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Abstract

Stem cells are necessary for the maintenance of many adult tissues. Signals within the stem cell 

microenvironment, or niche, regulate the self-renewal and differentiation capability of these cells. 

Misregulation of these signals through mutation or damage can lead to overgrowth or depletion of 

different stem cell pools. In this review, we focus on the Drosophila testis and ovary, both of 

which contain well-defined niches, as well as the mouse testis, which has become a more 

approachable stem cell system with recent technical advances. We discuss the signals that regulate 

gonadal stem cells in their niches, how these signals mediate self-renewal and differentiation 

under homeostatic conditions, and how stress, whether from mutations or damage, can cause 

changes in cell fate and drive stem cell competition.
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INTRODUCTION

Stem cells are undifferentiated cells that are important for tissue homeostasis and 

regeneration through the replacement of lost or damaged cells. Stem cells are capable of 

producing two types of daughter cells: those that remain stem cells and those that 

differentiate into more specialized cell types. Maintenance of stem cells is regulated by 

intrinsic as well as extrinsic signals from the surrounding microenvironment, called the 

niche. Precise modulation of these signals is vital to ensure proper stem cell number and 

function. Misregulation of signals resulting from genetic mutations or tissue trauma can 

cause over- or underrepresentation of one stem cell type versus another, as well as 

inappropriate changes in cell fate. In this review we focus on gonadal stem cell niches, 

specifically those in the Drosophila testis and ovary and in the mouse testis. We discuss the 

signals that control the outcome of stem cell divisions under homeostatic conditions, stem 

cell competition, and cell fate conversion. Concepts emerging from studies on these topics in 
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gonadal stem cell niches are likely to enhance our understanding of adult stem cells more 

generally. Understanding the coordination between niche signals, stress, and stem cell 

dynamics will provide key insight into the mechanisms that drive the progression of diseases 

such as cancer and allow the development of more effective treatments and preventative 

care.

GERMLINE STEM CELLS AND THEIR NICHES

The Drosophila Testis Niche

An adult Drosophila male contains a pair of testes, each composed of a blind-ended tubule 

with a single stem cell niche anchored to the apical end. The signaling center of the niche is 

a cluster of 10–15 densely packed, terminally differentiated somatic cells called hub cells 

(Hardy et al. 1979). Two types of stem cells adhere to the hub: sperm-producing germline 

stem cells (GSCs) and somatic cyst stem cells (CySCs). Each GSC typically divides 

asymmetrically to produce a daughter GSC and a gonialblast, which is displaced from the 

hub and undergoes four transit amplifying divisions with incomplete cytokinesis, forming a 

cluster of 16 interconnected spermatogonia (Figure 1a). As differentiation proceeds, 

spermatogonia are displaced from the testis apex, maturing into spermatocytes that undergo 

meiotic divisions to produce 64 haploid spermatids. After spermatid individualization, the 

mature sperm are released from the testis and stored in the seminal vesicle. For more 

comprehensive reviews of the testis niche, see de Cuevas & Matunis (2011) and Matunis et 

al. (2012).

Somatic CySCs contact the hub via long, thin cytoplasmic extensions. Approximately two 

CySCs fully envelop each GSC, such that GSC-GSC contact does not occur (Hardy et al. 

1979). Lineage tracing has revealed that CySCs divide asymmetrically to produce 

differentiating daughters called cyst cells (Gönczy & DiNardo 1996). Two cyst cells encase 

each gonialblast, where they no longer divide but instead elongate to accommodate the 

dividing spermatogonia (Figure 1a) (de Cuevas & Matunis 2011). The cyst cells continue to 

differentiate throughout spermatogenesis and are ultimately engulfed by epithelial cells at 

the base of the testis upon spermatid individualization (Fuller 1993). In addition to serving 

as a source of somatic support cells, CySCs are also an important part of the GSC niche, as 

described below. For a comprehensive review of the CySC lineage, see Zoller & Schulz 

(2012).

Hub cells were first implicated as a source of local signals that regulate stem cell 

maintenance when the Janus kinase–Signal transducer and activator of transcription ( JAK-

STAT) pathway was shown to promote self-renewal of both GSCs and CySCs (Kiger et al. 

2001, Tulina & Matunis 2001) (Figure 1b). However, the downstream targets of this 

pathway differ in the two cell types, and the effects may also be lineage specific, as STAT 

activation is thought to promote self-renewal in CySCs and adhesion to the hub in GSCs 

(Leatherman & DiNardo 2008, Flaherty et al. 2010, Leatherman & DiNardo 2010). 

Hedgehog signaling is also important for promoting the self-renewal of CySCs but not GSCs 

(Michel et al. 2012, Amoyel et al. 2013, Zhang et al. 2013). This pathway is thought to act 

in parallel to JAK-STAT signaling to mediate self-renewal, although some of the 

downstream targets of the two pathways may overlap (Amoyel et al. 2013, Zhang et al. 
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2013). A third signaling pathway that promotes GSC self-renewal is the Bone 

morphogenetic protein (BMP) pathway. Activation of BMP signaling at adherens junctions 

between hub cells and GSCs silences transcription of the gene that encodes the 

differentiation factor Bag-of-marbles (Bam) (Kawase et al. 2004, Michel et al. 2011). 

Daughter cells that are displaced from the niche are thought to receive insufficient BMP 

signaling to repress bam expression, leading them to upregulate bam, which enables them to 

differentiate properly (Kawase et al. 2004). In addition to bam expression, germ cell 

differentiation requires signals that result from Epidermal growth factor (EGF) signaling 

within the CySC lineage; without these cyst cell-derived signals, germ cells fail to 

differentiate (Matunis et al. 1997, Kiger et al. 2000, Tran et al. 2000, Schulz et al. 2002, Lim 

& Fuller 2012, Hudson et al. 2013). Understanding how multiple signals are integrated to 

regulate stem cell behavior is a major challenge in most stem cell–based tissues and is best 

approached via genetics in model organisms such as Drosophila.

