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The regulated elimination of transit-amplifying cells preserves
tissue homeostasis during protein starvation in Drosophila testis
Heiko Yang1 and Yukiko M. Yamashita1,2,3,*

ABSTRACT
How tissues adapt to varying nutrient conditions is of fundamental
importance for robust tissue homeostasis throughout the life of an
organism, but the underlying mechanisms are poorly understood.
Here, we show thatDrosophila testis responds to protein starvation by
eliminating transit-amplifying spermatogonia (SG) while maintaining
a reduced pool of actively proliferating germline stem cells (GSCs).
During protein starvation, SG die in a manner that is mediated by the
apoptosis of somatic cyst cells (CCs) that encapsulate SG and
regulate their development. Strikingly, GSCs cannot be maintained
during protein starvation when CC-mediated SG death is inhibited,
leading to an irreversible collapse of tissue homeostasis. We propose
that the regulated elimination of transit-amplifying cells is essential to
preserve stem cell function and tissue homeostasis during protein
starvation.
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INTRODUCTION
Tissue homeostasis, defined as the balanced state between cell
production and loss, must change in response to nutrient conditions
in order to optimize the efficient use of resources (Fielenbach and
Antebi, 2008; Lopes et al., 2004; Tatar and Yin, 2001). Although
it may be advantageous for tissues to robustly generate new cells
when nutrients are abundant, proliferation must be scaled down
when nutrients are limited or absent (Angelo and Van Gilst, 2009;
Padilla and Ladage, 2012). Thus, to cope with the fluctuating
availability of food throughout life, tissues often shift between
different states of homeostasis. How such ‘shifting’ is accomplished
is poorly explored, and little is known about how impairments in
this process can irreversibly impact overall tissue organization and
functionality. Considering that many human diseases, most notably
those associated with aging and cancer, are characterized by
dysfunctional tissue homeostasis, it is possible that defective ‘shifts’
in tissue homeostasis might underlie these pathological conditions.
An understanding of such mechanisms could thus reveal previously
unexplored strategies for therapy.
Because stem cells are responsible for generating new cells within

a tissue, much of the attention in understanding tissue homeostasis
has been focused on the their behavior (Mihaylova et al., 2014;
Nakada et al., 2011). However, stem cells are likely not the only point
of regulation. In many tissues, stem cells produce differentiating

daughters that undergo transit-amplifying divisions prior to terminal
differentiation (Davies and Fuller, 2008; Lui et al., 2011; van der Flier
and Clevers, 2009; Watt, 1998), which is thought to be a strategy to
protect stem cells from exhaustion. Transit-amplifying cells represent
a considerable fraction of cell divisionswithinmany tissues and likely
also contribute to shifting tissue homeostasis. Although it has been
reported that nutrients can affect the behavior of transit-amplifying
cells (Drummond-Barbosa and Spradling, 2001; Yilmaz et al., 2012),
it remains unclear how the response of stem cells and transit-
amplifying cells are integrated in a concerted manner to allow a tissue
to adapt to fluctuating nutrient conditions.

The Drosophila testis is an ideal model system in which to
investigate the behavior of stem cells and transit-amplifying cells.
The system offers unequivocal identification of these cell types at
the single cell resolution, allowing detailed examination of their
behavior during different states of tissue homeostasis. Germ cell
production begins at the apical tip, where germline stem cells
(GSCs) reside in a well-defined niche organized by the somatic hub
cells (Lehmann, 2012; Losick et al., 2011). GSCs give rise to
spermatogonia (SG) that undergo transit amplification and
differentiation with the support of somatic cyst cells (CCs) (de
Cuevas and Matunis, 2011; Lim and Fuller, 2012; Schulz et al.,
2002). In Drosophilamale and female germ lines, gametogenesis is
highly sensitive to the availability of dietary amino acids
(Drummond-Barbosa and Spradling, 2001; McLeod et al., 2010;
Roth et al., 2012; Wang et al., 2011). In the testis, germ cell
production scales down during protein starvation, and the reduction
of the germline is reflected by dramatic involution of the tissue.
Importantly, the testis can efficiently recover and increase germ cell
output when protein is reintroduced into the diet (McLeod et al.,
2010). This system provides a simple yet powerful paradigm with
which to investigate how tissue homeostasis shifts in response to
changes in nutrient availability.

Here, we report that the Drosophila testis maintains a reduced
pool of actively proliferating GSCs during prolonged protein
starvation. The reduction in the overall production of germ cells is
achieved by the elimination of transit-amplifying SG, which is
triggered by the apoptosis of somatic CCs. We further show that the
regulated elimination of SG is vital to ensuring GSC maintenance
during starvation. Inhibition of SG death during protein starvation
leads to GSC dysfunction and a collapse in tissue homeostasis,
leading to a failure in recovery upon reintroduction of nutrients to
the system. We propose that a coordinated response among multiple
cell types within a tissue is essential for successfully shifting tissue
homeostasis in response to changes in nutrient availability.

RESULTS
Stem cells aremaintained in a steady state during prolonged
protein starvation
It has previously been reported that in wild-type Drosophila testes,
average germline stem cell (GSC) number decreases fromReceived 27 January 2015; Accepted 25 March 2015
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approximately eight to six per testis after 15 days of protein
starvation (McLeod et al., 2010), which we confirmed using similar
protein starvation conditions (Fig. 1A). During this time period, hub
cell number, expression of the niche ligand Upd in the hub or
expression of Stat92E in GSCs as a result of niche signaling did not
noticeably change (supplementary material Fig. S1). Interestingly,
we found that stem cell loss does not proceed linearly. GSC number
decreased between day 3 and day 6 of protein starvation (Fig. 1A),
but no further decrease was observed for at least 12 additional days.
The fact that approximately six GSCs are maintained during
prolonged starvation prompted us to investigate the manner in
which GSCs are maintained.
To determine whether the six remaining GSCs become quiescent

