


Progress in Molecular and Subcellular Biology

Series Editors: W.E.G. Müller (Managing Editor),
Ph. Jeanteur, Y. Kuchino, A. Macieira-Coelho, R.E. Rhoads 45



Volumes Published in the Series

Progress in Molecular Subseries: 
and Subcellular Biology Marine Molecular Biotechnology

Volume 29
Protein Degradation in Health and
Disease
M. Reboud-Ravaux (Ed.)

Volume 30
Biology of Aging
A. Macieira-Coelho

Volume 31
Regulation of Alternative Splicing
Ph. Jeanteur (Ed.)

Volume 32
Guidance Cues in the Developing Brain
I. Kostovic (Ed.)

Volume 33
Silicon Biomineralization
W.E.G. Müller (Ed.)

Volume 34
Invertebrate Cytokines and the
Phylogeny of Immunity
A. Beschin and W.E.G. Müller (Eds.)

Volume 35
RNA Trafficking and Nuclear Structure
Dynamics
Ph. Jeanteur (Ed.)

Volume 36
Viruses and Apoptosis
C. Alonso (Ed.)

Volume 38
Epigenetics and Chromatin
Ph. Jeanteur (Ed.)

Volume 40
Developmental Biology of Neoplastic
Growth
A. Macieira-Coelho (Ed.)

Volume 41
Molecular Basis of Symbiosis
J. Overmann (Ed.)

Volume 44
Alternative Splicing and Disease
Ph. Jeanteur (Ed.)

Volume 45
Asymmetric Cell Division
A. Macieira-Coelho (Ed.)

Volume 37
Sponges (Porifera)
W.E.G. Müller (Ed.)

Volume 39
Echinodermata
V. Matranga (Ed.)

Volume 42
Antifouling Compounds
N. Fusetani and A. Clare (Eds.)

Volume 43
Molluscs
G. Cimino and M. Gavagnin (Eds.)



Alvaro Macieira-Coelho (Ed.)

Asymmetric Cell Division

With 44 Figures, 8 in Color, and 3 Tables



Professor Dr. Alvaro Macieira-Coelho
INSERM
73 bis, rue du Maréchal Foch
78000 Versailles
France

ISSN 0079-6484
ISBN-10: 3-540-69160-X Springer Berlin Heidelberg New York
ISBN-13: 978-3-540-69160-0 Springer Berlin Heidelberg New York

Library of Congress Control Number: 2006939059

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in any other way, and storage in data banks. Duplication
of this publication or parts thereof is permitted only under the provisions of the German Copyright
Law of September 9, 1965, in its current version, and permission for use must always be obtained
from Springer-Verlag. Violations are liable to prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media

springer.com

© Springer Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication 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.

Typesetting: SPi, India.
Cover design: WMXDesign, Heidelberg

Printed on acid-free paper



Preface

Symmetry is a source of stability but what remains symmetric does not
evolve. On the other hand the breaking of symmetry is a source for change,
the Universe survives on symmetry breaking, it was created symmetrically
but today it is very asymmetric. At the very beginning an asymmetric event
might have been at the origin of the matter-antimatter asymmetry. If the
same amount of matter and antimatter were created we would not exist.

Symmetric causes can have asymmetric effects it is this loss between
cause and effect that is called symmetry breaking, it is found everywhere:
from the splash of a raindrop to the vibrations of stars (Stewart and
Golubitsky 1992).

Symmetry breaking is also present universally in biological systems. It is
not exclusive to any phyla nor is it exclusive to metazoans, indeed it has
been described in unicellular organisms.

Louis Pasteur discovered that molecules could be left handed or right
handed but only the former are utilized in living organisms. Pasteur
thought life itself may be the result of asymmetry.

Cell division is a tool for renewal and maintenance but also a way for the
cell to evolve. It is the asymmetry created during division that generates 
cellular diversity during the development of an organism. Without asym-
metric division daughter cells would be exactly identical to the mother cell
so that metazoans would not be viable.

After fusion of the gametes, asymmetric divisions lead to a multi-
cellular organism with different functional cell compartments. Later in the
adult organism cell regeneration from the stem cell pool can take place
through asymmetric divisions, one daughter cell remaining a stem cell and
the other committed cell going on dividing. The machinery that keeps the
process of cell stem regeneration in check may become defective and be a
cause of malignant growth.

Cancers were believed by Hansemann and Boveri to originate from a 
single cell that received an unbalanced set of chromosomes through the
formation of pluripolar spindles. Asymmetric mitoses generating cells with
significant sizes have also been observed in immortal cell populations 
and are thought to generate chromosomal imbalance that maintain the
immortalized state (Kvitko et al 2006).

Because of the concept of semi-conservative DNA synthesis it was
thought that after division daughter cells have the same genetic informa-
tion, however, when events are analyzed at the level of individual cells it has
become apparent that DNA is not distributed evenly between sister cells 
so that slight differences are created at each division. As described in this
volume this creates a drift in cell function and is one of the mechanisms of
aging of the organism.



Asymmetric divisions seem also to be responsible for aging in bacteria.
Caulobacter crescentus differentiates into a sessile reproductive stalked cell
attached to a solid substrate, which produces progeny swarmer cells. The
reproductive output of stalked cells decreases at an accelerating rate with
aging (Ackermann, Stearns, Jenal 2003). In Escherichia coli the cell that
inherits the old pole exhibits a diminished growth rate, decreased offspring
production, and an increased incidence of death (Stewart et al 2005).
Saccharomyces cerevisiae is another unicellular organism where aging
through asymmetric division has been extensively studied.

In this volume we have concentrated on less publicized organisms to
describe this paramount regulatory mechanism in cell biology whose eluci-
dation is necessary to understand the very basis of development, aging, and
disease.
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Asymmetric Cell Division in Plant Development

Renze Heidstra

Abstract

Plant embryogenesis creates a seedling with a basic body plan. Post-embryonically
the seedling elaborates with a lifelong ability to develop new tissues and organs. As
a result asymmetric cell divisions serve essential roles during embryonic and post-
embryonic development to generate cell diversity. This review highlights selective
cases of asymmetric division in the model plant Arabidopsis thaliana and describes
the current knowledge on fate determinants and mechanisms involved. Common
themes that emerge are: 1. role of the plant hormone auxin and its polar transport
machinery; 2. a MAP kinase signaling cascade and; 3. asymmetric segregating tran-
scription factors that are involved in several asymmetric cell divisions.

1
Introduction

Asymmetric cell division produces daughter cells with different fates. Distinct
fate properties may be morphological or biochemical features or different
progeny that cells produce (Horvitz and Herskowitz 1992). Ensuring the
asymmetry of divisions at distinct locations and time points provides a
commonly exploited solution to the fundamental problem of creating cell
diversity in multicellular organisms. This cellular specialization generates
the structural and functional cell types that make up tissues and organs
during development.

Central to the process of asymmetric cell division is the question how a
single cell can produce different daughter cells. A complication to this process
is that the daughter cells generated upon division need not be morphologi-
cally dissimilar initially. Two distinct mechanisms are employed to generate
asymmetric division. First, different daughter cells are generated due to dif-
ferential inheritance of fate determinants as a consequence of unequal dis-
tribution of these factors in the mother cell. In this case, intrinsic factors
determine cell fate. This scenario requires the mother cell to be polar at the
onset of division leading to the immediate follow up question how the
mother cell becomes polarized. Second, identical daughters are produced
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with initially equal developmental potential but fates diverge due to subse-
quent interaction with their surrounding environment. Now extrinsic cues
determine cell fates. Whereas the intrinsic and extrinsic strategies appear very
distinct it is easy to envisage how actual development may employ a combi-
nation of both. Note for example that in the intrinsic case the polarization of
the mother cell before division may be under influence of external spatial
information. The central question in both scenarios concerns the factors that
cause daughter cells to obtain different fates.

Plant cells are surrounded by a cell wall restricting their movement. To
cope with their sessile lifestyle plants evolved a remarkable developmental
flexibility to detect and respond to changes in the environment by cell fate
changes that ensure their growth and survival. Plant embryogenesis results
in the formation of a seedling merely having the basic body plan with the
shoot and root stem cell populations at apical and basal ends. A major
specialization different from most other multicellular organisms is the
lifelong ability of plants to develop new tissues and organs. As a result
asymmetric cell divisions serve essential roles during embryonic and
post-embryonic development to generate cell diversity. Orientation of cell
division is an important aspect of plant asymmetric cell division to deter-
mine the position that of a cell in a growing tissue and so the positioning
of new walls has significant effects on development. Mutants in which the
normal cell division pattern is disturbed still form relatively normal and
functional plants with their different tissues in the expected place but
growth can be dramatically reduced (Torres-Ruiz and Jurgens 1994; Traas
et al. 1995; Smith et al. 1996).

Despite very ordered cell divisions from embryogenesis onwards in some
plants species (e.g. the model plant Arabidopsis thaliana) it is not lineage but
positional information that determines cell fate (Poethig 1987; Furner and
Pumfrey 1992; Scheres et al. 1994; van den Berg et al. 1995). This is consis-
tent with the much more randomized division pattern in other species such
as cotton, maize and rice (Pollock and Jensen 1964; Schel et al. 1984; Itoh
et al. 2005). Nevertheless, the highly regular series of cell divisions during
embryogenesis in Arabidopsis allows cell lineages to be traced back to their
origin which presents a major advantage in developmental research.

The past years we have witnessed an explosion of data on gene and pro-
tein expression and auxin hormone accumulation from the initial stages of
embryogenesis through to post-embryogenic development in higher plants
using in vivo and in vitro systems. This review highlights selective cases of
asymmetric division in plants and describes the current knowledge on fate
determinants and mechanisms involved. I will focus the discussions on the
model plant Arabidopsis thaliana. For the processes involved in the physi-
cal separation of a single cell into individual daughter cells and the func-
tion of the cytoskeleton the reader is referred to several recent reviews
(Jurgens 2005; Konopka et al. 2006; Lloyd and Chan 2006).
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2
Polarity and Orientation of Cell Division in Plants

Cell polarity is the development of asymmetry within a cell which can be
monitored by physical changes in cell shape or localized distribution of
molecular components. Cell polarity provides information for axis forma-
tion, patterning, growth and asymmetric cell division.

Asymmetric distribution of the plant hormone auxin is instrumental in
regulating many polar growth and division responses at the tissue level
(summarized in Dhonukshe et al. 2005) but is also implicated in specific
cases of asymmetric cell division discussed here. Auxin is actively distrib-
uted within the plant by the combined action of AUX1 auxin influx carrier
and PIN auxin efflux facilitators whose asymmetric subcellular localization
has been correlated with the direction of auxin flow. Binding of auxin to
Transport Inhibitor Response 1 (TIR1), an auxin receptor and subunit of an
SCF-type ubiquitin ligase, promotes the degradation of a family of tran-
scriptional repressors called Aux/IAA proteins. Aux/IAA proteins bind to
Auxin Response Factor (ARF) proteins and inhibit the transcription of
specific auxin response genes. Increased nuclear concentrations of auxin
promote auxin binding to TIR1, causing the Aux/IAA proteins to associ-
ate with TIR1 and leading to their degradation by a proteasome-mediated
pathway. The ARF protein is now free to activate transcription from its
target promoter (reviewed in Jenik and Barton 2005). Studying the polar
localization of PIN protein is aiding significantly in investigations on plant
cell polarity and pinpointing the proteins involved (Xu and Scheres 2005).

Certain cell polarization events depend on ADP-Ribosylation Factor
(ARF)-mediated vesicle trafficking to polarly localize Rho-related GTPases
from plants (ROP). ROPs act as master switches in the transmission of var-
ious extracellular and intracellular signals and have classically been linked to
the regulation of the cytoskeleton. ROPs control actin assembly and micro-
tubule bundling through ROP-Interactive CRIB-motif (RIC) proteins and
Wiskott–Aldrich syndrome protein family verprolin homologous/suppres-
sor of cAMP receptor-actin related protein (WAVE/SCAR–ARP2/3) path-
ways (Gu et al. 2004; Burridge and Wennerberg 2004; Xu and Scheres 2005).
In plants ARFs interact with Guanine nucleotide Exchange Factors
(ARF–GEF) like GNOM/EMB30 for polar vesicle transport. gnom
mutants display aberrant cell shape and abnormal orientation of cell divi-
sion planes including the first division in the zygote (Sect. 4.1, Mayer U et al.
1993; Shevell et al. 1994; Geldner et al. 2003).

Another way to generate and maintain polarity may be altered sterol
composition of the cell membrane which in yeast was shown to interfere
with mating and may also be important for animal cell polarity (Bagnat
and Simons 2002; Schuck and Simons 2004). A similar case has been
made for plants as reported for the Arabidopsis mutant sterol methyltransferase
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1/orc (smt1/orc), which is disturbed in the biosynthesis of plasma membrane
sterols resulting in apolar distribution of cellular markers and aberrant
division planes (Willemsen et al. 2003).

Clearly, disturbing the polarity of cells affects the orientation of the cell
division plane. But how cell polarity is linked to division orientation in
plants remains unclear. In animals the PARtitioning defective (PAR) pro-
teins act downstream of polarization cues to stabilize polarity and they
form the connection with the cytoskeleton to control asymmetric mitotic
spindle positioning, determine the division plane and localize cell fate
determinants to one side of the cell (reviewed in Wodarz 2002; McCarthy
and Goldstein 2006). PAR genes were originally identified in a screen for
mutants affecting the first asymmetric cell division of the Caenorhabditis
elegans zygote and encode a diverse set of proteins consisting of Ser/Trh-
kinases, PDZ-domain proteins and a 14-3-3 protein (Kemphues et al. 1988;
Betschinger and Knoblich 2004).

Cell division is distinct in several ways in animals and plants. First, in
animals, microtubule nucleation takes place at microtubule-organizing cen-
ters (MTOCs) such as the centrosomes associated with the poles of the
mitotic spindle that determine the direction of chromosome segregation
during mitosis. Higher plant cells lack discrete MTOCs but assemble highly
ordered arrays of microtubules from nuclear polar caps that anticipate the
mitotic spindle to coordinate cell division. Second, physical cell division or
cytokinesis in animal cells involves inward constriction by an actinomyosin
contractile ring that pulls in the plasma membrane whereas plant cell
cytokinesis occurs at from the center toward the cell periphery. This process
involves the “phragmoplast”, the cytokinetic ring of the plant cell, consist-
ing of antiparallel bundles of microtubules and actin that forms from the
remains of the spindle between the two sets of chromosomes. The phrag-
moplast delivers vesicles to the plane of cell division forming the outward
growing cell plate. Interestingly, the future site of division in plants is
predicted late in G2 by a transient cortical preprophase band (PPB) of
co-aligned microtubules and actin filaments encircling the nucleus whereas
in animals the site of cytokinesis is selected after chromosome separation.
Although on the surface animal and plant division appear very different,
the involved mechanisms and protein conservation indicate a common
basis to both types of division (Jurgens 2005; Lloyd and Chan 2006 and
references therein).

3
Asymmetric Cell Divisions in Plant Development

Plant life starts with the formation of the zygote and its first division is
asymmetric generating two daughter cells with different fate: a smaller api-
cal cell and a large basal cell (Sect. 4.1) that will form different cell lineages.
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The apical cell next divides vertically and will produce the majority of the
embryo. The basal cell divides horizontally forming the extra-embryonic
suspensor that connects the embryo to the maternal tissues. At the globu-
lar embryo stage of the uppermost cell from the suspensor is recruited to
become the hypophysis. This cell then divides asymmetrically generating an
apical lens shaped cell (Sect. 4.2) that is the progenitor of the root stem cell
organizing cells, the quiescent center. Also embryonic are the oriented per-
iclinal divisions that give rise to the progenitors for the three main tissues,
epidermis, ground tissue and vascular tissue (Sect. 4.3). Radial patterning
by asymmetric division continues post-embryonically throughout the life of
plants in foci of cell division and development called meristems located at
the tip of the root and shoot. In the vascular system phloem and procam-
bium are established through asymmetric cell divisions of a set of progen-
itors. Other examples are the formation of epidermis and lateral root cap
tissues and the formation of endodermis and cortex from single progenitor
cells whereby the latter is the best-studied example of asymmetric division
in plants (Sect. 5.1). All post-embryonic development has its origin in the
stem cells located in niches in the heart of the shoot and root meristems.
The function of the niche is to provide the microenvironment to keep the
stem cells undifferentiated and as a consequence in asymmetric stem cell
divisions (Sect. 5.2) to produce a daughter that remains stem cell and a
daughter that will differentiate according to position as it moves out of the
niche. As the plant develops new organs and specialized cell types are
formed needed to deal with the outside world. Asymmetric divisions play a
role in root branching (Sect. 5.3) as the root explores the soil in search of
nutrient, and in the formation of stomata (Sect. 5.4), cells that regulate gas
exchange from the aerial parts of the plant. Finally, when the plant reaches
maturity and reproduction becomes an issue, asymmetric divisions are again
employed to generate the male gametes completing the life cycle (Sect. 5.5).

4
Asymmetric Divisions in Embryogenesis

As different as the shapes and sizes of higher and lower plants appear, the
early steps in embryogenesis show profound similarities. Embryos of higher
plants develop deep inside maternal tissues and thus are difficult to use for
experimental manipulation. Therefore research on embryogenesis has
focused on genetics as an important tool. Lower plants such as the brown
alga Fucus have free-living zygotes and have provided a valuable system to
study asymmetric division (Fowler and Quatrano 1997; Scheres and Benfey
1999). Recently, however, a system has been developed to culture zygotic
Arabidopsis embryos inside their ovules in vitro (Sauer and Friml 2004),
greatly improving experimental accessibility while the normal embryogenesis
program proceeds.
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4.1
Division of the Zygote

Zygotic cell division is generally transverse and asymmetric in angiosperms
(Lindsey and Topping 1993). Asymmetry is already evident in the egg cell
itself prior to fertilization by means of polar localization of nucleus and
vacuole according to the apical-basal micropylar-chalazal axis of the
female gametophyte (Mansfield and Briarty 1991). After fertilization, the
zygote elongates while remaining polarized and it divides asymmetrically to
produce a smaller apical cell that will generate most of the embryonic tis-
sues and a larger basal cell that will give rise to the suspensor (Fig. 1A). In
Arabidopsis the pattern of cell division in early embryogenesis is extremely
ordered. The smaller apical cell will divide longitudinally twice before the
next division is transverse. The basal cell undergoes only horizontal divi-
sions (Mansfield and Briarty 1991). The initial asymmetry in egg cell and
zygote suggest a role for the maternal tissues in providing extrinsic cues to
direct the asymmetric zygotic division, although it is unclear how instruc-
tive these polar morphological criteria are in directing the asymmetry of
division and daughter fates.

Maize and tobacco zygotes produced by in vitro fertilization also
develop into asymmetrical two-celled embryos that consist of a small cyto-
plasmic rich apical cell and a large vacuolated basal cell (Kranz et al. 1995;
Okamoto et al. 2005; Ning et al. 2006). The maize zygotes can eventually
develop into fertile plants (Kranz and Lorz 1993). These studies then sug-
gest extrinsic maternal factors are not required for the asymmetric division
of the zygote making a case for intrinsic regulation of asymmetry.

In vitro tobacco zygotes at elongation stage display apical polar distri-
bution of arabinogalactan proteins (AGP) observed by way of epitope
detection using monoclonal antibodies (Qin and Zhao 2006). Disturbing
the biological activity of AGPs by application of β-D-glucosyl Yariv
reagent (βGlcY, Knox 1997) increased symmetrical division of zygotes.
AGPs are a diverse family of hydroxyproline-rich glycoproteins typically
carrying >90% carbohydrates that play multiple roles in various processes
associated with plant growth and development, including cell expansion,
cell proliferation (Willats and Knox 1996; Nothnagel 1997; Shi et al. 2003).
These results together with previous reports on AGP localization in
embryogenesis (Pennell et al. 1991; McCabe et al. 1997) suggest AGPs may
be involved in establishing and stabilizing polarity in the zygote as a first
step towards asymmetric cell fate determination upon division.

Studies on differential gene expression in egg cells, zygotes, and later
embryonic stages in tobacco, maize and wheat have identified a number of
genes as candidate players in the asymmetric zygotic division (Okamoto
et al. 2005; Sprunck et al. 2005; Ning et al. 2006). Some of the zygotic genes
were already reported earlier for their expression or function in early
embryogenesis, One of these was WOX9 (WUSHEL related homeobox 9)

6 Renze Heidstra



Asymmetric Cell Division in Plant Development 7

A
hd

radial

zygote

a

b

stage I stage IIPe
Va G D

MMC

M GMC

C

B

tetrad

meiosis

PMII

v

microspore
release

polarization

GC
migration

VC GC

PMI
sperm cells

pollen

callose wall

PMC

Fig. 1. A–D Sites of asymmetric cell division in plants. A Asymmetric division in
embryogenesis takes place in the developing seeds in the siliques. The zygote divides
in a smaller apical and larger basal cell. Radial divisions generate the epidermis,
ground and vascular progenitors. Hypophysis division (hd) generates the lens
shaped cell as progenitor of the QC. B Pollen development in the anthers of the
male reproductive organs in the flower. Asymmetric division at PMI results in a
vegetative and generative cell. C Asymmetric divisions during stomata develop-
ment in leaves generate meristemoids. D Lateral root initiation starts with the spec-
ification of pericycle founder cells and their asymmetric division into flanking
small cells. Thick black lines in panels A–D indicate the asymmetric division. See
text for detailed descriptions



that in Arabidopsis was found to be expressed in the basal cell after zygotic
division (see below, Haecker et al. 2004; Ning et al. 2006). Interestingly, a
number of genes already expressed in the zygote were up regulated in the
apical or basal cell (Okamoto et al. 2005; Sprunck et al. 2005; Ning et al.
2006). An important next step will be to determine whether and if any of
these upregulated mRNA’s or their products are polarly localized in the
zygote and instrumental in asymmetric division and/or fate determination
of daughter cells.

In animals homeodomain transcription factors specify distinct domains
in the developing embryo (Krumlauf 1994). Plants also express home-
odomain transcription factors and their specific expression domains are
instrumental in specifying cell fates (Lu et al. 1996; Jeff et al. 1996; Mayer
KFX et al. 1998; Abe et al. 2003). WUSCHEL (WUS) is the founding
member of the WOX homeodomain gene family, and specifies the shoot
stem cell organizing center (Mayer KFX et al. 1998). Expression of several
WOX genes was found to mark cell fate changes during early embryogene-
sis. WOX2 and WOX8 are expressed in the egg cell and the zygote. After
division of the zygote WOX2 mRNA is detected in the apical cell comple-
mentary to WOX8 mRNA expression in the basal cell. WOX8 mRNA
accumulation in the basal cell is joined by WOX9 expression. Unfortunately,
experimentation did not conclusively discriminate between asymmetric
WOX2 and 8 mRNA accumulation before zygote division or immediate
after. However, never was overlapping expression observed in zygote
daughters hinting towards intrinsic regulation of asymmetric division.
Embryos mutant for WOX2 showed a detectable phenotype displaying
aberrant oblique divisions in the apical cell and its descendants suggesting
a role for WOX2 in apical cell specification. Surprisingly, later stage
embryos recovered and eventually gave rise to fertile plants (Haecker et al.
2004). Genetic redundancy of the highly related WOX8 and 9 genes may be
the cause of the absence of mutant basal cell phenotypes.

Identification of the YODA (YDA) MAPKK kinase revealed a key role
for MAP kinase signaling in asymmetric cell division of the zygote and
establishing cell fate in its daughter cells (Lukowitz et al. 2004). In yda
knock-out mutants the zygote does not elongate properly and the basal cell
and its derivative show aberrant divisions. As a result these cells do not form
a suspensor and are eventually incorporated in the embryo. Initial develop-
ment of the apical cell lineage is normal indicating asymmetry of division is
not completely abolished. Despite these defects, a proportion of yda
mutants can develop into adult albeit severely dwarfed plants indicating
YDA takes part in a number of developmental processes. Gain-of-function
mutants suppressed embryo formation and in severe cases the zygote devel-
oped into a suspensor like cell file. This suggests YDA is down regulated in
the apical cell lineage allowing embryo development. Although YDA mRNA
accumulation appears ubiquitous in the tissues tested the expression is not
resolved with cellular resolution. Interestingly, MAP kinase signaling
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generally acts downstream of receptors activated by extracellular ligands. In
that respect YDA activity during and after asymmetric division might
represent the readout of extrinsic signaling.

Auxin distribution is associated in the first divisions of the plant zygote.
In vitro cultured embryos were used to show that immediately after division
of the zygote the auxin reporter DR5::GFP expression is pronounced in the
apical cell and auxin accumulation was confirmed using anti-auxin anti-
body (Friml et al. 2003). This accumulation pattern was disturbed by appli-
cation of the synthetic influx auxin derivative 2,4D or inhibition of auxin
efflux by 1-N-naphthylphthalamic acid (NPA) or the vesicle trafficking
inhibitor brefeldin A (BFA) implying the efflux machinery as the mecha-
nism of auxin distribution. Specifically, in wild type embryos PIN7 was
detected in the basal cell immediately after division of the zygote at the api-
cal side facing the apical cell where PIN1 was expressed without detectable
polarity. A low but reproducible fraction of pin7 mutant and RNAi lines
failed to establish the apical-basal auxin gradient and the stereotypical
division pattern of the apical cell in some cases failing to establish the
proembryo completely. As mentioned above GNOM/EMB30 controls
the polarized vesicle trafficking and is required for PIN1 recycling (Steinmann
et al. 1999; Geldner et al. 2003) but it may also direct polar PIN7 localiza-
tion. gnom/emb30 mutants display skewed or symmetric zygotic divisions
but also later divisions are abnormal (Mayer U et al. 1993). Thus, gnom
mediated asymmetric auxin accumulation appears to be essential for
proper apical-basal axis specification and PIN7 acts as a player in estab-
lishing the initial embryonic auxin distribution. However, all these events
occur after the zygotic division which by itself is already asymmetric and
the auxin distribution may serve merely to reinforce or act in concert with
polar inherited intrinsic factors to determine cell fate post-division.

In summary, the plant zygotic division shows the characteristics of an
intrinsic asymmetric division. However, maternal input may be involved in
polarizing the egg cell prior to fertilization and external factors appear impor-
tant in fate stabilization of the generated daughters and their progenies.

4.2
Formation of the Lens Shaped Cell from the Hypophysis

Root formation is initiated at the boundary between the apical and basal
cell lineage. When the pro-embryo derived from the apical cell reaches
around 32 cells in size the uppermost cell of the basal lineage, the hypoph-
ysis i.e. the root founder cell, is specified and incorporated into the embryo.
At this stage PIN1 becomes polarly localized in the provascular cells facing
the hypophysis and PIN7 localization reverses to the basal side of the sus-
pensor cells. These events correlate to the switch in polar auxin transport
from up into the embryo to down towards the hypophysis and out of the
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embryo. Next the hypophysial cell divides asymmetrically and generates a
small lens-shaped cell that becomes the organizing (quiescent) center (QC)
of the root meristem and a larger basal daughter that is the progenitor of
the root cap tissue (Fig. 1A). The cells surrounding the QC will differenti-
ate into stem cells for the various root tissues and in turn are dependent on
the QC for their maintenance (Sect. 5.2).

The Ser/Thr protein kinase PINOID (PID) was shown to control PIN
polarity (Friml et al. 2004) and pid mutants display post-embryogenic
apical organogenesis defects similar to those of the pin1 mutant (Bennett
et al. 1995). Its function was traced to apical to basal shift of PIN protein
localization leading to failure in establishment of local accumulation required
for proper apical organ formation. Constitutive overexpression of PID
during early embryogenesis leads to misspecification of the hypophysis,
demonstrated by its abnormal transverse division and absence of root for-
mation in seedlings. These defects were accompanied by complete basal to
apical shift of PIN1 polarity and the establishment of an auxin maximum
in the pro-embryo (Friml et al. 2004).

Thus auxin transport and signaling is implicated in hypophysial cell
specification which in turn is required for its proper asymmetric division.
Accordingly, mutants in the auxin response regulators MP and BDL fail
to specify the hypophysis and do not form a lens-shaped cell eventually
resulting in a lack of root formation (Berleth and Jurgens 1993; Hamann
et al. 1999). BDL and MP interact in planta and overexpression of MP
can complement the rootless bdl phenotype indicating BDL acts by
inhibiting MP (Hardtke et al. 2004; Weijers et al. 2006). However, MP
and BDL are not expressed nor move to the hypophysis and mRNAs
accumulate in the lens-shaped cell only after its formation (Hamann et al.
2002; Weijers et al. 2006). Elegant experiments showed that BDL and MP
activity is transiently required in the central provascular cells of the
embryo for non-autonomous stable specification of hypophysis fate nec-
essary for its asymmetric division and subsequent root initiation (Weijers
et al. 2006).

WOX5 expression is initiated in the hypophysis at the time of its specifi-
cation in the early globular embryo. After asymmetric hypophysis division
WOX5 is expressed in the lens-shaped cell only and expression is main-
tained in its descendents, the later QC, throughout the plant life (Haecker
et al. 2004; Blilou et al. 2005). WOX8 is also expressed in the hypophysis
but expression ceases in the descendents upon division and becomes
restricted to the suspensor. Neither wox8 nor wox5 single mutants displayed
embryonic patterning defects (Haecker et al. 2004). Therefore their involve-
ment in the asymmetry of division remains a question and it is possible that
WOX5 acts in a genetic redundant fashion e.g. with WOX8.

In analogy to zygotic division WOX genes may operate as intrinsic fac-
tors in asymmetric hypophysis division. In contrast, the role of auxin as
extrinsic factor seems opposite to that in zygotic division and is required to
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specify the hypophysis before its asymmetric division. Whether auxin plays
a role in polarization of the hypophysis is not known.

4.3
Radial Patterning

Embryo tissue layers are patterned as concentric rings around the apical-
basal axis. In Arabidopsis radial patterning starts in the octant stage
embryo with fate establishment of the primary epidermis, ground and vas-
cular tissue types established from the outside in. Initial periclinal asym-
metric divisions set off the outer protoderm layer that will differentiate into
epidermis (Fig. 1A). This event correlates with the restricted expression of
homeodomain genes (Meristem Layer 1 (ML1) and Protodermal Factor 2
(PDF2) to this outer cell layer and their expression remains epidermal
throughout development (Lu et al. 1996; Abe et al. 2003). Although both
genes are expressed in the pro-embryo from the time that the apical cell is
generated they have not been connected to the asymmetric division. ML1
and PDF2 expression is maintained in the above ground epidermis
throughout development and they redundantly act in shoot epidermal dif-
ferentiation. pdf2ml1 double mutants are seedling lethal and display severe
defects, e.g. with leaves lacking an epidermis (Abe et al. 2003).

Early globular embryos display additional asymmetric periclinal divisions
forming the ground and provascular tissues (Fig. 1A). Around the triangu-
lar stage a next round of periclinal division separates the pericycle from the
central provascular tissue (Scheres et al. 1995). Within this central domain a
series of asymmetric divisions generate the precursors of the xylem and
phloem cell lineages that later differentiate into the corresponding conduc-
tive vascular bundles that connect all parts of the plants. The xylem cell lineage
forms an axis of cell files across the underlying QC cells. Cells flanking this
axis go through a series of asymmetric divisions to form the phloem cell
types (Fig. 2). Several genes have been identified that are required for proper
radial patterning and differentiation of the vascular system but their role in
the occurring asymmetric divisions remains unclear (Bonke et al. 2003;
Scarpella and Meijer 2004; Carlsbecker and Helariutta 2005).

At the early torpedo stage the epidermis stem cells that surround the QC
have divided asymmetrically and given rise to a layer of lateral root cap
(Fig. 2C). Recently, two genes, FEZ and SOMBRERO, have been identi-
fied from a marker based screen in our lab that appear specifically involved
in orienting the division plane of this asymmetric epidermis/lateral root cap
stem cell division (V. Willemsen, unpublished).

Finally, asymmetric periclinal divisions in the daughters of the ground
tissue stem cells give rise to the inner endodermis and outer cortex cell layer
(Fig. 2B). This last set of asymmetric divisions has been studied in more
detail mainly during post-embryonic development (Sect. 5.1).
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5
Post-embryonic Asymmetric Cell Division

Plant embryogenesis culminates in the formation of the mature embryo
that represents the basic body plan of the plant. Post-embryonically the
plant elaborates on this make up by continuously adding new organs during
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its lifetime. Meristems provide the cells for repetitive formation of tissues
and new organs allowing the plant to grow and develop. Consequently, cer-
tain asymmetric divisions observed during embryogenesis reoccur through-
out development in defined positions as the plant grows, allowing these
complex events to be studied post-embryonically.

5.1
Radial Patterning: Endodermis/Cortex Formation

As mentioned above, endodermis and cortex form as a result from the
asymmetric periclinal divisions in the daughters of the ground tissue stem
cells (Fig. 2B). Mutants in the SCARECROW (SCR) and SHORT-ROOT
(SHR) genes encoding related transcription factors of the GRAS family
produce only a single ground tissue layer due to the absence of the asym-
metric periclinal division in the ground tissue stem cell daughter (Benfey
et al. 1993; Scheres et al. 1995; Di Laurenzio et al. 1996; Helariutta et al.
2000). In scr mutants, the ground tissue has mixed endodermis/cortex iden-
tity indicating that SCR does not encode a fate determinant but that it
controls asymmetric division (Di Laurenzio et al. 1996; Heidstra et al.
2004). The shr mutant ground tissue only displays cortex differentiation
making it a candidate endodermis fate determinant (Benfey et al. 1993).
However, SHR protein is transiently detected in both sister cells after asym-
metric cell division (Nakajima et al. 2001) indicating SHR is a candidate
extrinsic factor for post-division mediated asymmetry rather than an intrin-
sically segregated cell fate determinant.

SCR is expressed in the endodermis, the ground tissue stem cells, and the
QC (Di Laurenzio et al. 1996), and expression of SCR is strongly reduced
in the shr mutant background (Helariutta et al. 2000). Interestingly, SHR is
not transcribed in the ground tissue but in the adjacent provascular cells
and SHR protein moves in regulated and targeted fashion into the adjacent
endodermis, ground tissue stem cells, and QC where it activates SCR
(Helariutta et al. 2000; Nakajima et al. 2001; Gallagher et al. 2004). Recent
identification of SHR target genes confirmed SCR as being one of its direct
targets (Levesque et al. 2006).

Clonal deletion experiments demonstrated that SCR acts cell-
autonomous in asymmetric cell division (Heidstra et al. 2004). Also, per-
iclinal G2 activation clones that separate SCR to the outer cells leaving
the inner cells devoid of SCR upon division still asymmetrically express
the endodermis marker to the inner cells showing SCR is only transiently
required to promote asymmetry. Interestingly, endodermis and cortex
specific markers are maintained in their respective ground tissue layer
upon clonal SCR deletion (Heidstra et al. 2004). This indicates that the
SCR-mediated asymmetric cell division leads to immediate and stable
separation of cell fates possibly involving as yet unknown differential
chromatin states.



The asymmetric ground tissue division is complicated in the way that
SCR induces an asymmetric periclinal division in the daughter of the ground
tissue stem cell only, but both SHR and SCR are present in the entire
endodermis. The involvement of extrinsic “top-down” signals from mature
ground tissue cells to reinforce the asymmetric division was inferred from
classical ablation experiments whereby ground tissue stem cells isolated
from their daughters fail to perform their characteristic periclinal division
(van den Berg et al. 1995). Clonal induction of SCR in the scr mutant how-
ever showed that all ground tissue cells are competent to perform the peri-
clinal asymmetric division in the absence of mature endodermis and cortex
acting as a patterning template. This result and the strict cell-autonomy of
SCR action effectively rule out the need for top-down signaling to pattern
the ground tissue (Heidstra et al. 2004). The reason that the ground tissue
stem cell does not divide periclinally may be linked to non-cell-autonomous
signaling from the QC that prevent progression of stem cell differentiation
(van den Berg et al. 1997; Sabatini et al. 2003).

Ectopic SHR expression from the SCR promoter results in supernumer-
ary cell divisions of the ground tissue and additional endodermis layers,
suggesting that SHR can only move into the adjacent cell layer and limiting
SHR expression is a mechanism to prevent continued activation of SCR and
additional asymmetric periclinal ground tissue divisions (Nakajima et al.
2001). Rare periclinal ground tissue divisions occurring in scr mutants
equally segregated endodermal fate markers, one of which was SHR:GFP
protein, indicating that SCR is required for the asymmetry of the periclinal
ground tissue division and fate separation by restricting SHR movement to
the endodermis only (Heidstra et al. 2004). In accordance with this hypothe-
sis, ectopically expressed SHR:GFP moves from the epidermis to the ground
tissue in a scr mutant background but not in wild type (Sena et al. 2004).

The combined results support a model in which SHR protein moves
from the vascular cells to the adjacent ground tissue layer where it induces
SCR expression. Subsequently, SCR cell autonomously induces the asym-
metric periclinal division in the ground tissue stem cell daughters because
the active QC prevents this division in the ground tissue stem cells. Upon
periclinal division rapid endodermis and cortex fate separation occurs and
the cells become locked in their respective fates. To ensure a single pericli-
nal ground tissue division, factors required for the execution of the periclinal
division are segregated or degraded from the SHR and SCR expressing
endodermal cells while SCR and SHR expression in the outer cortex cell is
rapidly reduced. The function of SCR in the endodermis is to sequester
SHR and prevent movement beyond a single cell file, thereby preventing the
renewed induction of SCR in the cortex, which would lead to additional
asymmetric divisions. This mechanism effectively limits asymmetric divi-
sion to ground tissue stem cell daughters. Additional identification SCR
downstream targets and analysis of both SHR and SCR targets for their
involvement in fate determination and orienting cell division, respectively,
may confirm the proposed functions.
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5.2
Stem Cell Divisions

Stem cells typically reside in niches that provide the signals for their mainte-
nance (Spradling et al. 2001). In plants the stem cell niche lies in the heart of
the meristem (Fig. 2A), which defined as a group of cells that continuously
divide. Here, stem cells asymmetrically divide to generate one daughter that
will go through a few rounds of division before terminal differentiation and
incorporation into the different tissues of the plant. The other daughter
remains a stem cell. Growth and development of all the elaborate structures
observed in adult plants both above and below ground have their origin in the
shoot and root meristems.

In the shoot meristem a group of stem cells, three cell layers deep and
defined through clonal analysis (Stewart and Dermen 1970; Furner and
Pumfrey 1992; Irish and Sussex 1992), receives signals from the underlying
organizing center that keeps the stem cells from differentiating (Fig. 2A).
These signals act over several cell layers and their activity needs to be care-
fully regulated to maintain the balance between the stem cell pool and the
surrounding differentiating cells. Genetic and molecular studies have
revealed the homeodomain transcription factor WUS, the peptide ligand
CLAVATA3 (CLV3) and the CLV1 receptor kinase as members of a feed-
back loop that maintains the size of the shoot stem cell population. WUS
specifies the organizing cells that produce an unknown signal to maintain
the overlying stem cells and induce CLV3 expression, which in turn signals
back via the CLV1 receptor to restrict the domain of WUS expression
(Schoof et al. 2000; Brand et al. 2000). Differentiating stem cell daughters
move through a transition zone where they proliferate before entering the
sites of organ initiation at the periphery of the meristem where groups of
cells are simultaneously specified to constitute the different organ tissues.

In the root meristem laser ablation studies have identified the mitotically
less active QC as a source for the stem cell maintenance signal (Fig. 2A) (van
den Berg et al. 1997). Ablation of a single QC cell leads to differentiation of
the contacting ground tissue stem cells into performing the asymmetric peri-
clinal division generating endodermis and cortex, a process normally
observed in its daughter cell (Sect. 5.1). Similarly, columella stem cells under-
lying the ablated QC cell accumulate starch granules, a characteristic of dif-
ferentiated columella. Nearby intact QC cells were unable to rescue stem cell
differentiation. In contrast to the shoot organizing center (OC) derived long
range stem cell maintenance signal, the root QC apparently maintains the
surrounding stem cells in a contact dependent fashion. However, recent
experiments using plants with lowered RETINOBLASTOMA-RELATED
levels showed an increase in stem cell layers surrounding the QC that
remained under the influence of the QC for their maintenance (Wildwater
et al. 2005) indicative of long range signaling similar to the shoot OC. Also,
CLV3-type ligands can influence root meristem maintenance although their
function appears not to affect the stem cells directly (Casamitjana-Martinez
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et al. 2003; Hobe et al. 2003; Fiers et al. 2004). Thus, shoot and root stem cell
maintenance signaling may not be so different and may well share conserved
players yet to be discovered. The genes that are required to specify QC fate
are the SHR and SCR transcription factors with auxin acting through the
PLETHORA1 and 2 transcription factors providing the spatial input
(Sabatini et al. 1999, 2003; Aida et al. 2004). It appears that the role of SHR
and SCR to specify QC fate is different from their function in asymmetric
division of the ground tissue stem cell daughters. Transcript profiling of the
QC has provided a long list of candidates that may be directly or indirectly
involved in the stem cell maintenance (Nawy et al. 2005).

It is evident that in both shoot and root stem cell niches extrinsic factors
are required to specify and maintain stem cell fate but the molecular nature
of the signals remain elusive. In the shoot meristem CLV3 is considered a
marker for stem cell fate and actively restricts its own expression domain
(Schoof et al. 2000; Reddy and Meyerowitz 2005) but what determines that
its expression is shut down in differentiating stem cell daughters is
unknown. In the root meristem no stem cell specific markers have been
reported so far. Marker analysis has shown that root stem cells and their
daughters already display fate characteristics of the respective tissues
formed that have been imposed during earlier asymmetric formative divi-
sions. The extrinsic stem cell maintenance signal may suppress these intrin-
sic differentiation signals.

5.3
Lateral Root Initiation

Shoot and root branching allows the plant to explore and exploit the envi-
ronment to optimize growth and development and guarantees its success as
an individual in competing with surrounding plants. Shoot branches
develop from dormant lateral meristems in the axils of leaves that originate
from the shoot apical meristem. In contrast, lateral roots initiate from small
groups of founder cells in the pericycle, the outermost layer of the vascular
cylinder, opposite the xylem poles (in most species) indicating competence
of only a limited set of cells (reviewed in Steeves and Sussex 1989). An
ordered set of asymmetric divisions initiate the formation of a lateral
root meristem that will subsequently grow out and generate the lateral root
(Fig. 1D, Malamy and Benfey 1997; De Smet et al. 2006).

The first asymmetric founder cell divisions take place in the differentia-
tion zone where normally cell division does not occur. However, in Arabidopsis
it was shown that xylem pole pericycle cells remain competent to divide
outside of the meristem (Dubrovsky et al. 2000; Beeckman et al. 2001). The
ABERANT LATERAL ROOT FORMATION (ALF)4 gene encodes a
nuclear protein of unknown molecular function that is required to main-
tain the pericycle in a mitosis-competent state and as a consequence alf4
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mutants do not initiate lateral roots (Celenza et al. 1995; DiDonato et al.
2004). Studies including other species indicate that founder cells may
already be specified within the meristem (Mallory et al. 1970; Gladish and
Rost 1993; Baum et al. 1998), but in the absence of suitable markers it is not
yet possible to predict which pericycle cells along the length of the root are
primed as lateral root founder cells.

Upon activation, two adjacent founder cells within the same cell file
opposite the xylem pole undergo almost simultaneous asymmetric anticlinal
divisions generating two short cells flanked by two longer cells (Fig. 1D,
Laskowski et al. 1995; Dubrovsky et al. 2001; Casimiro et al. 2001). The
asymmetric division is likely preceded by polar localization of founder cell
nuclei moving towards each other to the site of the future division as
reported in Allium (Casero et al. 1993). The two short daughter cells repre-
sent the center of the future primordium. The same set of asymmetric
founder cell divisions occur in adjacent cells of the flanking pericycle cell
files. The enhancer trap line J0121 specifically marks the three files of xylem
pole pericycle cells with GFP expression (http://www.plantsci.cam.ac.uk/
Haseloff, Casimiro et al. 2001). Subsequent anticlinal divisions occur in the
founder cells until a set of eight to ten short cells is created that are similar
in length. Following radial expansion the central short cells divide periclinal
and asymmetric as observed by differential marker expression in the outer
cell layer and generate primordia (Fig. 1D, Malamy and Benfey 1997).

Besides its implication in zygotic and embryonic root founder cell divi-
sion, auxin plays a critical role in several steps during lateral root formation
including the initiation of asymmetric founder cell division (reviewed in
Malamy 2005; De Smet et al. 2006). First, the auxin response marker
DR5::GUS stains the founder cells prior to their asymmetric division.
Second, inhibition of auxin transport by NPA arrests lateral root development
by blocking the first asymmetric anticlinal division of the founder cells
but retain their xylem pole pericycle identity based on J0121 expression
(Casimiro et al. 2001). Interestingly, the same effect is observed upon
cytokinin application involving CRE1 mediated signaling (Li et al. 2006).
Transfer to medium containing auxin induced asymmetric anticlinal divi-
sions in xylem pole pericycle cells covering the entire root. This lateral root
inducible system was used to connect auxin to cell cycle activation during
lateral root initiation. The amount and direction of auxin flow in the roots
was shown to determine the frequency and position of lateral root initia-
tion sites along the apical-basal axis (Himanen et al. 2002, 2004). Similarly,
auxin application on polar auxin transport mutants induces homogeneous
proliferation in the whole pericycle and roots fail to produce actual lateral
roots (Benkova et al. 2003; Geldner et al. 2004). Local production of ethyl-
ene by differentiating protoxylem was proposed to determine the site of lat-
eral root initiation by locally inhibiting auxin transport resulting in an
auxin peak in the founder cells (Aloni et al. 2006). Third, in the dominant
solitary-root 1 (slr1) mutant, the AUX/IAA protein IAA14 is stabilized,
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strongly inhibiting the auxin response towards lateral root initiation. As a
result, a partial block of asymmetric founder cell division and a total block
of the periclinal cell division of the divided pericycle cells prevent the for-
mation of lateral roots (Fukaki et al. 2002). SLR1/IAA14 is expressed in
the xylem-pole pericycle cells in mature root tissues corresponding to the
site of lateral root initiation. Interaction between SLR1/IAA14 and the
NPH4/ARF7 and ARF19 was shown indicating SLR1/IAA14 likely
inhibits the activity of these ARFs. Consistently, the arf7arf19 double
mutant initially fails to produce lateral roots (Fukaki et al. 2005; Okushima
et al. 2005; Wilmoth et al. 2005). Recently, the PICKLE (PKL) chromatin
remodeling factor, identified from a slr1 suppressor screen, was shown to
be required for SLR1 mediated repression of ARF7 and ARF19 activity
(Fukaki et al. 2006). Inducing anticlinal pericycle cell divisions by overex-
pression of CYCD3;1 in slr1 did not initiate lateral roots nor plt1-1::GUS
expression at sites of future lateral root primordia (Aida et al. 2004;
Vanneste et al. 2005).

The massive initiation of division in pericycle cells questions the concept
of founder cells early in the meristem and argues in favor of xylem pole
pericycle cell competence. Local extrinsic factors, involving auxin, then
determine founder cell fate and initiate the asymmetric division and lateral
root formation. Genomics approaches targeted specifically on the lateral root
initiation have identified many genes and their functional analysis is
required to reveal involvement in fate specification and asymmetric division
(Himanen et al. 2004; Vanneste et al. 2005). One of the intriguing candidate
targets found to be SLR1/IAA14-mediated auxin inducible is WOX13, a
member of the WOX homeodomain gene family that are also associated
with asymmetric division during embryogenesis (Vanneste et al. 2005).

5.4
Stomata

Stomata are specialized epidermal structures that consist of two guard cells
around a pore acting as turgor operated valves to regulate gas exchange
between the plant and its environment (Fig. 1C). Stomata are present in the
epidermis of almost all shoot organs. Coordinated spatial patterning of
stomata allows optimal regulation of CO2 uptake, evaporation and tem-
perature and overall stomata numbers are controlled by these environmen-
tal cues. Stomata on the leaf surface are embedded in fields of epidermal
cells including trichomes with their accessory cells, and large jigsaw puzzle
shaped pavement cells (Nadeau and Sack 2002b). As a rule, stomata are
separated from each other by at least one cell (Sachs 1991). Both formation
and spacing of stomata arises through specifically placed asymmetric divi-
sion (Larkin et al. 1997; Croxdale 2000; Nadeau and Sack 2002b).

Development of stomata in Arabidopsis involves three types of precur-
sor cells recognized predominantly by anatomical criteria. The meristemoid



mother cells (MMC) are specified from relatively small epidermal cells. The
MMC divides asymmetric to generate a small triangular meristemoid and
a larger sister cell. Meristemoids generally can divide up to three times
asymmetrically, each time regenerating a smaller cell with meristemoid fate
and a larger sister cell. These divisions can be considered stem cell-like divi-
sions. The larger sister cell has a certain developmental plasticity. It may
not divide and remain small or enlarge and become a pavement cell. It can
become a MMC and divide asymmetrically to generate a satellite meriste-
moid. Or, it may divide symmetrically and generate daughters that inherit
the developmental plasticity. Eventually meristemoids differentiate into
guard mother cells (GMC) that divide symmetrically to produce the two
guard cells around a pore that constitute the stoma (Fig. 1C). MMCs and
meristemoids that are committed to divide are polarized with the nucleus
and PPB located at the future site of division. (Zhao and Sack 1999;
Nadeau and Sack 2002b; Lucas et al. 2006).

In the hypocotyl, stomata patterning is guided by the epidermal pat-
terning genes that also direct the spatial formation of root hairs and tri-
chomes (reviewed in Serna 2005). In contrast, the initial specification
of MMCs in developing leaves appears quite arbitrary allowing adjacent
MMCs to form. Also the first asymmetric division is randomly oriented
and can produce contacting meristemoids indicating the absence of
signaling between MMCs. However, to restore the one cell spacing rule,
one of the meristemoids subsequently specifically divides away from the
other. Alternatively, one of the meristemoids may become arrested.
Similarly, neighbor cells next to a stoma, meristemoid or GMC may enter
the stomatal pathway and become MMCs in which case the first asymmetric
division is directed away from these cells (Fig. 1C). These so-called spacing
divisions in neighbor MMCs and meristemoids likely involve extrinsic
intercellular signaling on the position of a stoma, meristemoid or GMC in
order to orient the plane of division (Sachs 1991; Geisler et al. 2000b;
Lucas et al. 2006).

Thus, extrinsic factors may be involved in specifying the MMC whereas
intrinsic factors may be separated by its asymmetric division generating the
meristemoid daughter that in turn segregates the intrinsic fate determinants
upon asymmetric division regenerating itself. However, the plane of divi-
sion is under the influence of extrinsic intercellular signaling factors com-
municated by a nearby meristemoid, GMC or stoma.

Several genes are known to play a role in the intercellular signaling path-
way. These are STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1,
a putative subtilicin-like extra cytoplasmic protease), TOO MANY
MOUTHS (TMM, a transmembrane leucine-rich repeat (LRR) receptor-
like protein), ERECTA (ER) and its functional paralogues ERL1 and
ERL2 (transmembrane LRR receptor-like kinases), and YDA (the
MAPKK kinase described earlier, Sect. 4.1). Single knockouts in SDD1,
TMM, YDA the triple mutant ererl1erl2 all confer increased stomatal density
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and clustering having more cells entering the stomata lineage and failing to
orient the division planes to obey the one cell spacing rule (Yang M and
Sack 1995; Berger and Altmann 2000; Nadeau and Sack 2002a; Von Groll
et al. 2002; Bergmann et al. 2004; Shpak et al. 2005; Lucas et al. 2006).
Based on the gene identities and their genetic interaction a working model
was proposed in which TMM forms a receptor heterodimers with ER fam-
ily receptor kinases. The complex interaction of TMM and ER family
receptors suggests they work in different combinations to fine tune deci-
sions on asymmetric division and fate determination (Shpak et al. 2005).
SDD1 is required to activate the ligand for TMM/ER receptors, which
signals to downstream MAPK cascades via YDA to repress stomata for-
mation, regulate asymmetric division orientation and frequency (Bergmann
et al. 2004; Gray and Hetherington 2004; Sack 2004; Serna 2004; Shpak et al.
2005). The proposed signaling cascade is in agreement with the observed
expression patterns. SDD1 is highly expressed in meristemoids and GMCs
and YDA is expressed low uniformly throughout the plant (Von Groll et al.
2002; Bergmann et al. 2004). Initially, TMM, ER, ERL1 and ERL2 are
uniformly expressed in the protoderm of developing leaves after which
ER expression falls below detection in the differentiating epidermis. The
expression of ERL1 and 2 remains in all cells of the stomatal lineage with
highest levels in the meristemoid very similar to TMM expression with the
exception that TMM is not expressed in mature guard cells (Nadeau and
Sack 2002a; Shpak et al. 2005).