The Drosophila Ovarian Niche

In most female mammals, oocytes form only before birth, during fetal development. GSCs 

are therefore undetectable in adult mouse ovaries, and single-cell lineage tracing has shown 

unequivocally that the pool of primordial follicles is maintained without input from GSCs 

(Zhang et al. 2012, Lei & Spradling 2013, Hanna & Hennebold 2014). By contrast, the 

Drosophila ovary contains GSCs that remain active and support continuous egg production 

throughout adulthood. Each ovary is composed of one to two dozen ovarioles, which are the 

functional units of the ovary and contain chains of developing egg chambers at progressively 

older stages. The GSCs are located at the anterior tip of each ovariole, in the germarium, 

where they adhere to the somatic support cells (terminal filament, cap, and escort cells) that 

comprise the stem cell niche (Figure 2a). As in the testis, GSCs typically divide 

asymmetrically, producing a new GSC and a daughter cystoblast that is displaced from the 

niche and differentiates. Each cystoblast undergoes four mitotic divisions with incomplete 

cytokinesis to produce an interconnected 16-cell cyst; one cell within the cyst will traverse 

meiosis and become an oocyte, whereas the other 15 will become polyploid nurse cells that 

support oocyte growth (Huynh & St Johnston 2000, Sahai-Hernandez et al. 2012). At the 

end of oogenesis, the nurse cells dump their cytoplasm into the oocyte and undergo 

apoptosis to produce a mature egg (Foley & Cooley 1998, McCall & Steller 1998).

As with spermatogenesis, oogenesis is sustained by the cooperative action of GSCs and 

somatic stem cells, which are called follicle stem cells (FSCs) in the ovary. FSCs produce 

daughter follicle cells that form a columnar epithelial layer of cells surrounding each 

germline cyst; the resulting egg chamber buds from the germarium and continues to grow as 

it matures (Figure 2a). In contrast to the testis, FSCs reside in a distinct location in the 

germarium and are not adjacent to GSCs. In addition, their progeny are not quiescent but 

continue to divide as the cyst grows. For more comprehensive reviews of ovarian stem cells, 

see Eliazer & Buszczak (2011), Spradling et al. (2011), Sahai-Hernandez et al. (2012), and 

Slaidina & Lehmann (2014).

The signals that maintain stem cells in the ovary are similar to those that act in the testis 

(Figure 2b). In ovarian GSCs, BMP signaling results in transcriptional repression of bam 
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(Chen & McKearin 2003, Song et al. 2004); as cystoblasts do not receive enough ligand, 

they begin the differentiation process (Li et al. 2009). JAK-STAT signaling is not directly 

required in GSCs, but its activation in anterior support cells leads to the production of the 

BMP ligand Decapentaplegic (Dpp) (Lopez-Onieva et al. 2008, Wang et al. 2008). 

Additional factors important for GSC self-renewal were recently identified in a large-scale 

RNA interference (RNAi) screen, and future studies should reveal how these factors are 

regulated by niche signaling to maintain GSC cell fate (Yan et al. 2014). Although FSCs 

reside in a distinct environment from the GSCs, the same core signaling pathways regulate 

both stem cell lineages. Hedgehog, Wingless, BMP, and Epidermal growth factor (EGF) 

signaling are all required for FSC self-renewal, and the ligands for these signaling pathways 

are thought to originate from the GSC niche or from adjacent stromal cells (escort cells) 

(Forbes et al. 1996, Song & Xie 2003, Kirilly et al. 2005, Hartman et al. 2010, Castanieto et 

al. 2014). Further research is needed to understand how these signaling pathways are 

coordinated and interact with the GSC niche. For a more in-depth understanding of the 

signaling pathways that maintain GSCs, see Eliazer & Buszczak (2011); for FSC self-

renewal, see Sahai-Hernandez et al. (2012).

The Mammalian Testis Niche

Our understanding of mammalian testis stem cell biology derives largely from studies in 

mice. In the mouse testis, GSCs [called spermatogonial stem cells (SSCs) in mammals] and 

their early differentiating progeny reside on the basement membrane inside the seminiferous 

tubule (Figure 3a). In contrast to the Drosophila testis, where a distinct morphological 

structure (the hub) marks the niche, SSCs are located along the entire length of the tubule. 

The nature and arrangement of somatic support cells are also quite different: There is no 

somatic stem cell population, and the quiescent Sertoli cells that surround the germ cells are 

large and make contact with multiple germ cells in different stages of development. There 

are similarities in the behavior of germ cells, however. SSCs and their early progeny divide 

with incomplete cytokinesis to form clusters of interconnected spermatogonia, which transit 

into meiotic spermatocytes as they cross the blood-testis barrier to enter the adluminal 

compartment (Russell 1978). There, they complete meiosis and elongate to form 

spermatozoa, which exit the epithelium through the center of the tubule (Oatley & Brinster 

2012). For comprehensive reviews of mouse spermatogenesis, see Oatley & Brinster (2012), 

Yoshida (2012), and Kanatsu-Shinohara & Shinohara (2013). For a comparison of rodent 

and human spermatogenesis, see the review by Hermann et al. (2010).

In Drosophila, GSCs can be identified unequivocally by their morphology and location, but 

this is not true in mammals. In mouse testes, within the population of undifferentiated 

spermatogonia is a subset of single cells that were long thought to be the SSCs 

(Tegelenbosch & de Rooij 1993). However, recent studies using lineage tracing and live 

imaging indicate that the stem cell pool is more heterogeneous, challenging this long-held 

view (Yoshida 2012, Aloisio et al. 2014). Because all undifferentiated spermatogonia reside 

in a single layer on the basement membrane of the seminiferous tubule, they are likely to 

receive signals from a variety of sources, including adjacent Sertoli cells as well as cells that 

reside in the interstitial region of the testis, such as Leydig cells, myoid cells, and 

macrophages (Oatley & Brinster 2012, Yoshida 2012). Whether there is heterogeneity in 
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these somatic cell populations remains to be seen. The nerves and capillaries found in the 

interstitial tissue are also potential sources of systemic signals (Yoshida 2012). How signals 

from all of these sources are coordinated to regulate the balance between SSC self-renewal 

and differentiation remains unclear.

As in Drosophila, genetic approaches have uncovered some of the signals that are important 

for SSC maintenance (Figure 3b). Other potential regulators have been identified through in 

vitro studies using cultured SSCs. Sertoli cells secrete glial cell line–derived neurotrophic 

factor (GDNF), which promotes SSC self-renewal, as well as the differentiation factor 

retinoic acid (Mullaney & Skinner 1992, Tadokoro et al. 2002, Kubota et al. 2004, 

Hasegawa & Saga 2012). GDNF’s receptors, GDNF family receptor α 1 (GFRα1) and 

rearranged during transfection (RET) tyrosine kinase, are expressed in both SSCs and early 

spermatogonia (Meng et al. 2000, Naughton et al. 2006), suggesting that GDNF signaling 

could function in both cell types (Grisanti et al. 2009, Suzuki et al. 2009). In SSCs, GDNF 

and fibroblast growth factor 2 (FGF2) activate the Phosphatidylinositol 3-kinase–Akt (PI3K-

Akt) and Mitogen-activated protein kinase (MAPK) pathways (Kubota et al. 2004, 

Hasegawa et al. 2013, Kanatsu-Shinohara & Shinohara 2013), which are thought to promote 

the transcription of genes necessary for stem cell maintenance (Oatley et al. 2006, Wu et al. 