or have altered proliferation, we compared the cell cycle activity of
GSCs in fed and starved conditions using several different
experimental paradigms. We first measured the frequency of
GSCs in S phase or in mitosis and found no difference between
fed and starved conditions (supplementary material Fig. S2). To
further validate these results, we examined the kinetics of BrdU
incorporation in GSCs upon continuous BrdU feeding using flies
that had been starved for 2, 9 and 18 days. After subjecting flies at

each time point to 48 h (equivalent to approximately three normal
cell cycles) of continuous BrdU feeding, we expected three major
possible outcomes: if all GSCs in the starved condition are indeed
proliferating similarly to those in the age-matched fed controls
(Fig. 1B, hypothetical scenario 1), all the GSCs will become BrdU+

at the same rate as in fed conditions; if all GSCs are proliferating but
at a slower rate during starvation, all the GSCs will still become
BrdU+ but at a later time point than those in fed conditions (Fig. 1B,
hypothetical scenario 2); if a subset of GSCs becomes quiescent, the
percentage of GSCs to become BrdU+ will plateau at less than
100% (Fig. 1B, hypothetical scenario 3). The results of continuous
BrdU feeding shown in Fig. 1C reveal that GSCs transiently slow
down after 2 days of starvation, but all GSCs proliferate at the same
rate as those in fed conditions after 9 or 18 days of starvation
(Fig. 1C). This suggests that the cell cycle length of GSCs is
unaffected during prolonged protein starvation and that no GSCs
become quiescent. Although it was previously suggested that a
combination of decreased GSC number and decreased GSC cell
cycle index leads to tissue involution during protein starvation
(McLeod et al., 2010), our results instead indicate that the
contribution of decreased GSC cell cycle is not significant. The

Fig. 1. GSCs are maintained at a reduced number and continue to proliferate during starvation. Wild-type (yw) flies that were allowed to develop to
adulthood in a rich protein source were transferred into fed (protein rich) or starved conditions upon eclosion. (A) Average GSC number per testis over 18 days in
fed versus starved conditions. Data are mean±s.d. n>30 testes per data point. ***P<0.0005 (Student’s t-test). (B) Three hypothetical scenarios of GSC
behavior during starvation tested by continuous BrdU feeding: (1) no change in proliferation, reflected by an equal rate of BrdU incorporation compared with fed
control; (2) decreased overall proliferation, reflected by reduced BrdU incorporation kinetics; and (3) a quiescent subpopulation, in which some GSCs will never
become positive for BrdU. (C) Kinetics of BrdU incorporation over 48 h beginning on days 2, 9 and 18. Data aremean±s.d. n>100×3GSCs per data point. *P<0.05
(Student’s t-test).
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decrease in cell cycle indices after 9 days in both fed and starved
conditions likely reflects an effect of aging rather than starvation
(Inaba et al., 2011).
We have previously reported that flies cultured in ‘poor’ media –

containing low levels of protein as opposed to none in the protein
starvation condition described in this study – have GSCs with high
rates of centrosome misorientation with respect to the hub (Roth
et al., 2012), which slows the cell cycle via the centrosome
orientation checkpoint (Cheng et al., 2008). This is seemingly
contradictory to our observation here that GSC cell cycle is
unchanged during protein starvation. However, GSC number does
not decrease in poor media (Roth et al., 2012), as opposed to the
protein starvation condition, in which 25% (two out of eight) of
GSCs are lost. Interestingly, on day 3 of protein starvation, which is
prior to GSC loss (Fig. 1A), we observed a transient increase in
centrosome misorientation (supplementary material Fig. S3A,B),
concomitant with a transient decrease in cell cycle progression
(Fig. 1C; supplementary material Fig. S3C). Following GSC loss
between day 3 and day 6, GSC centrosome misorientation decreases
and remains low, which is in a full agreement with McLeod et al.
(2010) who reported no significant centrosome misorientation after
17 days of starvation. Thus, we speculate that, at the initial phase of
protein starvation, the systemic environment transitions through a
poor nutrient state in which GSC number is maintained but cell
cycle is slowed. Upon reaching a steady state in protein starvation
after 6 days of starvation, two out of eight GSCs are lost, and the
remaining six GSCs have normal cell cycle activity. These results
suggest that protein restriction and protein starvation present distinct
challenges to which the system responds differently.

Transit-amplifying spermatogonia are eliminated during
protein starvation
The presence of six active GSCs throughout prolonged protein
starvation prompted us to ask whether a response in other cell types
may also contribute to the dramatic involution of the testis during
protein starvation as described previously (McLeod et al., 2010).
We therefore turned our attention to the transit-amplifying cells, i.e.
spermatogonia (SG). After each GSC division, the differentiating
daughter cells, called the gonialblasts (GBs), undergo exactly four
rounds of transit-amplifying divisions as SG prior to becoming
spermatocytes. As in mammals, SG divisions are characterized by
incomplete cytokinesis, yielding two-, four-, eight- and 16-cell SG.
Each stage can be readily identified by counting the number of SG
that are interconnected by branching fusomes (Lin et al., 1994).
When SG were quantified according to stage, we found a specific
decrease in the four-, eight- and 16-cell SG without a significant
decrease in the number of GBs and two-cell SG under protein
starvation conditions (Fig. 2A). These results suggest that transit-
amplifying divisions are specifically impaired around the two- and
four-cell stage in response to protein starvation.
We investigated the nature of SG reduction during protein

starvation and found that SG death, particularly at the four-cell
stage, was increased. As recently reported (Yacobi-Sharon et al.,
2013), germ cell death occurs sporadically during normal
spermatogenesis in a caspase 3-independent manner. Accordingly,
dying germ cells cannot be identified using conventional markers of
apoptosis, such as anti-cleaved caspase 3 staining or the apoptosis
sensorApoliner (Bardet et al., 2008) (see below). Instead, we detected
dying germ cells using Lysotracker, which stains the acidified
compartments associatedwith dying germ cells (Yacobi-Sharon et al.,
2013). Yacobi-Sharon et al. reported that dying germ cells are positive
for both Lysotracker and TUNEL, which was confirmed to be true