The finding that the smaller daughter cell invariably becomes the meris-
temoid and meristemoids have never been observed to undergo a symmet-
ric division suggested segregation of intrinsic factors (Geisler et al. 2000a;
Nadeau and Sack 2003; Lucas et al. 2006). Candidate intrinsic factors are
the partly redundant MYB transcription factor MYB88 and FOUR LIPS
(FLP) that regulate GMC differentiation with flp mutants forming laterally
aligned clusters of stomata (Yang M and Sack 1995; Lai et al. 2005). The
FAMA basic helix-loop-helix (bHLH) transcription factor is another puta-
tive intrinsic determinant with fama mutants forming clusters of incom-
pletely differentiated cells lacking stomata indicating its involvement in
GMC differentiation (Bergmann et al. 2004; Ohashi-Ito and Bergmann
2006). With the discovery of the upstream acting FAMA paralogues
SPEECHLESS (SPCH) and MUTE a group of bHLH genes was identi-
fied that are expressed and function in consecutive steps in stomatal devel-
opment (MacAlister et al. 2007; Pillitteri et al. 2007). spch and mute
mutants have no stomata with spch showing no signs of asymmetric divi-
sions leading to meristemoid formation while mute forms meristemoids
that undergo multiple rounds of asymmetric division without terminating
into guard cells. Together with genetic interaction and ectopic expression
data a model was proposed where SPCH initiates the asymmetric divisions
towards stomatal development, MUTE constitutes the fate switch for
meristemoid to GMC transition, and FAMA promotes guard cell identity.
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This cascade is regulated by the intercellular signaling pathway to set the
spacing and density of stomata (MacAlister et al. 2007; Pillitteri et al. 2007).
FAMA comes from a genomics approach comparing yda with constitutively
active ∆N-YDA plants (Bergmann et al. 2004). Seedlings homozygous for
∆N-YDA totally lacked stomata nor did they express a TMM::GFP marker
for stomata precursors indicating YDA acts as a developmental switch sim-
ilar to its role in fate selection during asymmetric division of the zygote
(Bergmann et al. 2004; Lukowitz et al. 2004). Transcriptome analysis iden-
tified over 200 oppositely expressed transcripts between ∆N-YDA and yda.
Genes establishing stomata identity or involved in regulating the asymmet-
ric division orientation were predicted to be up regulated in yda and down
regulated in ∆N-YDA. This was confirmed by identifying TMM and SDD1
in this gene set and further tested by selecting the FAMA transcription factor
(Bergmann et al. 2004). Further analysis of the data set will reveal if addi-
tional candidate extrinsic and intrinsic factors regulating the asymmetric
division are present. However, genes with additional roles in development or
genes functioning in other asymmetric divisions and therefore not only
expressed in the stomata pathway may be missed as demonstrated by the
absence of the ER family receptor kinase genes, that promote above-ground
organ growth (Shpak et al. 2003, 2004), from the differential gene set.

5.5
Pollen Development

In flowering plants, male reproductive development begins with the initia-
tion and formation of the stamens, the male reproductive organs, in the
flower (Fig. 1B). Stamens consist of an anther, where pollen development
takes place and a filament that supports the anther. Inside the anther the
pollen mother cells undergo meiosis to form a tetrad of haploid
microspores. As the microspores are freed from the tetrads by degradation
of the surrounding tetrad callose wall they enlarge and undergo cytoplasmic
reorganization. The result is a polarized cell with a large single vacuole and
most of the cytoplasm at one side and the nucleus at the other side. Next the
microspore performs a mitotic asymmetric division (pollen mitosis I, PMI)
forming a large vegetative cell and a smaller generative cell. The generative
cell is completely engulfed in the cytoplasm of the vegetative cell. Each cell
of this bicellular pollen grain has a markedly different fate. In Arabidopsis,
the generative cell undergoes another mitotic division (pollen mitosis II,
PMII) giving rise to two sperm cells (Fig. 1B). The large vegetative cell does
not divide again but, upon pollination, forms the pollen tube to deliver both
sperm cell nuclei to the embryo sac in the ovule, where they participate in
double fertilization (reviewed in Twell et al. 1998; McCormick 2004).

Experiments using in vitro cultured tobacco microspores provide evidence
for separation of intrinsic fate determinants during asymmetric division.
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Isolated uninucleate microspores undergo normal asymmetric division
in vitro and are capable of fertilization (Tupy et al. 1991; Eady et al. 1995).
Induction of symmetric PMI division in vitro using cold, caffeine, centrifu-
gation or low concentrations of the microtubule inhibitor colchicine can
result in the formation of two equally sized cells that do not have nuclear
chromatin characteristic of the vegetative cell and that express the vegetative
cell fate specific LAT52 marker (Terasaka and Niitsu 1987; Eady et al.
1995). High colchicine levels block PMI, resulting in uninucleate pollen still
expressing lat52 (Eady et al. 1995). Similarly, in the solo pollen mutant
mature pollen grains may contain only a single nucleus and display vegeta-
tive cell fate (Howden et al. 1998). Together, these data demonstrate that
microspores develop into a vegetative cell by default and that microtubule
assisted asymmetric division is essential for generative cell differentiation.

The specific microspore nuclear migration pattern indicates polarity is
decided early and possibly during tetrad formation (Twell et al. 1998). This
is confirmed by mutations in the TETRASPORE /STUD (TES/STD) gene
that encodes a kinesin functioning as a microtubule-associated motor
directing cytokinesis after meiosis of the pollen mother cell. Consequently,
the tes/std mutants form large microspores composed of four nuclei within
a common cytoplasm surrounded by a callose wall. Nevertheless, all four
nuclei undergo nuclear migration and normal asymmetric division within
the common cytoplasm and up to four sperm-cell pairs were observed in
mature tes/std pollen grains (Hulskamp et al. 1997; Spielman et al. 1997;
Yang CY et al. 2003). This suggests that polarity determinants are already
laid down towards the radial wall before separation of the microspores.
Although the cell wall and its composition are important for pollen devel-
opment, germination and growth (summarized in Boavida et al. 2005),
nothing is known about the nature and involvement of components in the
asymmetry of microspore division.

Molecular genetic studies have identified a couple of genes that affect
the asymmetric microspore division. The sidecar pollen (scp) mutation
causes some of the developing pollen grains to undergo a premature and
symmetric cell division that produces two vegetative cells. One of the vege-
tative cells then continues to perform the normal asymmetric division form-
ing the generative cell (Chen and McCormick 1996) supporting the
pre-existence of a polarity cue. SCP might then be involved in preventing
premature division until polarity is fully established or, alternatively, direct
the orientation of division such that an asymmetrically localized gene prod-
uct is properly partitioned. Failure to do so would result in lethality or ini-
tial symmetric fates in some cases followed by an asymmetric division still
occurring in the sister cell with the correct polar determinants.

The gemini pollen 1 (gem1) mutants arrest after PMI produce a sub-
stantial proportion of microspores that either fail to establish a cell plate or
produce partial or irregular branching cell walls that alter division symme-
try. In symmetrically divided cells, both daughter cells display vegetative
cell fate. In contrast to scp, symmetrical divisions in gem1mutants do not
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occur premature. Typically, the gem1 mutant exhibits uncoupled nuclear
division from cytokinesis resulting in either binucleate or bicellular pollen
(Park et al. 1998). GEM1 encodes a microtubule-associated protein with a
quite general role in microtubule stability and is also required for correct
positioning of the phragmoplast during cytokinesis at PMI (Whittington
et al. 2001; Twell et al. 2002).

In two-in-one pollen (tio) mutants the mature pollen grains contain two
nuclei and displays vegetative cell fate characteristics. Polar nuclear migra-
tion and asymmetric nuclear division at PMI occur normally in tio mutants.
However, dividing microspores have incomplete callose walls that are
correctly positioned at the generative cell pole but are degraded before
mid-bicellular pollen stage (Oh et al. 2005). TIO encodes the Arabidopsis
member of the FUSED(FU) Ser/Thr protein kinase family which has evolved
to a very different and general role as an essential phragmoplast-associated
protein when compared to its counterparts that function in the animal
hedgehog signaling pathway (Lum and Beachy 2004; Oh et al. 2005).
Nevertheless, the conserved domains between TIO and FU and extrapolat-
ing from FU binding partners suggest the kinesin TES as a possible binding
partner in regulating phragmoplast expansion (Oh et al. 2005).

Recently, a candidate segregated fate determinant encoding a germline-
restrictive silencing factor (GRSF) was identified from lily (Haerizadeh
et al. 2006). GRSF is present in nongerm cells, in uninucleate microspores
and in the vegetative cell nucleus but absent from the generative cell
nucleus. GRSF was shown to bind silencer sequences in promoters of genes
specific to the male germline thereby stably repressing these genes in cells
other than the germ cells. The presence of GRSF orthologs and similar cis-
acting silencers in male germline specific genes in other plant species sug-
gests the described silencing may be a general mechanism to regulate male
germline specific gene expression (Haerizadeh et al. 2006)

Genomic studies in recent years have uncovered thousands of genes
being expressed during the different stages of pollen development (Becker
et al. 2003; Honys and Twell 2004; Boavida et al. 2005). While providing a
wealth of information, further analysis is needed to select targets for func-
tional studies among these. Meanwhile, clever genetic screens like marker
assisted screening for gametophytic mutants (Johnson et al. 2004) continue
to identify new genes with roles in asymmetric microspore division.

6
Summary

In animals, subcellular localization of specific intrinsic RNAs and/or pro-
tein is a key mechanism through which cells become polarized and the
unequal inheritance of these factors can direct daughter cell fate (Roegiers
and Jan 2004). PAR proteins polarize the cell by connecting to the
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cytoskeleton and steer the orientation of division. Even so, the asymmetric
distribution of these factors may be guided by positional cues from the sur-
rounding tissues. Alternatively, mRNAs/proteins can be equally divided
over the two daughters following zygotic division and external cues can
direct their asymmetric expression or degradation.

The best studies cases of asymmetric division in plants appear diverse in
that very different genes have been implicated in each of these (Table 1).
However, there are important common factors. WOX genes are implicated
intrinsic factors in asymmetric zygote division, in generating the progeni-
tors of the root stem cell organizing cells during embryonic root formation,
and in lateral root founder cell asymmetric divisions. The YDA MAPKK
kinase is another common factor and suggests MAP kinase signaling in
asymmetric division may be specific for plants. Finally, a persuasive associ-
ation of auxin signaling with a variety of asymmetric cell divisions is
observed. Auxin distribution requires polarized cells and its accumulation
and signaling appears to be a common extrinsic factor to specify or enforce
cell fate prior (hypophysis, lateral root founder cells) or immediately after
(zygote) asymmetric division. But whether auxin is directly involved in
determining the asymmetry of division and through what mechanisms is
unknown.

Polarization clearly occurs in plant asymmetric cell division as evi-
denced by the zygote, lateral root founder cells, stomata progenitors and
microspores before division. Yet, how cells acquire polarity is not com-
pletely understood and a framework for cell polarization leading to division
orientation and fate segregation is lacking. The PIN proteins involved in
polar auxin transport as well as ROPs display characteristic polar expres-
sion and hence can be used as valuable markers to study the acquisition of
cell polarity. But proteins connecting the polar distribution of the PINs and
other factors to the polarization machinery are unknown.

Plant asymmetric divisions do involve intrinsic and extrinsic mecha-
nisms but the causal link with asymmetric localization of intrinsic factors
within a cell and the nature of the external factors remain elusive. The
asymmetric pollen mitosis I division producing a vegetative and a genera-
tive cell presents a good example for the segregation of intrinsic factors
that determine daughter fate. The mutants involved are disturbed in proteins
connected to the cytoskeleton and orientation of cell division plane. However,
the polarization cue is laid down early in microspore development and the
partitioned intrinsic factors remain elusive. Similarly, in the zygote, asym-
metric cues may be laid down in the egg cell before fertilization making
asymmetric zygotic division an intrinsic process. The WOX genes represent
a class of putative intrinsic factors whose mRNA or protein segregation
may direct the fate of daughter cells upon division. In the ground tissue,
the moving SHR protein determines endodermis fate but its function is
dependent on other intrinsic or extrinsic factors (possibly involving SCR)
to confine the protein after asymmetric division. SCR presents an entry
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into the signaling cascade to direct the orientation of division. An elaborate
extrinsic signaling cascade has been exposed in orienting asymmetric
division planes during stomata development. However, the actual signal
originating from the stomata precursors is unknown. Signaling mutants
form clusters of stomata suggesting segregation of intrinsic fate determi-
nants once the stomata lineage is determined may also be controlled by this
cascade. Identifying the ligand and determining how the signaling cas-
cade translates into control of cell division plane are major challenges for
the future.

In conclusion, recent studies have provided candidate intrinsic and
extrinsic factors for several asymmetric divisions in plants. Nevertheless,
the main questions mostly remain: What are the intrinsic cues and what is
the mechanism by which they polarize the cell prior to asymmetric divi-
sion? What are the extrinsic cues that determine daughter fates during
asymmetric cell division, what are the signaling partners involved? Which
proteins connect polarity to the cytoskeleton and how do they direct the
orientation of division? Finally, are all the components involved in the
asymmetric cell divisions going to be linked to one or more “ground
themes” for plant asymmetric division? When the research on plant models
continues to progress with the current pace, we should soon learn the
answer to these remaining questions.

Acknowledgements I am indebted to Ben Scheres, Viola Willemsen and
Marijn Luijten for valuable asymmetry discussions and critical reading of
the manuscript.
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Asymmetric Cell Division – How Flowering Plant
Cells Get Their Unique Identity

R.M. Ranganath

Abstract

A central question in biology is how cell fate is specified during development of a
multicellular organism. Flowering plants use two major pathways of asymmetric
cell divisions in a spatio-temporal manner to achieve required cellular differentia-
tion. In the ‘one mother – two different daughters’ pathway, a mother cell mitoti-
cally divides to produce two daughter cells of different size and fate. By contrast,
the ‘coenocyte-cellularization’ pathway involves formation of a coenocyte, nuclear
migration to specific locations of the coenocyte and cellularization of these nuclei
by unique wall forming processes. Given that cell fate determinants play a key role
in establishing cell identity, their allocation to daughter cells in the two pathways
needs to be understood in terms of the unique cell cycle regulatory mechanisms
involved. Most of the information available on cell fate determination in flowering
plants is in the form of genes identified from mutant analysis. Novel techniques of
interrogating individual plant cells in vivo are necessary to advance the extant
knowledge from genetics to functional genomics data bases.

1
Introduction

Growth, cell division and cellular differentiation are integral parts of
eukaryotic development. The derivatives of a zygote should proliferate and
also differentiate in order to produce a fully mature multicellular organism.
Asymmetric cell divisions (ACDs) play a significant role in the process of
cellular differentiation.

A cell division that generates distinct fates in the daughter cells is termed
an ACD (Horvitz and Herskowitz 1992). There are two major pathways by
which flowering plants execute ACDs. In the widely known ‘one mother –
two different daughters (1M-2DD)’ pathway, a mother cell divides to pro-
duce two daughter cells which may be ab initio different in size and fate or
the daughter cells may be initially similar in size but subsequently acquire
different fates. For example, a1M-2DD pathway is used during the zygotic
division to differentiate suspensor and embryo precursor cells, during the
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microspore division to differentiate a vegetative cell and a generative cell
and to differentiate a stomatal complex. A mother cell committed to ACD
is polarized and the spindle formation and its positioning are synchronized
with cell polarity. Either the nucleus or the spindle itself migrates to an
asymmetric cellular location so that the cell plate formed at the spindle
mid-zone partitions the polarized mother cell into two daughter cells of
different sizes. The entire process is coordinated in such a way that the cell
fate determinants (CFDs) are differentially segregated to the daughter cells
to give them unique identities. Alternatively, differential positional cues
may play key roles in cell fate specification (see Laux et al. 2004).

The coenocyte-cellularization (C-C) pathway is used during the develop-
ment of female gametophyte, cereal endosperm and pseudomonad in sedges.
The mother cell first forms a coenocyte by a predetermined number of
nuclear division cycles. The nuclei migrate to specific locations in the coeno-
cyte and are then cellularized by unique cell wall formation processes so that
each cell is allocated a single nucleus, as a rule. The mechanisms of CFD
allocation, generally associated with the spindle as in 1M-2DD ACDs, are
irrelevant in the C-C pathways since cell specification occurs only after the
nuclear division cycles are completed. Thus, CFD allocation and cell specifi-
cation have to be understood in a totally altered cell cycle and signaling envi-
ronment within a coenocyte. Flowering plants use both these pathways in
precise time windows of development. Interestingly, the C-C pathways are
associated with both mitotic and meiotic cell cycles and the number and
types of specialized cells formed depends on the developmental context.

In this review, I have tried to provide a concise overview of plant devel-
opment driven by these two types of ACDs. For general information on
polarity, signals, CFD allocation, cytokinesis/cellularization and cell cycle
regulation, see Ranganath (2005) and Hiedstra R (2007), chapter 1 in this
publication. The reader is also directed to other reviews for wider information,
wherever necessary.

2
Embryo Development

In flowering plants, embryogenesis generates the primary body organiza-
tion as represented in the seedling: shoot meristem, cotyledons, hypocotyls,
root and root meristem along the apical axis and a concentric arrangement
of epidermis, subepidermal ground tissue and central vascular cylinder
along the radial axis. The meristems arise as the terminal elements of the
apical-basal pattern along the axis of polarity. New structures are added
from the meristems of the shoot and the root during post-embryonic devel-
opment (reviewed by Laux et al. 2004). The cotyledons, hypocotyls and
radical (embryonic root) do not contribute to the post-embryonic develop-
ment (Mayer et al. 1993). Embryonic lethal mutants are isolated from both
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Arabidopsis and maize (reviewed by Meinke 1991) and have helped to delin-
eate three regions in the apical-basal axis: epicotyl and cotyledons,
hypocotyl and root (Mayer et al. 1993). Apical and basal pattern formation
during Arabidopsis embryogenesis has been reviewed by Jurgens (2001).

Most dicots go through similar developmental stages – globular shape,
heart shape and torpedo shape, and are patterned similarly (Jenik et al. 2005).
In Arabidopsis, the zygote elongates and then executes a 1M-2DD type of
ACD. The apical daughter cell, after two rounds of longitudinal and a single
round of transverse divisions, gives raise to an eight-celled embryo proper.
The basal cell divides transversely to produce a suspensor and its uppermost
cell forming the hypophysis. At the eight-celled stage of the embryo, four
regions with different developmental fates could be identified: 1) four most
apical cells forming the apical embryo domain which generates the shoot api-
cal meristem and most of the cotyledons, 2) lower cells forming the central
embryo domain which generates hypocotyls and root, and contribute to
cotyledons and root meristem, 3) the basal embryo domain (hypophysis)
which gives raise to distal part of the root meristem, the Quiescent Centre
(QC) and the stem cells of the central root cap and 4) the extra-embryonic
suspensor (reviewed by Laux et al. 2004). Organ and tissue types are distrib-
uted along the perpendicular axis whereas the vasculature, endodermis, cor-
tex and epidermis are arranged along the radial (inside-outside) axis. The
shoot meristem, hypocotyls, root and root meristem lie along the shoot-root
(apical-basal) axis (Natesh and Rau 1984). The first manifestation of the api-
cal-basal axis in plants, ACD of the zygote, produces a basal cell that trans-
ports and an apical cell that responds to the signaling molecule auxin. PIN7
protein, a component of auxin efflux, is localized to the apical region of the
basal cell and regulates the auxin efflux from basal cell to the apical cell (see
Friml et al. 2003). The serine/threonine kinase PINOID (PID) plays a criti-
cal role in the localization of the PIN protein – high levels of PID localize
PIN to the apical membrane whereas low levels to the basal membrane (Xu
and Scheres 2005). The apical cell of the two-celled embryo accumulates
ARABIDOPSIS THALIANA MERISTEM LAYER1 (AtML1) gene tran-
script but not the basal cell (suspensor precursor cell) (see Lu et al. 1996).

Several mutations are known to affect the suspensor and the embryo
(Mayer et al. 1993; Willemsen et al. 1998 and the references therein). In the
twin (twn) mutants, suspensor cells form secondary embryos (Vernon and
Meinke 1994). A MAPKK kinase – YODA (YDA) acts as a molecular
switch promoting proper development of the suspensor (see Lukowitz et al.
2004). However, Bergmann et al. (2004) show that in Arabidopsis, YDA is
also involved in cell fate specification of epidermis.

In flowering plants, many somatic cells are also totipotent. Activation of
embryo-specific genes is necessary in the zygote for embryonic development
(Russinova and de Vries 2000). Although a catalogue of such genes is not yet
available, several genes which can induce embryonic development in somatic
cells have been reported. Dodeman et al. (1997) have provided a comparative
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account of zygotic and somatic embryogenesis in plants. The genes BABY
BOOM (BBM) (Boutilier et al. 2002), LEAFY COTYLEDON1 (LEC1) and
LEC2 (Lotan et al. 1998; Stone et al. 2001) and WUSCHEL (Zuo et al. 2002)
can induce embryo-like structures in somatic cells. Cultured cells of carrot
can either be maintained in an undifferentiated condition or induced to form
embryos by transferring to an auxin-free environment (see Krikorian and
Smith 1992). In carrot cultures, the SOMATIC EMBRYOGENESIS
RECEPTOR KINASE (SERK) gene plays a crucial role in somatic embryo-
genesis (Schimdt et al. 1997). During adventitious embryony, a nucellar cell
transdifferentiates directly into an embryo (see Asker and Jerling 1992).
Given that certain basic requirements of de novo gene expression have to be
met for a cell to get a particular fate, the activities of embryo-inducing genes
in the transdifferentiation of a nucellar cell into an adventitious embryo have
to be examined in both genetic and epigenetic contexts (Ranganath 2004).
Xiao et al. (2006) have shown that in Arabidopsis, mutations in the DNA
methylation genes METHYLTRANSFERASE1 (MET1) and CHRO-
MOMETHYLASE3 (CMT3) misexpress embryo cell identity genes and
result in improper auxin gradients. By contrast, plant chromatin regulators
such as PK1 and EMF2 control the transition from embryonic to vegetative
phase (Gaudin et al. 2001; Moon et al. 2002).

3
Stem Cells in Flowering Plants

Stem cells make a facultative use of symmetric and asymmetric divisions to
expand their number or generate differentiated progeny cells during devel-
opment, respectively (Morrison and Kimble 2006). In both plants and ani-
mals, maintenance of stem cells is by reciprocal signaling between stem
cells and their surrounding tissue microenvironment called niche.
Distribution  of auxin and the establishment of auxin maxima are early
formative steps in niche specification which depends on the expression and
distribution of auxin carriers (Jiang and Feldman 2005). Plant stem cell
niches are located within the meristems (reviewed by Singh and Bhalla
2006). It is also argued that ‘stemness’ is a transient trait or a state and can-
not be predicted on the basis of momentary gene expression patterns. An
overall genomic and proteomic analysis coupled with mathematic modeling
is necessary to determine a stem cell state (see Zipori 2004). Between the
stem cell and its terminally differentiated population of cells, an intermedi-
ate population of committed progenitors, called transit amplifying (TA)
cells with a restricted differentiation potential, is formed (see Singh and
Bhalla 2006). Laux (2003) has discussed the concept of stem cells in plants.
For a list of putative chromatin factors controlling meristem phase transi-
tion, see Reyes (2006).
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3.1
Shoot Apical Meristem (SAM)

In flowering plants, SAM gives rise to aerial parts by continuously initiat-
ing new organs. Stem cells in the SAM divide slowly and produce daughter
cells of two types: ones that remain in the centre as stem cells whereas
others are continuously displaced outwards (Reddy et al. 2004) and form
the founder cells for the formation of either lateral organs or the main stem.
The number of stem cells remains constant in spite of the continuous
departure of their daughters into differentiation pathways (Williams and
Fletcher 2005). In Arabidopsis, SAM is about 100 µm in diameter and
about 100 cells in number (Weigel and Jurgens 2002).

There are two main pathways known to maintain stem cell fate in the
SAM: the WUSCHEL (WUS) – CLAVATA (CLV) gene expression path-
way and the KNOX and BELL class gene expression pathway. WUS is a
homeobox gene expressed very early during embryogenesis and confined
to a few cells in the inner layers of the central zone, called organizing
centre-OC (Haecker et al. 2004) (see Fig. 1A). WUS gene product acts in
concert with a signaling complex comprising of CLV genes products.
This feedback loop regulates a small population of stem cells in the cen-
tral zone. The microRNA – miR166g might be the first of many small
regulatory RNAs involved in SAM activities (see Williams and Fletcher
2005).

Products of both KNOX and BELL class genes belong to TALE class
of homeodomain TFs. Class I KNOX genes are expressed in SAM and are
down regulated in differentiating cells (Jackson et al. 1994). In
Arabidopsis, mutations in the KNOX1 gene SHOOT MERISTEMLESS
(STM) results in loss of meristem functions (Long et al. 1996) through
repression of ASYMMETRIC LEAVES1 (AS1) and AS2 genes. KNOX
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Fig. 1. A,B Schematic organization of plant meristems: A shoot apical meristem:
the expression domain of WUS, which maintains the stem cell niche, subtends that
of the stem cells at the centre of the meristem; B root apical meristem: the quiescent
centre maintains the stem cell niche for the surrounding stem cells. Reproduced from
Doerner P, Curr Biol Vol 16(6), (2006), with permission from Elsevier Science



genes therefore function redundantly to maintain shoot stem cell fate.
Expression of STM is evident only at the globular embryo stage and very
little is known about the origin and development of the SAM before this
stage (see Mayer et al. 1998). Mis-expression of KNOX genes alone can
induce ectopic meristems indicating that these genes can establish stem cell
fate in differentiated cells. Genes such as AS1, AS2, BLADE ON PETI-
OLE (BOP) are known to represses KNOX in lateral organs whereas mem-
bers of the YABBY gene family such as FILAMENTOUS FLOWER and
YABBY3 are required for correct patterning of the lateral organs, and to
maintain differentiated cell fate by repression KNOX gene functions
(reviewed by Byrne et al. 2003). Tsiantis (2001) has discussed the impor-
tance of homeobox-defined developmental pathways in the control of
shoot cell fate. Plant hormones gibberellins and cytokinins together are
involved in the regulation of KNOX1 control of SAM cell identity
(Jasinski et al. 2005; Yanai et al. 2005). Shani et al. (2006) have also point-
ed out that both KNOX and WUS TFs facilitate high cytokinin activity in
the SAM whereas auxin activities promote initiation of lateral organs at
specific sites in the SAM flanks.

3.2
Root Apical Meristem (RAM)

A typical dicotyledonous root, as in Arabidopsis, is formed by the primary
root during embryogenesis. The root tissues are generated by the RAM
(Fig. 1B) and comprise concentric single cell layers of epidermis, cortex,
endodermis and pericycle which surround the vascular tissues (reviewed by
Hardtke 2006). RAM is derived from the upper most cell of the suspensor.
As in SAM, the RAM has a group of slowly dividing cells – the quiescent
centre (QC), which is established early during embryogenesis. ACDs from
QC produce daughter cells which retain QC function or replace an adjacent
cell of a specific cell type of the root (Kidner et al. 2000). Laser ablation
experiments in Arabidopsis have shown that a new QC is developed from
proximal cells, emphasizing the importance of positional information. (van
den Berg et al. 1995). Nawy et al. (2005) have provided a transcriptional
profile of QC in Arabidopsis root.

SCARECROW (SCR), a GRAS family TF (Di Laurenzio et al. 1996)
is required cell autonomously for distal specification of QC, which in turn
regulates the stem cell fate of surrounding cells (Sabatini et al. 2003). Loss
of SCR gene function disrupts QC and stem cell identity which can be
restored by cell autonomous expression of SCR in the initial cells. SCR is first
expressed in the QC precursor cells during embryogenesis, after
which it extends to the initial cells of the ground tissue (cortex and endo-
dermis) (Wysoka-Diller et al. 2000). This expression pattern persists in the 
post-embryonic root. In scr1 mutant, the ACD of the daughter of
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the cortex/endodermis does not occur resulting in a mixed cell identity
(Sabatini et al. 2003). SHORTROOT (SHR), a related GRAS family gene,
is also required for the ACD responsible for formation of ground tissue
(cortex and endodermis) as well as specification of endodermis in
Arabidopsis root (Helariutta et al. 2000). SHR protein, required for endo-
derm specification and up regulation of SCR expression in the ground tis-
sue, is expressed in vascular cells and may move as a protein to the
surrounding cell layer, including the QC (Helariutta et al. 2000; Nakajima
et al. 2001). The coordinated actions of SCR and SHR proteins pattern the
entire tissue surrounding the vascular tissue (ground tissue patterning) in
Arabidopsis (Scheres et al. 1995). In the Arabidopsis root meristem, ground
tissue stem cell daughters perform an ACD to form endodermis and cortex.
SCR limits SHR movement, and transient SCR action is sufficient to
separate endodermis and cortex fates by ACD (Heidstra et al. 2004)

Some of the proteins seem to be required by both SAM and RAM. For
example, SCR and SHR proteins are required for ground tissue organiza-
tion in both root and shoot (Fukaki et al. 1998). In Oriza sativa, SCR
(osSCR) gene is involved not only in the ACD of the cortex/endodermis
progenitor cell but also during stomata and ligule formation by polarization
of cytoplasm (Kamiya et al. 2003).

4
Formation of Lateral Organs

During post-embryonic development, all the aerial organs of a plant are
ultimately derived from a few pluripotent stem cells in the SAM (Baurie
and Laux 2003). The main tissue types such as epidermis, ground tissue and
vascular tissue form a second patterning in the seedling which is organized
perpendicular to the axis of polarity.

Above ground lateral organs are produced from the flanks of the SAMs.
The shoot system consists of a leaf, a stem and a lateral bud that differenti-
ates into a lateral shoot. Floral organs are considered as modified leaves. For
lateral organ formation, it is essential that the genes responsible for estab-
lishment/maintenance of SAM should be down regulated (see Hake et al.
1995). Simultaneously, genes required for lateral organ primordia are
expressed. A genetic system comprising of .class III HD-ZIP and KANADI
genes is involved in adaxial–abaxial polarity in lateral organs produced from
the apical meristems in Arabidopsis (Emery et al. 2003). A comprehensive
account of leaf development is provided by Tsukaya (2002) and Byrne (2005).
Termination of stem cell activity during flower development is regulated by
a temporal feedback loop involving both stem cell maintenance genes and
flower patterning genes (Fletcher 2002). See Coen and Mayerowitz (1991, the
ABC model), Levy and Dean (1998) for floral meristem and organ identity
genes and Jack (2004) for specification of floral organs. The Floral Genome
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Project has identified 15 representative species from gymnosperms, basal
angiosperms, monocots and core eudicots to examine the spatio-temporal
patterns of gene expression during early flower development based on EST
and cDNA analyses (see Eckardt 2002 and the references therein).

4.1
Epidermis

The epidermis of the shoot is derived from the outermost layer of cells cov-
ering the SAM through repeated anticlinal divisions. By contrast, the epi-
dermis of the root is derived from an internal ring of cells, located at the
centre of the RAM, by a precise series of both anticlinal and periclinal divi-
sions. In Arabidopsis, the shoot epidermis comprises pavement cells, hair
cells, (trichomes), stomatal guard cells and other epidermal cells (see Dolan
and Roberts 1995; Dolan and Costa 2001). The root epidermis comprises
two cell types: trichoblasts that form root hair cells and atrichobalsts that
form non-hair cells. Shoot epidermal hairs are called trichomes – which can
be secretary, glandular or nonglandular. Most of the information on tri-
chomes has come from leaf trichomes. Hulskamp (2004) has reviewed the
importance of trichome as a model for studying cellular differentiation. See
Box 1 in Dolan and Roberts (1995) for mutations affecting patterning and
morphogenesis in shoot and root epidermis of Arabidopsis. Similarly, for
details of stomatal development and patterning see Geisler et al. (2003),
Nadeau and Sack (2003) and Shpak et al. (2005). Although, a series of 1M-
2DD type of ACDs is required to produce a guard mother cell (GMC), it is
a symmetric division of the GMC that eventually produces two daughter
(guard) cells. The cell plate involved in the formation of guard cells is also
unique since it is curved to form a hole in the center (reviewed by Verma
2001), giving rise to daughters of same fate but with an asymmetric cell
plate. In the discordia mutant, cell plate of the guard cells do not curve while
those during the ACDs are not affected, showing that the two types of
cytokinesis are differently regulated (see Gallagher and Smith 1999).

4.2
Vascular Differentiation

The vascular system consists of a continuous cellular network with inter-
connected vascular strands. Procambial cells or vascular stem cells are
derived from apical meristem and give rise to xylem and phloem precursor
cells: the former differentiate xylem, comprising tracheary elements (TEs),
xylem parenchyma cells and xylem fibers. The latter differentiate into
phloem which includes sieve elements, companion cells, phloem parenchy-
ma cells and phloem fibers. Most of vascular cell differentiation is known
with regard to information on Arabidopsis mutant analysis and Zinnea ele-
gans single cell xylogenic cultures (Fukuda 2004). Microarray analysis has
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shown that about 9000 genes change their expression pattern during xylem
cell transdifferentiation (Demura et al. 2002). The VASCULAR-RELATED
NAC-DOMAIN6 (VND6) and VND7 gene products may be the transcrip-
tion switches to induce transdifferentiation of various cells into metaxylem
and protoxylem-like elements in Arabidopsis and Populus (Kubo et al.
2005). Auxin plays an important role in the formation of vascular tissue.
Mutations in the Arabidopsis MONOPTEROS [MP/AUXIN RESPONSE
FACTOR 5 (ARF5 )], AUXIN RESISTANT6 (ARX6) and BODENLOS
(BDL) genes show disruption in vascular tissue patterning (see Mattsson
et al. 2004 and the references therein). Phloem is established through ACDs
and subsequent differentiation. The ALTERED PHLOEM DEVELOP-
MENT (APL) gene encodes a MYB coiled-coil type of TF which is
required for phloem identity in Arabidopsis (Bonke et al. 2003). Thompson
(2006) has reviewed the conceptual integration of structure and duality 
of function aspects of phloem sieve element-companion cell complexes.
Intercellular signaling molecules such as auxin, cytokinin and plant steroid
hormones – Brassinosteroids (BRs) – are involved in differentiation and/or
maintenance of procambial cells through distinct gene expression
machineries including HD-ZIP-III gene family and microRNAs (reviewed
by Dinneny and Yanofsky 2004; Fukuda 2004; Sieburth and Deyholos
2005). HD ZIP and KANADI TFs are important regulators of radial
patterning during secondary growth and TFs belonging to G2-like, NAC,
AP2, MADS and MYB gene families regulate xylem and phloem differen-
tiation activity (Zhao et al. 2005). See Fig. 2 for an overview of vascular
development.
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Fig. 2. a–c Overview of vascular development: a in the dry seed embryo already has
procambium along the apical-basal axis and in patterns in the cotyledons; b in
young seedling, the procambium has differentiated (black lines), and in the
hypocotyls, the vascular tissues are organized in a central core; c in the mature plant,
the stem has a new vascular pattern that includes dispersed vascular bundles, and the
leaf has a dispersed network of veins. Reproduced from Sieburth LE, Deyholos MK
Curr Opin Plant Biol Vol 9 (2006), with permission from Elsevier Science



5
Gametogenesis

It is noteworthy that, in flowering plants, male gamete formation involves
a 1M-2DD type of ACD (see Fig. 3A) whereas female gamete formation
involves a C-C pathway (see Fig. 4A). At least 200 genes are estimated to
be required for gametophyte development (see Bonhomme et al. (1998);
Yang and Sundaresan (2000); Wilson and Yang (2004)).

5.1
Microsporogenesis and Male Gametophyte Development

The microspore undergoes an ACD, giving rise to two daughter cells of
different fates – the larger vegetative cell (VC) and the smaller generative
cell (GC). The VC is arrested in G1 phase of cell cycle while the GC divides
once mitotically to produce two sperm cells (Fig. 3A: a-b-c-d-e; Fig. 3A:
a-f-g-c-d-e). Several unique cellular events occur before the microspore
division. Polarity is established by nuclear migration and an asymmetric
spindle is formed. Control of gametophytic cytokinesis is a critical process
in male germ line cell fate determination and is required for asymmetric dis-
tribution of cellular components that presumably include CFDs (Twell
et al. 1998).

Random mutagenesis experiments in Arabidopsis have shown that many
genes are required for development of functional pollen (Lalanne et al.
2004; Johnson-Brousseau and McCormick 2004; Ranganath 2005).
Rotman et al. (2005) have reported a novel, pollen specific R2R3 MYB
gene, DUO1, involved in the process of normal sperm production in
Arabidopsis. DUO1 protein accumulates in the sperm cell nuclei and in
duo1 mutant, a single large diploid sperm cell, unable to perform fertiliza-
tion is formed. By contrast, in the cdc2 mutant of Arabidopsis, only a sin-
gle sperm cell instead of two is formed with the pollen being viable. The
single sperm fertilizes the egg (double fertilization Vs single fertilization)
while the endosperm (diploid) develops autonomously indicating that a
positive signal from the fertilized egg is required for its development (see
Nowack et al. 2006; Iwakawa et al. 2006). Interestingly SERK1 and
SERK2 gene products which are involved in embryogenesis are also
required for tapetum development and microspore maturation in
Arabidopsis (see Colcombet et al. 2005). For recent information on molec-
ular and genetic controls over microspororgenesis and male gametophyte
development, see McCormick (2004), Johnson et al. (2004) and Ma (2005).
A transcriptome analysis of Arabidopsis male gametophyte is provided by
Honys and Twell (2004).

Microspore (pseudomonad) production in sedges and the members of
Styphelieae of Epacridaceae (Smith-White 1959) is uniquely different from
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Fig. 3. A–C Asymmetric cell divisions during gametogenesis: A pollen development
in angiosperms – a microspore mother cell (MMC) produces four haploid microspores
either through pathway a-b-c (successive cytokinesis) or pathway a-f-g-c (simulta-
neous cytokinesis). In the sedges/Styphelieae (pathway a-f-g-h-i) asymmetric parti-
tioning of the meiocyte produces one large, functional microspore (FMS) and three
smaller nonfunctional microspores (NFMSs); B megasporogenesis in angiosperms
– the cell cycle regulators as well as the differentiation related molecules have to be
some how segregated to the FMS in the monosporic type (pathway -a) and func-
tional dyad (FD) (pathway -b) respectively, whereas in the tetrasporic type (path-
way -c), they remain in the same coenocytic megaspore (CMS) due to lack of
cytokineses during meiosis. NFMSs/dyad in pathways (a) and (b) are shown in
gray; C female meiosis in animals – successive cytokineses that asymmetrically par-
tition the meiocyte are part of the meiotic cell cycle as compared to the post-mei-
otic and simultaneous cytokinesis seen in the sedges/Styphelieae pathway
(A-a,f,g,h,i). Reproduced from Ranganath RM, Plant Biology Vol 7 (2005), with
permission from Thieme-Verlag

other angiosperms (Fig. 3A: a-f-g-h-i). As the pathway manifests both
positive and negative developmental outputs (one large, functional 
and three, smaller nonfunctional microspores) from an ACD associated with
meiosis, it is termed programmed cell elimination (PCE), as compared to
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Fig. 4. Coenocyte-cellularization pathways: A FG development (Polygonum type) in
flowering plants – the functional megaspore undergoes three mitotic division cycles
to produce a eight-nucleate-coenocyte which is subsequently cellularized to form a
seven celled FG. Note the differences in the size and fate of the cells, particularly
the egg and the central cell in the mature FG; B cereal endosperm development – 
cellularization of the cocenocytic central cell initially involves anticlinal divisions
resulting in open-ended alveoli. The first of the periclinal divisions produces the
aleurone cell initials (ACIs) towards the periphery and starchy cell initials (SCIs) with
open ended alveoli towards the center of the central cell. Repeated clonal divisions of
the ACIs and SCIs eventually increase their cell number. Since the CFDs involved
have to be at the right place at the right time, the key issue to be resolved in this and
the other coenocyte-cellularization pathways is the manner in which cellularization



programmed cell death (PCD) where somatic cells die by a genetically
predetermined programme before their elimination from a developmental
pathway (see Ranganath and Nagashree 2000, 2001 and the references
therein). Microspore (cell) death in sedges (Fig. 3A: h-i) is a consequence of
development rather than its cause as in PCD.

5.2
Megasporogenesis and Female Gametophyte Development

More than 70% of the angiosperm species examined have shown mono-
sporic type of female gametophyte (FG) development (Huang and Russell
1992), where only one of the four megaspores produced by meiosis is func-
tional and produces the typical 8-nucleate, 7 celled FG (Fig. 4A). The other
three megaspores degenerate by a distinct form of PCD (Yadegari and
Drews 2004). In the bisporic type, one of the dyads is eliminated and the sur-
viving dyad functions as the ‘functional megaspore’ due to absence of cytiki-
nesis during MII, whereas in the tetrasporic type, all the haploid nuclei
produced by meiosis lie in the same cell due to absence of cytokinesis dur-
ing both MI and MII. Consequently, the traditional cellular barrier between
meiosis and mitosis does not exist, creating a unique situation seen in some
of the ascomycetes and zygomycetes which execute sequential meiosis and
mitosis in the same cellular space (reviewed by Ranganath 2003) (Fig. 3B:
b, c). Given that the subsequent developments of FG formation, double fer-
tilization, endosperm and embryo development occur in the ‘functional
megaspore cell space’, it should be explained as to how the necessary cell
cycle regulators and the CFDs are segregated into the functional megaspore,
particularly into one of the four megaspores in the monosporic and one of
the dyads in the bisporic types. In both, segregation of the determinants has
to be understood in the context of the meiotic cell cycle where there are no
drastic differences in the size of the cells involved, as compared to the
classical 1M-2DD type of ACDs. Due to the coenocytic nature of the
functional megaspore in the tetrasporic type, the problem of segregation
of the determinants does not arise. Although, a direct consequence of the
cellularization process is the formation of different cell types of the 
FG, the molecular mechanisms that underlie their specification in 
terms of CFD allocation are yet to be understood. Kim et al. (2005) have
shown that Lysophosphotidyl Acetyltransferease (LAPT2), located in the
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Fig. 4. (Cont’d ) process is coordinated with cell-specific CFD allocation; C early
embryo development in Drosophila – note the mechanistic similarities with the cere-
al endosperm development; D helobial endosperm combines the characteristics
of both cellular and nuclear (coenocyte-cellularization) endosperm development
pathways. Reproduced from Ranganath RM, Plant Biology Vol 7 (2005), with
permission from Thieme-Verlag



endosplasmic reticulum, is required for development of FG but not male
gametophyte.

A number of genes with a function during FG development are known
(Ranganath 2003; Pagnussat et al. 2005; Acosta-Garcia and Vielle-Calzada
2004; Ebel et al. 2004; Shi et al. 2005; Dresselhaus 2006 and the references
therein). Among thousands of genes expressed in the FG, only about 600
could be identified by genetic screens (Drews and Yadegari 2002). By using
ATH1 Arabidopsis whole-genome oligonucleotide array for transcriptome
profile analyses and the Arabidopsis thaliana mutant sporocyteless, which
produces ovules without FGs, 225 FG-specific genes have been identified
(see Yu et al. 2005). cDNA libraries constructed from eggs and two-celled
embryos isolated from wheat FGs showed unique transcriptional profiles
(Sprunck et al. 2005). Genes required for FG development include those
involved in protein degradation, cell death, signal transduction and
transcription regulation (Pagnussat et al. 2005).

6
Endosperm Development

The endosperm in angiosperms develops from a fertilized central cell
through ab initio cellular or ab initio nuclear or helobial pathways.
Helobial endosperm combines the characteristics of both cellular and C-C
pathways. In spite of considerable size differences, there are no qualitative
differences between the daughter cells of the central cell division as well as
the cells formed after cellularization of the coenocytic upper cell (Fig. 4D).
Olsen (2004b) has provided a comparative account of endosperm develop-
ments in Arabidopsis and cereals.

6.1
Cereal Endosperm

Cereal endosperm has been a good model for studying cell specification.
The central cell follows a typical C-C pathway. In maize, the coenocyte may
have 256 to 512 free nuclei before cellularization begins (Walbot 1994). The
large number of free nuclei is arranged peripherally prior to cellularization
(Fig. 4B). The coenocytic central cell in cereals shows mechanistic similar-
ities to the early embryo development in Drosophila (see Gilbert 2000)
(Fig. 4B,C). The mature cereal endosperm shows five different types of
cellular zones: aleurone, subaleurone, starchy, embryo-surrounding and
transfer cell zones. Olsen (2001) suggests that cell fate specification in
cereals occurs by positional signaling.

The embryo surrounding region (ESR) cells are densely cytoplasmic and
express ESR1, ESR2 and ESR3 genes, ZmAE1 (Zea mays androgenic
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embryo1) and ZmAE3 genes and other gene products preferentially found
in the transfer cells (reviewed by Berger 1999, Olsen 2004a). Starchy cells
represent bulk of the endosperm. These cells accumulate starch and pro-
lamine storage proteins encoded by genes expressed exclusively in these
cells. Interestingly, in the maize mutants that lack aleurone cells, crinkly4
(cr4) (Becraft and Asuncion-Crabb 2000), starchy endosperm cells are
formed in place of aleurone cells.

The aleurone cells cover the endosperm excepting the region of transfer
cells. Molecular markers of aleurone include Ltp2, B22E, pZE40, ole1,
ole2, per1hi33 (Olsen 2004a, b and the references therein). Aleurone cell
fate in barley endosperm is established after the first periclinal division of
the alveolar nuclei, with the outer sister nucleus destined to be cellularized
to form an aleurone cell (Fig. 4B). Several mutations affecting aleurone cell
fate and number are known in maize (see Shen et al. 2003). The DEK gene
codes for a membrane protein with high homology to animal calpains, and
may function to maintain and restrict the aleurone cell fate imposed by
CRINKLY4 (CR4) gene (Lid et al. 2002). However, DEK1 gene is not
specific to aleurone alone (see Becraft et al. 2002). Interestingly, the
Arabidopsis epidermal gene ATM1 is expressed in aleurone cells indicating
their epidermal nature.

7
Future Prospects

As compared to animals, in flowering plants differential inheritance of
CFDs (generally signal molecules or TFs) by the daughter cells after an
ACD is indirectly inferred from gene expression and mutant analysis.
Although some of the gene products are known, their cellular interactions
are yet to be delineated. For example, intercellular movement of TFs is
known to regulate several cell specification and patterning events in
plants. Immunological detection techniques have shown that in Arabidopsis
root, the SHORTROOT (SHR) protein moves from the stele cells to the
endodermis where it activates cell differentiation and division (see
Helariutta et al. 2000; Nakajima et al. 2001). Similarly, the product of
LEAFY (LFY), one of the floral identity genes, has the ability to move
between cells (Sessions et al. 2000). The MADS-box type of TFs – DEFI-
CIENS (DEF) and GLOBOSA (GLO) involved in floral development –
can move from inner L2 to outer L1 layer to control petal identity (see
Kurata et al. 2005).

In the genomics era, molecular identity of a cell has to be ultimately
understood in a functional genomics perspective. It has already been estab-
lished that DNA sequence data from model organisms can provide a cata-
logue of genes and their predicted proteins, but how, where and when these
proteins are expressed and interact in a particular developmental context
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have to be understood only in a proteomic (expressed proteins in a cell)
context. Fifty years of nuclear transplantation experiments have also con-
clusively established that it is the cytoplasm that directs nuclear functions
(Gurdon and Byrne 2003). However, the inaccessibility of plant tissues
or organs has been a major impediment in exploring cellular gene and
protein networks. Future challenges lie in crafting innovative techniques to
illuminate the molecular identity of a differentiated plant cell.
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Symmetry Breaking in Stem Cells of the Basal
Metazoan Hydra

Thomas C.G. Bosch

Abstract

Among the earliest diverging animal phyla are the Cnidaria. Cnidaria were not only
first in evolution having a tissue layer construction and a nervous system but also
have cells of remarkable plasticity in their differentiation capacity. How a cell
chooses to proliferate or to differentiate is an important issue in stem cell biology
and as critical to human stem cells as it is to any other stem cell. Here I revise the
key properties of stem cells in the freshwater polyp Hydra with special emphasis on
the nature of signals that control the growth and differentiation of these cells.

1
Stem Cells and the Need to Have Comparative 
Data from Ancestral Metazoans

Stem cells have the unique ability to undergo self-renewing mitotic divi-
sions in which one or both progeny retain stem cell identity and the capac-
ity to replicate almost indefinitely. The daughters of stem cell divisions also
have the option to follow a differentiation pathway. The balance between
self-renewal and differentiation must be strictly regulated to maintain the
stem cell pool and to generate the required supply of fully differentiated
cells. Understanding how stem cells are regulated is crucial in learning how
tissues are formed and maintained. The self-renewing ability is regulated
both by an intracellular mechanism and by intercellular signalling. Cell-
autonomous mechanisms governing asymmetric cell divisions in inverte-
brates have been elucidated in a few stem cell models such as neuroblasts
and germ-line stem cells (GSC) in Drosophila (Deng and Lin 1997; Lin and
Schagat 1997), whereas the role of extrinsic signalling in controlling asym-
metric cell divisions has been implicated in several systems (Morrison et al.
1997). External stimuli that alter self-renewal of several classes of stem cells
and affect asymmetric divisions include cytokines, matrix proteins, hor-
mones, and local interactions between stem cells and their neighboring
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cells. These extracellular signals may then influence the cell cycle machin-
ery or the cytoskeletal organization of stem cells for their formation and/or
divisional asymmetry. Asymmetric cell divisions also involve marked dif-
ferences in gene expression as well as extraordinary genome modifications.
For example, in C. elegans and Drosophila transcriptional quiescence in
early germ cells is thought to be essential for the establishment of distinct
germ-line and somatic fates (Seydoux 1996; Bashirullah et al. 1998).
Genome modifications associated with asymmetric divisions are of impor-
tance in blood stem cells (Akashi et al. 2003) and also play crucial roles in
switching of mating types in yeast, programmed chromosome breakage
and chromatin elimination in Ascaris, and the development of a transcrip-
tionally inert germline micronucleus in spirotrichous ciliates. Studies in
insects and worms have shown that just a few signalling pathways generate
most of the cellular and morphological diversity during the development of
individual organisms (Pires-DaSilva and Sommer 2003). This similarity in
signalling pathways between disparate animal phyla has provided convinc-
ing evidence for the monophyletic origin of metazoa. Insects, worms and
vertebrates all derive from the “triploblast” or “Bilateria” clade of meta-
zoans. Since several animal phyla diverged, however, before the origin of
this clade, the discovery of shared signalling cascades tells us little about
their origin and original roles, until we have comparative data from more
basal animals. The aim of this chapter, therefore, is to review our under-
standing of the pathways that regulate proliferation, self-renewal and
differentiation of stem cells in the basal metazoan Hydra.

2
At the Origin of Metazoan Evolution: Placozoa,
Porifera and Cnidaria

Since the nineteenth century, Trichoplax adhaerens has been considered the
most simple metazoan and proposed to be a model organism for the transi-
tion from single cellular protists to multicellular metazoa (e.g. Metschnikoff
1883; Collins 1998; Schierwater and Kuhn 1998). Trichoplax is composed of
a ciliated epithelium that is differentiated dorsally and ventrally and contains
just four distinct somatic cell types (Grell 1971). Its particular morphology,
characterized by an extreme form of simplicity, has justified the creation of an
own phylum, the Placozoa (Grell 1971). This simplicity together with molec-
ular data from the Trichoplax mitochondrial genome (Dellaporta et al. 2006)
provide convincing support for the phylogenetic placement of the phylum
Placozoa at the root of the Metazoa. With regard to asymmetric cell divisions,
with only one transcription factor of the Antp superclass gene, Trox-2, cloned
so far, very little is known about the molecules involved leaving the molecular
machinery controlling Trichoplax asymmetric cell divisions sitting in the dark.
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Porifera (sponges) most likely evolved from simple unicellular flagellates,
the choanoflagellates (Leys and Ereskovsky 2006). Porifera have six to ten
different cell types including ciliated choanocytes that drive water through
canals and chambers. There is a great deal of cell mobility and reversal of
cell differentiation (Ruppert and Barnes 1994) and many sponges have
remarkable powers of regeneration. Sponges have signal transduction path-
ways including receptor tyrosine kinases and protein kinase C, that are the
basis for physiological processes in higher metazoa (Müller 2001). This and
other observations indicate that sponges share a common ancestor with
all other metazoa and that multicellularity is associated with the presence
of an extracellular matrix, cell adhesion molecules and membrane associ-
ated receptors. Little is known, however, about the signals and interac-
tions required for differentiation of sponge-specific features such as the
choanocytes (Leys and Ereskovsky 2006). So far only a few homologues of
homeobox transcription factors have been isolated from sponges (Müller
2001). Although these observations providing clear evidence supporting the
monophyletic origin of the Metazoa, molecular techniques are still in their
infancy in the Porifera (Leys and Ereskovsky 2006) and the function of
developmental control genes remains to be elucidated. However, with a
genome project currently underway to sequence the ceractinomorph demo-
sponge Reniera sp. at the Joint Genome Institute, molecular analysis of
poriferan development should make significant progress in the next few
years and also offer insight into the molecular machinery needed for asym-
metric cell divisions in this most basal metazoan phylum.

