of much younger cells and are

capable of regenerating aged mice.
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21.1 Introduction

The mean life expectancy in developed countries has increased dramatically

(Oeppen and Vaupel 2002). For instance, the mean life expectancy in Japan has

increased from 50 to 80 years in no more than 6 decades. Socioeconomic factors,

including the improvement of environmental conditions and medical care, may

explain part of this increase in life span, but ample evidence suggests that genetic

factors are also at play. Studies of twins and long-lived families have estimated that

20–30% of the variation in human life span is determined by genetic factors

(Herskind et al. 1996; Mitchell et al. 2001; Hjelmborg et al. 2006).

The mouse is an ideal mammalian model for studying aging. It shares 99% of its

genes with humans (Boguski 2002), has a short generation time, and its environment

can be easily controlled (Yuan et al. 2011). Furthermore, the genetic resources for the

mouse include hundreds of inbred strains and mutants and sophisticated genetic

engineering technology formanipulating its genome (Paigen 1995; Peters et al. 2007).
Somatic cell nuclear transfer (SCNT) into oocytes and the cloning of entirely new

animals from a single cell revolutionized the concepts of developmental biology.

SCNT was first developed in Xenopus (Gurdon 1962), followed by “Dolly” the

sheep (Wilmut et al. 1997) and then mice (Wakayama et al. 1998). This technique

suggests that cellular factors affect chromatin structure and gene expression. The

forced expression of only four transcription factors (Oct3/4, Sox2, Klf4, and c-Myc)

in murine and human somatic cells can reset the genes of differentiated cells and

induce pluripotent stem cells (iPSCs) (Takahashi and Yamanaka 2006; Takahashi

et al. 2007; Wernig et al. 2007; Jaenisch and Young 2008; Yu, et al. 2007; Park et al.
2008; Lowry et al. 2008) (Fig. 21.1a). This technology opens exciting possibilities in
medical research, especially personalized cell therapies for treating human diseases.

Because of the human leukocyte antigen (HLA) barrier, almost all organ trans-

plantation therapies require immunosuppressive drugs which cause several side

effects. If it were possible to generate iPSCs from a patient’s own healthy cells and

induce differentiation, we could avoid allogeneic organ transplantation. In devel-

oped countries, a large number of elderly people suffer from untreatable diseases.

To treat damaged tissues or repair organs in elderly patients, it will be necessary to

establish iPSCs from their tissues. To determine the feasibility of the application of

this technology to elderly patients, we studied the possibilities to establish iPSCs

from the tissues of aged mice and to redifferentiate them to a range of tissues. In the

first section of this chapter, we will briefly summarize the molecular characteristics

of iPSCs and then discuss the possibility of using this technique to rejuvenate aged

damaged tissues.

21.2 Characteristics of Induced Pluripotent Stem Cells

Pluripotent stem cells exist in developing embryos and have been established in

tissue culture. The first pluripotent cells were derived from a germ line tumor

teratocarcinoma (Hogan 1976). Then, embryonic stem cells (ESCs) from the
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inner cell mass (ICM) of normal mouse embryos were developed, which made a

great impact on biomedical research by permitting the creation of knockout mice

(Evans and Kaufman 1981). Primordial germ cells isolated from embryonic day 8.5

embryos generated ES-like cells, termed embryonic germ cells (Surani 1999). From

newborn or adult gonads, ES-like cells were generated and called spermatogonial

stem cells, which are propagated in vitro in the presence of serum and leukemia

inhibitory factor (LIF) (Kanatsu-Shinohara et al. 2004) (Fig. 21.1b). The pluripo-

tent stem cells most commonly used in research are ESCs and iPSCs because they

grow well in vitro. Many characteristics of ESCs and iPSCs are similar. ESCs or

iPSCs are maintained on feeder fibroblasts in the presence of fetal bovine serum and

LIF which support STAT3 (signal tranducer and activator of transcription 3)

Tissue cell

Tissue cell iPSCs

Nuclear transfer

zygotea

b

ES cells

Blastocyst

Spermatogonial
germ stem cells

EG cells

PGC

Fig. 21.1 Methods to make

pluripotent cells. A. Adults

somatic cells are

reprogrammed by Somatic

cell nuclear transfer (SCNT)

into oocytes. The forced

expression of transcription

factors in somatic cells can

reset the genes of

differentiated cells and induce

pluripotent stem cells

(iPSCs). B. Pluripotent stem

cells from fetal and adult stem

cells
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signaling. Alternatively, feeder layers can be omitted by the inclusion of LIF, BMP-

4 and other small molecules that stimulate Wnt signaling (Ying et al. 2008).
Chromatin—chromosomal DNA as packaged with histones—provides the cellu-

lar context for gene expression. On the basis of histological evidence, ESCs and

iPSCs exhibit euchromatin (lightly stained and sparsely packed chromatin), which is

mostly devoid of more densely stained, compacted areas of the heterochromatin.

The chromatin of ESCs or iPSCs is in an “open” state (Gaspar-Maia et al. 2011).
Cells in the ICM of the mouse blastocyst at day 3.5, which are the source of ES cells,

share the same open chromatin conformation as ES cells. Upon differentiation,

heterochromatin appears heterogeneous and clustered in distinct blocks. DNA of

ESCs and iPSCs is hypomethylated. Especially, demethylation of Oct4 andNanog is

widely used to monitor successful reprogramming (Mikkelsen et al. 2008). Histone-
modifying enzymes that repress genes encoding lineage-specific developmental

regulators have the most profound impact on ESC or iPSC states. Histone H3 tri-

methylation and di-methylation on Lys9 (H3K9me3 and H3K9me2) are indicators

of heterochromatin. They are low in iPSCs and ESCs (Hawkins et al. 2010), but upon

differentiation, H3K9 is hypermethylated. In contrast, active markers such as

H3K4me3 and acetylation of histones H3 and H4 are upregulated in ESCs and

iPSCs (Fig. 21.2). The pluripotency regulatory network is also directly linked to the

