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Recent studies using the Drosophila central nervous system as a 
model have identified key molecules and mechanisms underlying 
stem cell self-renewal and differentiation. These studies suggest 
that proteins like Aurora-A, atypical protein kinase C, Prospero 
and Brain tumor act as key regulators in a tightly coordinated 
interplay between mitotic spindle orientation and asymmetric 
protein localization. These data also provide initial evidence that 
both processes are coupled to cell cycle progression and growth 
control, thereby regulating a binary switch between proliferative 
stem self-renewal and differentiative progenitor cell specification. 
Considering the evolutionary conservation of some of the mecha-
nisms and molecules involved, these data provide a rationale and 
genetic model for understanding stem cell self-renewal and differ-
entiation in general. The new data gained in Drosophila may 
therefore lead to conceptual advancements in understanding the 
aetiology and treatment of human neurological disorders such as 
brain tumor formation and neurodegenerative diseases.

Introduction

Stem cell self-renewal and differentiation has become a major 
issue in the aetiology and treatment of various diseases. This is 
particularly evident in the case of solid tumors such as cancers 
of the colon, breast, lung and brain. There, surgical interven-
tions allow resection and improve local tumor control. However, 

the further course of the disease often remains dominated by 
re-appearance of unscheduled cell proliferation and infiltration of 
normal tissue. These cells often resist apoptotic stimuli from radio-
therapy and virtually all chemotherapeutic agents (reviewed in 
ref. 1). This therapeutic resistance has been attributed to so-called 
cancer stem cells due to their unrestrained self-renewal capacity 
and the ability to maintain tumorigenic potential at the single cell 
level, thereby evading both resection and radiotherapy (reviewed 
in ref. 2). These observations have led to the “cancer stem cell” 
hypothesis suggesting that some cancers arise either from normal 
stem cells or from progenitor cells in which self-renewal pathways 
have become aberrantly activated. However, insights into the 
underlying mechanisms are only starting to emerge and rely on 
understanding the genetic control of stem cell self-renewal and 
differentiation (reviewed in refs. 3 and 4).

This is equally true considering the therapeutic potential of 
stem and progenitor cells in cell replacement and transplantation, 
especially in neurodegenerative disorders. Prevalent in the aging 
population, neurodegenerative diseases are characterized by the 
progressive loss of neurons in the central nervous system (CNS). 
Due to the lack of understanding of the underlying pathogenic 
mechanisms, most of the current therapeutic approaches are 
aimed at alleviating motor and psychiatric symptoms, rather than 
to prevent or halt the progression of the disease.5-7 The lack of 
restorative treatments available for neurodegenerative disorders 
such as Parkinson, Huntington or motor neuron disease have led 
to rising expectations on the potential of stem cell based therapy 
that may offer a novel treatment option to slow, halt, or even 
reverse the progression of these devastating illnesses.8-10 Due to 
the complexity of human brain structure, it may seem daunting to 
induce functional recovery, simply by replacing the cells lost by the 
disease. But, recent studies in animal models have demonstrated 
that neuronal replacement is possible.11
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However, several obstacles need to be resolved before stem cell 
based therapies can be translated clinically.12 One challenge still 
is to identify molecular determinants of stem cell proliferation so 
as to control undesired growth and alterations of genetically engi-
neered stem cells, as well as to manage the over-proliferation of the 
transplanted neural stem cells. There is also need to know how to 
pattern stem cells to obtain a more complete repertoire of various 
types of cells for replacement, especially considering the various 
cellular sub-types in the CNS. On top of that, a major challenge 
remains to induce effective functional integration of stem cell-
derived neurons into existing neural and synaptic networks with the 
ultimate goal to restore behavioural deficits caused by progressive 
neurodegeneration.7,11 It is therefore of major therapeutic interest 
to understand the genetic control of neural stem cell proliferation 
and differentiation. Although seemingly unrelated to the human 
nervous system,13 the CNS of the fruitfly Drosophila has become 
one of the prime model systems to study the genetic mechanisms 
regulating neural stem cell self-renewal and differentiation.

