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The Morphology of the Drosophila Testis Germline 
Stem Cell Niche

Drosophila males have a pair of testes, which arise from the coales-
cence of somatic gonadal precursor cells and primordial germ 
cells during embryogenesis (reviewed in this issue by Whitworth 
et al.).5 A morphologically distinct stem cell niche resides at the 
apical end of each adult testis, where GSCs adhere to a dome-
shaped cluster of small, highly interdigitated quiescent somatic 
cells called the hub (Fig. 1).6 Each hub contains about 10–15 
hub cells; some adhere to the basement membrane at the testis 
apex, while others protrude into the lumen of the testis, where 
they serve as a docking site for adjacent stem cells. The number 
of GSCs varies among strains, but there are typically 6–9 GSCs 
per testis, and GSC number correlates with the number of hub 
cells.7 GSCs undergo asymmetric divisions, typically generating 
one cell that remains attached to the hub and retains stem cell 
identity, and another cell, called a gonialblast, that is displaced 
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The ability of stem cells to divide asymmetrically to produce 
both self-renewing and differentiating daughter cells sustains 
many adult tissues, but germline stem cells (GSCs) are unique 
among stem cells as they perpetuate the genome of the 
species. The cellular and molecular mechanisms regulating 
most mammalian stem cells in their endogenous local 
microenvironments, or niches, are quite challenging to study. 
However, studies of stem cell niches such as those found in the 
Drosophila gonads have proven very useful. In these tissues, 
GSCs are housed in a readily identifiable niche, and the ability 
to genetically manipulate these cells and their neighbors has 
uncovered several fundamental mechanisms that are relevant 
to stem cells more generally. Here, we summarize recent 
work on the regulation of GSCs in the Drosophila testis niche 
by intercellular signals, and on the intracellular mechanisms 
that cooperate with these signals to ensure the survival of 
the germline. This review focuses on GSCs within the adult 
Drosophila testis; somatic stem cells in this tissue are reviewed 
by Zoller and Schulz in this issue.1 For a review of the testis 
niche as a whole, see de Cuevas and Matunis,2 and for more 
comprehensive reviews of the Drosophila testis, refer to Fuller3 
and Davies and Fuller.4
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from the hub (out of the niche) and begins to differentiate. As 
in the mammalian testis, germ cell differentiation depends on 
cues from multiple nearby somatic cells. In addition to the hub 
cells, GSCs intimately associate with somatic stem cells called 
cyst stem cells, or CySCs, which have a dual role in the niche. 
Approximately two CySCs flank each GSC, and they adhere to 
the hub via thin cytoplasmic extensions such that CySC nuclei are 
located slightly farther from the hub than GSC nuclei.6,8 CySCs 
divide asymmetrically to generate squamous, quiescent somatic 
daughter cells called cyst cells, two of which envelop each goni-
alblast as it exits the niche.8,9 CySCs also constitute an important 
signaling component of the GSC niche, as they produce signals 
that promote GSC self-renewal.10,11

After differentiating germ cells exit the niche, they undergo 
a steady progression of dramatic morphological and molecular 
changes that characterize the ten-day process of spermatogen-
esis.6 Gonialblasts divide four times with incomplete cytokinesis 
to become clusters of 16 interconnected spermatogonia, which 
enter premeiotic S-phase shortly after their last mitotic division. 
As spermatocyte growth and spermatogenesis ensue, older sper-
matogonia and spermatocytes become displaced from the testis 
apex by newly generated spermatogonial cysts that arise from 
continual stem cell divisions in the niche. Thus, the testis con-
tains a gradient of developmental stages from GSCs within the 
niche to differentiated sperm at the basal end.

Local and Systemic Signals Maintain Testis GSCs

Stem cells are generally thought to require local signals to pro-
mote their long-term maintenance within the niches where they 
reside, and studies of the Drosophila ovary and testis provided 
some of the first examples of how niches function at the cellu-
lar and molecular level.12-14 While many tissues (for example, the 
mouse testis) do not contain morphologically distinct cells that 
constitute a candidate niche structure,15 Drosophila gonads do, 
and these stromal cells were long suspected to be sources for niche 
signals.16 The local and systemic signals known to act within the 
male GSC niche are summarized in Figure 2. The Bone mor-
phogenetic protein (BMP) signaling pathway was the first signal-
ing cassette identified as critical for the maintenance of ovarian 
GSCs, while the Janus kinase-signal transducer and activator 
of transcription (JAK-STAT) signaling pathway was the first 
found to regulate GSC and CySC maintenance in the testis.12-14 
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STAT activation in CySCs activates targets essential for their 
identity.11

