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a b s t r a c t

Adult stem cells or residential progenitor cells are critical to maintain the structure and function of adult
tissues (homeostasis) throughout the lifetime of an individual. Mis-regulation of stem cell proliferation
and differentiation often leads to diseases including cancer, however, how wildtype adult stem cells and
cancer cells respond to cellular damages remains unclear. We find that in the adult Drosophila midgut,
intestinal stem cells (ISCs), unlike tumor intestinal cells, are resistant to various cellular damages. Tumor
intestinal cells, unlike wildtype ISCs, are easily eliminated by apoptosis. Further, their proliferation is
inhibited upon autophagy induction, and autophagy-mediated tumor inhibition is independent of cas-
pase-dependent apoptosis. Interestingly, inhibition of tumorigenesis by autophagy is likely through the
sequestration and degradation of mitochondria, as compromising mitochondria activity in these tumor
models mimics the induction of autophagy and increasing the production of mitochondria alleviates the
tumor-suppression capacity of autophagy. Together, these data demonstrate that wildtype adult stem
cells and tumor cells show dramatic differences in sensitivity to cellular damages, thus providing po-
tential therapeutic implications targeting tumorigenesis.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Adult stem cells or progenitors, by continuously supplying
newly differentiated cells, sustain tissue homeostasis (Morrison
and Spradling, 2008; Radtke and Clevers, 2005). Adult stem cells
during their prolonged life time encounter various cellular da-
mages, like accumulation of DNA damage and starvation (Liu et al.,
2014; Potten and Loeffler, 1990) that they must counteract to
maintain their robustness. Ineffective defense against these cel-
lular damages impedes the delicate balance between stem cell
self-renewal and differentiation, eventually leading to severe dis-
ease such as cancer (Biteau et al., 2008; Liu et al., 2014). However,
how adult stem cells sense and respond to these cellular damages
remains unclear.

Unbalanced stem cell proliferation toward progeny differ-
entiation usually results in tumorigenesis (Clarke and Fuller, 2006;
Simons and Clevers, 2011). Management of patients with advanced
malignancies is a vexing problem (He et al., 2014). Tumors could
be reduced or eliminated through surgical operation, radiotherapy
or chemotherapy. However, tumors often become chemo- and
radio-resistant, ultimately leading to cancer recurrence. Pre-ex-
isting or newly acquired drug resistance properties, like mutations
preventing drug inhibition of cancer cells, additional mutations
that activate multiple oncogenes, or the selection of cancer stem
cells (CSCs) (Diehn et al., 2009; Matsui et al., 2008; Rexer et al.,
2009), may underlie the mechanism of cancer recurrence. CSCs are
defined as cells that possess stem cell-like properties and that are
responsible for generating all the cell types in its cognate tumor
(Magee et al., 2012).

The adult Drosophila intestine has proven to be an exquisite
model system to study how adult stem cell proliferation and dif-
ferentiation are regulated, especially as mammalian and Droso-
phila intestines share many similarities in terms of development,
cellular make-up and genetic control (Casali and Batlle, 2009;
Stainier, 2005; Wang, Hou, 2010). Previous studies have demon-
strated that the Drosophila adult midgut contains intestinal stem
cells (ISCs) that are located adjacent to the basement membrane of
the midgut epithelium (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006). ISCs undergo constant asymmetric self-re-
newing divisions and also produce non-dividing, undifferentiated
ISC daughters, termed enteroblasts (EBs). In contrast to transit
amplifying cells in mammalian intestinal crypts, Drosophila EBs do
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not proliferate, but directly differentiate into two conserved cell
types, the absorptive enterocytes (ECs) and the secretory en-
teroendocrine cells (ee) (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006). The differentiation of EB into either EC or ee
is determined by the level of Notch signaling (Micchelli and Per-
rimon, 2006; Ohlstein and Spradling, 2006; Perdigoto et al., 2011).
In addition to specifying the fate of the progeny, Notch signaling
also plays a critical role in ISC proliferation. In the absence of
Notch signaling, ISC progenies continue to divide, rather than to
exit the cell cycle or to differentiate into ECs, generating pro-
genitor tumors (Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006, 2007). Bidirectional Notch signaling is found to
regulate ISC multipotency (Guo and Ohlstein, 2015). Additional
evolutionarily conserved pathways, including the Wnt, JAK/STAT,
EGFR, Hippo, and BMP pathways, regulate the proliferation and
differentiation of ISCs (Amcheslavsky et al., 2009; Jiang et al., 2011;
Jiang et al., 2009; Karpowicz et al., 2010; Li et al., 2013; Lin et al.,
2008; Markstein et al., 2014; Ren et al., 2010; Staley and Irvine,
2010). Mis-regulation of these signaling pathways results in the
formation of tumors in both human and fly (Jiang and Edgar, 2011;
Radtke and Clevers, 2005; Takashima and Hartenstein, 2012;
Yeung et al., 2011). Therefore, Drosophila ISC is an excellent model
for its mammalian counterpart to study the mechanisms under-
lying tumor formation, in which the roles of various cellular
damages during tumorigenesis can be studied in detail.