Among the basal metazoa, Cnidaria, the sister group of the Bilateria, are
the first in evolution that have a defined body plan, stem cells, a nervous sys-
tem, and a tissue layer construction. Cnidarians are diploblastic consisting
of two epithelia, the ectoderm and the endoderm surrounding a gastric cav-
ity. Cnidarians such as the freshwater polyp Hydra have a long history as
model systems in developmental biology because of their remarkable capac-
ity to regenerate missing body parts. Most spectacularly, Hydra polyps when
dissociated into a suspension of single cells and pelleted into aggregates by
centrifugation will organize themselves into complete polyps within a few
days (Gierer et al. 1972). This ability for self-organization is at least partially
due to the continuous presence of stem cells with high self-renewal capacity
and high phenotypic plasticity in adult tissue. Multipotent interstitial stem
cells have been identified in Hydra by in vivo cloning (Bosch and David
1987). Interestingly, totipotent stem cells have also been identified recently
in the colonial hydrozoan Hydractinia echinata (Müller et al. 2004) by
repopulating interstitial cell free colonies with allogeneic interstitial cells and
demonstrating that the resulting phenotype was reverted to that of the
donor colony. As I have outlined elsewhere (Bosch 2006), the stem cell-ness
of the Hydra tissue is not only sufficient to explain Hydra’s unprecedented
regeneration capacity, but also allows Hydra its unique life cycle in which
proliferation occurs mostly asexual by budding.
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3
Key Properties of Epithelial and Interstitial 
Stem Cells in Hydra

In Hydra, there are about 20 cell types distributed among 3 cell lineages.
Each of the epithelial layers is made up of a cell lineage, while the remain-
ing cells are part of the interstitial cell lineage which reside among the
epithelial cells of both layers. Both the epithelial cells as well as the inter-
stitial cells in the body column continuously undergo self-renewing mitotic
divisions (Dübel et al. 1987). To prove that the epithelial cells indeed have
stem cell properties, we recently (Wittlieb et al. 2006) have made use of
transgenic polyps and transplanted a single GFP-expressing endodermal
epithelial cell into a nontransgenic polyp. By doing so we have generated
polyps in which the entire ectodermal or endodermal epithelium contains
the transgene (Wittlieb et al. 2006). Supporting earlier observations, such
in vivo tracking of GFP labelled epithelial cells also showed that there is
continuous tissue displacement towards the extremities. Displacement of
ectodermal epithelial cells into the tentacles results in differentiation of bat-
tery cells. Displacement of epithelial cells towards the lower body regions
results in budding and – at the boundary between the peduncle and the
basal disk – in differentiation of epithelial cells into basal disk cells which
begin to secret mucus just after passing through that boundary. This
remarkable phenotypic plasticity of epithelial cells in response to positional
signals allows Hydra to build complex structures such as the tentacles with
only a limited number of different cell types.

Located primarily between the ectodermal epithelial cells throughout
the gastric region there are the interstitial stem cells. The main evidence
for their stem cell properties comes from in vivo cloning experiments
which have shown (see Fig. 1) that these cells are multipotent and capable
of somatic and germ line differentiation (David and Murphy 1977; Bosch
and David 1987). Multipotent interstitial stem cells in Hydra give rise to
neurons (see Fig. 2), secretory cells and gametes in a position dependent
manner (Bosch and David 1987). These stem cells also give rise to cnido-
cytes, which are unique to and characteristic of all cnidarians. Interstitial
stem cells in Hydra are found throughout the gastric region; they are
absent, however, in the head and foot region (David and Plotnick 1980).
In numerous cloning experiments no stem clones were found containing
only one differentiated type of somatic cells. Thus, there is no evidence
for extensively proliferating subpopulations of somatic intermediates in
Hydra (Fig. 1).

Cnidocyte differentiation occurs exclusively in the gastric region as a
highly complex, multistep process (reviewed in Tardent 1995). Cnidocytes
differentiate in clusters of 8–32 cells in the body region (David and
Challoner 1974). Cells within clusters remain interconnected by cytoplasmic
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bridges. During differentiation (Shimizu and Bode 1995) each nematoblast
produces a nematocyst capsule inside a secretory vesicle. Following capsule
differentiation, the clusters of differentiating cnidocytes break up into single
cells that migrate towards the tentacles and become mounted in specialized
tentacle epithelial cells, termed battery cells (David and Gierer 1974).

Symmetry Breaking in Stem Cells of the Basal Metazoan Hydra 65

Fig. 1. A model for the differentiation of interstitial stem cells in Hydra. Factors
affecting steps of differentiation are shown in red. For details and references see text

Fig. 2. a,b Transgenic Hydra polyps are paving the way for in vivo imaging to ana-
lyze nerve cell differentiation at the basis of metazoan evolution: a Hydra vulgaris
(AEP) polyp expressing GFP exclusively in the interstitial cell lineage which
includes the nerve precursors; b GFP expressing ganglion neurons



Neuron differentiation from multipotent interstitial stem cells also
occurs exclusively in the gastric region (David and Gierer 1974). After
entering the neuron differentiation pathway, about a half of the neuron
precursor cells migrate toward the head and foot (Heimfeld and Bode 1984;
Fujisawa 1989; Teragawa and Bode 1990, 1995; Technau and Holstein
1996; Hager and David 1997). The remaining half of the neuron precursors
do not migrate, but complete differentiation and are integrated into the
nerve net (Fig. 2).

Little is known about gland cell differentiation from interstitial stem cells.
Previous studies have described gland cells in Hydra as secretory cells dis-
tributed gradually along the body column and used for extracellular diges-
tion of prey (Schmidt and David 1986; Bode et al. 1987). Recent studies
based on the expression pattern of several genes (Augustin et al. 2006;
Guder et al. 2006) suggest that gland cells are distributed along the whole
body column down to the basal disc. The previously reported graded distri-
bution of gland cells with a maximum density in the subhypostomal region
(Schmidt and David 1986, Bode et al. 1987) appears to reflect the previously
used analytical methods which were mostly histological observations.

In the gamete differentiation pathway, unipotent subpopulations of intersti-
tial cells have been isolated (Fig. 1). They are capable of extensive proliferation
but committed to either spermatogenesis (Littlefield 1985; Nishimiya-Fujisawa
and Sugiyama 1993) or oogenesis (Littlefield 1991; Nishimiya-Fujisawa and
Sugiyama 1995). These unipotent stem cells are present in asexually pro-
liferating polyps in low numbers and dividing at a slower rate than their
multipotent precursor cells (Holstein and David 1990). In response to
environmental stimuli, these cells start to proliferate rapidly and differenti-
ate into gametes. Interstitial cells are not only the precursors for gametes
but also themselves responsible for sex determination (Littlefield 1984;
Campbell 1985). Surprisingly, somatic components (e.g. epithelial cells) do
not play a role in determining the sexual phenotype. In addition, male
interstitial cells of Hydra suppress the ability of female stem cells to differ-
entiate eggs thereby causing “masculinization” of females (Sugiyama and
Sugimoto 1985; Littlefield 1994). They, however, do not interfere with the
ability of female stem cells to proliferate and produce somatic cells (Bosch
and David 1986). The molecular nature of this suppression is completely
unkown.

Figure 1 summarizes these findings and illustrates the current view of
the differentiation and proliferation potential of interstitial stem cells in
Hydra. Transplantation experiments with genetically marked interstitial
cell clones indicated that interstitial stem cells in Hydra display very little
migratory activity and grow as contiguous patches (Bosch and David
1990). The growth of interstitial cells in clonal patches has an important
implications since it affects the distribution of stem cells to daughter polyps
and, for example, leads to male polyps which occasionally give rise to
female polyps (Bosch and David 1987). Taken together, the differentiation
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pattern of interstitial stem cells exhibits a strong dependence on position
along the body axis indicating that these cells are capable to interpret posi-
tional information to differentiate according to their genetic program. Stem
cells in Hydra, therefore, point to the importance of spatial organization
and thus extrinsic influences (Wolpert 1988). Can we define these extrinsic
influences in molecular terms?

4
Hydra Interstitial Stem Cells and their Niches

A specialized microenvironment, the stem cell niche, is one of the factors reg-
ulating stem cell maintenance and the crucial choice between self renewal and
the initiation of differentiation (Spradling et al. 2001; Moore and Lemischka
2006). Although the niche concept was introduced already in 1978 (Schofield
1978), only recently it became clear that stem cells in vertebrates as in inverte-
brates require paracrine signals from the surrounding microenvironmental
cells to maintain their identity and self-renewal capacity (Moore and
Lemischka 2006). The best understood examples of regulation of stem-cell
renewal by the niche are to be found in the female and male germ-line stem
cells of Drosophila (Yamashita et al. 2005). In Drosophila female germ line,
where the regulatory circuitry from the signal to the key target in the stem
cell has been worked out, the main role of the signal from the niche is to block
expression of genes that trigger the onset of differentiation (Chen and
McKearin 2003; Xie and Spradling 2000). In Hydra, the interstitial cells grow
and differentiate in the interstices between ectodermal epithelial cells. As I
will describe below, the interstitial stem cell population in Hydra is strongly
influenced by its complex microenvironment.

4.1
Key Elements that Specify Self-renewal and Control
Differentiation of Interstitial Stem Cells

The major cellular components of the microenvironment in which Hydra
interstitial cells grow and make their decisions are epithelial cells and cells of
the interstitial cell lineage themselves. The mesoglea may present an addi-
tional important acellular component of the microenvironment. A number
of transplantation experiments by which stem cells have been introduced into
a variety of different host tissues have revealed two environmental parame-
ters as particularly important. The first parameter – nerve cell density in host
tissue – positively influences interstitial cell proliferation. The second param-
eter – interstitial cell density – negatively influences proliferation. Growth of
interstitial cells is faster in tissue with reduced interstitial cell numbers than
in normal tissue (Yaross and Bode 1978; Sproull and David 1979; Holstein
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and David 1990). Thus, stem cell proliferation in Hydra is controlled by a
feed-back signal from interstitial cells and their derivatives: decreasing the
number of stem cells causes an increase in the self renewal probability and
leads to recovery of normal stem cell levels (Sproull and David 1979).
Conversely, increasing the number of stem cells decreases the self-renewal
probability. Although there is evidence suggesting that the feed-back signal is
of short range (David and MacWilliams 1978; Sproull and David 1979;
Bosch et al. 1991), the nature of the signal(s) by which interstitial cells meas-
ure their density is unknown. It may be a diffusible molecule produced by
stem cells or directly mediated by cell-cell contact. Interestingly, feedback
regulation by stem cell density does not occur when stem cells are transferred
in genetically unrelated tissue (David et al. 1991). Since under these condi-
tions the stem cells behave as if the genetically distinct cells are not present,
the signalling involved is species specific and not conserved.

4.2
Paracrine Signalling and Feedback Loops During 
Neuron Differentiation

There is accumulating evidence that the nervous system of Hydra (see
Fig. 2) is much more complex than previously conceived. It is composed of
many subpopulations which are characterized by the expression of differ-
ent neuropeptides, genes, and antigens (Grimmelikhujizen et al. 1982a, b;
Dunne et al. 1985; Koizumi et al. 1988; Hobmayer et al. 1990a, b; Yum
et al. 1998; Darmer et al. 1998; Takahashi et al. 2000; Hansen et al. 2000;
Hayakawa et al. 2004). Due to the dynamic state of the tissue which is
constantly undergoing renewal as a result of continuous growth and dif-
ferentiation, the nerve net is also in a steady state of production and loss
of neurons. To compensate for the loss and to maintain the homeostasis,
neurons in Hydra arise continuously by differentiation from multipotent
interstitial stem cells (David and Gierer 1974). Neuron differentiation
from interstitial stem cells involves several sequential events: commitment
to differentiation, migration of committed precursors to the site of differ-
entiation, final mitosis and terminal differentiation as neurons. Essential
part of the signalling system involved in maintaining the neuron population
are peptides (Bosch and Fujisawa 2001; Bosch 2003). Through a systematic
screening of peptide signalling molecules from Hydra we have discovered
two groups of peptides that affect neuron differentiation (Takahashi et al.
1997, 2000). Neuropeptide Hym-355 positively regulates neuron differ-
entiation, while PW peptides such as Hym-33H that share a common
C-terminal motif of Leu or Ile-Pro-Trp negatively regulate neuron differ-
entiation (Takahashi et al. 1997, 2000). Pulse-labelling experiments indicate
(Fujisawa, personal communication) that PW peptide inhibit early stages of
neuron differentiation by inhibiting commitment or migration of precursor
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cells. By indirect immunofluorescence staining using anti-Hym-33H anti-
serum, Fujisawa and colleagues recently could localize the Hym-33H PW
peptide in the ectodermal epithelial cells (Fujisawa, personal communica-
tion). Thus, PW peptides appear to be part of the microenvironmental
factors which directly affect neuron differentiation – underlining the impor-
tance of niche cells as source for molecules that activate pathways control-
ling and specifying stem cell fate. Since both groups of peptides, Hym355
and Hym-33H, counteract each other, we could incorporate the actions of
these molecules into a feedback model to explain the homeostasis of a
neuron population (Takahashi et al. 2000). An emerging theme is the
balance between Hym-355 and PW peptides that determines the differenti-
ation of stem cells to neurons. The model also proposes that neurons
interact with epithelial cells via a short-range signal or direct cell-cell com-
munication and induce the latter cells to deliver PW peptides. In any case,
the observations provide convincing support for the niche concept and for
an intensive spatio-temporal dialog occurring between interstitial stem and
niche cells in Hydra.

5
The Molecular Regulation of Neuronal Differentiation
Involves bHLH Class Transcription Factors

Proneural genes that encode the bHLH class transcription factors play key
roles in the formation of the nervous system in both invertebrates and ver-
tebrates. In Hydra, Grens et al. (1995) have isolated the bHLH transcrip-
tion factor gene achaete-scute homolog Cnash. In bilaterians, achaete-scute
is involved neurogenesis. The Hydra CnASH protein was found to form
heterodimers with the Drosophila bHLH protein Daughterless and to bind
specifically to consensus achaete–scute DNA-binding sites (Grens et al.
1995). Expression of CnASH in ac–sc double mutants of Drosophila can
rescue the mutant phenotype. Interestingly, Cnash originally was thought
(Grens et al. 1995) not to be expressed in nerve cells or nerve cell precur-
sors, but exclusively in cell clusters that give rise to cnidocytes , consistent
with the idea that cnidocytes are a neuronal cell type. Recently, however,
Hayakawa et al. (2004) reported the involvement of CnASH in the differ-
entiation pathway of sensory neurons in the tentacles. The authors
observed that in addition to differentiating cnidocytes in the body column,
sensory neurons at early stages of differentiation in the tentacles also
express CnASH. Since CnASH-positive neurons are distributed from the
base to the tip of tentacles, the gene may also be involved in maintenance
of the differentiated state. Thus, proneural genes of the achaete–scute
(ac–sc) family are involved in neurogenesis in animals which were first in
evolution to develop a nervous system.
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6
Neural Effector Genes Influence Cnidocyte Differentiation

Cnidocytes which are unique to and characteristic of all cnidarians
(David and Gierer 1974; Holstein 1981; Tardent 1995) derive from the same
pluripotent interstitial stem cell population as nerve cells (Bosch and David
1987) and in Hydra are present as four different types: stenoteles, holotric-
hous isorhizas, atrichous isorhizas and desmonemes. Although extensive
studies at the biochemical (Kurz et al. 1991; Koch et al. 1998; Engel et al.
2001, 2002; Szczepanek et al. 2002) and ultrastructural (Mariscal 1974;
Holstein 1981; Holstein et al. 1994) level have revealed the morphogenesis
of cnidocyte capsules, little is known about the factors controlling cnido-
cyte differentiation.

Lindgens et al. (2004) reported the identification of a gene, Hyzic, which
is expressed in the early cnidocyte differentiation pathway, starting at the
level of interstitial stem cells. Hyzic is a homolog of the Zn-finger tran-
scription factor gene zic/odd-paired, which acts as an early neural effector
gene in vertebrates. Hyzic expression is restricted to the proliferative stages
of cnidoblasts and, up to now, the earliest marker of cnidocyte differentia-
tion. The above mentioned CnASH-positive cells (Grens et al. 1995) are
preceded by a differentiation stage expressing Hyzic (Lindgens et al. 2004).
Since Hyzic also acts before Nowa (Engel et al. 2002), another early cnido-
cyte differentiation marker gene encoding a major wall protein of the
cnidocyte capsule (Ozbek et al. 2004), Lindgens et al. (2004) concluded that
Hyzic may determine stem cells to differentiate into cnidocytes . The seem-
ingly puzzling fact that in Hydra CnASH is expressed in both differentiat-
ing cnidocytes (Grens et al. 1995; Lindgens et al. 2004) as well as in neurons
(Hayakawa et al. 2004) adds strong support to the view that (i) cnidocytes
are mechanosensory and/or chemosensory cells (Hausmann and Holstein
1985; Brinkmann et al. 1996) and (ii) that genetic cascades of neural devel-
opment are highly conserved during animal evolution (Sasai 2001).

The first identification of a Dickkopf gene outside the vertebrates
(Fedders et al. 2004) with a deduced amino acid sequence closely related to
that of chicken Dkk-3, HyDkk-3, in Hydra adds further support to the view
that cnidocytes represent neuronal sensory cells. In vertebrates, Dkk-3 in
contrast to Dkk-1 and Dkk-4 is expressed in brain and some other tissue,
indicating that it might be involved in neuron differentiation or function
(Krupnik et al. 1999). In Hydra, HyDkk-3 is expressed in all four types of
cnidocytes at a late stage of differentiation (Fedders et al. 2004). This dif-
ferentiation step is characterized by changes in morphology and cell behav-
ior that allow extended cell migration of cnidocytes from the gastric region
towards the tentacles. Thus, due to the neuronal function of Dkk3 in
vertebrates, not yet understood parallels appear to exist between Dkk-3
function in Hydra and vertebrates.
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7
Pathways that may Suppress Activation of the Stem Cell
Differentiation Program in Hydra

Epigenetic genome modifications are important for specifying pluripo-
tency and lineage commitment (Azuara et al. 2006). In higher organisms,
PcG proteins form multiple Polycomb Repressive Complexes (PRCs)
which are epigenetic chromatin modifiers involved in maintenance of
embryonic and adult stem cells (Ng et al. 2000; Wang et al. 2002; Plath
et al. 2003; Valk-Lingbeek et al. 2004). The PRC2 complex, comprising
embryonic ectoderm development (EED), enhancer of zest (EZH2), and
additional components, initiates gene silencing and catalyzes histone H3
methylation on lysine 27 (H3K27) at target loci (Kirmizis et al. 2004;
Kuzmichev et al. 2004). When screening the Hydra transcriptome for genes
expressed during embryogenesis (Genikhovich et al. 2006), one of the
genes found to be expressed strongly during both early embryogenesis and
in adult polyps was the embryonic ectoderm development (EED) homolog
HyEED. While in early embryos it is ubiquitously expressed, at later stages
of embryogenesis HyEED expression becomes restricted to a subset of
cells in the endoderm and ectoderm of the embryos, which morphologi-
cally resemble interstitial cells (Genikhovich et al. 2006). In adult polyps
HyEED is expressed in all interstitial cells, cnidoblasts and in spermato-
gonia. Terminally differentiated interstitial cell derivatives such as cnido-
cytes , gland cells or neurons, do not express HyEED (Genikhovich et al.
2006). Semi-thin sections of male polyps hybridized in situ with the
HyEED probe revealed that HyEED transcripts are localized in the prox-
imal zone of the testis, which is known (Tardent 1974; Kuznetsov et al.
2001) to contain spermatogonia and spermatocytes. No HyEED tran-
scripts were found in the distal part of testis containing spermatids and
mature sperm. Since chromatin remodeling in male germ cells is required
for completion of spermatogenesis (Grimes 2004), HyEED appears to
play a role in this process. Interestingly, in male polyps HyEED is co-
expressed with the Hydra homologue of EZH2 suggesting that, similar to
mammals and Drosophila, the PRC2 complex exists in Hydra. Since sperm
precursors in the testis expressing HyEED show high levels of histone
methylation (Genikhovich et al. 2006) and co-express putative HyEZH2,
HyEED – similar to EED proteins in Drosophila, C. elegans and mouse
(Rideout et al. 2001; Leatherman and Jongens 2003; Cao et al. 2002; Plath
et al. 2003; Okamoto et al. 2004; Kirmizis et al. 2004) – may be involved
in remodeling and silencing sperm chromatin and thereby play an impor-
tant role in spermatogenesis. In support of the view that HyEED is
actively suppressing final differentiation steps in Hydra interstitial stem
cells, Konstantin Khalturin in my lab recently has produced transgenic
Hydra which constitutively express HyEED under the control of the
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Hydra actin promoter in their interstitial cells (Khalturin and Bosch, in
preparation). Preliminary data indicate that interstitial cells expressing a
HyEED/GFP fusion protein – in contrast to control cells expressing the
GFP protein alone – do not differentiate into cnidocytes or nerve cells
but remain located exclusively in the gastric region. HyEED/GFP fusion
protein expressing interstitial cells can never be found in the head or foot
region where in control polyps most of the terminally differentiated inter-
stitial cells end up as neurons or cnidocytes. Thus, HyEED is not only the
earliest embryonic marker of the interstitial cell precursors known to-date,
but appears to be causally involved in suppressing terminal differentiation
of interstitial cells.

8
Conclusions and Perspectives

Are studies in Hydra telling us anything relevant with respect to stem cells
in man? Control of asymmetry and cell fate is as critical to human stem
cells as it is to Hydra stem cells. Recent studies suggest that Cnidaria – in
contrast to the well known model organisms Drosophila and C. elegans –
have retained all key regulatory genes required for cell decision making and
share most of their genes with human (Kortschak et al. 2003; Technau et al.
2005). I have outlined above that certain key elements of the mechanisms
that specify self-renewal and prevent differentiation of stem cells may
be conserved through evolution from Hydra to man. These elements
include paracrine signalling pathways, negative feed back loops that limit
the response to mitogenic signals, and pathways that suppress activation
of the differentiation program in stem cells. In Hydra both the “pan-
metazoan” features such as a tissue-level organization, stem cells with an
enormous developmental potential, and a net of nerve cells as well as the
unexpected molecular equivalence to human cells are complemented by
unique biological and experimental opportunities. The model system
Hydra offers fully worked out cell lineages and a nearly unlimited potential
for tissue manipulation combined with a completely transparent tissue con-
sisting mostly of stem cells which continuously undergo self-renewing
mitotic divisions. Furthermore, transgenic Hydra are paving the way for
many applications including in vivo imaging to analyze stem cell behaviour
and niche function in an animal that diverged from the main line of meta-
zoan evolution about 560 million years. Thus, since fundamental processes
that are relevant for understanding asymmetric division and self-renewal
are expected to be conserved in the animal kingdom, the basal metazoan
Hydra is showing its worth when it comes to unlocking the mystery of
“stemness” and deciphering the components controlling pluripotency and
lineage commitment.
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Asymmetric Cell Divisions in the Early 
Embryo of the Leech Helobdella robusta

David A. Weisblat

Abstract

The small glossiphoniid leech Helobdella robusta is among the best-studied represen-
tatives of the super-phylum Lophotrochozoa in terms of early development. The
Helobdella embryo undergoes a modified version of spiral cleavage, characterized by
stereotyped cell lineages comprising multiple examples of equal and unequal divi-
sions, many of which are well-conserved with respect to those of other clitellate
annelids, such as the oligochaete Tubifex. Here, we review the early development of
Helobdella, focusing on the variety of unequal cell divisions. We then summarize an
experimental analysis of the mechanisms underlying the unequal first cleavage in
Helobdella, concluding that the unequal first cleavages in Helobdella and Tubifex pro-
ceed by different mechanisms. This result demonstrates the evolvability of the basic
cell biological mechanisms underlying well-conserved developmental processes.
Finally, we propose a model in which the unequal second cleavage in Helobdella may
be regulated by the polarized distribution of PAR protein homologs, convergent with
the unequal first cleavage of the nematode Caenorhabditis elegans (super-phylum
Ecdysozoa).

1
Introduction

This chapter summarizes our current understanding of unequal cell divi-
sions in the development of the leech, Helobdella robusta, within the larger
context of comparative studies of development and evolution. The general
rationale for studying Helobdella is as follows.

To understand the evolutionary changes in developmental processes
that have given rise to the diverse body plans of modern animals, we must
compare the development of extant species, interpreting similarities and
differences with respect to the phylogenetic tree by which their ancestors
diverged. Similarities represent either convergence or the conservation
of developmental processes present in the last common ancestor of the
species being compared. Differences yield insights into the divergence of
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developmental mechanisms along different branches of the phylogenetic
tree.

To avoid a self-defeating circularity in this undertaking, it is impera-
tive not to use developmentally-derived traits to construct the phylogenetic
trees, because to do so would automatically build in assumptions about the
very evolutionary processes we are trying to unravel. Constructing phylo-
genies on the basis of molecular sequence comparisons is not without
severe problems of its own, but it does offer an escape from the circularity
of using phylogenies based on morphological traits.

Molecular phylogenies have converged on grouping bilaterally symmet-
ric animals into three major clades, Deuterostomia, Ecdysozoa and
Lophotrochozoa (Aguinaldo et al. 1997; Ruiz-Trillo et al. 1999).
Combining this consensus phylogeny with paleontological evidence, one
proposition is that the last common ancestor of these three groups was an
unsegmented animal that relied on mucociliary locomotion and even
lacked a true coelom (Valentine and Collins 2000). If so, many of the fea-
tures we associate with modern bilaterian animals may have arisen largely
independently within these three lines. On the other hand, others have pro-
posed that the urbilaterian was a segmented eucoelomate with well-devel-
oped sensory structures and limbs (Holland 2000; Panganiban and
Rubenstein 2002). In either case, but especially in the former, we anticipate
that studies of taxa phylogenetically distant from the commonly used mod-
els may reveal novel combinations and applications of ancestral cellular
and molecular processes, associated with the formation of diverse body
plans over ~600 MY of separate evolution.

The model organisms on which most modern studies of development are
carried out fall into either Deuterostomia (i.e., vertebrates) or Ecdysozoa
(i.e., fly and nematode). In contrast, Helobdella is among the best studied and
experimentally tractable representatives of Lophotrochozoa, home to at least
one half of the present day phyla. Thus, developmental studies of Helobdella
should be informative for deducing the features of the “ur-bilaterian”, the
“ur-protostome” and especially, when taken together with studies of mol-
luscs, flatworms and other annelids, for understanding the divergence of
developmental mechanisms involved in the evolution of the “spiral cleavers”,
a diverse group of animals that now seem likely to form a monophyletic
group within Lophotrochozoa.

The annelids, or segmented worms, make up one of the major spiralian
taxa. The annelids were traditionally regarded as being composed of three
monophyletic classes, polychaetes, oligochaetes and leeches. More recent
molecular analyses indicate that the leeches are in fact a monophyletic
group arising within the oligochaetes (Erseus and Kallersjo 2004).
Collectively, leeches and oligochaetes are designated as the class Clitellata,
arising within the polychaetes. Moreover, the polychaetes themselves
may be polyphyletic with respect to other spiralian groups that were tra-
ditionally accorded phylum status, such as echiurans, pogonophorans and
sipunculans.
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The defining feature of spiralian development is the obliquely oriented
and unequal cell divisions (spiral cleavage) by which quartets of smaller
cells (micromeres) arise near the animal pole by successive rounds of divi-
sions from larger vegetal cells (macromeres) beginning at third cleavage.
The oblique divisions mean that each quartet of micromeres is displaced
from the animal-vegetal (A-V) axis with respect to the macromeres, usually
first in the clockwise direction and then in the counterclockwise direction
with respect to the macromeres (Collier 1997).

The stereotypic cleavage patterns seen in spiralian development are often
accompanied by highly determinate cell fates (Wilson 1892; Zackson 1984;
Weisblat and Shankland 1985; Huang et al. 2002). However, among species
known as “equal cleavers”, the specific fates of the blastomeres in each quar-
tet are interchangeable until the embryos reach roughly the 32-cell stage,
depending on the species, at which point inductive interactions break the ini-
tial 4-fold symmetry to establish the second embryonic axis (Collier 1997).
This symmetry breaking process is known as “D quadrant specification”; in
standard spiralian nomenclature, the four quadrants of the embryo are
designated A–D, with D being defined as the quadrant that produces the
bilaterally symmetric mesendoderm and post-trochal ectoderm. In “unequal
cleavers”, determinate cell fates are evident from the start, because the second
embryonic axis is established by unequal cleavages that segregate cell fate
determinants present in the zygote, first to blastomere CD at the two-cell
stage, and thence to the cell defined as macromere D at the four-cell stage.

Presently it is accepted that equal cleavage is ancestral for spiralians and
that unequal cleavage has arisen multiple times independently, at least
among molluscs (Freeman and Lundelius 1992). The situation is less clear
for annelids in this regard, however. So far, no embryological experiments
have been published that demonstrate the developmental equipotency of
the early quadrants of any of the putative equal cleavers. Evidence in favor
of equal cleavage in annelids comes from a recent study of the polychaete
Hydroides (Arenas-Mena, in press). In this putative equal cleaver, the early
expression of a forkhead-related gene (for which the non-uniform expres-
sion around the blastopore is believed to be important in gastrulation) is
expressed uniformly in all four quadrants of the early embryo. On the other
hand, it has been suggested on the basis of lineage studies that unequal
cleavage arose very early within the annelids and may even be ancestral to
the polychaetes; in any case, unequal cleavage is clearly ancestral to the
clitellate annelids such as Helobdella (Dohle 1999).

2
Summary of H. robusta Development

Hermaphroditic like all clitellate annelids, H. robusta and related species
are capable of both cross- and self-fertilization, and breed year round 
in laboratory culture, feeding on small freshwater snails. Fertilization is
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internal but development arrests in metaphase I of meiosis, and resumes
upon zygote deposition. The zygotes are ~400 microns in diameter and are
deposited in clutches of 10–100 in transparent cocoons, from which they
can easily be removed and cultured to maturity in a simple salt solution.
Development to the juvenile has been divided into 11 stages extending over
approximately 10 days, but for more precise analyses, embryos may be
timed relative to their passage through any easily observed transition (e.g.
the initiation of first cleavage) and this is then translated into the time (at
23 °C) after zygote deposition (AZD) (Fernandez et al. 1987; Weisblat and
Huang 2001) (Fig. 1).

In brief, the first and second polar bodies form at 50 and 105 min AZD,
respectively, in H. robusta, after which the male and female pronuclei migrate
to the center of the zygote and fuse (karyogamy). During this period (105–180
min AZD), cytoplasmic rearrangements generate animal and vegetal domains
of yolk-deficient cytoplasm (teloplasm), enriched for mitochondria and
maternal mRNAs (Astrow et al. 1989; Fernandez et al. 1990; Holton et al.
1994). The first cleavage is unequal. The cleavage plane runs parallel to the
animal-vegetal axis, thereby yielding a smaller blastomere AB and a larger
blastomere CD, which inherits both pools of teloplasm.

Subsequent cleavages are asynchronous and mostly unequal. CD enters
cytokinesis at ~375 min AZD, signaling the transition from the two-cell to
the three-cell stage. This cleavage segregates teloplasm to cell D at the four-
cell stage, then vegetal teloplasm migrates to the animal pole and mixes
with that teloplasm, as the third, unequal division forms quartets of vege-
tal macromeres (A′–D′) and animal micromeres (a′–d′) (Holton et al. 1989).
At fourth cleavage (stage 4b) macromere D′ divides along an obliquely
equatorial plane. Both daughter cells inherit some of the teloplasm: the ani-
mal daughter cell, DNOPQ (2d in classical spiralian terminology), is the
precursor of 8 ectodermal stem cells (bilateral pairs of N, O/P, O/P and Q
teloblasts) plus 13 additional micromeres; the vegetal daughter, DM (2D in
classical spiralian terminology), is the precursor of 2 mesodermal stem cells
(M teloblasts) plus 2 micromeres (Bissen and Weisblat 1989; Sandig and
Dohle 1988). Macromeres A′–C′ undergo two more rounds of unequal
divisions, yielding two sets of micromere trios (a′′–c′′ and a′′′–c′′′). The
residual macromeres A′′′–C′′′ are classically regarded as the endodermal
precursors, but the gut actually has a more complicated origin (see below).

The teloblasts are segmentation stem cells. Each teloblast undergoes
repeated divisions to generate a column (bandlet) of segmental founder
cells (m, n, o/p, o/p and q blast cells; 18–122 h AZD). On each side, the five
bandlets come together in a parallel array (germinal band). The left and
right germinal bands and the space between them are covered by an epithe-
lium derived from the micromeres that arise during cleavage. The germinal
bands move over the surface of the embryo, eventually coalescing along the
midline (79–135 h AZD) to form the germinal plate, from which segmental
tissues arise.
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Coincident with the movements of the germinal bands, the epithelium
spreads over the surface of the embryo. Within the germinal bands and ger-
minal plate, blast cells undergo lineage-specific patterns of cell proliferation,
migration and differentiation. The germinal plate expands dorsolaterally
around the yolk and eventually coalesces along the dorsal midline, forming
the body tube.

The gut forms by cellularization of a syncytial yolk cell (Nardelli-
Haefliger and Shankland 1993), which forms by stepwise fusion, first among
the macromeres and later still with the teloblast remnants and supernumer-
ary blast cells (~120–160 h AZD) (Desjeux and Price 1999; Liu et al.
1998).The foregut (proboscis, proboscis sheath and esophagus) arises from
specific micromere lineages (Huang et al. 2002).

Unequal cell divisions in the embryo of Helobdella fall into two cate-
gories (Scott Settle, unpublished observations) (Fig. 2). Slightly unequal
divisions, defined as those that are clearly unequal but in which the ratio of
sister cell diameters is less than 3, are seen among the large yolk-rich blas-
tomeres beginning with first cleavage, and also in the stereotyped cell line-
ages leading from micromeres and blast cells to their definitive prostomial
and segmental progeny, respectively. Highly unequal divisions, defined as
those in which the ratio of sister cell volumes is greater than 3, consist of the
micromere-forming divisions scattered throughout cleavage, and the pro-
duction of blast cells by the repeated stem-cell divisions of the teloblasts. As
will be illustrated below, the categorization of two different cell division as
slightly unequal for example does not mean that they employ the same
mechanism for regulating the position of the spindle apparatus, but
nonetheless it’s a starting point for addressing the problem. This chapter
focuses on the mechanisms at work in slightly unequal cell divisions of the
first two rounds of cell division.
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Fig. 2. A–D Unequal cell division in Helobdella development. In each panel, recent
divisions are indicated by double-headed arrows: A animal view of the intact
embryo at stages 2 and 3 depicts the first two, slightly unequal divisions leading



3
Unequal Cell Division at First Cleavage

In Helobdella as in other unequally cleaving spiralians, the chain of events
initiated by the unequal first cleavage is critical to the normal development
of the body plan. Centrifugation experiments showed that factors permit-
ting the expression of the D quadrant fates are associated with the telo-
plasm. For instance, when zygotes are compressed to re-orient the mitotic
apparatus and both daughters inherit teloplasm at first cleavage, they both
make teloblasts (Nelson and Weisblat 1992). And when mild centrifugation
is used to distribute teloplasm uniformly to the nominal C and D blas-
tomeres at second cleavage, both these cells may form a full complement of
teloblasts (Astrow et al. 1987). Thus, the segregation of teloplasm to cell
CD by the unequal first cleavage, and thence to cell D by the unequal sec-
ond cleavage, is critical for normal development. How are these unequal
cell divisions achieved?

The nematode Caenorhabditis elegans also undergoes an unequal first
cleavage such that, apart from the size difference, the two-cell stage appears
very similar to that of Helobdella. An elegant body of work is emerging
to provide a detailed mechanism for this unequal cleavage . Reviewing that
work is beyond the scope of this chapter (Pellettieri and Seydoux 2002) but,
in brief, the polarity of the zygote is set by the point of sperm entry, which
defines the posterior end, and this initial cue is interpreted to establish
posterior and anterior cortical domains in the zygote, marked by PAR1 and
a widely conserved complex of proteins including PAR3, PAR6, atypical
protein kinase C (aPKC) and one of the Rho family GTPases (CDC42),
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Fig. 2. (Cont’d ) from the zygote to cells AB and CD, and from cell CD to
macromeres C and D; AB divides after CD; B depiction of the animal pole region,
showing the production of micromeres by highly unequal cell divisions at third
cleavage (stage 4a). The D quadrant divides first (yielding macromere D′ and
micromere d′), then the C quadrant and then A and B divide synchronously;
C teloblasts are bilaterally paired segmentation stem cells, which produce columns
of segmental founder cells (blast cells) by iterated, highly unequal divisions at the
rate of about one per hour (stages 6–8). Here, one of the primary neurogenic (N)
teloblasts is depicted, which gives rise to two distinct classes of blast cells (nf and
ns) in exact alternation; D an isolated column of blast cells derived from an N
teloblast, showing the first mitoses of the nf and ns blast cells (stage 7–8). The nf
and ns blast cells give rise to distinct, segmentally iterated sets of about 70 identifi-
able neurons, by lineages characterized by unequal cell divisions that are stereo-
typed according to the timing, orientation and degree of asymmetry. For example,
each nf cell divides about 24 h after its birth from the N teloblast, and the anterior
daughter (nf.a) is markedly larger than the posterior daughter (nf.p). In contrast,
each ns cell divides only about 28 h after its birth, and the anterior daughter (ns.a)
is only slightly larger than the posterior daughter (ns.p)



respectively (Nance 2005). Thus, astral microtubules emanating from the
anterior spindle pole experience a different biochemical environment at the
cell cortex than do those emanating from the posterior spindle pole (Labbe
et al. 2003). The associated difference in astral microtubule dynamics
results in displacement of the mitotic apparatus toward the posterior of
the embryo and leads to the unequal first cleavage (Fig. 3). The posterior
localization of a PAR1 homolog is also important in establishing the ante-
rior-posterior polarity in Drosophila (Doerflinger et al. 2006), despite the
vast differences in the early development of these two ecdysozoan models.
Therefore, to ask if this mechanism for establishing zygotic polarity is also
used in Helobdella, homologs of par-1 and par-6 (Hro-par1 and Hro-par6)
were cloned and antibodies were raised against them (Ren 2005).

No asymmetric immunostaining was detected in the zygote, suggesting
that the mechanisms by which unequal first cleavage is achieved in
Helobdella differs from that used in Caenorhabditis elegans. But by the two-
cell stage and beyond, HRO-PAR1 and HRO-PAR6 showed complemen-
tary localization patterns, suggesting that the antibodies were recognizing
their intended targets and that the proteins in leech are behaving in a
biochemically similar manner to their homologs in other organisms. HRO-
PAR1 is seen primarily at basolateral membranes, especially in the
macromere-macromere junctions. In contrast, HRO-PAR6 is seen at
the membrane abutting an intercellular space designated as the blastocoel at
the two-cell stage and on both apical and basolateral junctions between
micromeres in later stages (Fig. 4).

The failure to detect a pre-established polarity in the Helobdella zygote
was consistent with the results of previous embryological studies (Nelson
and Weisblat 1992). Compressing the zygote so as to re-orient the mitotic
apparatus at first cleavage does not disrupt development as long as both
pools of teloplasm end up in the same blastomere at first cleavage, sug-
gesting that there was no inherent polarization of the embryo along a
prospective second axis prior to first cleavage.

In another approach to the question of the unequal first cleavage, care-
fully staged embryos were fixed at different time points during mitosis and
immunostained for alpha-tubulin (to assess the morphology of the spindle)
and gamma-tubulin (as a marker for the centrosomes) (Ren and Weisblat
2006). We found that the paternal centrosome duplicates prior to centration
of the pronuclei and gives rise to a symmetric, diastral spindle in prophase
and early metaphase (220–245 min AZD). Surprisingly, one centrosome
then loses its gamma-tubulin immunoreactivity. Shortly after that, the
associated aster becomes greatly reduced in size and the spindle shifts in
the direction of the down-regulated aster, setting up the unequal cleavage.
Gamma-tubulin immunoreactivity returns to the down-regulated centro-
some during telophase, but the spindle remains asymmetric, setting up the
unequal cleavage, with the larger aster corresponding to the future CD cell
(Fig. 3).
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These observations stand in contrast to those obtained previously for a
different clitellate annelid, the oligochaete Tubifex. Ishii and Shimizu (Ishii
and Shimizu 1997), using the same experimental approach, found that the
centrosome of the mitotic spindle is maternal in origin and does not dupli-
cate during the first cell cycle. The spindle pole associated with the
(gamma-tubulin-positive) centrosome forms a large aster, while the spindle
pole that lacks a centrosome (as judged by the absence of gamma-tubulin
immunoreactivity) fails to generate an appreciable aster. As a result the first
mitotic spindle is essentially monastral and strikingly asymmetric from
prophase onwards. The spindle is displaced toward the anastral side of the
zygote, resulting in an unequal first cleavage, with the astral half-spindle
corresponding to blastomere CD (Fig. 3).

As described in the introduction, the clitellate annelids form a robust clade.
The patterns of cell division during cleavage are highly conserved in this clade
(Dohle 1999) and no equal cleaving clitellates have been described. So it seems
beyond doubt that teloplasm formation and its segregation to the prospective
D quadrant by unequal cleavage are unquestionably ancestral traits among
clitellates. Thus, the strikingly different mechanisms operating during the
unequal first cleavage in Helobdella and Tubifex must represent changes in the
mechanism regulating the unequal first cleavage along one or both branches
leading to these species from the ancestral clitellate, despite the fact that the
inequality of that cleavage was conserved all along the way. Intriguingly, pre-
vious studies have also revealed differences in the cytoskeletal mechanisms
underlying teloplasm formation, which is microfilament-dependent in Tubifex
and microtubule-dependent in Helobdella (Astrow et al. 1989; Fernandez et al.
1998; Shimizu 1982).

A priori, it might be postulated that the more derived condition of leeches
relative to oligochaetes in terms of adult morphology (e.g. loss of regenerative
capabilities and formation of a posterior sucker) predicts that the mechanism
governing the unequal first cleavage in Helobdella would also be derived with
respect to that in Tubifex, i.e., that the monastral spindle mechanism is more
likely to represent the mechanism of unequal cleavage in the ancestral clitel-
late. In fact, this conclusion is far from certain, and the relationship between
morphological evolution and changes in developmental mechanisms is one of
the key issues to be addressed by such comparative studies. Remember that
Tubifex and Helobdella are both “modern” animals, equally far removed from
the ancestral clitellate (for a further discussion of this critical issue, see Crisp
and Cook 2005). And since we have just seen evidence that a macroscopic
process (e.g., unequal first cleavage) can be conserved while the underlying
mechanisms evolve, it is impossible to conclude anything about the ancestral
process by noting the differences between just two species. Fortunately,
Helobdella robusta and Tubifex tubifex are but two among thousands of clitel-
late species. Examining additional judiciously chosen representatives should
allow us to determine the variety of mechanisms regulating the unequal first
cleavage and their phylogenetic origin(s) within this clade.
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4
Unequal Cell Divisions at Second Cleavage

At second cleavage, blastomere CD also divides in a slightly unequal man-
ner, so that teloplasm is further segregated to cell D at the four-cell stage.
There has been no analysis of centrosome dynamics during this division
for Helobdella, but double staining for tubulin and DNA revealed that
the spindle was already positioned eccentrically by metaphase and that
the asters associated with the prospective C and D blastomeres remained
large, in contrast to the situation during first cleavage.

Other results, from blastomere isolation experiments, provide further
evidence that the mechanism regulating the unequal second cleavage are
different from those operating at first cleavage (Symes and Weisblat 1992).
Specifically, when the fertilization envelope is removed and the AB and CD
blastomeres are separated at first cleavage and cultured on an agarose bed,
the cells assume more rounded shapes and cell CD tends to divide more
equally than in the intact embryo; teloplasm is often inherited by both
daughter cells and both may form teloblasts. In other experiments, the iso-
lated CD cells were cultured in agarose wells in the presence of small
sephadex beads, which deformed the CD blastomeres in a manner similar
to that achieved by cell AB in the normal embryo. The mechanical defor-
mation induced by the bead was sufficient to substantially restore the
normal inequality of the CD division and teloplasm segregation. These
results suggest that the unequal second cleavage is regulated in part by
mechanical cues present in the two-cell stage that are not available to the
more symmetrical zygote.

These observations on Helobdella complement previous work on
Tubifex, suggesting that these species may be more similar during second
cleavage than during first cleavage. Shimizu (Shimizu 1996) showed that the
mitotic apparatus in blastomere CD has two asters, each associated with a
gamma-tubulin positive centrosome. Asymmetry becomes evident just after
metaphase, when the aster associated with the prospective C blastomere
moves toward the membrane adjacent to the AB blastomere. Granted that
appearances can be deceiving, but it appears as if the astral microtubules
on that side of the prospective C aster have become attached to the cortex
on that side of the cell and are undergoing a depolymerization-coupled
traction toward the zone of AB/CD apposition, similar to those thought to
be operating on kinetochore microtubules during anaphase (Westermann
et al. 2006).

Separating the AB and CD blastomeres in Tubifex also causes the CD
cell to undergo an equal division, as does moving the CD nucleus away
from the membrane adjacent to blastomere AB by centrifugation
(Takahashi and Shimizu 1997). From these results, it appears that cortical
factors induced locally by contact with blastomere AB are required to
asymmetrize what is otherwise a symmetric mitotic apparatus in cell CD.
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At first, this seems to contradict the conclusion that the deformation of CD
is sufficient to asymmetrize the cleavage in Helobdella. However, we suggest
that these apparently disparate results may in fact just be two different
aspects of the same process. On the one hand, the mild mechanical defor-
mation induced by culturing CD blastomeres in the presence of a bead
must somehow have biochemical consequences on the mitotic apparatus in
order to affect the placement of the cleavage furrow. And, conversely, it
may be assumed that co-culturing isolated CD blastomeres in the presence
of other “inducing” blastomeres may lead to mechanical deformation
of the CD cell as it adheres to the inducing cell. Thus biochemical and
mechanical effects may reinforce one another in establishing cortical
factors that asymmetrize the mitotic apparatus of cell CD in late
metaphase/anaphase.

Why does CD cleave asymmetrically and not AB? A combination of
seemingly disparate observations made in Tubifex and Helobdella suggest
the outline of a possible answer.

The first observation is that during the two-cell stage in these embryos an
extracellular cavity forms between the separating the apposing faces of the
AB and CD blastomeres. This cavity is called the blastocoel, although it
should not be concluded from this that it is necessarily homologous to the
space of the same name in vertebrate embryos. This blastocoel develops
midway through the two-cell stage and is initially surrounded entirely by the
apposed AB and CD membranes. Later the blastocoel appears as an extra-
cellular space between the micromeres and macromeres. The presence of the
blastocoel at the two-cell stage means that we can distinguish three distinct
spatial domains of cell membranes and cortical cytoplasm in the two-cell
embryo: domain 1 consists of those membranes making up the outer surface
of the embryo; domain 2 consists of the membranes in the region where the
AB and CD cells are closely apposed; and domain 3 consists of those
membranes making up the walls of the blastocoel itself (Fig. 4).

The second observation, made by Shimizu et al. (Shimizu et al. 1998) is
that, during second cleavage, the microtubules of the smaller, essentially
anastral mitotic apparatus present in the AB cell seem to have formed
extensive contacts with the third domain, i.e. the blastocoel wall. In the
larger mitotic apparatus of cell CD, by contrast, the astral microtubules of
the aster associated with the prospective C macromere come into close
apposition with domain 2 membranes in the region of cell apposition, and
avoid the blastocoel wall (Fig. 4).

Finally, the third relevant observation is that, as alluded to in Sect. 2, the
complementary localization of homologs of PAR1 (to the region of cell
apposition) and PAR6 (to the blastocoel wall) (Ren 2005) suggests a bio-
chemical mechanism by which the astral microtubules can distinguish
between these different domains at least in Helobdella. Note that if the
prospective C aster is attracted preferentially toward the PAR1-positive
membrane domain, the presence of the PAR1-deficient blastocoel wall in
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the center of the embryo ensures that the mitotic apparatus shifts to one
side or the other relative to the centrally located blastocoel, thereby setting
up the unequal cleavage. Despite the differences in geometry and the fact
that this is occurring at second cleavage rather than first, this situation is
strikingly similar to that in the C. elegans zygote in terms of the movement
of the mitotic apparatus relative to the polarized distributions of PAR1 and
PAR6 and is presumably similarly governed by the differential effects of
the PAR domains on microtubule dynamics (Labbe et al. 2003). We specu-
late that this represents an independent recruitment of the PAR-mediated
cell polarity machinery to regulate an unequal cell division in the leech.

Whether or not this proposed mechanism for the unequal second 
cleavage will prove true remains to be determined of course. In any event,
several questions related to these observations remain such as: how does
the clitellate blastocoel form and how are the PAR domains established?
What accounts for the different cortical domain preferences of the mitotic
apparatus in cell AB vs cell CD? And how is the chirality of the spirally
cleaving embryo established?

In considering these questions, the speculations are almost entirely
unbounded by any relevant factual observations. Blastocoel formation
must involve differential localization of adhesion molecules including
tight junctions, and also secretory apparatus and/or ion pumps, assuming
that the fluid-filled cavity is inflated by an osmotic imbalance. However the
blastocoel is formed, it is interesting to note that it provides an additional
mechanical deformation of the membrane. Harking back to the bead
experiments, might this be a factor in initiating or maintaining the discrete
domains of PAR1 and PAR6 localization?

92 David A. Weisblat

Fig. 4. Proposed mechanism for the unequal second cleavage, of blastomere CD,
in Helobdella, based on a synthesis of observations made in Helobdella and
Tubifex. By the onset of mitosis in cell CD, a blastocoel (bc) has arisen at the inter-
face of cells AB and CD. Cell membranes surrounding the blastocoel are enriched
for HRO-PAR6, while those in direct apposition are enriched for HRO-PAR1.
Greater affinity between one aster and the adjacent HRO-PAR1 would result in the
displacement of the mitotic apparatus to that side. Why this displacement is invari-
ably toward the right (as viewed from the animal pole) remains to be determined



For Tubifex, an obvious difference between the mitotic apparatus in AB
and CD cells is that the latter has gamma-tubulin reactive centrosomes and
normal asters, while the former has neither of these (Shimizu, 1996). It is
tempting to think that this may be important in determining the properties
of the microtubules, but from the work in Helobdella, it seems that the AB
mitotic apparatus has nice asters (Scott Settle, unpublished observations)
and presumably centrosomes as well, since it inherits one from the first
mitosis (Ren 2005). Other possibilities would be that the PAR1 immunore-
activity we see in the domain of cell-cell apposition is actually confined to
cell CD, something that cannot be distinguished by current immunofluores-
cence observations, or that some other factor, possibly related to the telo-
plasm and thus present only in cell CD, is required for the mitotic apparatus
to respond to the PAR1 and PAR6 domains. A related possibility is that
the delay in mitosis of cell AB relative to CD is somehow responsible for the
differential response of their mitotic apparatuses to the cortical factors.

Regarding the chirality of second cleavage, this handedness is mani-
fested by the fact that cell CD cleaves so that cell C invariably lies at the
counterclockwise side of cell D, when the embryo is viewed from the ani-
mal pole. In Helobdella, this corresponds to the prospective C aster being
the one that shifts toward the PAR1 domain of cell-cell apposition. In prin-
ciple of course, the elaboration of distinct animal-vegetal and AB-CD axes
by the end of first cleavage provides sufficient information to reliably cue
the orientation of the handedness of the following cleavages. However, like
so many of the other questions in spiralian development, the molecular
underpinnings of this process remain to be determined.
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Asymmetric Divisions of Germline Cells

Pierre Fichelson and Jean-René Huynh

Abstract

In most vertebrates and invertebrates, germ cells produce female and male gametes
after one or several rounds of asymmetric cell division. Germline-specific features
are used for the asymmetric segregation of fates, chromosomes and size during
gametogenesis. In Drosophila females, for example, a germline-specific organelle
called the fusome is used repeatedly to polarize the divisions of germline stem cells
for their self-renewal, and during the divisions of cyst cells for the specification of
the oocyte among a group of sister cells sharing a common cytoplasm. Later dur-
ing oogenesis of most species, meiotic divisions produce a striking size asymmetry
between a large oocyte and small polar bodies. The strategy used to create this
asymmetry may involve the microtubules or the actin microfilaments or both,
depending on the considered species. Despite this diversity and species-particularities,
recent molecular data suggest that the PAR proteins, which control asymmetric cell
division in a wide range of organisms and somatic cell types, could also play an
important role at different steps of gametogenesis in many species. Here, we review
the asymmetric features of germline cell division, from mitosis of germline stem
cells to the extrusion of polar bodies after meiotic divisions.

1
Introduction

In several species, the formation of reproductive cells, called gametes, rely
on one or several rounds of asymmetric cell division (Deng and Lin 2001;
Huynh and St Johnston 2004; Wong et al. 2005). Asymmetric cell division
is a process in which one cell divides into two cells with different develop-
mental potentials. This is a fundamental way to generate cell diversity. In
the germline, asymmetric division is often used to allow the simultaneous
production of a differentiating cell and of a self-renewing stem cell (Deng
and Lin 2001; Wong et al. 2005). Depending on the considered species and
gender, asymmetric germline stem cell division occurs during a defined time
window or throughout the entire life of the organism. The differentiating
cells produced after stem cell mitosis undergo several rounds of divisions,
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leading to an increase in germline cell number. These divisions are sym-
metric in males and ultimately lead to the production of spermatozoids. In
contrast, in females of some insects, germline cell divisions are asymmetric
and give rise to one oocyte together with several non-reproductive cells (de
Cuevas et al. 1997; Huynh and St Johnston 2004). Finally, a widespread
phenomenon occurring during late oogenesis is the asymmetric meiotic
divisions which lead to the formation of small polar bodies and of a large
oocyte, maintaining maternal stores required for embryogenesis (Maro and
Verlhac 2002).

Asymmetric cell divisions may involve extrinsic and/or intrinsic factors
(Jan and Jan 1998; Knoblich 2001). With extrinsic factors, daughter cells
are initially equivalent but adopt different fates as the result of the interac-
tions of the daughter cells with each other or with their environment. With
intrinsic factors, unequal amounts of cell-fate determinants are segregated
into the two daughter cells which therefore adopt distinct identities.
Intrinsic mechanisms can also control the formation of daughter cells with
different sizes by acting on spindle displacement, positioning and/or asym-
metry. The processes underlying asymmetric cell division have been studied
in organisms ranging from bacteria, yeast, worms (Caenorhabditis elegans)
and flies (Drosophila) to mammals (Betschinger and Knoblich 2004).