Jumonji (Jmj) family H3K9 demethylases Jmjd1a/KDM2A and Jmjd2c/KDM4B,

which act onH3K9me2 andH3K9me3, respectively (Loh et al. 2007). Both genes lie

downstream of Oct4 and are regulated positively through its action. Recent

discoveries have generated substantial excitement, as they show that cytosines in

mammalian cells can be hydroxymethylated to 5hmC (5-hydroxymethylcytosine),

which is especially abundant in tissues such as ESCs and iPSCs. 5-Methylcytosine

(5mC) can be hydroxylated by the ten-eleven translocation (TET) family of

enzymes. Koh and colleagues (2011) reported that TET levels are high in pluripotent

cells and decline during differentiation. 5hmC was especially enriched at the start

iPSCs Differentiated cells

Chromatin: Open Chromatin: Closed
DNA: hypermethylated

Histones: Histones:
Histone H3 tri (di)-methylation Histone H3 tri (di)-methylation

H3K9me3 and H3K9me2 high
H3K4me3 low
acetylation of histones H3 and H4 low

H3K9me3 and H3K9me2 low
H3K4me3 high
acetylation of histones H3 and H4 high

DNA: hypomethylated

Fig. 21.2 Differences of chromatin of iPSCs and differentiated cells
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sites of genes whose promoters bear dual histone 3 lysine 27 trimethylation

(H3K27me3) and histone 3 lysine 4 trimethylation (H3K4me3) marks (Williams

et al. 2011; Wu et al. 2011). Tet1 is required for establishing a defined genomic

pattern of 5hmC, and also for initiating an enzymatic cascade to maintain CpG-rich

gene promoters in a DNA hypo-methylated state (Wu et al. 2011).

21.3 Is It Possible to Generate iPSCs from Aged Mice?

It has been shown that cellular senescence induced by reprogramming impairs

successful reprogramming to iPSCs. Banito and collaborators (2009) showed that

expression of four reprogramming factors mentioned above triggers senescence via

upregulating p53, p16 (INK4a), and p21(CIP1). Upregulation of these senescence-

related proteins blocks proliferation of target fibroblasts and reduces the generation

of iPSCs. Genetic inhibition of the Ink4a/Arf locus has a profound positive effect on

the efficiency of iPS cell generation, increasing both the kinetics of reprogramming

and the number of emerging iPS cell colonies. Inmurine cells, Arf, rather than Ink4a,

is the main barrier to reprogramming by activation of p53 (encoded by Trp53) and
p21 (encoded by Cdkn1a), whereas, in human fibroblasts, INK4a is more important

in reprogramming than ARF (Li et al. 2009). p53 is a stress-response protein, which
suppresses tumor formation by promoting senescence (permanent cell-cycle arrest).

Several papers have shown that inactivation of p53 markedly increases the effi-

ciency of iPSC production (Hong et al. 2009; Kawamura et al. 2009; Utikal et al.
2009; Marión et al. 2009). These results indicate that during the course of induction

of iPSCs, cellular aging occurs and reduces the capacity to generate iPSCs.

It was reported that fibroblasts from the lung of a human fetus had a fixed,

replicative life span of about 50 population doublings before replication stopped

(Hayflick 1965). This finding was reinforced by the report that the replicative

potential of fibroblasts cultured from skin decreased with the increasing age of

human donors (Martin et al. 1970). Additional support for the putative relationship
between donor age and replicative life span of fibroblasts came from the report that

the number of possible divisions in vitro was directly related to the average in vivo

lifetime of the species (R€ohme 1981). Later, the limited in vitro lifetime was

attributed to telomere shortening (Harley et al. 1990), which also contributed to

organismal aging by limiting the proliferative capacity of adult stem cells (Blasco

2007; Flores et al. 2006). These results indicated that the efficiency of iPSCs

production might be lower in aged cells than in young cells.

We investigated the establishment of iPSCs from aged mice (Cheng et al. 2011).

We used BM-derived myeloid (BM-M) cells that were actively proliferating in the

presence of the granulocyte macrophage-colony stimulating factor (GM-CSF)

(Fig. 21.3). First, we calculated the efficiency of iPSC generation from aged

mice. We compared MEF cells and BM-M cells obtained from either 2-month-old

C57BL/6 or 23-month-old C57BL/6 mice. Colonies appeared approximately

15 days after virus transduction from both MEF and 2-month (2M)-old BM-M

cells, although the number of colonies produced by MEF cells increased more
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Fig. 21.3 Establishment of iPSCs from bone marrow (BM) derived macrophages (M) in GM-CSF

of 21-month-old EGFP-positive C57BL/6 mice

Fig. 21.4 Efficiency of the induction of MEF and BM-M cells. BM cells from 21-month-old

EGFP-C57BL/6 mice. Graph shows the colony numbers at different time point
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rapidly than those from 2M-old BM-M cells (10 colonies from MEF versus

2 colonies from 2M-old BM-M cells at 15 days). As expected, 23-month-old BM-

M cells produced fewer colonies and these appeared later (10 colonies from 2M-old

BM-M cells versus 2 colonies from 23M-old BM-M cells 30 days after transduction;

Fig. 21.4). These results indicate that the efficiency of establishing iPSCs from aged

mice is indeed lower than that from youngmice (Cheng et al. 2011). Then we tried to

verify whether iPSC cell lines from aged mice could grow and differentiate as well

as iPSCs from young mice. To this end, we planned to transplant differentiated

iPSCs to damaged tissues of syngeneic C57BL/6 mice. In order to discriminate

transplanted iPSCs from recipient syngeneic mice, we selected GFP-positive

C57BL/6 mice. We succeeded in establishing iPSCs clones using BM of

21-month-old EGFP-C57BL/6 mice, which had been cultured for 4 days in the

presence of GM-CSF. We selected two clones (1 and 2) and expanded them

(Fig. 21.3).

21.4 Are Aged Somatic Cells Rejuvenated By iPSC Production?

There is an overall decline in tissue regenerative potential with age (Rando 2006).

For instance, wound healing becomes slower with age in skin. This age-related

decline of wound healing is mainly caused by the decrease of regenerative potential

of stem cells in the skin, although immune cells affect these phenomena (Nishio et al.
2008). During aging, the somatic cells accumulate DNA lesions, caused by a variety

of stimuli, although the host has defense systems. These include single- and double-

strand DNA breaks, chromosomal translocations and single base mutations. Telo-

mere shortening occurs as a consequence of somatic cell division (Wang et al. 2009).