Here, we investigate the sensitivity of wildtype adult stem cells
and tumor cells to various cellular damages in adult Drosophila.
Interestingly, we find that wildtype adult stem cells are resistant to
cellular damages, while tumor cells are very sensitive to these da-
mages. Moreover, in contrast to its pro-survival function, induction
of autophagy results in the suppression of tumorigenesis, and the
suppression of tumorigenesis by autophagy is not mediated by
caspase-dependent apoptosis. Importantly, we find that mitochon-
dria, the energy source for cell proliferation and growth, play a key
role in the mechanism of inhibition of tumorigenesis by autophagy.
2. Materials and methods

2.1. Fly lines and husbandry

Flies were maintained on standard media at 25 ºC. 2–3 days old
flies were selected and transferred to 29 ºC, unless otherwise
specified. Flies were transferred to new vials with fresh food every
day and dissected at specific time points as indicated. In all ex-
periments, only female posterior midguts were analyzed. In-
formation about alleles and transgenes used in this study can be
found either in FlyBase or as noted: UAS-Rafgof (Brand and Perri-
mon, 1994), UAS-Atg1 (gift from T. Neufeld) (Scott et al., 2007),
UAS-Rpr (gift from Z. Wang), UAS-Hid (gift from Y. Cai), UAS-p53,
UAS-GFP-Atg8 (gift from T. Neufeld) (Juhász et al., 2008), FRT19A-N
264-39 (Slizynska, 1938), FRT82B-DlRevF10, SerRX82 (Heitzler and
Simpson, 1991), esgGal4, UAS-GFP, tubGal80ts (esgts) (Micchelli and
Perrimon, 2006), esgGal4, UAS-RFP;tubGal80ts, UAS-p35 (BL5073),
UAS-mito-GFP (BL8442), mito-YFP (BL7194), UAS-ND75RNAi

(BL33911, HMS00854), UAS-wRNAi (BL33613, HMS00004) (from
TRiP at Harvard Medical School)(Ni et al., 2011), UAS-Srl (gift from
F. Christian)(Tiefenböck et al., 2009). Other stocks used include:
hsFlp; Act-FRT4Y4FRT-Gal4 (Y: yellow), UAS-mRFP, hsFlp; Act-
FRT4Y4FRT-Gal4, UAS-nlsGFP (Ito et al., 1997), UAS-Atg5RNAi

(HMS01244, BL34899 and JF02703, BL27551).

2.2. Immunostainings and fluorescence microscopy

For standard immunostainings, intestines were dissected in
1� PBS (10 mM NaH2PO4/Na2HPO4, 175 mM NaCl, pH7.4), and
fixed in 4% paraformaldehyde for 25 min at room temperature.
Samples were washed with 1� PBT (0.1% Triton X-100 in 1� PBS)
and blocked in 3% BSA in 1� PBT for 45 min. Primary antibodies
were added to the samples and incubated at 4 °C overnight. The
following primary antibodies were used: mouse mAb anti-Dl
(C594.9B, 1:50, developed by S. Artavanis-Tsakonas, DSHB), mouse
mAb anti-Prospero (MR1A, 1:100, developed by Chris Doe, DSHB),
mouse anti-Cytochrome C (1:25, BD Biosciences), rabbit anti-pH3
(pSer10, Millipore, 1:2000), rabbit anti-GM130 (Abcam, 1:200),
rabbit anti-Cova (this study, 1:100). Primary antibodies were de-
tected using fluorescent-conjugated secondary antibodies from
Jackson ImmunoResearch Laboratories. Secondary antibodies were
incubated for 2 h at room temperature. DAPI (Sigma-Aldrich;
0.1 μg/ml) was added after secondary antibody stainings. The
samples were mounted in mounting medium (70% glycerol con-
taining 2.5% DABCO). All images were captured using a Zeiss in-
verted confocal microscope and were processed in Adobe Photo-
shop and Illustrator.