under starved conditions as well (supplementary material Fig. S4A).
As TUNEL can stain both apoptotic somatic cells and dying germ
cells, we used Lysotracker as a primary method to detect germ cell
death. Using Lysotracker, we noticed that SG die more frequently
during protein starvation. When we quantified SG death per testis
relative to SG stage (Fig. 2B; supplementarymaterial Fig. S4B-E), we
found that GBs, two-cell SG and four-cell SG die more frequently
compared with fed conditions after 3 days and 9 days of protein
starvation (Fig. 2C). After 9 days of starvation, the increase in SG
death was most prominent at the four-cell stage (Fig. 2C). The data
collectively suggest that the cumulative increase in GB, two-cell and
particularly four-cell SG death accounts for the decrease in late-stage
SG (i.e. eight- and 16-cell SG stages) at day 9 and day 18 of protein
starvation. The death of eight- and 16-cell SG does not appear to
be affected by starvation, presumably because late-stage SG death
is governed primarily by a nutrient-independent mechanism, as
previously described (Yacobi-Sharon et al., 2013) (Fig. 2D). It should
be noted that a subset of dying SG could not be categorized by stage
due to lack of lamin staining (a marker required for identifying SG
stage) at the very last phase of SG death (supplementary material Fig.
S4E). These dying SG of unknown stage identity were not included in
our stage-specific quantification of SG death.

These data indicate that the survival of SG in the early stages of
transit-amplifying divisions is significantly impaired upon protein
starvation. As we were unable to detect a significant change in the
rate of SG divisions during starvation, assessed by the frequency of
SG mitoses, we conclude that SG death is most likely responsible
for decreased SG number.

Starvation increases the apoptosis of cyst cells
SG require supporting somatic CCs to undergo transit-amplifying
divisions and differentiation (de Cuevas and Matunis, 2011; Lim
and Fuller, 2012; Schulz et al., 2002). Their progenitors, called cyst
stem cells (CySCs), are attached to the hub and provide essential
signals to specify GSC identity (Leatherman and DiNardo, 2008,
2010). CySCs divide asymmetrically to produce CCs (Cheng et al.,
2011), which encapsulate GBs/SG to promote their differentiation
(Lim and Fuller, 2012; Schulz et al., 2002).

In parallel with the elimination of SG, the number of CCs
marked by Tj (Li et al., 2003), but not cyst stem cells (CySCs)
marked by Zfh1 (Leatherman and DiNardo, 2008), was notably
decreased during protein starvation (Fig. 3A,B). Although it was
reported that the number of CySCs decline after 20 days of protein
starvation (McLeod et al., 2010), the difference is not yet dramatic
after 9 days of protein starvation (Fig. 3B), when a decrease in the
number of CCs (Zfh1−, Tj+) is already pronounced. Further
investigation revealed that the decrease in CC number is due to CC
apoptosis. CC death can be detected by Apoliner (Fig. 3C-F), a
fluorescent reporter that yields nuclear localization of nlsGFP
(henceforth described as ‘Apoliner+’) in the presence of activated
caspases (Bardet et al., 2008). Consistent with the previous study
by Bardet et al., anti-cleaved caspase 3 antibody staining was
detected in Apoliner+ cells at late stages of cell death (Fig. 3E). We
further found that the dying CCs were far from the hub and were
almost never Zfh1+ (Fig. 3F), suggesting that CCs but not CySCs
undergo apoptosis during starvation. By scoring Apoliner+ cells
relative to the total number of CCs, we detected a twofold increase
in CC apoptosis during protein starvation (Fig. 3G). Importantly,
the frequency of CySC mitoses, which we measured using
phospho-histone H3 staining, did not decrease significantly
relative to GSC mitotic index (fed, 3.7±1.0 per dividing GSC;
starved, 3.0±1.0 per dividing GSC; n>50×3 testes, P>0.05),
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suggesting that the primary effect of starvation on the CySC/CCs
is to increase CC apoptosis.

CC apoptosis mediates starvation-induced SG death
Because CCs play a crucial role during SG development
(Lim and Fuller, 2012; Tazuke et al., 2002), we hypothesized
that the increase in CC apoptosis during starvation mediates
the increase in SG death. To explore this relationship, we first
examined whether CC apoptosis was sufficient to trigger SG death.
We induced CySC/CC apoptosis using temperature-dependent
expression of the proapoptosis gene Grim in the CySC/CC lineage
(c587-gal4>UAS-Grim, tub-gal80ts), as previously described
(Hétié et al., 2014; Lim and Fuller, 2012). Consistent with the
reported observation that expression of Grim in the CySC/CC
lineage ablates germ cells as well as CySCs/CCs, we observed a
dramatic increase in SG death uponGrim induction (supplementary

material Fig. S5). We also noted that all SG death induced by the
somatic expression of Grim is associated with Lysotracker and has
morphological characteristics reminiscent of starvation-induced SG
death. These results indicate that CC apoptosis is sufficient to
initiate SG death rapidly and suggest that starvation-induced SG
death follows a similar mechanism.