2010, Ishii et al. 2012). Activation of the MAPK pathway in Sertoli cells also leads to the 

upregulation of GDNF production (Simon et al. 2007, Hasegawa et al. 2013), suggesting an 

indirect as well as direct role for MAPK activation in SSC maintenance. Other extrinsic 

factors, such as colony stimulating factor 1, leukemia inhibitory factor, and insulin-like 

growth factor, regulate self-renewal in cultured SSCs (Kubota et al. 2004, Oatley et al. 

2009), but further studies are needed to determine their role in stem cell maintenance in 

vivo.

MODES OF GERMLINE STEM CELL SELF-RENEWAL

A defining feature of stem cells is their ability to divide asymmetrically, producing one 

daughter that remains a stem cell (self-renewal) and one that differentiates. However, studies 

on stem cells in intact tissues have revealed that individual stem cells are far more plastic 

than previously thought: They modulate the output of their divisions in response to the needs 

of the tissue. This plasticity enables tissues to maintain a constant stem cell population 

despite damage or loss of stem cells over time. The different modes of stem cell output are 

described below (Figure 4).

Division, Differentiation, and Dedifferentiation in Germline Stem Cells

In the Drosophila testis and ovary, GSCs usually divide asymmetrically to produce one 

daughter cell that remains anchored to the niche and one that is displaced from the niche and 

differentiates. This pattern of division results from the precise orientation of spindles in 

mitotic GSCs: The spindles are aligned perpendicular to the niche-GSC interface, with one 

pole anchored near the interface (Yamashita & Fuller 2008). Several cell components are 

asymmetrically segregated during these divisions; in the testis, these include centrosomes, 

certain histones, and even sex chromosomes, although other chromosomes are segregated at 

random (Yamashita et al. 2007, Tran et al. 2012, Yadlapalli & Yamashita 2013). Why these 

asymmetries occur is not known, and they do not have obvious effects on the outcome of 
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stem cell divisions. For example, GSCs lacking centrioles (a main component of 

centrosomes) still function normally (Riparbelli & Callaini 2011). Understanding the 

relationship between asymmetric distribution of histones and the segregation of sex 

chromosomes could be informative. Occasionally, even in unperturbed wild-type testes, 

GSCs divide with a symmetric outcome and both daughters either remain at the niche 

(symmetric renewal) or leave the niche and differentiate (symmetric differentiation) (Sheng 

& Matunis 2011, Salzmann et al. 2013). Further studies are needed to determine whether 

symmetric renewal or differentiation correlates with changes in the segregation of 

intracellular components.

In the Drosophila ovary, one asymmetrically inherited component does correlate with cell 

fate decisions in dividing GSCs: the machinery that regulates ribosomal RNA (rRNA) 

transcription (Zhang et al. 2014). Higher levels of this machinery are found in GSCs than in 

their differentiating daughters, and this unequal distribution correlates with higher levels of 

rRNA transcription in GSCs. Increasing rRNA transcription in stem cell daughters delays 

their ability to differentiate; conversely, reducing rRNA transcription promotes 

differentiation and can rescue bam mutant cells, which otherwise fail to differentiate and 

remain GSC-like. This mode of regulation could be specific for certain proteins that control 

cell fate decisions, as disrupting rRNA transcription reduces the level of one stem cell 

factor, the BMP pathway component Mothers against dpp (Mad), but not its binding partner 

Medea or Histone H2B. Altogether, these data suggest that niche signaling modulates the 

levels of rRNA transcription in dividing GSCs, which in turn affects cell fate decisions in 

the daughter cells. A U3snoRNP component that is required for pre-rRNA maturation is also 

differentially segregated in dividing female GSCs, but whether this asymmetry is important 

for GSC function is not clear (Fichelson et al. 2009).

Although asymmetric division is the primary mode of GSC division in Drosophila gonads, 

mouse testes are likely to use a different mechanism. Recent studies using live imaging and 

pulse labeling have revealed that most SSCs divide symmetrically, as indicated by the 

expression of the GDNF receptor GFRα1, and that stem cells are renewed by fragmentation 

of interconnected spermatogonia (dedifferentiation), which break apart and move back into 

the niche to become stem cells (Hara et al. 2014). However, in 5% of spermatogonial pairs, 

GFRα1 is asymmetrically distributed, and in many pairs ubiquitin carboxy-terminal 

hydrolase 1 is enriched in the cell closest to the basement membrane (Grisanti et al. 2009, 

Luo et al. 2009). The functional significance of these asymmetries is not known. 

Dedifferentiation of germ cell clusters also occurs in Drosophila testes and ovaries, but this 

happens primarily in response to trauma such as the genetically induced loss of stem cells, 

as is discussed further below (Brawley & Matunis 2004, Kai & Spradling 2004, Cheng et al. 

2008, Sheng et al. 2009).

Neutral Drift Dynamics in Stem Cells

Whether a stem cell remains in the niche or goes on to differentiate is regulated not just by 

the signals it receives but also by the physical constraints of the niche in which it resides. 

Niches contain a limited amount of signals and space, and stem cells are constantly 

competing with each other for niche occupancy ( Johnston 2009). The stem cell population 
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is therefore regulated by the balance between asymmetric divisions, symmetric renewals, 

and symmetric differentiation, as well as by competition between neighboring stem cells 

(Issigonis et al. 2009, Klein & Simons 2011, Sheng & Matunis 2011, Stine & Matunis 

2013). Lineage tracing has provided insight into the half-lives of stem cells in many tissues: 

Stem cells are continually lost from the niche and replaced as a result of natural turnover 

(Fox et al. 2009). In many vertebrate and invertebrate stem cell systems, turnover occurs in a 

stochastic manner and is termed neutral competition (Clayton et al. 2007, Doupe et al. 2010, 

Lopez-Garcia et al. 2010, Snippert et al. 2010, Klein & Simons 2011, de Navascués et al. 

2012, Doupe et al. 2012, Stine & Matunis 2013, Teixeira et al. 2013, Vermeulen et al. 2013, 

Baker et al. 2014, Kronen et al. 2014). This neutral drift dynamic occurs in gonadal stem 

cell niches (Klein et al. 2010, Sheng & Matunis 2011, Amoyel et al. 2014, Kronen et al. 

2014), but whether transient signaling fluctuations control these changes, as seen in the 

Drosophila eye (Losick & Desplan 2008), remains to be determined. Importantly, the 

neutral drift dynamics of a stem cell population can be shifted by the acquisition of 

mutations in stem cells, such that competition between neighboring cells ensues.