Here we review the asymmetric features of germline cell division, from
the mitosis of germline stem cells (GSCs) to the extrusion of polar bodies
after the meiotic divisions. As asymmetric divisions of germline cells have
been particularly well documented in Drosophila, we focus on this model
organism and compare it with data gathered in other organisms whenever
possible.

2
Asymmetric Germline Stem Cell Division During
Drosophila Gametogenesis

Stem cells are characterized by both their ability to make more stem cells,
a process called self-renewal, and their capacity to generate specialised
cells forming organs (Fuchs and Segre 2000). While symmetric division is
required for the expansion of a stem cell population (after an injury for
example), asymmetric division allows the simultaneous production of two
cell types, a new stem cell and a cell fated to differentiate (Morrison and
Kimble 2006). Germline stem cells have been described in organisms where
gametes are produced throughout the entire life, such as vertebrate males
and Drosophila males and females (Li and Xie 2005; Zhao and Garbers
2002). Asymmetric germline stem cell (GSC) division has been documented
mainly in Drosophila so far and has been shown to rely on extrinsic factors.
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More precisely, a micro-environment of somatic cells called a niche con-
trols the maintenance of the GSC fate, by providing specific signals, and
the orientation of the GSC division (Wong et al. 2005).

In Drosophila, GSCs are located at the anterior apex of the ovary and of
the testis (Wong et al. 2005). In the ovary, two to three GSCs are closely
associated with somatic cells called cap cells (Fig. 1A). Anterior to these
cells lie the terminal filament cells and posterior to the cap cells are the
inner sheath cells. In the testis, seven to nine GSCs directly contact the hub
cells, which are equivalent to the female cap cells (Fig. 1B). GSC divisions
are asymmetric since the two daughter cells adopt different fates. The
daughter cell which stays in contact with the cap cells in the female or with
the hub cells in the male becomes a GSC, which maintains the stem cell
pool, while the posterior daughter cell becomes a cystoblast in the female
or a gonioblast in the male. After several mitotic and meiotic divisions, cys-
toblasts and gonioblast differentiate into cysts giving rise to gametes.
Asymmetric GSC division thus permits GSC self-renewal to occur simulta-
neously with the production of a differentiating cell.

2.1
Extrinsic Features of Asymmetric Germline Stem Cell 
Division in Drosophila

Somatic cells play a fundamental role in controlling asymmetric GSC divi-
sion. Both the orientation of the mitotic spindle and daughter cell fate deter-
mination are dependent upon the surrounding somatic cells. Adherens and
gap junctions have been shown to be present at the interface between GSCs
and cap/hub cells (Fig. 1A,B) (Gilboa et al. 2003; Song et al. 2002). Loss of
function of a major component of adherens junctions, E-Cadherin, leads to
a loss of GSCs and to sterility, showing the critical role played by somatic
cells-GSC contact for the maintenance of the GSCs (Song et al. 2002).
In the male, adherens junctions also orient GSC divisions along the anterior-
posterior (A-P) axis by anchoring one centrosome to the anterior cortex.
Anchorage occurs through the recruitment of the Adenomatous polyposis
coli proteins APC1 and APC2 and of Centrosomin to the adherens junc-
tion, which aligns the GSC mitotic spindle along the A-P axis (Yamashita
et al. 2003). The anterior daughter cell generated after mitosis stays in con-
tact with the cap/hub cells and adopts a GSC fate while its posterior sibling
differentiates as it contacts other somatic cells called escort cells in the
female and cyst progenitor cells in the male (Decotto and Spradling 2005).
Cyst progenitor cells have been shown to repress the GSC fate and to pro-
mote the gonioblast fate via the epidermal growth factor (EGF) pathway
(Kiger et al. 2000; Tran et al. 2000). Thus, the asymmetry of GSC division is
promoted extrinsically as both fates are induced by two types of specialised
somatic cells.
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Fig. 1. A–C Asymmetric divisions of germline stem cells: A Drosophila ovarian
niche: germline stem cells (GSC, in red) are attached to somatic cap cells (CC, in
green) by adherens junctions (black square). GSCs are surrounded by Escort Stem
Cells (ESC). GSCs divide asymmetrically to give rise to another stem cell and to a
cystoblast (CB, in orange) posteriorly. Cystoblasts are surrounded by somatic Escort
Cells (EC). The asymmetry of the division can be visualized by the asymmetric par-
titioning of the spectrosome (yellow). During interphase, the spectrosome is local-
ized close to the adherens junctions in the GSCs. It anchors one pole of the mitotic
spindle during mitosis. CCs maintain the GSC fate by secreting Decapentaplegic
(Dpp, in blue) and Glass Bottom Boat (Gbb, in blue). GSCs express nanos (nos) and
pumillio (pum), while CBs express bag-of-marbles (bam). Terminal follicle cells
(TFC, brown) express hedgehog (hh). Inner germarial sheath cells (IGS) are in



In contrast to the implication of cyst progenitor cells and possibly escort
cells in promoting cyst differentiation, anterior somatic cells (hub and
cap cells) play a key role in maintaining the GSC fate by providing a spe-
cific microenvironment. This cellular environment, together with the sig-
nals emitted by these anterior somatic cells compose what is called a niche
that controls the balance between GSC self-renewal and differentiation (Li
and Xie 2005; Ohlstein et al. 2004; Spradling et al. 2001). A true niche is
able to keep its properties even in the absence of stem cells and must be
capable of reprogramming differentiated cells into stem cells. Such has been
shown to be the case for the niches found in the Drosophila ovary and testis.
More precisely, when differentiation of all female GSCs into 4- 8- or
16-cells cysts is triggered by the transient over-expression of the cystoblast-
specific gene bag-of-marbles (bam), the cap cells induce the cyst cells that
are in contact to de-differentiate into GSCs (Kai and Spradling 2004). The
cells located at the apex of the ovary thus form a true niche which is able to
reprogram differentiated cells (cyst cells) into GSCs. In the male, similar
experiments have shown that hub cells also form a niche within the testis;
not only are hub cells required for GSC maintenance but these cells are also
able to reprogram spermatogonies into GSCs (Brawley and Matunis 2004).
Asymmetric GSC division thus results from the combination of two cate-
gories of extrinsic signals, signals provided by anterior somatic cells, which
promote the GSC fate, and signals emitted by posterior somatic cell, which
induce differentiation.

What are the signals promoting the GSC vs differentiated cell fate? As
mentioned earlier, the EGF pathway promotes gonioblast differentiation in
the male germline: loss of function of the EGF receptor or of the down-
stream effector raf leads to an increase in the number of GSCs (Fig. 1B)
(Kiger et al. 2000; Tran et al. 2000). Conversely, signals promoting GSC
fate have been described in both male and female niches. Niche cells emit
several proteins which diffuse within the extracellular space and are
received by target cells (GSCs) (Fig. 1A,B). Three signalling pathways have

Asymmetric Divisions of Germline Cells 101

Fig. 1. (Cont’d ) orange; B Drosophila testis niche: germline stem cells (GSC, in red)
are attached to somatic hub cells (HC, in green) by adherens junctions (black
square). GSCs are surrounded by cyst progenitor cells (CPC). GSCs divide asym-
metrically to give rise to another stem cell and to a gonioblast (GB, in orange) pos-
teriorly. Gonioblasts are surrounded by somatic cyst cells (CC). HCs maintain the
GSC fate by secreting Unpaired (Upd, in blue) and Glass Bottom Boat (Gbb, in
blue). Activation of the EGF pathway in CCs represses the GSC fate in favour of
the GB fate; C Symmetric stem cell division in the ovarian niche: when a GSC
(white) directly differentiates as a CB, the neighbouring GSC divides orthogonally
to the antero-posterior axis, so that both daughter cells remain in the niche. Cells
from the niche induce both cells to become GSCs. This division is thus symmetric
even though the spectrosome is asymmetrically partitioned (yellow)



been shown to be important for GSC maintenance: 1) the Bone morpho-
genetic protein (BMP) pathway, activated by the ligands Decapentaplegic
(Dpp) and Glass bottom boat (Gbb), 2) the Janus kinase and signal trans-
ducer and activator of transcription (JAK-STAT) pathway, activated by
the Unpaired (Upd) ligand which binds the Domeless receptor and acts
upstream of the Hopscotch kinase and the STAT92E transcriptional acti-
vator, and 3) the Hedgehog (Hh) pathway (Wong et al. 2005). In female
flies, Dpp is expressed by the cap cells and plays an essential role in GSC
maintenance (Xie and Spradling 1998). The involvement of the JAK-STAT
pathway is more indirect as it acts within the recently identified escort cells
which then regulate the progeny of the GSCs (Decotto and Spradling 2005).
The situation is different in male flies since it is the Upd and Gbb ligands
expressed by the hub cells that both play a key function for GSC mainte-
nance (Kawase et al. 2004; Kiger et al. 2001; Tulina and Matunis 2001).

In the ovary, the BMP pathway has been dissected in a detailed fashion
and the main molecular players implicated in signal reception, transduction
and target gene regulation have been identified. In female GSCs, Dpp and
Gbb bind the Punt and Thick vein receptors, which phosphorylate the
DNA-binding protein Mothers against Dpp (Mad). Activation of Mad via
its phosphorylation promotes its binding to the Medea protein and induces
the Mad-Medea complex to localize to the nucleus. Nuclear Mad-Medea
complexes bind a specific regulatory sequence of the cystoblast-specific
gene bam, which inhibits its transcription and therefore maintains the GSC
fate (Chen and McKearin 2005; Song et al. 2004). Conversely in cysto-
blasts, no BMP signal is received, Mad is not activated, bam is transcribed,
the GSC-specific RNA-binding proteins Nanos (Nos) and Pumillio (Pum)
are inhibited and differentiation is triggered (Szakmary et al. 2005).

In Drosophila, GSCs divide asymmetrically due to the major influence of
the environment. Upon GSC division, mitotic spindle orientation is con-
trolled by the niche and once division is completed, GSC vs cystoblast (or
gonioblast) fate decision depends on the position of the daughter cells rel-
ative to the niche. The daughter cell which stays in the niche receives signals
promoting the GSC fate while its sibling receives signals inducing differen-
tiation as it is positioned outside the niche.

2.2
Intrinsic Features of Asymmetric Germline Stem Cell 
Division in Drosophila

In addition to the extrinsic factors controlling asymmetric GSC division, one
intrinsic asymmetry has also been described upon mitosis, the asymmetric
inheritance of a structure present in GSCs called a spectrosome (Huynh
2005; Lin et al. 1994). The spectrosome is made of vesicles attached by
cytoskeleton proteins such as α- and β-spectrin, ankyrin and the Drosophila
homologue of adducin: Hu-li-tai shao (Hts), an actin and spectrin-binding
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protein (de Cuevas et al. 1996; Lin et al. 1994; Yue and Spradling 1992). In
the adult, the spectrosome is stably anchored at the anterior side of the GSC,
in contact with the adherens junctions between the GSC and the overlying
cap (hub) cells (Song et al. 2002). During female GSC division, one pole of
the mitotic spindle is anchored by the spectrosome thus orientating the divi-
sion along the A-P axis of the germarium (Deng and Lin 1997). The cysto-
blast is then produced toward the posterior and the renewed GSC stays at the
anterior of the germarium. At the end of telophase, a transient cytoplasmic
bridge called ring canal forms between the GSC and the cystoblast. New
spectrosome material accumulates in this ring canal and the initial spectro-
some elongates from the anterior side of the GSC to fuse with the new spec-
trosome (de Cuevas and Spradling 1998; Deng and Lin 1997). The
cytoplasmic bridge is then severed and one-third of the spectrosome is inher-
ited by the cystoblast where it forms the fusome (see below) while two-thirds
remain in the GSC, marking this division as clearly asymmetric (Deng and
Lin 1997; Lin and Spradling 1997). The spectrosome relocalizes to the ante-
rior side of the GSC, while the fusome takes a spherical shape at one end of
the cystoblast. The function of this asymmetrically distributed organelle
regarding GSC vs cystoblast (or gonioblast) cell fate determination remains
to be explored. The spectrosome appears important for asymmetric GSC
division as it is involved in the anchoring of the mitotic spindle (Deng and
Lin 1997). However asymmetric inheritance of the spectrosome upon GSC
division does not seem to be sufficient to trigger asymmetric fate decision.
When a GSC divides perpendicular to the anterior-posterior axis relative to
the niche, both daughter cells become GCSs (Fig. 1C). The division is thus
symmetric, despite the asymmetrical behaviour of the fusome (Xie and
Spradling 2000). There is so far no evidence of an intrinsic factor which
would be sufficient to control the GSC vs differentiated cell fate decision.

Extrinsic factors thus play the major role in establishing asymmetry
during GSC division in Drosophila. Interestingly, the presence of a niche
maintaining GSCs has also been demonstrated in C. elegans and in verte-
brates (Wong et al. 2005; Zhao and Garbers 2002). As extrinsic signals also
regulate GSC fate maintenance in these organisms, the choice between
asymmetric and symmetric GSC division depends on the orientation of the
mitotic spindle. In Drosophila, GSC divisions are generally oriented along
the A-P axis. This leads to the formation of daughter cells exposed to dif-
ferent environments, which triggers asymmetric fate decision. Only in cases
where a GSC is missing does a neighbour GSC divide symmetrically, per-
pendicular to the A-P axis, which generates two GSCs. In C. elegans and in
vertebrates, the orientation of the GSC mitotic spindle appears stochastic.
These divisions can be either symmetric, if both daughter cells remain in
the niche, or asymmetric in cases where one of the daughter cells exits the
niche. Asymmetric vs symmetric fate decision is thus thought to be con-
trolled by proximity to the niche rather than by programmed asymmetric
GSC divisions (Lin 1997; Morrison and Kimble 2006).
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3
Asymmetric Cell Division During Drosophila Oogenesis:
Importance of the Fusome for the Specification and
Polarisation of the Female Gamete

The differentiating cell generated after GSC division undergoes several
rounds of divisions, leading to an amplification of the germline cell popula-
tion. These divisions are symmetric in males and ultimately generate sper-
matozoids. In females of some insects, this amplification step takes place but
only one gamete is produced per cystoblast. More precisely, in Drosophila,
the one cell cystoblast goes through four rounds of synchronous mitosis
with incomplete cytokinesis to form a cyst of 16 germline cells, which are
interconnected by ring canals (Spradling 1993). All the cells within the cyst
share the same cystoplasm, but they differ regarding their number of ring
canals; for example only two cells, called pro-oocytes, have four ring canals.
Once the 16 cell cyst has formed, one of the two pro-oocytes differentiates
into the oocyte while the other fifteen cyst cells become nurse cells. An asym-
metric fate decision is thus taken within the 16 cell cyst so that only one cell
adopts the oocyte fate (Huynh and St Johnston 2004).

Two main models have been proposed to explain how the oocyte is
selected. One model is based on the symmetrical behaviour of the two cells
with four ring canals (pro-oocytes), and proposes that there is a competi-
tion between the two pro-oocytes to become the oocyte (Carpenter 1975,
1994). The “winning” cell would become the oocyte, while the “losing” cell
would revert to the nurse cell fate. This process would thus rely on an
extrinsic mechanism, such as cell-cell communication within the cyst.
However, the factor that could control this fate decision has remained elu-
sive. A second model suggests that the choice of the oocyte is biased by the
establishment of some intrinsic asymmetry as early as the first cystoblast
division, which is maintained until the overt differentiation of the oocyte
(Lin and Spradling 1995; Theurkauf 1994). The formation of a germline-
specific organelle called the fusome strongly supports this second model.

The fusome is a large cytoplasmic structure and is an important feature
of cyst development both in Drosophila and in Xenopus (Kloc et al. 2004;
Telfer 1975). In Drosophila this structure derives from the spectrosome and
links all the cells of the cluster through the ring canals. The fusome is made
of a continuous network of interconnected ER-derived tubules kept
together by components of the sub-membranous cytoskeleton, such as
α-spectrin, β-spectrin, and Hts (de Cuevas et al. 1996; Lin et al. 1994;
Snapp et al. 2004; Yue and Spradling 1992). The fusome also contains
microtubules and microtubule-associated proteins (Grieder et al. 2000;
Roper and Brown 2004). It was found in Drosophila ovaries that, in the
absence of the fusome, cells of the same cluster divide asynchronously and
fail to specify an oocyte, despite the presence of ring canals (de Cuevas
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et al. 1996; Lin et al. 1994; Yue and Spradling 1992). This demonstrates a
key role of the fusome as a channel of communication between the cells for
the synchronisation and differentiation of the germline cyst. Interestingly,
the fusome is asymmetrically inherited upon the four rounds of cystoblast
division. This asymmetric behaviour of the fusome is likely to be essential
for oocyte fate determination.

The first mitosis of the cystoblast is very similar to the GSC division
(Fig. 2). One pole of the mitotic spindle is anchored by the spherical
fusome (de Cuevas and Spradling 1998; Deng and Lin 1997); a new fusome
“plug” forms into the arrested furrow at the other end of the cell and comes
to fuse with the “original” fusome. However, in contrast to the GSC divi-
sion, cytokinesis is incomplete and both cells remain linked by a stable ring
canal. Furthermore, although it is not known how the plug and the “origi-
nal” fusome move to fuse together, the “original” fusome does not seem to
elongate from one side of the cystoblast, as in the GSC (de Cuevas and
Spradling 1998). Cystoblast division is asymmetric as one cell contains the
“original” fusome plus half of the plug, whereas the other cell only retains
the other half of the fusome plug. At the next division, the two mitotic
spindles again orient with one pole close to the fusome and new fusome
plugs form in the two ring canals situated at opposite ends (de Cuevas and
Spradling 1998; Lin and Spradling 1995; McGrail and Hays 1997; Storto
and King 1989). The fusome plugs then move with their ring canal to fuse
with the central fusome, which thus remains in the two previous cells. This
asymmetric behaviour of the fusome is then repeated in the next two divi-
sions. The oldest cell, therefore, retains the original fusome and accumu-
lates four halves of fusome plugs. Thus, this cell has more fusome than all
the other cells and can be identified throughout the divisions. The current
model suggests that this cell will become the oocyte (see below). Once the
16 cell-cyst is formed, the fusome starts to break down and disappears. The
behaviour of the Drosophila fusome during asymmetric cystoblast division
has important consequences on the formation and polarisation of the
female cyst (de Cuevas et al. 1997; Huynh and St Johnston 2004).

First, upon cystoblast division, the fusome anchors one pole of each
mitotic spindle (Deng and Lin 1997; Lin and Spradling 1995). This ori-
entation of the divisions ensures that one cell inherits all the previous
ring canals, while a new one is formed at the opposite end of the cell and
thus branched off the central fusome. By orienting the mitotic spindle,
the fusome therefore directly controls the asymmetry of the division as
one cell inherits the old ring canals while the other does not. This orien-
tation also leads to an invariant pattern of interconnections between the
cells, with the two central or oldest cells having n ring canals (n being the
number of cystoblast divisions), their daughter cells n−1, etc. This pat-
tern is important for the polarisation of the cyst as the oocyte always
arises from one of the two cells with the greatest number (n) of ring
canals (Buning 1994).
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Fig. 2. Asymmetric divisions of female germ cells and formation of the fusome.
The spectrosome (red) of the GSC anchors one pole of the mitotic spindle and ori-
ents the division along the anterior-posterior axis. A new fusome plug forms into
the transient ring canal. The spectrosome elongates to fuse with the plug. The cyto-
plasmic bridge is then severed and one-third of the spectrosome/fusome is inherited
by the cystoblast while two-thirds remain in the GSC, marking this division as
clearly asymmetric. The spectrosome/fusome (red) of the cystoblast (1) interacts
with one of the centrosomes (green and blue spheres) to anchor one pole of the
mitotic spindle (green lines), during the first incomplete division. A fusome plug
(red) forms in the arrested furrow or ring canal (blue). The spectrosome (or “origi-
nal” fusome) and the fusome plug come together to fuse. The direction of these
movements is not known (?). The same mechanism is repeated for divisions 2, 3
and 4. 1) One pole of each mitotic spindle is anchored by the fusome. 2) A new
fusome plug forms into each ring canal. 3) The ring canals move centripetally for
the fusome plugs to fuse with the central fusome (black arrows). This behaviour has
several crucial consequences: 1) cystocyte (1) has more fusome than the other cys-
tocytes; 2) the same centrosome (green sphere) could be inherited by cystocyte 
(1) from division 1 through division 4; and 3) the fusome always marks the anterior
of cystocyte (1), after the clustering of the ring canals



Second, the formation of the fusome provides the strongest evidence in
support of an intrinsic mechanism controlling asymmetric fate descision
within the cyst (de Cuevas and Spradling 1998). Indeed, the asymmetric
inheritance of the “original fusome” during the cyst divisions could play a
role in determining which cell will adopt the oocyte fate. This model is sup-
ported by analogy with the diving beetle Dytiscus, in which oogenesis is
very similar to Drosophila (Giardina 1901; Telfer 1975). A Dytiscus cyst is
formed of 15 nurse cells and one oocyte, resulting from four incomplete
and synchronous divisions of a cystoblast. However, unlike Drosophila, the
oocyte can be distinguished as early as the two-cell stage because it contains
a large ring of highly amplified rDNA. Moreover, the cell that inherits that
ring of rDNA, also inherits the fusome. This also suggests that the early
selection of the oocyte could be a general feature among insects (de Cuevas
and Spradling 1998; Grieder et al. 2000). Unfortunately, in Drosophila most
of the fusome has already degenerated by the time oocyte-specific proteins
such as BicD or Orb accumulate in a single cell. However, the preferential
accumulation of the centrosomes and oskar, and orb mRNAs in one cell
can be detected earlier in cystoblast development, and this is always the
cell with the most fusome (Cox and Spradling 2003; Grieder et al. 2000).
This is particularly obvious in egl and BicD mutants, in which the fusome
perdures longer, and where the centrosomes clearly accumulate in the cell
with the largest piece of fusome remnant (Bolivar et al. 2001). These data
strongly suggest that the “original” fusome marks the future oocyte, in sup-
port of an intrinsic mechanism underlying oocyte fate determination. It does
not rule out the possibility that both pro-oocytes can become the oocyte,
but shows that if there is a competition, it is strongly biased by the asym-
metric inheritance of the fusome upon division.

What is the link between the asymmetric inheritance of the fusome and
the selection of the oocyte? The simplest model is that an oocyte determinant
is asymmetrically distributed at each division with the “original” fusome into
the future oocyte. It has been proposed that one of the cystoblast centrioles
could stay in contact with the fusome during each division, and because of
the semi-conservative replication of the centrosome, could be inherited by the
oocyte (Theurkauf 1994). Consequently, oocyte determinants could cosegre-
gate with this centriole. Such a mechanism has been shown to mediate the
segregation of dpp and eve mRNAs into specific cells during the asymmetric
divisions of the early Ilyanassa obsoleta embryo (Lambert and Nagy 2002).
Alternatively, the oocyte could inherit more of some protein or activity asso-
ciated with the fusome, and this early bias could initiate a feedback loop that
induces the transport of oocyte determinants towards this cell. Consistent
with the second model, it has been suggested that although the fusome starts
to degenerate, it acts as a matrix to organise the restriction of oocyte-specific
proteins, centrioles and meiosis to a single cell by multiple pathways.
However, what molecular mechanisms regulate the different pathways and
how these pathways interpret the fusome polarity remains unknown.
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4
Asymmetric Meiotic Cell Division Leading to the
Formation of Unequal Sized Daughter Cells

Meiosis is a succession of two particular cell divisions without an interven-
ing replication (S) phase, leading to the formation of haploid cells, the
gametes in diploid organisms. In the first division, homologous chromo-
somes become paired and exchange genetic material (via crossing over)
before moving away from each other into separate daughter nuclei (reduc-
tional division, MI). Sister chromatids separate during the second division
(equational division, MII), giving rise to haploid cells. As such, these two
divisions are asymmetric since they generate cells with different genetic
pools. Here, we focus on female meiotic maturation, which presents an
additional asymmetric feature, the formation of unequal sized daughter
cells. Before these divisions, the oocyte is arrested in meiotic prophase I in
most animal species. A hormonal stimulus usually triggers the reinitiation
of meiotic maturation. The timing of fertilization is, however, species-specific
(Fig. 3). During female meiotic maturation, both MI and MII produce a
small cell called the polar body and a large cell, the oocyte. The polar bod-
ies eventually degenerate while the oocyte conserves the entire maternal
stores accumulated during oogenesis.

4.1
Meiotic Spindle Positioning

The size asymmetry observed during MI and MII depends on the localisa-
tion and on the orientation of the meiotic spindle. More precisely, size asym-
metry results 1) from the migration of the spindle to the periphery of the
oocyte and 2) from spindle alignment with an axis perpendicular to the over-
lying cell cortex. The combination of these two steps minimizes the size of
the polar bodies by positioning the plane of division close to the cortex.
If either of these two steps is impaired, daughter cell size asymmetry becomes
reduced or abolished. Cortical localisation of the spindle is achieved either
by the migration of the oocyte nucleus arrested in prophase I (germinal vesi-
cle, GV, stage) or by the migration of the MI spindle, or by both when
the breakdown of the GV (GVBD) occurs while it is migrating (Fig. 3).
Depending on the species, spindle positioning perpendicular to the overly-
ing cell cortex occurs either directly after migration or requires an extra 90°
rotation as described below.

In some species of fishes, amphibian, worms, sea urchin and sea cucum-
ber, the GV is already asymmetrically localized toward the animal pole
(Gard 1991; Miyazaki et al. 2005). In Xenopus, reinitiation of meiosis trig-
gers the breakdown of the nuclear envelope (GVBD) and the migration
of the chromosomes associated with a dense array of microtubules and
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Fig. 3. A–D Asymmetric divisions during meiosis. In most animal species, the
oocyte is arrested in meiotic prophase I. A hormonal stimulus usually triggers
the reinitiation of meiotic maturation. The timing of fertilization is species-specific.
The GV is visualized as a grey circle, chromosomes are in green, microtubules in
blue, actin in red. Red dots are male pronuclei after fertilization and dark green dots
are female pronuclei after completion of meiotic maturation: A in Xenopus laevis:
the GV is asymmetrically localized close to the animal pole. Reinitiation of meio-
sis triggers GVBD and migration of the chromosomes surrounded by the MTOC-
TMA. The metaphase I spindle then elongates parallel to the cortex. An actin cap
forms above the spindle. The spindle rotates 90°, before expulsion of the first polar
body. Fertilization triggers the expulsion of the second polar body and the disap-
pearance of the actin cap; B in Drosophila melanogaster: the GV is localized asym-
metrically at the dorso-anterior corner. After reinitiation of meiosis, the MI spindle
lies parallel to the cortex. Fertilization induces a 90° rotation of the MI spindle and
two successive mitoses without cytokinesis. The inner most nucleus becomes
the female pronucleus (dark green); C in Mus musculus: the GV is localized
centrally in the oocyte arrested in prophase I. Reinitiation of meiosis induces 
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actin microfilaments, the MTOC-TMA (Microtubule-Organizing-Center-
Transient-Microtubule-Array). Once migration is completed, the MI spin-
dle lies parallel to the cell cortex and rotates 90° to extrude the first polar
body; the second polar body extrusion occurs following a similar spindle
rotation (Fig. 3A).

In starfish and fly oocytes, the GV is positioned just beneath the cell cortex,
which defines the future position of the meiotic spindle (Endow and Komma
1997; Miyazaki et al. 2000). This localisation occurs long before meiosis is
reinitiated. After re-entry into meiosis, two polar bodies are sequentially
extruded in starfish. In Drosophila the situation is atypical (Endow and
Komma 1997, 1998; Skold et al. 2005; Tavosanis et al. 1997; Theurkauf and
Hawley 1992). The MI spindle first lies parallel to the cell cortex and later
rotates 90° (Fig. 3B). Although MI progresses up to anaphase, no polar body
is extruded. The MII spindles assemble during MI anaphase and have a shared
pole that forms within the MI spindle. Both MII spindles are aligned as a tan-
dem, the inner most nucleus becomes the female pronucleus while the three
nuclei next to the cortex assemble into a rosette like structure and degenerate.

In Ciona, C. elegans, amphibians, some molluscs and mammals, reiniti-
ation of meiosis leads to GVBD and to the formation the MI spindle,
which then moves towards the cell cortex (Brunet and Maro 2005; Maro
and Verlhac 2002; Pielak et al. 2004; Prodon et al. 2006). In the mouse
(Fig. 3C), the MI spindle is assembled around the chromosomes, generally
in the center of the oocyte, and migrates towards the cortex (Longo and
Chen 1985; Verlhac et al. 2000). Experiments carried in oocytes cultured
in vitro show that, once the MI spindle is assembled, its axis defines the
path of migration (Verlhac et al. 2000). Migration proceeds towards 
the nearest part of the cell cortex, following the axis of the spindle, and the
first polar body is extruded. After cytokinesis, the MII spindle forms 
parallel to the overlying cell cortex and the cell cycle arrests in metaphase.
MII resumes upon fertilization, the spindle undergoes a 90° rotation and
the second polar body is extruded. In C. elegans (Fig. 3D), the situation 
is somewhat different since the MI spindle forms at the periphery of the
oocyte and migrates only a short distance following a path perpendicular
to the spindle axis (Albertson and Thomson 1993; Yang et al. 2003,
2005). Once the MI spindle has reached the cortex, meiotic maturation
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Fig. 3. (Cont’d ) GVBD and formation of an MI spindle. The spindle migrates in
an actin-dependent manner to the closest cortical region. This region then defines
the animal pole. An actin cap forms above the “cortical” pole of the MI spindle and
the first polar body is extruded. Fertilization causes the MI spindle to rotate 90°
and leads to the extrusion of the second polar body; D in C. elegans: the GV is dis-
placed from the center of the oocyte before GVBD. After GVBD, the MI spindle
migrates in a microtubules-dependent manner to the cortex, where it stays parallel
to it. Fertilization elicits a 90° rotation of the MI spindle and the subsequent
expulsions of two polar bodies



stops until fertilization, which triggers a 90° rotation of the spindle and the
sequential extrusion of two polar bodies.

4.1.1
Molecular Mechanisms

During mitosis, movement and orientation of the spindle have been shown
to occur through astral microtubules that emanate from centriole-contain-
ing centrosomes. However, oocytes rarely have centrioles and in most exam-
ined species, female meiotic spindles are devoid of centrosomes and lack
astral microtubules. In oocytes, GV or spindle migration and anchoring has
been described to rely mainly on microtubules and/or on actin microfila-
ments, depending on the considered species.

In mice, actin microfilaments are not required for GVBD or MI spindle
assembly, but play an essential role regarding spindle migration, as shown
by drug treatment (Longo and Chen 1985). In addition, microtubule
depolymerization experiments have demonstrated that, in the mouse
oocyte, meiotic chromosome migration can occur without microtubules.
The lack of microtubules results in the scattering of the chromosomes but
migration to the cell cortex is not impaired (Longo and Chen 1985).
Therefore microfilaments appear to be the essential factor involved in spin-
dle relocalisation (Sun and Schatten 2006). In agreement with a central role
of actin for spindle migration, loss of function of Formin-2, a straight actin
filament nucleator, has been shown to lead to defects in MI spindle posi-
tioning and to the absence of polar body extrusion (Leader et al. 2002).
More precisely, it was recently shown that in Formin-2 mutant oocytes,
the MI spindle completely fails to migrate and that the late steps of cytoki-
nesis are impaired (Dumont et al., in press). The mos/mitogen activated
protein kinase pathway was also shown to be required for MI spindle
migration (Verlhac et al. 2000). Interestingly, in mos-/- oocyte, polar body
extrusion occurs despite the lack of spindle migration. This is due to an
‘anaphase rescue’ mechanism involving abnormal elongation of the
anaphase spindle. Finally, four members of the PAR proteins family have
been described to localize on the MI and MII spindles, PAR1, PAR3,
PAR4 and PAR6 (Duncan et al. 2005; Moore and Zernicka-Goetz 2005;
Szczepanska and Maleszewski 2005; Vinot et al. 2004). The PAR proteins
have been shown to control cortical polarity and asymmetric cell division
in a wide range of organisms and cell types (Betschinger and Knoblich
2004), suggesting that they could play an important role in the regulation
of asymmetric meiotic division. Interestingly, during asymmetric mitotic
division, the PAR proteins establish a cortical polarisation that is later
interpreted by the spindle, whereas in the mouse oocyte, PAR proteins are
first localized on the spindle and only later at the cell cortex (see below),
indicating that spindle migration and cortical polarisation could be coupled
through a PAR-dependent mechanism. Consistent with this hypothesis,
the specific enrichment of PAR6 to the leading pole of the migrating MI
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spindle suggests that PAR6 could control spindle migration and interaction
with the cell cortex (Vinot et al. 2004). However, in the absence of func-
tional data, one can only speculate about the putative function(s) of the
PAR proteins. Interestingly, a recent study has shown that an upstream
regulator of the PAR3/PAR6/aPKC complex, the Rho GTPase Cdc42, is
required for correct spindle morphology and migration (Na and Zernicka-
Goetz 2006). When a dominant negative form of Cdc42 is injected into
oocytes, the MI spindle does not migrate, instead it elongates and no polar
body is formed. In addition, aPKC, which is normally localized at the spin-
dle poles, becomes located on the whole length of the spindle. The authors
indicate that Cdc42 could act via two pathways, controlling respectively
spindle morphology and spindle migration.

The lack of microtubule requirement for chromosome migration in the
mouse oocyte is in contrast with the situation in Drosophila, Xenopus and
C. elegans where microtubules and their associated motors play a key func-
tion for GV/spindle migration and anchoring (Gard 1991, 1992; Gard et al.
1995; Januschke et al. 2006; Theurkauf et al. 1992, 1993; Yang et al. 2003,
2005). In Drosophila, GV migration depends on a complex network of
microtubules as indicated by microtubule depolymerization experiments
(Januschke et al. 2006; Theurkauf et al. 1992, 1993). In addition, disruption
of molecular motors directed either towards the plus-ends or the minus-
ends of the microtubules have been shown to lead to defective GV migra-
tion (Januschke et al. 2002). Anchorage of the GV to the oocyte cortex was
also demonstrated to require microtubules and the Lis1/dynein complex
(Swan et al. 1999). In Xenopus, the microtubule, microfilament and inter-
mediary filament networks play an important role controlling asymmetric
meiotic division (Gard 1991, 1992; Gard and Klymkowsky 1998). A myosin
(Myo10) has been shown to be critical for nuclear anchoring, spindle
assembly and anchoring to the cortex by integrating the actin microfila-
ments and microtubule cytoskeletons (Weber et al. 2004). In C. elegans,
depletion of microtubules blocks GV and MI spindle migration. In addi-
tion, both a microtubule severing enzyme and a microtubule associated
kinesin have been involved in the translocation of the MI spindle to the
oocyte cortex (Yang et al. 2003, 2005).

In all cases described above, GV or spindle migration creates or rein-
forces an asymmetry within the oocyte as chromosomes are relocalized to
an off-centre position. Coincidently, a second asymmetry is also estab-
lished, at the cortex of the oocyte.

4.2
Cortical Asymmetry

It is interesting to note that, concomitantly with MI spindle migration, the
oocyte cortex becomes asymmetric. In the mouse, before entry into meio-
sis, at the germinal vesicle (GV) stage, the oocyte cortex presents microvilli
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in a uniform fashion. After germinal vesicle breakdown (GVBD), the
cortical region above the migrating MI spindle becomes gradually devoid of
microvilli and enriched in actin (Brunet and Maro 2005; Longo and Chen
1985; Maro et al. 1984; Sun and Schatten 2006). In addition, cortical gran-
ules become excluded from the area surrounding the MII spindle (Deng
et al. 2003). The role of the cortical reorganisation observed during mouse
meiosis is unclear. The actin rich domain could be involved in anchoring the
meiotic spindle and/or chromosomes; this domain has also been suggested
to prevent sperm entry next to the female pronucleus. It is noteworthy that
actin enrichment above the meiotic spindle is a general feature of meiotic
maturation as it has been described in ascidian, Tubifex, Xenopus, pig, horse,
cow and human oocytes, suggesting an essential function (Kim et al. 1997,
1998; Pickering et al. 1988; Sardet et al. 2002; Tremoleda et al. 2001).

Experiments carried in the mouse indicate that chromosomes are
involved in remodelling the overlying oocyte cortex by a mechanism acting
at a distance that remains to be determined (Maro et al. 1986). Upon mei-
otic spindle depolymerization, using colcemid, the chromosomes become
scattered in subcortical zones. Interestingly, under these experimental con-
ditions, actin microfilaments and myosinIIA accumulate at the cortex
overlying or adjacent to each chromosome mass. Thus, cortical remodeling
occurs in a chromosome-dependent and microtubule-independent mecha-
nism, possibly involving direct interaction between chromosomes and
microfilaments (Longo and Chen 1985). PAR proteins have also been
reported to localize asymmetrically during Xenopus, mouse and C. elegans
meiosis (Duncan et al. 2005; Nakaya et al. 2000; Sonneville and Gonczy
2004; Vinot et al. 2004; Wallenfang and Seydoux 2000). In Xenopus, it has
been shown that 2–3 h after GVBD, aPKC together with PAR3 (ASIP)
become specifically localized at the animal cortex of the oocyte, while the
vegetal side becomes devoid of these proteins (Nakaya et al. 2000). Possibly
acting in concert with PAR proteins, Cdc42 has been involved in control-
ling asymmetric meiotic cell division in the frog (Ma et al. 2006). Cdc42 is
activated at the spindle pole-cortical contact side immediately before polar
body formation and inhibition of Cdc42 leads to a failure to extrude a
polar body. Interestingly, the Cdc42 cortical activity zone is circumscribed
by a cortical RhoA activity zone (Bement et al. 2005). RhoA is also a small
GTPase required for both the accumulation of cortical actin during assem-
bly and for the actomyosin contractility of the furrow during cytokinesis
(Glotzer 2005). In the Xenopus oocyte, concentration of active RhoA
depends on microtubules but not on actin and is required for cytokinesis.
The authors thus propose that the complementary pattern of Cdc42 and
RhoA activities could be an evolutionary conserved process that couples
spindle positioning to asymmetric cytokinesis (Ma et al. 2006). In the
mouse, both PAR3 and PAR6 have been shown to localize as a crescent
overlying the meiotic spindle (Duncan et al. 2005; Vinot et al. 2004).
The crescent of PAR3 is present during both MI and MII while the crescent
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of PAR6 is detected only during MII. The cortical localization of PAR3
and PAR6 is not dependent on microtubules but requires (at least for
PAR3) microfilaments. The function of these two proteins during meiosis is
not known, but it is interesting to note that PAR3 is restricted to a subdo-
main of the actin-rich cortical region which is surrounded by a zone of
accumulation of the phosphorylated form of MARCKS (the myristoylated
alanine-rich C-kinase substrate protein) (Michaut et al. 2005). Similarly to
the situation in Xenopus, it has been proposed that the circumferential
localization of p-MARCKS could define the position of the contractile
ring responsible for polar body abscission, while PAR3 localized centrally
and at the ends of the MI and MII spindle could facilitate anchoring the
spindle within the forming polar body (Duncan et al. 2005). Finally, in a
fashion reminiscent of what was described in mouse oocytes, a crescent of
PAR proteins (PAR1 and PAR2) has been shown to be present at the cell
cortex overlying the C. elegans female pronucleus when progression
through meiosis is blocked or delayed (Sonneville and Gonczy 2004;
Wallenfang and Seydoux 2000). Altogether, these data indicate that the for-
mation of a cortical crescent of PAR proteins above the meiotic spindle
could be a conserved feature involved in the control of polar body emission.

5
Conclusions and Perspectives

Many steps of gametogenesis rely on asymmetric cell division throughout the
animal kingdom, but the molecular mechanisms underlying these asymmet-
ric divisions are yet to be further explored. In Drosophila, several signalling
pathways have been shown to regulate GSC self-renewal vs differentiation in
a non-autonomous fashion; however the question whether intrinsic factors
could also control asymmetric GSC division remains open. The processes
leading to the selection of the oocyte after the mitotic divisions of the insect
cystoblast also remain poorly understood. The asymmetric segregation of the
fusome upon cystoblast division is likely to play an important function in the
selection of the oocyte and future work should shed light on the molecules
associated with the fusome that are involved in oocyte fate determination.
Finally, the mechanisms leading to the asymmetric meiotic division are still
far from clear. The presence of PAR proteins on the meiotic spindle and/or at
the cell cortex of the oocytes of many different species raises the exciting pos-
sibility that PAR proteins could play a conserved role in the control of polar
body extrusion. Considering the essential roles of PAR proteins throughout
evolution in cell polarisation, mitotic spindle positioning and anchoring, and
in the establishment of mitotic spindle asymmetry (Betschinger and Knoblich
2004), it is tempting to speculate that similar PAR-dependent mechanisms are
involved during asymmetric meiotic division.
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Asymmetric Cell Division During Brain
Morphogenesis

Takaki Miyata

Abstract

The division patterns of neural progenitor cells in developing vertebrate brains have
traditionally been classified into three types: (i) “symmetric” divisions producing two
progenitor cells (P/P division), (ii) “symmetric” divisions producing two neurons
(N/N division), and (iii) “asymmetric” divisions producing one progenitor cell and
one neuron (P/N division). Many studies examining the mechanism(s) regulating P/N
divisions have focused on mitotic cleavage orientation and the possible uneven distri-
bution of cell-fate determining molecules such as Numb. Although these two factors
may intrinsically determine daughter cell fate arising from M-phase progenitor cells,
no unified explanations have yet to be put forth incorporating all available data. In
this review, I will discuss recent advances in techniques allowing the more detailed
monitoring of daughter cell behavior in a heterogeneously pseudostratified neuroep-
ithelium that demonstrate previously unrecognized asymmetries in P/P divisions.
Careful observations of daughter cell behavior suggest that, immediately after their
birth at the apical surface of the neuroepithelium, generated cells may not yet be fate
committed but rather integrate extrinsic and intrinsic signals during G1 phase before
continuing down a developmental pathway.

1
Introduction

1.1
Applicability of Drosophila Models for Vertebrate 
Brain Formation

The production of two different cell types from one parent cell during
animal development is referred to as asymmetric daughter cell output (or
“asymmetric cell division” if loosely defined). Recently, significant progress
has been made in our understanding of the mechanisms underlying asym-
metric divisions in invertebrate model systems, especially Drosophila
and C. elegans (reviewed in Horvitz and Herskowitz 1992; Matsuzaki 2000;

Progress in Molecular and Subcellular Biology
Alvaro Macieira-Coelho (Ed.)
Asymmetric Cell Division
© Springer-Verlag Berlin Heidelberg 2007

Department of Anatomy and Cell Biology, Nagoya University Graduate School of
Medicine, 65 Tsurumai, Showa, Nagoya, Aichi 466-8550, Japan. E-mail:
tmiyata@med.nagoya-u.ac.jp



Lu et al. 2000; Doe and Bowerman 2001; Knoblich 2001; Cowan and
Hyman 2004). One widespread mechanism involves the segregation of cell
fate determinants to only one daughter cell during progenitor cell mitosis
(“intrinsically asymmetric” cell division). The ability of intrinsically asym-
metric divisions to generate the vertebrate central nervous system (CNS)
has been examined (reviewed in Betshinger and Knoblich 2004; Rogegiers
and Jan 2004; Huttner and Kosodo 2005). In particular, studies have exam-
ined whether the orientation of cell division determines daughter cell fate
and/or if there is a role for the asymmetric distribution of the vertebrate
Numb protein in determining cell fate analogous to Numb in Drosophila
(reviewed in Lu et al. 2000; Doe and Bowerman 2001).

1.2
Apical-basal Divisions are Insufficient to Generate Solely
Asymmetric Daughter Cell Output

An early pioneering videomicroscopic study by Chenn and McConnell
(1995) identified a close relationship between cleavage plane and daughter
cell fate choice. They followed cell divisions at the apical surface of the ven-
tricular zone (VZ) (Fig. 1) in developing ferret cerebral wall slices. They
observed that in divisions with a horizontal mitotic spindle and a vertical
cleavage (referred to as “horizontal” or “planar” division), both daughter
cells tended to remain in the VZ. In contrast, in divisions with a vertical
spindle and a horizontal cleavage (referred to as “vertical” or “apical-basal”
division), the basally produced daughter cell migrated away while the apical
daughter remained in the VZ. When considered with another imaging study
using rat retinal explants (Cayouette and Raff 2003), these data suggest that
the plane of cell division in the vertebrate CNS primordium can influence
the fate of the produced daughter cells. Additionally, in recent functional
experiments on cortical and retinal progenitor cells interfering with G pro-
tein mediated signaling (heterotrimetric guanine-nucleotide binding regula-
tory proteins), a factor important for mitotic spindle positioning and
orientation during asymmetric cell division in Drosophila (reviewed in
Betshinger and Knoblich 2004) caused the cleavage plane orientation to
shift (from apical-basal to planar) with apparent daughter cell fate changes
(Sanada and Tsai 2005; Zigman et al. 2005), further supporting a role for
cleavage plane in daughter cell fate determination. These studies all suggest
that asymmetric segregation of cell-fate determinants along the apical-basal
axis of M-phase progenitor cells might contribute to cell diversification.

In a variety of CNS regions in several animal species, however, the
proportion of M-phase cells at the apical surface of the VZ undergoing
apical-basal division is not sufficient to fully explain neuronal differentia-
tion: 3–5% in E11–E14 mouse cerebral wall (Smart 1973); 2–5% in
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Fig. 1. A–C Continuous neuron production through asymmetric daughter cell output:
A Photomicrographs depicting the accumulation of βIIItubulin-positive neurons in
the outer zone of the embryonic mouse brain stem or neocortical wall are shown.
Brain stem sections were also stained for phosphohistoneH3, a marker of M-phase
cells. While the ventricular zone (VZ) of the brain stem is reduced between E11 and
E13, the neocortical wall maintains VZ thickness from E11 to E15; B Schematic
representation of the changes in the number of progenitor cells and neurons.
Cytogenesis in the brain stem during E11-13 is characterized by an exhaustion of
progenitor cells and a rapid but discontinuous increase in the number of neurons
(pattern 1). In contrast, the number of neurons in the neocortical wall continuously
increases during E11–E15 while the number of progenitor cells is maintained (pat-
tern 2); C Two different patterns of daughter cell output following a common period of the
overall “P→P+P” output are possible. If the progenitor pool then undergoes divi-
sion to produce neurons only (“P→N+N”), it will soon disappear, as in the brain
stem (pattern 1). Continuous neuron production, as occurs in the neocortical wall,
can be achieved through asymmetric daughter cell output (“P→P+N”) by the entire
progenitor population (pattern 2) (Takahashi et al. 1996; Cai et al. 2002).



E10–E14 mouse cerebral wall (Landrieu and Goffinet 1979); approxi-
mately 16% between E29 and E36 in ferret (corresponding to
E12/13–E14/15 mouse) cerebral wall (Chenn and McConnell 1995); less
than 20% between E12–E16 with a sudden increase to about 50% at E14
in mouse cerebral wall (Hayder et al. 2003); <10% in all brain regions of
E9–E14 mice (Kosodo et al. 2004); 5–10% in E10–E14 mouse spinal cord
(Smart 1972), 3–21% in E18–P4 rat retina (Cayouette et al. 2001); <10% in
E3–E5 chick retina (Silva et al. 2002); 0% in 28–45 h zebrafish retina (Das
et al. 2003). Therefore, many planar divisions must also produce different
daughter cells.

1.3
Diverse Roles for Vertebrate Numb

Vertebrate Numb is immunohistochemically detected in the VZ of mouse
(Zhong et al. 1996), rat (Cayouette et al. 2001), and chick (Wakamatsu et al.
1999; Silva et al. 2002) embryos. Although forced expression of Numb in
developing chick brains inhibits Notch and consequently accelerates neu-
ronal differentiation (Wakamatsu et al. 1999), in the mouse, Numb and the
Numb-related protein Numblike have multiple or complicated functions.
Targeted disruption of mammalian Numb and Numblike causes the deple-
tion of the cortical progenitor pool (Petersen et al. 2002, 2004), but the
loss of both proteins using a different knock-out approach causes progen-
itor cell hyperproliferation coupled with defective neuronal differentiation
(Li et al. 2003). In the chick neuroepithelium, Numb immunoreactivity is
clearly localized to the basal side of metaphase cells (Wakamatsu et al.
1999; Silva et al. 2002), as well as the apical endfeet of interphase progeni-
tor cells (Wakamatsu et al. 1999), and the latter staining pattern resembles
meshes generated by adherens junction proteins including N-cadherin,
catenins, and ZO1 (Fig. 2). Numb immunoreactivity was seen in M-phase
cells in cross-sectional views of embryonic mouse cerebral walls (Zhong
et al. 1996; Cayouette et al. 2001), but it was not determined whether only
some ZO1+ meshes visualized in an en face view of rodent neuroepithelium
(Fig. 2) are Numb immunoreactive. If the entire cellular mesh is Numb
positive, this would indicate that mammalian Numb is expressed in both
M-phase and interphase cells. In a review, Roegiers and Jan (2004) dis-
cussed that the lack of precise lineage trees combined with the possible
underestimation of asymmetric divisions likely contribute to the current
uncertainty regarding the role of asymmetrically distributed Numb in
mammalian brain development. They wrote, “Asymmetric divisions lead-
ing to two types of progenitor cells, which may be morphologically similar
but will nonetheless give rise to different populations of daughter cells,
could be mis-characterized as symmetric divisions if there were no means
(e.g. molecular markers) to distinguish the two progenitors.”
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Fig. 2. Bipolar-shaped neural progenitor cells comprise the neuroepithelium. A
three-dimensional representation of a portion (approximately 20 µm × 50 µm × 130
µm) of the early embryonic mouse cerebral wall is shown. In the XZ plane, a cross-
sectional schematic view depicts two progenitor cells (one in interphase and one in
M-phase) spanning the brain wall, and these can be visualized by sporadic labeling
with DiI, a lipophilic dye, or green fluorescent protein. Also shown in the XZ plane
are neurons accumulating in the outer zone. In the YZ plane, a cross-sectional view
obtained by scanning electron microscopy (SEM) shows the ventricular zone filled
with progenitor cell somata. An en face view in the XY plane of the ventricular
(apical) surface of the brain wall consists of an SEM part (left) and an immuno-
histochemically stained part (right). Structurally, the ventricular zone (VZ) is a
pseudostratified epithelium composed of several layers of nuclei in the VZ with the
cytoplasm encircling each nucleus and contacting both the apical and basal sur-
faces of the brain wall. At the apical surface, the endfeet of progenitor cells form
meshes of the adherens junction, which can be visualized by immunostaining for
ZO1. Compared to the cross-sectional area of the soma of a progenitor cell, the
apex of the same cell is much smaller (roughly 10%) (Smart 1972). As schematically
illustrated, most M-phase cells at the apical surface of the early cerebral walls
undergo planar division with a vertical cleavage (Smart 1973; Landrieu and
Goffinet 1979; Hayder et al. 2003; Kosodo et al. 2004). Live observation is required
to directly examine how this narrow apical surface is divided during the planar
division and inherited by daughter cells.



1.4
Aims of this Review

In this review, I will address how the germinal zone of the mammalian CNS
primordia differs in size (larger) and cellular composition (more heteroge-
neous) from that of the developing Drosophila nervous system. Additionally,
detection of an unexpectedly high frequency of asymmetric cell division
using live observation of cell cycle-dependent, three-dimensional cellular
behaviors will be explained. Although cell-intrinsic mechanisms can play
important roles in cell lineage choice, environmental factors may also con-
tribute to this key event. Finally, I will discuss when and how the mitotic
fate of a daughter cell is “chosen” through the coordination of extrinsic and
intrinsic signals.

2
Cytogenesis During Mammalian Cerebral Cortical
Development

2.1
The Neural “Germinal Zone” is a Thick Pseudostratified
Neuroepithelium

As shown in Fig. 1, young, βIIItubulin-positive neurons are found in the outer
part of embryonic brain walls during the active neuronogenic period. The
border between the immunohistochemically defined neuronal territory and
the remaining part (VZ) is almost completely parallel to the ventricular sur-
face. The VZ is several cells thick (up to 100 µm thick) and enriched for the
somata of progenitor cells (Fig. 2), but some neuronally-differentiating
daughter cells about to express βIIItubulin may also exist there. The typical
progenitor cell in interphase is bipolar-shaped, spanning the ventricular (api-
cal) and pial (basal) surfaces (Fig. 2) (Hinds and Ruffett 1971; Seymor and
Berry 1975). Its apical endfoot makes close contacts with surrounding endfeet
through adherens junctions, and these connections can be visualized as
meshes in an en face view (Fig. 2). Although progenitor cells in early neu-
roepithelia mostly divide at the surface, mitoses away from the surface increase
as development proceeds (Martinez-Cerdeno et al. 2006). Compared to the
cross-sectional area of the soma of a progenitor cell, the apex of the same cell
is much smaller (Hinds and Ruffett 1971; Smart 1972; Baek et al. 2006).