To test this idea further, we inhibited CC apoptosis during protein
starvation using overexpression ofDrosophila inhibitor of apoptosis
1 protein (DIAP1) (Orme and Meier, 2009), as well as knockdown
of the initiator caspase Dronc with RNAi (Leulier et al., 2006).
While these manipulations did not alter SG death under fed
conditions, we found that inhibition of CC apoptosis led to a
considerable decrease in starvation-induced CC apoptosis (Fig. 4A),
which was accompanied by a significant decrease in SG death at the
two- and four-cell SG stages (Fig. 4B). Importantly, knockdown of
Dronc in germ cells (nos>Dronc-RNAi) did not suppress SG death

Fig. 2. Spermatogonia are eliminated around the two-cell and four-cell stages during protein starvation. (A) SG number per stage per testis at days 3, 9 and
18. The SG stage was determined by counting the number of SG connected by a fusome. Data are mean±s.d. n>20 testes per condition per time point.
***P<0.0005 (Student’s t-test). (B) Representative images of dying SG (dotted outline) stained for lamin, which allows SG death to be scored according to stage as
dying GBs, or two-, four-, eight- or 16-cell SG (some cells are not visible due to focal plane limitations). Scale bar: 10 µm. (C) Quantification of SG death by stage
on day 3 and day 9 of starvation. Data are mean±s.d. n>30×3 testes per data point. *P<0.05; **P<0.005 (Student’s t-test). (D) Schematic model of SG death.
Protein starvation increases SG death near the two-cell to four-cell transition, whereas death at the later stages occurs independently of nutrient conditions.
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(supplementary material Fig. S6), and it was previously reported
that DIAP1 expression in germ cells also does not suppress SG
death (Yacobi-Sharon et al., 2013). These data further indicate that
starvation-induced SG death is mediated by CC apoptosis.
Importantly, inhibition of CC apoptosis by DIAP1 expression did

not suppress the SG death as dramatically in the eight- and 16-cell
stages. Eight- and 16-cell SG death was observed even under fed
conditions (Fig. 4C,D), suggesting that this class of SG death is
independent of nutrient conditions. These data also imply the
existence of two subclasses of SG death governed by distinct
mechanisms: (1) ‘early’ stage death (two- and four-cell SG), which
is specifically increased upon protein starvation and likely induced
by CC apoptosis; and (2) ‘late’ stage SGdeath (eight- and 16-cell SG),
which is observed irrespective of nutrient conditions and is less
correlated with CC apoptosis. This classification is supported by the
observation that CCs associated with ‘early’ stage SG are more
frequently apoptotic during protein starvation than those associated

with ‘late’ stage SG (Fig. 4C,D). Consistently, dying ‘early’ SG are
almost always accompanied by apoptotic CCs (Fig. 4E), whereas
dying ‘late’ SG are frequently observed without accompanying
apoptotic CCs (Fig. 4F). These data thus support the model in which
starvation specifically increases the apoptosis of CCs associated
with two-cell and four-cell SG, which in turn leads to the death of
these SG (Fig. 4G).

GSCmaintenance is impairedwhenCC-mediatedSGdeath is
inhibited during protein starvation
The highly regulated nature of CC-mediated elimination of SG
compelled us to explore the biological relevance of such a response.
To address this issue, we began by examining the consequence of
inhibiting CC apoptosis during protein starvation. As described
above, the expression of DIAP1 in the CySC/CC lineage efficiently
blocks starvation-induced CC apoptosis as well as the death of
associated ‘early’ SG (Fig. 4A,B).

Fig. 3. Apoptosis of cyst cells increases during protein starvation. (A) Representative images of testes stained with the CySCmarker Zfh1 and the CySC/CC
marker Tj in fed versus starved conditions. (B) Quantification of Tj+ and Zfh1+ nuclei on days 0, 3 and 9. n>30 testes per time point. Data aremean±s.d. **P<0.005;
***P<0.0005 (Student’s t-test). (C) An example of non-apoptotic CC (solid white outline) visualized by Apoliner. Apoliner was expressed in the CySC/CC lineage
using the c587-gal4 driver. A CC without nuclear GFP (arrow) encapsulates a two-cell SG (dotted outline). (D) An example of an Apoliner+ apoptotic CC (solid
white outline) with a nlsGFP+ nucleus (arrows). mCD8-RFP is localized to the CC membrane in both scenarios. (E) An example of cleaved caspase 3 staining
colocalizing with a dim Apoliner signal that is characteristic of later stages of apoptosis (arrows). (F) A representative image of an Apoliner+ cell (arrows),
demonstrating that apoptotic CCs are always away from the hub (asterisks) and barely Zfh1+. (G) Frequency of Apoliner+ CCs scored as percentage of all
Tj+/Zfh1− cells. Data are mean±s.d. n>20×3 testes per condition per time point. ***P<0.0005 (Student’s t-test). Scale bars: 10 μm.
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Strikingly, we found that DIAP1-expressing testes cannot maintain
GSCs at a steady state during protein starvation. Whereas wild-type/
control flies maintain six actively proliferating GSCs per testis for an
extended period of time during protein starvation, flies expressing
DIAP1 in CySC/CC lineage (c587>DIAP1) continued to lose GSCs,
decreasing to only ∼3 germ cells attaching to the hub at day 12 of
protein starvation (Fig. 5A). In addition to a decreased number, we
found that the rate of GSC cell cycle progression is decreased in
DIAP1-expressing flies during starvation (Fig. 5B, compare with
Fig. 1D, day 9-11). Moreover, the remaining germ cells attaching to
the hub did not appear to be normal GSCs, as they were often
connected to other germ cells by a fusome and resemble SG rather
than GSCs (Fig. 5C-E). After 18 days of starvation, only 31% of
remaining hub-associated germ cells appear to be single-cell GSCs
(18% two cell, 42% four cell, 9% eight cell, n=90 hub-associated
germ cells), leading to the calculation of less than one bona fide GSC
per hub in starved DIAP1-expressing flies (31%×2.8 germ cells/
hub=0.9 GSCs). By contrast, SG-like germ cells are much less often
observed attached to the hub in wild-type testes after 18 days of
starvation (<10%). Importantly, DIAP1 expression did not
significantly affect GSC number under fed conditions (7.6±1.1
GSCs per testis, day 9, n>30 testes, compared with 8.0±0.5 in wild
type, P>0.05), nor did it alter germ cell development or testis
morphology. This indicates that the blockade of CC apoptosis does
not impair CySC/CC function under fed conditions but adversely
affects GSC maintenance during protein starvation.