Most of these DNA mutations that accumulate during aging are irreversible, except

telomere shortening (described later). Unlike acquired DNAmutations, epigenomic

changes (DNA methylation and histone methylations, acetylation, and

ubiquitination) are potentially reversible. Loci in CpG islands gained methylation

with age, while loci outside of CpG islands lost methylation with age (Christensen

et al. 2009). Maegawa and collaborators (2010) demonstrated a surprisingly high

rate of hyper- and hypomethylation as a function of age in normal mouse small

intestine tissues and a strong tissue specificity to the process. During aging, histone

methylation also occurs and may affect gene expression and function. It has been

shown that regulators of histone H3K4 trimethylation complex associate during the

life span in C. elegans (Greer et al. 2010). In mammals, histone methylation affects

the aging of tissue cells. In young murine oocytes, dimethylation of lysines 4, 9, 36

and 79 in histone 3 (H3K4me2, H3K9me2, H3K36me2, H3K79me2) andmethylation

of lysine 20 in histone H4 (H4K20me2) and trimethylation of lysine 9 in histone 3

(H3K9me3) were observed. However, in old murine oocytes, H3K4me2 and

H3K9me2 increased and demethylation of H3K9me3, H3K36me2, H3K79me2,

and H4K20me2 occurred (Manosalva and González 2010) (Fig. 21.5).

Prior to the discovery of iPSCs, several approaches were taken to determine

whether aged somatic cells could be rejuvenated and whether differentiation was

reversible. Early cell fusion experiments between somatic cells and ESCs
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demonstrated the reversibility of differentiation (Blau et al. 1985). It was shown
that the life span of mice cloned from somatic cells (immature Sertoli cells) was

significantly shorter than that of genotype- and sex-matched controls, most likely

due to severe pneumonia and hepatic failure (Ogonuki et al. 2002). Immune

responses (antibody production and phagocytosis) in cloned mice were lower

than in controls. However, they reported that two of the 12 cloned mice in their

experiment appeared to have normal life spans.

An important question is whether telomeres of aged iPSCs become shorter than

those of young iPSCs. Because telomerase activity is upregulated in both human

and mouse iPSCs (Takahashi et al. 2007; Stadtfeld et al. 2008), it was suggested
that telomeres might be elongated in iPSCs compared to parental cells. Consistent

with this idea, telomeres were found to be elongated in iPSCs taken from an elderly

person (Dimos et al. 2008).

If aged iPSCs were rejuvenated, their gene expression profile and epigenetic state

might be similar to those of iPSCs from MEFs. Reprogramming of somatic cells to

pluripotency is accompanied by extensive remodeling of epigenetic marks, includ-

ing DNA demethylation of key pluripotency genes such as Oct4 and Nanog. In
somatic cells, the promoters of Oct4 and Nanog are highly methylated, reflecting

their transcriptionally repressed state. The formation of iPSCs involves activation of

these genes, and their demethylation is widely used to monitor successful

iPSCs Aged cells

DNA: hypomethylated DDNA: hypermethylated
Histones: Histones:
H3K4me2, H3K9me2; low H3K4me2, H3K9me2; high
H3K36me2, H3K79me2 low H3K9me3, H3K36me2; low
H4K20me2 high H3K79me2, and H4K20me2; low
H3K9me3 high

Tissue staining
SSEA-1,Pou5f1,alkaline phosphatase Senescence-associated b-galactosidase

HP-1

Epigenomic changes

DNA changes
DNA breaks, 
chromosomal translocation
Single base mutations
Telomere shortening

p16Ink4aOct-4, Sox2, Nanog

Sall4, Rex1, Dax1, Tcl1

Fig. 21.5 DNA or epigenomic changes between iPSCs and aged cells
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reprogramming (Mikkelsen et al. 2008). In principle, demethylation could occur by

a passive mechanism, such as the inhibition of DNA methyltransferase 1 (Dnmt1)

during DNA replication, or by an active mechanism in which the methylated base is

removed from nonreplicating DNA.

Our iPSCs from agedmice andMEF iPSCs strongly expressed SSEA-1 andOct-4

(Fig. 21.6a) and Pou5f1, and they showed strong alkaline phosphatase (AP) activity.

Gene expression of Nanog and Pou5f1 in aged iPSCs was as high as in MEF iPSCs

and the promoters of Nanog and Pou5f1 were hypomethylated in both aged iPSCs

and MEF iPSCs by ChIP assays using anti-H3-K27 antibodies (Cheng et al. 2011).
However, our examination of gene expression and the epigenetic state of aged iPSCs

is preliminary. Whole genome sequencing and extensive Chip assays will likely

reveal differences between aged iPSCs and MEF iPSCs and show unique character-

istic features of age-derived iPSCs. Recently, it was shown that the reprogramming

process and subsequent culture of iPSCs in vitro can induce genetic and epigenetic

abnormalities in these cells (Hussein et al. 2011; Gore et al. 2011; Lister et al. 2011;
Mayshar et al. 2010; Laurent et al. 2011). It has been shown that copy number

variation and point mutations frequently occur during iPSC generation.

21.5 Do iPSCs from Aged Mice Differentiate Normally?

We examined whether iPSCs from aged mice (aged iPSCs) demonstrate pluripotency

similar to iPSCs from MEF (MEF iPSCs). We transplanted aged iPSCs (1 � 107) or

MEF iPSCs to the dorsal flank of syngeneic C57BL/6mice. Teratomas appeared after

the injection of aged iPSCs and MEF iPSCs. After 21 days, we observed distinct

iPSCs obtained from aged mice 

Teratoma formation

SSEA-1
(red)
GFP
(blue)

OCT-4

a b

Fig. 21.6 Immunostaining of aged iPSCs and teratoma production on the back skin of syngeneic

C57BL/6 mice

21 Aging in the Mouse and Perspectives of Rejuvenation Through Induced. . . 421



tumors that were collected and fixed in OCT (Optimal Cutting Temperature) Com-

pound (Sakura Finetechnical Co., Ltd., Japan) for frozen 5-mm sections.