The nucleus of each daughter cell generated at the apical surface moves
away from the ventricular surface during G1 phase, and DNA is synthesized
when the cell nucleus is in the outer half of VZ. In cells to divide at the sur-
face, the nucleus moves adventricularly during G2 phase. This to-and-fro
movement is known as interkinetic nuclear migration (INM), and a pseudos-
tratified epithelium is generated by the overall arrangement of progenitor
(neuroepithelial) cells (Sauer 1935; Sauer and Walker 1959; Sidman et al.
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1959; Fujita 1962). In the mouse cerebral wall during the midembryonic
period, the estimated length of the cell cycle for the entire progenitor popula-
tion is about 10–15 h (Takahashi et al. 1995) and the time needed for a daugh-
ter cell generated at the ventricular surface to exit the VZ is about 12.5 h
(Takahashi et al. 1996). Thus, daughter cell residence in neuronal territory is
spatially and temporally distant from mitotic events at the ventricular surface.

2.2
Complexity of Mammalian Germinal Zone and Asymmetric Output

The VZ contains a mixture of progenitor cells at differing phases of the cell
cycle as well as immunohistochemically unidentifiable, newly formed neu-
rons. However, the VZ is much more heterogeneous containing progenitor
cells with widely different properties: morphology (long vs short), mitosis
position (ventricular surface vs immediately basal to the VZ), and lineage
(committed vs stem-like) (Smart 1973; reviewed by Temple 1990). This
diversity was identified relatively early, prior to the use of Drosophila as a
model system of neural development, but it has been largely forgotten as
studies have tried to apply lessons from the simple Drosophila ectoderm to
the more complex mammalian neuroepithelium.

In the midembryonic cerebral wall, the VZ is thought to expand the pro-
genitor pool through “symmetric” (P/P) divisions and/or produce both
neurons and progenitor cells by “asymmetric” (P/N) divisions. This func-
tional simplification is based on cell cycle kinetics analyses of the overall
progenitor population that indicates a stage-dependent shift of the cell out-
put pattern from “symmetric” (both daughter cells synthesize DNA) to
“asymmetric” (Takahashi et al. 1996; Cai et al. 2002) (Fig. 1B,C).

2.3
Lessons from Time-lapse Lineage-analysis Studies:
Are All Divisions “Asymmetric”?

2.3.1
Lineage Trees in Low Cell-density Monolayer Culture

The definitive characteristic of a progenitor cell is its ability to produce daugh-
ter cells, and DNA synthesis is a crude, indirect readout of cell fate. Therefore,
the true functional characterization of a progenitor cell can only be accom-
plished by monitoring its division and the type of daughter cells produced.
While simple in theory, such an approach is laborious, but long-term (~14
days) videomicroscopic observations by Temple and colleagues demonstrated
that clonal monolayer-cultured cortical progenitor cells and their descendant
cells divide in various patterns generating large lineage trees, branching mostly
into neurons and astrocytes (Qian et al. 1998, 2000; Shen et al. 2002, 2006).
These lineage trees contained some P/N divisions, but P/P divisions were much
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more predominant. However, the majority of the P/P divisions in monolayer
culture were asymmetric producing daughter cells distinct in mitotic activity.
For example, one daughter cell could divide to generate paired granddaugh-
ter neurons (N/N division), while its sister cell generated paired progenitor
cells as granddaughters (another P/P division). Thus, models of “asymmetric”
cell output based on population level data (Fig. 1C) must be reexamined with
single cell data. Single cell studies also suggest that all P/P divisions may be
asymmetric if examined in detail. In many two-cell clones arising from P/P
division (both daughter cells are Nestin+) there was asymmetric expression of
the epidermal growth factor receptor (EGFR) (Sun et al. 2005). In addition,
morphological and molecular differences can be detected between sister neu-
rons that are pair-generated (N/N) in the same culture system (Shen et al.
2002; Kawaguchi et al. 2004), further exemplifying previously unrecognized
asymmetries in division patterns other than P/N.

2.3.2
Four-cell Clones in Slice Culture

Sliced embryonic cerebral walls can be maintained in culture using various
supporting materials such as collagen gel and filter membranes (Chenn and
McConnell 1995; Miyata et al. 2001; Nadarajah et al. 2001; Noctor et al.
2001). This culture system preserves the three-dimensional cellular mor-
phology and apical-basal tissue polarity. In this culture system, fluores-
cently labeled progenitor cells divide normally for at least two days forming
three- or four-cell clones through P/N or P/P divisions, respectively (Saito
et al. 2003; Miyata et al. 2004; Noctor et al. 2004). Figure 3 schematically
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Fig. 3. (Cont’d ) mitotic and migratory behaviors of the generated daughter cells (C
and D). In these asymmetric P/P divisions, one of the daughter cells irreversibly
moves to the subventricular zone (SVZ), a thin layer immediately basal to the VZ,
during cell cycle progression and then generates a pair of neurons, while the other
daughter cell divides at the surface to maintain the number of progenitor cells. In
thinner (younger) cerebral walls, the basal process inheriting daughter cell moves to
the SVZ while the non-inheriting daughter cell elaborates a new process and divides
at the surface (P→BPPNS-div+PS-div) (C), but this occurs much less frequently in a
slightly thicker (thus more developmentally advanced) cerebral wall (P→PNS-

div+
BPPS-div) (D). In 23% of the total P/P divisions observed, pair-generated daugh-

ter cells undergo to-and-fro movements in the VZ followed by division at the apical
surface (P→BPPS-div+PS-div) (B); this pattern was seen in thin cerebral walls before the
emergence of the CP. The important factors to conclude from these data are as
follows: (1) asymmetric P/P divisions are the predominant division pattern at the
apical surface of the cerebral wall just before and during the emergence of the CP,
a stage known for asymmetric daughter-cell output at the population level
(Takahashi et al. 1996; Cai et al. 2002) and (2) all daughter cells observed, regard-
less of their final fate, were attached to the apical surface for at least several hours
after their birth.



Fig. 3. A–D P/N and P/P divisions observed in E13-14 mouse cerebral wall slice
culture: A Two distinct types of P/N division observed at the apical surface (Miyata
et al. 2001) are schematically illustrated with developmental stage and brain thick-
ness increasing towards the right side of the panel. In each case, a single DiI-labeled
progenitor cell generated a daughter cell that remained in the VZ and divided at the
apical surface (white, judged to be a progenitor cell, PS-div; their mitoses are omitted
for clarity) while the other daughter cell (black) exited the VZ without exhibiting
any signs of mitosis (judged to be a neuron, N). Both daughter neurons, having
inherited the basal process from their progenitor cells (therefore this division pat-
tern is designated as P→BPN+PS-div), are initially bipolar-shaped resembling their
progenitor cells, but they exit the VZ after loosing their apical attachment. The
daughter neuron born in an early and thin cerebral wall (left part), which consists
of the VZ and the preplate (PP), uses the inherited process throughout its migra-
tion to the neuronal territory (Miyata et al. 2001). However, the process-inheriting
neuron born later in a thicker cerebral wall (right part) uses its inherited process
only until its exit from the VZ. It then retracts its basal process and undergoes
further morphological changes before entering the cortical plate (CP) (T. Miyata,
unpublished). In later cerebral walls, the basal process tends to be inherited by
non-neuronal daughter cells generated by P/N divisions (Noctor et al. 2001); B–D
diagrammatic representation of three different patterns of P/P divisions leading to
the formation of four-cell clones through paired mitoses (M) (Miyata et al. 2004).
In each panel, development proceeds to the right and the sequence of morpholog-
ical changes is separately illustrated for each of the pair-generated daughter cells.
Notably, 78% of the P/P division cases are clearly asymmetric with respect to the



depicts several different P/P division patterns observed in E13–E14 mouse
cerebral wall slices (Miyata et al. 2004). The majority (77%) of P/P divi-
sions occurring at the apical surface contributed one daughter cell to the
subventricular zone (SVZ), a layer immediately basal to the VZ, for non-
surface (or basal) division while the other daughter cell was retained in
the VZ for division at the apical surface (PS-div→PNS-div+PS-div). The sur-
face-(apically-) dividing daughter cell subsequently generated at least
one mitotic granddaughter cell (PS-div→P+P or N) (Fig. 3A,B), but the
non-surface-(basally-) dividing daughter cell primarily gave rise to paired
granddaughter neurons (PNS-div→N+N) (Fig. 3C,D). Therefore, P/P divi-
sions examined at the single cell level in slice culture frequently give rise to
asymmetric daughter cells; results consistent with data obtained using
monolayer cultures (Qian et al. 1998, 2000; Shen et al. 2002).

These observations suggest that the result of P/N divisions determined
at the population level during the midembryonic stage (Takahashi et al.
1996; Cai et al. 2002) (Fig. 1) can be traced back to an initial asymmetric
P/P division and the subsequent N/N and P/P or P/N divisions (i.e.
P→2P+2N or P+3N through two rounds of the cell cycle). Both daughter
cells arising from asymmetric P/P divisions must have been generated by a
planar division (Smart 1973; Landrieu and Goffinet 1979; Hayder et al.
2003; Kosodo et al. 2004) and contribute to the maintenance of the ven-
tricular surface meshwork through their endfeet (Fig. 2). The mechanisms
controlling the loss of their apical attachment by SVZ-directing daughter
cells will be discussed later in relation to coupling between fate determina-
tion and the choice of mitosis position.

2.3.3
Morphological Asymmetry in Surface-dividing Cells

Experiments using the slice culture system have clearly demonstrated
different outcomes for generated paired sister progenitor cells, but they
have also revealed an unexpected morphology of M-phase cells. Although
classical Golgi and electron microscopic studies suggested that each neu-
roepithelial cell in the developing cerebral wall loses its basal process while
its soma is at the apical surface during M phase (Hinds and Ruffett 1971;
Seymour and Berry 1975), intensive monitoring of fluorescently labeled
progenitor cells has revealed that the basal process remains and is inher-
ited asymmetrically by one daughter cell (Miyata et al. 2001; Noctor et al.
2001) (Fig. 2). Similar morphologically asymmetric divisions occur in the
developing retina (Cayouette and Raff 2003; Das et al. 2003; Saito et al.
2003; Pearson et al. 2005). The inheritor of the basal process can be a neu-
ron or a progenitor (Fig. 3), and it is currently unknown whether the
retained basal process is directly involved in the choice of daughter cell
fate. Interestingly, however, in P/P divisions in which both daughter cells
subsequently divided at the apical surface (PS-div→PS-div+PS-div) in retinal
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and cerebral wall slices, the basal process inheriting daughter cells
migrates away from the apical surface more quickly with a more basal tra-
jectory of INM than its non-inheriting sister cell (Saito et al. 2003; Miyata
et al. 2004). This phenomenon suggests that if there is an apical-basal
concentration gradient of an unidentified molecule, the inheritance of the
basal process by a daughter cell would affect the degree of its exposure to
such a molecule.

3
Links Between Cell Cycle Progression, Nuclear Migration,
and Mitotic Fate Choice in Asymmetric P/P Divisions

3.1
Neuronal-lineage Choice of a Progenitor Cell Precedes 
its Departure from the Apical Surface

Asymmetric P/P divisions, which are very frequent as shown in Fig. 3,
provide valuable insight into the mechanisms underlying daughter cell
organization of cell-cycle progression, mitotic fate determination, and
nuclear movement (Miyata et al. 2004). Morphological, behavioral,
and molecular comparisons between the surface-dividing and non-
surface-dividing neocortical progenitor cells (schematically illustrated in
Fig. 4A) have revealed several important cell fate-deterministic events.
Immunoreactivity for Neurogenin2 (Ngn2), a bHLH transcription factor
known to be important for commitment towards the neuronal lineage and
the earliest known marker of neuron lineage commitment (Nieto et al.
2001; Schuurmans et al. 2004; reviewed in Guillemot 2005; Guillemot
et al. 2006) is observed in a subpopulation (about 32%) of G1-phase pro-
genitor cells. Additionally, Ngn2+ cells possess an apical process during G1
phase, and, as the cell cycle proceeds, Ngn2 protein expression becomes
restricted in a lineage-dependent fashion to the SVZ-directing population
and is reduced in each cell. Finally, irreversible detachment of the SVZ-
directing progenitor cells from the apical surface occurs during S or G2
phase. This temporal mapping provides a framework for efforts to link dif-
ferent molecular and cellular events. These data and the overall model gen-
erated are supported by observations by other groups using different
technical approaches (Berger et al. 2004; Britz et al. 2006). Retrovirally
forced expression of Ngn2 in VZ cells led to the loss of the cellular apical
attachment and an increase in non-surface division (Miyata et al. 2004).
These data suggest that Ngn2 induces progenitor cell apical detachment
(through unexplored mechanisms) rather than the converse. However,
detachment might further reinforce the lineage commitment and/or cell
cycle inhibition (Fig. 4B).
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Fig. 4. Daughter cell residence in the VZ is coordinated with cell cycle progression
and fate choice: A Observation-based diagram of a P/P division giving rise to one
daughter cell (q) that subsequently undergoes an N/N division in the SVZ while the
other daughter cell (r) undergoes P/P or P/N division at the apical surface.
Neurogenin2 (Ngn2) protein (solid circle) is most strongly detected in the SVZ-
directing cell during G1 phase (Miyata et al. 2004). Active Notch1 immunoreactiv-
ity (open triangle) (Tokunaga et al. 2004) and the expression of the destabilized
Venus (an EYFP variant, open square) driven by the nestin enhancer (Sunabori
et al. 2004) have a complementary expression pattern with Ngn2. The mechanisms
regulating Ngn2 and active Notch1 expression as well as nestin enhancer activation
remain unclear; these markers are only rarely positive in M-phase cells at the apical
surface, suggesting that the asymmetric inheritance of unevenly distributed pro-
teins is likely not responsible for daughter cell fate choice; B Schema depicting the
relationship between three major events during asymmetric P/P division: cell
cycling, mitotic fate choice, and migration. Each arrow indicates an established or
suggested hierarchy (or sequence) between the cellular events. Commitment of a
daughter cell to a neuronal-lineage progenitor cell precedes its detachment from the
apical surface. Deceleration (or finalization) of cell cycling by inhibitors like p27
appears associated with lineage restriction, but the key triggering factor remains
unclear; C Presumed cellular events occurring during a P/N division, which may be
analogous in molecular regulation (i.e. Ngn2, Notch, and nestin enhancer) to an
asymmetric P/P division. Most (if not all) neurons (t) may initially be integrated in
the apical junction meshwork. Alternatively, all surface-generated daughter cells
might initially be developmentally uncommitted, and some might then start taking
a neuronal fate at some point during G1 phase by forgoing cell-cycle progression
differently from its sister cell (u) and the cells q and r.



3.2
Neuronal-lineage Choice is Coordinated with Cell Cycle Inhibition

The commitment of a progenitor cell to the neuronal lineage eliminates the
possibility of generating glial cells in subsequent divisions. The lineage tree
arising from the ancestor cell could theoretically consist of many rounds of
cell division, but in the early- and mid-embryonic mouse cerebral walls,
most of the VZ-exiting (SVZ-directing) progenitor cells undergo terminal
mitosis to generate paired neurons (Haubensak et al. 2004; Miyata et al.
2004; Noctor et al. 2004). The tight correlation between lineage commit-
ment and cell cycle inhibition is at least partially explained by the ability of
proneural bHLH factors, including Ngn2, to promote cell cycle withdrawal
(reviewed in Ross et al. 2003). Additionally, cell cycle inhibition by p27kip1

and PC3(TIS21/BTG2) can lead to lineage restriction through the activa-
tion of bHLH proneural genes (Canzoniere et al. 2004). Recently,
Guillemot and colleagues demonstrated that p27kip1 and Ngn2 are coex-
pressed in a subset of mouse cerebral wall VZ cells, and p27kip1 stabilizes
Ngn2 promoting the migration of daughter cells from the VZ and SVZ to
more pially located neuronal territories (Nguyen et al. 2006). Transgenic
expression of GFP under the control of the TIS21 promoter specifically
labels mouse CNS progenitor cells that will generate one or two neurons,
but not two progenitor cells, in the next mitotic event (Haubensak et al.
2004). However, a relationship between TIS21 and Ngn2 or p27kip1 remains
to be determined.

3.3
Is Symmetry Broken During G1 Phase or Earlier?

During S phase and late G1 phase, the staining pattern of Ngn2
immunoreactive cells in the VZ is complimentary to that of cells
immunoreactive for activated Notch1 (Tokunaga et al. 2004). This implies
that expression of the Hes1/5 proteins, which both function downstream
of Notch signaling in maintaining the undifferentiated state of progeni-
tor cells (reviewed in Kageyama and Ohtsuka 1999; Gaiano and Fishell
2002), might also be complimentary with Ngn2. Indeed, an inverse rela-
tionship between Hes1 and the proneural bHLH factor Mash1
immunoreactivity has recently been observed in the spinal cord (Baek
et al. 2006). In addition, when VZ cells are fluorescently labeled by a
nestin enhancer driven transgene, labeled cells are more proliferative and
less differentiated in vitro than unlabeled VZ cells, and they tend to be
Ngn2 negative during G1-S phase in vivo (Sunabori et al. 2004). The tim-
ing of the appearance of these complementary expression patterns
between Ngn2 and other markers suggest that daughter cell fate choice is
partially if not entirely complete by the end of G1 phase. Additionally, if

Asymmetric Cell Division During Brain Morphogenesis 133



Notch-Delta interactions are involved in fate choice, these interactions
should occur primarily in G1 phase.

The mechanism(s) controlling Ngn2 protein expression in only a frac-
tion of G1-phase daughter cells in the E13-14 cerebral VZ (32%) remains
unknown. While there may be some asymmetric inheritance of Ngn2
from M-phase cells at the surface, this cannot be the major mechanism
responsible because only 4–5% of the surface M-phase cells are
immunoreactive for Ngn2 (Miyata et al. 2004). Furthermore, the in vitro
half-life of Ngn2 is only ~30 min in the absence of p27 and 70–100 min
in the presence of p27 (Nguyen et al. 2006). A recent study suggested that
Mash1 expression in a subpopulation of VZ cells during early G1-phase
precedes Ngn2 expression in the same cells during late G1-phase (Britz
et al. 2006), but the mechanism regulating Mash1 expression is unknown.
Since EGFR immunoreactivity is asymmetric in 11% of the total M-
phase cells in E17 cerebral wall sections and this asymmetry is also seen
in E13/14-derived two-cell clones consisting of two Nestin+ cells (thus
asymmetric P/P division cases) in monolayer culture (Sun et al. 2005), it
will be interesting to examine whether EGFR asymmetry is involved in
the restricted expression of Ngn2 during G1 phase. Although active
Notch1 is not detected in M-phase cells (Tokunaga et al. 2004), Hes1 is
seen in some apical M-phase cells (Baek et al. 2006). Whether Hes1
protein expression is heterogeneous among the apical M-phase cell popu-
lation, within a particular cell, and/or it is expressed in a cell cycle-
dependent manner (and if so when the expression is strongest) all remain
to be determined. Thus, our current understanding of the contribution of
the intrinsic asymmetry of apical M-phase cells to the differential behav-
iors of pair-generated daughter cells in the cerebral P/P division is quite
limited.

The Notch ligand Delta-like1 (Dll1) is important for the maintenance
of the undifferentiated state of progenitor cells (Henrique et al. 1997;
Grandbarbe et al. 2003; Yoshimatsu et al. 2006). Several studies using
different methods support the hypothesis that the Dll1 protein is
expressed mainly in the soma and/or cellular processes near the soma in
the cells of the VZ (Lindsell et al. 1996; Henrique et al. 1997; Campos
et al. 2001). However, a recent study that examined Dll1 expression
directly by immunohistochemistry suggests that Dll1 is expressed at
much higher levels at the apical surface of the VZ than at other locations
(Yoshimatsu et al. 2006). When considered with the fact that all G1-
phase daughter cells initially have an apical endfoot (Figs. 3 and 4), these
data suggest a model wherein the primary cellular site of Delta-Notch
interactions between VZ cells including G1-phase daughter cells regulat-
ing cell fate is the endfeet at the apical surface. This model was originally
put forth by the Ono group (Minaki et al. 2005; Mizuhara et al. 2005) to
explain neuron-progenitor interactions at the ventricular surface of the
developing spinal cord, as discussed below.
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4
Reevaluation of the P/N Division by Analogy 
with the Asymmetric P/P Division

4.1
When Does a Surface-born Daughter Cell Become a Neuron?

In the mouse spinal cord at E11–E12, the stage at which neuron production
occurs, dll1 mRNA is detected not only in the somata of VZ cells but also at
the apical endfeet that fill ZO1+ rings, and the apical expression of dll1
mRNA may indicate a nascent neuron (Minaki et al. 2005). This group fur-
ther showed that dll1 protein is localized to the apical process of VZ cells
in vivo, and dll1 binds the N-cadherin/β-catenin complex in vitro via the scaf-
folding protein MAGI1 (Mizuhara et al. 2005). This data suggests a model in
which apically connected nascent neurons present Dll1 on their apical end-
feet leading to Notch activation in the surrounding progenitor cells.

This model relies on the morphological premise that some neurons are at
least transiently integrated into the apical junction meshwork. Such inte-
gration could be achieved by apical-directed movement of neurons from
the SVZ to the surface, a behavior seen in long-term cultured cerebral wall
slices (Noctor et al. 2004), and this could, in theory, be a distinct event from
the morphology of a daughter neuron immediately after its birth. However,
because the G1 phase is essential for regulating P/P divisions, it is likely that
the putative Delta/Notch interaction between a nascent neuron and a
progenitor cell should also take place during the G1 phase. Therefore, the
presence of interactions between an apically generated neuron and the sur-
rounding cells, including its sister cell, should be examined, and the initial
morphological relationship of a daughter neuron to the apical surface is of
particular interest.

Although the most widely distributed model for the initial morphology
of an apically generated daughter neuron predicts its departure from the apical
surface immediately after its birth (i.e. upon the progenitor cell’s apical-basal
division by a horizontal cleavage plane) without contributing to the
apical junction meshwork (Chenn and McConnell 1995; Hayder et al.
2003), the existence of apically-connected VZ cells that subsequently
detach from the apical surface and leave the VZ has clearly been demon-
strated in mid-embryonic cerebral wall slices (Miyata et al. 2001, 2004,
Noctor et al. 2004). These cells are initially either bipolar-shaped and span-
ning the cerebral wall (Fig. 3A,C) or pin-like with connections only to the
apical surface (Fig. 3D) that subsequently collapse leading to a unipolar
shape (Fig. 3A) and isolation (Fig. 3D). Many of these cells do not divide
while expressing neuron markers such as Hu, and the non-mitotic Hu+ cells
are considered neurons (Fig. 3A) (Miyata et al. 2001; Noctor et al. 2001).
Therefore, results obtained in slice culture are not inconsistent with the
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model of Delta-Notch interactions between nascent neurons and progeni-
tor cells at the apical surface.

However, it may not be entirely valid to label a several-hours-old daugh-
ter cell, which could be presenting Delta to a neighboring G1-phase pro-
genitor cell, as a “neuron”. Importantly, Hu, which becomes positive in 10
h-old (or older) apically generated daughter cells (Miyata et al. 2001), is
also expressed in M-phase cells in the SVZ (Miyata et al. 2004), and other
molecules are expressed by both lineage-restricted progenitor cells and non-
cycling (postmitotic) neurons such as βIIItubulin (Ishii et al. 2000), Ngn2
(Mizuguchi et al. 2001; Kawaguchi et al. 2004; Miyata et al. 2004; Hand
et al. 2005; Britz et al. 2006; Nguyen et al. 2006), and Tbr2 (Englund et al.
2005). Therefore, it is currently impossible to definitively predict whether
an apically connected VZ cell will then become a neuron or a lineage-
restricted progenitor cell immediately after its birth. While this may simply
reflect technical limitations such as the absence of better marker proteins,
it is possible that lineage commitment does not occur at the time of
apically-connected daughter cell generation but rather at a later time. The
latter possibility will be further discussed below.

4.2
A “Moratorium” Model for Asymmetric Daughter-cell 
Output from the Apical Surface

Figure 4A,C illustrates P/P and P/N division patterns, respectively, which
retain one mitotic daughter cell at the surface for later division (cell r in
Fig. 4A and cell u in Fig. 4C). These two division patterns differ only in the
mitotic ability of the SVZ-directing daughter cell (cell q that subsequently
undergoes N/N division in Fig. 4A vs cell t becoming a neuron in Fig. 4C).
It is likely that the founding cell of the P/P division (cell p, Fig. 4A) and the
P/N division (cell s, Fig. 4C) are intrinsically different reflecting the observa-
tions that progenitor cells change their properties in a stage-dependent man-
ner (Delalle et al. 1999; Takahashi et al. 1999a; Qian et al. 2000; Takizawa
et al. 2001; Shen et al. 2006) and they generally become committed by the G2
phase (McConnell and Kaznowski 1991; Dyer et al. 2003; Miyata et al. 2004;
Poggi et al. 2005). In the cerebral wall of TIS21-GFP transgenic mice, the for-
mer type (cell p) is GFP-negative but the latter type (cell s, which may corre-
spond to cell r) is GFP-positive (Haubensak et al. 2004). The intrinsic
properties of an apical M-phase cell will limit the total amount of activity
that two daughter cells together can utilize for cell cycle progression, mainte-
nance of undifferentiated state, and/or lineage restriction. Although one
would further expect that this “activity” may also quickly determine the fate
of each daughter cell through asymmetric inheritance mechanisms, direct
evidence to support such “early determination” of the daughter cell has not
yet been provided (we have no “early” daughter cell type-specific markers).

136 Takaki Miyata



Currently available lists of molecular and behavioral similarities among
the SVZ-directing daughter cells (q and t in Fig. 4A,C) coupled with the
absence of any signs of early specification of the surface-born daughter
cells are consistent with several possibilities. All daughter cells born at the
surface likely tentatively enter G1 phase, as evidenced by the diffuse, almost
universal immunoreactivity for Ki67, a marker of cycling cells, near the
apical surface of the VZ (Chenn and Walsh 2002; Miyata et al. 2004).
Additionally, most (if not all) surface-generated daughter cells join the api-
cal junction meshwork. Finally, daughter cells q and t use common path-
ways involving Ngn2 and p27, establishing a bias towards the neuronal
lineage. Despite these similarities, the choices of “to divide only once to
generate two neurons” (cell q) or “not to divide” (cell t) do occur, probably
reflecting the stage-dependent, intrinsic properties of their progenitor cells,
p and s, respectively. At some point during G1 phase, each surface-born
daughter cell decides to become a neuron (cell t) or to divide (cells q, r, and u);
this choice may correspond to the G1/S checkpoint, as previously suggested
by Caviness group (Takahashi et al. 1999b).

These multiple possible outcomes can be best understood if a daughter
cell enters a “moratorium” period shortly after its generation. During this
moratorium, extrinsic signals are still able to alter cell fate decisions of sur-
face-born daughter cells. Two initially identical (or at least very similar)
daughter cells can follow completely different developmental pathways
after encountering different environmental cues (“extrinsically regulated”
asymmetric daughter cell output). The moratorium period therefore con-
nects the extrinsic signals to which a daughter cell is newly exposed with the
intrinsic mechanisms present in its progenitor cell. Interactions between
these extrinsic and intrinsic pathways regulate the lineage program in the
developing retina (Kim et al. 2005; Poggi et al. 2005) and cerebral wall (Sun
et al. 2005). Although current efforts to identify the possible intrinsic asym-
metry-generating mechanisms (as seen in Drosophila) need to be continued,
the role of the extrinsic mechanisms should also be examined with particu-
lar emphasis on the temporal window of the putative signals in relation to
cell cycle progression.

5
Perspective

To understand fully asymmetric daughter cell output during brain devel-
opment, we must minimize and eventually eliminate the developmental
“black box” that exists from the emergence of two compartments within a
progenitor cell body at metaphase to the selected expression of transcrip-
tion factors like the proneural bHLH factors in G1-phase daughter cells.
Continuing efforts to visualize the molecular and cellular events associ-
ated with mitosis are essential, but greater emphasis should be placed on
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analyses examining cellular interactions. Greater use of both 3D tissue
culture systems and low-density monolayer cultures retaining apical-basal
and planar polarities will greatly facilitate these studies.
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Generating Asymmetry: With and Without 
Self-Renewal

Ivana Gaziova and Krishna Moorthi Bhat

Abstract

At some point during the history of organismal evolution, unicellular, unipotent
and mitotically active cells acquired an ability to undergo a special type of cell divi-
sion called asymmetric division. By this special type of cell division, these cells
could divide to generate two different progeny or to self-renew and at the same time
generate a progeny that is committed to become a cell different from the mother
cell. This type of cell division, which forms the basis for the functioning of totipo-
tent or multipotent stem cells, underlies the fundamental basis for the developmen-
tal evolution of organisms. It is not clear if the asymmetric division without
self-renewal preceded the asymmetric division with self-renewal. It is reasonable to
assume that the asymmetric division without self-renewal preceded the asymmetric
division with self-renewal.

In this review we explore the genetic regulation of these two types of asym-
metric divisions using the Drosophila central nervous system (CNS) as a model
system. The results from recent studies argue that for cells to undergo a self-
renewing asymmetric division, certain “stem cell” proteins must be maintained or
up-regulated, while genes encoding proteins responsible for differentiation must
be repressed or down-regulated. As long as a balance between these two classes
of proteins is maintained via asymmetric segregation and activation/repression,
the progeny that receives stem cell proteins/maintains stem cell competence will
have the potential to undergo self-renewing asymmetric division. The other prog-
eny will commit to differentiate.

In non-self-renewing asymmetric division, down-regulation of stem cell pro-
teins/competence combined with asymmetric segregation of cell identity specifying
factors (either cell-autonomous or a combination of cell autonomous and non-cell
autonomous signals) cause the two progeny to assume different differentiated iden-
tities. Identification of mutations that confer a stem cell type of division to non-
stem cell precursors, or mutations that eliminate asymmetric division, has led the
way in elucidating the molecular basis for these divisions. Given that there is a con-
siderable degree of conservation of genes and their function, these studies should
provide clear insight into how the self-renewing asymmetric division of stem cells
in neural and other lineages is regulated not only in Drosophila but also in verte-
brates including humans.
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1
Introduction

A long time ago during the evolution of living beings, unipotent and mitot-
ically active cells somehow acquired the ability to undergo asymmetric divi-
sion, with and without self-renewal. Acquisition of these specialized
division capabilities changed the history of organismal evolution. These
cell divisions formed the basis for the generation of stem cells from which
multi-cellular tissues with different functions can be generated, leading to
the evolution of complex organisms such as humans.

In this review we will use the example of eukaryotic central nervous sys-
tem (CNS) to discuss how the above types of cell division, in a few found-
ing neural stem cells, generate a large number of neurons of diverse
function. In the CNS, neural progenitor stem cells undergo a series of
asymmetric cell divisions to self renew and to generate several rounds of
secondary precursors, which then undergo asymmetric division without
self-renewal to generate a large number of neurons of distinct identities.
Given that a large body of work has been done in the model organism
Drosophila, we will focus on how the two types of divisions generate the
embryonic CNS in this organism. We will discuss the recent data on these
divisions in the post-embryonic brain as well.

1.1
Asymmetric Division in Stem Cells

Asymmetric division is the most important aspect of the biology of stem
cells. Because of self-renewing asymmetric division, stem cells are able to
maintain their population throughout their lifespan. At the same time, this
type of division generates progeny that are committed to a differentiation
pathway. While differentiated cells can be reprogrammed to re-initiate
development (Campbell et al. 1996) or multi-potential cells can be induced
to differentiate into various lineages (reviewed in Hall and Watt 1989),
maintenance of a pluripotent stem cell state has been an intriguing and
long-standing problem (e.g. Bhat et al. 1988; Tanaka et al. 2002; Golan-
Mashiach et al. 2004; reviewed in Szutorisz and Dillon 2005). Questions
such as how many genes are involved in maintaining a stem cell state or
how self-renewing asymmetric division is regulated remain unanswered.

Classically, stem cells are defined as cells that 1) are pluripotential or
multi-potential (i.e., able to generate different cell types, 2) have the ability
to self-renew and at the same time generate progeny that are committed to
a differentiation pathway, and 3) divide throughout the life span. Some of
the most common stem cell lineages include cells in the immune system,
germline, skin, intestinal epithelia and brain (reviewed in Hall and Watt
1989). Embryonic cells are also considered stem cells although they do not
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exist as stem cells for the entire duration of the life cycle. With the demon-
stration that even nuclei from differentiated cells of an adult can be 
re-programmed to re-initiate development (Campbell et al. 1996; Cowan et al.
2005; reviewed in Hochedlinger and Jaenisch 2006), some modification of
the above strict definition of stem cells may be in order. In any case, the most
important function of stem cells is to generate tissues consisting of different
cell types and to have a continuous replacement of those cells. This is achieved
through self-renewing asymmetric divisions.

The maintenance of a precursor stem cell state via asymmetric division
can be viewed as a reductive process where the activities of some genes
maintain this state in one of the two cells. Once these genes are switched off
in the other progeny, that cell becomes committed to a differentiation path-
way (c.f. Bhat et al. 1988). For example, treatment of embryonal stem cells
or embryonal carcinoma cells with retinoic acid (RA) induces these cells to
differentiate into neurons, and DMSO induces them to differentiate into
muscle cells (c.f. Bhat et al. 1988). RA must be inactivating genes that
would prevent differentiation of these cells; at the same time, it must be
activating neuron-specific genes. DMSO must also be inactivating the same
genes but activating muscle-specific genes.

The other argument would be that RA is activating neuron-specific genes
and DMSO is activating muscle-specific genes, thus forcing these cells to dif-
ferentiate, and into specific lineages. However, several additional studies
lend support to the scenario where activities of certain genes maintain an
undifferentiated multi-potential state and inactivation of those genes is nec-
essary for the cells to differentiate (Littlefield and Felix, 1982; Bhat et al.
1988; Williams et al. 1988; Ying et al. 2003). For example, a Differentiation
Inhibiting Activity (DIA), also known as Leukemia Inhibitory Factor (LIF)
has been identified in the immune system. This factor appears to maintain
the undifferentiated state of embryonal stem (ES) cells (Williams et al.
1988). In the absence of this gene activity, the cells undergo terminal differ-
entiation (Williams et al. 1988). Similarly, a recent study has shown that
bone morphogenetic proteins act in combination with LIF to sustain self-
renewal and preserve a multipotential state of (ES) cells (Ying et al. 2003).

In one of our previous studies (Bhat et al. 1988) using a functional selec-
tion procedure in a mouse embryonal carcinoma cell line (P19S18), we had
cloned several chromosomal loci that get inactivated following induction of
differentiation into neurons or muscle cells. These loci contained enhancer
elements with the POU protein binding sites. Consistent with these results,
several studies have isolated POU genes that are expressed only in the
undifferentiated cells but not in differentiated cell types. For example,
oct-4 POU gene, which is expressed in pluripotent stem cells of the mouse
early embryo, is turned off when these cells begin to differentiate (Rosner
et al. 1990). In vertebrates, genes such as oct-4 and nanog (Chambers et al.
2003; Loh et al. 2006; Mitsui et al. 2003) appear to be part of the pathway
indispensable to maintaining stem cell identity/capability. Similarly, SCIP is
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expressed in the progenitors of oligodendrocytes, but it is down-regulated
when these cells are induced to differentiate (Collarini et al. 1992). These
studies reveal only so much as to what is necessary to maintain an undif-
ferentiated stem cell state. The question, however, is how does the self-
renewing asymmetric division potential of these stem cells regulated?

1.2
The Drosophila CNS as a Model to Study Asymmetric Divisions

The CNS of the Drosophila embryo provides an experimentally advanta-
geous model system to investigate the molecular basis for the asymmetric
divisions that generate the metazoan nervous system. In the Drosophila
embryo, the ventral nerve cord (VNC) consists of segmentally repeated
units called neuromeres; each is divided into two hemineuromeres. Each of
the 28 hemineuromeres has ~320 neurons and ~30 glia (Bossing et al. 1996;
Schmidt et al. 1997). This complex array of neurons in a hemineuromere is
generated by about 30 neuroblast (NBs) (in all of VNC, a total of ~10,000
neurons are generated by ~1000 NBs). These NBs are delaminated from the
neuroectoderm in successive waves (Bate 1976; Campos-Ortega and Jan
1991; Doe 1992; Bhat 1999). Once formed, each NB undergoes several
“self-renewing” asymmetric divisions to produce a chain of secondary pre-
cursor cells called ganglion mother cells or GMCs (Fig. 1). Since an NB
appears generally to change its gene expression program following each
division, strictly speaking, a NB division may not be a true self-renewal.
However, this is a self-renewing division since one of the two cells remains
as a NB with the ability to produce GMCs.

Though bipotential, a GMC does not self-renew; instead it divides
asymmetrically to generate two different post-mitotic cells: either two neu-
rons, two glial cells or a neuron and a glia (Bate 1976; Bhat and Schedl
1994; Buescher et al. 1998; Wai et al. 1999). The number of divisions
each NB undergoes in the nerve cord varies between 3 and perhaps as many
as 15. At the end of these divisions, a NB dies, becomes quiescent, or
divides symmetrically to generate two GMCs. It is not known if the quies-
cent NBs in the VNC resume division again in a post-embryonic nerve
cord. At least in the brain, quiescent NBs re-enter cell cycle. The ability of
NBs and GMCs to divide by asymmetric mitosis is crucial in generating a
large number of neurons of distinct identities from a few precursor cells.

1.3
NB4-2ÆGMC-1 ÆRP2/sib Lineage as a Model to Study
Asymmetric Division

To examine the above issue, we will utilize a typical NB lineage, NB4-
2→GMC-1→RP2/sib lineage, in the embryonic CNS. A wealth of informa-
tion is available for this lineage in terms of genetic regulation of asymmetric
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division. We will describe this lineage in detail to give a better picture of the
issues under discussion in this review. The NB4-2→GMC-1→RP2/sib line-
age is one of the well-studied neuronal lineages in the VNC of the
Drosophila embryo (Thomas et al. 1984; Bhat 1999). The NB4-2 generates
its first GMC (GMC-1) by self-renewing asymmetric division. This GMC-1
divides to generate an RP2, a motoneuron, and a sib, whose ultimate fate
is not known (Fig. 2). There are several well-established ways to distin-
guish a GMC-1, an RP2 and a sib (Doe 1992; Bhat and Schedl 1994;
Buescher et al. 1998; Bhat and Apsel 2004). First, both the nuclear division
and cytokinesis of GMC-1 is asymmetric and there is a size difference
between a GMC-1 (7.5 µ), an RP2 (~5 µ) and a sib (~3 µ); the nuclear size
of a GMC-1 is ~6.5 µ, an RP2 is 4 µ and a sib is 2.5 µ.

Second, there is a level difference in marker gene expression between an
RP2 and a sib as well as a difference in the temporal dynamics of expression
of these markers: the future RP2 cell has a stronger expression of markers
such as Even-skipped (Eve) compared to a future sib; the cell that assumes a
sib identity undergoes a size reduction and further down-regulation of expres-
sion of RP2-specific marker genes. By ~14 h of development, expression of all
those markers is completely lost from the sib. Third, there is a set of marker
genes that only a mature RP2 expresses but not the sib or the GMC-1. These
include MAP1B (Mab 22C10; Fujita et al. 1982), which allows us to visu-
alize the axon morphology (Fig. 2B–E), or Zfh-1, a transcription factor
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Fig. 1. Neuronal lineage elaboration via asymmetric divisions in the Drosophila
CNS
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Fig. 2. A The NB4-2�GMC-1→RP2/sib lineage. B Wild type embryo (~5 h old)
stained for Huckebein (Hkb). NB4-2 (arrow) and several other NBs have Hkb. C
Eve stained embryo, the GMC-1 has not yet divided in the left hemisegment where-
as in the right hemisegment it is divided into an RP2 and a sib. D Eve stained
embryo, while the RP2 maintains Eve expression, sib has lost its Eve expression. E
22C10 (MAP1B) stained embryo, the RP2 sends out its axon to the intersegmental
nerve bundle (ISN)



(Lai et al. 1991). A summary of the lineage development and marker gene
expression is given in Fig. 2A.

2
Terminal Asymmetric Division

Since no self-renewal is involved in this asymmetric division, we have
named this as terminal asymmetric division. As pointed out above, a GMC
normally undergoes a terminal asymmetric division to generate two differ-
ent neurons but it does not undergo a self-renewing asymmetric division.
Recent studies indicate that the three main players namely inscuteable
(insc), numb (nb) and Notch (N) play a crucial role in this terminal asym-
metric division (Buescher et al. 1998; Skeath and Doe 1998; Lear et al.
1999; Schuldt and Brand 1999; Wai et al. 1999; Bhat and Apsel 2004;
Yedvobnick et al. 2004). Insc and Numb are cytoplasmic proteins and both
are asymmetrically localized in a GMC in two opposing sides: Insc is apical
and Numb is basal. Notch is a membrane protein and mediates a signaling
cascade to specify a sib fate to one of the two progeny of GMC-1. The asym-
metric divisions mediated by these proteins appear to be tied to the
asymmetric localization of Insc and Numb in the precursor GMC and
their asymmetric segregation between two daughter cells during division
(Fig. 3). For instance, as summarized in Fig. 3, during the division of GMC-
1 of the RP2/sib lineage, Insc localizes to the apical end of GMC-1, which in
turn segregates Numb to the basal end. The cell that inherits Numb is spec-
ified as RP2 due to the ability of Numb to block Notch-signaling (which
specifies sib fate to a cell), whereas the cell that does not inherit Numb is
specified as sib by Notch. Thus, in insc mutants, both daughters of the
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Fig. 3. Insc, Numb, Notch in generating asymmetry. Notch protein is present on the
membrane of both daughter cells. In the cell that has Numb, the cleavage of intra-
cellular domain of N (which is the activator of downstream genes) is prevented by
Numb. For simplicity, Notch and its interaction with Numb is shown externally



GMC-1 adopt an RP2 fate whereas in numb mutants they assume a sib fate
(Buescher et al. 1998; Wai et al. 1999). Both progeny of GMC-1 adopt an
RP2 fate in N mutants (Skeath and Doe 1998; Schuldt and Brand 1999;
Yedvobnick et al. 2004).

Numb localization appears to be dependent on Insc localization. In insc
mutants, Numb is not localized (Buescher et al. 1998); in mutants that alter
the localization of Insc such as in gain of function mitimere (miti)/pdm2 or
nubbin (nub)/pdm1 (Bhat and Apsel 2004) or loss of function for slit (which
causes an up-regulation of Miti; see Mehta and Bhat 2001), Numb is also
not localized, resulting in loss of asymmetric division. While these results
show a close relationship between Insc and Numb in Numb localization, it
is not mechanistically clear how exactly Insc localizes Numb to the oppo-
site end of the cell. In specifying the RP2 fate, Numb inhibits Notch sig-
naling by mediating the endocytosis of Notch. As a result, the intracellular
domain of Notch, which is what activates downstream genes and specifies
a sib fate, is not cleaved and does not get translocated to the nucleus
(Skeath and Doe 1998; Berdnik et al. 2002; O’Connor-Giles and Skeath
2003). Thus, when Numb is absent as in numb mutants, Notch is able to
specify both cells to become sib cells.

Several cell-fate determinants are asymmetrically localized at the basal
end of a NB during mitosis and segregate into the GMC upon division (a
GMC is formed at the basal end). These include Prospero (Pros), Staufen
(Stau), Miranda (Mira), Numb, Partner of Numb (Pon) and Brain tumor
(Brat) (see Table 1). Basal localization of these proteins appears to be reg-
ulated by the apical localization of proteins such as Bazooka (Baz), Insc
and Partner-of-Inscuteable (Pins). As a result, the basally localized proteins
segregate to a GMC.

The asymmetric localization of these various proteins appears to regulate
the specification of identity and/or terminal asymmetric division of proge-
ny GMCs. These localized proteins do not regulate self-renewing asymmet-
ric division of embryonic NBs (see Table 1). For example, asymmetrically
localized Pros segregates to GMC during NB division (Knoblich et al. 1995;
Spana and Doe 1995). Loss of Pros activity does not affect NB division but
causes a loss of GMC identity (see Table 1). Similarly, although Insc is
asymmetrically localized in NB4-2, no NB division defects are observed in
insc loss of function mutants. Instead, it causes GMC to divide symmetri-
cally into two identical neurons (Buescher et al. 1998; see Table 1).

In fact, none of the proteins that have been shown to asymmetrically
localize in NB appear to regulate the self-renewing type of asymmetric divi-
sion that the NBs undergo (Table 1). It seems likely that NBs localize deter-
minants such as Pros to the basal end of the cell so that Pros is inherited by
the GMC (a sort of parent cell contribution). Pros is a transcription factor,
and becomes nuclear in a GMC and contributes to the identity specification
of that GMC (Knoblich et al. 1995). This parent cell contribution principle
may also be the case in those instances where the protein is localized but loss

150 Ivana Gaziova and Krishna Moorthi Bhat



Generating Asymmetry: With and Without Self-Renewal 151
T

ab
le

 1
.

A
 p

ar
ti

al
 li

st
 o

f
ge

ne
s 

th
at

 r
eg

ul
at

e 
as

ym
m

et
ri

c 
di

vi
si

on

L
oc

al
iz

at
io

n 
P

ro
te

in
St

ru
ct

ur
e

pa
tt

er
n

F
un

ct
io

n
M

ut
an

t 
ph

en
ot

yp
e

R
ef

er
en

ce
s

B
az

oo
ka

 
P

D
Z

-d
om

ai
n

N
B

: A
pi

ca
l 

N
B

: M
ai

nt
ai

ns
 a

pi
ca

l-
ba

sa
l 

N
B

: A
pi

ca
l l

oc
al

iz
at

io
n 

K
uc

hi
nk

e 
et

al
.1

99
8;

(B
az

;
co

rt
ex

po
la

ri
ty

,m
it

ot
ic

 s
pi

nd
le

 
of

P
ar

-6
,a

P
K

C
 a

nd
 

Sh
ob

er
 e

t
al

.1
99

9;
D

m
PA

R
-3

)
or

ie
nt

at
io

n 
an

d 
lo

ca
liz

es
 

B
az

 (
P

ar
) 

ar
e 

m
ut

ua
lly

 
W

od
ar

z 
et

al
.1

99
9;

ce
ll 

fa
te

 d
et

er
m

in
an

ts
 t

o 
de

pe
nd

en
t 

on
 e

ac
h 

ot
he

r.
R

at
h 

et
al

.2
00

2
th

e 
ba

sa
l c

or
te

x 
th

ro
ug

h 
M

ut
at

io
n 

in
 a

ny
 o

f
th

es
e

di
re

ct
in

g 
In

sc
 t

o 
th

e 
ap

ic
al

le
ad

s 
to

 f
ai

lu
re

 in
 I

ns
c 

co
rt

ex
.I

n 
M

P
2,

B
az

 
lo

ca
liz

at
io

n,
m

is
-o

ri
en

ta
tio

n
lo

ca
liz

es
 N

um
b 

in
 a

n 
In

sc
-

of
N

B
 d

iv
is

io
n 

an
d 

m
is

-
in

de
pe

nd
en

t 
m

an
ne

r.
lo

ca
liz

at
io

n 
of

ba
sa

l c
el

l 
M

ed
ia

te
s 

in
it

ia
ti

on
 a

nd
 

de
te

rm
in

an
ts

 (
Po

n/
N

um
b 

m
ai

nt
en

an
ce

 o
f

aP
K

C
,

an
d 

M
ir

a/
P

ro
s)

.
P

ar
-6

 a
t 

th
e 

ap
ic

al
 e

nd
.

D
m

PA
R

-6
P

D
Z

-d
om

ai
n

N
B

:A
pi

ca
l 

N
B

: E
st

ab
lis

he
s 

ap
ic

al
-b

as
al

 
N

B
:S

im
ila

r 
ph

en
ot

yp
e 

as
 

P
et

ro
nc

zk
i a

nd
 

co
rt

ex
po

la
ri

ty
,p

re
se

nt
 in

 B
az

/
ba

z
m

ut
an

ts
.

K
no

bl
ic

h 
20

01
P

ar
-6

/a
P

K
C

 (
PA

R
) 

co
m

pl
ex

.

aP
K

C
A

ty
pi

ca
l 

N
B

:A
pi

ca
l 

N
B

: E
st

ab
lis

he
s 

ap
ic

al
-b

as
al

N
B

:S
im

ila
r 

ph
en

ot
yp

e 
W

od
ar

z 
et

al
.2

00
0;

pr
ot

ei
n 

co
rt

ex
po

la
ri

ty
,p

re
se

nt
 in

 B
az

/
as

 b
az

m
ut

an
ts

.
B

et
sc

hi
ng

er
 e

t
al

.
ki

na
se

 C
P

ar
-6

/a
P

K
C

 (
PA

R
) 

co
m

pl
ex

;
L

ar
va

l N
B

:F
ai

lu
re

 t
o 

20
03

,2
00

5;
R

ol
ls

 
m

ig
ht

 n
ot

 b
e 

in
di

sp
en

sa
bl

e 
se

lf
-r

en
ew

.
et

al
.2

00
3;

L
ee

 e
t

al
.

fo
r 

B
az

/I
ns

c 
lo

ca
liz

at
io

n.
20

06
a

In
ac

ti
va

te
s 

L
gl

 in
 t

he
 

ap
ic

al
 c

or
te

x.

(C
on

ti
nu

ed
)



152 Ivana Gaziova and Krishna Moorthi Bhat
T

ab
le

 1
.

A
 p

ar
ti

al
 li

st
 o

f
ge

ne
s 

th
at

 r
eg

ul
at

e 
as

ym
m

et
ri

c 
di

vi
si

on
—

(C
on

t’d
)

L
oc

al
iz

at
io

n 
P

ro
te

in
St

ru
ct

ur
e

pa
tt

er
n

F
un

ct
io

n
M

ut
an

t 
ph

en
ot

yp
e

R
ef

er
en

ce
s

P
ro

m
ot

es
 N

B
 s

el
f-

re
ne

w
al

 
in

 t
he

 la
rv

al
 b

ra
in

.

D
is

cs
 la

rg
e 

M
ag

uk
 fa

m
ily

:
N

B
: C

or
te

x,
N

B
: A

nc
ho

rs
 L

gl
 a

nd
 S

cr
ib

N
B

: M
ir

a/
 P

ro
s 

an
d 

St
ew

ar
t 

et
al

.1
97

2;
(D

lg
)

P
D

Z
 d

om
ai

n,
ap

ic
al

 
at

 t
he

 c
el

l c
or

te
x.

Po
n/

N
um

b 
fa

il 
to

 fo
rm

 a
 

W
oo

dh
ou

se
 e

t
al

.
SH

3 
do

m
ai

n,
en

ri
ch

m
en

t
M

ic
ro

tu
bu

le
 d

ep
en

de
nt

 
ba

sa
l c

re
sc

en
t 

du
ri

ng
 

19
98

;O
sh

ir
o 

et
al

.
G

U
K

 d
om

ai
n

ap
ic

al
 c

or
te

x 
lo

ca
liz

at
io

n 
m

et
ap

ha
se

.
20

00
;P

en
g 

et
al

.
of

P
in

s/
G

αi
 (

PA
R

/I
ns

c 
T

he
 li

nk
ag

e 
be

tw
ee

n 
20

00
;A

lb
er

ts
on

 a
nd

 
in

de
pe

nd
en

t 
du

ri
ng

 
ap

ic
al

 p
ro

te
in

s 
an

d 
D

oe
 2

00
3;

B
ild

er
 

m
et

ap
ha

se
).

m
it

ot
ic

 s
pi

nd
le

 is
 a

ff
ec

te
d 

20
04

;S
ie

gr
is

t 
an

d 
M

it
ot

ic
 s

pi
nd

le
 a

sy
m

m
et

ry
.

(d
iv

is
io

n 
oc

cu
rs

 in
 

D
oe

 2
00

5;
L

ee
 e

t
al

.
di

ff
er

en
t 

ax
es

).
20

06
a

N
B

 g
en

er
at

es
 s

m
al

l N
B

 
an

d 
la

rg
e 

G
M

C
 (

pa
rt

ia
lly

 
pe

ne
tr

an
t)

.
L

ar
va

l N
B

:M
ut

at
io

n 
ca

us
es

 n
eo

pl
as

ti
c 

ov
er

gr
ow

th
 o

f
la

rv
al

 
br

ai
ns

.
G

M
C

:L
os

s 
of

G
M

C
 

id
en

ti
ty

 in
 t

he
 e

m
br

yo
ni

c 
C

N
S.



Generating Asymmetry: With and Without Self-Renewal 153
Sc

ri
bb

le
 

L
A

P
 f

am
ily

:
N

B
: C

or
te

x,
N

B
: D

ir
ec

ts
 M

ir
a 

to
 t

he
 

N
B

: M
ir

a/
 P

ro
s 

an
d 

Po
n/

A
lb

er
ts

on
 a

nd
 D

oe
 

(S
cr

ib
)

L
eu

ci
ne

 r
ic

h 
ap

ic
al

 
ba

sa
l c

or
te

x.
N

um
b 

fa
il 

to
 fo

rm
 a

 b
as

al
 

20
03

;B
ild

er
 2

00
4

re
pe

at
s 

(L
R

R
),

en
ri

ch
m

en
t

M
it

ot
ic

 s
pi

nd
le

 a
sy

m
m

et
ry

.
cr

es
ce

nt
 a

t 
m

et
ap

ha
se

.
P

D
Z

 d
om

ai
n

N
B

 g
en

er
at

es
 s

m
al

l N
B

 
an

d 
la

rg
e 

G
M

C
 (

pa
rt

ia
lly

 
pe

ne
tr

an
t)

.