The combined loss of GSCs and reduction inGSC cell cycle led to
collapse in tissue maintenance during protein starvation in DIAP1-
expressing testes. First, after 9 days of starvation, we observed that
SG number decreased significantly in DIAP1-expressing testes
compared with control testes (supplementary material Fig. S7)
despite blockade of SG death, likely due to (at least in part)
decreased GSC number and cell cycle slow down (Fig. 5A,B).
Moreover, after 18 days, a small but non-negligible fraction of testes
lacked GSCs and other germ cells in DIAP1-expressing starved flies
(5/105 testes at 18 days of starvation; 6/62 testes after 24 days of
starvation) (Fig. 5F,G). These results suggest that CC-mediated SG
death is crucial for maintaining functional GSCs and preserving
tissue homeostasis during protein starvation.

Inhibition of CC-mediated SG death during protein starvation
leads to impaired germline recovery upon reintroduction of
protein
Because GSC maintenance during protein starvation is
compromised in the absence of CC-mediated SG death (DIAP1-
expressing testes), we wondered how germline recovery upon
reintroduction of dietary protein might be affected in DIAP1-
expressing testes. To assess recovery, we reintroduced protein into
the diet after flies were starved for 18 days. Consistent with
previously reported observations (McLeod et al., 2010), testis
involution is reversible, and robust gametogenesis was efficiently
reconstituted in all wild-type/control testes within 6 days of protein

Fig. 4. CC apoptosis mediates SG death during protein starvation. (A) Quantification of CC apoptosis after 3 days of starvation with Apoliner upon
overexpression of DIAP1 or Dronc RNAi knockdown. n>15×3 testes per data point. (B) Quantification of SG death per testis after 3 days of starvation upon
overexpression of DIAP1 or Dronc RNAi knockdown. n>30×3 testes per data point. Data are mean±s.d. *P<0.05; **P<0.005; ***P<0.0005 (Student’s t-test).
(C) Representative images of dying CCs (solid outlines, nuclei indicated by asterisks) scored as ‘early’ or ‘late’ based on the number of enveloped SG (dotted
outlines). The SG stage was determined by the number of DAPI-stained nuclei within the cyst. Scale bar: 10 µm. (D) Percentage of ‘early’ and ‘late’ CC death in
testes under fed or starved conditions (9 days). (E,F) Representative images of dying ‘early’ (E) and ‘late’ (F) SG (dotted outline) and their encapsulating CCs
(solid outline, nucleus indicated by an asterisk) with observed frequencies. Whereas ‘early’ SG death was almost always associated with apoptotic CC (95.7%),
‘late’ SG death was associated with apoptotic CC for only 60.3% of the time. (G) Model: starvation-induced ‘early’ SG death is initiated by CC apoptosis, whereas
‘late’ SG death can be initiated independently of CC apoptosis.
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reintroduction (Fig. 6A,A′, 100%, n>100). In DIAP1-expressing
testes, however, only 54% of testes were able to recover to this state
within 6 days (Fig. 6B,B′, n=73). Even after 12 days of recovery,
only 60% of DIAP1-expressing testes exhibited full recovery
(Fig. 6C, n=30).
The remaining fraction of testes (46% of testes after 6 days of

recovery, n=73) had severely impaired recovery upon protein
reintroduction. We found that 40% of DIAP1-expressing testes
contained only SG, but not spermatocytes or later stage germ cells,
apparently because they failed to develop to the spermatocyte stage
(Fig. 6D,D′). In these cases, no spermatocytes or elongating
spermatids were observed, even when recovery was extended to
12 days (Fig. 6E). Remarkably, these testes occasionally contained
overproliferating SG, characterized by more than 16 SG connected
by a fusome (Fig. 6F; five abnormal SG cysts/73 testes after 6 days
refeeding; three abnormal SG cysts/29 testes after 12 days
refeeding). Finally, the remaining 6% of testes contained no germ
cells after 6 or 12 days of recovery (Fig. 6G,H), presumably
representing testes that had completely lost GSCs during starvation
(Fig. 5H). In these testes, protein reintroduction resulted in the
overproliferation of undifferentiated CySCs (Fig. 6H′), likely due to
a dysfunctional signaling environment in the absence of germ cells
(Gonczy and DiNardo, 1996).

These results demonstrate that compromised CC/SG death during
protein starvation leads to a collapse in tissue homeostasis,
including defective GSC maintenance, which in turn severely
impairs the ability of the tissue to recover. The damaged tissue
architecture can also promote the abnormal overproliferation of cells
during recovery.

SG death is associated with phagocytosis and JNK-pathway
activation
The elimination of transit-amplifying cells could be considered to
be sacrificial in nature, as it allows stem cells to be maintained.
Indirectly, SG death lowers the nutrient demand of the testis and
indirectly increases nutrient availability to GSCs. However,
considering the fact that the flies are not fed any protein for a
prolonged time period in our experimental procedure, it is unlikely
that GSCs are able to maintain such an active state solely because of
decreased competition for resources within the tissue. Our
observations suggest that dying SG may also provide a source of
nutrients that can be locally recycled. We observed that surviving
CySC/CCs near dying SG/CCs become highly positive with
lysosomes (Fig. 7A), possibly indicating that the contents of
dying cells are transferred to surviving cells. Furthermore, these
cells upregulate the JNK pathway, as monitored by expression of