2.3. Mosaic analyses

ISC clones were induced using MARCM system (Lee and Luo,
2001) by heat shocking 3–5 day-old adult flies at 37 °C for 60 min.
Flies were maintained at 25 °C and transferred to new vials with
fresh food every day. The sizes of the marked clones were assayed
at 6 days after clone induction (6D ACI, clones from 5–10 midguts
for each genotype were assayed). For AY-Gal4-mediated ectopic
expression or RNAi knockdown (Act5C-FRT4Y4FRT-Gal4, UAS-
mRFP or UAS-nlsGFP), adult flies with proper genotypes were heat-
shocked for 1 h at 37 °C. Adult flies were reared at room-tem-
perature and dissected at the time points indicated in the text
after clone induction.

2.4. Starvation

Flies were cultured in vials with a disc of filter paper soaked
with 5% sucrose at room temperature, and transferred to new vials
with filter paper disc supplemented with 5% sucrose. Flies were
starved for 3 days before analysis.

2.5. Oligomycin feeding

Oligomycin (Sigma-Aldrich) was dissolved in 100% DMSO at a
concentration of 1 mg/ml and stored at �20 °C. Oligomycin was
added at a final concentration of 10 μg/ml to the surface of the
food. Flies were transferred to fresh vials with drugs supple-
mented every day. Flies were fed on the food with drug for 3 days
before being analyzed.

2.6. Cell death detection (TUNEL assay)

Intestines were dissected in 1� PBS and fixed in 4% paraf-
ormaldehyde for 25 min at room temperature. Samples were wa-
shed with 1� PBT for 5 min. Cell death was detected by using In
Situ Cell Death Detection Kit TMR Red (Roche) according to
manufacturer's instruction.
3. Data analysis

The number of intestines scored is indicated in the text. The
number of esgþ cells was determined in at least five different guts.
To determine the number of esgþ cells, confocal images from the
posterior midgut were acquired using 40� lens/1.0 zoom. The
relative number of esgþ cells was determined using Image-Pro
Plus software from each confocal image. Image-Pro-Plus software



