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Summary
The relationship between cell growth (cell mass increase over time) and cell division is poorly
understood in animal stem cells. Recent studies in several Drosophila stem cell types have provided
the tools to interrogate this relationship. In several cases (brat, mei-P26, pros, bam, lethal giant
larvae, polo), mutations have been defined that trigger tumorous overproliferation of progenitor cells
and reveal how unrestricted self-renewing capacity is controlled. Moreover, microRNAs have been
discovered as essential regulators of stem cell division rate and identity, suggesting that stem cell
self-renewal depends on protein translational control. Biosynthetic capacity has also been found to
be limiting for stem cell division rates. Finally, asymmetric cell division can impose dominant
differentiation signals in a stem cell’s daughter, and this can inhibit the stem cell specific proliferation
signature and lock in cell cycle exit.

Introduction
Invertebrate research has been instrumental in formulating basic concepts of stem cell biology.
Indeed the term “Stammzelle”, german for stem cell, was coined during experimentation with
Crustacean primordial germ cells by Valentin Haecker around 1890. ”Stem cell” is still today
an operational definition, defined by continued self-renewal and the potential to produce
daughter cells that can commit to lineage specific differentiation. The intense current interest
in understanding and manipulating “stemness”, has focused largely on cell identity – i.e.
pluripotency- but the significance of growth potential for self-renewal is beginning to be
appreciated.

Stem cell growth maintains constant stem cell size over many rounds of self-renewing division.
Protein biosynthesis is one critical factor that is limiting for growth rate. Although it is generally
the case that cell growth can become limiting for rates of cell division in proliferating cells, it
is not clear how growth and cell cycle progression are coordinated (for review see: [1]). In
Drosophila, boosting the speed of the cell division cycle by expressing the limiting core cell
cycle regulators for G2/M (stg/Cdc25) and G1/S progression (cyclin E or E2f1/Dp) does not
activate growth in imaginal disc, larval progenitors of the adult ectoderm. Conversely, the
important question of whether growth is sufficient to drive cell cycle progression has not been
definitively addressed in most stem cell types, including those found in Drosophila. A growth
controlled stem cell cycle could elegantly restrict self-renewing proliferation to
undifferentiated stem cells while avoiding division in differentiating daughters. Growth
activation could also help to overcome stem cell quiescence, a phase with reduced growth and
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G1 DNA content that is thought to assure long-term self-renewing capacity. Because of the
technical effort to purify stem cells from tissues and derive quantitative parameters of cell
growth, little is known about the significance of growth for the stem cell cycle in multicellular
systems in vivo. Here, we discuss recent studies that begin to reveal the reciprocal regulation
between growth, cell cycle and cellular polarity in Drosophila stem cells.

Proliferation control in Drosophila stem cells
Recent work in Drosophila has provided the systems and tools to dissect how stem cellintrinsic
factors are integrated with signalling events in the microenvironment of the “niche”, in order
to maintain stem cell identity and proliferation capacity. So far, mechanistic insight into stem
cell growth control has been obtained mostly from adult male and female germline stem cells
(GSCs) and from postembryonic neural stem cell-like neuroblasts (NBs) (Figure 1a–c). NBs
are a transient, heterogeneous population that accomplishes most if not all of their proliferation
during larval development (for review: [2,3]). Other insects such as crickets, however, show
robust neuroblast proliferation (BrdU incorporation) in the mushroom body of adults, which
is dependent on juvenile hormone and on sensory nerve input [4]. Growth regulation has also
been described in imaginal disc cells, and these cells can exhibit features of stemness under
regenerating conditions. Disc cells obtain the potential to regenerate an injured disc tissue,
display developmental autonomy, and can be kept by in vivo culture for years, maintaining
their differentiation potential [5,6]. Recently, adult epithelial stem cells that homeostatically
maintain the intestine (posterior midgut and hindgut intestinal stem cells-ISCs) and lower
tubules and ureters of the malpighian tubules (renal-nephric stem cells-RNSCs) have been
described (Figure 1d, e) [7–9]. Finally stem cell-like, slowly proliferating haematopoietic
progenitors (HSCs) reside in the medullary zone of the larval lymph gland. These have been
shown to control haemocyte homeostasis (Figure 1f) [10,11]. To summarize, stem cells can
reside in cellular niches (GSC, HSC) or in non-cellular niches on basement membranes (ISCs
and RNSCs) implying a role for the underlying circular muscle (ISCs, figure 1d). As described
for GSCs, Drosophila stem cells can perform polarized mitotic divisions that position
differentiating daughter cells away from the source of short-range (1 cell diameter) mitogenic
and anti-differentiation signals (Figure 1b). Consequently, upon physical displacement,
differentiation pathways in daughter cells become derepressed. Analogously, NBs or ISCs
employ asymmetric mitotic partitioning of cell fate determinants or Notch/Delta signalling
components, respectively, in order to activate differentiation specifically in one daughter cell
(Figure 1a, d) [2,3]. Janus-Kinase/Signal-Transducer-and-Activator-of-Transcription (JAK/
STAT) signalling by leptin-like cytokines (Unpaired, Upd) and signalling via the bone
morphogenetic protein (BMP) ligand decapentaplegic (Dpp) represent major pathways for
activating self-renewing proliferation in the different stem cell systems (Figure 1b–f).