Fig. 5. GSC maintenance is impaired during protein
starvation upon blockade of CC apoptosis. (A) Average
GSC number per testis over 12 days of starvation in
DIAP1-expressing testes (c587>DIAP1). Data are
mean±s.d. n>30 testes per data point. *P<0.05;
***P<0.0005 (Student’s t-test). (B) BrdU incorporation
kinetics in GSCs upon overexpression of DIAP1,
demonstrating cell cycle slowdown upon starvation
(contrary to wild type in which GSC cell cycle is
unchanged between fed and starved conditions, Fig. 1D).
Data are mean±s.d. n>100×3 GSCs per data point.
(C-E) Representative images of interconnected two-cell
(C), four-cell (D) and eight-cell (E) SG-like clusters
attached to the hub at 18 days of starvation in DIAP1-
overexpressing testis. (F) Representative images of a
control testis that contains both germ cells and CySCs/
CCs after 18 days of starvation. (G) Representative
images of a DIAP1-expressing testis that contains CySC/
CCs but is devoid of germ cells after 18 days of starvation.
In C-G, the hub is indicated with asterisks. Scale bars:
10 µm.
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puc-lacZ (Fig. 7B) similar to the non-professional phagocytic
activity of follicle cells in the Drosophila ovary (Etchegaray et al.,
2012). Phagocytosis by Sertoli cells in the mammalian testis has
been also reported (Chemes, 1986). Consistent with the role of JNK
pathway in mediating GSC maintenance through SG death, we
found that downregulation of JNK pathway via RNAi-mediated
knockdown of Bsk (the Drosophila homolog of JNK) or
overexpression of a dominant-negative form of Bsk in CCs led to
decreased SG death. It also led to defective GSC maintenance
during protein starvation, without affecting CC death (Fig. 7C-E),
suggesting that the JNK pathway is required to mediate CC death-
dependent GSC maintenance.
We further observed that Atg8a localizes on the lysosomes in

surviving CySC/CCs (Fig. 7F,G), suggesting that autophagy may
also be involved in the clearance of dying cells (Mehta et al., 2014).
Taken together, these results imply that SG elimination might
contribute to GSC maintenance partly through local recycling of
nutrients. Additionally, it is also possible that the lack of SG

elimination (e.g. in DIAP1-expressing testes) may perturb the local
signaling environment, leading to GSC loss.

DISCUSSION
Tissues alternate between different states of homeostasis in order to
cope with ever-changing availability of nutrients, but little is known
about how different cell populations respond in a concerted manner
to maximize tissue function with limited resources. Our study
reveals the importance of the regulated elimination of transit-
amplifying cells during protein starvation while stem cells are
relatively well maintained and continue to proliferate. Considering
the proposed role of transit-amplifying cells to increase cell
production without increasing stem cell divisions, it is fitting that
the transit-amplifying cell population is downsized to decrease
overall cell output in a tissuewithout dramatically affecting stem cell
behavior. Failure to eliminate transit-amplifying cells during
starvation results in a collapse of tissue homeostasis and leads to
defects in recovery upon reintroduction of nutrients. Thus, our study

Fig. 6. Impaired recovery of spermatogenesis in DIAP1-
expressing flies. c587>DIAP1 or control flies are starved
for 18 days before protein is reintroduced into the diet.
(A) Control testis with full recovery after 6 days of protein
reintroduction (100%). (B,C) Only 54% of DIAP1-
overexpressing testes reconstitute spermatogenesis after
6 days of recovery (B) or 60% after 12 days of recovery (C).
(D) An example of a testis that contains only GSC, CySCs
and few SG, but not spermatocytes after 6 days of recovery
(40%). (E) An example of a DIAP1-expressing testis after
12 days of recovery, containing no spermatocytes. (F) An
example of overproliferating spermatogonia in testes that
lacks spermatocytes after the recovery period.
(G,H) Examples of DIAP1-expressing testes without germ
cells after 6 days (G) or 12 days (H) of protein
reintroduction. After 12 days of recovery, Zfh1+ somatic
cells overproliferated (H). Scale bars: 100 µm (black);
10 µm (white). (A′,B′,D′,G′,H′) Higher magnification views
of indicated areas in A,B,D,G,H.
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reveals that dramatic yet reversible ‘shifts’ in tissue homeostasis,
such as the one observed during starvation, must be carried out in a
precise manner that involves a coordinated response among
different cell types within a tissue.
Importantly, our results do not argue that stem cells do not respond

to starvation at all.We did find that stem cell divisionswere transiently
decreased throughout the first few days of protein starvation, similar to
the ‘poor media’ response we have described previously (Roth et al.,
2012), before reaching a new steadystate of reducednumber but active
proliferation. In addition to these stem cell responses, our data
highlight the importance of the dramatic response of differentiating
cells inmaintaining stem cells after shifting to a new steady state in the
starved condition. Why this particular steady state (i.e. maintaining
active GSCs while eliminating SG) is more advantageous during
starvation compared with alternative states (e.g. slowed GSC
proliferation) awaits future investigation.
The mechanism of GSC reduction remains elusive. Niche factors,

including hub size and JAK-STAT signaling, seem unlikely to
play a significant role in the decrease of GSC number from eight to
six (supplementary material Fig. S1). However, we found that
during protein starvation, dedifferentiation of SG was dramatically
suppressed (supplementary material Fig. S8). This might be
secondary to the increase in SG death, which decreases the pool
of SG from which dedifferentiation occurs. Nonetheless, such a
decrease in dedifferentiation may contribute to a decrease in GSC
number during starvation. Our study highlights the importance of a
non-autonomous role of CC death to mediate SG death during

protein starvation. It is interesting to note that the nutrient response of
the somahas such a dominant role inmediating germline homeostasis,
despite the well-characterized ability of the germline to sense nutrient
status (Drummond-Barbosa and Spradling, 2001; McLeod et al.,
2010; Roth et al., 2012; Shim et al., 2013). The nature of the crosstalk
between somatic cells and germ cells that achieves concerted
responses to nutrient status remains to be determined.

Finally, it is interesting to note that defective response to protein
starvation due to the blockade of CC/SG cell death by DIAP1
expression leads to a tumor-like overproliferation of cells upon
reintroduction of protein. These cells are not inherently tumorigenic in
the classical sense, as they likely do not contain mutations in tumor
suppressor genes or oncogenes. Instead, their dysregulated behavior
appears to be a result of damaged tissue architecture and an imbalance
among different but interdependent cell types. When these cells are
exposed to nutrients again, uncontrolled proliferation and abnormal
differentiation may be the consequence of an inappropriate signaling
environment. By extension of this idea, it is tempting to speculate that
human cellswith ‘wild-type’genomesmaybe triggered to form tumor
in a similar manner: instead of mutations that cause these cells to be
overproliferative, their tumorigenic behavior might arise from
impaired tissue environment acquired during a defective ‘shift’ in
tissue homeostasis. Treatment of such tumors would require
fundamentally different approaches.