Fig. 1. Tumor cells are more sensitive than wildtype progenitors to apoptosis in the adult Drosophila midgut. (A) Progenitors detected using esgGal4, UAS-GFP (green) in
control midguts at 29 °C for 3 days (white arrowheads). (B) No obvious defects are observed in esgts4Rpr intestines at 29 ºC for 3 days (white arrowheads). (C) Progenitors
(green) in control midguts at 29 °C for 7 days (white arrowheads). (D) No obvious defects are observed in esgts4Rpr intestines at 29 °C for 7 days (white arrowheads).
(E) Progenitors (green) in control midguts at 29 °C for 20 days (white arrowheads). Note that some large cells with GFP signal can be observed. (F) The number of esgþ cells
is significantly reduced in esgts4Rpr intestines at 29 °C for 20 days (white arrowheads). Note that the morphology of the remaining esgþ cells is aberrant. (G) Quantification
of the relative number of esgþ cells in the intestines of different genotypes at the indicated time points. n¼ 10–15 intestines. Mean 7 SD is shown. **po0.001. (H) Intestinal
tumors in esgts4Rafgof intestines at 29 °C for 3 days (white arrowheads). (I) Tumor formation observed in esgts4Rafgof intestines is completely inhibited by co-expression of
Rpr, and almost all esgþ cells are eliminated (white arrowhead). (J) Intestinal tumors in esgts4Rafgof intestines at 29 °C for 7 days (white arrowheads). Note that the
intestines are deformed and tumor cells invade into the gut lumen. (K) All esgþ cells are eliminated in esgts4Rpr, Rafgof intestines at 29 °C for 7 days. (L) Quantification of
relative number of esgþ cells in the intestines of different genotypes at 29 °C for 3 and 7 days, respectively. Note that because esgts4Rafgof intestines are highly deformed
due to the formation of tumors, it is very difficult to accurately count the number of esgþ cells in these intestines. n¼10–15 intestines. Mean 7 SD is shown. **po0.001.
(M) Quantification of pH3 staining per gut in the intestines of different genotypes at 29 °C for 3 and 7 days, respectively. n¼10–15 intestines. Mean 7 SD is shown.
**po0.001. Blue indicates DAPI staining for DNA. Scale bars: 20 μm.
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Fig. 2. Tumorigenesis caused by Rafgof can be effectively inhibited by induction of autophagy in the Drosophila adult midgut. (A) Wildtype progenitors expressing esgGal4,
UAS-GFP (green) in midguts at 29 ºC for 3 days (white arrowheads). (B) No obvious defects are observed in esgts4Atg1 intestines (white arrowheads). (C) Intestinal tumors in
esgts4Rafgof intestines at 29 °C for 3 days (white arrowheads). (D) Tumor formation in esgts4Rafgof intestines is significantly inhibited by co-expressing Atg1 (white
arrowheads). (E) Quantification of the number of esgþ cells in the intestines of different genotypes. Note that because esgts4Rafgof intestines are highly deformed due to the
formation of tumors, it is very difficult to accurately count the number of esgþ cells in these intestines. n¼10–15 intestines. Mean 7 SD is shown. **po0.001.
(F) Quantification of pH3 staining per gut in the intestines of different genotypes. n¼10–15 intestines. Mean 7 SD is shown. **po0.001. Blue indicates DAPI staining for
DNA. Scale bars: 20 μm.
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was used for the intensity of Mito-GFP fluorescence quantification.
IOD (integrated optical density) value per esgþ cell (IOD/esgþ)
was used. At least 4 different images were analyzed for each
sample. Statistical analysis was done using the Student’s t-test.
PEMS 3.1 software was used for SD analyses and Sigma plot soft-
ware for graph generation. The graphs were further modified
using Adobe Photoshop and Illustrator.
4. Results

4.1. Wildtype progenitors, but not tumor cells, are resistant to
apoptosis in the adult Drosophila midgut

To examine the effect of cellular damage on wildtype stem
cells, we induced cell death effectors in gut progenitors (ISCs and
EBs), using esgGal4 and the temperature-sensitive Gal4 repressor,
tubGal80ts (esgts)(Micchelli and Perrimon, 2006). Expression of the
apoptotic factors, Reaper (Rpr), Hid (inhibitors of Drosophila In-
hibitor of Apoptosis-1, DIAP-1), and Drosophila p53, in ISCs re-
vealed that wildtype progenitors are resistant to apoptosis
(Fig. 1A–G and data not shown). No obvious defects were observed
in progenitors expressing the apoptotic factors for 3 and 7 days
(Fig. 1A–D). Consistent with the role of Rpr in apoptosis, cell death
(by TUNEL assay) could be observed in some esgþ cells after in-
duction of Rpr for 7 days (Fig. S1). However, at 20 days of apoptosis
induction, we observed a significant reduction in the number of
esgþ progenitors, with the remaining cells showing aberrant cell
morphology (Fig. 1E–G). These data are consistent with previous
reports that wildtype progenitors are difficult to be ablated (Jiang
et al., 2009; Lu and Li, 2015).