The ability of CySCs to maintain GSCs is likely to be medi-
ated by Zinc-finger homeodomain protein 1 (Zfh-1).10 zfh-1, a 
target of JAK-STAT signaling, is expressed in CySCs and their 
immediate daughters and is required for CySC maintenance. 
Like STAT, when zfh-1 is ectopically expressed in the cyst lin-
eage outside the niche, it causes ectopic accumulation of both 
CySCs and GSCs outside the niche.10 zfh-1 is not expressed in 
GSCs indicating that STAT is able to regulate distinct targets 
in GSCs and CySCs. Another target of activated STAT, chrono-
logically inappropriate morphogenesis (chinmo), is also required 
autonomously in CySCs but not GSCs for their self-renewal. 
Misexpression of chinmo in cyst cells also causes ectopic accumu-
lation of GSCs and CySCs.18 ken-and-barbie (ken) is another gene 
that is necessary and sufficient to promote CySC identity, but 
it acts independently of STAT.19 Like zfh-1 and chinmo, ectopic 
expression of ken in cyst cells leads to accumulation of CySCs 
and GSCs outside the niche. Interestingly, zfh-1, chinmo and 
ken are all known to act as transcriptional repressors, suggesting 
that transcriptional repression is important for the self-renewal 
of CySCs, and for the ability of CySCs to send self-renewal sig-
nals to the germline. STAT targets in GSCs await identification; 
adhesion molecules or their regulators are candidates,11 but some 
targets may also play roles in the maintenance of GSC fate that 
are obscured by STAT’s role in mediating adhesion to the hub. 
A stringent test for the requirement of CySCs in GSC renewal 
would be to genetically ablate all CySCs from wild type testes. 
Interestingly, the ligand hedgehog is expressed specifically within 
the hub, and transduction of hedgehog signaling is required in 
CySCs (but not GSCs) to promote their maintenance. Although 
loss of hedgehog signaling leads to a decrease is CySC mainte-
nance, increased hedgehog signaling is not sufficient to promote 
ectopic accumulation of GSCs outside the niche as is the case 
with zfh-1, chinmo and ken.20

Testis GSCs are maintained by localized BMP signaling. 
The BMP signaling pathway also regulates GSC self-renewal in 
the Drosophila testis. Two BMP ligands, decapentaplegic (dpp) 
and glass bottom boat (gbb), are expressed in the hub and CySCs; 
although the relative contribution of each source of BMPs to GSC 
maintenance is not known, it is clear that BMP pathway activa-
tion in GSCs represses transcription of the differentiation factor 
bag-of-marbles (bam).21-24 Although ectopic BMP pathway acti-
vation is sufficient to cause GSC self-renewal outside the niche 
in the ovary,12 this is not the case in the testis.21-23 Thus, BMPs 
are necessary but may not be sufficient to promote male GSC 
self-renewal. CySCs with ectopic STAT activation, however, are 
likely to mediate GSC self-renewal outside the niche by produc-
ing BMP ligands, and the level of BMP activation in these ecto-
pic GSCs corresponds to the level of STAT activation in CySCs.11 

In this case, ectopic GSCs may receive more BMP signaling than 
normal, which could explain why they can be maintained outside 
the niche.

Learning more about how the BMP pathway functions in the 
testis niche is an important goal in the field. Toward this goal, the 
gene encoding the secreted protein Magu, which extracellularly 

Subsequent work has revealed that each pathway is important for 
GSC maintenance in both systems, with nuanced differences.17