We observed various tissues belonging to three germ layers (endoderm, meso-

derm, and ectoderm) (Fig. 21.6b). They were positively stained by antibodies

against alpha-smooth muscle actin (mesoderm), a-fetoprotein (endoderm) and

neurofilament H (ectoderm). We detected GFP-positive cells from the transplanta-

tion of aged iPSCs. Our observation indicates that iPSCs can differentiate to tissue

cells and make tissues in vivo (Cheng et al. 2011).
However, another group showed that iPSCs made by a retroviral approach failed

to form detectable teratomas or formed teratomas that were subsequently immune

rejected by T-cell infiltration and massive necrosis when they were transplanted to

syngeneic mice. Further, they showed that iPSCs generated by an episomal

approach were also rejected by CD4 T cells in syngeneic mice (Zhao et al. 2011).
The differences between our results and their results could be explained if aged

iPSCs were not immunogenic. However, when we injected MEF-derived iPSCs to

syngeneic mice, we observed teratoma formation in syngeneic mice. Another

possible explanation can be attributed to the choice of the injection site. We injected

iPSCs subcutaneously into the dorsal flank of syngeneic C57BL/6 mice. They were

also injected subcutaneously into the hind leg region of C57BL/6 mice. They

demonstrated that several genes were upregulated in differentiated teratoma,

which were rejected by CD4 T cells. The immunogenicity of iPSCs presents

major problems for personalized cell therapy and must be investigated in greater

detail using our aged iPSCs.

Next, we attempted to differentiate aged iPSCs to three germ cell lines in vitro.

We cultured aged iPSCs by the hanging drop method for 8 days to induce embryoid

a-actin a-fetoprotein neurofilaments

In vitro differentiation of aged-iPSCs

Hanging drops 

EB

Gelatin plate

Fig. 21.7 In vitro differentiation of aged iPSCs by hanging drop methods
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bodies. They were then transferred to 24-well trays. When these cultures were

stained with tissue-specific antibodies, we detected tissue cells belonging to all the

three germ layers (Fig. 21.7) (Cheng et al. 2011). Currently, we are attempting to

differentiate aged iPSCs in vitro to various tissues.

21.6 Future Directions

In order to use iPSCs for regenerative medicine, especially iPSCs from elderly

patients, the cells must be differentiated properly. We would like to use the murine

model to determine whether aged iPSCs can be developed in vivo as are those from

young mice. Namely, can iPS technology reverse aging and produce young mice,

even if the original cells are derived from aged mice? We have set up chimera

experiments (Fig. 21.8), which will ultimately induce newborns fully made by

iPSCs (germ line transmission). When we performed chimeric experiments using

8-cell aggregation methods, we obtained some chimeric mice (Fig. 21.8), although

we have not yet achieved germ line transmission.

Similar questions about aging have been raised by SCNT technology (Kishigami

et al 2008). Using in vitro senescent cow cells, the birth of six healthy cloned calves

was reported. Nuclear transfer extended the replicative life span of senescent cells

(zero to four population doublings remaining) to greater than 90 population

doublings (Lanza et al. 2000). Thus, SCNT can restore at least cellular senescence.

Zona-free 8-cell
stage embryo

8-cell stage embryo of ICR Aged-IPS of C57Bl6

Trypsinisation

Clumps of iPS cells

Aggregation

Transplantation back into ICR

Chimera

Fig. 21.8 Chimera production by aged iPSCs. Aged iPSCs are aggregated with 8-cell stage

embryos derived from fertilized eggs of 2-month-old ICR mice
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The first cloned mammal, Dolly, was found to have short telomeres that were

comparable to the age of the cell donor (Shiels et al. 1999). However, later reports

showed that murine clones grown over five generations did not have shorter

telomeres (Wakayama et al. 2000). The first cloned mouse, Cumulina, died after

2 years and 7 months, which is slightly longer than the average life span of a mouse

(Tamashiro et al. 2003). Although SCNT into oocytes and the cloning of animals

from a single cell showed the possibility of the successful reprogramming of a

somatic nucleus (Gurdon and Melton 2008), there are no reports of the application

of SCNT using mouse cells that originated from old mice (e.g. 2 years old).

Recently, Wakayama’s group succeeded in establishing nuclear transfer embryonic

stem (ntES) cell lines from aged mice with an establishment rate of 10–25%,

irrespective of sex or strain (Mizutani et al. 2008). Our current trial to produce

germ line transmission from aged iPSCs (21-month-old C57BL/6 mice) and exam-

ine their life span will hopefully answer fundamental questions of aging and

determine the usefulness of iPSCs for future regenerative medicine.
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barrier for iPS cell reprogramming. Nature 460(7259):1136–1139

Lister R, Pelizzola M, Kida YS, Hawkins RD, Nery JR, Hon G et al (2011) Hotspots of aberrant

epigenomic reprogramming in human induced pluripotent stem cells. Nature 471(7336):68–73

Loh YH, Zhang W, Chen X, George J, Ng HH (2007) Jmjd1a and Jmjd2c histone H3 Lys

9 demethylases regulate self-renewal in embryonic stem cells. Genes Dev 21(20):2545–2557

Lowry WE, Richter L, Yachechko R, Pyle AD, Tchieu J, Sridharan R et al (2008) Generation of

human induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad Sci USA 105

(8):2883–2888

Maegawa S, Hinkal G, Kim HS, Shen L, Zhang L, Zhang J et al (2010) Widespread and tissue

specific age-related DNA methylation changes in mice. Genome Res 20(3):332–340

Manosalva I, González A (2010) Aging changes the chromatin configuration and histone methyl-

ation of mouse oocytes at germinal vesicle stage. Theriogenology 74(9):1539–1547

Marión RM, Strati K, Li H, Murga M, Blanco R, Ortega S et al (2009) A p53-mediated DNA

damage response limits reprogramming to ensure iPS cell genomic integrity. Nature 460

(7259):1149–1153

Martin GM, Sprague CA, Epstein CJ (1970) Replicative life-span of cultivated human cells.