In summary, our study reveals regulated elimination of transit-
amplifying cells as a crucial step to protect stem cells in response
to starvation. We show that inhibiting this process can lead to

Fig. 7. Surviving CCs near the dying SG upregulate lysosome, JNK pathway and Atg8. (A) Unfixed testis stained with Lysotracker with c587>Apoliner as a
CySC/CC marker. The Apoliner-negative, surviving CC (arrow) contains large amount of Lysosomes, when such surviving CCs are juxtaposed to dying SG
(white dotted lines). (B) puc-lacZ+ CC nuclei (arrows) associated with dying SG (dotted white outlines). The hub is denoted by an asterisk. (C-E) CC apoptosis (C),
SG death (D) and GSC number (E) after RNAi-mediated knockdown or expression of a dominant-negative form of Bsk. Data are mean±s.d. n>30 testes per data
point. ***P<0.0005, **P<0.005, *P<0.05 (Student’s t-test). (F) Without chloroquine treatment, GFP-Atg8a is observed only as scattered puncta. (G) Chloroquine
treatment enhances visualization of GFP-Atg8a in lysosomes (arrows), and such GFP-Atg8a containing lysosomes (arrows) were juxtaposed to dying SG (dotted
outline). Chloroquine treatment weakens Lysotracker signal, especially within dying SG. The hub is denoted by an asterisk. Lower panels are higher
magnifications of the insets in the upper panels. Scale bars: 10 µm.
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irreversible tissue damage, thus introducing the idea that organisms
and their tissues have highly evolved strategies to undergo reversible
‘shifts’ in tissue homeostasis throughout their lifespans.

MATERIALS AND METHODS
Fly strains and husbandry
Flies were cultured in standard Bloomington medium at 25°C. For protein
starvation experiments, newly eclosed adult flies were transferred within
24 h (day 0) onto either standard food (fed) or 16% sucrose/0.7% agar
(starved) at a density of 20-40 flies per vial. Flies were transferred to fresh
vials every 3 days. The following fly stocks were used: yw (wild type),
c587-gal4 (Decotto and Spradling, 2005), nos-gal4 (Van Doren et al., 1998),
UAS-Apoliner (Bloomington Stock Center), UAS-DIAP1 (Bloomington
Stock Center), UAS-Dronc-RNAi (KK100424) (Vienna Drosophila RNAi
Center), UAS-Grim (D. Bennett, University of Liverpool, UK), tub-gal80ts

(Bloomington Stock Center), GFP-Atg8a (E. H. Baehrecke, University of
Massachusetts Medical School, Worcester, MA, USA) (Denton et al., 2009)
and lacZpuc-A251.1 (Martin-Blanco et al., 1998).

Immunofluorescence staining and microscopy
Immunofluorescence staining of testes was performed as described
previously (Cheng et al., 2008). Briefly, testes were dissected in PBS,
transferred to 4% formaldehyde in PBS and fixed for 30-60 min. The
testes were then washed in PBS-T (PBS containing 0.1% Triton-X) for at
least 30 min, followed by incubation with primary antibody in 3% bovine
serum albumin (BSA) in PBS-T at 4°C overnight. Samples were washed
for 60 min (three 20 min washes) in PBS-T, incubated with secondary
antibody in 3% BSA in PBS-T at 4°C overnight, washed as above, and
mounted in VECTASHIELD with DAPI (Vector Labs). The following
primary antibodies were used: mouse anti-Adducin-like (hu li tai shao –
Fly Base) [1:20; Developmental Studies Hybridoma Bank (DSHB);
developed by H. D. Lipshitz (University of Toronto, Canada)] (Ding et al.,
1993); rat anti-Vasa (1:50; DSHB; developed by A. Spradling, Carnegie
Institution for Science, Baltimore, MD, USA), rabbit anti-Vasa (1:200;
d-26; Santa Cruz Biotechnology) (Roth et al., 2012), mouse anti-Fasciclin
III (1:200; DSHB; developed by C. Goodman, UCSF, CA, USA) (Patel
et al., 1987), mouse anti-Lamin Dm0 (1:200; DSHB; developed by
P. A. Fisher, Stony Brook University School of Medicine, NY, USA)
(Klapper et al., 1997), rabbit anti-Thr3-phosphorylated Histone H3 (PH3)
(1:200; Upstate, Millipore); rat anti-BrdU [1:100, BU1/75 (ICR1);
Abcam] (Takashima et al., 2008), guinea pig anti-Traffic jam (Tj)
(1:400; a kind gift from Dorothea Godt, University of Toronto, Canada)
(Li et al., 2003), rabbit anti-Zfh1 (1:5000; a kind gift from Ruth Lehmann,
NYU School of Medicine, NY, USA) (Broihier et al., 1998) and rabbit
anti-cleaved caspase 3 (1:400; Cell Signaling Technology) (Di Cunto
et al., 2000). Images were taken using Leica TCS SP5 and TCS SP8
confocal microscopes with a 63× oil-immersion objective (NA=1.4) and
processed using Adobe Photoshop software.

For observation of unfixed testes, testes were mounted onto slides with
PBS and imaged within 10 min of dissection to minimize the effects of
hypoxia. Lysotracker was used to label lysosomes and dying germ cells. For
visualization of GFP-Atg8a, flies were fed 1 mM chloroquine (Sigma) for
12 h prior to dissection.