JAK-STAT signaling promotes GSC maintenance in the 
Drosophila testis. In the testis, hub cells express a novel secreted 
cytokine called Unpaired (Upd, also called Outstretched), which 
activates the JAK-STAT signaling pathway in adjacent GSCs and 
CySCs. When stem cells divide, daughter cells that are displaced 
from the hub are thought to receive lower levels of hub-derived 
signals, such as Upd, and therefore differentiate. Pathway acti-
vation is required in both GSCs and CySCs for their mainte-
nance. Conversely, misexpression of Upd throughout the testis 
causes ectopic GSCs and CySCs to accumulate outside the niche. 
These observations suggest that activation of STAT promotes 
the maintenance of stem cell identity directly within GSCs and 
CySCs.13,14 As expected, ectopic activation of STAT in somatic 
cells outside the niche is sufficient to cause CySCs to self-renew 
outside the niche; ectopic GSCs are also found outside the niche 
in these testes. Activation of STAT in germline cells, however, is 
not sufficient to promote GSC self-renewal outside the niche.10 
Furthermore, GSCs lacking STAT lose the enrichment of 
E-cadherin that normally resides at the GSC-hub interface, and 
E-cadherin partially rescues the maintenance of STAT-depleted 
GSCs.11 Together, these data support a model in which STAT 
activation in GSCs promotes their adhesion to the hub, while 

Figure 1. The Drosophila testis stem cell niche. Stromal hub cells 
(green) adhere to the apical tip of the testis. Surrounding the hub are 
germline stem cells (GSCs, yellow) and somatic cyst stem cells (CySCs, 
blue), which share the niche. GSCs and CySCs divide and produce 
daughter cells that remain in the niche (self-renewal) or leave the niche 
and differentiate. GSCs give rise to spermatogonia (light yellow), which 
ultimately develop into sperm; CySCs give rise to cyst cells (light blue), 
which encase the developing spermatogonia. The fusome (red), a 
germline-specific endoplasmic reticulum-like organelle, has a spherical 
shape in GSCs and gonialblast daughters and an elongated or branched 
shape in spermatogonia. (Adapted from ref. 2.)
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Insulin receptor are not maintained, implicating the insulin 
signaling pathway both in GSC maintenance during homeosta-
sis and in the response of GSCs to altered nutrition.32-34 Since 
Insulin-like peptides are produced both in the brain and in the 
testis, local or systemic cues may be affecting GSC maintenance 
in males.35,36 GSCs in the Drosophila ovary are also regulated by 
insulin signaling, and in this case, brain-derived insulin-like pep-
tides play a major role.37-40 The steroid hormone Ecdysone also 
regulates the proliferation and self-renewal of female GSCs, but it 
does so independently of insulin signaling.41 Ecdysone is detected 
at very low levels in adult male flies,42 but the role of ecdysone 
signaling in the testis niche is not known.

Epigenetic factors regulate Drosophila testis GSCs. 
Epigenetic control of gene expression through chromatin modi-
fications has been shown in vitro to be critical for the mainte-
nance and differentiation of numerous stem cell populations,43,44 
reviewed in reference 45. Cell signaling and chromatin structure 

regulates BMP signaling in other 
instances,25 was recently found to 
be necessary for male GSC mainte-
nance.26 magu is transcribed in hub 
cells, and the Magu protein accumu-
lates in nearby cells and in the extra-
cellular matrix. Since overexpression 
of a constitutively active BMP recep-
tor rescues the magu GSC loss phe-
notype, Magu likely acts upstream of 
receptor binding.26

Another recent advance toward 
understanding BMP signaling in 
the testis niche is the development 
of a fluorescently-tagged reporter of 
BMP receptor activation.27 This tool 
has revealed that BMP signaling is 
localized within GSCs to the GSC-
hub cell interface and provides an 
interesting model whereby localized 
BMP receptor activation at adherens 
junctions may serve as a novel means 
for spatially limiting BMP signaling 
in this and perhaps other tissues.27 
Since GSCs depleted for STAT still 
maintain active BMP signaling,11 
future work regarding the require-
ments for adherens junctions during 
BMP signaling in GSCs, as well as 
an analysis of the behavior of this 
reporter in female GSCs, will be of 
interest.28 It will also be interesting 
to know whether extracellular BMP 
signaling modulators such as Magu, 
or the heparin sulfate proteoglycans 
Dally and Dally-like, which also 
maintain GSCs, act cooperatively 
within the niche,29,30 and whether 
any of these factors affect localized 
BMP receptor activation. The development of additional report-
ers to facilitate the spatial analysis of signaling pathways known 
to operate within the niche could also be very informative.