L
et

ha
l (

2)
W

D
40

 r
ep

ea
t 

N
B

: C
or

te
x,

N
B

:R
ec

ru
it

s 
ba

sa
l 

N
B

:M
ir

a/
P

ro
s 

an
d 

Po
n/

W
oo

dh
ou

se
 e

t
al

.
gi

an
t 

la
rv

ae
 

m
ot

if
s

ap
ic

al
 

de
te

rm
in

an
ts

 v
ia

 
N

um
b 

fa
il 

to
 fo

rm
 a

 b
as

al
 

19
98

;O
sh

ir
o 

et
al

.
(L

gl
)

en
ri

ch
m

en
t

in
ac

ti
va

ti
on

 o
f

m
yo

si
n 

II
 

cr
es

ce
nt

 a
t 

m
et

ap
ha

se
.

20
00

;P
en

g 
et

al
.

in
 b

as
al

 c
or

te
x.

N
B

 g
en

er
at

es
 s

m
al

l N
B

 
20

00
;A

lb
er

ts
on

 a
nd

 
A

pi
ca

l r
es

tr
ic

ti
on

 o
f

aP
K

C
an

d 
la

rg
e 

G
M

C
 

D
oe

 2
00

3;
du

ri
ng

 t
he

 N
B

 m
et

ap
ha

se
.

(p
ar

ti
al

ly
 p

en
et

ra
nt

).
B

et
sc

hi
ng

er
 e

t
al

.
M

it
ot

ic
 s

pi
nd

le
 a

sy
m

m
et

ry
.

L
ar

va
l N

B
:M

ut
at

io
n 

20
03

,2
00

5;
20

06
;

ca
us

es
 n

eo
pl

as
ti

c 
ov

er
-

B
ild

er
 2

00
4;

gr
ow

th
 o

f
la

rv
al

 b
ra

in
s.

L
ee

 e
t

al
.2

00
6a

G
M

C
:L

os
s 

of
G

M
C

 
id

en
ti

ty
 in

 e
m

br
yo

ni
c 

C
N

S.
T

ra
ns

fo
rm

at
io

n 
in

to
 N

B
 in

 t
he

 la
rv

al
 b

ra
in

.

Ja
gu

ar
 (

Ja
r)

M
yo

si
n 

V
I

N
B

:B
as

al
 

N
B

:L
oc

al
iz

at
io

n 
of

N
B

:M
ir

a 
an

d 
it

s 
ca

rg
o 

P
et

ri
ts

ch
 e

t
al

.2
00

3
re

gi
on

 d
ur

in
g 

M
ir

an
da

 t
o 

th
e 

ba
sa

l 
pr

ot
ei

n 
P

ro
s 

do
es

 n
ot

 
m

it
os

is
,

co
rt

ex
 v

ia
 v

es
ic

le
 t

ra
ns

po
rt

 
lo

ca
liz

e 
as

ym
m

et
ri

ca
lly

.
se

gr
eg

at
es

 t
o 

m
ac

hi
ne

ry
.

G
M

C

(C
on

ti
nu

ed
)



154 Ivana Gaziova and Krishna Moorthi Bhat
T

ab
le

 1
.

A
 p

ar
ti

al
 li

st
 o

f
ge

ne
s 

th
at

 r
eg

ul
at

e 
as

ym
m

et
ri

c 
di

vi
si

on
—

(C
on

t’d
)

L
oc

al
iz

at
io

n 
P

ro
te

in
St

ru
ct

ur
e

pa
tt

er
n

F
un

ct
io

n
M

ut
an

t 
ph

en
ot

yp
e

R
ef

er
en

ce
s

Z
ip

pe
r 

(Z
ip

)
M

yo
si

n 
II

N
B

: A
pi

ca
l 

N
B

: E
lim

in
at

in
g 

M
ir

a 
an

d
N

B
: D

is
ru

pt
io

n 
of

M
ir

a/
St

ra
nd

 e
t

al
.1

99
5:

co
rt

ex
 d

ur
in

g 
it

s 
bi

nd
in

g 
pa

rt
ne

rs
 f

ro
m

 
P

ro
s 

an
d 

Po
n/

N
um

b 
P

en
g 

et
al

.2
00

0;
an

ap
ha

se
 a

nd
 

th
e 

ap
ic

al
 c

or
te

x.
lo

ca
liz

at
io

n.
B

ar
ro

s 
et

al
.2

00
3

sh
if

ts
 t

o 
th

e 
cl

ea
va

ge
 

fu
rr

ow
 d

ur
in

g 
te

lo
ph

as
e

M
ir

an
da

 
C

oi
le

d 
co

il 
N

B
:A

pi
ca

l 
N

B
:B

as
al

 lo
ca

liz
at

io
n 

an
d 

N
B

:P
ro

s,
B

ra
t 

an
d 

Ik
es

hi
m

a-
K

at
ao

ka
 

(M
ir

a)
pr

ot
ei

n
co

rt
ex

 a
nd

 
tr

an
sp

or
t 

of
P

ro
s,

B
ra

t 
St

au
fe

n 
fa

il 
to

 fo
rm

 a
 

et
al

.1
99

7;
Sh

en
 

la
te

r 
du

ri
ng

 
an

d 
St

au
fe

n 
in

to
 G

M
C

.
ba

sa
l c

re
sc

en
t.

et
al

.1
99

7;
th

e 
m

et
ap

ha
se

P
hy

si
ca

lly
 in

te
ra

ct
s 

w
it

h 
M

ut
an

t 
la

rv
al

 N
B

 c
an

 
M

at
su

za
ki

 e
t

al
.

ba
sa

l c
or

te
x;

In
sc

 a
nd

 N
um

b.
ca

us
e 

ne
op

la
st

ic
 

19
98

;S
he

n 
et

al
.

se
gr

eg
at

es
 

ov
er

gr
ow

th
 w

he
n 

19
98

;C
au

ss
in

us
 

to
 G

M
C

tr
an

sp
la

nt
ed

 in
to

 a
du

lt
 

an
d 

G
on

za
le

z 
20

05
;

ho
st

 b
ra

in
.

L
ee

 e
t

al
.2

00
6b

G
M

C
:L

os
s 

of
G

M
C

 
id

en
ti

ty
 in

 t
he

 e
m

br
yo

ni
c 

C
N

S.
T

ra
ns

fo
rm

at
io

n 
in

to
 

N
B

 in
 t

he
 la

rv
al

 b
ra

in
.



Generating Asymmetry: With and Without Self-Renewal 155
P

ro
sp

er
o 

H
om

eo
do

m
ai

n
N

B
: A

pi
ca

l 
G

M
C

: I
nd

uc
ti

on
 o

f
G

M
C

 
G

M
C

: L
os

s 
of

G
M

C
 

D
oe

 e
t

al
.1

99
1;

(P
ro

s)
tr

an
sc

ri
pt

io
n 

co
rt

ex
 a

nd
 

sp
ec

if
ic

 g
en

es
.R

eg
ul

at
es

 
id

en
ti

ty
 in

 t
he

 e
m

br
yo

ni
c 

K
no

bl
ic

h 
et

al
.1

99
5;

fa
ct

or
la

te
r 

du
ri

ng
gl

ia
l i

de
nt

it
y 

of
N

B
6-

4t
 

C
N

S.
T

ra
ns

fo
rm

at
io

n 
in

to
 

Sp
an

a 
an

d 
D

oe
 

th
e 

m
et

ap
ha

se
 

pr
og

en
y 

by
 a

ct
iv

at
in

g 
G

lia
l 

ne
ur

ob
la

st
 in

 t
he

 la
rv

al
 

19
95

;M
an

ni
ng

 a
nd

 
ba

sa
l c

or
te

x;
ce

ll 
m

is
si

ng
 (

G
C

M
).

br
ai

n.
D

oe
 1

99
9;

se
gr

eg
at

es
 t

o 
L

os
s 

of
gl

ia
l c

el
ls

 d
er

iv
ed

 
A

ki
ya

m
a-

O
da

 e
t

al
.

G
M

C
fr

om
 N

B
6-

4t
 a

nd
 o

th
er

 
20

00
;L

i a
nd

 V
ae

ss
in

 
G

M
C

:
lin

ea
ge

s.
20

00
;F

re
em

an
 a

nd
 

N
uc

le
ar

L
ar

va
l N

B
:M

ut
an

t 
la

rv
al

 
D

oe
 2

00
1;

C
au

ss
in

us
 

N
B

 c
an

 c
au

se
 n

eo
pl

as
ti

c 
an

d 
G

on
za

le
z 

20
05

;
ov

er
gr

ow
th

 w
he

n 
B

el
lo

 e
t

al
.2

00
6;

tr
an

sp
la

nt
ed

 in
to

 a
du

lt
 

B
et

sc
hi

ng
er

 e
t

al
.

ho
st

 b
ra

in
.

20
06

B
ra

in
 t

um
or

 
N

H
L

 d
om

ai
n,

N
B

:
N

B
:M

ai
nt

ai
ns

 a
pi

co
-b

as
al

 
L

ar
va

l N
B

:M
ut

at
io

n 
W

oo
dh

ou
se

 e
t

al
.

(B
ra

t)
C

3H
C

4 
ty

pe
C

yt
op

la
sm

ic
 

po
la

ri
ty

 t
hr

ou
gh

 a
pi

ca
l 

ca
us

es
 n

eo
pl

as
ti

c 
19

98
;A

ra
m

a 
et

al
.

R
IN

G
 f

in
ge

r
du

ri
ng

 p
ro

-
lo

ca
liz

at
io

n 
of

aP
K

C
.

ov
er

gr
ow

th
 o

f
la

rv
al

 
20

00
;B

el
lo

 e
t

al
.

m
et

ap
ha

se
,

G
M

C
:P

os
tt

ra
ns

cr
ip

ti
on

al
 

br
ai

ns
.

20
06

;B
et

sc
hi

ng
er

 
bu

t 
lo

ca
liz

es
 

do
w

n-
re

gu
la

ti
on

 o
f

dM
yc

 
G

M
C

:L
os

s 
of

G
M

C
 

et
al

.2
00

6;
L

ee
 e

t
al

.
to

 t
he

 b
as

al
 

in
 G

M
C

s.
id

en
ti

ty
 in

 t
he

 e
m

br
yo

ni
c 

20
06

b
co

rt
ex

 d
ur

in
g 

C
N

S.
T

ra
ns

fo
rm

at
io

n 
m

et
ap

ha
se

;
in

to
 N

B
 in

 t
he

 la
rv

al
 b

ra
in

.
se

gr
eg

at
es

  
to

 G
M

C
G

M
C

:
C

yt
op

la
sm

ic

(C
on

ti
nu

ed
)



156 Ivana Gaziova and Krishna Moorthi Bhat
T

ab
le

 1
.

A
 p

ar
ti

al
 li

st
 o

f
ge

ne
s 

th
at

 r
eg

ul
at

e 
as

ym
m

et
ri

c 
di

vi
si

on
—

(C
on

t’d
)

L
oc

al
iz

at
io

n 
P

ro
te

in
St

ru
ct

ur
e

pa
tt

er
n

F
un

ct
io

n
M

ut
an

t 
ph

en
ot

yp
e

R
ef

er
en

ce
s

St
au

fe
n

ds
R

N
A

  
N

B
: A

pi
ca

l 
N

B
: T

ra
ns

po
rt

 o
f

pr
os

N
B

/G
M

C
: i

ts
 f

un
ct

io
n 

B
ro

ad
us

 a
nd

 D
oe

 
(S

ta
u)

B
in

di
ng

co
rt

ex
R

N
A

 f
ro

m
 N

B
 t

o 
G

M
C

.
ap

pe
ar

s 
to

 b
e 

re
du

nd
an

t.
19

97
;L

i e
t

al
.1

99
7;

pr
ot

ei
n

an
d 

la
te

r 
B

ro
ad

us
 e

t
al

.1
99

8
du

ri
ng

 t
he

 
m

et
ap

ha
se

 
ba

sa
l c

or
te

x;
se

gr
eg

at
es

 t
o 

G
M

C

N
um

b
P

T
B

 d
om

ai
n 

N
B

:C
or

te
x 

G
M

C
:I

nh
ib

it
s 

th
e 

N
ot

ch
 

G
M

C
:L

os
s 

of
as

ym
m

et
ri

c 
K

no
bl

ic
h 

et
al

.1
99

5;
an

d 
du

ri
ng

 
pa

th
w

ay
 in

 N
um

b 
di

vi
si

on
 (

e.
g.

,G
M

C
-1

 
G

uo
 e

t
al

.1
99

6;
m

it
os

is
 b

as
al

 
in

he
ri

ti
ng

 d
au

gh
te

r 
ce

lls
.

di
vi

de
s 

in
to

 s
ib

/s
ib

 in
st

ea
d 

Sp
an

a 
an

d 
D

oe
 

co
rt

ex
;

of
R

P
/s

ib
).

19
96

;B
ue

sc
he

r 
et

al
.

se
gr

eg
at

es
 t

o 
N

B
:M

ut
an

t 
la

rv
al

 N
B

 
19

98
;S

ke
at

h 
an

d 
G

M
C

ca
n 

ca
us

e 
ne

op
la

st
ic

 
D

oe
 1

99
8;

B
ha

le
ra

o 
G

M
C

:D
ur

in
g 

ov
er

gr
ow

th
 w

he
n 

et
al

.2
00

5;
m

it
os

is
 b

as
al

 
tr

an
sp

la
nt

ed
 in

to
 a

du
lt

 
C

au
ss

in
us

 a
nd

 
co

rt
ex

;
ho

st
 b

ra
in

.
G

on
za

le
z 

20
05

se
gr

eg
at

es
 t

o 
on

e 
of

th
e 

si
bl

in
g 

ce
lls

P
ar

tn
er

 o
f

C
oi

le
d 

co
il 

N
B

:C
or

te
x 

G
M

C
:E

ff
ic

ie
nt

 N
um

b 
G

M
C

:L
os

s 
of

L
u 

et
al

.1
99

8,
19

99
N

um
b 

pr
ot

ei
n

an
d 

du
ri

ng
 

lo
ca

liz
at

io
n.

as
ym

m
et

ri
c 

di
vi

si
on

.
(P

on
)

m
it

os
is

 b
as

al
 

co
rt

ex
 s

eg
re

-
ga

te
s 

to
 G

M
C



Generating Asymmetry: With and Without Self-Renewal 157
In

sc
ut

ea
bl

e 
SH

3 
bi

nd
in

g
N

B
:A

pi
ca

l 
N

B
: S

pi
nd

le
 o

ri
en

ta
ti

on
 

N
B

: L
oc

al
iz

at
io

n 
of

K
ra

ut
 e

t
al

.1
99

6;
(I

ns
c)

do
m

ai
n,

co
rt

ex
du

ri
ng

 N
B

 d
iv

is
io

n.
bo

th
,a

pi
ca

l a
nd

 b
as

al
 

L
i e

t
al

.1
99

7;
an

ky
ri

n
G

M
C

:
A

sy
m

m
et

ri
c 

lo
ca

liz
at

io
n 

de
te

rm
in

an
ts

 is
 d

is
ru

pt
ed

.
B

ue
sc

he
r 

et
al

.1
99

8;
re

pe
at

s,
cy

to
-

C
or

te
x 

an
d 

of
M

ir
a/

P
ro

s 
an

d 
Po

n/
D

iv
id

es
 in

 r
an

do
m

 
Sc

ha
ef

er
 e

t
al

.2
00

0;
sk

el
et

al
du

ri
ng

 
N

um
b,

B
az

 a
nd

 P
in

s 
or

ie
nt

at
io

n,
bu

t 
th

e 
K

no
bl

ic
h 

et
al

.1
99

9;
at

ta
ch

m
en

t
m

it
os

is
 a

pi
ca

l 
du

ri
ng

 t
he

 m
it

os
is

.
as

ym
m

et
ri

c 
di

vi
si

on
 is

 
B

ha
t 

an
d 

A
ps

el
 2

00
4

do
m

ai
n

co
rt

ex
G

M
C

: N
um

b 
lo

ca
liz

at
io

n.
no

t 
af

fe
ct

ed
.

G
M

C
:L

os
s 

of
as

ym
m

et
ri

c
di

vi
si

on
 (

e.
g.

,G
M

C
-1

 
di

vi
de

s 
to

 R
P

2/
R

P
2 

in
st

ea
d 

of
R

P
/s

ib
).

P
ar

tn
er

 o
f

G
oL

oc
o 

N
B

:A
pi

ca
l 

N
B

:M
ai

nt
en

an
ce

 o
f

In
sc

 
N

B
:A

ff
ec

ts
 m

it
ot

ic
 s

pi
nd

le
P

ar
m

en
ti

er
 e

t
al

.
In

sc
ut

ea
bl

e 
do

m
ai

n,
T

P
R

 
co

rt
ex

lo
ca

liz
at

io
n 

or
ie

nt
at

io
n,

da
ug

ht
er

 c
el

l 
20

00
;S

ch
ae

fe
r 

et
al

.
(P

in
s)

re
pe

at
s

(i
nt

er
de

pe
nd

en
t)

.
si

ze
 a

sy
m

m
et

ry
 (

lo
w

 p
en

e-
20

00
,2

00
1;

Y
u 

et
al

.
O

ri
en

ta
ti

on
 o

f
N

B
 d

iv
is

io
n.

tr
an

ce
) 

an
d 

In
sc

 a
nd

 G
αi

20
00

,2
00

5;
C

ai
 e

t
al

.
A

pi
ca

l r
es

tr
ic

ti
on

 o
f

aP
K

C
 

lo
ca

liz
at

io
n.

20
03

;C
au

ss
in

us
 a

nd
 

du
ri

ng
 N

B
 m

et
ap

ha
se

.
L

ar
va

l N
B

:F
ai

lu
re

 t
o 

se
lf

G
on

za
le

z 
20

05
;

A
sy

m
m

et
ri

c 
sp

in
dl

e 
re

ne
w

;N
B

 d
iv

id
e 

in
 r

an
-

Si
eg

ri
st

 a
nd

 D
oe

 
ge

om
et

ry
 a

nd
 u

ne
qu

al
 c

el
l 

do
m

 o
ri

en
ta

ti
on

.M
ut

an
t 

20
05

;L
ee

 e
t

al
.2

00
6a

si
ze

 d
iv

is
io

n 
(a

ct
iv

at
es

 G
βγ

la
rv

al
 N

B
 c

an
 c

au
se

 
th

ro
ug

h 
bi

nd
in

g 
to

 G
αi

).
ne

op
la

st
ic

 o
ve

rg
ro

w
th

 
w

he
n 

tr
an

sp
la

nt
ed

 in
to

 
ad

ul
t 

ho
st

 b
ra

in
.D

ef
ec

tiv
e 

sp
in

dl
e 

or
ie

nt
at

io
n.

m
ito

tic
M

od
er

at
e 

m
is

-l
oc

al
iz

at
io

n
of

ba
sa

l d
et

er
m

in
an

ts
.

G
M

C
:R

P
2 

du
pl

ic
at

io
n 

in
 

N
B

4-
2 

lin
ea

ge
.

(C
on

ti
nu

ed
)



158 Ivana Gaziova and Krishna Moorthi Bhat
T

ab
le

 1
.

A
 p

ar
ti

al
 li

st
 o

f
ge

ne
s 

th
at

 r
eg

ul
at

e 
as

ym
m

et
ri

c 
di

vi
si

on
—

(C
on

t’d
)

L
oc

al
iz

at
io

n 
P

ro
te

in
St

ru
ct

ur
e

pa
tt

er
n

F
un

ct
io

n
M

ut
an

t 
ph

en
ot

yp
e

R
ef

er
en

ce
s

G
αi

G
α

su
bu

ni
t 

of
N

B
: A

pi
ca

l 
N

B
: I

n 
co

m
pl

ex
 w

it
h 

P
in

s 
N

B
: A

ff
ec

ts
 m

it
ot

ic
 s

pi
nd

le
 

P
ar

m
en

ti
er

 e
t

al
.

he
te

ro
tr

im
er

ic
 

co
rt

ex
A

sy
m

m
et

ri
c 

sp
in

dl
e 

or
ie

nt
at

io
n,

da
ug

ht
er

 c
el

l 
20

00
;S

ch
ae

fe
r 

et
al

.
G

-p
ro

te
in

ge
om

et
ry

 a
nd

 u
ne

qu
al

 c
el

l 
si

ze
 a

sy
m

m
et

ry
 (

lo
w

 
20

00
;C

ai
 e

t
al

.2
00

3;
si

ze
 d

iv
is

io
n.

fr
eq

ue
nc

y)
 a

nd
 lo

ca
li-

Y
u 

et
al

.2
00

3;
za

ti
on

 o
f

P
in

s 
an

d 
In

sc
.

Si
eg

ri
st

 a
nd

 D
oe

 
A

 p
in

s-
lik

e 
ph

en
ot

yp
e.

20
05

;W
an

g 
et

al
.

G
M

C
:R

P
2 

du
pl

ic
at

io
n.

20
05

G
β1

3F
G

β
su

bu
ni

t 
of

N
B

:C
or

te
x

N
B

:R
eg

ul
at

io
n 

of
ce

ll 
N

B
:A

ff
ec

ts
 t

he
 s

ta
bi

lit
y 

Sc
ha

ef
er

 e
t

al
.2

00
1;

he
te

ro
tr

im
er

ic
 

si
ze

 a
sy

m
m

et
ry

.
an

d/
or

 lo
ca

liz
at

io
n 

of
F

us
e 

et
al

.2
00

3;
G

-p
ro

te
in

ap
ic

al
 c

om
po

ne
nt

s 
su

ch
 

Y
u 

et
al

.2
00

3;
as

 P
in

s/
G

αi
 (

st
ro

ng
 e

ff
ec

t)
 

Iz
um

i e
t

al
.2

00
4;

an
d 

B
az

/a
P

K
C

/I
ns

c 
W

an
g 

et
al

.2
00

5
(v

er
y 

w
ea

k 
ef

fe
ct

).

R
eg

ul
at

es
 g

en
er

at
io

n 
of

da
ug

ht
er

 c
el

ls
 o

f
th

e 
sa

m
e 

si
ze

 (
sy

m
m

et
ri

c 
sp

in
dl

e 
fo

rm
at

io
n)

,f
ro

m
 w

hi
ch

 
on

e 
ad

op
ts

 N
B

 f
at

e 
an

d 
th

e 
ot

he
r 

G
M

C
 f

at
e 

(f
re

qu
en

t 
ph

en
ot

yp
e)

.



Generating Asymmetry: With and Without Self-Renewal 159
G

γ1
G

γ
su

bu
ni

t 
of

N
B

: C
or

te
x

N
B

: R
eg

ul
at

io
n 

of
ce

ll 
si

ze
 

N
B

: G
β1

3F
 f

ai
ls

 t
o 

F
us

e 
et

al
.2

00
3;

he
te

ro
tr

im
er

ic
 

as
ym

m
et

ry
 t

hr
ou

gh
 

lo
ca

liz
e 

to
 t

he
 c

or
te

x;
Iz

um
i e

t
al

.2
00

4
G

-p
ro

te
in

.
lo

ca
liz

at
io

n 
of

G
β1

3F
 t

o 
le

ad
s 

to
 G

b1
3F

-l
ik

e 
th

e 
co

rt
ex

.
ph

en
ot

yp
e.

L
oc

om
ot

io
n 

T
P

R
 r

ep
ea

ts
,

N
B

: A
pi

ca
l 

N
B

: R
eg

ul
at

io
n 

of
sp

in
dl

e 
pi

ns
an

d 
G

ai
lik

e 
G

ra
nd

er
at

h 
et

al
.

de
fe

ct
s 

G
oL

oc
o 

co
rt

ex
or

ie
nt

at
io

n 
an

d 
ce

ll 
si

ze
 

ph
en

ot
yp

e.
19

99
;Y

u 
et

al
.2

00
5

(L
oc

o)
do

m
ai

n,
R

G
S 

as
ym

m
et

ry
 t

hr
ou

gh
 

do
m

ai
n.

di
ss

oc
ia

ti
on

 o
f

G
αi

-G
D

P
 

fr
om

 G
βγ

co
m

pl
ex

.G
D

I 
an

d 
G

A
P

 a
ct

iv
it

y.

T
he

 p
en

et
ra

nc
e 

of
th

e 
de

fe
ct

s 
in

 m
ut

an
ts

 fo
r 

va
ri

ou
s 

ge
ne

s 
ap

pe
ar

s 
to

 v
ar

y 
fr

om
 2

%
~1

00
%

.W
e 

ha
ve

 n
ot

 d
is

cu
ss

ed
 t

he
 c

el
l-

si
ze

 a
sy

m
m

et
ry

 in
th

is
 r

ev
ie

w
 s

in
ce

 m
ut

at
io

ns
 t

ha
t 

di
sr

up
t 

ce
ll-

si
ze

 a
sy

m
m

et
ry

 d
o 

no
t 

ne
ce

ss
ar

il y
 a

ff
ec

t 
th

e 
as

ym
m

et
ri

c 
di

vi
si

on
.P

T
B

 d
om

ai
n,

th
e 

ph
os

ph
ot

y-
ro

si
ne

 b
in

di
ng

 d
om

ai
n;

T
P

R
,t

he
 t

et
ra

tr
ic

o 
pe

pt
id

e 
re

pe
at

;R
G

S,
th

e 
re

gu
la

to
r 

of
G

 p
ro

te
in

 s
ig

na
lin

g;
G

D
I,

gu
an

in
e 

nu
cl

eo
ti

de
 d

is
so

ci
a t

io
n

in
hi

bi
to

r;
G

A
P,

G
T

P
as

e 
ac

ti
va

ti
ng

 p
ro

te
in



of function has no effect on parental cell division. This possibility is
strengthened by the fact that these cell fate proteins are localized to the basal
end, which will become a GMC when the NB divides.

3
Self-Renewing Asymmetric Division

Self-renewing asymmetric cell division provides a mechanism for generating
a diverse array of cell types from a common mother cell. In the Drosophila
CNS, the NBs divide asymmetrically along the apical-basal axis, giving rise
to a smaller basally located GMC and a larger apically located NB. While
no mutations that affect the self-renewing division of embryonic NBs
have been described as yet, we will discuss below the apico-basal polarity of
NBs as revealed by the apico-basal localization of several proteins.

3.1
Formation of Polarity in Embryonic NBs

The apico-basal polarity of NBs, in some sense, is already determined at
the neuroepithelial stage. This polarity of epithelial cells is established by
evolutionarily conserved PAR protein complex consisting of Bazooka
(Baz) (homolog of C. elegans Par-3), Par-6 and atypical protein kinase C
(aPKC). Baz is required for the apical localization of Par-6 and aPKC and
vice versa. During the delamination process, a NB forms an apical stalk,
which maintains the contact with surrounding epithelial cells. During this
time Insc binds to the PAR protein complex via direct interaction with Baz,
leading to the asymmetric localization of Insc. During mitosis, Insc recruits
Pins (Partner of Insc) and Gαi (heterotrimeric G-protein αi subunit) fac-
tors and their localization becomes interdependent as well. The main role
of Pins/Gαi complex is in mitotic spindle orientation and generation of
cell size asymmetry during neuroblast division, while the primary role of
PAR complex is to specify properly the basal cortex localization of cell fate
determinants to ensure their segregation into GMC. However, the function
of these two pathways in this process is partially redundant, since double
mutants between members of the two pathways causes more severe defects
in both localization of basal determinants and spindle orientation com-
pared to single mutants. The results discussed above indicate that Insc
connects both these pathways.

The PAR protein complex restricts the basal localization of two adaptor
proteins Miranda (Mira) and Partner of Numb (PON) through cortically
localized tumor suppressors Lethal giant larvae (Lgl), Discs large (Dlg),
and Scribble (Scrib). Lgl appears to be the direct phosphorylation target of
atypical protein kinase C (aPKC). An inactive phosphorylated form of Lgl
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can no longer inactivate Myosin II, which excludes the cell fate determi-
nants from apical cortex. It seems most likely that Dlg localizes Lgl and
Srib to the cell cortex. Scrib affects Mira localization as well, but the
mechanism by which this is achieved is not yet clear.

Two adaptor proteins, namely Pon and Mira, then recruit other cell fate
determinant proteins that specify the identity of the daughter GMC. Pon is
a binding protein for Numb. Mira is a binding partner for Prospero (Pros),
Brat tumor protein (Brat) and Staufen. Staufen is an RNA binding protein
and binds pros mRNA. Loss of function for both Pros and Brat affect
GMC identity but not the asymmetric division of NBs. It is not clear
if these proteins are required for the asymmetric division of GMCs since it
requires a temperature sensitive mutant in these genes or supplying the gene
product only during the identity specification. Following NB division to
generate a GMC, Pros gets translocated to the nucleus in GMC and
presumably activates GMC-specific genes; whether Pros also inactivates
NB-specific genes in GMCs is not clear since the crucial experiment where
expression of a nuclear form of Pros in NB and determining if this alters
the behavior of NB has not been done. Brat, however, remains in the cyto-
plasm of GMC following NB division where it participates in the specifi-
cation of GMC identity. One possibility is that it down-regulates Myc and
thereby inhibits protein synthesis and cell growth. Please refer to Table 1 for
more details and specific references.

The above studies make it clear that many cell-fate determinants that are
asymmetrically localized to the cortex and basal ends of NB in a crescent
shaped manner have been studied exhaustively. However, the asymmetric
localization of these proteins in NBs appear to be primarily for the purpose
of their asymmetric segregation into one of their two daughter cells (i.e.,
GMC) thereby leading to distinct identities between the siblings (Buescher
et al. 1998; Skeath and Doe 1998; Bhat and Apsel 2004). The major ques-
tions, therefore, are what about the self-renewing asymmetric division in
NBs? And which genes regulate NB divisions? Two important practical
issues make it difficult to study the self-renewing asymmetric division of
NBs. First, none of the proteins that have been shown to asymmetrically
localize in NB appear to regulate the self-renewing type of asymmetric divi-
sion of embryonic NBs (Table 1). Loss of function for mutations in these
genes does not affect the self-renewing asymmetric division. Second, muta-
tions that affect the self-renewing asymmetric division of NBs have not
been identified thus far despite having an exhaustive collection of mutants
and use of forward genetics in Drosophila. Since Drosophila is a powerful
system for forward genetics, the very lack of identification of mutations
that affect NB division pattern has been a serious drawback in studying this
interesting problem using NBs.

It seems most likely that NB divisions are under the control of mater-
nally deposited products, at least the initial few divisions. In such instances,
traditional genetic screens will not identify genes that regulate self-renewing
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asymmetric divisions in NBs. It is possible that the subsequent NB divisions
are indeed under the control of zygotic gene products, where the traditional
screens should identify these genes. However, it is not easy to score defects
in the self-renewing asymmetric divisions of NBs after the initial one or
two divisions, mainly due to absence of proper markers/tools to score.
Thus, we may have missed zygotic mutations that affect the self-renewing
asymmetric division.

The question is how can we identify mutants that affect the self-renewing
asymmetric divisions of NB? The best way to address this is by isolating
temperature-sensitive (ts) mutants; these mutants will eliminate the prob-
lem of maternal contribution thereby allowing one to ascertain the defects
of initial NB divisions. However, isolating ts mutants is a tremendous
amount of work and therefore this approach is not yet practical. The
maternal and zygotic expression of RNA in RNA-interference method
(RNAi) may be one way to test if loss of function for a specific gene can
cause an abnormal NB division pattern. However, this strategy presents
two-fold problems. One, it cannot be used as a forward genetic screen to
identify genes (which is the most efficient and unbiased method of gene
discovery), and two, results from RNAi can never be fully relied upon
unless the results are backed up by true loss of function mutants (if one has
those, the need for RNAi does not arise).

Another reason for the failure to identify any mutants that affect NB
division pattern might be that the genes that regulate asymmetric division
of NBs are functionally redundant. In this scenario, only a gain of function
screen can help identify genes that mediate self-renewing asymmetric
divisions (see section on MP2 lineage below).

In order to explore the regulation of self-renewing asymmetric division, we
reasoned that GMCs have the potential to undergo self-renewing asymmetric
divisions, but this potential is suppressed by the activity of some proteins.
A loss of function for such suppressors of stem cell self-renewing asymmetric
divisions would cause GMCs to undergo self-renewing stem cell type of divi-
sion instead of terminal asymmetric division. Moreover, maternally deposited
products often run out by the time GMCs start to divide and their function is
taken over by the zygotic genes. A mutation in such a gene will cause a GMC
phenotype. Thus, our idea is to identify such proteins in genetically and
phenotypically amenable cells such as GMCs and try to understand how stem
cells undergo a self-renewing type of asymmetric division.

3.2
Mitimere and Nubbin Regulate Self-Renewing 
Asymmetric Divisions

Recent studies on two POU genes provide some mechanistic insight into
the problem of self-renewing asymmetric division (Bhat and Apsel 2004). It
has been shown that the two POU proteins, Nubbin (Nub; also known as
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Pdm1) and Mitimere (Miti; also known as Pdm2), are required for the spec-
ification of identity of GMC-1 of the RP2/sib lineage (Yang et al 1993;
Bhat and Schedl 1994; Bhat et al. 1995; Yeo et al. 1995). Previous work
from our laboratory has shown that these two proteins are down-regulated
prior to the division of GMC-1 (Bhat and Schedl 1994; Bhat et al. 1995).
Consistent with this, a brief ectopic expression of these proteins at high
levels prior to GMC-1 division predominantly results in a symmetrical divi-
sion of GMC-1 to generate two GMC-1s, each of which subsequently
divide to generate an RP2 and a sib (Fig. 3; Yang et al 1993; Bhat et al.
1995). These results argue that a down regulation of these two POU
proteins is necessary for the GMC-1 to exit from cell cycle and to undergo
a terminal asymmetric division.

In line with the hypothesis that certain genes are needed to be down
regulated for pluripotent cells to commit to a differentiation pathway, over-
expression of miti/nub in GMC-1 at high levels for a prolonged period of
time results predominantly in multiple self-renewals of GMC-1. Each
of these divisions, however, also generates either an RP2 or a sib (Bhat and
Apsel 2004). Thus, the GMC undergoes a self-renewing asymmetric divi-
sion and behaving like a stem cell with the prolonged presence of the POU
proteins (Fig. 4) (see Bhat and Apsel 2004 for more details).

The question is how does Miti/Nub confer self-renewing potential to a
GMC? The self-renewing asymmetric division in these embryos appears to
be due to a failure in the down regulation of Cyclin E (Cyc E) in late GMC-1
and its unequal distribution between two daughter cells (Bhat and Apsel
2004). An overexpression of Cyc E in GMC-1 also causes GMC-1 to
undergo a similar type of self-renewing asymmetric division. Moreover,
loss of function for archipelago (ago), which down regulates Cyc E via the
degradation of the protein, causes a late GMC-1 to accumulate high levels
of Cyc E and its unequal distribution between two daughter cells. This also
causes self-renewing asymmetric division of GMC-1 (Bhat and Apsel
2004). When one of the daughter cells of a GMC acquires high levels of
Cyc E, it behaves as a GMC with the ability to divide again, while the other
differentiates into a neuron. These results provide insight into how cells can
undergo a stem cell type of asymmetric division and maintain their
multipotency.

A further question is what is the mechanism by which the identity of the
committed cell specified? The clue to the above question also comes from
our recent study (Bhat and Apsel 2004) and is summarized in Fig. 5. In miti
or nub gain of function embryos, the differentiating progeny can be either
an RP2 or a sib when a GMC-1 undergoes a self-renewing asymmetric divi-
sion. This appears to be related to the localization of Insc and Numb in
GMC-1. For example, Insc was found to be non-asymmetric in GMC-1 of
embryos over-expressing miti/nub, and this effect on Insc distribution was
partially penetrant (Bhat and Apsel 2004). What does the above result indi-
cate? In a wild type GMC, Insc is localized to the apical end and Numb is
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localized to the basal end. Thus, only one cell gets Numb which then pre-
vents Notch signaling from specifying sib fate to the cell; instead, it would
adopt an RP2 fate. Whenever the localization of Insc is affected, the locali-
zation of Numb is also affected. This would cause both the progeny of
GMC-1 inheriting Numb and adopting an RP2 fate. Thus, in those GMC-
1s where the Insc localization is non-asymmetric, both the progeny have
Numb. The progeny that has higher levels of Cyc E (due to the asymmetric
segregation of Cyc E), however, stays as GMC-1; the cell with lower levels
of Cyc E but has Numb becomes an RP2 (Fig. 5A).

In those GMC-1s where the localization of Insc is not affected, Numb
segregates asymmetrically. Thus, the progeny that has low levels of Cyc E
and does not inherit Numb will become a sib. The other cell that has high
levels of Cyc E will stay as GMC-1 (Fig. 5B). These results, therefore,
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Fig. 4. A–I The GMC-1 adopts a reiterating division pattern in embryos over-
expressing miti (mitiGOF). Embryos are stained for Eve. C, E, G, I The line drawings
are interpretations of the data. C Pattern in A and B. E Pattern in D. G Pattern
in F. I Pattern in H. The boxed area of each line drawing indicates the cells observed
in the corresponding panels. Scale bar, ~7.5 µ. A and B: wild type. The GMC-1 has
terminally divided to generate a smaller sib and a larger RP2 (A); no additional
cells are formed in this lineage in later stages (B). D and F: hs-miti transgenic
embryo (miti transgene is under the control of heat inducible heat shock 70 gene
promoter) where the gene was induced at 6.45 h of development for 20 min. In 7.5 h,
the GMC-1 appears to have self-renewed (larger of the two) and generated an RP2
(D). By 8.5 h, the GMC-1 appears to be dividing to generate a sib; a larger cell, pre-
sumably an RP2, has already been generated (F). H mitiP embryo where a multi-cell
cluster of several smaller cells and one large cell is shown. Note that this (or any)
multi-cell cluster in a mitiP embryo is contributed either by a single GMC-1 or by
two GMC-1s formed by the occasional (and most likely the first) symmetrical divi-
sion of GMC-1



provide a mechanism by which self-renewing asymmetric divisions of pre-
cursor/stem cells can be achieved. They also provide a mechanism for how
the identity of the committed cells can be specified.

The above two outcomes have striking similarity to how totipotent stem
cells of the immune system can generate a stem cell of the myeloid lineage,
a stem cell of the lymphoid lineage (Fig. 6), or a differentiating progeny.
For example, the stem cells of the myeloid or lymphoid lineages behave like
the GMC-1 in embryos over-expressing miti or nub. These stem cells will
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Fig. 5. A,B Self-renewing asym-
metric divisions of GMC-1 that
generate either an RP2 (A) or a sib
(B). Asymmetric segregation of
Cyc E to one of two cells maintain
the cell within cell-cycle; If the
determinants such as Insc and
Numb are non-asymmetric, then
an RP2 is generated (A) and if
they are asymmetric, a sib is
generated (B)

Fig. 6. Lineage elaboration in the vertebrate immune system. The totipotent stem
cell self-renews but can generate either a lymphoid stem cell or a myeloid stem cell



self-renew and at the same time they will also generate progeny that are
committed to different cell types. A mechanism similar to the one that causes
a GMC-1 to self-renew and at the same time to generate either an RP2 or
a sib can also operate in these stem cells of the immune system. This is con-
sistent with the idea that during evolution, a pre-existing mechanism is likely
to be utilized again to regulate similar processes rather than inventing a new
mechanism each time.

Thus, the following scenario emerges: for cells to undergo a stem cell
type of self-renewing asymmetric division, certain proteins are required
to be up-regulated while others are to be down-regulated. As long as this
balance is maintained, a cell will behave as a stem cell and divide by
self-renewing asymmetric division. A change in this balance will lead to
differentiation.

3.3
Cyclin E in NB Division

Additional evidence for the involvement of Cyc E in asymmetric division
comes from studies in a neuroblast, NB6-4. NB6-4 generates segment-specific
lineages (Akiyama-Oda et al. 1999). That is, in the thoracic segments,
NB6-4 (NB6-4t) divides asymmetrically to produce four to six interneu-
rons and three glial cells; in the abdominal segments, NB6-4a divides
terminally and symmetrically to produce two glial cells. Cyc E appears
to be sufficient to initiate the asymmetric division of this NB as well as to
specify the fate of the thoracic NB6-4 progeny (Berger et al. 2005). During
the first asymmetric division of NB6-4t the cell fate determinant Pros seg-
regates exclusively to the glial precursor cell, where it initiates the tran-
scription of glial cell missing (gcm), a glial cell fate determinant. However,
in zygotic cycE mutants this asymmetry is disrupted and both progeny
inherit Pros. As a result, a homeotic transformation of NB6-4t to NB6-4a
occurs with only two Pros positive glial cells forming (Berger et al. 2005).
Consistent with this, ectopic expression of cycE can cause the opposite
transformation. A similar effect of Cyc E was observed in other lineages
such as NB1-1 and NB5-4; both produce segment specific progeny (Berger
et al. 2005).

Furthermore, as was observed in the GMC-1→Rp2/sib lineage (Bhat
and Apsel 2004), expression of Cyc E was found to be asymmetrically
maintained in the neuronal precursors of NB6-4t lineage and also in 
NB6-4t itself prior to its first division (Berger et al. 2005). This asymme-
try function of Cyc E seems to be distinct from several other cell cycle
regulators such as string, dacapo, dE2F or cycA since mutants for these
genes do not exhibit any cell fate transformations within the NB6-4
lineage.
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4
Embryonic Neuronal Lineages that Require 
Close Examination to Gain Further Insight into
Asymmetric Division

4.1
MP2ÆdMP2/vMP2 Lineage

MP2 is a very unique NB (Fig. 7). It is formed as an NB under the control
of proneural and neurogenic genes, specified by segmentation genes (Doe
1992; Bossing et al. 1996) (therefore it is not a GMC). However, it divides
asymmetrically only once like a GMC into a dMP2 and a vMP2 (Fig. 7).
This division is terminal. Why this NB does not undergo self-renewing
asymmetric divisions like other NBs is not understood.

Given the above properties of MP2, it would be a perfect system to
understand the genes that make a NB a stem cell – these genes must be
repressed in MP2. Any loss of function mutation that converts an MP2 into
a self-renewing asymmetrically dividing cell will be in a gene that represses
these genes. One can then go from there to identify stem cell specific genes.

One of the best ways we can use this lineage to identify genes that reg-
ulate self-renewing asymmetric division is an Enhancer-Promoter (EP)
screen. What is an EP screen? It is a gain of function screen. Gain-of-
function mutations can be extremely useful to understand gene function
and identify other genes in the pathway. Normally, gain-of function
mutants have been isolated as those that are recognized by dominant phe-
notypes e.g. homeotic mutations in Drosophila (Lewis 1978) or as rare
induced mutations that alter or increase gene activity (e.g. the sevenmaker
allele of rolled; Brunner et al. 1994). Forced expression of genes has also
been generated for specific genes (e.g. expression of miti or nub, see
previous sections), or expression cloning of genes involved in embryonic
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Fig. 7. The MP2�vMP2/dMP2 line-
age. Ac, Achaete, nPros, nuclear
Prospero, Odd, Odd-skipped, AJ96, an
MP2-specific enhancer-trap line



patterning in Xenopus (Smith and Harland 1992) and conversion of
fibroblasts to myoblasts by ectopic expression of MyoD (Davis et al.
1987). Moreover, it has been estimated that over two-thirds of all
Drosophila, C. elegans and yeast genes show no obvious loss-of-function
phenotypes when mutated (Sulston et al. 1992; Dujon et al. 1994), and
this is most likely due to functional redundancy. Over-expression of genes
can be used to identify such functionally redundant genes and determine
their function.

The gain of function EP-screen is based on a combination of principles
of P-element hopping, insertional mutagenesis and UASxGAL4 yeast
expression system (Brand and Perrimon 1993; Rorth 1996; Rorth et al.
1998). The system is designed to allow conditional expression of genes that
are randomly tagged by insertion of a ‘target’ P-element. The target P-element
carries UAS (Upstream Activation Sequence; binding site for a yeast tran-
scriptional activator GAL4) and a basal promoter oriented to direct
expression of genomic sequences adjacent to the P-element insertion site.
When combined with a source of GAL4, the P-element will direct expres-
sion of any gene that happens to lie next to its insertion site.

One can use an MP2-specific GAL4 driver [e.g. Achaete (Ac)-GAL4] to
express various genes from the EP insertion lines. The Ac promoter is
active in MP2 (and a small number of other lineages). These embryos can
then be stained for MP2-lineage specific markers. Those lines where MP2
generates many more vMP2 and/or dMP2 will be the putative asymmetric
division genes.

4.2
NB7-3 Lineage

The reason to study the NB7-3 lineage, however, arises from a related but
different perspective. This NB lineage is special compared to any of the
other NB lineages in the Drosophila CNS (Fig. 8). It generates only four
neurons (Bossing et al. 1996) and all of them can be identified by their char-
acteristic position, expression of marker genes and/or their neurotransmit-
ter phenotype (see Fig. 8; Higashijima et al. 1996; Dittrich et al. 1997;
Lundell and Hirsh 1998). As shown in Fig. 8, it generates only three GMCs.
From two different GMCs, two identical serotonergic neurons (EW1 and
EW2) are generated. NB7-3 also generates one motor neuron (GW) and one
corazoninergic neuron (which produces the neuropeptide Corazonin)
(Bossing et al. 1996; Higashijima et al. 1996; Dittrich et al. 1997; Lundell
and Hirsh 1998). Two sibling cells are thought to undergo cell death in this
lineage (Fig. 8). The fact that this NB generates two serotonergic neurons
from two consecutive GMCs allow us to view its division pattern as closer
to a stricter pattern of stem cell division. Mutations that affect the lineage
elaboration of this NB will be, therefore, of much importance.
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5
Post-Embryonic CNS NBs and Self-Renewing
Asymmetric Division

Recently, there has been some advance on the self-renewing asymmetric
division of post-embryonic NBs in the larval brain. At the end of embryo-
genesis, the embryonic NBs appear to either undergo apoptosis or remain
quiescent (Hartenstein and Campos-Ortega, 1984). During the first, second
and also in the early third instar larval stages, NBs re-enter cell-cycle
(White and Kankel 1978; Truman and Bate 1988; Prokop and Technau
1991; Ito and Hotta 1992; Datta 1995). However, most of these divisions
are symmetric to increase the number of NBs in the larval brain (Ceron
et al. 2001). This larval-stage expansion phase is followed by a differentia-
tion phase during the late third instar larval and early pupal stages when
most of the NBs start to divide asymmetrically and give rise to their neu-
ronal progeny. Thus, post-embryonic NBs appear to function as classical
stem cell lineages, with ~45 NBs generating 200,000 neurons.

Post-embryonic NB division has been studied in several proliferative anla-
gen such as the outer proliferation centre (OPC), inner proliferation centre
(IPC), central brain (CB) and ventral thoracic anlagen (VN) (e.g. Tejedor
et al. 1995; Park et al. 1998; Ceron et al. 2001; Dumstrei et al. 2003). Analysis
of self-renewing asymmetric division of postembryonic NBs indicates that
many of the players in the asymmetric divisions of precursor cells in the
embryonic CNS also play a similar role in post-embryonic cells. A few new
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Fig. 8. NB7-3 lineages development and various markers for the lineage. 5-HT,
Serotonin; Crz, Corazonin; DDC, Dopa-decarboxylase; DserT, Drosophila Serotonin
transporter; Eg, Eagle; En, Engrailed; Hb, Hunchback; Isl, Islet; TrpH, Tryptophan
hydroxylase; Zfh-2, Zinc-finger homeodomain 2; PCD, programmed cell death



players have also been identified. For example, several genes that are required
to maintain polarity in neural cells were shown to affect self-renewing divi-
sions of larval NBs (Parmenier et al. 2000; Rolls et al. 2003; Bello et al. 2006;
Betschinger et al. 2006; Lee et al. 2006a, b). Two of them were previously
shown to restrict the larval brain size. The larvae defective in brain tumor
(brat) gene display an over-proliferation of neural cells in the brain in a cell
autonomous manner (Gateff et al. 1993; Woodhouse et al. 1998). Brat is
asymmetrically localized at the basal end along with Pros, and segregate to
GMC. Mutations in either of the two cause neoplastic overgrowth of larval
brain due to continued symmetric division of NBs (at the expense of GMCs).
Brat is a member of evolutionary conserved tumor suppressor family
(Arama et al. 2000) and affects the GMC fate by post-transcriptional down-
regulation of dMyc in larval NBs (Betschinger et al. 2006).

Mutant lgl displays a brain overgrowth phenotype in the larval CNS
(Gateff and Schneiderman 1967) as well as formation of tumors in other
tissues (Bilder 2004). Lgl plays a role during the asymmetric division by
affecting the localization of Mira. This in turn affects the localization of
GMC fate determinant Pros (Shen et al. 1997) and Brat (Bello et al. 2006;
Betschinger et al. 2006; Lee et al. 2006b). Another protein that appears
to play an important role in self-renewing asymmetric division of post-
embryonic NB is aPKC (Rolls et al. 2003). It regulates the self-renewal of
NB and its segregation to the progeny of NB ensures the identity specifica-
tion of the progeny GMC (Lee et al. 2006a). When aPKC is mislocalized,
NB divides symmetrically to produce two NBs. Consistent with this result,
aPKC null mutants die during the second instar larval stage with reduced
number of NBs. This result also suggests that aPKC may also be involved
in the symmetric division of NBs. The caveat here is that the reduced num-
ber of NBs may be due to a secondary effect.

Because of difficulty from maternal deposition for the analysis of
embryonic NB division using traditional genetic mutants, the focus appears
to be shifting to the analysis of larval brain NBs. For example, Slack et al.
(2006) using a mosaic genetic screen identified several complementation
groups, which affect different stages of post-embryonic NB division. These
complementation groups include new genes and new alleles of already
known players. Another approach will be to isolate temperature-sensitive
mutants and analyze them for NB division defects. The advantage here is
that these mutations can be used to analyze both embryonic and post-
embryonic NB divisions.

6
Conclusions

It is clear that we have gained considerable knowledge about the basic
mechanism by which cells undergo asymmetric division. While this review
discusses the asymmetric division in the CNS of Drosophila, the general
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theme (if not the specifics) should be applicable to pluripotent cells that
undergo asymmetric division in all metazoans. Given the power of
Drosophila genetics, this organism may be the best one to further elucidate
the mechanisms of asymmetric division. While the larval/pupal NBs
appear attractive to study the problem, it may be that the embryonic CNS
NBs are still a better system for several reasons, such as well-defined mark-
ers, de-lineated lineage elaboration patterns as opposed to larval NBs, in
which case we do not have any well-defined and lineage-specific markers or
tracing of any NB lineages. Once we manage to obtain mutations that
affect the NB division in the embryonic CNS, we will have a better handle
on the problem. It is also important as next step to take the genes identified
in Drosophila and determine their role in the asymmetric division of
pluripotent cells in vertebrates. Given the conservation of genes and their
function, it is most likely that these genes identified in Drosophila will also
play the same or similar role in vertebrates. Studying evolutionary aspect of
the asymmetric division such as when in time cells acquired the ability to
undergo asymmetric division, which one evolved earlier, the one with self-
renewal or the one without self-renewal, will also represent an exciting area
of research.
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Cell Commitment by Asymmetric Division 
and Immune System Involvement

Antonin Bukovsky

Abstract

Asymmetric division is a fundamental means of generating cell diversity and may
involve extrinsic or intrinsic factors. Here we review observations on symmetric and
asymmetric expression of estrogen receptor alpha (ERA) and beta (ERB) during
regeneration of trophoblast cells in human placenta and possibly other estrogen-
responsive cell types. This is a type of differentiation from committed progenitor
cells. Asymmetric segregation of ERA in dividing villous cytotrophoblast cells,
accompanied by appearance of ERB in differentiating daughter cells and resulting
syncytiotrophoblast, suggests a unique role of estrogen receptors in asymmetric
division of estrogen responsive cells.

We also review observations on asymmetric division of ovarian surface epithelium
(OSE) stem cells resulting in formation of germ cells differentiating into oocytes in
fetal and adult human ovaries. Besides germ cells, the OSE stem cells also give rise
to primitive ovarian granulosa (follicular) cells, which are required for the formation
of new primary follicles and preservation and differentiation of oocytes. This dual
potential of OSE stem cells (germ or granulosa cells) is a type of differentiation from
uncommitted and possibly totipotent adult stem cells. A possible role of immune
system related cells (monocyte-derived cells and T lymphocytes -cellular signaling)
and hormones in the stimulation of OSE differentiation toward germ cells by
asymmetric division, and in the continuation of ovarian follicular renewal during
prime reproductive period in human females is also reviewed. Follicular renewal
ceases after prime reproductive period, possibly due to the diminution of cellular
signaling required for asymmetric division of OSE stem cells into the germ cells. The
primary follicles persisting in premenopausal ovaries appear to accumulate genetic
alterations, a cause of exponentially growing chromosomal abnormalities in the
progeny of mothers between 38 years of age and menopause.

1
Introduction

The type of progenitor cell division (symmetric vs asymmetric) determines
the fate of daughter cells. The neuronal progenitor cells have been reported
to produce the following three types of divisions: 1) symmetric proliferative,
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resulting in two progenitor daughter cells, 2) asymmetric mono-differentiative,
resulting in progenitor and differentiating daughters, and 3) symmetric dif-
ferentiative, where the mother progenitor cell produces two differentiating
daughters (Huttner and Kosodo 2005). These pathways of cell divisions are
relatively simple, because mother progenitor cells are already committed
toward neuronal differentiation.