Stem Cell Proliferation

In both, invertebrates like the insect Drosophila, and mammals, 
the major characteristic of stem cells is their ability to self-renew. 
Using various modes of proliferation, stem cells maintain or 
expand the available stem cell pool, but they can also generate 
more specialised progeny that constitute the majority of cells 
in an adult individual. In multi-cellular organisms, totipotent 
zygotes generate pluripotent stem cells, which become increas-
ingly restricted in their lineage potential during development, and 
subsequently give rise to mature tissue-specific, multipotent stem 
cells.14 Stem cells show either ‘proliferative’ symmetric divisions or 
‘differentiative’ asymmetric divisions to regulate a balance between 
the maintenance of stem cell pool and the supply of mature cells 
(Fig. 1A). It is critical for stem cells to tightly control this balance 
between the two different modes of division, both during devel-
opment and adulthood, because, failure in maintaining cellular 
homeostasis may lead to incomplete tissue or organ development, 
whereas uncontrolled proliferation can lead to tumorigenesis.3

Symmetric cell divisions commonly occur during development 
of both invertebrates and vertebrates, a phenomena that can also 
be observed during wound healing and regeneration of tissues.14 
This mode of division is defined by the generation of two daughter 
cells that acquire the same fate, thereby expanding the pool of stem 
cells required or generating two differentiating daughter cells.15 
Asymmetric cell divisions play a key role in generating cellular 
diversity during development by generating two daughter cells that 
are committed to different fates in a single division; i.e., simulta-
neously self-renewing to generate a daughter cell with stem cell 
properties, as well as to give rise to a more differentiated progeny 
(Fig. 1A).

Asymmetric stem cell divisions can be controlled by intrinsic 
mechanisms or the asymmetric exposure to extrinsic cues. 
Intrinsic mechanisms use apical-basal or planar polarity along the 
mitotic spindle to asymmetrically segregate cell fate determinants 
into only one daughter cell (see below). Extrinsic mechanisms 
rely on contact with the so called ‘stem cell niche’, a cellular  

microenvironment which provides external cues (reviewed in refs. 
16–18). Orientation of its mitotic spindle perpendicular to the 
niche surface allows the asymmetric segregation of cell fate deter-
minants relative to the external stimuli to maintain self-renewal 
potential (Fig. 1B). Detailed insights into the genetic mechanisms 
regulating stem cell proliferation and differentiation are coming 
from studies using the Drosophila CNS as a model.

Neural Stem Cells in the Drosophila CNS

The Drosophila CNS arises from neural stem cells called 
neuroblasts (NB), which undergo multiple rounds of stem cell-
like divisions. Notably, NBs proliferate during two neurogenic 
periods.19,20 During the embryonic period of neurogenesis, NBs 
are specified through lateral inhibition within the mono-layered 
neuroectoderm, and delaminate as single cells from the epithelium 
before entering mitosis.21,22 Apical-basal polarity and perpendicu-
larly aligned mitotic spindle allow for asymmetric segregation of 
neural cell fate determinants into the ganglion mother cell (GMC) 
upon cytokinesis,22-25 resulting in the generation of two daughter 
cells with distinct sizes and fate. The larger daughter cell retains 

Drosophila neural stem cell division and differentiation

Figure 1. Modes of stem cell proliferation. (A) Stem cells employ differ-
ent modes of divisions, which can be either symmetric or asymmetric 
to regulate a balance between maintaining the number of available 
stem cells and the supply of differentiating cells. Asymmetric division 
results in generation of a self-renewing daughter cell (white circles), and 
a differentiating daughter cell (black circles). Whereas, the symmetric 
division generates two identical daughter cells, which can be either, the 
self-renewing stem cells or the differentiating post-mitotic progeny. (B) 
Asymmetric stem cell division can be regulated by intrinsic or extrinsic 
mechanisms. Intrinsic mechanisms involve exclusive segregation of the 
intra-cellular cell fate determinants (black crescent within the stem cell) into 
the differentiating daughter cell. While, the extrinsic mechanisms rely on 
the contact with the ‘stem cell niche’ (black crescent adjacent to the stem 
cell) that provides external cues to maintain self-renewal potential. Thus, 
the daughter cell that lacks contact to the niche undergoes cell cycle exit 
and differentiates.
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NB characteristics and continues to divide asymmetrically and self 
renew, whereas the smaller ganglion mother cell (GMC) daughter 
usually undergoes a terminal division to produce two post-mitotic 
neurons/glial cells (Fig. 2). After the completion of embryogenesis, 
embryonic NBs arrest their cell cycle and remain quiescent until 
proliferation is restored during larval development.19,20

During the post-embryonic phase of neurogenesis, neurons and 
glial cells are generated that constitute the majority of the adult 
Drosophila CNS.26-30 Interestingly, larval NBs do not essentially 
divide in an apical-basal manner but remain polarized,31,32 and 
most of them do not shrink with each round of division, as is the 
case for embryonic NBs.33,34 Rather, many self-renewing larval 
NBs have the capacity to re-grow back to the size of their parental 
NB and thereby proliferate for extended periods of time during 
larval life. As a consequence, postembryonic NBs (pNBs) generate 
larger lineages of post-mitotic progeny that constitute the majority 
of the adult CNS through repeated self-renewing, and asymmetric 
divisions, hence, making them an attractive model system for 
studying stem cell self-renewal and differentiation.