Next, we examined how tumor cells derived from ISCs re-
spond to apoptosis. Ectopic activation of EGFR signaling in ISCs,
following the expression of a constitutively active form of Raf
(Rafgof), results in the formation of heterogeneous tumors
(Fig. 1H) (Brand and Perrimon, 1994; Jiang et al., 2011; Markstein
et al., 2014), reminiscent of the observation that ectopic activa-
tion of EGFR signaling is associated with human colorectal car-
cinoma (CRC) (Radtke and Clevers, 2005). Strikingly, when Rpr
and Rafgof were co-expressed after 3 days of co-induction, not
only the formation of Rafgof tumors was completely suppressed,
but also, as no esgþ cells remained, Rafgof expressing ISC cells
were almost completely ablated (Fig. 1H, I, and L). After 7 days of
Rpr and Rafgof co-induction, esgþ cells were completely ablated
from the whole intestines (Fig. 1J–L). Consistently, no pH3 posi-
tive cells were observed compared to esgts4Rafgof (Fig. 1M). A
time course analysis from 0 to 3 days was performed to de-
termine how apoptosis suppresses tumor growth. A transient
increase of ISC number, together with an increase of pH3 positive
cells, was detected in esgts4Rpr; Rafgof intestines at day 1. Most of
the esgþ cells expressing Rpr and Rafgof were morphologically
abnormal and some cell debris were observed at the 2nd day,
while only some cell debris were observed at the 3rd day (Fig.
S2). These data demonstrate that, unlike wildtype ISCs, Rafgof ISCs
and their progenies are very sensitive to apoptosis.
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4.2. Rafgof tumors are sensitive to autophagy induction in the Dro-
sophila adult midgut

We further examined how wildtype progenitors and tumor
cells respond to another kind of cellular damage, autophagy. Au-
tophagy is a conserved catabolic cellular process in which bulk
cytosol, protein aggregates, and organelles are sequestered and
degraded in lysosomes (He and Klionsky, 2009; Mizushima et al.,
2008). Autophagy is upregulated under stress conditions such as
nutrient deprivation, hypoxia, heat, and drug treatment (Kondo
et al., 2005; Levine, 2007). Previous studies have demonstrated
that induction of the Ser/Thr kinase Atg1 can induce the formation
of autophagosomes (He and Klionsky, 2009; Scott et al., 2007).
Thus, we tested whether overexpression of Atg1 in the intestines
could induce the formation of cytoplasmic vesicles containing
GFP-Atg8/LC3, a hallmark of autophagosome (Juhász et al., 2008;
Scott et al., 2007)(Fig. S3). GFP-Atg8-positive vesicles were barely
observed when GFP-Atg8 was expressed alone, either using the
FLP-out system (AY) or esgGal4 (Fig. S3A, D, and data not shown).
However, GFP-Atg8-positive vesicles were readily detectable when
Atg1 and GFP-Atg8 were co-expressed (Fig. S3B–D), demonstrating
that overexpression of Atg1 in ISCs induces autophagy.

We did not detect any obvious defects in progenitor identity
progeny differentiation when Atg1 was overexpressed in wildtype
ISCs at 7 days, indicating that wildtype progenitors are also re-
sistant to autophagy induction (Fig. 2A, B, Fig. S2, 4 and data not
shown). Previous studies have found that both positive and ne-
gative effects of autophagy are implicated in tumorigenesis, mak-
ing the contribution of autophagy to tumorigenesis controversial
(Levine and Kroemer, 2008; Liang et al., 1999; Roy and Debnath,
2010). In contrast to its role as a tumor suppressor (Levine and
Kroemer, 2008; Liang et al., 1999; Roy and Debnath, 2010), no
obvious defects were found when autophagy was inhibited in the
intestines (Fig. S6 and data not shown). Next, we examined the
induction of autophagy during gut tumor formation. Surprisingly,
the formation of Rafgof tumors was drastically suppressed when
Atg1 was co-expressed in ISCs (Fig. 2A–D). The number of esgþ
cells in esgts4 Atg1, Rafgof intestines was dramatically reduced
compared to that of esgts4Rafgof (Fig. 2D and E). Consistently, the
number of pH3 positive cells was also significantly reduced com-
pared to esgts4Rafgof intestines (Fig. 2F). A time course analysis
from 0 to 3 days was performed to determine how autophagy
suppresses tumor growth, revealing that Rafgof tumors were
steadily suppressed by Atg1 co-induction (Fig. S2). Altogether,
these data indicate that intestinal Rafgof tumors are sensitive to
autophagy induction.

4.3. Rafgof tumors are susceptible to autophagy induction in the
Drosophila Malpighian tubules

To extend these observations to a different tissue, we expressed
Rafgof in renal stem cells (RNSCs) of the Malpighian tubules, an
organ analogous to mammalian kidney. As expression of Rafgof in
RNSCs also leads to the formation of large heterogeneous tumors
(Fig. S5) (Li et al., 2015), we co-expressed Rafgof and Atg1 in RNSCs
using the FLP-out system (AY). Consistent with the results in the
intestines, induction of Atg1 in these Rafgof renal tumors could
almost completely suppress tumor formation (Fig. S5A–D).