STEM CELL COMPETITION

Mutations within stem cells that tip the balance toward symmetric renewal or symmetric 

differentiation are the defining feature of stem cell competition. Mutations causing a fitness 

advantage allow mutant cells to take over the niche and outcompete wild-type stem cells. By 

contrast, mutations causing a disadvantage lead to mutant cells being lost more quickly from 

the niche, as a result of either cell death or differentiation (Figure 5a). While competition 

can eliminate defective stem cells from the niche, potentially maintaining stem cell fitness, it 

can also lead to aberrant tissue function. For example, in multiple myeloma and acute 

myeloid leukemia, cancer stem cells outcompete normal hematopoietic stem cells (Noll et 

al. 2012). Changes in adhesion, differentiation ability, or proliferation can all affect stem cell 

competition (Figure 5b). Thus, understanding these mechanisms is vital for the treatment 

and prevention of disease as well as for capturing the regenerative capacity of stem cells.

Effects of Adhesion on Stem Cell Competition

Adhesion plays a major role in the regulation of stem cell occupancy within many niches 

(Chen et al. 2013). In the Drosophila ovary, E-cadherin and its intracellular partner β-

catenin are necessary to form proper adherens junctions. Both proteins localize along the 

GSC–cap cell junction and the FSC–inner sheath cell junction and anchor GSCs and FSCs 

to their respective niches (Song & Xie 2002, Song et al. 2002). Because removal of either 

protein causes loss of GSCs or FSCs from the niche, these proteins are essential for stem cell 

maintenance. E-cadherin and β-catenin are also important for niche–stem cell anchorage in 

the Drosophila testis, where they localize to the hub-GSC and hub-CySC interfaces. 

Reduction of E-cadherin in either stem cell lineage results in the loss of that lineage from the 

niche, most likely through differentiation (Yamashita et al. 2003, Voog et al. 2008). 

However, how niche signals coordinate adhesion levels in stem cells to regulate niche 

occupancy is poorly understood. Recently, the Slit-Roundabout pathway was shown to 

modulate adhesion in CySCs by regulating E-cadherin (Stine et al. 2014). The ligand Slit is 

expressed specifically within the hub, and a reduction in levels of Slit’s receptor 
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Roundabout 2 in CySCs resulted in their loss from the niche. By contrast, loss of the 

pathway’s downstream effector, Abelson tyrosine kinase, provided CySCs with a 

competitive advantage. This supports a model in which the Slit-Roundabout pathway 

attenuates Abelson tyrosine kinase activity, which normally destabilizes β-catenin to allow 

adherens junction turnover (Stine et al. 2014). The expression of Roundabout 2 in CySCs is 

also regulated by JAK-STAT signaling, suggesting a mechanism for coordinating niche 

signaling with modulation of adhesion. As E-cadherin is important for niche–stem cell 

anchorage in the ovary, it will be interesting to know if the Slit-Roundabout pathway also 

modulates adhesion in this tissue. Furthermore, Roundabout 4 is expressed in mammalian 

hematopoietic stem cells and is known to be important for localization to the bone marrow 

niche; thus, if the same mechanism is involved in controlling adhesion levels within these 

cells, it would reveal a conserved function for this pathway (Smith-Berdan et al. 2011).

Integrins are another type of adhesion molecule important for stem cell attachment to niches 

(Chen et al. 2013). In the Drosophila testis, integrins regulate adhesion of hub cells to the 

extra-cellular matrix but not attachment of stem cells to the hub (Tanentzapf et al. 2007, Lee 

et al. 2008). However, modulation of integrin levels between the two stem cell populations, 

GSCs and CySCs, can lead to competition for niche occupancy. Integrin levels are regulated 

by JAK-STAT signaling, and loss of the JAK-STAT signaling suppressor Suppressor of 

cytokine signaling 36E (SOCS36E) leads to an increase in integrins within CySCs (Issigonis 

et al. 2009, Singh et al. 2010). This causes the CySCs to adhere better to the hub and 

consequently push out neighboring GSCs (Issigonis et al. 2009). Increased integrin levels or 

JAK-STAT signaling in CySCs does not lead to an overrepresentation of these mutant 

CySCs in the niche, suggesting that SOCS36E could have additional functions (Amoyel et 

al. 2014).

SSCs in the mouse testis also express integrins, which could mediate their adhesion to the 

basement membrane of the seminiferous tubule (Shinohara et al. 1999). When SSCs from 

β1-integrin knockout mice were transplanted into the seminiferous tubules of recipient mice 

that lacked endogenous germ cells, the SSCs with reduced β1-integrin were unable to attach 

to the basement membrane but did not have problems with migration to the niche, adhesion 

to Sertoli cells, or passage through the blood-testis barrier (Kanatsu-Shinohara et al. 2008). 

Consequently, the mutant SSCs colonized the recipient testes less successfully than control 

SSCs, proving that proper attachment to the niche is essential for SSC maintenance.

Stem Cell Proliferation, Differentiation, and Competition

Failure to differentiate or an increase in proliferation can also cause one population of stem 

cells to outcompete another for space in the niche. In the Drosophila ovary, GSCs lacking 

Bam fail to differentiate and show a competitive advantage over wild-type neighboring 

GSCs for space within the niche ( Jin et al. 2008). The mutant cells display increased levels 

of E-cadherin at the GSC–cap cell junction as well as increased proliferation, suggesting an 

indirect link between differentiating factors, adhesion, and division rate ( Jin et al. 2008). 

FSCs lacking the basolateral junction protein Lethal giant larvae or Discs large also 

outcompete their wild-type neighbors for niche occupancy (Kronen et al. 2014). These 

proteins establish polarity in early follicle cell daughters, which is necessary for their 
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differentiation. Thus, a reduction in junction proteins causes defects in differentiation. These 

defects cause immature daughter cells to accumulate within the niche, increasing the 

likelihood that mutant FSCs will replace lost FSCs.

Another signaling molecule known to modulate general cell competition is dMyc. This 

phenomenon is best characterized in the Drosophila wing imaginal disc, where knockdown 

of dMyc in a subset of cells leads to their slow growth and eventually allows wild-type 

neighbors to take over. By contrast, overexpression of dMyc leads to induction of apoptosis 

in neighboring cells (de la Cova et al. 2004). Although increasing dMyc levels in GSCs of 

the Drosophila ovary does give them a competitive advantage over wild-type GSCs, this 

results from their enhanced sensitivity to niche signaling, which allows them to be retained 

in the niche longer, and not from induction of apoptosis in neighboring cells (Rhiner et al. 