Nutrition and insulin signaling regulate GSC maintenance 
in the Drosophila testis. Stem cells respond to both local and 
systemic signals. Although more is known about the local signals 
that operate in the Drosophila testis, experiments regarding the 
effects of alterations in diet have revealed that nutritional status 
and insulin signaling impact GSC behavior in the testis, similar 
to the effects seen in the ovary (reviewed in reference 31). Male 
flies that are raised on a standard diet and then starved of protein 
show a significant decrease in GSC and CySC numbers in the tes-
tis, and the remaining GSCs fail to proliferate at normal rates.32,33 

Interestingly, this condition is reversible, and when starved flies 
are re-fed on a standard diet, missing stem cells are rapidly 
replaced. Constitutive insulin signaling can suppress the starva-
tion-mediated loss of GSCs, and GSCs lacking the Drosophila 

Figure 2. Local and systemic signals maintain testis stem cells. Hub cells (green) secrete the ligand 
Upd, which activates JAK-STAT signaling in adjacent germline stem cells (GSCs) and somatic cyst stem 
cells (CySCs). In CySCs (blue), JAK-STAT activation is sufficient for CySC self-renewal. GSCs (yellow) are 
maintained by signals from both the hub and CySCs that independently regulate GSC self-renewal and 
adhesion to the hub. Two BMP ligands, Dpp and Gbb (produced by hub cells and CySCs), activate BMP 
signaling in GSCs, leading to repression of the differentiation factor Bam. The epigenetic factors NURF, 
Nclb, and Phf7 are all required for maintenance of the GSCs. Insulin signaling also helps to maintain 
GSCs. Stg promotes proliferation in the GSCs while EGF signaling attenuates proliferation in the GSCs. 
In CySCs, BMP ligands might be produced in response to activated STAT or one or more of its targets, 
or in response to Ken. (Adapted from reference 87). Bam, Bag of marbles; BMP, Bone morphogenetic 
protein; Chinmo, chronologically inappropriate morphogenesis; Dpp, decapentaplegic; EGF, epidermal 
growth factor; Ken, ken and barbie; Lar, Leukocyte-antigen-related-like; NURF, nucleosome remodeling 
factor; Nclb, No child left behind; Phf7, PHD Finger Protein 7; Gbb, glass bottom boat; JAK, Janus kinase; 
Socs36E, Suppressor of cytokine signaling at 36E; STAT, signal transducer and activator of transcription; 
Stg, string; Upd, Unpaired; Zfh1, Zinc-finger homeodomain protein 1.
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reviewed in reference 51. Early interphase GSCs contain a single 
centrosome located next to the hub-GSC interface, and differen-
tial labeling of mother and daughter centrosomes revealed that 
this is the older (mother) centrosome, which is retained in the 
GSC upon each division.52 Mother centrosomes are thought to 
be anchored to the hub-GSC interface at adherens junctions, and 
several proteins, including the centrosomal protein Centrosomin 
and tumor suppressor Adenomatous Polyposis Coli 2 (Apc2), 
have been implicated in this process.50,53 Despite the asymmetric 
segregation of centrosomes, parental DNA strands do not appear 
to be asymmetrically segregated.54

E-cadherin, a component of adherens junctions, also plays an 
important role in positioning the mother centrosome in GSCs. 
E-cadherin and Apc2 are highly enriched at the hub-GSC inter-
face in wild type GSCs, but ectopic expression of E-cadherin 
throughout the GSC cortex causes mislocalization of Apc2 and 
results in a high frequency of misoriented centrosomes.53 STAT-
depleted GSCs, which have delocalized E-cadherin, also have 
misoriented centrosomes.11 Interestingly, GSCs are maintained 
and the vast majority of GSCs divide with correctly oriented 
spindles even in DSas-4 mutants, which lack centrosomes,55 indi-
cating that GSCs have a centrosome-independent mechanism for 
orienting their spindles. A germline-specific endoplasmic retic-
ulum-like organelle called the fusome was thought to act as a 
backup mechanism for orienting the male GSC mitotic spindle. 
In females, fusomes are always located at the GSC-niche inter-
face, and the hu li tai shao (hts) gene, which encodes an essential 
component of the fusome, is required for spindle orientation in 
these cells.56,57 In wild type male GSCs, however, fusomes are 
randomly localized, and in male GSCs lacking Hts, spindles 
are correctly oriented in young males, although spindle misori-
entation phenotypes do develop with age.50,58,59 Interestingly, in 
DSas-4 mutant testes, fusomes are no longer randomly local-
ized but instead are found at the GSC-hub interface.59 Thus, the 
fusome is apparently dispensable for male GSC spindle orienta-
tion under normal conditions, but may play a role in this process 
if the centrosomes are absent. Removing both Hts and DSas-4 
could be informative in clarifying the roles of the centrosome and 
the fusome in male GSC division orientation.

