
Contents

Asymmetric Cell Division in Plant Development . . . . . . . . . . . . . . . . . . . . 1
Renze Heidstra
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Polarity and Orientation of Cell Division in Plants . . . . . . . . . . . . . . 3
3 Asymmetric Cell Divisions in Plant Development . . . . . . . . . . . . . . . 4
4 Asymmetric Divisions in Embryogenesis . . . . . . . . . . . . . . . . . . . . . . 5

4.1 Division of the Zygote . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
4.2 Formation of the Lens Shaped Cell from the 

Hypophysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.3 Radial Patterning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

5 Post-embryonic Asymmetric Cell Division . . . . . . . . . . . . . . . . . . . . 12
5.1 Radial Patterning: Endodermis/Cortex Formation. . . . . . . . . . 13
5.2 Stem Cell Divisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.3 Lateral Root Initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.4 Stomata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
5.5 Pollen Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Asymmetric Cell Division – How Flowering Plant Cells Get 
Their Unique Identity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
R.M. Ranganath
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2 Embryo Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3 Stem Cells in Flowering Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 Shoot Apical Meristem (SAM) . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Root Apical Meristem (RAM) . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Formation of Lateral Organs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1 Epidermis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2 Vascular Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5 Gametogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.1 Microsporogenesis and Male Gametophyte 

Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.2 Megasporogenesis and Female Gametophyte 

Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6 Endosperm Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.1 Cereal Endosperm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7 Future Prospects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54



Symmetry Breaking in Stem Cells of the Basal 
Metazoan Hydra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Thomas C.G. Bosch
1 Stem Cells and the Need to Have Comparative Data 

from Ancestral Metazoans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2 At the Origin of Metazoan Evolution: Placozoa,

Porifera and Cnidaria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3 Key Properties of Epithelial and Interstitial 

Stem Cells in Hydra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4 Hydra Interstitial Stem Cells and their Niches . . . . . . . . . . . . . . . . . 67

4.1 Key Elements that Specify Self-renewal and Control
Differentiation of Interstitial Stem Cells . . . . . . . . . . . . . . . . . 67

4.2 Paracrine Signalling and Feedback Loops 
During Neuron Differentiation . . . . . . . . . . . . . . . . . . . . . . . . 68

5 The Molecular Regulation of Neuronal Differentiation 
Involves bHLH Class Transcription Factors. . . . . . . . . . . . . . . . . . . 69

6 Neural Effector Genes Influence Cnidocyte 
Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7 Pathways that may Suppress Activation of the Stem 
Cell Differentiation Program in Hydra . . . . . . . . . . . . . . . . . . . . . . . 71

8 Conclusions and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Asymmetric Cell Divisions in the Early Embryo of the Leech
Helobdella robusta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
David A. Weisblat
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2 Summary of H. robusta Development . . . . . . . . . . . . . . . . . . . . . . . 81
3 Unequal Cell Division at First Cleavage. . . . . . . . . . . . . . . . . . . . . . 85
4 Unequal Cell Divisions at Second Cleavage . . . . . . . . . . . . . . . . . . . 90
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Asymmetric Divisions of Germline Cells . . . . . . . . . . . . . . . . . . . . . . . . . 97
Pierre Fichelson and Jean-René Huynh
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2 Asymmetric Germline Stem Cell Division During 

Drosophila Gametogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.1 Extrinsic Features of Asymmetric Germline 

Stem Cell Division in Drosophila . . . . . . . . . . . . . . . . . . . . . . . 99
2.2 Intrinsic Features of Asymmetric Germline 

Stem Cell Division in Drosophila . . . . . . . . . . . . . . . . . . . . . . 102
3 Asymmetric Cell Division During Drosophila Oogenesis: Importance

of the Fusome for the Specification and Polarisation of the Female
Gamete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

viii Contents



4 Asymmetric Meiotic Cell Division Leading to the 
Formation of Unequal Sized Daughter Cells . . . . . . . . . . . . . . . . . 108
4.1 Meiotic Spindle Positioning . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.1.1 Molecular Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.2 Cortical Asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5 Conclusions and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Asymmetric Cell Division During Brain Morphogenesis . . . . . . . . . . . . 121
Takaki Miyata
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

1.1 Applicability of Drosophila Models for 
Vertebrate Brain Formation . . . . . . . . . . . . . . . . . . . . . . . . . . 121

1.2 Apical-basal Divisions are Insufficient to Generate
Solely Asymmetric Daughter Cell Output . . . . . . . . . . . . . . . 122

1.3 Diverse Roles for Vertebrate Numb . . . . . . . . . . . . . . . . . . . . 124
1.4 Aims of this Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

2 Cytogenesis During Mammalian Cerebral Cortical 
Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
2.1 The Neural “Germinal Zone” is a Thick 

Pseudostratified Neuroepithelium . . . . . . . . . . . . . . . . . . . . . 126
2.2 Complexity of Mammalian Germinal Zone and 

Asymmetric Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
2.3 Lessons from Time-lapse Lineage-analysis Studies:

Are All Divisions “Asymmetric”? . . . . . . . . . . . . . . . . . . . . . . 127
2.3.1 Lineage Trees in Low Cell-density 

Monolayer Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
2.3.2 Four-cell Clones in Slice Culture. . . . . . . . . . . . . . . . . . 128
2.3.3 Morphological Asymmetry in 

Surface-dividing Cells . . . . . . . . . . . . . . . . . . . . . . . . . . 130
3 Links Between Cell Cycle Progression, Nuclear Migration, and

Mitotic Fate Choice in Asymmetric P/P Divisions . . . . . . . . . . . . . 131
3.1 Neuronal-lineage Choice of a Progenitor Cell 