2009). Similarly, individual GSCs containing reduced levels of dMyc are eliminated from 

the niche more quickly than wild-type GSCs. One study looking at the role of dMyc in 

GSCs showed that it was not essential for GSC competition; this disparate finding could 

reflect differences in experimental design, choice of loss of function alleles, and/or 

overexpression methodologies ( Jin et al. 2008, Rhiner et al. 2009).

Although failure of stem cells to differentiate can lead to their overrepresentation in the 

niche, an increase in proliferation rate can also cause a competitive advantage. This is seen 

in the Drosophila testis, in CySCs constitutively expressing either the Hedgehog or Hippo 

signaling pathways (Michel et al. 2012, Amoyel et al. 2014). Clonal analysis has shown that 

CySCs homozygous for patched or hippo mutant alleles, which lead to activation of the 

Hedgehog or Hippo pathways, respectively, can outcompete both wild-type CySCs and 

GSCs for niche occupancy. This competition is a result of accelerated proliferation, as seen 

by an increase in the number of cells in S phase or M phase in the patched mutant clones. In 

addition, the competitive advantage of patched and hippo mutant clones can be rescued by 

reducing levels of String, an important inducer of mitosis (Amoyel et al. 2014). In contrast, 

loss of Hedgehog signaling in smoothened mutant CySC clones leads to their rapid loss from 

the niche, suggesting that mutations that decrease proliferation rates cause a competitive 

disadvantage. Interestingly, global reduction of Hedgehog signaling leads to a reduced 

number of CySCs but does not cause a difference in proliferation rate or a complete loss of 

the mutant cells (Michel et al. 2012). This suggests that a difference in cell signaling and its 

concomitant effect on proliferation rate between two neighboring cells may cause 

competition, whereas global changes affecting proliferation in all cells may not. Further 

supporting this idea, CySC clones overexpressing both String and the G1/S phase–

promoting factor Cyclin E are capable of outcompeting wild-type CySCs and a portion of 

GSCs from the niche (Amoyel et al. 2014). However, overexpression of String in all CySCs 

leads to an increase in CySC proliferation rate but not a loss of GSCs from the niche (Inaba 

et al. 2011). Together, these studies provide evidence that changes in proliferation rate are a 

key factor driving stem cell competition and may represent a mechanism leading to cancer 

initiation. In support of this idea, loss of the tumor suppressor gene adenomatous polyposis 

coli (APC ) in intestinal stem cell clones in mice and humans is associated with an expanded 

stem cell population, resulting from an increase in proliferation (Vermeulen et al. 2013, 

Baker et al. 2014). As loss of this gene can lead to colon cancer, understanding how changes 
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in stem cell dynamics cause competition is important for preventative intervention and the 

development of effective treatments (Morrissey & Vermeulen 2014).

Mutations causing a slight advantage in self-renewal without compromising differentiation 

are thought to impart a competitive advantage to spermatogonial stem cells of the 

mammalian testis. Although these mutations may lead to an increased division rate, they do 

not usually affect normal tissue function; instead, they produce mutant sperm that cause 

congenital disorders in progeny. This is demonstrated by the paternal age effect: older men 

have a greater chance of fathering children with developmental defects (Goriely & Wilkie 

2012). This effect is thought to be driven by rare spontaneous activating mutations, 

primarily in the Ras-mediated signal transduction pathway, which are hypothesized to 

promote clonal expansion of mutant stem cells with age, thus leading to the accumulation of 

mutant sperm over time (Goriely & Wilkie 2012). Although there is evidence indicating an 

overrepresentation of these mutations in the sperm of older men (Goriely & Wilkie 2012), 

little is known about the mechanism of competition, which is thought to occur at the stem 

cell level. It has also been hypothesized that mutations outside of the Ras signaling pathway 

can confer similar defects.

Recently, a study looking at mouse SSCs with a specific mutation in fibroblast growth 

factor receptor 2 (FGFR2), which causes Apert syndrome, showed that these mutant stem 

cells had enhanced sensitivity to growth factors, causing an increase in fitness compared 

with wild-type stem cells (Martin et al. 2014). In vitro competition assays, in which the 

wild-type SSC population and the mutant SSC population contained their own fluorescent 

tags and were grown in the same dish, showed that the mutant SSC population could 

multiply at a faster rate than the wild-type population, but only in low FGF2 conditions. 

Furthermore, in transplantation assays in which the differentially labeled SSC populations 

were mixed in vitro and then transplanted into busulfan-treated mice depleted of germ cells, 

the mutant SSCs showed greater stem cell activity and produced more colonies than their 

wild-type counterparts (Martin et al. 2014). Transplantation assays in which SSCs from 

older mice were transplanted into younger mice have shown that niche function declines 

with age (Ryu et al. 2006). Thus, it is likely that enhanced growth factor sensitivity confers a 

greater advantage on mutant SSCs in the changing local microenvironment that is associated 

with aging. This indicates a link between the quality of the niche and the increased self-

renewal capacity of stem cells.

A similar link is seen within stem cells of the colon. Tumor suppressor p53 mutant cells 

show a competitive advantage only in niches with impaired function resulting from colitis; 

this environment allows clonal expansion of these mutant cells over time (Vermeulen et al. 

2013). This is thought to be how colitis-associated colorectal cancer is initiated. In addition, 

lower levels of p53 confer a competitive advantage to hematopoietic stem cells under stress 

conditions (Bondar & Medzhitov 2010). This overrepresentation of stem cells with low p53 

levels can easily lead to a complete loss of p53, resulting in the overproliferation of these 

cells and cancer formation. These examples suggest a common mechanism underlying both 

paternal age effect disorders and cancer. Thus, understanding how niche signaling can bias 

the symmetric renewal capacity of stem cells is relevant for understanding the underlying 

causes of a variety of diseases.
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RESPONSE TO TRAUMA

An important goal of regenerative medicine is to replace cells that are lost as a result of 

aging or tissue damage. In tissues with high rates of cell turnover, such as the skin, blood, or 

intestines, differentiated cells are continuously replaced by the progeny of tissue-specific 

stem cells, which divide and differentiate to replenish the lost cells. Tissues with low cell 

turnover may contain reserve or quiescent stem cells that can be stimulated to divide in 

response to tissue damage. What happens if stem cells or their niche cells are lost or 

damaged? As numerous studies have demonstrated, differentiation is not irreversible, and 

sometimes even fully differentiated cells can be reprogrammed or converted into other cell 

types to replenish the damaged tissue. Here, we ask how stem cells and their niches respond 

to trauma, and we review recent studies showing that not just differentiated cells but also 

stem cells can be regenerated from other cell types.