In wild type testes, although GSCs with misoriented centro-
somes appear occasionally, misoriented spindles are almost never 
seen, suggesting that a checkpoint mechanism delays mitosis 
until proper centrosome orientation is achieved.59,60 The serine/
threonine kinase Par-1 is required for proper function of this 
centrosome orientation checkpoint, and it is thought to control 
cell cycle progression in GSCs with misoriented centrosomes by 
regulating the localization of cyclin A.59 The centrosome orien-
tation checkpoint may also delay GSC proliferation under poor 
nutrient conditions.33 Perhaps nutrient sensing is a primary role 
for centrosome orientation, since mechanisms other than spindle 
orientation serve to increase the number of GSCs within the 
niche following nutrient deprivation, as discussed below.32,58

Adhesion of GSCs to their niche. Stem cells typically adhere 
to their niches, and this adhesion can be stable or transient. 
However, little is known about how stem cell-niche cell adhe-
sion, which is often dynamic, is regulated within intact niches. 

cooperatively regulate cell fate, but the mechanistic details are 
challenging to study in endogenous niches. The ATP-dependent 
chromatin remodeler NURF (nucleosome remodeling factor) 
complex, which uses the energy of ATP hydrolysis to alter his-
tone-DNA contacts,46 was the first epigenetic regulator found to 
be required for stem cell maintenance in the Drosophila testis.47 

In GSCs, the NURF complex promotes STAT expression while 
inhibiting the expression of Bam, preventing premature differ-
entiation of GSCs from the niche. The NURF complex is also 
required for CySC maintenance in the testis, and for the mainte-
nance of GSCs in the Drosophila ovary, where NURF functions 
together with the steroid hormone Ecdysone to promote GSC 
self-renewal and proliferation.41 Although the NURF complex 
may play a conserved role in stem cell maintenance in both males 
and females, this role is not a general property of all chromatin 
remodelers. Instead, each type of stem cell likely requires a unique 
combination of epigenetic regulators for its function. Recently, 
two additional chromatin-associated proteins have been shown 
to promote male GSC maintenance. The No child left behind 
(Nclb) protein is a member of a new family of conserved chro-
matin-associated proteins and is required within male but not 
female GSCs to promote their maintenance; male GSCs lacking 
nclb are rapidly lost from the niche and begin to differentiate 
but cannot complete spermatogenesis.48 A third chromatin-asso-
ciated protein, PHD Finger Protein 7 (Phf7), is also required for 
male GSC maintenance and germ cell differentiation but is not 
required in the female germline. Phf7 also has the striking ability 
to promote spermatogenesis in female germ cells when they are 
present in a male soma. Since Phf7 associates with chromatin and 
binds specifically to modified histones at sites of active transcrip-
tion (dimethyl lysine 4 modified histone H3 tails or H3K4me2), 
Phf7 is proposed to be a conserved epigenetic “reader” that acti-
vates the male germline sexual identity.49 Learning how such a 
widespread epigenetic mark could have a role in regulating sexual 
identity, and whether Phf7 and Nclb interact in this process, are 
interesting questions for the future.

Germline Stem Cell Polarity and Adhesion 
Within the Testis Niche

Stem cells are maintained by signals from the niche that promote 
their self-renewal and prevent differentiation. Daughter cells 
that remain in the niche continue to receive these signals and 
self-renew, while those that leave the niche stop receiving signals 
and differentiate. Therefore, the number of cells that remain in 
or leave the niche must be carefully regulated to maintain stem 
cell numbers. Since many different mechanisms function in the 
Drosophila testis to ensure tissue homeostasis, it is an excellent 
model for studying the different ways that stem cells are regu-
lated in an endogenous niche.