The cell size limit hypothesis and neuroblast proliferation
Neural development provides a unique system to address the critical question of whether
growth potential causally determines cell cycle progression in a stem cell type. During most
differentiative divisions, neuroblasts (NBs) divide asymmetrically into a large NB that has
continued self-renewing growth potential, and a small ganglion mother cell (GMC), which will
only divide terminally into a pair of differentiated neurons or glia (Figure 1a, left).

With the exception of mushroom body and lateral neuroblasts, central nervous system
embryonic NBs first enlarge, and then perform a series of stereotyped rapid apico-basally
oriented divisions. Due to progressive mass loss, embryonic NBs decrease their size over time
until they are small and enter quiescence [12]. Larval neuroblasts increase their cell mass before
cell cycle reactivation. Reentry into S-phase is mediated by non-autonomous growth factor
signalling (Hedgehog and FGF), which is modulated by glial heparin sulfate proteoglycan
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(trol) function. Cell mass increase is most likely dependent upon feeding on a protein diet
during larval stage L1, which is required for resumed NB divisions. Likewise, imaginal disc
cells increase their size 6-fold before overcoming their developmental larval G1 quiescence
[13–15]. After a larval neuroblast initiates its proliferative program, it then becomes
independent of ongoing nutritional supplies from the diet. Therefore, relative to differentiated
cells in the larva, which arrest cell cycle progression upon food withdrawal, NBs appear to
have an enhanced ability to take up recycled nutrients from the haemolymph (blood), grow,
and divide. Nevertheless, NBs do reduce their division rate if the larva is starved [14]. Although
not yet clarified by genetic mosaic analysis or cell ablation experiments at progressive
timepoints during postembryonic development, glia-NB contacts have been reported to exhibit
features of a stem cell niche-like microenvironment (Figure 1a, red dashed arrow). Reception
of Activin signalling seems to maintain NB proliferation rates in the optic centers and central
larval brain, and TGF-β type ligands are indeed expressed in surface glial cells [16]. Elegant
evidence corroborates, however, the central role of Prospero (Pros) as an output of a temporal
transcription factor cascade that terminates most postembryonic NB divisions [17**].

To summarize, staying above a limiting small size (mass) has been correlated with the ability
to continue self-renewing stem cell divisions. Studies have so far, however, failed to determine
whether cell growth is the critical limiting factor for stem cell proliferation or not.

Asymmetric cell division maintains a cell size difference without differential
growth

Independent of actual growth regulation, the big Drosophila NB displays an intriguing strategy
to stay big by budding off small GMC daughters. Thereby, the difference in cell size between
a self-renewing NB and its GMC daughter occurs instantaneously at mitosis. This size
asymmetry is dependent on the activity of two redundant regulatory pathways that are active
in the short period of mitosis, and does not necessarily require differential growth. One
pathway, depending on the evolutionarily conserved Baz/aPKC/PAR-6 complex, which
resides on the apical NB cortex and spatially instructs processes of cell polarization, displaces
the cortical cleavage plane off-center in the basal GMC hemisphere (Figure 1a). The other
results in much shorter mitotic spindle fibers on the future GMC through a Pins/Galphai/Cno
and Loco/Galphai pathway proposed to sustain a feedback loop with Gbeta13F/Ggamma1
activity, hence spatially organizing heterotrimeric G protein signalling and microtubule
polymerization regulators (Figure 1a) [18]. Whether whole “growth organelles” (mitochondria,
ribosomes) might be actively partitioned in morphologically symmetric stem cell divisions,
remains unknown. Relevant pathways for symmetric growth factor signal distribution over
mitosis have, however, been described in wing imaginal cells, where endocytic vesicles
transport the Dpp/TGF-β receptor complex [19]. Moreover, pericentrosomal proteins destined
for proteasomal degradation are asymmetrically inherited over mitosis even in seemingly
symmetric somatic divisions [20].