A more complex situation exists in the lineage commitment of mam-
malian bone marrow hematopoietic stem cells, where a single progenitor
cell type forms six distinct cell types, such as neutrophils, monocytes, ery-
throblasts, megakaryocytes, and B- and T-lymphoid lineages. Whereas the
mechanism of lymphoid cell differentiation from bone marrow progenitors
remains unclear, it appears that the progenitor mother cells give rise to the
neutrophil/monocyte or erythroblast/megakaryocyte daughter cells by the
first asymmetric division, which then produce granddaughter cells with
final commitment by second asymmetric division (Takano et al. 2004).
Nevertheless, it remains unclear why some mother stem cells persist in a
quiescent state, some decide to renew themselves by symmetric division,
and some decide to activate certain genes during asymmetric division and
produce proteins characteristic for differentiating daughter cells.

Asymmetric division is a fundamental means of generating cell diversity
and may involve extrinsic or intrinsic factors. With extrinsic factors, daugh-
ter cells are equivalent after separation but adopt different fates due to their
interactions with the environment. With intrinsic factors, unequal amounts
of cell-fate determinants are distributed into the two cells prior to their sep-
aration (Jan and Jan 1998). Among the intrinsic factors underlying asym-
metric division, the interactions of the Numb differentiation-associated
protein with Notch proliferation-associated signaling is the model most
widely studied, ranging from bacteria, yeast, and Drosophila to mammals
(Shen and Temple 2002). Mammalian cells known to exhibit asymmetric
division include diverse cell types such as neuronal cells, thymocytes, satel-
lite cells involved in myogenesis, hematopoietic stem cells, hair follicle cells,
and the list is growing (Jan and Jan 1998; Shen and Temple 2002; Conboy
and Rando 2002; French et al. 2002; Takano et al. 2004; Sugiyama-
Nakagiri et al. 2006). We also described asymmetric division of placental
villous trophoblast cells, associated with changes in estrogen receptor alpha
(ERA) and beta (ERB) expression (Bukovsky et al. 2003a) and ovarian sur-
face epithelium cells (OSE) with changes in expression of major histocom-
patibility complex class I antigens (MHC-I), cytokeratin, and meiotically
expressed protein during oogenesis in fetal and adult human ovaries
(Bukovsky et al. 2004, 2005a).

Here we review observations on symmetric and asymmetric expression
of ERA and ERB during regeneration of trophoblast cells in human pla-
centa (Bukovsky et al. 2003a) and possibly other estrogen-responsive cell
types. This is a type of differentiation from committed progenitor cells. We
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also review observations on asymmetric division of OSE cells resulting in
formation of germ cells differentiating into oocytes in fetal and adult
human ovaries (Bukovsky et al. 1995, 2004, 2005a). Besides germ cells, the
OSE cells also give rise to primitive ovarian granulosa (follicular) cells,
which are required for the formation of new primary follicles and preser-
vation of oocytes. This dual potential of OSE cells (germ or granulosa
cells) is a type of differentiation from uncommitted and possibly totipotent
(Bukovsky et al. 2005b) stem cells.

A possible role of monocyte-derived cells (MDC) and T lymphocytes in
the stimulation of OSE differentiation toward germ cells by asymmetric
division, and in the continuation of ovarian follicular renewal during prime
reproductive period in human females (Bukovsky et al. 1995, 2005a;
Bukovsky 2006a) is also reviewed.

2
Asymmetric Division of Estrogen Responsive Cells

Estrogenic steroids regulate cellular function in a wide variety of tissues.
During human pregnancy, the production of 17-beta-estradiol (E2) rises
steadily to eighty fold at term (Lobo 1997), and estrogens influence vari-
ous aspects of placental function in humans and non-human primates
(Shanker and Rao 1997; Pepe and Albrecht 1999). The human placenta
has been found specifically to bind estrogens (Younes et al. 1981; Kneussl
et al. 1982), and we demonstrated the expression of ERA protein in human
placenta. Its immunoreactivity was confined to villous cytotrophoblast
(CT), vascular pericytes, and amniotic fibroblasts, and, in vitro, the E2
stimulated development of large syncytiotrophoblast aggregates (Bukovsky
et al. 2003b).

2.1
Human Placental Trophoblast

Human placenta consists of villous units containing stromal tissue with
fetal vessels and CT cells. The latter differentiate into syncytiotrophoblast
(ST), the syncytial layer with multiple nuclei, which covers villous struc-
tures and enables exchange of nutritives and gases between maternal blood
and fetal microcirculation (Castellucci and Kaufmann 1995).

Villous CT cells are a type of progenitor cell which divides during preg-
nancy including the term placenta (Arnholdt et al. 1991; Esterman et al.
1997; Yamada et al. 2001). However, if the division is symmetric, i.e., result-
ing in two identical daughter cells, both daughters should either proliferate
or differentiate. The former situation might result in placental site
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trophoblastic tumor or choriocarcinoma (Shih and Kurman 1998), the lat-
ter in the loss of the ability of the villous trophoblast to proliferate.
However, ten years ago, biologists began to gain insight into the cellular
mechanisms by which a cell divides into two cells of different developmen-
tal potentials, a process known as asymmetric division.

2.1.1
Asymmetric Division of Villous CT Cells and ERA Segregation

Villous CT cells lie under the ST, where they occasionally divide and con-
tribute to the ST regeneration. This enables the placenta to grow during
pregnancy and be preserved in the functional state. Dividing villous CT
cells showed asymmetric segregation of ERA. Prior to separation, the cell
nuclei more distant from ST exhibited high ERA and no ERB, while
cell nuclei associated with ST showed diminution of ERA and appearance
of ERB expression (Bukovsky et al. 2003a).

Our ERA and ERB dual color immunohistochemistry experiments
showed occasional symmetric division of CT resulting in two identical
daughter cells with strong nuclear ERA expression. Such dividing cells
exhibited parallel long axis to the plane of ST and relatively wide ST
(approximately 8 µm). However, asymmetric division showed perpendicular
orientation of dividing cells toward the ST layer. The ERA expression per-
sisted in the daughter cell more distant from the ST. The differentiating
daughter cell showed coexpression of both ERs during early stages of dif-
ferentiation. Such differentiation of CT was associated with very narrow
(approximately 2 µm) ST, which may need a complementation by additional
CT cells to function. However, the progenitor and differentiating daughter
cells showed in vivo differences in nuclear ER immunoreactivity prior to
their complete separation. While the progenitor daughter cell persisting in
villous stroma showed high nuclear ERA, the differentiating daughter cell
associated with ST showed marked diminution of ERA immunoreactivity
and an increase of differentiation-associated ERB protein.

These observations parallel studies that postmitotic neuronal cells may
exhibit asymmetric distribution of the differentiation-associated Numb
protein prior to their separation. When the progenitor cells undergo asym-
metric division (20% in neuronal tissue cell culture) they produce neuronal
daughter cells to which Numb protein segregates preferentially, and such
daughter cells show an enhanced differentiation of neuronal processes
(Shen et al. 2002). Interestingly, Numb is firstly associated with one pole of
the plasma membrane of a dividing cell, and subsequently with one of the
two resulting nuclei (Jan and Jan 1998; Shen et al. 2002). Our study indi-
cates that preservation of nuclear ERA in one of two postmitotic cells is
associated with the ability of CT to replicate and diminution of ERA and
appearance of nuclear ERB dictates a generation of a daughter cell that is
committed to differentiate (Fig. 1).
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The model presented in Fig. 1 can be used to explain, at least in part, the
role of ERs in proliferation and differentiation of other estrogen responsive
cell types. However, it has to be considered that ERs are certainly not the
only proteins which are involved in decisions of estrogen responsive cells to
proliferate or differentiate. At least cell cycle related proteins, either
suppressors or facilitators, and growth factors and cytokines produced by
stromal cells (Cooke et al. 1997; Kanai et al. 1998; Buchanan et al. 1998;
Diel 2002; Klotz et al. 2002) should be considered in addition to the promi-
totic effect of E2 mediated via ERA. Figure 1 may not be applicable for
transformed cells with abnormal ER variants, or cells exhibiting only one
type of ER. For example, expression of ERB may only indicate that
differentiation but not proliferation is estrogen-dependent.

Former studies also indicated that the decision between symmetric and
asymmetric division in vivo depends on the mitotic spindle orientation.
During fly neurogenesis, the neuroblasts delaminate from a monolayer of
ectodermal cells. The ectodermal cells at the surface of the Drosophila
embryo divide with the axes of their mitotic spindle parallel to the plane of
the ectodermal monolayer. In contrast, a neuroblast divides along the
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Fig. 1. Simplified schematic view of ERA and ERB differential expression during
asymmetric division and differentiation of villous trophoblast cells in vivo (post-
mitotic cell surface and cytoplasmic ERA expression (Bukovsky et al. 2003b) not
included). pCT, parental CT; dCT, differentiating CT; mST, mature ST; p, postmi-
totic parental cells; d, postmitotic daughter cells. Details in text. Adapted from
Bukovsky et al. (2003a) – A.B. copyright



apical–basal axis, so that the axes of its mitotic spindles are perpendicular
to the plane of the ectodermal layer. Thus, the mitotic spindle of the
neuroblast has to reorient by 90 degrees from the plane of the ectodermal
layer (Kraut et al. 1996).The orientation of the mitotic spindle correlates
with the asymmetric distribution of Numb (Jan and Jan 1998).

Our observations showed that similar perpendicular orientation, i.e., 90°
from the plane of the ST layer toward the villous core, applies for asym-
metrically dividing villous CT (Bukovsky et al. 2003a). Hence, in chorionic
villi, one pole of dividing CT cells is associated with mature ST and the
other with the mesenchymal villous core (stroma). It is possible to speculate
that the poles of dividing CT cells are influenced differently – the juxta-
syncytial pole toward differentiation and juxta-mesenchymal toward prolif-
eration. Therefore, the extrinsic factors (type of neighboring cells) may
dictate asymmetric segregation of intrinsic factors determining the fate of
dividing cells. In other words, asymmetric division in vivo may be a result
of the influence of both extrinsic and intrinsic factors. If so, the extrinsic
factors should be viewed as inducers and intrinsic factors as effectors of
asymmetric division.

Based on available data (Kraut et al. 1996; Jan and Jan 1998; Shen et al.
2002; Cayouette and Raff 2002; Shen and Temple 2002; Petersen et al.
2002) and our observations, a possible sequence of events involved in asym-
metric division of villous CT cells is given in Fig. 2A. Note an involvement
of stromal (stimulation of CT division) and ST signaling (stimulation of
cell differentiation). Panel 2B indicates that symmetric division of ST may
result from the presence of stromal and absence of ST signaling.

However, perpendicular orientation of dividing trophoblast cells in vivo
cannot be achieved in vitro, because the complex villous structure, and the
villous core in particular, is absent. Although ERA>ERB transition was
also observed during trophoblast differentiation in culture, the cultured tro-
phoblast cells are expected to undergo symmetric division toward the dif-
ferentiated phenotype rather than asymmetric division. Indeed, early
cultures show proliferating CT cells, which are gradually transformed into
the differentiating CT cells and syncytial aggregates during the culture
(Bukovsky et al. 2003b), possibly due to the prevalence of differentiation
signals in the absence of stromal signaling (Fig. 2C). This view is supported
by gradual diminution of promitotic cyclin E and an increase of antimi-
totic p27 proteins during trophoblast culture (McKenzie et al. 1998).
Finally, regarding the placenta, it is important to consider the stage of
pregnancy. For early pregnancy, the scheme in Fig. 1 can possibly be
extended to other cell types (decidua, extravillous trophoblast), in contrast
to the term placenta where only villous CT cells are proliferating.

We recently showed that exogenous E2 markedly stimulates development
of large syncytial aggregates in trophoblast cultures (Bukovsky et al. 2003b).
We also observed that this effect can be abolished with pure anti-estrogen ICI
182,780 (unpublished data). These observations indicate that trophoblast
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differentiation is estrogen-dependent. Since trophoblast differentiation is
associated with transition from ERA to ERB expression, with temporary
co-expression of both, one may assume that both ERs are involved in estro-
gen stimulated trophoblast differentiation. Since production of placental
hormones is characteristic for mature syncytium (Kliman et al. 1986;
Castracane and Goldzieher 1986; Petraglia et al. 1995; Shanker and Rao
1997; Pepe and Albrecht 1999), which shows in vivo cytoplasmic ERB
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expression only, one may also assume that estrogens stimulate production of
placental hormones by ST, via the extranuclear (cytoplasmic) ERB.

2.2
Conclusion – Asymmetric Division of Estrogen Responsive Cells

In conclusion, our observations concur with recent views on the impor-
tance of ERA in the proliferation and ERB in maturation of estrogen
responsive cells. Asymmetric segregation of ERA in dividing villous CT
cells, accompanied by appearance of ERB in differentiating daughter
cells, suggests a unique role of ERs in asymmetric division of estrogen
responsive cells. High levels of estrogens during pregnancy may promote,
via ERs, trophoblast proliferation and differentiation. Since ST is a
major source of placental hormones, which ensure optimal conditions
for the fetus and mother, the cytoplasmic ERB expression may be
involved in a direct (extranuclear) stimulation of placental hormonal
production.

3
Asymmetric Division During Initiation of Oogenesis 
in Fetal and Adult Human Ovaries

The 50-year-old and currently prevailing view that all oocytes and primary
follicles in adult mammalian ovaries originate from fetal oogenesis is appar-
ently contradictory to Darwinian evolutionary theory. Why should adult
mammalian females carry their oocytes from the fetal period of life (storage
theory), as compared to the invertebrates (flies), lower vertebrates (fish
and frogs), and males of all species, including mammals, with persisting
gametogenesis (continued formation theory) including adulthood?

It is now well documented that mammalian primordial germ cells in
developing embryonic gonads originate from uncommitted (totipotent)
somatic stem cells, and that their sex commitment is determined by local
gonadal environment -signals produced by neighboring somatic cells
(Alberts et al. 2002). Once committed to become female germ cells, these
primordial germ cells are believed to multiply in human fetal ovaries and
differentiate into definitive oocytes persisting until menopause. Yet the chil-
dren born to women after the age of 35, but not before, are known to accu-
mulate genetic alterations, which may originate from accumulation of
alterations in persisting eggs. This indicates that until 35 years of age fresh
oocytes and primary follicles are formed replacing aged ones in ovulatory
ovaries. We observed that, even in midpregnancy human fetal ovaries, new
germ cells are formed by asymmetric division of OSE stem cells (Bukovsky
et al. 2005a, 2006). Such fetal oocytes associate with granulosa cells and
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give rise to fetal primary follicles. Similar asymmetric division of OSE stem
cells and follicular renewal was detected during the prime reproductive
period in human females (Bukovsky et al. 1995, 2004).

Altogether, asymmetric division of OSE appears to give rise to new
germ cells differentiating into oocytes and forming new primary follicles
by association with OSE-derived granulosa cells in midpregnancy human
fetal ovaries and after menarche until the end of the prime reproductive
period (follicular renewal until approximately 38±2 years of age)
(Bukovsky et al. 2004, 2005a, 2006). Hence, it appears that the human fetal
primary follicles are capable of persisting for about 12–14 years (until
menarche) and, accordingly, the last primary follicles formed by the end of
the third decade of life also persist for a similar period of time, until
menopause. Since persisting fetal oocytes are replaced by new waves of fol-
licular renewal after menarche, the prime reproductive period is associated
with the availability of the fresh eggs for a healthy progeny. However,
after termination of follicular renewal persisting primary follicles accumu-
late endogenous and environmentally induced genetic alterations resulting
in increased incidence of abnormal fetal karyotypes: 1 of 20 (5%) at
38–40 years, to 1:16 (6.3%) at 41–43 years, and finally 1:4.5 (22.2%)
in 44–46 years (Sachs et al. 1977).

3.1
Ovarian Surface Epithelium Stem Cells in Human Fetal Ovaries

Human fetal OSE contains numerous germ cells (10µm in diameter) from
seven weeks of intrauterine life until the neonatal period, and it has been
suggested that these cells are extruded into the peritoneal cavity (Motta
and Makabe 1982, 1986). This could happen after the cessation of oogen-
esis [six to seven month of fetal life (Simkins 1932; Peters and McNatty
1980)], when germ cells emerging in OSE may be prevented from entering
the cortex by the developing ovarian tunica albuginea (TA) (Bukovsky
et al. 2006). However, former observations indicate that the OSE is a
source of germ cells differentiating into oocytes in human fetal ovaries
(Simkins 1928, 1932; Van Wagenen and Simpson 1965), and we did not
observe germ cells leaving the ovary in midpregnancy human fetuses
(Bukovsky et al. 2005a).

Our observations in ovaries of midpregnancy human fetuses
(Bukovsky et al. 2005a) indicate a presence of small (10 µm) germ cells
within OSE (asterisks, Fig. 3A), but such cells are smaller when compared
to those positioned under the OSE (white arrowhead). This indicates that
the OSE-derived germ cells enter ovarian cortex and differentiate into
oocytes. In deeper ovarian cortex (oc, Fig. 3A), germ cells with well
defined cytoplasm and plasma membrane show a further increase in size
(black arrowhead).



3.1.1
Origin of Primitive Granulosa Cells from Proliferating Ovarian
Surface Epithelium Stem Cells

The OSE in human fetal ovaries is a source of follicular granulosa cells.
Primitive granulosa cells (pgc, Fig. 3B) are formed by proliferation (sym-
metric division) of OSE cells forming sprouts extending into the ovary
between mesenchymal cell cords (mcc). These granulosa cells associate with
oocytes in the deeper ovarian cortex to form follicles (Bukovsky et al.
2005a). Note that primitive granulosa cells (arrow, Fig. 3B) show a diminu-
tion of cytokeratin 18 (CK 18) immunoexpression when compared to the
OSE cells (ose). The mesenchymal cell cords in human fetal ovaries are rich
in Thy-1 differentiation protein (Thy-1 DP) produced by ovarian stromal
cells (Bukovsky et al. 2005a), and the Thy-1 DP accompanies early differ-
entiation of cells in various tissues (Bukovsky et al. 2001).

3.1.2
Origin of Germ Cells by Asymmetric Division 
of OSE Stem Cells

In addition, new germ cells emerge in OSE of human midpregnancy fetal
ovaries. Such germ cells are formed by asymmetric division of OSE cells.
Such asymmetric division (white arrowhead, Fig. 3C) results in a smaller
progenitor daughter, which keeps major histocompatibility complex class I
(MHC-I) expression (white X) of OSE cells, and a larger differentiating
daughter showing MHC-I depletion (black X). The asymmetrically
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Fig. 3. A–C Origin of granulosa and germ cells from OSE cells in midpregnancy
human fetal ovaries: A Papanicolaou’s staining (PAP) shows surface epithelium
(ose) containing small germ cells (asterisks), showing increase in size in the adja-
cent (white arrowhead) and distant (black arrowhead) ovarian cortex (oc); B CK18
staining of a cluster of primitive granulosa cells (pgc) descending from the OSE
(arrow) between mesenchymal cell cords (mcc); C major histocompatibility com-
plex class I (MHC-I) expression diminishes during asymmetric division (white
arrowhead, white and black X; no nuclear counterstain) of OSE cells. Symmetric
division (black arrowhead) of germ cells follows (asterisks).Tadpole-like germ cell
(dashed line) enters (arched arrow) ovarian cortex. Bar in (B) for (B) and (C).
Adapted from Bukovsky et al. (2005a), with permission of Humana Press, Inc
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Fig. 4. A–F Localization of MDC and T cells in midpregnancy human fetal
ovaries: A CD14 MDC (m) exhibiting extensions (arrowhead) among OSE cell,
which appear to initiate asymmetric division (asterisk); B germ cells undergoing
symmetric division (asterisks) and association of CD14 MDC (arrowhead); C CD8
T cell (t) accompanies asymmetric division (arrowhead) of OSE cells (white and
black X); D interaction (arrowhead) of HLA-DR (DR) activated MDC with the
OSE appears to initiate asymmetric division (asterisk); E rete ovarii contains HLA-
DR+ resident MDC (r) and MDC and T cells migrating through rete channels
(rch). Note interaction (arrowhead) of migrating MDC with resident cell; F CD8 T
cells in rete channels. Bar in (A) for (A–F), Adapted from Bukovsky et al. (2005a),
with permission of Humana Press, Inc

originating germ cell then undergoes single symmetric division (black arrow-
head) resulting in two differentiating daughters (asterisks). Such symmetric
division of each germ cell is required for a premeiotic phenomenon, which
is known as “crossing over” of chromosomes (Alberts et al. 2002). Next the
germ cells enlarge in size, achieve the “tadpole like” shape (dashed line), and
leave the OSE by entering the ovarian cortex (arched arrow, Fig. 3C).

3.1.3
Monocytes and T Lymphocytes Accompany 
Asymmetric Division of OSE Stem Cells in Human 
Fetal Ovaries

Primitive MDC expressing CD14 (m, Fig. 4A) showed association (black
arrowhead) with fetal OSE cells (asterisk) and were found to accompany
(arrowhead, Fig. 4B) intraepithelial germ cells (asterisks). Asymmetric divi-
sion (arrowhead, Fig. 4C) of OSE cells resulting in smaller proliferative (white
x) and larger differentiating (black X) daughters was also accompanied by
T lymphocytes (t, Fig. 4C); activated MDC expressing HLA-DR showed
extensions (arrowhead, Fig. 4D) toward emerging germ cells (asterisk).



3.1.4
Role of Rete Ovarii

At the embryonic age of nine weeks, female gonads show a marked devel-
opment of rete cords with lumen formation, and the rete reaches the center
of the ovary at 12 weeks. The first follicles are formed after the fourth fetal
month and follicle formation always begins in the innermost part of the
cortex, close to the rete ovarii. This structure is essential for follicular devel-
opment. If it is removed before formation of follicles has started, follicles
will not form (Byskov et al. 1977). Yet, the exact mechanism by which the
rete may contribute to the fetal ovarian development, remains a mystery.

Our observations indicate that activated MDC (HLA-DR+ tissue MDC)
reside in rete cords (r, Fig. 4E), and T cells and monocyte type cells (t and m,
Fig 4E; t, Fig. 4F) migrate through rete channels, show interactions (arrow-
head, Fig. 4E) with resident MDC, and MDC associate with OSE (see
above). The rete cords, like mesenchymal cell cords, also show prominent
Thy-1 DP expression (Bukovsky et al. 2005a).

Fetal oogenesis is terminated at the beginning of the third trimester of
intrauterine life, and a mesenchymal layer of TA is formed under the OSE
(Simkins 1932; Peters and McNatty 1980), possibly by epithelial-
mesenchymal transition of OSE cells (Bukovsky et al. 2006), since the mes-
enchymal cells of the TA are capable of expressing cytokeratin and exhibit
mesenchymal-epithelial transition back into OSE cells in adult ovaries
(see below).

3.1.5
Conclusion on the Role of OSE in Human Fetal Ovaries

These observations indicate that the OSE is a source of germ and primi-
tive granulosa cells. Hence, as in adult ovaries [(Bukovsky et al. 2004) and
below], the midpregnancy human OSE stem cells are bipotent progenitors
with a commitment for both cell types. It is possible that tissue MDC
residing in rete cords carry a memory on the characteristics of germ cells
populating the ovary during the embryonal period of life. Such memory
could be transferred to monocytes and T cells migrating through the rete
channels in midpregnancy ovaries, and the migrating cells reaching the
OSE may stimulate transformation of some OSE stem cells into germ cells
via asymmetric division. In addition, the mesenchymal cell cords rich in
Thy-1 DP may participate in the transformation of OSE cells into primi-
tive granulosa cells. In this way, different potentials of OSE cells may be
realized, depending on the local influence of migrating and resident
mesenchymal cells. Pluripotency of progenitor cells is not unusual. It per-
sists in bone marrow throughout life, and the “one cell, two fates” phe-
nomenon has also been described for vascular progenitor cells (Yamashita
et al. 2000).
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3.2
OSE Stem Cells in Adult Human Ovaries

In adult human ovaries mitoses of OSE cells are rare (Motta et al. 1980),
and new OSE cells originate from mesenchymal-epithelial transition (open
arrow, Fig. 5A) of cytokeratin positive fibroblast-like (fb, Fig 5A) TA cells
(Bukovsky et al. 1995, 2004). These cells show a transition through the mes-
enchymal/epithelial stage (mes/ep, Fig. 5A) and differentiate (arched arrow)
into OSE cells (ose).

3.2.1
Origin of Granulosa Cell Nests from OSE in Adult Ovaries

Proliferation of the TA flap over the ovarian surface (taf, Fig. 5A,C) could
result in a bi-laminal OSE layer descending into the ovarian cortex (arrow,
Fig. 5B); note lack of OSE at the surface (arrowhead). The layer fragments
into nests of primitive granulosa cells deeper in the ovarian cortex (arrow-
heads, Fig. 5C). These nests of primitive granulosa cells are essential for the
assembly with oocytes and formation of new primary follicles in adult
human ovaries, since unassembled new oocytes are unable to survive and
they degenerate (Bukovsky et al. 2004).

When compared to human fetal ovaries, where OSE cells proliferate and
form granulosa cells which are present among oocytes and available to
form primary follicles [resembling a situation in adult rat ovaries (Bukovsky
et al. 2005a)], in adult human ovaries granulosa cell nests are required for
formation of new primary follicles during follicular renewal (Bukovsky
et al. 2004).

3.2.2
Origin of Germ Cells in Adult Ovaries by Asymmetric 
division of OSE Stem Cells

While differentiation of granulosa cells from OSE has a different pattern in
fetal and adult ovaries, there were some similarities in the development of
germ cells. Like in fetal ovaries, the new germ cells differentiated from OSE
by asymmetric division (arrowheads, Fig. 5D). Note cytoplasmic expression
of PS1, a meiotically expressed zona pellucida carbohydrate antigen
(Skinner and Dunbar 1992), in proliferating OSE cell daughters (small white
x) and nuclear PS1 expression in differentiating daughters (large white X).
Figure 5E shows a double staining for PS1 and cytokeratin (CK), where
proliferating daughter (small white x) keeps the CK expression while differ-
entiating daughter (large white X) loses CK and expresses PS1 only [for
color see (Bukovsky et al. 2004) – http://www.rbej.com/content/2/1/20]. As
in fetal ovaries, the differentiating daughters undergo a symmetric division
(white arrow, Fig. 5F) for chromosomal “crossing over” with persisting
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nuclear PS1 expression (X and X, Fig. 5F), and enter the ovarian cortex
(black arrow).

From this point on, however, there were some differences compared to
fetal ovaries. The germ cells should somehow reach granulosa cell nests in
the deep ovarian cortex, close to the medulla, where new primary follicles
are formed. Hence, to assemble with granulosa cells, the germ cells have to
pass a distance much larger (900–1200 µm) than in small fetal ovaries,
where granulosa cells are available closer (100–150 µm) (Bukovsky 2006a),
and this transition has to be relatively fast due to the limited life of germ
cells and unassembled oocytes in adult human ovaries. For such transit, the
germ cells utilize a blood stream, after entering cortical vessels under the
TA. The cells associating with vasculature show diminution of nuclear and
appearance of cytoplasmic PS1 expression (arrow, Fig. 5G).

An alternative origin of germ cells in adult human ovaries by asymmet-
ric division (arrowhead, Fig. 5H) are OSE cells in epithelial crypts located
deeply in the ovarian cortex. Such germ cells attain the tadpole shape and
are able to reach and assemble with neighboring epithelial nests lying
in about 150 µm distance, or enter vasculature and saturate distant nests
associated with vessels (Bukovsky et al. 2004).

3.2.3
Monocyte-derived Cells and T Lymphocytes Accompany
Asymmetric Division of OSE Stem Cells and Migration of
Germ Cells in Adult Human Ovaries

Similar to fetal ovaries, we also detected association of MDC and T cells
with asymmetric division of OSE stem cells during the commitment of dif-
ferentiating daughters to germ cells and their migration in adult human
ovaries (Bukovsky et al. 1995). We used single color immunohistochemistry
with antibodies recognizing CD14 of primitive MDC, CD8 of T lympho-
cytes, HLA-DR of activated MDC, and Thy-1 DP of vascular pericytes.
Asymmetric division of OSE cells and development of putative germ cells
were visualized by differential interference contrast and digital camera with
detail enhancement.

Association of CD14 primitive MDC with OSE and secretion of CD14
among OSE cells (arrows, Fig. 6A), accompanies asymmetric division of
OSE cells. Characteristically, the progenitor daughter persisting in the OSE
is smaller (small white x) as compared to the differentiating daughter (large
black X, Fig. 6A). This resembles asymmetric divisions of OSE demon-
strated above by MHC class I immunohistochemistry in the fetal ovaries
(arrowhead, Fig. 3C) and by single and double color immunohistochemistry
in adult human ovaries (Fig. 5D,E).

The asymmetric division of OSE cells with emergence of germ cells 
is also accompanied by CD8 T lymphocytes, which show extensions
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(arrowhead, Fig. 6B) toward putative germ cells (asterisks). This resembles
a similar process in fetal ovaries (Fig. 4C). However, as pointed out above
(see Sect. 3.2.2), the germ cells in adult human ovaries should pass a long
distance to form primary follicles by assembly with the nests of primitive
granulosa cells. They attain a tadpole-like shape (dashed line, Fig. 6C) and
migrate with the assistance of activated MDC (arrow) from TA to adjacent
upper cortex. Within the upper cortex, the tadpole-like cells lacking MHC
class I expression intimately associate with MHC class I+ endothelial cells
of the cortical microvasculature (Bukovsky et al. 1995) and intravascular
putative germ cells are apparent in the ovarian cortex (arrowhead, Fig. 6D).

Our observations and views on oogenesis in fetal and adult human
ovaries are summarized in Fig. 7. Midpregnancy human fetal OSE is a
source of primitive granulosa cells [pg, Fig. 7A; (Bukovsky et al. 2005a)]
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and germ cells (dashed box; see also Figs. 3C and 7B). The germ cells
differentiate into oocytes which associate with available granulosa cells
to form fetal follicles. Primitive germ cells originate by asymmetric division
[ad, Fig. 7B; (Bukovsky et al. 2005a)] from OSE cells influenced by
hormonal (HS; elevated hCG and E2 levels) and cellular signaling [CS; i.e.,
ovary-specific mesenchymal cells (o-SMC) – see Table 1 and below].
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The primitive germ cells undergo symmetric division (sd), which may be
associated with chromosomal crossing over (cro), and tadpole-like germ
cells (gc) migrate into the cortex, where they differentiate into oocytes and
form ovarian follicles (see Fig. 7A). In perinatal ovaries, the OSE cells form
a loose subepithelial layer of TA by epithelial-mesenchymal transition
(arched arrows; Fig. 7C).

Around menarche and during the prime reproductive period, the TA
mesenchymal cells are influenced by blood delivered CS, such as o-SMC,
i.e. MDC and T lymphocytes, and differentiate back into segments of OSE
cells (arched arrow, Fig. 7D), forming cords of primitive granulosa cells,
which descend into the cortex and fragment into the primitive granulosa
cell nests (pgn, Fig. 7D; see also Fig. 5A,C). When hormonal signaling (HS,
Fig. 7E) is also present, the TA mesenchymal cells form segments above the
TA (arched arrow) and produce germ cells (see Fig. 5D,E), as in fetal
ovaries (dashed box). Next the tadpole-like germ cells migrate to enter
adjacent blood vessels (bv). The OSE-derived epithelial crypts (ec, panel
7F) in the deep cortex are an alternative source of germ cells (gc; see
Fig. 5H), which may assemble with adjacent nests to form primary follicles.

196 Antonin Bukovsky

Table 1. Working model on age-associated changes of ovary-specific
mesenchymal cells (o-SMC) and hormonal signals [LH/hCG and estradiol
(E2)] required for the initiation and resumption of oogenesis in human
ovaries. From Bukovsky et al. (2005a), with permission of Humana Press

Period of life o-SMCc LH/hCGd E2
e Oogenesis

First trimester-midpregnancy Yes Yes Yes Yesf

Last trimester-newborn Yes No Yes Nof

Postnatal-menarche Yes No No Nog

Reproductive perioda Yes Yes Yes Yesf

Premenopauseb No Yes Yes Nog

Postmenopause No Yes No Nof

aFrom menarche till 38±2 years of age
bFrom 38±2 years till menopause
cSpecialized mesenchymal cells (tissue macrophages and T cells) with commitment for
stimulation of OSE stem cells to produce germ cells by asymmetric division
dLevels corresponding to the mid cycle LH peak, or more [hCG levels should be 10x
more, since it has a 10% affinity to the LH receptor compared to that of LH (Bousfield
et al. 1996)]
eLevels corresponding to the preovulatory E2 peak, or more
fConfirmed
gPredicted



If epithelial crypts are absent, the nests associate with vessels and form vas-
cular pockets (vp, Fig. 7G) to catch circulating germ cells and form primary
follicles.

Hence, once OSE-derived germ cells are stimulated to emerge by cellular
and hormonal signaling during the midcycle and enter peripheral circula-
tion, they are ready to form primary follicles without delay, assuming the
nests of primitive granulosa cells are available within the ovaries (Fig. 7H).
Even if oogenesis is initiated in only one of the ovaries (single ovary,
Fig. 7H), the germ cells entering peripheral blood are capable of saturation
of the epithelial nests in both of them (both ovaries). Due to the apparent
affinity of germ cells to settle in ovarian vessels, supernumerary germ cells
often differentiate into oocytes accumulating and degenerating in ovarian
medullary vessels (Bukovsky et al. 2004). Prior to the production of germ
cells from OSE, the committed o-SMC, generated in lymphoid tissues and
bone marrow and carrying ovarian memory (om), are available in the
circulation to reach the OSE and provide “cellular signaling” (CS) for
initiation of oogenesis if “hormonal signaling” is also present (Fig. 7I).
Resulting germ cells enter the peripheral circulation and the process
continues as indicated in Fig. 7H.

The bone marrow, which was proposed to be an extra-ovarian source of
germ cells (Johnson et al. 2005), represents a tissue highly supplied by the
blood. Therefore, it may show the presence of many OSE-derived germ
cells contaminating the peripheral blood after midcycle, when the ovarian
germ cells enter circulation. The idea on the ovarian origin of germ cells
detected in peripheral blood and bone marrow (Bukovsky 2005) is sup-
ported by the observations that the bone marrow shows no “oogenetic”
properties during other periods of the ovarian cycle or in ovariectomized
animals (Johnson et al. 2005).

Altogether, we always believed that the current dogma on the fetal ori-
gin of oocytes in adult mammalian ovaries does not fit with the Darwinian
evolutionary theory (Bukovsky and Presl 1977), and provided first
immunohistochemical evidence on the oogenesis from OSE cells and follic-
ular renewal in adult human ovaries in 1995 (Bukovsky et al. 1995) and on
the origin of human germ cells by asymmetric division of OSE cells
(Bukovsky et al. 2004, 2005a).

In human females, the new germ cells and primary follicles appear to
differentiate from the OSE during two time periods only, the fetal and
prime reproductive life spans (Table 1). An important question is why
would human female gametes and primary follicles differentiate during the
fetal period, if they are not needed until menarche several years later?
Development of immune tolerance toward self tissues during immune
adaptation (Klein 1982) might explain this requirement for fetal differenti-
ation of oocytes and primary ovarian follicles, as we have earlier suggested
(Bukovsky and Presl 1977). If this does not occur, the oocytes and primary
follicles would face the fate of the human corpus luteum, which is absent in
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fetal ovaries and whose functional life in the adult ovary, except during the
immunologically unique situation of pregnancy, lasts for only several days.
In addition, a shorter than normal period of fetal oogenesis during
immune adaptation could cause shorter period of follicular renewal dur-
ing adulthood and premature ovarian failure (Bukovsky et al. 2006;
Bukovsky 2006b).

3.2.4
Thymus and Reproduction

The thymus plays an important role in the immune system, and it has been
suggested that thymic cells and peptides play a role in determining repro-
ductive lifespan in females (Bukovsky and Presl 1979; Rebar 1982; Suh
et al. 1985). The relationship of age-associated thymic involution with
diminution of ovarian function is supported by the alteration of ovarian
function in neonatally thymectomized mice (Nishizuka and Sakakura
1969). In addition, in congenitally athymic (nude) mice, follicular loss is
first evident at two months of age and this is specifically due to a reduc-
tion in the numbers of primary follicles. The first ovulation is delayed until
two and half months of age, compared to the first ovulation in the one and
half month old normal mouse females. By four months, an overall reduc-
tion in all fractions of the follicle population occurs in nude mice, and ovu-
lation ceases (Lintern Moore and Pantelouris 1975). Interestingly, the
absence of the thymus might also be responsible for the lack of hair in
nude mice, due to the lack of thymus-derived T cells, which might be
required for hair development. Similarly, a baldness more likely develops
in aging men, but is less likely in women, probably since the immune sys-
tem in females works more efficiently and effectively longer than in males
(Aspinall 2000).

3.2.5
Incomplete Asymmetric Division and Nuclear 
Endoreplication of Germ Cells

The germ cell committed to becoming an oocyte needs more organelles
than it is able to generate per se. In adult human ovaries, additional
organelles are provided by granulosa cells during formation of new primary
follicles. The extensions of granulosa cells penetrate the ooplasm and con-
tribute to the formation of a paranuclear Balbiani body, a source of addi-
tional mitochondria for the oocyte development. The Balbiani body
persists in oocytes of resting primary follicles and the mitochondria are
released with the initiation of follicular growth [see Bukovsky et al. (2004)
for data and review].

The ovaries of invertebrates exhibit incomplete asymmetric division of
oocytes, which results in nuclear endoreplication and production of
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“chains” of nurse cells connected between themselves and to the oocyte by
cytoplasmic bridges (Alberts et al. 2002). Cell “chains” connected by inter-
cellular bridges were described in Drosophila ovaries (Cox and Spradling
2003) and fetal mouse germ cell cysts (Pepling and Spradling 1998). These
bridges are utilized for the supply of organelles from nurse cells to
the oocyte (Alberts et al. 2002; Cox and Spradling 2003). Hence, in some
instances, a primitive germ cell endoreplication mechanism results in a syn-
cytial “chain” of sister cells, which are exhaustively exploited as a source of
organelles the oocyte committed cell needs to mature into a functional egg.
The formation of syncytial type cell “chains” is also characteristic for the
development of spermatids (Alberts et al. 2002).

3.2.6
Conclusion on the Role of Ovarian Surface Epithelium 
in Adult Human Ovaries

Observations from adult human ovaries indicate that TA mesenchymal cells
are precursors of OSE stem cells, which have a potential to differentiate
into germ and granulosa cells. In contrast to fetal ovaries entirely covered
by OSE stem cells, in functional human ovaries the OSE is found in certain
areas only (Motta et al. 1980; Bukovsky et al. 2004) – see Fig. 5B,C.
However, in women with anovulatory cycles, or patients with polycystic or
sclerotic ovaries, the ovarian surface is completely covered with OSE
(Makabe et al. 1980). This is despite similar handling during surgical
retrieval, suggested to cause ovarian denudation (Gillett 1991).

The origin of OSE stem cells from TA precursors raises an important
question on why the functional adult ovaries do not preserve OSE cells in
contrast to the fetal or anovulatory ovaries. The TA mesenchymal cells
resembling fibroblasts are certainly more resistant to environmental influ-
ences and, therefore, exhibit better condition to be preserved unaffected.
This supports the concept of germ cell and oocyte renewal in functional
ovaries by asymmetric division of OSE stem cells freshly differentiated by
mesenchymal-epithelial transition from TA progenitor cells. Hence, the
ovarian TA can be viewed as a can, which preserves environmentally
resistant progenitors of environmentally sensitive germ cells.

In human ovaries, the formation of new germ cells and follicles occurs at
two occasions, during the second trimester of intrauterine life (fetal
primordial and primary follicles) and during the prime reproductive period
(follicular renewal). During all other periods of life (perinatal, childhood,
and premenopausal), primary follicles with aging oocytes are preserved in
the ovaries. While the preservation of primary follicles with aging oocytes
until menarche does not represent a threat for the progeny due to the lack
of ovulation, the premenopausal ovaries lacking follicular renewal may
ovulate chromosomally aberrant oocytes, a source of chromosomal abnor-
malities in the progeny of mothers in advanced maternal age. Importantly,
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formation of new germ cells and primary follicles may require not only
involvement of immune system related cells, but also certain hormonal
milieu, namely high levels of LH/hCG and estrogens (Table 1). The fetal
primary follicles may be able to persist for up to 12–15 years, until replaced
by follicular renewal prior to or at menarche.
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Asymmetric Stem Cell Division in Development
and Cancer

Emmanuel Caussinus1 and Frank Hirth2

List of Abbreviations

Baz Bazooka
Brat Brain tumor
DaPKC Drosophila atypical Protein Kinase C
Dlg Disc Large
GMC Ganglion Mother Cell
CNS Central Nervous System
GSC Germline Stem Cell
Insc Inscuteable
Lgl Lethal (2) giant larvae
Mira Miranda
Pins Partner of Inscuteable
Pon Partner of Numb
Pros Prospero

Abstract

Asymmetric stem cell division leads to another stem cell via self-renewal, and a sec-
ond cell type which can be either a differentiating progenitor or a postmitotic cell.
The regulation of this balanced process is mainly achieved by polarization of the
stem cell along its apical-basal axis and the basal localization and asymmetric seg-
regation of cell fate determinants solely to the differentiating cell. It has long been
speculated that disturbance of this process can induce a cancer-like state. Recent
molecular genetic evidence in Drosophila melanogaster suggests that impaired
polarity formation in neuroblast stem cells results in symmetric stem cell divisions,
whereas defects in progenitor cell differentiation leads to mutant cells that are
unable to differentiate but rather continue to proliferate. In both cases, the net
result is unrestrained self-renewal of mutant stem cells, eventually leading to hyper-
proliferation and malignant neoplastic tissue formation. Thus, deregulated stem
cells can play a pivotal role in Drosophila tumor formation. Moreover, recent evi-
dence suggests that so-called cancer stem cells may drive the growth and metastasis
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of human tumors too. Indeed, cancer stem cells have already been identified in
leukemia, and in solid tumors of the breast and brain. In addition, inappropriate
activation of pathways promoting the self-renewal of somatic stem cells including
defects in asymmetric cell division has been shown to cause neoplastic proliferation
and cancer formation. Taken together, these data indicate that evolutionary
conserved mechanisms regulate stem and progenitor cell self-renewal and tumor
suppression via asymmetric cell division control.

1
Introduction

Stem cells are defined by two characteristic features: their ability to self-
renew and to generate mature cells through differentiation. The majority of
stem cells are found in the developing organism, starting with the totipo-
tent zygote and subsequently generating pluripotent stem cells of the early
embryo. Later during germ layer formation and organogenesis, stem cells
become increasingly restricted in their lineage potential and give rise to
progeny that comprise specific, mature tissue (Eckfeldt et al. 2005).
Accordingly, development is driven by stem cell self-renewal and differenti-
ation, a process which is strictly regulated in order to keep a balance
between the maintenance of stem cells and the required supply of fully
differentiated cells. This intricate balance is achieved by regulating the
number and the mode of stem cell divisions, which can be either symmet-
ric or asymmetric (Fig. 1A).

2
Stem Cells in Development

Symmetric stem cell divisions are common during development of both
invertebrates and vertebrates, but they can also be observed in adults as
exemplified by wound healing and tissue regeneration processes (Eckfeldt
et al. 2005). Symmetric stem cell divisions generate two daughter cells
with the same cell fate, thereby expanding the stem cell pool required for
extended proliferation phases or generating two differentiating, postmitotic
cells (Fig. 1A) (see, for instance, Huttner and Kosodo 2005).

Asymmetric stem cell division is a common strategy to accomplish
cellular diversity during development by generating two daughter cells with
different fates (Fig. 1A). This mode of division generates another stem cell
by self-renewal and a second different cell type which can be either a pro-
genitor cell or a terminally differentiated postmitotic cell. Asymmetric stem
cell division can be achieved by either intrinsic or extrinsic mechanisms
(Fig. 1B). Intrinsic mechanisms rely on the asymmetric localization of cell
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fate determinants and the orientation of the mitotic spindle to allow asym-
metric segregation of cell fate determinants to just one daughter cell
(Hawkins and Garriga 1998; Knoblich 2001). Extrinsic mechanisms
involve cell-cell communication and the asymmetric placement of daughter
cells relative to external cues. This social context is often called the “stem
cell niche”, a cellular microenvironment which provides support and stim-
uli necessary for a stem cell to maintain self-renewal capacities and to
prevent differentiation. Correspondingly, daughter cells lacking contact to
the niche are deprived of supportive stimuli and hence are forced into cell
cycle exit and differentiation.

Insights into the stem cell niche come from studies on Drosophila
germline stem cells (GSCs), which interact with specialized somatic cells in
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Fig. 1. A,B Regulation of stem cell division: A strategies for self-renewal and
differentiation. Stem cells (open circles) can maintain a balance between self-
renewal and differentiation (squared circles) by dividing asymmetrically. Each stem
cell generates another stem cell and a sibling daughter cell destined to differentiate.
Alternatively, each stem cell divides symmetrically either generating two daughter
stem cells in order to expand the stem cell pool (proliferative) or two differentiat-
ing, postmitotic daughter cells (differentiative); B intrinsic vs extrinsic regulation of
asymmetric stem cell division. Intrinsic regulation relies on the asymmetric segre-
gation of intracellular cell fate determinants (grey crescent and circle) to only one
daughter cell. Extrinsic mechanisms involve intercellular communications (black
rectangles) between a niche (grey horseshoe) and the stem cell itself. The niche
provides support and stimuli necessary for self-renewal and to prevent differentia-
tion; hence, the daughter cell becoming located adjacent to the niche will maintain
a stem cell status, whereas its sibling lacking contact to the niche is forced into cell
cycle exit and differentiation



the niche – known as cap cells (during oogenesis in the ovary) or hub cells
(during spermatogenesis in the testes). This physical interaction maintains
the undifferentiated state of the stem cell and is mediated through a cad-
herin-catenin pathway. The GSC-cap/hub-cell interaction also regulates
symmetric versus asymmetric GSC divisions by polarizing the stem cell,
affecting the orientation of the mitotic spindle, and the partition of cell fate
determinants in daughter cells (Li L and Xie 2005). However, detailed
insights into the genetic mechanisms regulating niche-dependent stem cell
self-renewal are only starting to emerge. Most of our current knowledge on
the regulation of stem cell proliferation and differentiation comes from
studies on the intrinsic regulation of asymmetric stem cell division in the
developing central nervous system (CNS) of Drosophila.

2.1
Stem and Progenitor Cells in Drosophila Neurogenesis

The Drosophila CNS derives from neural stem cells called neuroblasts
which proliferate during two neurogenic periods, one in the embryo and
another during larval life (Campos-Ortega and Hartenstein 1997). In the
embryonic neurogenic period, individual neuroblasts delaminate in a
stereotyped pattern from the neuroectoderm and divide repeatedly and
asymmetrically to generate a new neuroblast and a smaller daughter cell,
called a ganglion mother cell (GMC) (Skeath and Thor 2003). Each GMC
is a transient intermediate progenitor cell that generally divides once to pro-
duce a pair of lineage-specific postmitotic ganglion cells (neurons or glia),
which subsequently initiate their differentiation processes. Thus, embryonic
neuroblasts are stem cells intrinsically polarized along their apicobasal axis
that use asymmetric cell divisions in order to generate neurons and glial
cells (Fig. 2A). They divide no more than 12 times (Bossing et al. 1996)
and shrink with each division, possibly causing cell cycle exit simply
because they become too small (Fuse et al. 2003). Towards the end of
embryogenesis, most neuroblasts stop proliferating and enter a period
of quiescence. During the second, larval neurogenic period, most neu-
roblasts resume proliferation and generate the majority of the cells that
comprise the central brain and ventral ganglia of the adult (Maurange
and Gould 2005).

Drosophila neuroblasts and GMCs differ in many aspects: neuroblasts
are usually much bigger than GMCs; neuroblasts are located apically and
remain associated with the neuroepithelial layer (during embryogenesis)
and the cortical layer (during larval life), whereas GMCs and their progeny
migrate basally to the interior of the developing CNS; and neuroblasts are
mitotically more active than GMCs. In addition, neuroblast and GMC
have different gene expression profiles, reflecting differential cell cycle activ-
ity and progression from proliferative activity to terminal differentiation
(Ceron et al. 2001; Lee et al. 2006a; Bello et al. 2006). Thus, wildtype neural
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lineages of the developing CNS of Drosophila comprise three different cell
types that differ in size, gene expression profile, cell cycle activity, and their
potency to generate neural progeny: asymmetrically dividing stem cells
(neuroblasts), symmetrically dividing intermediate progenitor cells
(GMCs) and differentiating, postmitotic neurons or glial cells (Fig. 2A).
As is the case with other stem cell lineages, neuroblast lineages of the
Drosophila CNS are clonally related and can be visualized in the larva using
mosaic analysis with a repressible cell marker (MARCM) (Lee and Luo
2001), allowing the positive labeling of an entire neuroblast lineage with
green fluorescent protein (Fig. 2B). The number of times a neuroblast and
GMC divide as well as the mode of their divisions are tightly regulated and
the underlying mechanisms are best understood in the embryonic CNS.

2.2
Asymmetric Stem Cell Division in the Embryonic 
CNS of Drosophila

In the developing embryonic CNS of Drosophila, asymmetric neuroblast
division is regulated by a complex machinery (Fig. 3) that includes several
components involved in (1) neuroblast polarization along an apical-basal
axis, (2) orientation of the mitotic spindle along the apical-basal axis, and
during cytokinesis (3) the basal localization and asymmetric segregation of
cell fate determinants solely to the GMC.
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Neuroblast
A

GMC

Ganglion cells /
neurons or glial cells

B

Ganglion
cells

Fig. 2. A,B Asymmetric stem cell division in Drosophila neurogenesis: A neural
lineage tree. Neuroblast stem cells divide asymmetrically giving rise to another
neuroblast and a ganglion mother cell (GMC), which generally divides once to
produce two postmitotic cells (neurons or glia in the embryo, or larval ganglion cells
which subsequently differentiate into neurons or glial cells); B larval brain MARCM
clone. Green fluorescent protein labeling shows a single large neuroblast (asterisk)
and its associated progeny (GMCs and ganglion cells) (modified and redrawn, with
permission, from Bello et al. (2006), Development. © 2006 Company of Biologists)



For neuroblasts, both the orientation of their mitotic spindles along their
apical–basal axis, as well as the asymmetric localization of the cell fate
determinants to the basal cortex, depend on the formation and maintenance
of an evolutionary conserved protein complex known as the Par complex.
This protein complex consists of Drosophila atypical protein kinase C,
(DaPKC) and two PDZ domain-containing proteins, Bazooka (Baz, a
Drosophila homologue of the nematode Par-3), and DmPar6 (Wodarz and
Huttner 2003). The Par complex co-localizes with the neuroblast-specific
protein Inscuteable (Insc), thereby establishing and preserving an apical-
basal polarity in delaminating neuroblasts. During mitosis, the Insc/Par
complex localizes to the apical cortex as a crescent and recruits another evo-
lutionarily conserved protein complex, which comprises a protein with mul-
tiple tetratricopeptide repeats, ‘Partner of Inscuteable’ (Pins) and a subunit
of the heterotrimeric G protein complex Gαi. Mutations affecting apical
complex components lead to defects in mitotic spindle orientation and mis-
localization of basal components in dividing neuroblasts (for review see
Wang and Chia 2005). These apical complex components are therefore key
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Fig. 3. Molecular machinery involved in asymmetric neuroblast division. Dividing
neuroblast stem cells are polarized along the apical-basal axis, with Lgl, DaPKC,
Baz, Par6, Insc, Pins, and Gαi localized to the apical cortex (grey crescent) where
they form a functional apical complex: Lgl and Pins interact with DaPKC, DaPKC
and Par6 bind to Baz, and Baz binds to Insc; Pins also physically interacts with Insc
and Gαi. Apical complex formation in turn enables asymmetric segregation of the
basal components Mira/Brat/Pros and Pon/Numb (squared crescent) and mitotic
spindle orientation, resulting in progenitor cell fate determination. Thus, during
asymmetric neuroblast division, apical complex formation and basal targeting
simultaneously ensure stem cell self-renewal (apical) and the formation of a differ-
entiating GMC (basal) (modified after Chia and Wang 2002)



molecules, which act to facilitate apical–basal spindle orientation as well as
the asymmetric localization and segregation of cell fate determinants.

In addition to the apical components, three other classes of molecules
have been identified which act to facilitate the basal localization of cell fate
determinants but are not required for apical complex formation; these mol-
ecules include the so called ‘adaptor molecules’, two tumour suppressors as
well as two myosins. Thus, the apical complex directs the basal localization
and segregation of cell-fate determinants, such as Prospero (Pros) and
Numb and their adaptor proteins, Miranda (Mira) and Partner of Numb
(Pon) through two cortically localized tumor suppressors, Discs large (Dlg)
and Lethal (2) giant larvae (Lgl). Phosphorylation of Lgl by apically local-
ized DaPKC leads to Lgl inactivation, while Lgl activity restricts myosin II
activity to the apical cortex, resulting in the “push” of cell-fate determi-
nants to the basal cortex. In contrast to the function of Myosin II in
excluding cell-fate determinants from the apical cortex, Myosin VI (also
termed Jaguar) positively regulates basal localization and segregation of
Mira/Pros via vesicle transport (for review see Wang and Chia 2005).