Several types of larval NBs can be distinguished by their posi-
tion, size and proliferation pattern (Fig. 3). In the ventral nerve 
cord (VNC), around 60 pNBs per segment repeatedly divide in an 
asymmetric manner to form the neurons of the thoracic ganglia, 
some of which later innervate the wings and legs of the adult 
animal.27,30 The larval abdominal segments, however, are much 
smaller which is partially due to the fact that only a small group 
of embryonic NBs re-enter mitosis and undergo asymmetric cell 
division.28 Moreover, sexually dimorphic proliferation patterns35 
and premature elimination of abdominal pNBs by programmed 
cell death36-38 also account for the differences in size and function 
as compared to more anterior segments of the larval and adult 
CNS.19

pNBs of the larval brain are usually distinguished between 
two different regions, the optic lobe and the central brain. Optic 
lobe pNBs arise from two multilayered neuroepithelia called the 

inner- and outer-proliferation center26 (Fig. 3) 
and follow a distinct pattern of neurogenesis.39 
Thus, optic lobe neuroepithelial cells divide in a 
proliferative symmetric division mode, thereby 
expanding the neural stem cell pool at an early 
phase of larval development. At a later stage, 
pNBs are generated on the rims of the optic 
lobe epithelium. These optic lobe pNBs lose 
their adherens junctions and initiate several 
rounds of asymmetric cell divisions perpendic-
ular to the epithelial plane,39 thereby generating 
smaller GMCs which ultimately give rise to 
differentiating neurons that comprise the visual 
processing centers of the adult Drosophila brain: 
lamina, medulla, lobula and lobula plate.40

Of the 100 neuroblasts that can be identi-
fied in the embryonic central brain,41 around 
85 pNBs re-enter mitosis after quiescence.19,29 
These include pNB lineages whose neurons 
differentiate into specific functional domains 

Figure 2. Neurogenesis in Mammals and Drosophila. (A) In mammalian 
neurogenesis, a ‘multi-potent’ neural stem cell (NSC) is capable of generat-
ing all the lineages in neural specific tissues. A NSC gives rise to a neural 
progenitor cell which in turn generates a lineage committed progenitor 
that can directly generate a differentiating neuron. (B) During Drosophila 
neurogenesis, a neuroblast (NB) divides in a stem cell like fashion to 
simultaneously give rise to a self-renewing daughter, as well as a smaller 
differentiating ganglion mother cell (GMC, shown in gray). GMCs are 
intermediate precursor cells that usually undergo one terminal division to 
generate two post-mitotic neurons (black).

Figure 3. The Drosophila larval CNS. (A) Overview of post-embryonic neuroblast lineages 
in the 3rd instar larval CNS, visualised by 1407-Gal4 driven UAS-mCD8::GFP. Schematic 
representation of dorsal (B) and ventral view (C) of 3rd instar larval CNS. The Drosophila 
larval CNS is characterised by optic lobes (OL) that consist of the inner (IPC) and outer (OPC) 
proliferation centres, the central brain (CB) and the ventral nerve cord (VNC) that can be sub-
divided into thoracic (TG) and abdominal ganglia (AG). Postembryonic neuroblasts (pNBs) are 
abundantly localised in the OL, CB and VNC. A recently identified sub-group of type II pNBs 
are positioned within the dorso-medial region of the CB. Note that abdominal pNBs are not 
visualized in (A).
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Polarity formation. In the Drosophila embryo, polarisation is 
established when a neuroblast becomes specified in the polarised 
epithelium of the neuroectoderm.22 The delaminating neuroblast 
inherits the protein complex that establishes apical-basal polarity, 
consisting of the evolutionarily conserved PDZ domain proteins 
Par-3,55,56 Par-6 (DmPar6),57 and the Drosophila atypical protein 
kinase C (DaPKC),58-60 from the overlying neuroectoderm, where 
they are required for maintaining epithelial polarity. Inheritance of 
this particular set of proteins in a molecular complex to the apical 
cortex of the embryonic neuroblasts appears to define the orienta-
tion of the mitotic spindles as well as the subsequent asymmetric 
segregation of cell fate determinants to the basal cortex.