Cell polarity stereotypically orients GSC divisions. Testis 
GSCs normally divide asymmetrically: one daughter cell stays 
in contact with the hub and retains stem cell identity, while the 
other is displaced from the hub and differentiates. An intracellu-
lar mechanism polarizes the GSC, ensuring that the mitotic spin-
dle is always oriented perpendicularly with respect to the hub;6,50 



www.landesbioscience.com Spermatogenesis 141

with a misoriented spindle, the division could result in either an 
asymmetric or symmetric outcome, depending on whether or 
not both daughter cells remain attached to the hub. However, 
live imaging has revealed that a GSC dividing with a properly 
oriented spindle can also produce a symmetric outcome if the 
daughter cell that was initially displaced from the hub moves 
back toward the hub and regains hub contact and adhesion fol-
lowing mitosis.58 Furthermore, in young, healthy testes as well 
as some mutant testes that have an increase number of misori-
ented divisions, there is little or no change in GSC number over 
time.51,53,55,58 This indicates that there is a balance in the tissue 
between GSCs that divide to give two stem cell daughters and 
GSCs that are lost from the niche.

GSCs can also divide symmetrically in the Drosophila ovary 
to replace lost stem cells,68 and stem cell replacement in the mouse 
testis is thought to include a symmetric renewal mechanism.69 

Together, these findings support the idea that GSCs behave in 
a highly dynamic manner within their niches, and that there is 
considerable plasticity in the lineage to ensure that these stem 
cells are maintained over time.

Differentiating spermatogonia can revert to GSCs. In addi-
tion to symmetric renewal, GSCs can be replaced in the testis niche 
by dedifferentiation of spermatogonial cysts. Spermatogonial 
dedifferentiation can be genetically induced by conditional loss 
of STAT or misexpression of the differentiation factor Bam 
within the testis.70,71 In both cases, GSCs are initially lost by dif-
ferentiation in response to signaling changes; after normal levels 
of signaling are restored to the tissue, the niche is replenished by 
new GSCs that arise from the reversion of differentiating sper-
matogonia back to stem cells. During the dedifferentiation pro-
cess, the spermatogonia must not only reverse their fate but also 
physically separate into single cells and re-establish adhesion to 
the hub to form functioning GSCs.58,60 Dedifferentiation occurs 
by a similar mechanism in the Drosophila ovary and has also 
been shown to occur in the mouse testis, underscoring its gener-
ality.72-74 In the Drosophila testis, dedifferentiating germ cells are 
capable of migrating over a distance through remaining somatic 
cells to re-establish contact with the hub.71 Although spermato-
gonial cysts that are not in contact with the hub are competent to 
initiate dedifferentiation, contact with CySCs may be required. 
Several observations support the requirement of CySCs for dedif-
ferentiation. First, a greater percentage of Bam-manipulated tes-
tes, which maintain their CySCs, recover GSCs than do STAT 
depleted testes, which lose both GSCs and CySCs.70,71 Second, 
in STAT depleted testes, GSCs are never recovered in testes that 
do not also recover CySCs.70 Differentiating spermatogonia may 
require a signal from CySCs to dedifferentiate, or CySCs may 
play a role in breaking apart spermatogonial cysts. Alternatively, 
CySCs may not be required for dedifferentiation itself, but they 
may be necessary to maintain recovered GSCs in the niche.

Although the signals that regulate dedifferentiation are not 
yet understood, the JAK-STAT signaling pathway is thought to 
be involved in the process.71 Activation of JAK-STAT signaling is 
normally restricted to GSCs and GSC-gonialblast pairs; however, 
in testes undergoing dedifferentiation following Bam manipula-
tion, STAT levels increase in some four to 16-cell spermatogonia 

Work from the Drosophila testis is beginning to reveal more 
about this conserved aspect of stem cell biology. In addition to 
its role in polarizing GSCs and facilitating their stereotypically 
oriented divisions, the adherens junction component E-cadherin 
is also essential for the adhesion of both GSCs and CySCs to their 
niches in the Drosophila ovary and testis.11,61-63

Recently, the Leukocyte-antigen-related-like (Lar) receptor 
tyrosine phosphatase has been implicated in promoting GSC (but 
not CySC) maintenance through localized E-cadherin-based 
adherens junctions.64 Lar localizes to the hub-GSC interface 
and is required cell-autonomously in GSCs for proper localiza-
tion of Apc2 and E-cadherin at the hub-GSC interface and for 
the proper orientation of centrosomes. Ultrastructural analysis 
revealed abnormal adherens junctions between GSCs and hub 
cells in Lar mutant testes. Since STAT protein levels are normal 
in Lar mutant GSCs, and expression of E-cadherin in Lar mutant 
GSCs does not rescue GSC loss, Lar may function in parallel 
with JAK-STAT signaling to maintain attachment of GSCs to 
the hub. Interestingly, the heparin sulfate proteoglycan Dally-like 
(Dlp) is a ligand for Lar in the nervous system, and Dlp helps 
maintain GSCs in their undifferentiated state.30 Identification of 
factors that interact with Lar to maintain GSC adhesion to the 
niche should provide additional insight into stem cell-niche cell 
adhesion.