Mutual regulation of stem cell polarity, cell cycle and growth
Regulation of asymmetric cell division by cell cycle factors

Neuroblasts reveal another interesting aspect of growth control by partitioning protein
translation regulators during mitosis. Firstly, asymmetric mitotic division restricts active
growth and cell division to stem cells and distributes proliferation inhibitors and differentiation
factors (segregating determinants) to daughters (Figure 1a). Interestingly, cell cycle factors
directly control the asymmetric cell division machinery and vice versa (for review see: [21,
22]). For example, sufficiently high activity of the mitotic regulator Cdk1/Cyclin B and B3
activity, or Aurora A and Polo kinase function, are required for maintenance of asymmetric
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protein localization during NB division [23,24**]. The two kinases are known to regulate
centrosomes, spindle assembly, cohesion and cleavage furrow ingression. Mitosis in polo
kinase mutants, however, proceeds with aberrantly symmetrical splitting of unphosphorylated
Pon and its binding partner, the segregating determinant Numb, between both daughters (Figure
1a) [24**]. Consequently, insufficient Numb activity fails to antagonize Notch, and both
daughters continue rapid growth and division as self-renewing NB-like cells. The “stem cell
expansion” caused by exponential NB proliferation can continue, resulting in tumorous
overgrowth. Since partial rescue of Numb asymmetry in polo mutants does not abolish
overproliferation, a parallel impact of spindle orientation and aPKC kinase localization (which
affects Numb phosphorylation and activity) can be expected [24**,25].

Regulation of the stem cell cycle by cellular polarity
Reciprocally, the polarity machinery can also directly impact the cell cycle. Combined loss of
lethal (2) giant larvae (lgl), a cytoskeletal tumor suppressor and regulator of cell fate
determinant localization, and partner of inscuteable (pins), increases the amount of cortical
aPKC activity, and this triggers symmetric self-renewing neuroblast overproliferation [26].
Net overproliferation of neuroblasts that produce daughters of equal size is also observed in
mud mutant mushroom body neuroblasts [27]. The mud gene product regulates mitotic spindle
orientation by binding Pins and enhancing microtubule polymerization (Figure 1a) [28]. We
learn that defective daughter cell determination can cause tumors, defective spindle orientation
can result in aberrant partitioning of determinants, and centrosome malfunction may deregulate
spindle orientation. This does, however not address whether the stem cell cycle is actually
accelerated, or which pathways account for self-sufficient growth and division in stem cells
and NB tumors.

Partitioning transcription and translation regulators
The cross-regulation of mitosis and symmetry is intriguing, because factors that are
asymmetrically distributed by the adaptor protein Miranda into the GMC include the cell cycle
regulatory transcription factor Prospero (Pros), as well as the putative translation inhibitor Brat
(Figure 1a) [29**,30**,31]. Due to apically restricted auto-inhibition of Lgl upon
phosphorylation by aPKC kinase, Lgl directs cortical Miranda to the basal cortex. Therefore,
it looks like two critical regulators, one suppressing growth and the other suppressing the cell
cycle, are delivered to the GMC. Indeed, both the prospero and brat mutants get neuroblast
stem cell-like derived tumors [30**,31].

The homeodomain transcription factor Pros inhibits progression of the cell cycle by directly
binding and repressing promoter regions of G1/S (e2f1, cyclin E) and G2/M transition (string/
cdc25) as well as NB-type asymmetric cell division and renewal genes [29**]. By interaction
with coactivators, Pros also activates differentiation genes in GMCs, locking in the switch to
differentiate [29**]. Pros overexpression can terminate most of overproliferation that occurs
in brat mutant neuroblasts [32], suggesting that the transcriptional cell cycle exit program
imposed by Pros is dominant over permissive growth driven by loss of brat [29**].