Effects of donor’s age, tissue, and genotype. Lab Invest 23(1):86–92

Mayshar Y, Ben-David U, Lavon N, Biancotti JC, Yakir B, Clark AT et al (2010) Identification

and classification of chromosomal aberrations in human induced pluripotent stem cells. Cell

Stem Cell 7(4):521–531

21 Aging in the Mouse and Perspectives of Rejuvenation Through Induced. . . 425



Mikkelsen TS, Hanna J, Zhang X, Ku M, Wernig M, Schorderet P et al (2008) Dissecting direct

reprogramming through integrative genomic analysis. Nature 454(7200):49–55

Mitchell BD, HsuehWC, King TM, Pollin TI, Sorkin J, Agarwala R et al (2001) Heritability of life

span in the Old Order Amish. Am J Med Genet 102(4):346–352

Mizutani E, Ono T, Li C, Maki-Suetsugu R, Wakayama T (2008) Propagation of senescent mice

using nuclear transfer embryonic stem cell lines. Genesis 46(9):478–483

Nishio N, Okawa Y, Sakurai H, Isobe K (2008) Neutrophil depletion delays wound repair in aged

mice. Age (Dordr) 30(1):11–19

Oeppen J, Vaupel JW (2002) Demography. Broken limits to life expectancy. Science 296

(5570):1029–1031

Ogonuki N, Inoue K, Yamamoto Y, Noguchi Y, Tanemura K, Suzuki O et al (2002) Early death of

mice cloned from somatic cells. Nat Genet 30(3):253–254

Paigen K. (1995) A miracle enough the power of mice. Nat Med 1:215–220

Park IH, Zhao R, West JA, Yabuuchi A, Huo H, Ince TA et al (2008) Reprogramming of human

somatic cells to pluripotency with defined factors. Nature 451(7175):141–146

Peters LL, Robledo RF, Bult CJ, Churchill GA, Paigen BJ, Svenson KL (2007) The mouse as a

model for human biology: a resource guide for complex trait analysis. Nat Rev Genet

8(1):58–69

Rando TA (2006) Stem cells, ageing and the quest for immortality. Nature 441(7097):1080–1086

R€ohme D (1981) Evidence for a relationship between longevity of mammalian species and life

spans of normal fibroblasts in vitro and erythrocytes in vivo. Proc Natl Acad Sci USA

78(8):5009–5013

Shiels PG, Kind AJ, Campbell KH, Waddington D, Wilmut I, Colman A et al (1999) Analysis of

telomere lengths in cloned sheep. Nature 399(6734):316–317

Stadtfeld M, Maherali N, Breault DT, Hochedlinger K (2008) Defining molecular cornerstones

during fibroblast to iPS cell reprogramming in mouse. Cell Stem Cell 2(3):230–240

Surani MA (1999) Reprogramming a somatic nucleus by trans-modification activity in germ cells.

Semin Cell Dev Biol 10(3):273–277

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K et al (2007) Induction of

pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131(5):861–872

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic and

adult fibroblast cultures by defined factors. Cell 126(4):663–676

Tamashiro KL, Wakayama T, Yamazaki Y, Akutsu H,Woods SC, Kondo S et al (2003) Phenotype

of cloned mice: development, behavior, and physiology. Exp Biol Med (Maywood) 228

(10):1193–1200

Utikal J, Polo JM, Stadtfeld M, Maherali N, Kulalert W, Walsh RM et al (2009) Immortalization

eliminates a roadblock during cellular reprogramming into iPS cells. Nature 460(7259):1145–1148

vB Hjelmborg J, Iachine I, Skytthe A, Vaupel JW, McGue M, Koskenvuo M et al (2006) Genetic

influence on human lifespan and longevity. Hum Genet 119(3):312–321

Wakayama T, Perry AC, Zuccotti M, Johnson KR, Yanagimachi R (1998) Full-term development

of mice from enucleated oocytes injected with cumulus cell nuclei. Nature 394(6691):369–374

Wakayama T, Shinkai Y, Tamashiro KL, Niida H, Blanchard DC, Blanchard RJ et al (2000)

Cloning of mice to six generations. Nature 407(6802):318–319

Wang C, Jurk D, Maddick M, Nelson G, Martin-Ruiz C, von Zglinicki T (2009) DNA damage

response and cellular senescence in tissues of aging mice. Aging Cell 8(3):311–323

Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K et al (2007) In vitro

reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448(7151):318–324

Williams K, Christensen J, Pedersen MT, Johansen JV, Cloos PA, Rappsilber J et al (2011) TET1

and hydroxymethylcytosine in transcription and DNA methylation fidelity. Nature 473

(7347):343–348

Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH (1997) Viable offspring derived from

fetal and adult mammalian cells. Nature 385(6619):810–813

Wu H, D’Alessio AC, Ito S, Wang Z, Cui K, Zhao K et al (2011) Genome-wide analysis of

5-hydroxymethylcytosine distribution reveals its dual function in transcriptional regulation in

mouse embryonic stem cells. Genes Dev 25(7):679–684

426 K.-i. Isobe et al.



Ying QL, Wray J, Nichols J, Batlle-Morera L, Doble B, Woodgett J et al (2008) The ground state

of embryonic stem cell self-renewal. Nature 453(7194):519–523

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S et al (2007) Induced

pluripotent stem cell lines derived from human somatic cells. Science 318(5858):1917–1920

Yuan R, Peters LL, Paigen B (2011) Mice as a mammalian model for research on the genetics of

aging. ILAR J 52(1):4–15

Zhao T, Zhang ZN, Rong Z, Xu Y (2011) Immunogenicity of induced pluripotent stem cells.

Nature 474(7350):212–215

21 Aging in the Mouse and Perspectives of Rejuvenation Through Induced. . . 427



Index

A

ABCG2, 366, 370, 379

Acentriolar, 28, 30, 31, 36, 37

Actin

filament-enriched, 30

filaments, 29, 31–33, 81

network, 31, 32

Activating transcription factor 1 (ATF1), 125

Active X-chromosome (Xa), 236, 238, 239

Activin A, 307, 308, 313–315

Aged iPSCs, 413, 420–424

Aging/aged, 413–424

Alpha-thalassemia/mental retardation X-linked

protein (ATRX)

ATRX syndrome, 50, 51

interacting proteins, 49–50, 53

CTCF, 52

DAXX, 50, 53, 59

HP1-alpha, 50

MeCP2, 50, 52

SMC1/SMC3, 52

loss of function, 50, 53

maintenance of genome stability, 52

structure and function, 45–61

a-Amanitin-sensitive RNAs, 122

AMH. See Anti-M€ullerian hormone (AMH)