Not only must stem cells adhere to the niche, but also the 
precise level of adhesion matters. Stem cells that do not adhere as 
well as neighboring cells can become displaced (or out-competed) 
from the niche. This is exemplified in testes lacking Suppressor of 
cytokine signaling at 36E (Socs36E) function, which encodes a 
negative regulator of the JAK-STAT pathway. In Socs36E mutant 
testes, STAT is upregulated in CySCs relative to neighboring 
GSCs, and this is accompanied by the upregulation of adhesive 
integrin receptors in CySCs.65,66 As a result, over-adhesive CySCs 
outcompete GSCs for attachment to the hub. Loss of Socs36E 
does not cell-autonomously affect GSCs, suggesting that lineage-
specific mechanisms independently regulate the adhesion of these 
two stem cell lineages within the niche.

Mechanisms for GSC Replacement in the Niche

In the Drosophila testis, individual GSCs have a half-life of about 
two weeks.67 However, the number of GSCs per testis decreases 
only modestly in old flies,7,67 indicating that mechanisms exist to 
replenish the GSC population. Stem cells that are lost from the 
niche could theoretically be replaced either by symmetric division 
of a remaining stem cell to generate two stem cell daughters, or 
by dedifferentiation, which is the process of a more differentiated 
cell reverting back to a stem cell fate. Both of these mechanisms 
have been shown to function in the Drosophila testis.

New GSCs can arise via “symmetric renewal” of existing 
GSCs. GSC divisions are nearly always oriented perpendicu-
larly with respect to the hub. Instances where GSCs have been 
detected undergoing divisions with spindles oriented parallel to 
the hub are rare, and include stat-depleted GSCs self-renewing 
away from the hub11 and GSCs with mutations that result in 
missing or misoriented centrosomes.51,53,55 When a GSC divides 
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Decreased EGF signaling causes adult GSCs to divide more 
often, and this defect can be reversed by restoring EGF signaling 
in GSCs.81 This regulation of GSC division frequency occurs in 
adult testes but not in larval testes, suggesting that additional 
factors may counteract EGF-mediated cell cycle repression in 
larvae. GSC division rate is also quite sensitive to environmen-
tal factors such as temperature,81 nutrition32 and even exposure 
to carbon dioxide,82 suggesting that its regulation is likely to be 
complex. A novel environmental means of increasing GSC divi-
sion frequency, at least in Drosophila mauritiana females, is infec-
tion of their niche cells with the intracellular parasite Wolbachia. 
Wolbachia also targets the hub cells in D. mauritiana males, but 
the phenotypic consequences for male GSCs are not apparent.83

An age-related decline in the expression of core cell cycle com-
ponents in GSCs also contributes to a decline in their function. 
The Cdc25 homolog String, which is a phosphatase essential 
for activating cyclin-dependent kinases and promoting the cell 
cycle,84 is required in both GSCs and CySCs for their prolifera-
tion and maintenance.82 In aging testes, levels of String decrease 
in GSCs and correlate with a decline in GSC proliferation; 
restoring expression of String in the germline reverses the age-
associated decline in GSC function. In contrast, String expres-
sion levels do not decline with age in CySCs, and the number 
of dividing CySCs per testis also remains unchanged over time, 
although the number of CySCs per testis does decrease. These 
results suggest that String is an important regulator of testis stem 
cell function during both homeostasis and aging.82

Aging causes not only a decline in GSC proliferation, but also 
a decrease in the number of GSCs per testis.7,67 This loss of GSCs 
correlates with an age-related decline in the levels of upd in hub 
cells, and it can be suppressed by constitutive expression of upd 
in the hub.7 IGF-II mRNA binding protein (Imp), which is a 
member of a conserved family of regulatory RNA-binding pro-
teins, was recently shown to play a key role in regulating upd 
levels during aging.85 Imp binds to upd mRNA and protects it 
from degradation caused by short interfering RNAs (siRNAs). 
However, Imp is itself targeted by the let-7 microRNA (miRNA), 
which is expressed at higher levels in the hub cells of aging males. 
Constitutive expression of an Imp construct that is resistant to 
let-7-mediated degradation is sufficient to suppress not only the 
decline in upd levels but also the loss of GSCs in older males. 
These data suggest that the testis stem cell niche is regulated in 
older males by both the siRNA pathway, which targets upd, and 
the miRNA pathway, which targets Imp, leaving upd susceptible 
to siRNA-mediated degradation. As Imp is expressed in germ 
cells as well as hub cells, it may also play an intrinsic role in regu-
lating GSC function during aging.86