Autophagy is negatively regulated by the nutrient sensor
mammalian target of rapamycin (mTOR) (He and Klionsky, 2009).
Thus, when mTOR is inhibited, autophagy is induced in response
to nutrient deprivation. Consistent with the results observed with
Atg1 overexpression, starvation could significantly inhibit the
formation of renal tumors, albeit to a lesser extent (Fig. S5E). A
similar result was observed in the intestines when flies were
starved (data not shown). These results are also consistent with a
previous study showing that feeding flies with rapamycin could
significantly inhibit intestinal Rafgof tumors (Markstein et al.,
2014). Collectively, these data indicate that Rafgof tumors are sen-
sitive to autophagy induction.

To further demonstrate that the suppression of Rafgof tumors in
the presence of Atg1 expression is mediated by autophagy, we
depleted essential components required for the formation of au-
tophagosomes. Depletion of essential components required for the
formation of autophagosomes (such as Atg5) could significantly
relieve the suppression of tumor formation associated with Atg1
expression (Fig. S6 and data not shown), which is consistent with
autophagy induction suppressing tumorigenesis associated with
Rafgof expression.

4.4. Notch-signaling-deficient progenitor tumors are also sensitive to
autophagy induction in the adult Drosophila midgut

To determine whether the observed sensitivity of tumorigen-
esis to autophagy is tumor type specific or general, we generated
tumors in the gut by perturbing the activity of the Notch signaling
pathway. Notch signaling is not only required for ISC proliferation
but also for progeny differentiation (Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006). Loss of the Notch receptor leads to
the formation of ISC-like tumors (Fig. 3A and B). When Atg1 was
induced in Notch mutant clones, the formation of ISC-like tumors
was dramatically suppressed (Fig. 3C, D, and G). Furthermore, loss
of Delta (Dl) function, the ligand for Notch, also results in the
formation of heterogeneous tumors (Fig. 3E), and the formation of
these heterogeneous tumors was almost completely inhibited by
Atg1 over-expression (Fig. 3F and G). These data demonstrate that
tumors resulting from defective Notch signaling are also sensitive
to autophagy induction, indicating that the tumor sensitivity to
autophagy is not pathway specific.

4.5. The tumor suppression capacity of autophagy is not mediated by
caspase-dependent apoptosis

Previous studies have shown that induction of autophagy in
certain tissues could induce apoptosis, thereby elimination of the
cells (Berry and Baehrecke, 2007; Gorski et al., 2003; Lee and
Baehrecke, 2001; Nezis et al., 2009; Scott et al., 2007). Thus, we
examined whether apoptosis plays a role in autophagy-mediated
suppression of tumorigenesis. Apoptosis is executed by caspases,
which can be inhibited by the expression of anti-apoptotic p35
(Hay et al., 1994). To our surprise, no rescue of autophagy-medi-
ated suppression of intestinal Rafgof tumors was observed in the
presence of ectopic p35 expression, in terms of the number of
esgþ cells and pH3-positive cells (Fig. 4). Consistently, no cell
death (by TUNEL assay) was observed in Atg1 expressing cells (Fig.
S7). These data indicate that caspase-dependent apoptosis is not
involved in the suppression of autophagy-mediated suppression of
tumorigenesis.

4.6. Autophagy-mediated suppression of tumorigenesis is associated
with down-regulation of mitochondria

Autophagy is a conserved catabolic process in which bulk cy-
tosol, protein aggregates, and organelles are sequestered and de-
graded in the lysosome (He and Klionsky, 2009; Mizushima et al.,
2008). Interestingly, while autophagosomes were barely observed
in Rafgof tumors, large autophagosomes were present in Atg1, Rafgof

-expressing cells. These autophagosomes were larger than those in
Atg1-expressing cells alone, indicating that an active autophagy
process occurred in the tumor cells (Fig. S3E). Previous studies
have demonstrated that mitochondria play important roles in
energy production, cell proliferation/differentiation, and signaling