A mechanistic paradigm for understanding how cell growth and the cell cycle are co-regulated
in stem cells comes from the recent analysis of Drosophila Trim-NHL domain proteins
including the tumor suppressor brat. Homology and genetic studies in C. elegans as well as
Drosophila suggest that Brat may suppress cell growth by repressing general translation rather
directly. In addition, or perhaps as part of this function, Brat posttranscriptionally inhibits
dMyc, a transcription factor that stimulates many processes required for growth, including
ribosome production and translation [30**]. brat mutation causes metastatic tumorous
proliferation of certain types of NBs [30**]. These tumors arise from continued self-renewing
growth and division of transient amplifying secondary neuroblasts that are unable to
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differentiate, and do not express the differentiation factor Prospero (Figure 1a, right panel)
[30**,31,33*]. Whether brat mutant NBs overproliferate due simply to increased protein
synthesis and growth, however, is not so clear. brat mutations only cause overproliferation of
specific classes on NBs, and known translational regulators such as dMyc and the TOR
activator Rheb have not yet been shown to transform even these NBs. Nevertheless, the extant
data has been interpreted to indicate that deregulation of growth by translational control might
be the trigger for tumorous NB self renewal and cell cycle progression by never allowing the
balance to tip towards differentiation associated cell cycle exit, at least in especially sensitive
cell states [30**,33*]. A strategy to translationally control the production of limiting mitotic
(S. pombe Cdc25) or G1/S cell cycle regulators (S. cerevisiae Cln3) by motifs in the 5′
untranslated (UTR) mRNA regions allows cells to couple general growth and cell cycle rate
[34,35]. Although these mechanisms are likely to apply in Drosophila and other animal cells,
they have not yet been assessed experimentally in any depth. Since vertebrate microRNAs have
recently been shown not only to inhibit, but also to stimulate protein production by binding to
5′UTRs, translational regulation of cell cycle regulators must be reevaluated as a novel and
potentially important mode of growth control [36*,37].

Together, available data suggest that known translation/growth pathways can sometimes
become dominant over cell cycle promoting transcription factors in limiting proliferation. This
may be particularly true in contexts where nutrient availability limits proliferation or when
dropping intracellular ATP levels trigger an AMP-activated protein kinase based metabolic
checkpoint, downregulating cyclin E protein [38–41]. Such a strategy makes sense, because
translational responses are fast for unstable proteins (Cyclin E, String), and do not necessarily
reset the general proliferative transcription program of stem cells [41]. But pros-like
transcriptional regulators may be dominant over translational activity, imposing cell cycle exit
by direct repression of cell cycle factors and redundant activation of differentiation factors that
further inhibit proliferation [42]. Direct repression of rRNA transcription by vertebrate MyoD
and Runx2 during lineage specification is another example [29**,43]. Important exceptions
do, however, exist, and productive polysome levels are actually increased in differentiating
mouse stem cells [44].