AMHR2. SeeAnti-M€ullerian hormone receptor

type 2 (AMHR2)

Amphibian, 254–255, 259

Ampulla, 247, 249, 252–253, 255, 256,

258, 259

Anaphase-promoting complex or cyclosome

(APC/C), 34, 35, 74, 76–81, 84, 85

Aneuploidy

advanced reproductive age, 52, 55, 59

chromosome segregation errors, 60

genome instability, 53, 60

infertility, 58

Animal-vegetal (AV) axis, 205, 206

Aniridia-related keratopathy, 380

Anterior-posterior (A-P) axis, 219, 220

Anterior visceral endoderm (AVE), 220

Anti-M€ullerian hormone (AMH), 250, 251

Anti-M€ullerian hormone receptor type

2 (AMHR2), 251, 257

Anuclear, 76

APC/C. See Anaphase-promoting complex or

cyclosome (APC/C)

Aquaporins (AQPs), 170

Arp2/3, 31, 81–82

Asymmetric/symmetric division, 207–209,

211–213

Asymmetry/asymmetric

cell, 186, 195

division, 25, 31, 33, 35–37, 187, 195–196

permanent, 24

spindle position, 81

temporary, 24

Aterior visceral endoderm, 219

ATF1. See Activating transcription factor 1

(ATF1)

ATRX. See Alpha-thalassemia/mental

retardation X-linked protein

(ATRX)

AU-rich elements (ARE), 14

Autophagy

Atg5, 118, 121

LC3 (the mammalian homolog of Atg8),

121

target of rapamycin (TOR), 121

Autosome/autosomal, 232–233, 235, 236, 238

set, 235, 236

J.Z. Kubiak (ed.),Mouse Development, Results and Problems in Cell Differentiation 55,

DOI 10.1007/978-3-642-30406-4, # Springer-Verlag Berlin Heidelberg 2012

429



AVE. See Anterior visceral endoderm (AVE)

Axis

anterior-posterior (A-P), 307, 311

dorsal-ventral (D-V), 307

5-Azacytidine (5-aza-C), 337–339

5-Aza-2’-deoxycytidine (5-aza-dC), 337–339

B

Balance, 232

Balbiani body, 24–28

Barr body, 231–232, 235, 236, 239

Basonuclin, 118, 125

Beta-catenin (Ctnnb1), 258
Bicaudal (BicD), 28

Bisphenol A (BPA), 257

Blastocoel, 165, 166

Blastocyst

cavity, 186, 188, 189, 191, 197–199

formation, 186, 188, 190–193, 198

Blastomere(s), 83–84, 141–150, 156, 157, 186,

187, 190, 191, 196, 204–211, 213

Blastulation, 304

Blood vessels, 358

Bmi1, 366, 376, 384

BMP. See Bone morphogenetic protein (BMP)

Bone marrow, 276, 277, 279

Bone morphogenetic protein (BMP), 307–310,

312–314

Brahma-related gene 1 (Brg1), 118, 123

5-Bromouridine 50-triphosphate (BrUTP), 122

BubR1, 74, 81

Budding uninhibited by benzimidazole

(Bub), 78

Budding uninhibited by benzimidazole

1 (Bub1), 81

C

Caenorhabditis elegans, 28–29, 83
cAMP. See Cyclic adenosine monophosphate

(cAMP)

Cannabinoid receptor CB1 (Cnr1), 257

Cardiac neural crest cells, 269

Cardiomyocytes, 325, 326, 328, 344

b-Catenin, 309–310, 315
Caudal-related homeodomain protein, 142

CBA strains, 75, 76

CCCTC-binding factor (CTCF), 125

CDC14, 36

Cdc20, 74, 78, 79

CDC25, 73, 74

Cdc27, 77

Cdc42, 32–33

CDC14B, 74

Cdh1, 74

CDK1. See Cyclin-dependent kinase 1 (CDK1)
Cdx1, 299
Cdx2, 142, 143, 151–153, 155, 172–175, 178,

187, 190, 194, 199, 209, 210,

299, 300

Cdx4, 299
C/EBPd, 366, 376, 384
Cell

division, 186, 187, 190, 195, 196

lineages, 185–199, 264, 265, 270

proliferation, 273

sorting, 190, 191, 196–199

sorting hypothesis, 211

2-Cell stage, 83–84

Centriole(s), 24–28, 30, 108, 110–112

Centromere

centric, 50

centromere-associated proteins, 46

centromere cohesion, 47, 51, 57–59

centromeric satellite DNA, 54

chromatin remodeling, 49, 50, 52, 53,

55–57, 60

epigenetic modifications, 60

heterochromatin, 46, 49–51, 55, 59, 60

major satellites, 51, 55

minor satellites, 50, 57

pericentric (PCH), 49–53, 56–60

Cer1, 220, 225, 226
CESC. See Corneal epithelial stem cell (CESC)

Checkpoint control, 70

Chicken, 254–255

Chimeras, 146–148, 150, 151, 157, 381

Chlamydia, 253

Chromatin insulation, 240

Chromatin remodeling, 116, 118, 122–124

Chromosome segregation, 71, 78, 82, 83, 85

Cilia, 256

Ciliated epithelia, 253, 255, 259

Ciliogenesis, 259

Cleavage

division, 83

furrow, 32, 33

Club cells, 251, 256

Cohesin, 77, 78, 82–83

Coiling, 248, 253–255, 257–259

Commitment, 196–199

Compaction, 118, 129–130, 132

Confocal microscopy, 221, 223

Conjunctiva, 374

Conjunctivalisation, 372

430 Index



Connective tissue, 254

Cornea/corneal

development, 358

endothelium, 358, 360

keratocytes, 358, 360

nerves, 358, 374

stroma, 358, 360

Corneal epithelial stem cell (CESC),

370, 371

hypothesis, 370–372

Corneal epithelium

aging, 377

centripetal migration/movement, 371, 373,

374, 381

desquamation (epithelial shedding),

374, 376

differentiation, 374, 375

homeostasis, 376

keratocytes, 358

maintenance, 373

maintenence, 377, 381

Cortical

activity, 81

spindle anchoring, 81

stiffness, 33

tension, 33, 34

Cortical granule (CG), 30, 31

CPE. See Cytoplasmic polyadenylation

element (CPE)