Precedes its Departure from the Apical Surface . . . . . . . . . . . 131
3.2 Neuronal-lineage Choice is Coordinated with 

Cell Cycle Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.3 Is Symmetry Broken During G1 Phase or Earlier? . . . . . . . . . 133

4 Reevaluation of the P/N Division by Analogy with the 
Asymmetric P/P Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.1 When Does a Surface-born Daughter Cell 

Become a Neuron? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.2 A “Moratorium” Model for Asymmetric Daughter-cell 

Output from the Apical Surface . . . . . . . . . . . . . . . . . . . . . . . 136
5 Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Contents ix



Generating Asymmetry: With and Without Self-Renewal. . . . . . . . . . . . 143
Ivana Gaziova and Krishna Moorthi Bhat
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

1.1 Asymmetric Division in Stem Cells . . . . . . . . . . . . . . . . . . . . 144
1.2 The Drosophila CNS as a Model to Study 

Asymmetric Divisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
1.3 NB4-2→GMC-1→RP2/sib Lineage as a 

Model to Study Asymmetric Division . . . . . . . . . . . . . . . . . . 146
2 Terminal Asymmetric Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
3 Self-Renewing Asymmetric Division. . . . . . . . . . . . . . . . . . . . . . . . 160

3.1 Formation of Polarity in Embryonic NBs . . . . . . . . . . . . . . . 160
3.2 Mitimere and Nubbin Regulate Self-Renewing 

Asymmetric Divisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
3.3 Cyclin E in NB Division. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

4 Embryonic Neuronal Lineages that Require Close 
Examination to Gain Further Insight into 
Asymmetric Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
4.1 MP2→dMP2/vMP2 Lineage . . . . . . . . . . . . . . . . . . . . . . . . . 167
4.2 NB7-3 Lineage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5 Post-Embryonic CNS NBs and Self-Renewing 
Asymmetric Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

Cell Commitment by Asymmetric Division and Immune 
System Involvement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
Antonin Bukovsky
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
2 Asymmetric Division of Estrogen Responsive Cells . . . . . . . . . . . . 181

2.1 Human Placental Trophoblast . . . . . . . . . . . . . . . . . . . . . . . . 181
2.1.1 Asymmetric Division of Villous CT Cells and 

ERA Segregation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
2.2 Conclusion – Asymmetric Division of

Estrogen Responsive Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
3 Asymmetric Division During Initiation of Oogenesis in 

Fetal and Adult Human Ovaries. . . . . . . . . . . . . . . . . . . . . . . . . . . 186
3.1 Ovarian Surface Epithelium Stem Cells in 

Human Fetal Ovaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
3.1.1 Origin of Primitive Granulosa Cells from Proliferating

Ovarian Surface Epithelium Stem Cells . . . . . . . . . . . . 188
3.1.2 Origin of Germ Cells by Asymmetric Division of

OSE Stem Cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
3.1.3 Monocytes and T Lymphocytes Accompany 

Asymmetric Division of OSE Stem Cells in 
Human Fetal Ovaries . . . . . . . . . . . . . . . . . . . . . . . . . . 189

x Contents



3.1.4 Role of Rete Ovarii . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
3.1.5 Conclusion on the Role of OSE in Human 

Fetal Ovaries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
3.2 OSE Stem Cells in Adult Human Ovaries . . . . . . . . . . . . . . . 191

3.2.1 Origin of Granulosa Cell Nests from OSE in 
Adult Ovaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

3.2.2 Origin of Germ Cells in Adult Ovaries by 
Asymmetric division of OSE Stem Cells . . . . . . . . . . . . 191

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 . . . . . . . . . . . . 193

3.2.4 Thymus and Reproduction . . . . . . . . . . . . . . . . . . . . . . 198
3.2.5 Incomplete Asymmetric Division and Nuclear

Endoreplication of Germ Cells . . . . . . . . . . . . . . . . . . . 198
3.2.6 Conclusion on the Role of Ovarian Surface 

Epithelium in Adult Human Ovaries . . . . . . . . . . . . . . 199
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Asymmetric Stem Cell Division in Development and Cancer . . . . . . . . . 205
Emmanuel Caussinus and Frank Hirth
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
2 Stem Cells in Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

2.1 Stem and Progenitor Cells in Drosophila 
Neurogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

2.2 Asymmetric Stem Cell Division in the Embryonic 
CNS of Drosophila . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

2.3 Cell Polarity During Postembryonic Stem Cell Division 
in the Drosophila CNS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

3 Malignant Neoplasm of Genetic Origin in Drosophila . . . . . . . . . . 213
3.1 Induction of Tumor Growth by Altered Stem Cell 

Division in Drosophila . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
3.2 Drosophila Stem Cell Self-Renewal and 

Tumor Suppression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
3.3 Induction of Tumor Growth by Impaired Progenitor Cell

Differentiation in Drosophila . . . . . . . . . . . . . . . . . . . . . . . . . 218
4 Altered Stem and Progenitor Cell Self-Renewal and 

Cancer Stem Cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

Asymmetric Distribution of DNA Between Daughter Cells with Final
Symmetry Breaking During Aging of Human Fibroblasts . . . . . . . . . . . 227
Alvaro Macieira-Coelho
1 Drift of Cell Function Through Serial Divisions . . . . . . . . . . . . . . 227
2 Structural Reorganization of Chromatin Fibers . . . . . . . . . . . . . . . 230

Contents xi



3 Asymmetric Distribution of DNA Between Sister Cells . . . . . . . . . 231
4 Implications for Homeostasis In Vivo. . . . . . . . . . . . . . . . . . . . . . . 236
5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

xii Contents



http://www.springer.com/978-3-540-69160-0