Once the neuroblast is delaminated, the mitotic spindle aligns 
perpendicular to the epithelial plane,61 and an adaptor protein 
called Inscuteable (Insc)62 binds to the apical protein complex 
through Bazooka. Inscuteable, in turn, recruits another adaptor 
protein, Partner of Inscuteable (Pins) that contains three GoLoco 
domains,63 that bind the heterotrimeric G-protein α-subunit Gαi 
into the complex to form an apical crescent at late interphase/early 
prophase.64 Binding of Gαi to all three of the GoLoco domains 
enables Pins to recruit an additional protein called Mushroom 
body defect (Mud),65-67 which is the Drosophila homolog of the 
microtubule and dynein binding protein NuMA.68,69 Mud is 
thought to interact with the astral microtubules to ‘fix’ one of the 
spindle poles on the apical cortex of the neuroblast, thus contrib-
uting to the orientation of the mitotic spindle. Pins also binds to 
a membrane associated guanylyl kinase protein called Discs large 
(Dlg), that is known to interact with Kinesin heavy chain 73 
(Khc-73), localized at the plus ends of astral microtubules. These 
interactions polarise the complex of proteins localized at the apical 
cortex of neuroblasts in the direction of the mitotic spindle, which 
aligns perpendicular to the overlying epithelial plane.64,70,71

Accordingly, mutations in Mud protein cause defects in spindle 
orientation, leading to over-proliferation of larval central brain 

of the adult brain such as the central 
complex involved in courtship behavior 
and locomotor control, the antennal 
glomeruli involved in olfactory infor-
mation processing, and the mushroom 
bodies which are involved in learning and 
memory formation.42 Central brain pNBs 
are heterogeneous in cell cycle length and 
lineage-specific regulation of self-renewal. 
This is particularly evident for the four 
mushroom body pNBs which give rise to 
2,500 neurons called Kenyon cells that 
are part of the memory storage centers in 
Drosophila.29,43,44 The enormous size of 
mushroom body pNB lineages is partly 
due to the fact that these neuroblasts 
do not enter quiescence at the end of 
embryogenesis; they rather continue to 
divide, initially in a symmetric mode of 
proliferative division, and later switch to 
asymmetric stem cell divisions, which are 
maintained until late pupal stages of development.19

Another lineage-specific regulation of self-renewal has been 
observed for pNBs recently identified in the dorso-medial region 
of the larval central brain.45-47 Molecular genetic analyses indicate 
that their mode of division is morphologically symmetrical, but 
molecularly asymmetrical in that key cell fate determinants are 
segregated into only one of the two daughter cells.45 These neural 
stem cells thereby generate secondary, intermediate precursor cells 
that undergo multiple rounds of self-renewing transit-amplifying 
divisions.46 Based on these morphological and molecular features, 
dorso-medial central brain pNB lineages and the resulting interme-
diate transit amplifying GMCs are described as type II lineages,47 
compared to the predominant type I NB lineages where repeated 
asymmetric cell divisions lead to GMCs that usually undergo 
one terminal symmetric division to generate two differentiating 
neurons.48 What are the molecular mechanisms regulating this 
binary switch between neural stem- and progenitor cell self-
renewal and differentiation? One way to regulate this switch is 
unequal distribution of cell fate determinants by asymmetric cell 
division.

Mechanisms of Asymmetric Stem Cell Division in the 
Drosophila CNS

To date, a number of key intrinsic and extrinsic factors that 
control the asymmetric divisions of NBs have been identified. 
Among these, the most important trait appears to be the axis of 
polarity defined by the polarised distribution of two evolutionarily 
conserved protein complexes that facilitates the orientation of the 
mitotic spindle in an apical-basal manner to allow the asymmetric 
segregation of basally localized cell-fate determinants from the NB 
to the smaller daughter cell, the GMC (Fig. 4). Because there are 
numerous recent reviews regarding this topic (reviewed in refs. 17, 
22, 24, 25, 49–54), only key and novel findings as well as their 
implications are summarized and reviewed here.