Cell cycle and growth: where is the pattern?
The notion that a mere increase in general protein biosynthesis after dmyc derepression may
trigger cell cycling in brat mutant NBs is not supported by experimental evidence in other
Drosophila cell types. dMyc specifically enhances ribosome biogenesis and protein translation
by coordinately facilitating PolI rRNA transcription and expression of many Pol II and III
targets including ribosomal components, rRNA processing and translation initiation factors
[45]. In fact, forced expression of dmyc or other growth regulators that are known to directly
control metabolism, like PI3K (insulin signalling) or Rheb (a TOR activator), does not trigger
overproliferation of Drosophila adult intestinal stem cells (H. Jiang, B.A.Edgar personal
communication), or imaginal disc cells. Such factors can posttranscriptionally increase Cyclin
E levels and accelerate G1/S progression in imaginal discs, but mitotic entry remains limiting,
effectively not speeding up the cell cycle [46]. On the other hand many of the signalling systems
that regulate organ patterning and cell specification can also effect G2/M transitions and overall
proliferation rates, at least in imaginal discs [8,16,46,47]. Since a transient G2/M arrest
precedes overproliferation in brat mutant NBs, the prime reason that tumors arise could
potentially lie in de-repression of patterning growth factor signal transduction, activating
mitotic entry. Interestingly, microRNAs could be involved in growth factor signal
interpretation, as has been elegantly demonstrated in the Xenopus Spemann organizer, where
a graded TGF-β/Nodal response is quantitatively determined by a mirror microRNA gradient
inhibiting the corresponding growth factor receptor [48].
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Coordinating growth and cell cycle control: a place for microRNAs
Since Ncl-1, the C. elegans ortholog of brat, has been implicated in RNAi function, the TRIM-
NHL family protein Brat has also been suggested to inhibit mRNA targets via regulation of
small regulatory RNAs [30**]. This is especially interesting in the light of the finding that both
the dicer-1/microRNA and the dicer-2 dependent RNAi-mediated chromatin regulation
pathway were shown to affect Drosophila female and male germline stem cell division rate
and stem cell identity (Figure 1b, c). Moreover, a recent study reveals that Mei-P26, another
TRIM/NHL growth regulator, directly binds the argonaute microRNA effector Ago1 via its
NHL domain and represses microRNAs including Bantam, which has been implicated as a
positive regulator of self-renewing growth and cell cycle progression. Mei-P26 function is
activated by the differentiation factor bag of marbles (Bam) in ovarian stem cell daughters
only, and its mutation results in tumor initiation in the transit amplifying cystocyte lineage due
to loss of microRNA inhibition, and consequently enhanced rRNA biogenesis, self-renewing
growth and cell cycle competence (Figure 1b) [49**]. Since Brat is analogously segregated in
the differentiating daughters, it will be interesting to see whether microRNAs and translation
control also affect proliferation in transit-amplifying NB lineages (Figure 1a, right) [33*].

Indeed, a number of core microRNA biogenesis factors (Dicer-1, Loquacious) as well as
argonaute family effector proteins used in the microRNAs and RNA interference (RNAi)
pathways (Ago1, Piwi) and a microRNA itself (bantam) have previously been implicated as
essential cell autonomous components that determine germ line stem cell (GSC) division rate
and cell fate maintenance (Figure 1b) [50,51,52,53*] (for review see: [54]). Variations exist
for example in that Piwi can also function in the female somatic GSC niche to effect stem cell
mitotic activity. In dicer mutant GSCs, S-phase and mitotic index are reduced, while Cyclin E
and Dacapo/p27 expression is enhanced, suggesting a CKI-based G1/S transition block with
stable but inactive cycE/CDK2 complexes. Indeed, reducing dacapo dosage can rescue the
division defect in dicer mutants [50]. Importantly, loss of the single bantam miRNA, an
activator of balanced growth and cell division, recapitulates the growth, division and
maintenance defects seen in dicer mutant GSCs [49**,53*,55,56]. Whether bantam is used to
promote the cell cycle in other stem cell types, or whether different stem cell types share a
common microRNA expression profile is not known at this point. Likewise, it remains
unknown which microRNA target proteins must be inhibited to maintain stem cell growth and
cell cycle progression, but an miRNA network might underlie the elusive parallelization of
growth and cell cycle control in higher eukaryotes.

Recent experiments in the imaginal discs provide a conceptual framework for how the
bantam microRNA could regulate both the cell cycle and growth. Dependent on repression of
an inhibitory Notch signal, a self-enforcing cell cycle – growth positive feedback loop builds
up between bantam and dMyc which stimulates E2F activity and promotes G1/S transition
[57*].