Differentiated cells can be reprogrammed or converted into other types of cells in vivo in 

two different ways: they can dedifferentiate into stem-like cells that then redifferentiate, or 

they can transdifferentiate directly into other cell types without first reverting to a stem-like 

fate (Figure 6). In plants and some animals, cell fate conversions happen naturally in 

response to tissue damage; the remarkable ability of hydrozoans, planarians, and 

salamanders to regenerate amputated body parts is the most striking example of this 

phenomenon (King & Newmark 2012). Although adult mammals lack the ability to 

regenerate entire limbs, recent studies have shown that they too can regenerate missing 

tissue via cell fate conversions in response to damage or induced changes in genetic output. 

For example, after toxin-induced ablation of pancreatic β-cells in adult mice, the missing 

cells can be regenerated by the spontaneous transdifferentiation of pancreatic α-cells (Thorel 

et al. 2010). New β-cells can also be generated from pancreatic exocrine cells, which can be 

reprogrammed directly into β-cells by re-expressing a set of embryonic transcription factors 

(Zhou et al. 2008). In both cases, the regenerated β-cells express insulin and are 

indistinguishable from endogenous β-cells. Studies such as these in a wide variety of tissues 

and organisms continue to challenge established concepts of what it means to be a 

differentiated cell (Sánchez Alvarado & Yamanaka 2014).

Germline Stem Cell Regeneration

Recent work has shown that adult stem cells can also be regenerated by cell fate 

conversions. Dedifferentiation, in addition to replacing stem cells lost through normal tissue 

turnover, is one mechanism for replacing populations of stem cells that have been lost 

through tissue damage. In the adult Drosophila testis, removal of the stem cell maintenance 

factor STAT or ectopic expression of the differentiation factor Bam induces rapid loss of 

GSCs (Brawley & Matunis 2004, Sheng et al. 2009). When normal signaling is restored, 

clusters of interconnected spermatogonia break apart into single cells that can migrate into 

the niche and revert to fully functional stem cells. The same is true in the adult mouse testis: 

after γ-irradiation or treatment with the drug busulfan, which is preferentially toxic to SSCs 

and spermatogonia, both transplanted and remaining endogenous spermatogonia have been 

shown to revert to SSCs and repopulate the niche (Nakagawa et al. 2007, Barroca et al. 

2009, Hara et al. 2014). Female GSCs can also be replaced by dedifferentiation; in the adult 
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Drosophila ovary, interconnected cyst cells (oogonia) can dedifferentiate to replace GSCs 

lost after removal of the stem cell maintenance factor Dpp (Kai & Spradling 2004). In all of 

these cases, the reverting cells are connected by stable intercellular bridges that must close 

to allow the formation of individual stem cells. The signals that mediate closure of the 

bridges and reversion to a less differentiated state are not known; however, as direct contact 

with niche cells is not essential for these events to occur, other somatic cells may play a role. 

In Drosophila, testes that contain spermatocytes but no spermatogonia are not able to 

regenerate GSCs, suggesting that these more differentiated cells are no longer capable of 

responding to the signals that mediate dedifferentiation. Therefore, past the spermatogonial 

stage, it is likely that differentiation is indeed irreversible.

Somatic Stem Cell Regeneration

Somatic cells of the gonad may also be capable of dedifferentiating. In the Drosophila testis, 

STAT is required for maintenance of somatic stem cells and GSCs. Somatic stem cells are 

lost upon removal of STAT, and it is likely that they are replaced by the dedifferentiation of 

cyst cells when STAT expression is restored, although direct evidence for this hypothesis is 

lacking. Somatic stem cells in the Drosophila testis can also be regenerated from a different 

and unexpected source: quiescent niche cells. Conditional expression of the proapoptotic 

gene grim in somatic stem cells and early cyst cells associated with spermatogonia results in 

the complete ablation of these cells from adult testes, whereas germ cells and older cyst cells 

associated with spermatocytes remain intact (Hétié et al. 2014). When flies are allowed to 

recover from ablation, their hub cells re-enter the cell cycle, delaminate from the hub, and 

convert into CySCs, which repopulate the niche and produce daughter cyst cells that are 

indistinguishable from normal cyst cells. By contrast, older cyst cells do not re-enter the cell 

cycle and do not appear to contribute to the new population of CySCs. Hub cell conversion 

to CySCs is seen only in testes that have lost all CySCs and early cyst cells, not in testes that 

have lost only some of these cells. However, hub cell conversion can be induced even in 

testes that have lost none of these cells by either ectopic expression of Cyclin D and Cyclin-

dependent kinase 4 in the hub or removal of the transcription factor Escargot or its cofactor, 

C-terminal binding protein, from hub cells (Hétié et al. 2014, Voog et al. 2014). In these 

cases, hub cells appear to re-enter the cell cycle before exiting the hub. Mitotic hub cells 

have never been seen in wild-type adult testes, however, or in testes recovering from CySC 

loss induced by the removal of STAT in which early cyst cells remain (M. de Cuevas & E. 

Matunis, unpublished observations). Based on these observations, we speculate that lost 

CySCs can be regenerated in two ways in adult testes—by dedifferentiation of early cyst 

cells or by conversion of hub cells—but that hub cell conversion happens only when no 

early cyst cells remain. Hub cell conversion is not without risks, however. Testes that 

recover CySCs by hub cell conversion often contain multiple ectopic niches, which could 

arise from fission of the original hub or from incompletely reprogrammed CySCs that revert 

to hub cells (Hétié et al. 2014). Whether damage-induced transdifferentiation events are 

accompanied by uncontrolled niche expansion in mammalian tissues is an important 

question to ask in future studies.
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Germ Cell Fate Conversions

Another intriguing type of stem cell conversion recently documented in the Drosophila 

testis is the sex transformation of male-to-female somatic stem cells (Ma et al. 2014). The 

gene chronologically inappropriate morphogenesis (chinmo) is a target of the JAK-STAT 

signaling pathway and encodes a transcription factor required cell-autonomously for CySC 

self-renewal (Flaherty et al. 2010). Flies carrying a hypomorphic allele of chinmo, chinmoST, 

initially develop what look like wild-type testes, but as the flies age, their cyst cells are 

gradually replaced by cells that resemble ovarian follicle cells. Lineage tracing experiments 

and cell type-specific knockdown of Chinmo suggest that these follicle-like cells are derived 

from CySCs that fail to maintain their male sex identity when Chinmo levels are reduced, 

transforming into female somatic stem cells as a result. Chinmo acts in part through the male 

sex determination factor DoublesexM, which is expressed in wild-type testes but not in 

chinmoST testes. This work indicates that the sex of somatic stem cells in the adult gonad 

must be actively maintained and that chinmo is required directly for this maintenance in 