Figure 4. Molecular mechanisms involved in asymmetric neuroblast division. (A) Apical-basal polar-
ity is used to establish asymmetric localization of cell fate determinants (dark gray crescent) to the 
basal cortex around late metaphase, before they finally segregate into the smaller daughter, gan-
glion mother cell (GMC) that undergoes differentiation. Whereas the apically localised protein (light 
gray crescent) simultaneously ensure stem cell self renewal and maintaining spindle orientation. (B) 
Summary of key proteins involved in intrinsic asymmetric neuroblast division. See text for details.
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leading to Lgl inactivation/exclusion of Lgl from the apical cortex, 
a crucial step in restricting cortical recruitment of basal cell fate 
determinants.58,77 Within the Par complex, this sequence of events 
leads to the exchange of Lgl for Bazooka, which in turn enables 
phosphorylation of the cell fate determinant Numb and its subse-
quent segregation into the differentiating GMCs.80

The important impact of these new data is that they provide 
a direct link between asymmetric protein localization and mitotic 
spindle orientation. A linkage between mitotic spindle and apical 
cortex had already been established with the identification of the 
Mud/NuMa protein and its role in regulating NB self-renewal via 
proper spindle-orientation. However, mutant Mud does not alter 
cortical polarity,65-67 whereas mutant AurA does.78-80 This differ-
ence is far from being obvious, as both proteins localize to the 
centrosomes and mutants of AurA and Mud exhibit similar defects 
in spindle orientation.65-67,78-83 A possible explanation to this 
apparent discrepancy comes from genetic interaction data indi-
cating that AurA controls mitotic spindle orientation in dividing 
neuroblasts by regulating the asymmetric localization of Mud.79 
Moreover, AurA seems not only to act on Mud and DmPar6, but 
also on Notch signalling. Mutational inactivation of AurA leads to 
ectopic activation of Notch,79 which in its cleaved, intracellular 
form is able to promote self-renewal and to suppress differentia-
tion of type II pNB lineages in the larval central brain (Diaper and 
Hirth F, unpublished).

Based on these data, it is conceivable that AurA acts via Mud to 
orient mitotic spindles required for the establishment of a proper 
division plane, which is a prerequisite for the unequal segregation 
of cell fate determinants during NB cytokinesis. Simultaneously, 
asymmetric protein localization is achieved, at least in part by 
AurA acting on DmPar6 and in turn via phosphorylation of 
DaPKC followed by that of Lgl. Such a dual role of AurA linking 
asymmetric protein localization and mitotic spindle orientation 
could explain to some extend why in AurA and Mud, but also in 
DaPKC and Lgl mutants, the net result is the same: supernumerary 
pNB-like cells at the expense of differentiating neurons.

Basal cell fate determinants. Self-renewal and differentiation is 
not only regulated in proliferating NBs. Another stringent control 
for this binary switch is executed in GMCs that are destined to 
exit the cell cycle by terminal, symmetric division, thereby gener-
ating the majority of neurons that constitute the adult CNS in 
Drosophila. GMC fate is determined by the exclusive inheritance 
of key differentiation factors such as the Notch repressor Numb,84 
the NHL-domain protein Brain tumour (Brat)85 and the home-
odomain transcription factor Prospero85-87 which are collectively 
known as cell fate determinants. Basal targeting of these cell fate 
determinants in dividing NBs is achieved via their adaptor proteins, 
Partner of Numb (Pon)88 and Miranda,89,90 respectively.

Previous experiments showed that Numb is involved in self-
renewal and differentiation, as mutant Numb pNB type II lineages 
over-proliferate at the expense of differentiating neurons.46,78,79 
Segregation of Numb into GMCs is regulated by Pon in a cell 
cycle-dependent manner, and recent data provide evidence that 
Polo, a key cell cycle regulator itself, is critically required for this 
event by direct phosphorylation of Pon.91 Accordingly, mutant 

neuroblasts due to failure in asymmetric segregation of cell fate 
determinants.65-67 Moreover, mutation in any component of the 
apical complex results in mis-localization of the cell fate deter-
minants around metaphase, although, basal crescent formation 
can occur later on, through a rather enigmatic mechanism called 
‘telophase rescue.’72 Molecules of the apical complex therefore 
direct apical-basal spindle orientation in dividing neuroblasts, and 
thereby establish an axis of polarity along which cytokinesis takes 
place. This in turn enables proper asymmetric segregation of cell 
fate determinants into only one of the resulting daughter cells 
(Fig. 4).

Asymmetric protein localization. Once an axis of polarity is 
established, asymmetric cell division is regulating a binary switch 
between self-renewal and differentiation. This is mainly achieved 
by the asymmetric localization and subsequent unequal segrega-
tion of fate determinants that promote either stem cell identity or 
intermediate progenitor cell identity which continues to terminally 
divide into two differentiating post-mitotic cells. According to the 
embryonic neuroblast axis of polarity, apically localized proteins 
are maintained in self-renewing neuroblasts whereas basally local-
ized proteins are segregated into differentiating GMCs.