Conclusion

Recent work on the Drosophila testis stem cell niche has added to 
the general understanding of how stem cells are regulated in vivo 
in both young and aging animals. Perhaps because of their unique 
capacity to generate gametes, GSCs are highly plastic and can be 
replaced by multiple mechanisms that enable them to resist dam-
age accruing with age or poor environmental conditions. Future 

near the hub. Moreover, spermatogonia expressing a JAK-STAT 
inhibitor are not able to repopulate the niche as efficiently as 
uninhibited spermatogonia. The ability of dedifferentiating sper-
matogonia to re-establish contact with the hub may depend on 
STAT and on other adhesion-regulating pathways including the 
Lar receptor.64,71

Aging and Stress-Related Changes to GSCs 
and Their Niche

Aging is accompanied by intrinsic and extrinsic changes that alter 
the behavior of stem cells and compromise their ability to main-
tain tissues. In mammals, many stem cells are thought to enter 
or exit quiescent states depending on the needs of the tissue.75 

Because the GSCs in the testis niche are constantly turning over, 
mechanisms must be in place to replace lost stem cells and ensure 
that old male flies can maintain their fertility. Dedifferentiation 
of spermatogonia occurs in wild type testes over the life of the 
fly, and as flies age, GSCs resulting from dedifferentiation events 
accumulate in greater numbers in the niche.60 Additionally, 
under conditions where STAT function is conditionally removed 
and then restored, dedifferentiation has been shown to occur 
with comparable efficiency in both young and old flies, indicat-
ing that an aging niche is capable of supporting robust dediffer-
entiation.76 Exposure to X-irradiation triggers a dramatic increase 
in dedifferentiation, but starving and refeeding flies, which leads 
to loss and then regaining of GSCs, does not trigger dedifferen-
tiation.32,33,60 In this case, symmetric renewals serve as a mecha-
nism to replace lost GSCs.32,58 Thus, the relative contributions of 
symmetric renewal and dedifferentiation in maintaining tissue 
homeostasis in aging or damaged testes remains to be clarified, 
and the development of additional tools for studying stem cell 
replacement could be helpful in this regard.

Interestingly, GSCs that arise from dedifferentiation have a 
much higher frequency of misoriented centrosomes than other 
GSCs in the niche.60 This indicates that dedifferentiating GSCs 
cannot reliably orient their centrosomes as they re-enter the 
niche. By the time these GSCs divide, however, they do not have 
an increased frequency of misoriented spindles compared with 
other GSCs, indicating that, like wild type GSCs, GSCs that 
arise from dedifferentiation do not divide until their centrosomes 
are oriented correctly. In aging testes, although the frequency of 
GSCs with misoriented centrosomes increases dramatically, it is 
not yet clear if the rate of dedifferentiation increases with age, or if 
GSCs that arise from dedifferentiation continue to have a centro-
some misorientation defect in subsequent divisions. Regardless of 
the underlying mechanism, centrosome misorientation and other 
changes to the niche, discussed below, are thought to contrib-
ute to the decline in stem cell division rate that is seen in old 
flies.7,60,67,77

In Drosophila males, although all GSCs remain mitotically 
active, their rate of division declines with age.67,77 Recently, a 
mechanism that can alter GSC mitotic activity has been described. 
Epidermal growth factor (EGF) signaling, which promotes goni-
alblast differentiation and enclosure of germ cells by somatic cyst 
cells in the testis, also affects the frequency of GSC divisions.77-81 
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work will continue to reveal the complex regulatory networks 
that control stem cell maintenance, to determine how these net-
works sense and respond to change within or outside the niche, 
and to extend our understanding of stem cell regeneration. As 
many features of the Drosophila testis stem cell niche are likely 
to be conserved, these studies have broad implications for mam-
malian stem cell biology and stem cell-based medicine.
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