CySCs. Somatic cells in vertebrate gonads must also actively maintain their sex. In adult 

mouse testes, loss of the transcriptional regulator doublesex and mab-3 related transcription 

factor 1 (DMRT1), which is a homolog of Doublesex, causes the transdifferentiation of 

Sertoli cells to granulosa cells (Matson et al. 2011), and the reciprocal transdifferentiation of 

granulosa cells to Sertoli cells can be triggered in adult mouse ovaries by loss of forkhead 

box L2 (FOXL2) (Uhlenhaut et al. 2009). Sex transformations of adult gonads are a 

naturally occurring phenomenon in some species of fish (Chan 1970). In other species of 

fish, sex transformations can be experimentally induced, as in medaka, in which Dmrt1 

mutant males develop normal testes that later transform into ovaries (Masuyama et al. 2012), 

or zebrafish, in which ovaries can retract and functional testis-like organs appear in response 

to hormone manipulation (Takatsu et al. 2013). Moreover, in several fish species, both 

oogonia and spermatogonia are capable of reversing sex and giving rise to functional sperm 

or oocytes, respectively, when transplanted into recipient fish of the opposite sex (Lacerda et 

al. 2014). Although studies such as these highlight the remarkable sexual plasticity of 

gonadal cells, whether sex transformations in vertebrates take place in stem cells, 

differentiated cells, or both remains to be determined.

Besides reversing their sex, germ cells are capable of converting to somatic cells. In the C. 

elegans gonad, removal of the Polycomb repressor complex 2 (PRC2) paired with ectopic 

expression of transcription factors that specify somatic cell types, such as specific neurons 

or muscle cells, causes mitotic germ cells to be reprogrammed into those cell types (Tursun 

et al. 2011, Patel et al. 2012). PRC2 represses gene expression through its activity as a 

histone 3 lysine 27 methyltransferase and may define a chromatin state in germ cells that 

prevents them from converting to other cell fates. Therefore, when PRC2 is removed, germ 

cells become susceptible to reprogramming in the presence of specific somatic transcription 

factors. Polycomb proteins may also play a role in preventing germ cell reprogramming in 

the Drosophila testis (Eun et al. 2014). Knockdown of the Polycomb group gene Enhancer 

of zeste [E(z)] in adult testes causes germ cells to express the somatic marker Zfh-1. Here, 

the function of E(z) is non-cell autonomous, as it is required only in cyst lineage cells to 

prevent germline expression of Zfh-1. Therefore, suppression of Zfh-1 in germ cells must 

depend on signals from the niche rather than intrinsic factors. It will be interesting to know 
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what happens to other somatic markers in these testes and which cells—stem cells or 

differentiated cells or both—are misexpressing them.

Lack of Regeneration in Niche Cells

Unlike the stem cells that they support, gonadal niche cells may not be capable of 

regeneration after damage. Although hub cells in the Drosophila testis can re-enter the cell 

cycle and convert to CySCs in response to CySC ablation, they are apparently not able to 

replenish other lost hub cells. Conditional expression of proapoptotic genes in hub cells in 

adult testes causes some or all hub cells to be ablated, but when flies are allowed to recover 

from ablation, no new hub cells are generated (P. Hétié & E. Matunis, unpublished 

manuscript). Somatic stem cells have been proposed to serve as a source of new hub cells 

(Voog et al. 2008), but contradictory results (DiNardo et al. 2011) and the inability of hub 

cells to be restored after ablation suggest that this hypothesis is not correct. Hub cells can 

also be ablated by knockdown of the novel gene headcase, but whether or not lost hub cells 

can be regenerated after recovery in this case is not known (Resende et al. 2013). Although 

it lacks the ability to restore itself, the hub is remarkable in its ability to continue supporting 

stem cells after trauma. After headcase knockdown, even single hub cells can continue to 

support functional populations of germline and somatic stem cells.

PERSPECTIVES

Proper regulation of adhesion, differentiation, proliferation, and cell fate is important for the 

maintenance of stem cells within the niche. Mutations affecting any of these factors could 

cause an increase in symmetric differentiation, leading to stem cell exclusion from the niche, 

or an increase in symmetric renewal, leading to an overrepresentation of stem cells. In 

addition, damage to the niche can result in the misregulation of local signals, leading to cell 

fate changes. Although these mechanisms ensure that only the fittest stem cells occupy the 

niche, they can also have detrimental consequences for tissue function or, in the case of 

GSCs, progeny development. Thus, niche signaling modulates adhesion, differentiation, 

proliferation, and cell fate to ensure a constant supply of stem cells that turnover at a steady 

rate. Further understanding the mechanisms that control these factors will be essential for 

the prevention of diseases such as cancer and paternal age effect disorders and may provide 

targets for future therapies.
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Figure 1. 
The architecture and signaling of the Drosophila testis niche. (a) Somatic hub cells ( green) 

signal to attached germline and somatic cyst stem cells (GSCs, orange, and CySCs, blue, 

respectively). GSCs asymmetrically divide to produce daughter gonialblasts (light orange), 

which are displaced from the hub and undergo four mitotic divisions with incomplete 

cytokinesis, producing interconnected spermatogonia (light orange). CySCs divide 

asymmetrically to produce daughter cyst cells (light blue); two encase each gonialblast and 

elongate to accommodate differentiating germ cells throughout spermatogenesis. Panel 

adapted from de Cuevas & Matunis (2011). (b) Hub cells secrete the ligand Unpaired (Upd), 

activating Janus kinase–Signal transducer and activator of transcription ( JAK-STAT) 

signaling in GSCs and CySCs, which is required for their maintenance. The downstream 
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targets of STAT in GSCs are unknown, but two targets of STAT in the CySCs, zinc-finger 

homeodomain protein 1 (zfh1) and chronologically inappropriate morphogenesis (chinmo), 

are essential for CySC self-renewal (Leatherman & DiNardo 2008, Flaherty et al. 2010). 