Cell cycle analysis
For BrdU feeding assay, previously fed or starved adult flies were
transferred into fresh vials of food or starvation media containing BrdU
(1 mg/ml). Methylene Blue was also added to the media to monitor feeding
behavior. Testes were dissected and analyzed at 12, 24 and 48 h after
initiation of BrdU feeding. For ex vivo S-phase analysis, testes were soaked
in PBSwith BrdU (0.1 mg/ml) for 45 min prior to fixation. Testes from both
BrdU experiments were then treated with RQ1 DNase in 1× DNase buffer
(Promega) for 2 h and incubated with primary antibody (anti-BrdU and anti-
vasa) overnight at 4°C. For mitotic index analysis, testes were dissected and
fixed within 5 min of anesthesia to minimize effects of elevated CO2 on
mitoses (Inaba et al., 2011). Testes were then stained with anti-PH3 and
processed as described above.

Quantification of cell death
For detection of germ cell death, testes were stained with Lysotracker
Red DND-99 (Life Technologies) in PBS for 30 min prior to
formaldehyde fixation. Anti-lamin Dm0 staining (described above)
was used to outline intact nuclear envelope. Dying SG were scored
according to stage by counting the number of Lysotracker+ and lamin+

germ cell nuclei within a cyst (supplementary material Fig. S4B,C).
Dying SG that lacked lamin staining, likely reflecting nuclear
disintegration during later stages of germ cell death, were excluded
from our scoring. Occasionally, dying SG had irregular numbers of
countable germ cells (e.g. 3, 6, 12); these were included in our data by
rounding up to the nearest power of two (4, 8, 16).
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Figure S1. Starvation has no significant effect on hub size, Upd expression, or 
Stat92E levels in GSCs. (A) Quantification of hub cell number on day 9 of adulthood 
in fed or starved conditions. Data presented as mean ± s.d. p-value > 0.05. (B) 
Expression of Upd-YFP protein under endogenous promoter (green) in the hub 
(dotted outline) was unchanged in fed vs. starved conditions. (C) Stat92E-GFP 
(green) expression in GSCs (dotted outline) attached to hub (asterisk) was 
unchanged in fed vs. starved conditions. Scale bars = 10 µm. 
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Figure S2. S-phase index and mitotic index decrease with age but are not 
significantly affected by protein starvation. (A) Frequency of GSCs in S-phase at 
0 and 9 days of protein starvation. GSCs in S phase were detected by soaking 
dissected testes in BrdU-containing media for 45 minutes. N>100 x 3 GSCs per data 
point. Data presented as mean±s.d. (B) Representative image of GSCs in S-phase 
(dotted outline) with BrdU+ nuclei (red). (C) Frequency of GSCs in mitosis at 0 and 9 
days of starvation. Mitotic GSCs were detected by staining with anti-phospho-histone 
H3 (PH3-phospho-Thr3) antibody. N>500 x 3 GSCs per data point. Data presented 
as mean ± s.d. (D) Representative image of a GSC in mitosis (dotted outline). Hub is 
denoted by asterisk. GSCs are indicated by broken lines. Scale bars = 10 µm. 
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Figure S3. Transient centrosome misorientation and reduced cell cycle 
progression in GSCs upon protein starvation. (A) Percent of GSCs with 
misoriented centrosomes over 12 days of protein starvation. N>100 x 3 GSCs per 
data point. Data presented as mean±s.d. (B) Representative images of GSCs with 
misoriented centrosomes (arrowheads) on day 3 of starvation and oriented 
centrosomes (arrows) on day 6 of starvation. The hub is denoted by an asterisk (*). 
Scale bar = 10 µm. (C) Percent of GSCs in S-phase after 1.5 and 3 days of 
starvation, demonstrating a transient slowdown of cell cycle during the initial stage of 
protein starvation. N>100 x 3 GSCs per data point. Data presented as mean ± s.d. 
asterisk (*) indicates p < 0.05. 
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Figure S4. Dying SGs can be quantified according to SG stage using 
Lysotracker and Lamin staining. (A) TUNEL and Lysotracker completely 
colocalize in testes that were starved for 3 days. SGs die synchronously by (B) 
rounding up, (C) staining positive for Lysotracker, (D) losing cytoplasmic vasa 
staining, and (E) losing all identifying markers except for Lysotracker. To accurately 
quantify SG death by stage, only (C) and (D), which are positive for Lysotracker and 
Lamin, were scored. (Note: panel D is same as “16-cell stage” shown in Fig. 2B). 
Scale bar = 10 µm. 
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Figure S5. CC apoptosis is sufficient to initiate SG death. (A) SG death (red, 
Lysotracker) was dramatically increased upon expression of a proapoptotic gene, 
Grim, in CySC/CC lineage (c587-gal4, gal80ts, UAS-Grim). Hub is denoted by 
asterisk (*). Scale bars = 10 µm. (B) Quantification of dying SGs (Lysotracker+, 
Vasa+) upon induction of Grim expression. N; the number of testes scored. 
 
 
 
 
 

 
 
Figure S6. SG death is not suppressed by RNAi knockdown of Dronc in the 
germline. Quantification of germ cell death in control and nos>Dronc-RNAi testes 
(A) upon eclosion and (B) after 3 days of starvation. Data is presented as mean ± 
s.e. N > 30 x 3 testes in triplicate per data point. 
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Figure S7. Expression of DIAP1 in CCs leads to tissue involution upon protein 
starvation. (A-D) representative images of testis apical tip in control vs. DIAP1-
expressing testes in fed/starved conditions. Hub is denoted by asterisk. (E) SG 
number upon expression of DIAP1 under starved conditions. N>10 x 3 testes per 
condition. Data presented as mean ± s.d. Asterisk (*) indicates p < 0.05. 
 
 
 
 
 
 
 
 

 
 
Figure S8. Dedifferentiation decreases upon protein starvation. (A) The percent 
of GSCs that are dedifferentiated over 18 days in fed vs. starved conditions. Data is 
shown as mean ± s.e. N > 50 x 3 testes in triplicate per data point. (B) 
Dedifferentiated GSCs (dotted outline) are labeled by permanent marking of SGs at 
the Bam+ stage with GFP (Bam-gal4, UAS-FLP, nos-FRT-stop-FRT-gal4, UAS-
GFP). Asterisk (*) denotes hub. Scale bars = 10 µm. 
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