Organismal growth control of stem cell proliferation
Finally, how a homeostatically growing tissue instructs the described growth and cell cycle
control of its stem cell population is a question of great complexity. Recent studies in
Drosophila intestinal, renal and haematopoietic systems have begun to address the largely
unknown dynamic coupling between organ cellularity and stem cell proliferation (Figure 1d–
f). Absorptive differentiated cell types of the midgut epithelium (enterocytes) turn over weekly
for example (Figure 1d, black arrow), suggesting that the midgut epithelium is homeostatically
regenerated. Paracrine canonical Wnt signalling from the underlying visceral muscle and the
antagonizing Notch activity in differentiating stem cell daughters have been implicated in
balancing ISC self-renewal and differentiation respectively (Figure 1d, red arrow) [7,58].
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Consistently, clonal deletion of Notch results in excess progenitors (ISCs/EBs) referred to as
tumors. Conceptually very similar, adult hindgut stem cells self-renew under the influence of
short-range paracrine Wnt signalling. Leaving the Wnt signal range, fast cycling hindgut
progenitors finally exit the cell cycle and differentiate to enterocytes due to Hedgehog activity
(Figure 1d, bottom). Secondly, but much less clear, high and low signal strengths of autocrine
JAK/STAT activity are proposed to instruct self-renewal and differentiation of the renal stem
cells respectively (Figure 1e) [8]. Thirdly, a niche-like microevironment in the lymph gland
appears required and limiting for maintenance of slowly cycling, uncommitted haematopoietic
progenitors implicating Hedgehog signalling (Figure 1f) [10,11]. Although long-term
repopulation ability in analogy to the vertebrate haematopoietic system is still unclear, the
progenitor pool as already been shown essential for an efficient production of lamellocytes in
the case of infestation by parasitoid wasps laying eggs into Drosophila larvae [11]. Forthly,
Drosophila female and male germline stem cell (GSC) niches offer the cellularly best
understood systems to investigate stem cell programming by animal physiology and organismal
growth cues [2]. Interestingly, when protein levels in the diet are low, reduced brain derived
insulin like peptide (DILP) signalling leads to a GSC cell-autonomous activation of the
transcription factor Foxo and a G2/M delay. According to richness of diet, redundant factors
modulate the cell cycle in G1/S and G2/M independent of the niche [38,39*]. Consistent with
the growth dependence of female germline stem cells, cell cycle progression in regenerating
imaginal disc cells, which exhibit stem cell-like features, does not occur without a growth
activating amino-acid supply [6,59].