Hedgehog signaling, which is activated by the ligand Hedgehog secreted from the hub, is 

also required for CySC but not GSC maintenance. Although its downstream targets are 

unknown, it may contribute to GSC maintenance by regulating Bone morphogenetic protein 

(BMP) signaling (Zhang et al. 2013). The hub and CySCs both secrete the ligands 

Decapentaplegic (Dpp) and Glass bottom boat (Gbb); this secretion is thought to result from 

activated STAT or one of its downstream targets (Leatherman & DiNardo 2010, Michel et 

al. 2011). Secretion of these ligands activates the BMP signaling pathway in GSCs. This, in 

turn, represses the differentiation factor Bag-of-marbles (Bam). Gonialblasts do not receive 

enough BMP signaling to repress bam expression and thus upregulate bam, initiating the 

differentiation process. Daughter cells in each lineage are thought to receive fewer niche 

signals as a result of their displacement from the hub. If these niche signals fall below a 

certain threshold, they can be overridden by the acquisition of new signals that promote 

differentiation, such as those triggered by Epidermal growth factor (EGF) signaling within 

the CySC lineage.
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Figure 2. 
The architecture and signaling of the Drosophila ovarian niche. (a) The ovarian niche 

houses two to three germline stem cells (GSCs, orange) at the anterior tip of the germarium, 

where they adhere to a group of quiescent somatic cap cells (light green), which themselves 

are adjacent to quiescent somatic terminal filament cells ( green). Each GSC divides 

asymmetrically to produce a daughter stem cell and a cystoblast that undergoes transit 

amplification with incomplete cytokinesis to yield a cyst of 16 cells ( pale orange). As 

female germ cells differentiate, they are displaced posteriorly with the aid of escort cells 

( gray) (Morris & Spradling 2011). When cysts reach the midpoint of the germarium, they 

are surrounded by follicle cells (light blue) originating from follicle stem cells (FSCs, blue). 

These follicle cells eventually differentiate into a polarized epithelium. One cell within the 

cyst becomes the oocyte (yellow), and the remainder become nurse cells. Panel adapted from 

Ma et al. (2014). (b) Janus kinase–Signal transducer and activator of transcription ( JAK-

STAT) signaling is activated in the cap cells and possibly the anterior escort cells by the 

secretion of the ligand Unpaired (Upd) from the terminal filament cells. This leads to the 

production of the ligand Decapentaplegic (Dpp). Along with Glass bottom boat (Gbb), Dpp 

triggers a Bone morphogenetic protein (BMP) signaling cascade in the GSCs that results in 

the repression of the gene that encodes the differentiation factor Bag-of-marbles (Bam). 
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Cystoblasts do not receive enough ligand to activate BMP signaling and thus begin to 

express bam and differentiate. FSCs reside in a distinct environment from the GSCs and 

require the Hedgehog (Hh), Wingless (Wg), and BMP signaling pathways for their 

maintenance. Ligands secreted from cap and escort cells are thought to activate these 

pathways in FSCs.
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Figure 3. 
The architecture and signaling of the mammalian testis niche. (a) The seminiferous tubule is 

bounded by a basement membrane, which separates the site of spermatogenesis from the 

interstitial space, where Leydig cells, myoid cells, and macrophages reside. Quiescent, 

somatic Sertoli cells adhere to the basal lamina but extend long cytoplasmic processes 

toward the tubule lumen, simultaneously contacting thousands of germ cells at all stages of 

differentiation. Sertoli cells meet at specialized tight junctions that comprise the blood-testis 

barrier (BTB) and polarize the seminiferous epithelium into basal and adluminal 

compartments (Oatley & Brinster 2012). Spermatogonial stem cells (SSCs) and 

spermatogonia reside in a single layer on the basement membrane of the seminiferous 
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tubule, where they divide with incomplete cytokinesis to form interconnected clusters of 

germ cells. As germ cells differentiate, they move toward the tubule lumen. (b) Systemic 

gonadotropin follicle-stimulating hormone (FSH) regulates the secretion of the glial cell 

line–derived neurotrophic factor (GDNF) from Sertoli cells. This ligand, along with the 

secretion of fibroblast growth factor 2 (FGF2) from Sertoli cells, activates the 

phosphatidylinositol 3-kinase–Akt (PI3K-Akt) and Mitogen-activated protein kinase 

(MAPK) signaling pathways in SSCs and their daughters. Both pathways in turn upregulate 

the transcription factors ETS variant 5 (Etv5) and B-cell CLL/lymphoma 6 member B 

(Bcl6b), which are necessary for SSC self-renewal, though GDNF alone induces POU 

domain class 3 transcription factor 1 (Oct6) expression (Oatley et al. 2006, Wu et al. 2010, 

Ishii et al. 2012). Zinc finger and BTB domain containing 16 (Plzf) is another important 

transcription factor required for SSC self-renewal, but what regulates its expression is 

unknown (Buaas et al. 2004, Costoya et al. 2004). Colony stimulating factor 1 (CSF1) is 

secreted from both Leydig and myoid cells and is thought to regulate maintenance 

specifically in the stem cells (Oatley et al. 2009).
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Figure 4. 
Modes of stem cell self-renewal. Stem cells can self-renew using various mechanisms. In 

asymmetric division, one daughter cell remains a stem cell while the other daughter is 

displaced from the niche and begins to differentiate. In dedifferentiation, interconnected 

clusters of germ cells break apart and return to the niche, where they receive signals that 

promote a stem cell fate. In symmetric renewal, both daughter cells remain stem cells 

attached to the niche. In symmetric differentiation, both daughter cells leave the niche as a 

result of differentiation; both cells can also leave the niche as a result of death. During 

homeostasis, stem cells follow neutral drift dynamics in which the rate of self-renewal 

equals the rate of differentiation. This ensures that the pool of stem cells in a population 

remains constant. However, mutations in the stem cells or trauma to the tissue can skew the 

balance.
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Figure 5. 
Mechanisms of stem cell competition. Niche cells ( green) and stem cells with a fitness 

advantage (red ) or disadvantage (orange) are indicated. (a) When neutral drift dynamics are 

skewed, stem cells with a fitness advantage take over the niche, whereas those with a 

disadvantage are lost over time. (b) Three different mechanisms can modulate stem cell 

competition within the niche: adhesion, failure of daughters to differentiate, and different 

proliferation rates. Stem cells that adhere better to the niche will remain longer than those 

that do not. Stem cells that produce daughter cells that fail to differentiate have a greater 
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chance of those daughters staying within the niche and remaining stem cells. Stem cells with 

a faster proliferation rate will produce more daughters than their neighbors, increasing the 

likelihood that their daughters will remain stem cells.

Greenspan et al. Page 30

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2016 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Stem cell conversion and regeneration. When stem cells are depleted through mutations or 

tissue trauma, other cells can convert to a stem cell fate to replenish the stem cell pool; stem 

cells can also convert to other stem cell types. In dedifferentiation, differentiating cells that 

have moved away from the niche can revert into stem cells and repopulate the niche. In 

niche cell conversion, quiescent niche cells can re-enter the cell cycle and convert into 

somatic stem cells. In sex transformation, male somatic stem cells can convert to female 

somatic stem cells.
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