One of the key substrates that are required for the asymmetric 
segregation of cell fate determinants include the cortically local-
ized tumour suppressor proteins Dlg and Lethal (2) giant larvae 
(Lgl).58,73-75 Lgl is a cytoskeletal protein known to specify the 
basolateral domain and to restrict DaPKC, Bazooka and DmPar6 
to the apical cortex.76 Although Lgl does not directly influence 
spindle orientation and apical localization of the Par complex, 
phosphorylation of Lgl by DaPKC leads to Lgl inactivation, 
or exclusion of Lgl from the apical cortex,58 thereby restricting 
cortical recruitment of basal cell fate determinants. This is in 
line with Lgl mutants studies, in which the cell fate determinant 
adaptor protein Miranda (Mira) mis-localizes to the cytoplasm. 
As a result, Lgl mutant neural lineages lead to multiple pNBs 
due to occasional ectopic self-renewal,59,77 suggesting that Lgl 
inhibits uncontrolled neural stem cell self-renewal. Furthermore, 
overexpression of a membrane-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 numbers. Genetic interaction experiments showed 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.77

Together, these data suggest that DaPKC and Lgl are key players 
in the establishment and maintenance of apical polarity, thereby 
providing NBs with the capacity to self-renew. A main question 
arising from these studies is which mechanisms and molecules 
are directing DaPKC and Lgl to the apical cortex of a dividing 
neural stem cell? A partial answer to that comes from recent data 
suggesting that the mitotic kinase Aurora-A (AurA) is required for 
the asymmetric localization of DaPKC.78-80 These data suggest 
that AurA does so via phosphorylation of DmPar6, a member of 
the apical complex, which in turn prevents an interaction between 
DmPar6 and DaPKC. Subsequently, phosphorylated DaPKC can 
act independently of DmPar6 and is able to phosphorylate Lgl, 
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Furthermore, Mira mutants lead to mis-localization of Brat and 
Pros (Kim D and Hirth F, unpublished).

These results indicate that Mira is essential for the asymmetric 
localization of Brat and Pros, which is in line with the fact that Pros 
binds to the central Pros-binding domain of Miranda (Fig. 5),108 
and Brat binds to the coiled-coil cargo binding domain of Miranda 
(Fig. 5A) as cargo proteins.104 Moreover, the interaction between 
the NHL domain of Brat and the C-terminal domain of Mira104 
appears to be essential for promoting asymmetric localization 
of Pros to the GMC, where it is required for cell cycle exit and 
neuronal fate determination. Thus, it is conceivable that Mira 
and its cargo proteins Brat and Pros maybe transported across the 
dividing NB as a complex. But what drives basal protein targeting 
of adaptor proteins and their respective cell fate determinants?

Mechanisms of Basal Protein Targeting

Previous studies suggested that the localization of Mira and 
Pros appear to be dependent on actin,109 as well as on motor 
proteins, Myosins in particular.73,110 These studies indicated an 
interaction between Lgl with a plus-end directed motor, myosin 
II.73 Subsequent experiments showed that Spaghetti Squash 
(Sqh), the regulatory light chain of Myosin II, is required in 
embryonic neuroblasts both, to organize the actin cytoskeleton, 
thereby enabling determinants to localize to the cortex, and to 
confine determinants to the basal side.111 These data suggested 
that Myosin II is one of the motor proteins involved in basal local-
ization of the cell fate determinants. In line with this, Mira was 
also found to physically interact with Zipper, the heavy chain of 
myosin II.73 Thus, non-phosphorylated Lgl can negatively regulate 
Myosin II in embryonic NBs by directly binding to it. The model 
proposed by Barros et al.111 therefore suggested that DaPKC-
mediated phosphorylation and inactivation of Lgl at the apical 
cortex, leads to activation, and movement of Myosin II along the 
cortex towards the cleavage furrow to exclude Mira protein from 
the cortex into the cytoplasm (Fig. 5B). Hence, Myosin II appears 
to be responsible for cortical exclusion of Mira rather than direct 
active transport.111

In Myosin II mutant studies, cell fate determinants failed 
to form a basal crescent in embryonic NBs,73 notably Mira is 
mis-localized uniformly around the cortex.112 Similarly, reduced 
Myosin VI (Jaguar) activity in embryos, leads to a failure in basal 
crescent formation as well, with Mira mis-localising to the cyto-
plasm in patches.110 Myosin VI transiently accumulates in the 
basal cortex, partially co-localizes with Mira during metaphase 
(Fig. 5B), and in vitro studies using Drosophila embryonic extracts 
also showed physical interaction with Mira. It is therefore feasible 
that Myosin VI may be the motor protein responsible for trans-
porting Mira to the basal cortex of NBs.112