CPEB. See Cytoplasmic polyadenylation

element binding protein (CPEB)

CPL. See Cytoplasmic lattice (CPL)

CREB. See Cyclic AMP response element

binding protein (CREB)

Cumulus, 251, 252, 256
Cyclic adenosine monophosphate (cAMP),

73–74, 85

Cyclic AMP response element binding protein

(CREB), 125

Cyclin(s), 71–72

cyclin A1, 71–72

cyclin A2, 71

cyclin B, 34, 35, 69–85

cyclin B1

accumulation, 73–75, 77, 85

destruction, 75, 77–81

cyclin B2, 71, 85

cyclin B3, 71–72

Cyclin-dependent kinase (CDK), 71

Cyclin-dependent kinase 1 (CDK1), 11, 34, 35,

37, 71, 73–81, 83–85

activation, 71, 74–77, 85

Cyclin-dependent kinase 2 (CDK2), 71, 72

Cyostatic factor (CSF), 73, 80–81, 85

Cystocytes, 25

Cytokeratin, 293

Cytokinesis, 94, 97, 101

Cytoplasmic, 71, 74, 76, 81–82, 84, 85

Cytoplasmic lattice (CPL), 8, 30, 118, 127

Cytoplasmic polyadenylation, 76

Cytoplasmic polyadenylation element (CPE),

4, 76, 119

like sequences, 76

Cytoplasmic polyadenylation element binding

protein (CPEB), 5, 6, 11, 76

Cytoskeletal elements, 30, 34

D

Dab2, 197–198

Dach1, 256
Dach2, 256
DAZL, 10, 12

Deadenylases, 3

Deadenylation, 12, 13

Dedifferentiation, 275, 278

Definitive endoderm, 303–315

Degradation, 12, 13

Deoxyribonucleic acid (DNA)

differentially methylated region (DMR),

130–132

methylation, 130–132, 233

repair, 233

Desmin, 329, 335, 339

Determined, 143

Development, 141

Dicer1, 258
Dickkopf1 (Dkk1), 226

Dishevelled (DSH), 222, 309

Divisions, 142

DNA. See Deoxyribonucleic acid (DNA)

DNA-free approaches, 401

Dnmt1

Dnmt1o, 130, 131

Dnmt1s, 130, 131

Dnmt3a, 130, 131

Dnmt3b, 130, 131

Dosage compensation, 233, 239

Double-strand, 233

break, 233

Drosophila, 28
Dynein, 28

E

Early asymmetry hypothesis, 206–207

Early mitotic inhibitor 2 (Emi2), 80, 81

E-cadherin (or CDH1), 33, 118, 129

Ectoderm, 305, 306, 310, 311, 328

Ectopic

Index 431



Ectopic (cont.)
embryo implantation, 252

pregnancy, 253

Egg cylinder, 220

E3ligase, 74

Elite and stochastic models, 404

Embryoid bodies (EB), 311–314, 323,

327–329, 331, 335, 336, 339–341

Embryo-maternal interactions, 304

Embryonal carcinoma cell (ECC), 323,

327–329, 331, 343, 344

Embryonic

development, 70, 71, 81, 82, 85

divisions, 70, 83, 84

genetic information, 71

genome activation, 70

programme, 71

stem cells, 235

Embryonic genome activation (EGA)

major wave of EGA (or major EGA),

121–128

minor EGA, 122

Embryonic stem cell (ESC), 235, 236, 238,

276, 279, 280, 303–315, 322, 326,

328, 339, 341, 343, 344

Emi2. See Early mitotic inhibitor 2 (Emi2)

Emx2, 256
Endocardium, 264, 268, 273

Endo-siRNAs, 15

Eomes, 173

EPI. See Epiblast (EPI)
Epiblast (EPI), 143, 152–154, 185–199, 204,

205, 210–213, 232, 234, 235, 238,

304–307, 310

Epicardium, 267, 268, 273, 278

Epigenetic reprogramming, 404

Epithelial folding, 249, 253–255

Epithelium, 186, 191, 198, 249, 251, 253,

255–257

Erasing, 233

ER cisternae, 25

Estrogen, 259

Evolution, 70

Extracellular matrix, 254

Extracellular-regulated kinases 1 (ERK 1),

34, 35, 37, 84

Extracellular-regulated kinases 2 (ERK 2),

34, 35, 37, 84

Extracellular-regulated kinases 3 (ERK3),

34, 35

Extracellular-regulated kinases 5 (ERK5),

34, 35

Extraembryonic endoderm (XEN), 235

stem cells, 235

F

F-actin, 222, 223

Factor selection, 397

Fallopian tube, 247, 248, 253, 256

FBS. See Fetal bovine serum (FBS)

Fertilisation/fertilization, 24, 25, 30, 34, 37,

71–73, 81, 82, 85, 234

Fetal bovine serum (FBS), 312, 313

FGF. See Fibroblast growth factor (FGF)

FGF-4, 213

Fibroblast growth factor (FGF), 192–194, 196,

199, 307, 310, 314, 315

signaling, 192–194, 196

Fibroblasts, 268, 274, 278–280

Fimbrae, 252, 256

Flexura medialis, 251
Formin2 (Fmn2), 29, 31, 32

Foxa2, 307, 308, 310, 311

Foxj1, 259
Frizzled, 309, 310

Ftx, 237, 238

Fully grown oocyte, 28, 29, 72, 73

Fyn, 95–98, 100, 101

Fyn–/–, 96

Fyn kinase, 35

G

G2, 71, 75, 83–84

Gastrulation, 304–307, 310–313

Gata3, 174, 187

Gata4, 188

Gata6, 188–194, 198, 211–213

Gene

action, 232

dosage, 232, 239

Genetic ablation, 385

Genomic, 236, 237

imprinting, 232

Germ cell line, 25

Germ cells, 71

Germinal granules, 25

Germinal vesicle (GV), 28–31, 33, 72–74, 76,

116, 117

Germinal vesicle breakdown (GVBD), 30, 31,

34, 72–76, 85

GFP. See Green fluorescent protein (GFP)

Goblet cells, 358, 381, 383

Golgi, 25–27, 29

Goosecoid (GSC), 307, 310, 311

G-protein, 73

G-protein coupled receptor 3 (GPR3), 73

Grasp65, 26–27

Green fluorescent protein (GFP)