The ultimate goal of this machinery is the segregation of cell fate deter-
minants like Pros into only one daughter cell that will become an interme-
diate progenitor, the GMC, which is thereby destined to differentiate into
neurons or glial cells. Pros is a homeodomain-containing transcription
factor that is transcribed and translated in dividing neuroblasts where it
localizes as crescent to the basal cell cortex. With the help of the adaptor
protein Mira as well as the tripartite motif protein Brain tumor (Brat)
(Arama et al. 2000; Sonoda and Wharton 2001; Frank et al. 2002; Loop
et al. 2004), Pros segregates preferentially to the basal GMC progeny. Once
segregated to the GMC daughter cell, Mira is rapidly degraded from the
cell cortex and Pros translocates to the GMC nucleus, where it is required
for the repression of stem cell-specific genes and the simultaneous tran-
scriptional activation of a cellular differentiation program (Li L and
Vaessin 2000). Thus, the net result of an asymmetrically segregated cell fate
determinant like Pros is the restriction of GMC proliferation to one termi-
nal division, hence to ensure cell cycle exit and its ultimate differentiation
into neurons or glial cells. Correspondingly, the exclusive segregation of
Pros to only the GMC allows the concurrent limitation of self-renewing
capacities solely to the stem cell neuroblast.

2.3
Cell Polarity During Postembryonic Stem Cell Division 
in the Drosophila CNS

The asymmetrically dividing embryonic neuroblasts of Drosophila arrest
their cell cycle after the completion of embryogenesis and remain quiescent
until after larval hatching, when they enlarge before the initiation of their
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first S-phase and re-enter the cell cycle (Maurrange and Gould 2005).
Larval neuroblasts can divide symmetrically or asymmetrically. In early
third-instar larvae, neuroblasts preferentially divide symmetrically whereas
in late third-instar larvae, they divide asymmetrically to generate two
daughter cells with different cell size and cell fate, a neuroblast and a GMC,
similar to embryonic neuroblasts.

Larval neuroblast asymmetric divisions are far less well studied
but they share a number of similarities with embryonic neuroblasts; they
express genes such as deadpan, worniu, and cortical Miranda, whereas
GMCs show only transient expression of worniu and cortical Miranda.
BrdU incorporation and immunolabelling with antibodies against mitotic
markers such as phosphorylated Histone H3 reveal that only neuroblasts
and GMCs are actively engaged in the cell cycle, whereas GMC progeny
has exit the cycle and undergoes differentiation. These postmitotic gan-
glion cells express specific differentiation markers, such as Elav or Pros,
which are specifically found in the nuclei of ganglion cells. However, in
contrast to embryonic neuroblasts, larval neuroblasts do not possess a
clear apical–basal orientation to the surface of the brain, but remain
polarized in different orientations (Ceron et al. 2001; Akong et al. 2002;
Lee et al. 2006a; Bello et al. 2006).

A number of molecules that play a role in asymmetric division of embry-
onic neuroblasts are also involved in larval neuroblast divisions. These
include components known to act in the establishment of apical-basal
polarity, namely DaPKC (Rolls et al. 2003; Lee et al. 2006a), Insc (Ceron
et al. 2001), and Pins (Lee et al. 2006a). Mira and Numb localize asym-
metrically to form cortical crescents during larval neuroblast divisions and
segregate solely to the GMC following cytokinesis (Ceron et al. 2001; Bello
et al. 2006). However, Pros protein and mRNA are not consistently
observed in dividing larval neuroblasts, whereas Pros protein is transi-
ently detectable in the nuclei of terminally dividing GMCs and is persistently
detectable in differentiating, postmitotic ganglion cells of the larval CNS
(Ceron et al. 2001; Akong et al. 2002; Bello et al. 2006).

Although it is not clear yet whether similar mechanisms regulate asym-
metric cell division in embryonic and larval neuroblasts, several studies
indicate that neuroblast polarization, mitotic spindle orientation as well
as basal localization and asymmetric segregation of cell fate determinants
also characterize dividing larval neuroblasts (Ceron et al. 2001; Rolls et al
2003; Albertson and Doe 2003). Strikingly, though, mutational inactivation
of molecules involved in asymmetric division of larval neuroblasts not only
affect mitotic spindle orientation, the proper segregation of cell fate deter-
minants, and daughter cell size (Rolls et al 2003; Albertson and Doe 2003),
but they also cause phenotypes displaying characteristic cancer-like
features typical for malignant neoplasm which had already been described
in Drosophila more than three decades ago.
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3
Malignant Neoplasm of Genetic Origin in Drosophila

In 1967, Gateff and Schneidermann reported on the occurrence of a spon-
taneous, recessive-lethal mutation in Drosophila which resulted in a tumor-
like phenotype in the larva. Developmental analysis revealed that the
primordia of the adult integument, the imaginal discs, represented lethal,
transplantable, and noninvasive neoplasm, and that the presumptive adult
optic centers of the larval brain developed into a malignant neuroblastoma
(Gateff and Schneiderman 1967). The subsequent mendelian analysis and
molecular cloning of the genetic locus demonstrated that the mutation
was a hypomorphic allele of Lgl (Gateff 1978a; Mechler et al. 1985). Thus,
Drosophila provided the first example of a tumor suppressor gene, and
since then more than 80 genes have been identified whose inactivation pro-
duce heritable tumors in various larval tissues of Drosophila (Potter et al.
2000). From the analysis of the Drosophila and human genomic sequences,
it has become apparent that homologues of many cancer-causing genes
exist in Drosophila including oncogenes and tumor suppressors, as well as
members of signaling pathways involved in cancer formation (Fortini et al.
2000; Brumby and Richardson 2005).

Drosophila tumors have been described in the larva and the adult, affect-
ing cells and tissues such as the blood cells, epithelial cells of the imaginal
discs, larval CNS tissue and the male and female adult germ cells (Watson
et al. 1994; Potter et al. 2000). Mutations resulting in tumor formation can be
classified as hyperplastic or neoplastic, depending on whether tissue archi-
tecture is maintained or not (Brumby and Richardson 2005). Hyperplastic
mutations cause overproliferation without affecting tissue architecture,
whereas neoplastic mutations such as Lgl or Dlg cause overproliferation
together with loss of tissue architecture and differentiation defects. In addi-
tion, Drosophila neoplasm are characterized by their rapid growth in situ as
well as after transplantation. These transplantation assays showed that larval
tumor tissue implanted into adult wildtype host abdomen was able to actively
degrade protecting basement membranes and invaded to distant sites within
the host’s body, including the gut, the thoracic muscles and the ovary (Gateff
et al. 1993; Woodhouse et al. 1994, 1998, 2003). Clonal analyses, by which
patches of mutant tissue are generated in a surrounding of essentially wild-
type cells, finally demonstrated in vivo the ability of neoplastic mutations to
invade and metastasize into second side tumors (Pagliarini and Xu 2003;
Brumby and Richardson 2003).

Thus, Drosophila tumors display several characteristic features of cancer
cell phenotypes that are manifestations of essential alterations in cell physi-
ology which collectively dictate malignant growth (Hanahan and Weinberg
2000). These include impaired differentiation, self-sufficiency in growth and
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proliferation, insensitivity to anti-proliferative signals, the ability to evade
programmed cell death, and invasion/metastasis. In this sense, Drosophila
tumor cells resemble several of the features that also characterize human
cancer cells (Hanahan and Weinberg 2000; Brumby and Richardson 2005).
Indeed, as is the case for human cancer cells, aberrant karyotypes have been
described for example for Lgl-mutant tumors, including increased poly-
ploidy and aneuploidy (Gateff 1978b). Moreover, neoplastic tumor
suppressor mutants like Lgl, Dlg, and Brat are characterized by disrupted
cell polarity and the adoption of migratory, invasive behavior (Woodhouse
et al. 1998; Arama et al. 2000; Humbert et al. 2003; Loop et al. 2004).

3.1
Induction of Tumor Growth by Altered Stem Cell 
Division in Drosophila

Tumor suppressor proteins like Lgl and Dlg have been shown to act in asym-
metric stem cell division (reviewed in Chia and Yang 2002; Wodarz and
Huttner 2003), suggesting that impaired cell fate determination can cause
tumor growth and cancer formation in the developing CNS of Drosophila.
Recent studies using clonal analysis in larval brains as well as transplanta-
tion assays have shown that this is indeed the case. Thus, ectopic cortical
localization of DaPKC or mutational inactivation of Lgl, Pins, Numb,
Mira, Brat, or Pros cause neoplastic tissue formation and tumor growth in
the larval CNS of Drosophila, showing several hallmarks of cancer. The
resulting tumor tissue are characterized by pleiomorphic cells, unrestrained
growth and proliferation as well as genome instability, as evidenced by a
variety of karyotypic abnormalities (Caussinus and Gonzales 2005; Lee
et al. 2006a, b; Betschinger et al. 2006; Bello et al. 2006).

These studies also suggest, however, that substantial differences exist
between the respective tumor tissues as to which cell type is affected by the
mutations and how neoplastic tissue formation takes place. Although still
tentative, the available data suggest that altered function of apical complex
mediators such as DaPKC, Lgl, and Pins affect neuroblast stem cell self-
renewal (Lee et al. 2006a), whereas defects in members of the basal target-
ing machinery (Mira, Brat) or in cell fate determination (Pros, Numb)
impair terminal differentiation of GMCs (Caussinus and Gonzales 2005;
Lee et al. 2006b; Betschinger et al. 2006; Bello et al. 2006). Yet in both
cases, the otherwise tight regulation of self-renewing capacities of either
stem or progenitor cells appears to fail, resulting in malignant neoplasm
and hence clonally related brain tumor formation, and upon transplanta-
tion, into invasion and metastasis.

Thus, clonal analysis in Drosophila larval brains showed that Pins
mutant neuroblasts rapidly fail to self-renew, resulting in a marked
decrease of neuroblast numbers that is not due to neuroblast cell death
but to the occurrence of GMC/GMC siblings and in turn to the premature
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termination of neuroblast lineage formation (Lee et al. 2006a). In contrast,
however, when transplanted into wildtype host, trans-heterozygous Pins
mutant tissue results in one-fifth of the cases in tumor formation due to the
uncontrolled division of neuroblast stem cells (Caussinus and Gonzalez
2005). Lgl mutant neural lineages result in multiple neuroblasts due to
occasional ectopic self-renewal (Rolls et al. 2003; Lee et al. 2006a), whereas
Lgl Pins double mutant neuroblasts all divide symmetrically to self-renew,
filling the brain with neuroblasts at the expense of differentiating ganglion
cells (Lee et al. 2006a). These data suggest that Lgl inhibits stem cell self-
renewal, whereas Pins has dual functions in promoting and inhibiting stem
cell self-renewal (Fig. 4A).

The key factor to understand Lgl and Pins activity appears to be
DaPKC (Rolls et al. 2003) whose sub-cellular localization is not only main-
tained in Lgl Pins double mutants but shows ectopic uniform cortical
distribution, suggesting that both Lgl and Pins are required to restrict
DaPKC to the apical neuroblast cortex. Indeed, overexpression of a mem-
brane-targeted DaPKC but not a kinase-dead mutant isoform results in
increased numbers of larval brain neuroblasts, whereas a decrease in DaPKC
expression reduces neuroblast stem cell numbers. Genetic interaction experi-
ments finally show that Lgl DaPKC double mutants have normal numbers of
neuroblasts and that DaPKC is fully epistatic to Lgl, suggesting that DaPKC
directly promotes neuroblast self-renewal (Fig. 4A) (Lee et al. 2006a).

3.2
Drosophila Stem Cell Self-Renewal and Tumor Suppression

The results by Lee et al. (2006a) demonstrate that asymmetric cell division
provides a mechanism to regulate the balance between stem cell mainte-
nance and the required supply of fully differentiated cells during larval neu-
rogenesis of Drosophila. Moreover, these data together with earlier results
on the tumor suppressor activity of Lgl (Gateff 1978a; Woodhouse et al.
1998; Rolls et al. 2003) indicate that a breakdown of neuroblast asymmetry
leads to symmetric, proliferative stem cell divisions and hence impaired dif-
ferentiation. This provides compelling evidence that unrestrained stem cell
self-renewal can cause overproliferation phenotypes and neoplastic tissue
formation in Drosophila. In this sense, impaired asymmetric cell division
and in turn errors in the process of normal differentiation can be regarded
as initiating events in the formation of malignant tumors (Harris 2005). It
is therefore conceivable that mutations affecting other components of the
asymmetric cell division machinery may also cause comparable cancer-like
phenotypes. Indeed, mutational inactivation of basal components involved
in asymmetric neuroblast division also result in hyper-proliferation and
malignant neoplasm of the larval CNS in Drosophila.

Using transplantation assays, Caussinus and Gonzalez (2005) showed
that pieces of brains from larvae carrying homozygous Numb, Mira, or
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Pros mutant tissue can grow to more than 100 times their original size. The
resulting neoplastic tissue and second side tumors severely damaged and
displaced organs in the abdomen of the host, who rarely survived beyond
three weeks after transplantation. Nevertheless, the tumors could be itera-
tively re-transplanted into new hosts, showing that the mutant cells became
immortal and proliferated endlessly. Moreover, the resulting tumor cells
displayed genome instability as evidenced by a variety of karyotypic abnor-
malities and impaired centrosome cycles. These results indicated that simi-
lar to altered function of apical complex mediators such as DaPKC, Lgl,
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Fig. 4. A,B Asymmetric cell division regulates stem/progenitor cell self-renewal
and tumor suppression in Drosophila: A DaPKC, Lgl, Pins regulate neural stem
cell self-renewal and tumor suppression. In this model, Pins anchors DaPKC api-
cally and Lgl inhibits DaPKC localization basally, whereas DaPKC can phospho-
rylate and directly inhibit Lgl function, suggesting a mutual inhibition between Lgl
and DaPKC that results in stabilization of apical DaPKC localization. During
asymmetric neuroblast division, the net result of this mutual inhibition is the reli-
able partitioning of DaPKC to only the resulting neuroblast (and not the GMC sib-
ling), and hence the inheritance of self-renewing capacities solely to the stem cell.
Defects in apical complex formation (Lgl mutant, Lgl Pins double mutant, or
ectopic cortical DaPKC accumulation) lead to symmetric neuroblast stem cell divi-
sion and impaired differentiation, eventually causing tumor formation (modified
after Lee et al. 2006a); B Mira, Brat, and Pros regulate neural progenitor cell self-
renewal and tumor suppression. In asymmetrically dividing neuroblast stem cells,
Mira and Brat regulate basal targeting of the GMC cell fate determinant Pros,
thereby restricting GMC proliferation to one terminal division, hence to ensure cell
cycle exit and its ultimate differentiation into neurons or glial cells. Impaired basal
targeting and defective cell fate determination lead to excessive numbers of over-
proliferating mutant progenitor cells (squared circles) which display limitless stem
cell-like self-renewal, eventually resulting in clonally derived malignant tumors
(modified after Bello et al. 2006)



and Pins, defects in the basal targeting machinery affecting Mira, or the
cell fate determinants Pros or Numb, also result in de-regulated neuroblast
stem cell self-renewal and malignant neoplastic tissue formation. However,
based on their expression profile of cell type-specific markers, no obvious
differences between any of the tumor lines were observable, and the cell
types found in the tumor masses resembled neuroblasts, GMCs, and gan-
glion cells (Caussinus and Gonzalez 2005). Which cell type, then, leads
to overproliferation and eventually malignant tumor formation due to
improper cell-fate determination?

In the typical neuroblast lineage proliferation paradigm, an asymmetri-
cally dividing neuroblast gives rise to another neuroblast and a GMC, which
in turn terminally divides to generate differentiating, postmitotic ganglion
cells (Fig. 2A). It is therefore conceivable, that neuroblasts mutant for Numb,
Mira, or Pros divide symmetrically generating two daughter neuroblasts as is
the case for impaired apical complex formation, or that neuroblasts carry on
dividing asymmetrically but limitless beyond the normal number of times
they divide. Yet, in wildtype, the total number of times a neuroblast stem cell
divides is limited since cessation of proliferation in the developing Drosophila
CNS occurs during puparium formation and metamorphosis (Ito and Hotta,
1992; F. Hirth, unpublished observation). The underlying genetic mecha-
nisms are currently unknown, although for a subset of actively dividing
larval neuroblasts, it has recently been shown that they are eliminated by pro-
grammed cell death, thereby limiting the number of progeny produced
(Peterson et al. 2002; Bello et al. 2003). Numb, Mira, and Pros mutant trans-
plant tissue, however, continue to proliferate in adults after many passages
from host to host, suggesting that these cells are either able to escape, or that
they lack cell cycle termination signals. Moreover, although neuroblasts
account for most of the mitotic activity observed in these tumors, the
detectable neuroblasts apparently divide asymmetrically. In addition, both
neuroblasts and ganglion cells were not markedly diluted or over-represented
as the tumors aged or after iterative re-transplantation from host to host
(Caussinus and Gonzalez 2005). This suggests that neither symmetric nor
limitless asymmetric neuroblast divisions can account for the resulting
Numb, Mira, or Pros mutant neuroblastoma, since the tumors would contain
either little more than neuroblasts or would retain a constant number of
neuroblasts which would be diluted over time among their offspring.

A solution to this apparent paradox comes from a scenario that calls on a
low frequency of neuroblast divisions resulting in two twin cells resembling
stem cell-like features -be it because the preceding division is symmetric in
terms of cell fate, leading to a self-renewed neuroblast and another asym-
metrically dividing neuroblast-like cell, or because a neuroblast not only self-
renews but also leads to a GMC that is unable to differentiate via a single
terminal division but rather becomes reverted into another stem cell that
continues to proliferate too. Although it is not clear yet whether one or
both of these possibilities are the causing event, recent studies using mosaic
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analysis of Brat, Mira, and Pros mutant clones in larval brains of Drosophila
suggest that impaired basal targeting and defective cell fate determination
during asymmetric neuroblast division lead to the formation of malignant
neoplasm due to excessive numbers of overproliferating neural progenitor
cells (Bello et al. 2006; Betschinger et al. 2006; Lee et al. 2006b).

3.3
Induction of Tumor Growth by Impaired Progenitor 
Cell Differentiation in Drosophila

Clonal analysis and genetic interaction studies show that the tumor suppres-
sor Brat and the adaptor molecule Mira are required for asymmetric segrega-
tion of the cell fate determinant Pros and hence the restriction of GMC
proliferation to one terminal division. Moreover, impaired Brat, Mira, or Pros
activity results in impaired GMC cell fate determination eventually leading to
neoplastic tissue formation and the concomitant loss of differentiated gan-
glion cells in the larval brain of Drosophila (Fig. 4B) (Bello et al. 2006;
Betschinger et al. 2006; Lee et al. 2006b). Thus, mosaic analysis of Brat
revealed that the majority of mutant clones were up to 10 times larger than
wildtype control clones, comprising an excessive number of pleiomorphic cells
that are unable to exit the cell cycle. A large number of Brat mutant cells
continued to proliferate into adulthood and displayed mitotic activity even in
three week-old adult flies (Bello et al. 2006). Detailed expression analysis of
markers specific for neural lineage cell types demonstrated that Brat mutant
clones comprise a wildtype-like number of asymmetrically dividing neurob-
lasts; yet the majority of mutant cells displayed sustained expression of neu-
ral progenitor cell markers, and simultaneously lacked marker gene expression
specific for differentiating ganglion cells, indicating that Brat mutation impairs
proliferation control of neural progenitors and subsequent differentiation into
ganglion cells (Bello et al. 2006; Betschinger et al. 2006). Similar observations
have been made for Pros and Mira mutant clones. Thus, Pros mutant clones
phenocopy Brat mutant clones in that they are dramatically enlarged and
essentially devoid of differentiating, postmitotic ganglion cells. Rather these
clones comprise cells that display sustained expression of stem cell markers as
well as increased mitotic activity (Bello et al. 2006).

Genetic rescue experiments provided evidence that Pros acts down-
stream of Brat in progenitor cell differentiation and brain tumor suppres-
sion (Bello et al. 2006). Using mosaic analysis, Brat mutant larval brain
clones were generated that simultaneously over-expressed wildtype Brat or
Pros. In both cases, the resulting clones were comparable in size, cell num-
ber, and marker gene expression to wildtype control clones (Bello et al.
2006), suggesting that loss of nuclear Pros expression in Brat mutant clones
is causally related to their overproliferation phenotype. Moreover, consis-
tent with a possible role of Mira and Brat for Pros cargo, individual
Mira mutant clones generated in larval neuroblast lineages (F. Hirth,
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unpublished) or depletion of functional Mira by transgenic RNAi
(Betschinger et al. 2006) cause hyper-proliferation and malignant neoplas-
tic tumor formation in the larval central brain of Drosophila (Fig. 4B).

A direct link between compromised inheritance of GMC cell-fate deter-
mination and unrestrained growth of larval brain neural lineages was fur-
ther indicated by BrdU pulse-chase experiments (Lee et al. 2006b). BrdU
incorporation is a marker of DNA replication and was used to distinguish
between cells that continue to proliferate (as they initially incorporate
BrdU but rapidly dilute it out during the chase period) and cells that are
differentiating (as they incorporate BrdU during their terminal division
and maintain BrdU during the chase period). BrdU pulse-chase experi-
ments performed in wild-type larvae revealed that proliferative neuroblasts
dilute out BrdU incorporation, whereas postmitotic ganglion cells retained
BrdU incorporation. Similar experiments performed in Brat mutant larvae
revealed different results depending on chase length. Thus, after a 24-h
chase, large neuroblasts were surrounded by many small cells maintaining
neuroblast marker gene expression and BrdU incorporation. After a 72-h
chase, a decrease in BrdU+ cells were observed, with the remaining BrdU-
positive cells displaying an expression profile of ganglion cells. Based on
this steep decline in the number of BrdU+ cells during the 24- to 72-h chase
period, and a corresponding increase in neuroblast numbers during this
time, Lee et al. (2006b) proposed that Brat mutant larval neuroblast line-
ages generate GMC-sized progeny that are cell cycle delayed and continue
to express stem cell-specific genes. Accordingly, a minority of these cells is
able to acquire a GMC fate and eventually differentiate into postmitotic
ganglion cells, but the majority of mutant cells appear to be transformed
into neuroblast-like stem cells that are unable to exit the cell cycle (Lee et al.
2006b; Bello et al. 2006; Betschinger et al. 2006).

Finally, genetic interaction studies showed that Brat binds to the cargo
binding domain of Mira and co-localizes together with Pros at the basal
cortex of dividing neuroblasts (Betschinger et al. 2006; Lee et al. 2006b).
Localization analysis in Mira mutants revealed that the usual asymmetric
segregation of Pros and Brat into the GMC is perturbed. Conversely, in
Pros or Brat mutants, Mira expression is seen in both daughter cells after
neuroblast division (Bello et al. 2006; Betschinger et al. 2006; Lee et al.
2006b). Furthermore, in Pros mutants, Brat expression and localization are
unaffected (Lee et al. 2006b; Betschinger et al. 2006; Bello et al. 2006),
whereas in Brat mutants, Pros is hardly detected in any of the cells derived
from Brat mutant larval lineages (Bello et al. 2006). These results indicate
that consistent with Brat being a cargo of Mira, Mira is required for Brat
localization, whereas Brat together with Mira promote asymmetric segre-
gation of Pros into the GMC where they are required for neural progenitor
cell differentiation and tumor suppression in the larval brain of Drosophila.
(Betschinger et al. 2006; Lee et al. 2006b; Bello et al. 2006). How could Brat
and Pros exert such an activity in the GMC?
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As has been shown in the embryonic CNS, the transcription factor Pros
acts either as an activator or as a repressor of target-gene transcription,
depending on the context (Li L and Vaessin 2000; Prokopenko and Chia
2005). Consistent with the occurrence of supernumerary cell divisions in
Pros mutants, key cell cycle regulators like Cyclin A, Cyclin B, Cyclin E,
and String (Cdc25) have been identified among the target genes that are 
de-repressed in Pros mutant tissue (Li L and Vaessin 2000; Bello et al.
2006). In contrast, Brat has been shown to interact with RNA binding pro-
teins by direct protein-protein interactions and to repress translation of
specific mRNAs (Sonoda and Wharton 2001). Moreover, genetic evidence
suggests that one of the proteins translational repressed by Brat in wildtype
neuroblasts is the transcription factor Myc (Betschinger et al. 2006).
Among the targets of Myc are many genes that are involved in the 
RNA-polymerase I-dependent transcription of rRNA and ribosome
biosynthesis, and overexpression of Myc leads to enlarged nucleoli and
increased protein synthesis, which causes increase in cell size (Grewal et al.
2005). Consistent with these findings, Brat mutant cells also have enlarged
nucleoli (Frank et al. 2002; Betschinger et al. 2006) and some evidence indi-
cates that Brat mutant GMCs increase in size and eventually convert to
ectopic neuroblast-like stem cells (Lee et al. 2006b).

Taken together, the available molecular genetic data in Drosophila provide
compelling evidence that stem and progenitor cell self-renewal and tumor
suppression are interconnected via asymmetric cell division control. The
available data demonstrate that impaired apical complex formation in neu-
roblasts leads to symmetric stem cell divisions (Rolls et al. 2003; Caussinus
and Gonzalez 2005; Lee et al. 2006a), whereas defects in basal targeting and
progenitor cell fate determination lead to mutant cells that are unable to ter-
minally differentiate but rather continue to proliferate (Caussinus and
Gonzalez 2005; Betschinger et al. 2006; Lee et al. 2006b; Bello et al. 2006).
In both cases, the net result is unrestrained self-renewal of mutant cells
which display characteristic features of deregulated stem cells, eventually
leading to hyperproliferation and malignant neoplastic tissue formation in
Drosophila (Fig. 4). These data therefore demonstrate that deregulated stem
cells can play a pivotal role in Drosophila tumor formation, and recent evi-
dence suggests that so-called cancer stem cells may drive the growth and
metastasis of solid tumors in human too (Al-Hajj and Clarke 2004).

4
Altered Stem and Progenitor Cell Self-Renewal 
and Cancer Stem Cells

Epithelial cancers such as cancer of the colon, breast, lung and prostate are
the most common cancers in adults. In each of these tissues, the mature
cells are thought to be constantly replenished by a minority population of
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tissue stem cells. These stem cells give rise to a rapidly dividing population
of transit-amplifying progenitor cells which finally give rise to the mature
epithelial cells in the tissue (Eckfeldt et al. 2005). In most tissues, the only
long-lived cells are stem cells, whereas other cells typically have a lifespan
measured in days or weeks. This is in apparent contrast to cancer cells
which give rise to tumors that develop over a period of months to years and
like normal tissue consist of heterogeneous populations of cells. In previ-
ous models of cancer, the up-regulated growth of tumors was attributed to
the serial acquisition of genetic events that resulted in the typical hallmarks
of cancer (Hanahan and Weinberg 2000; Hahn and Weinberg 2002).

Recent evidence however suggests that cancers can be viewed as an
abnormal organ in which tumor growth is driven by a population of can-
cer stem cells, which can give rise to both more cancer stem cells as well as
to non-tumorigenic cancer cells (Al-Hajj and Clarke 2004; Clarke and
Fuller 2006). In marked contrast to the cancer stem cells, these latter cells
have either no or a markedly diminished capacity to form new tumors –
because they lack the ability to self-renew. In such a cancer stem cell model,
the key event in tumorigenesis is the disruption of genes involved in the reg-
ulation of self-renewal, leading to a clonally derived tumor arising from a
cancer stem cell. Accordingly, the tumor cell-of-origin would originate
from a stem/progenitor or more differentiated cell via acquisition of muta-
tions that dysregulate or allow reacquisition of self-renewal mechanisms
(Reya et al. 2001; Pardal et al. 2003; Fomchenko and Holland 2005). In
support of this model, cancer stem cells have already been identified in
leukemia, and in solid tumors of the breast and brain (Al-Hajj and Clarke
2004). Moreover, inappropriate activation of the WNT, sonic hedgehog
(SHH), Notch, PTEN, and BMI1 pathways have all been shown to pro-
mote the self-renewal of somatic stem cells, as well as neoplastic prolifera-
tion in the same tissues when dysregulated (Pardal et al. 2003).

Based on these observations, it is conceivable that similar to the situation
in Drosophila, the machinery promoting asymmetric cell division may play
an evolutionary conserved role in mammalian tumor suppression. Indeed,
mammalian homologues of Baz, Par6, DaPKC, Lgl, and Numb have been
shown to regulate asymmetric cell fate determination and tumor suppression.
Thus, mammalian aPKC, Par3, and LGN are involved in asymmetric divi-
sion of basal epidermal progenitor cells of the skin and their dysregulation
can lead to skin cancer (Lechler and Fuchs 2005). Moreover, there is evidence
for the asymmetric segregation of vertebrate NUMB homologues (Wodarz
and Huttner 2003) that seem to act as asymmetric cell fate determinants.
Double knockouts of Numb and Numb-like in the mice dorsal forebrain
have been found to lead to impaired neuronal differentiation, hyper-
proliferation of neural progenitors, and delayed cell-cycle exit (Li HS et al.
2003). In addition, loss of Lgl1/Mlgl/Hugl, one of the two Lgl homologues
in mice, results in failure to asymmetrically localize the fate determinant
Numb and leads to severe brain dysplasia as neural progenitor cells fail to
exit the cell cycle (Klezovitch et al. 2004). Reciprocally, a well-characterized
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human tumor suppressor, the kinase Lkb1, whose loss causes the Peutz-
Jeghers syndrome, has turned out to be a regulator of cell polarity in worms,
flies and humans and might be involved in asymmetric cell division as well
(Marignani 2005). Thus, similar to the situation in Drosophila, impaired
asymmetric cell division and in turn defects in stem or progenitor cell 
self-renewal appear to be causally related to cancer formation in mammals.

5
Conclusion

Molecular genetic data from Drosophila neural stem and progenitor cell pro-
liferation control together with emerging evidence from studies in mammals
indicate that evolutionary conserved genetic mechanisms regulate stem and
progenitor cell self-renewal and tumor suppression via asymmetric cell divi-
sion. These studies show that breakdown of asymmetry in dividing Drosophila
neuroblast stem cells leads to symmetric, proliferative divisions and hence
impaired differentiation. Moreover, impaired basal targeting and defective cell
fate determination during asymmetric neuroblast division in Drosophila lead
to the formation of malignant neoplasm due to excessive numbers of over-
proliferating mutant progenitor cells. In addition, recent data in human sug-
gest that so-called cancer stem cells may cause leukemia, and solid tumors of
the breast and brain. These studies therefore provide evidence that failure
of the otherwise tight regulation of self-renewing capacities of either stem or
progenitor cells can result in neoplasm, indicating that impaired asymmetric
cell division and in turn errors in the process of normal differentiation can be
initiating events in the formation of malignant tumors.
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Asymmetric Distribution of DNA Between
Daughter Cells with Final Symmetry Breaking
During Aging of Human Fibroblasts

Alvaro Macieira-Coelho

Abstract

Human fibroblasts proliferating in vitro go through functional modifications, lose
progressively their capacity to divide, and enter finally a post-mitotic state. These
events are supposed to reproduce the developmental steps taking place in vivo dur-
ing aging of the organism. The gradual changes occurring through proliferation are
incompatible with an even distribution of the genetic material during cell division.
We measured the amount of DNA on pairs of daughter cells at different popula-
tion doubling levels of human fibroblasts. It was found that at each doubling in a
significant fraction of cells, the distribution of DNA between sister cells is asym-
metric. The cell system is in a steady state through the different phases of the
fibroblast population life span; then during the last mitoses when the cells enter
the terminal phase IV there is symmetry breaking with a phase transition, the cells
settling into a new state.

1
Drift of Cell Function Through Serial Divisions

The classical experiments of Meselson and Stahl showing that the synthe-
sis of DNA is semiconservative led to the belief that at each division each
daughter cell receives the same kind of genetic information and hence that
both sister cells are identical. However, when one follows a cell population
during serial proliferation in vitro different parameters show that the cell
functions evolve in many respects.

Human fibroblasts proliferating in vitro were extensively analyzed in this
respect since they are used for the study of aging at the cellular level.
During serial replications they are known to go through three phases
(Hayflick and Moorhead 1961): phase I is suggested from the initial rise in
the saturation densities and the morphological observations showing the
appearance of a homogeneous population, phase II can be defined as the
period where the fraction of non-dividing cells is relatively constant, phase
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III is characterized by the slight increase in the number of cells which do
not divide during a 24-h period and by the prolongation of the population
doubling time. The existence of a final phase IV was later characterized
(Macieira-Coelho and Taboury 1982) corresponding to the last three or
four doublings with a rapid fall of the maximal cell density and of the frac-
tion of cells synthesizing DNA during a 24-h period; the cells enter a very
slow dividing state and eventually become post-mitotic (Fig. 1). Several
metabolic events occur during the last three to four doublings, which
support the idea of a final phase with distinct characteristics (Macieira-
Coelho 1988).

It is obvious from the evolution of the kinetics of proliferation that
something must take place during cell division, which progressively changes
the cells and finally creates the conditions for the final abrupt steps.

Morphological observations also lead to the conclusion that there is a
drift through cell division. There is an increase in cell, nuclear and nucleo-
lar areas (Mitsui and Schneider 1976; Bemiller and Miller 1979); moreover,
three types of fibroblasts can be distinguished, I, II and III, with an
increasing volume with a shift to the larger volume during the cell popula-
tion life span (Steinhardt 1985). At the end there is a sudden shift to a large
type IV cell (Fig. 2) (Macieira-Coelho 1983) with a significant reorganiza-
tion of the cytoskeleton and decreased motility (Raes et al. 1983).

Several enzymatic changes have been reported during serial proliferation
of human fibroblasts. There is a decline in the ratio between the activities of
two enzymes of the purine salvage pathway, hypoxanthine-guanine trans-
ferase and adenine-phosphoribosyltransferase (Paz et al. 1981), a decline in
ribonucleotide reductase (Dick and Wright 1985), and a progressive increase
in the levels of the second enzyme of the pathway for de novo purine biosyn-
thesis, glycinamide ribonucleotide synthetase (Hards and Patterson 1986).
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Fig. 1. Maximal cell densities recorded before each cell subcultivation during the
entire life span of a human embryonic lung fibroblast line. Each dot corresponds to
a cell count from a different culture vessel. The population doublings correspon-
ding to Phases I, II, III and IV are indicated



Another interesting enzymatic alteration is the progressive appearance of a
new 3′:5′-cyclic AMP-independent histone kinase, raising the possibility that
new genes become progressively activated (Kahn et al. 1982).

Changes in glycolysis seem related to the kinetics of proliferation.
Between population doubling 20 and 40 glucose uptake and lactate pro-
duction decrease, thereafter both glucose uptake and lactate production
increase (Bittles and Harper 1984); the critical change in the biphasic curve
of glucose uptake/lactate production corresponds to the transition from
phase II to phase III. The same investigators also observed an increase
in the specific activity of piruvate kinase, a regulatory enzyme of the
glycolytic pathway.
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Fig. 2. A,B Morphology of the same cells used for the experiment illustrated in
Fig. 3, in: A phase II; B phase IV



The relative proportion of cyclin decreases progressively (Celis and
Bravo 1984), and during the second half of cell population life span the
responsiveness to EGF decreases corresponding to the transition between
phases II and III (Kaji and Matsuo 1983).

Progressive modifications of the cell surface became apparent with the
reported decline in the negative surface charge and in the activity of a pH
7.8 protease (Bosmann et al. 1976), the increase of albumin transport
(Berumen and Macieira-Coelho 1977), and the decrease of the binding,
uptake and degradation of low density lipoproteins due to a reduction in
the number of receptor sites (Lee et al. 1982).

Several data point to genetic modifications. There is an increased hetero-
geneity in DNA repeat lengths (Dell’Orco et al. 1986) and decreased
hybridization of the probes for the α-globin and β-actin genes (Icard-
Liepkalns et al. 1986). The mutation frequencies for diphtheria toxin and
thioguanine resistance increase linearly during the first 2/3 of the life span of
a human fibroblast population (Gupta 1980). The expression of the EPC-1
(early population doubling cDNA-1) gene declines gradually during the
fibroblast proliferation life span (Pignolo et al. 1993). Furthermore, the activ-
ity of p53, a positive transactivator of p21 gene expression, was found to
increase in a stepwise fashion through the different phases (Bond et al. 1996).

Other modifications occurring during the proliferation life span of
human fibroblasts have been reviewed elsewhere (Macieira-Coelho 1988).

2
Structural Reorganization of Chromatin Fibers

Ultrastructural changes accompany the shift in cell morphology; indeed the
visualization of the 30-nm solenoid with a loosening procedure (Puvion-
Dutilleul and Macieira-Coelho 1982) showed that the density of the 30-nm
solenoid chromatin fibers decreases progressively through phases I, II and III
mainly at the level of their anchorage to the lamina densa correlating with the
decline in the rate of DNA synthesis initiation (Macieira-Coelho 1991).

During phase IV there is decondensation of chromatin (Puvion-
Dutilleul and Macieira-Coelho 1982) and a profound reorganization of the
fibers with a significant fall of the density coinciding with the dramatic
changes in morphology and asymmetric events described below (Fig. 3).

To quantify the changes in the organization of the 30-nm chromatin
fibers, pictures like those illustrated in Fig. 3 from cells during phases II, III
and IV were screened with an image processor (Macieira-Coelho and
Puvion-Dutilleul 1989). Two measurements were made; one expressed the
ratio between the dark and light areas and was called the density of the
fibers; the other, which was called the spacing, was obtained with a sieve-
like procedure that calculated the areas between the fibers. The density of
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the fibers, mainly at the level of their anchorage to the lamina densa, was
found to decrease progressively. On the other hand, the spacing of the
fibers was found to follow a two-step pattern; it varied very little during
most of the cell population life span and increased abruptly at the end when
the cells entered the terminal post-mitotic phase IV.

This reorganization of the 30-nm solenoid fibers has functional implica-
tions. Indeed the fall in the density correlates with the decline in the rate of
DNA synthesis initiation after cell attachment and spreading of proliferat-
ing cells during phases II and III, whereas the evolution of the spacing cor-
relates with the terminal fall in the number of cells capable of initiating
DNA synthesis during phase IV (Macieira-Coelho 1991).

3
Asymmetric Distribution of DNA Between Sister Cells

The drift in cell behavior and the reorganization of chromatin fibers
through serial proliferation is incompatible with an even genetic transmis-
sion through semi-conservative DNA synthesis at each division. Meselson
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Fig. 3. Distribution of the 30-nm chromatin fibers at the periphery of the nucleus
following mild loosening of phase II (left) and phase IV (right) human embryonic
lung fibroblasts



and Stahl experiments were performed at the level of the cell population,
when the phenomenon was analyzed at the level of individual cells it
became apparent that deviations from the symmetric distribution of DNA
between sister cells occur with a significant frequency during cell division
(Macieira-Coelho et al. 1982).

We measured with cytophotometry the DNA content of individual cells
in mitosis, a period marked by exact G1 and G2 DNA contents without
interference by cells in the S phase. The cells were stained with ethidium
bromide or Feulgen-pararosanilin. To ensure that DNA values are the same
regardless of the stage of the cell cycle, the values found on interphases
were compared with those found for cells in mitosis (Maciera-Coelho et al.
1982). The distribution of the DNA contents of anaphases and telophases,
and of metaphases accorded respectively with the G1 and G2 peaks found
for interphases. The distribution of DNA of tetraploid anaphases and
telophases corresponded to the DNA content of diploid metaphases. The
amount of DNA of tetraploid metaphases (14%) corresponded to that of
octaploid interphases. Thus the same amount of DNA is found by this
method regardless of the geometry of the nucleus and of the packing of
DNA. The percentage of cells with a tetraploid value also fitted the data
obtained with chromosome counts (Macieira-Coelho et al. 1982). Identical
results were found with ethidium bromide and Feulgen-pararosaniline
stainings.

The DNA content of each half of anaphase pairs was compared (Fig. 4)
to determine the extent of the differences in DNA content between sister
cells. Differences were expressed as the percentage of the mean value of
each pair. A total of 4000 anaphases were analysed after ethidium bromide
staining and 350 after Feulgen staining at different population doubling
levels (PDL). With both ethidium bromide and Feulgen-pararosaniline
most differences in the DNA content between sister cells were below 5% of
the mean of the pairs of sister cells. Repeated measurements were made on
the samples stained with Feulgen to evaluate the differences attributable to
methodology. The white area in Fig. 4 represents the differences between
same measurements with three standard deviations. These data show that
in approximately 20% of the cells, at each division, differences between sis-
ter cells are significant and not due to methodological errors (Macieira-
Coelho et al. 1982). Hence in a large proportion of cells, at each population
doubling, the distribution of DNA between sister cells is asymmetric. The
distributions of the differences were identical throughout the cell popula-
tion life span, only during the terminal two to three doublings was an
increase found in the number of pairs with large differences (Macieira-
Coelho et al. 1982).

If the packing of DNA during the mitotic periods does not interfere
with the measurements, the DNA content of anaphases and telophases
should be identical and should be the same as that of metaphases when the
DNA content of the latter is halved. This was evaluated by plotting on
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probit paper the DNA distributions for these classes of cells (Fig. 5) in such
a way that the scale of the abcissa for metaphases is twice that of ana-
phases and telophases. Indeed the values corresponding to each half of
anaphases and telophases, and to that of metaphases overlap.

This type of analysis was performed at different PDL and the DNA val-
ues found in the different classes of cells were tested by an analysis of vari-
ance, which showed that they were never significantly different (F=33 at the
0.05 level). The plot always gave straight lines indicating a Gaussian distri-
bution.

The DNA contents of anaphases and metaphases were measured during
the last mitoses when cells reached phase IV and plotted on probit paper
(Fig. 6). The plot was not linear as for cells in phases II and III; instead there
was a breaking point in the slope suggesting a phase transition. The distri-
bution of DNA between sister cells at higher DNA contents was chaotic.

Microscopical observations showed that the cells were not contaminated
by mycoplasma. In addition control DNA measurements were made
repeatedly in areas above the cytoplasm to ensure absence of aberrant
DNA. With ethidium bromide the total background was below 5% of the
mean DNA diploid value and after Feulgen staining below 0.1%.

To determine whether the differences in the DNA content between cells
were caused by unequal distribution of the DNA synthesized during the
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Fig. 4. Distribution of the differences
in the amounts of DNA between each
half of anaphase pairs after Feulgen-
pararosaniline staining expressed as
the percentage of the mean of the pair,
in human embryonic lung fibroblasts
at the 31st population doubling. The
area limited by the continuous line
corresponds to the differences with
three standard deviations, found 
between repeated measurements of the
same samples. Each sample was
measured twice
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Fig. 5. Plot on probit paper of the distribution of the amount of DNA on
metaphases (squares) and on each half of anaphases and telophases (filled and
empty circles) of human embryonic lung fibroblasts in phase II

preceding S period, the number of grains on each half of anaphases
and telophases was measured after labeling the DNA with 3H-TdR
during a whole S period. To check if 3H-TdR would disturb the distribu-
tion of DNA between daughter cells, cultures were labeled with different



concentrations of the radioactive precursor and the DNA in each half of
anaphases and telophases was measured. Concentrations between 0.01 and
0.2 µCi/ml did not change the distributions of the differences in DNA con-
tent between sister cells, beyond those concentrations there was a decline in
the number of pairs with less than 5% difference from the mean and an
increase in the number of pairs with larger differences. Radioactivity
increased the differences between daughter cells in the upper 20% of the
distribution, in other words, it increased the fraction of cells with signifi-
cant differences in DNA content, which reinforces the data showing the
asymmetry of DNA distribution.

Since 0.01 µCi/ml 3H-TdR gives a grain spread over the nucleus with a
good resolution, this concentration was considered safe for the experiment.
The number of grains on daughter cells was measured after labeling the
DNA with 3H-TdR during a whole S period (Macieira-Coelho et al. 1982).
Ten hours after adding 3H-TdR the peak grain count above anaphases plus
telophases and above metaphases reached a plateau around 25 grains with
no significant differences between the two classes of cells. There was a
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Fig. 6. Plot on probit paper of the distribution of the amount of DNA on
metaphases (squares) and on each half of anaphases (filled and empty circles) of
human embryonic lung fibroblasts in phase IV



decline in the 16th hour after labeling due to the presence of non-labeled
mitoses from the G2-delayed compartment, which can be detected on the
percentage metaphase curve. A G2-delayed compartment is known to
be present in human fibroblastic populations (Macieira-Coelho and
Berumen 1973).

Hence samples from the 10th, 12th, 20th, and 24th hour after labeling
were chosen to analyse the differences in the number of grains found
on each half of anaphases and telophases. The number of grains found on
each daughter cell was plotted and compared with a Monte Carlo simula-
tion. The plot showed a significant fraction of cells where the DNA
synthesized during the preceding S period was not distributed evenly
between daughter cells. The fraction of cells with significant differences in
the number of grains on daughter cells was constant throughout the popu-
lation life span and increased only during the last mitoses (Macieira-
Coelho et al. 1982).

4
Implications for Homeostasis In Vivo

An increased heterogeneity of the amount of DNA per cell during aging of
human embryonic diploid fibroblast populations has been previously
reported in analyses of the distribution of the DNA content of interphases
(Schneider and Fowlkes 1976). Results obtained with lymphocytes from
human donors of different ages also showed an increased variance with age
in the DNA content between cells (Staiano-Coco et al. 1982). However
cytophotometric studies performed on interphases show two peaks corre-
sponding to cells in the G1 and G2 periods and intermediate values
corresponding to the cells in the S period. Hence the spread of the G1 and
G2 DNA contents of interphases is difficult to analyze because of a lack of
clear limits between cells in the different periods of the cycle. Furthermore,
an interphase with 4C DNA can be a diploid cell in G2 or a tetraploid in
G1. To overcome these difficulties the DNA content was measured in cells
in metaphase, anaphase, and telophase (Macieira-Coelho et al. 1982).

The results described above show that the partition of DNA between sis-
ter cells deviates from a symmetric distribution in a significant fraction of
cells at each population doubling. This fraction is constant through phases
I, II and III of the fibroblast population, with DNA contents presenting
always a Gaussian distribution; so it seems that the system undergoes a
progressive reorganization but is in a steady state. When the cell population
completes its potential number of doublings a critical point is reached and
the system deviates from equilibrium with a phase transition; a bifurcation
seems to take place with the appearance of a new steady state with new cell
properties. The final symmetry breaking in cell division coincides with
other asymmetric events such as the reorganization of chromatin fibers
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(Puvion-Dutilleul and Macieira-Coelho 1982), the presence of extra-
chromosomal DNA circles (Icard-Liepkalns et al. 1986), the shortening of
telomeres (Harley 1991), and the destabilization of nucleosomes (Macieira-
Coelho 1991).

The experiments of Meselson and Stahl showing that DNA synthesis is
semiconservative were performed on a whole population of cells, however,
measurements made on individual cells reveal that in a significant fraction
the distribution of DNA between sister cells is asymmetric.

Fibroblasts have an important role in homeostasis through their induc-
tive properties on the differentiation of other cells. Many of the functions
of the fibroblast are known. The fibroblast is an ubiquitous cell in the
organism and, in this respect, it is responsible for the creation of a microen-
vironment, either through the synthesis of macromolecules (collagen, pro-
teoglycans, elastin) which act as supporting structures crucial for normal
development, or through the synthesis of small soluble diffusible regulators
of homeostasis such as growth factors, prostaglandins, heparin-like
molecules, alpha2-macroglobulin, albumin, thromboxan A2, etc.

Fibroblasts differ in their properties, depending on the organ or tissue
they come from. An example of this specificity is the finding that human
skin fibroblasts synthesize one-tenth as much alpha2-macrogobulin, a
plasma protease inhibitor, as lung fibroblasts (Brissenden and Cox 1982).
The growth potential of fibroblasts evolves during development according
to their location acquiring tissue specificities; the growth potential of
embryonic lung fibroblasts is larger than that of embryonic skin fibroblasts
(Macieira-Coelho 1988). Moreover, cDNA micro-arrays could ascertain
the topographic diversity of fibroblasts based perhaps on the same Hox
gene code that determines the development of body parts during embryo-
genesis (Chang et al. 2002). Thus the fibroblast can be considered as a dif-
ferentiated cell with a crucial role during development and in homeostasis
through interactions with other cell types.

It has been proposed that the evolution of the fibroblast properties
through proliferation is a programmed developmental process of terminal
differentiation necessary to fulfill a role in homeostasis (Martin et al. 1974).
Indeed many results favor this concept. Takahashi and Zeydel (1982) found
analogies in enzymatic changes occurring in human embryonic lung fibrob-
lasts in the terminal stage and in 3T3 cells differentiating to adipocytes. In
both situations γ-glutamyl transpeptidase, glutathionase, and phosphate-
independent glutaminase activities became several-fold higher and the ratio
of reduced to oxidized glutathione decreased. Moreover, an increase in the
level of the cyclic AMP-dependent protein kinases was also observed dur-
ing those events in both cell systems and during the differentiation of
myoblasts (Liu et al. 1986). The localization of the serum response factor
in the nucleus of proliferative fibroblasts and its absence in the terminal
stage also occurs during terminal differentiation of some cell lineages (Ding
et al. 2001). Matsumura et al. (1979) described an enhanced production of
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the colony-stimulating factor for mouse bone marrow cells during the
period of growth decline of mouse fibroblasts, a feature interpreted as a
differentiation stage.

It is interesting that in plants extra-chromosomal DNA replicates in cells
that differentiate from G2. It has been suggested that this is due to the fail-
ure of nascent replicons to join when cells reach G2, leaving gaps that serve
as recognition sites for the initiation of DNA amplification (Van’T Hof
and Bjerknes 1982). The production of extra-chromosomal DNA is also a
feature of the terminal phase IV fibroblast (Icard-Liepkalns et al. 1986);
hence the same mechanism could be operative in the terminal fibroblast
since a prolongation of the G2 period (Macieira-Coelho and Berumen
1973) and a defect in the gap-filling step are present in these cells (Macieira-
Coelho 1991). Emergence of extra-chromosomal DNA circles also accom-
panies cellular differentiation in the early development of mouse embryos
(Yamagishi et al. 1983).

In general, in the literature the terminal cells are called senescent. This
approach was reinforced by the use of a marker thought to identify post-
mitotic cells (Dimri et al. 1995); it consists of the stain for the lysosomal
enzyme β-galactosidase, which colors phase IV cells. It was reported that
the number of stained cells increase in the skin with age, and although no
quantitative analysis was made it was suggested that almost all cells stained
meaning that they were all terminally arrested. This is of course incompat-
ible with the data showing that proliferating fibroblast cultures can be
obtained from old donors.

It was previously shown that lysosomal enzymes increase during pro-
longed resting phase in vitro (Macieira-Coelho et al. 1971). These data
demonstrated that the accumulation of lysosomal enzymes occurs during a
prolonged non-mitotic state, regardless of whether or not it is reversible.
Therefore, although lysosomal β-galactosidase expresses a long quiescence, it
is not suitable for making a distinction between a reversible and a terminal
resting stage. Krishna et al. (1999) analyzed the enzyme at pH 6, supposed to
be associated with the non-dividing state, and at pH 4.5. Both forms, which
are due to interconversion between the polymeric, dimeric and monomeric
forms (Kuo and Wells 1978), were present in a number of tumor cell lines.
Krishna et al. concluded that the enzyme determined at pH 6 could hardly
be considered as an exclusive marker of the post-mitotic state. Severino et al.
(2000) also reexamined the significance of an increase in β-galactosidase
activity and concluded that it is found in a variety of conditions hence its
interpretation remains unclear.

Other markers have shown that terminally arrested cells are not
increased in the tissues of old individuals. Indeed analysis of cells from
donors aged 0–93 years showed a non-significant correlation between
proliferative ability and donor age and between telomeric DNA and donor
age (Allsop et al. 1992). Measurements made on the organization of chro-
matin fibers showed that the number of terminal post-mitotic cells is not
increased in normal old individuals, and the terminal cell obtained in vitro
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is not identical to that observed in normal control donors, it is found
in vivo only in pathological conditions (Macieira-Coelho 1995). Moreover
the expression of genes involved in cell cycling, those that were reported to
be repressed in terminal fibroblasts, were also used as markers (Grassilli
et al. 1996); the authors could not find any evidence for the presence of ter-
minal cells in the skin from centenarians. The gene profile determined by
cDNA microarrays also showed that distinct sets of genes are observed in
cells close to the end of their proliferative life in vitro and in cells obtained
from old human donors (Park et al. 2001).

Recently it was reported that a marker for telomere-associated DNA
damage increased exponentially in baboon skin fibroblasts cultivated from
animals of different ages; it reached a value of 15–20% in cells grown
from very old animals (Herbig et al. 2006). The number of divisions
between explantation and the time the cells were checked for DNA damage
was not reported. The proliferation status of the cells carrying the DNA
damage marker, was not ascertained either. The tests performed to check
the health status of the baboons were not mentioned. The cellular marker
used is associated with so called senescent cells in cultured human fibrob-
lasts aged in vitro (Herbig et al. 2004). In any case these data show that the
large majority of skin fibroblasts of old baboons belong to the prolifera-
tion compartment.

5
Conclusions

The concept that the evolution through serial divisions of the fibroblast cell
compartment is a succession of differentiating steps is appealing and wor-
thy of further investigation. As it now stands the relevance for organism
aging is not the final arrested state but rather the functional evolution of
the fibroblast compartment created by asymmetric divisions, leading the
cell through functional changes. This drift creates new regulations and
interactions with other cell compartments and is an important component
of the permanent evolution of a mammalian organism. It fits into what is
known of the physiology of the organism.

Holtzer (1970) hypothesized that differentiated cells become committed
in the course of a last mitosis the “quantal mitosis”. The symmetry break-
ing during the last mitoses of the human fibroblast proliferation life span
could be the final commitment step of the differentiation program.
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