The distinct phenotype, mode of action, and sub-cellular local-
ization of Myosin II and Myosin VI suggests that they may act at 
consecutive steps in a single pathway to localize Mira and its cargo 
proteins to the basal side of dividing NBs. In addition, Erben 
et al.112 provide some evidence that Myosin II acts upstream of 
Myosin VI in a common pathway. Thus, the proposed model for 

polo affects the asymmetric localization of Pon, Numb and 
DaPKC and supernumerary NB-like cells are produced at the 
expense of neurons. Overexpression of Numb in polo mutant pNB 
lineages is able to suppress over-proliferation, indicating that Polo 
inhibits progenitor self-renewal by regulating the localization and 
function of Numb. As is the case for AurA, polo function therefore 
provides another link between cell cycle regulation and asymmetric 
protein localization. However, the mechanism by which Numb 
directly or indirectly regulates cell cycle activity and proliferation 
is poorly understood.

In contrast to Numb, insights into this link are coming from 
studies on Prospero (Pros), another crucial GMC fate determi-
nant. Pros mRNA and protein is already detectable in dividing 
NBs where it is transported via its adaptor Miranda to the basal 
side.92-95 Cytokinesis segregates Prospero solely into the GMC 
where Mira degrades, thereby releasing Prospero from the cortex, 
which then translocates into the nucleus.96,97 Nuclear activity of 
Prospero, in turn, inhibits cell cycle progression of the GMC by 
repressing cell cycle regulators such as cyclin A, cyclin E and the 
Drosophila cdc25 homologue, string,98 as well as by activating the 
expression of dacapo,99 a cyclin-dependent kinase inhibitor, ulti-
mately leading to terminal differentiation of the GMC into two 
post-mitotic neurons/or glial cells. Moreover, genome-wide expres-
sion profiling using prospero loss and gain-of function embryos as 
a template100 indicate that Prospero represses NB-specific apical 
polarity genes like inscuteable, bazooka and DaPKC, and activates 
expression of neural differentiation genes such as fushi tarazu 
and even skipped.101 In addition, mutant analyses provide in 
vivo evidence that loss of pros results in enlarged pNB lineages 
essentially devoid of differentiating, post-mitotic neurons.102-104 
Instead, the vast majority of cells within these mutant clones show 
sustained expression of stem cell markers and increased mitotic 
activity, eventually leading to neoplastic tumor formation.102 
These data indicate that loss of pros causes a transformation of 
GMCs into stem-like cells that are unable to exit the cell cycle 
and continue to proliferate. Considering the binary role of pros 
in wildtype GMCs,98-100 these data suggest that in pros mutants 
pNB lineages, stem cell self-renewal is not repressed and differen-
tiation not initiated. It is, therefore, reasonable to conclude that 
Prospero is a gate-keeper in regulating self-renewal and differen-
tiation in GMCs.

Another recently identified cell fate determinant appears to 
be Brain Tumor (Brat). brat encodes a member of the conserved 
NHL family of proteins105-107 and is characterized by the pres-
ence of a C-terminal NHL domain, a coiled-coil region and two 
N-terminal Zinc binding B-boxes (Fig. 5A). Similar to pros, brat 
mutation results in over-proliferating pNB lineages at the expense 
of differentiating neurons.46,102-104 Brat mutant pNB clones show 
cortical mis-localization of Miranda and the loss of nuclear pros,103 
suggesting that these proteins may play a role in the same molec-
ular pathway. To bolster this view, ectopic expression of Pros can 
rescue the tumour formation in Brat mutants in the larval central 
brain.102 However, Brat localization remains unaffected in Pros 
mutants, demonstrating that Pros may act downstream of Brat.102 
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Growth Control of Stem Cell Self-Renewal and 
Differentiation

The data discussed above provide compelling evidence that one 
strategy to regulate neural stem cell-self-renewal and differentiation 
is asymmetric segregation of fate determinants in a dividing cell. 
This is achieved, in part, by asymmetric protein localization and 
related mitotic spindle orientation, thereby providing a template 
for unequal distribution of key regulators such as AurA, DaPKC, 
Numb and Pros. Interestingly, however, such a cascade of events 
does not explain why mutant pNBs continue to proliferate, 
thereby self-renewing for an extended period of time without 
progressive volume decline. It is therefore reasonable to assume 
that in dividing pNBs, asymmetric protein localization and 
mitotic spindle orientation is tightly linked to cell cycle progres-
sion and growth control.53,114 This is particularly evident in the 
case of continued proliferation in pros mutant pNB clones, which 
appears to be accompanied by compensatory cell growth. There, 
pros mutant cells display sustained symmetric divisions without 
shrinkage in cell size,102 a phenomenon that is usually accompa-

the basal protein targeting (Fig. 5B) involves activation of Myosin 
II around early prophase by DaPKC phosphorylating Lgl, leading 
to cortical exclusion of Mira and its cargo proteins into the cyto-
plasm, where it binds to Myosin VI to be transported basally to 
form a crescent around metaphase.112