432 Index



expression, 191, 197

negative, 197

positive, 191, 197

Growth, 272

GVBD. See Germinal vesicle breakdown

(GVBD)

H

Heart field, 264, 266, 269–271

Heterochromatin

DNA methylation, 51

heterochromatin formation, 49–51, 53,

55, 56, 60

epigenetic regulation, 51–53

transcriptional silencing, 51, 54

Heteropyknotic, 231

Hex, 220

Hippo signalling, 187, 193–194, 210

Histone H1 kinase, 34, 71, 80, 84

Holoclones, 363, 371, 377

Homologous, 233, 239

chromosomes, 233

Hoxa9, 257
Hoxa13, 257
Hox genes, 257
Human, 25, 27, 29, 30, 37, 69–85

Human oviduct, 247–250, 252–256, 259

Hyperplasia/hyperplastic, 272, 273, 275

Hypertrophy, 272, 274

I

ICM. See Inner cell mass (ICM)

Immune rejection, 406

Immune response, 341, 344

Imprinted

X-chromosome, 232–237

inactivation, 232, 234, 235

Inactive X-chromosome (Xi), 236–239

Inbred strains, 75

Induced pluripotent stem cell (iPSC), 132, 239,

276, 279, 280, 322, 326, 328, 339,

341, 343, 345, 413–424

Inducer of definitive endoderm

(IDE-1, IDE-2), 315

Induction hypothesis, 211

Infertile, 258

Infundibulum, 247, 249–252, 255, 256, 259

Inhibitory phosphorylation, 73–75

Inner cell mass (ICM), 142, 152, 153, 158, 166,

178, 185–199, 204, 205, 207–213

In response specifying signals, 295

Inside, 187, 188, 194–196

cells, 187, 188, 194–196

Inside-outside hypothesis, 207

Insulin growth factor 2 (IGF2), 329, 341

Insulin, transferrin, and selenium (ITS), 331,

336, 337

Integration-free approaches, 401

Integrin a9, 367
Integrin a9b1, 375
Intercalation, 221

Intestine, 293, 298, 299

iPSC. See Induced pluripotent stem cell (iPSC)

IQ-domain GTPase-activating protein

1 (IQGAP1), 33

IQGAP1. See IQ-domain GTPase-activating

protein 1 (IQGAP1)

Isthmus, 247, 249, 250, 252–253, 255, 256, 258

J

Jpx, 237, 238

K

Karyokinesis, 94, 100, 101

Katanin, 29

Keratin

K3, 375, 376

K5, 376

K12, 375, 376

K14, 370, 375

K15, 360

K19, 360

KE strains, 75, 76

Kinetochore, 77–81, 83, 84

assembly, 46, 57

associated proteins, 46, 51

anaphase inhibitor (Pds1/securing), 49

Aurora kinase B, 48

Aurora kinase C, 48

Hec1/Ndc8, 48

Shugoshin, 47, 49

spindle assembly check point (SAC), 48

microtubule attachment errors, 46, 48

microtubule interactions, 46, 48, 56

Klf5, 174

L

Label-retaining cell, 363

bromodeoxyuridine (BrdU), 362

histone-2B (H2B)-GFP fusion protein, 362

tritiated thymidine (3H-TdR), 362

Index 433



Lefty1, 220, 222, 225, 226
LESC. See Limbal epithelial stem cell (LESC)

Lgr5, 384
Lhx1, 256
Limbal epithelial stem cell (LESC)

deficiency, 366, 372, 380, 381

hypothesis, 362, 371, 373, 374

markers, 368, 369

niche, 369, 380

palisades of Vogt, 369

Limbus (corneal limbus)

focal stromal projections, 370, 378

limbal epithelium crypts, 370, 378

palisades of Vogt, 370, 380

Lineage, 266

commitment, 196–199

segregation, 186, 187, 189, 190, 197, 198,

207, 209–212

Lineage tracing, 377, 384

lenti virus, 374, 375

LINE 1 elements, 238, 240

Lissencephaly 1, 28

Lithium chloride (LiCl), 314–315

Liver, 293, 295–297

Low O2 tension, 399

Lrp2, 197

LT/Sv, 79, 84

Lungs, 293, 295

Luteinising hormone (LH), 73, 74, 85

receptor, 74

Lymphatic system, 249

Lyon hypothesis, 231–232

Lyon, M., 232, 235, 238, 240

M

Mad2, 81, 83, 84

Madin-Darby canine kidney (MDCK),

166–168

Male, 232–233, 235, 236, 238

germline, 232–233, 235

Mammalian, 231, 232

Mammalian target of rapamycin complex

2 (mTORC2), 127, 128

MAP kinases. See Mitogen-activated protein

(MAP) kinases

MAPK pathway, 25–26, 81

Maternal

effect, 116–118, 131, 132

genetic information, 70, 71

Mathematical models, 224

M-cadherin, 326, 335, 339–341

MDCK. See Madin-Darby canine kidney

(MDCK)

mdx mice, 340, 341, 345

Mechanical properties, 33

Meiosis/meiotic, 107, 108, 110, 111, 113

global transcriptional repression, 54

homologous chromosome cohesion,

46–48, 57

large-scale chromatin structure, 52–55

chromosome condensation, 53, 55,

57, 59

HDAC’s (TSA), 55, 56

NSN-GV, 54

SN-GV, 54, 55

maturation, 9, 28, 31, 34, 35, 72–73, 75, 81

meiosis-I, 46–49

meiosis-II, 46–49

meiotic chromosome segregation, 53,

55–59

sex chromosome, 233–235

inactivation, 233–235
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approaches, 402
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Rho GTPase, 32, 33

RNA-induced silencing complex (RISC),
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SAC. See Spindle assembly checkpoint (SAC)
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penetration, 73, 81

Spermatogenesis, 233, 234
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Xenopus laevis, 25, 32, 71, 80, 83
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Xist. See X-inactive specific transcripts (Xist)
Xite. See X-inactivation intergenic
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XX chromosome, 232, 239

XXX chromosome, 236
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Y chromosome, 239, 250
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Zar1. See Zygote arrest 1 (Zar1)
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