Conclusions and outlook
On a molecular level the role of RNAs as central transcriptional and translational regulators
of stem cell function is emerging. This includes poised chromatin states that leave open the
potential for activation or inhibition during lineage specification. These bivalent states are
determined by the rate and loci where RNA polymerases transcribe genomes, and by RNA
molecules that instruct chromatin function [60–62]. Secondly, recent work in Drosophila puts
forward single molecular species (e.g. microRNAs, growth/mitogen cues) that co-regulate both
stem cell growth and the cell cycle. Thereby, the undifferentiated cell state self-sufficiently
replicates, as long as short range growth factors or even physical cues (anchoring in the niche)
prevent differentiation factors from locking-in cell cycle exit. Work in Drosophila also reveals
how the asymmetric cell division machinery distributes information, in the form of growth and
cell cycle regulators and cell fate determinants, during mitosis. Robustness in distinguishing
cell growth and cell cycle control is further conferred by putting stem cells and daughters in
different spatial contexts relative to external pro- and anti-differentiative signals in the cellular
microenvironment. This leads to self-renewal of the stem cell but not its differentiating
daughter. Therefore, although paradoxical, asymmetry might be the driving force in bringing
order, as has been recognized a long time ago (“C’est la dissymétrie qui crée le phénomène”.
Pierre Curie.)
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Figure 1. Proliferative control in Drosophila stem cells.<
Stem cells (yellow) usually divide asymmetrically by receiving short-range signals (red arrows)
from niche cells (blue). Reduction in adhesion (orange rectangles) to niche support (blue
stromal cells or red basement membranes) contributes to displacement of differentiating
daughter cells (grey) from the niche. The direction of cell “flow” (major black arrow) reflects
spatial organization into zones of stem cell proliferation and differentiation. Tumorous
proliferation can arise by progenitor cell expansion or de-differentiation of weakly specified
stem cell daughters.
1a. Proliferation in different larval neuroblast (NB) lineages
Left: NBs (yellow) divide asymmetrically in a presumptive niche-like environment of glial
cells (blue), and bud off intermediate progenitors (ganglion mother cells - GMC), which will
divide only once more into two differentiating neurons. During asymmetric NB division, apical
restriction of cortical aPKC/Par, Inscuteable and Pins/Gαi complexes causes cell fate
determinants Numb, Prospero and Brat to be partitioned basally to the GMC with the help of
their adaptors Partner of Numb (Pon) and Miranda. Right: In contrast to other central brain
NBs, posterior-asense-negative (PAN) neuroblasts (yellow) display an intermediate transit-
amplifying (TA) lineage by generating asymmetrically dividing secondary neuroblasts.
Mutation of brat causes tumor-like overproliferation arising from uncommitted secondary
neuroblasts.
1b. Female germline stem cells in the stromal cell niche at the tip of the ovariole.
Niche cap cells (CC) are in close contact with germline stem cells (GSCs, yellow) that divide
in coordination with somatic escort stem cells (ESC). ESCs produce squamous nondividing
daughter escort cells (EC) that encyst the differentiating GSC daughters (cystoblasts-CB).
After 4 transit-amplifying (TA) division cycles with incomplete cytokinesis, one CB is
determined as oocyte (OC). JAK/STAT activated BMP signalling via the ligands
decapentaplegic (Dpp) and glass-bottom-boat (Gbb) triggers transcriptional inhibition of the
differentiation factor bag-of-marbles (bam). During differentiation Bam de-repression in
cystocytes activates the microRNA inhibitor Mei-P26. Thereby, microRNAs responsible for
balanced growth and cell cycle progression in stem cells are inactivated during cyst
differentiation. Mutation of mei-P26 (dashed arrow, bottom) causes cystocyte tumors.
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Terminal filament (TF), basement membrane (BM), follicle stem cell with epithelial niche
(FCS).
1c. Male germline stem cell niche at the testis tip.
Producing transit-amplifying gonialblast daughters (GBs), male GSCs (yellow) proliferate due
to secretion of the JAK/STAT ligand unpaired (upd) from the somatic hub cells (niche). GSCs
divide asymmetrically based on astral microtubule capture by cortical localization of Apc2 at
the interphase between hub and GSCs. GB differentation involves Egfr signal reception in the
cyst cells. Drosophila male germline stem cells do not exhibit a quiescent reserve stem cell
pool.
1d. Adult Intestinal stem cells (ISCs).
Top: ISCs of the adult midgut epithelium (yellow) proliferate at a basal position, sandwiched
between the differentiated midgut epithelial cells and a basement membrane (BM) adjacent to
visceral muscle (VM). ISC daughters, called enteroblasts (EB), are more apical and directly
differentiate either into enterocytes (EC) or enteroendocrine cells (EE). Lineage choice towards
EC fate is achieved by high levels of Delta signalling from the ISC to activate Notch for EB
differentiation. ISC self-renewal is regulated by paracrine Wnt signalling (Drosophila
Wingless) from the niche of circular visceral muscle, which antagonizes Notch activation.
Bottom: Slowly cycling ISCs (yellow) in the adult hindgut proliferation zone (HPZ) self-renew
in the spindle cell zone (SCZ) due to short-range Wingless release from niche cells (blue) in
the anterior SCZ. Hindgut ISCs produce fast cycling hindgut progenitors, which divide in the
round cell zone (RCZ, light green), and finally exit cell cycle and differentiate to enterocytes
(dark green).
1e. Adult Renal-nephric stem cell (RNSC)
Adult RNSCs (yellow) proliferate in the lower tubules and ureters of the malpighian tubules
(M.T.) and produce renalblast daughters (RB), which will differentiate into renalcytes (RC) in
the lower tubule/ureters or into type I and type II cells in the regions of the upper tubules. Adult
stem cell proliferation rate could be determined by autocrine unpaired secretion and activation
of JAK/STAT signalling in the stem cells.
1f. Haematopoiteic stem cells in the larval lymph gland.
Slowly cycling larval haematopoietic progenitors (yellow) are contacted by cytoplasmic
extensions from cells of the posterior signalling center (PSC, niche), which is specified by
expression of the homeotic gene Antennapedia (Antp). An undifferentiated prohaemocyte (PH)
pool in the medullary zone is maintained by Hedgehog (Hh) and JAK/STAT activation.
Differentiated cell types comprise phagocytic plasmatocytes (PC), crystal cells (CC), involved
in innate immune responses and wound healing, and lamellocyte (LC), which engulf and
neutralize eggs of parasitizing wasps in the larva. At the begin of metamorphosis the gland
disintegrates, releasing cells into the open circulatory system (haemolymph-HL).
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