However, the current proposed models for basal targeting of 
cell fate determinants are not without its controversies. Previously, 
Mayer et al.113 suggested that actin-myosin based cortical trans-
port is incompatible with photo-bleaching experiments that have 
determined the dynamics of asymmetric Pon localization. Whilst 
the experiment failed to detect any directional lateral mobility of 
some of the segregating determinants, such as Numb and Pon, it 
cannot rule out that acto-myosin based segregation is required for 
basal targeting of Mira, Pros and Brat. Moreover, Erben et al.112 
proposed that while Pon requires Myosin II, its localization does 
not depend on Myosin VI, thus maybe utilising a distinct mode 
of localization. Therefore, further experiments employing Brat-
Mira-Pros transport are required to address this question, and the 
validity of the current model proposed by Erben et al.112 remains 
to be seen.

Figure 5. Basal cell fate determinants and potential mechanism of asymmetric localization. (A) Cell fate determinant proteins and their functional 
domains. Miranda (Mira) protein consists of the central domain that provides binding sites for the cell fate determinants carrying them as its cargo 
proteins. The N-terminal domain of Mira is required for its association to the membrane, whereas, the C-terminal domain plays a role in cortical localiza-
tion, and release of its cargo proteins upon cytokinesis. The Prospero (Pros) protein contains an asymmetric localization domain required for binding to 
Miranda. Within this region lies the Numb homolog domain, that may indicate a common asymmetric segregation mechanism shared with Numb. Other 
well established domains include the nuclear localizing signal (NLS), the homeodomain required for DNA binding, as well as the prospero domain that 
masks nuclear exclusion. Brain tumor (Brat) protein is characterised by the presence of two N-terminal Zinc binding B-boxes, a coiled-coil region, and 
the C-terminal NHL β-propeller domain, which can bind the central domain of Miranda. (B) Basal protein targeting of cell fate determinants. When Lgl 
is phosphorylated and inactivated by DaPKC at the apical cortex, Myosin II becomes activated around early prophase to exclude Mira and its cargo 
proteins from the cortex into the cytoplasm. Subsequently, Mira may bind to Myosin VI to be transported basally to form a crescent around metaphase. 
See text for details.
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either symmetric or asymmetric. However, it is not known whether 
the amount of cdc2 activity is regulated at the level of gene tran-
scription or mRNA translation, or even at the post-translational 
level. Interestingly, genome-wide gene expression studies identified 
cdc2 as a potential target of Brat activity.120 Considering that cell 
size and cell cycle length are rate-limiting steps in cell division,122 
it is likely that differential control of mRNA translation123 is 
providing means for regulating the level of proteins involved in cell 
cycle progression and growth control.53 Coupled to asymmetric 
protein localization and mitotic spindle orientation, this would 
enable a tight control system for stem and progenitor cell prolifera-
tion, and could explain why dysfunction of any of these modules 
may lead to cancer formation.124 A physical link between regulators 
of these modules, as seems to be the case for Mira, Brat and Pros, 
therefore provides a genetic mechanism regulating self-renewal and 
differentiation of stem and progenitor cells.

Concluding Remarks

The CNS of the fruitfly Drosophila has become one of the 
prime model systems to study the genetic mechanisms underlying 
stem cell self-renewal and differentiation. These studies led to the 
identification of key molecules involved in asymmetric protein 
localization and mitotic spindle orientation, coupled to cell cycle 
regulation and growth control. It is becoming apparent that, at 
least in part, some of these mechanisms and molecules are evolu-
tionarily conserved, and therefore valid in mammals, including 
man.3,15,17,24,53,123 For therapeutic applications, it will now be 
important to determine further details of the machinery involved, 
in order to be able to manipulate its building blocks in vivo. 
Several key questions need to be addressed to achieve these goals. 
What mechanisms and molecules define and maintain stemness? 
Which other molecules, like Prospero and Brat, couple self-renewal 
with growth and proliferation? How is differentiation achieved and 
maintained? Considering previous contributions, it is reasonable to 
assume that Drosophila research will have a significant impact in 
addressing and answering these questions in the near future.
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