Fig. 3. Tumor formation in the absence of Notch signaling can be effectively inhibited by induction of autophagy in the adult Drosophila midgut. (A) ISC MARCM clones
(green) in FRT control 6 days after clone induction (6D ACI) (white arrowheads). (B) Progenitor tumors (green) are formed in N264-39 ISC clones (6D ACI) (white arrowheads).
(C). ISC MARCM clones (green) expressing Atg1 (6D ACI) (white arrowheads). (D) Progenitor tumors observed in N264-39 ISC clones are significantly inhibited by co-expression
of Atg1 (white arrowheads). (E) Progenitor tumors (green) are formed in DlRevF10 ISC clones (6D ACI) (white arrowhead). (F) Progenitor tumors observed in DlRevF10 ISC clones
are almost completely inhibited by co-expression of Atg1 (white arrowheads). (G) Quantification of relative size of ISC clones (cell/clone) in the intestines of different
genotypes. Note that both N264-39 and DlRevF10 ISC clones are highly deformed, making it difficult to accurately count the number of mutant cells. n¼5–10 intestines. Mean 7
SD is shown. **po0.001. Blue indicates DAPI staining for DNA. Scale bars: 20 μm.
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transduction (Kabekkodu et al., 2015; McBride et al., 2006; Pinto
et al., 2015; Wanet et al., 2015). Strikingly, mitochondria staining
was dramatically increased in Rafgof tumors, indicating that in-
crease of mitochondria in tumor cells may be involved in tumor
cell proliferation (Fig. 5A), Interestingly, mitochondria staining in
esgts4Atg1, Rafgof cells was drastically reduced compared with
those of Rafgof tumors (Fig. 5A). Consistently, the intensity of Mito-
GFP fluorescence (Mito-GFP IOD/esgþ) was significantly reduced
by induction of Atg1 expression compared with that of Rafgof tu-
mors (Fig. 5A). These data suggest that the reduction of mi-
tochondria in these tumors may be responsible for autophagy-
mediated tumor suppression. Further examination of the content
of these autophagosomes showed that these autophagosomes in-
deed contained mitochondria and Golgi apparatus as well (Fig. 5B
and Fig. S8).

As mitochondria produce ATP, the energy critical for many es-
sential cellular activities, including proliferation and differentia-
tion, we tested whether inhibition of ATP production could mimic
autophagy-mediated tumor suppression. Thus, we fed flies with
the ATP synthesis inhibitor, oligomycin, which strikingly inhibited
tumorigenesis (Fig. 5C). Of note for unknown reason, mitochondria
signals in esgþ cells in the oligomycin-fed Rafgof flies were reduced
(Fig. 5A and C). To further confirm the role of mitochondria activity
in tumorigenesis, we inhibited the ATP synthesis electron trans-
port by depleting ND75, a subunit of the complex I. Consistent
with the oligomycin result, inhibition of ND75 suppressed tu-
morigenesis associated with Rafgof expression. The number of
esgþ cells and ISCs undergoing mitosis were dramatically reduced
by ND75 depletion (Fig. 5D). Altogether, these data suggest that
reduction of mitochondria, and the reduction of ATP production as
a consequence, may be responsible for autophagy-mediated tumor
suppression.
Finally, we tested whether an increase in the number and ac-

tivity of mitochondria in these tumors could alleviate the tumor
suppression capacity of autophagy. Previous studies have shown
that ectopic expression of the Drosophila PGC-1 homolog Spargel
(Srl) increases mitochondria biogenesis and activity (Rera et al.,
2011; Tiefenböck et al., 2009). Strikingly, expression of Srl could
significantly alleviate the suppression of tumorigenesis by autop-
hagy, as the number of esgþ cells and ISCs undergoing mitosis
were significantly increased in the presence of Srl (Fig. 5E). Col-
lectively, these data demonstrate that autophagy-mediated sup-
pression of tumorigenesis is likely achieved, in part, through
down-regulation of mitochondria.
5. Discussion

Adult stem cells play an essential role in the maintenance of
tissue homeostasis. Environmental and cellular insults leading to
cellular injuries, like DNA damage, dramatically impact stem cell
functions and can lead to organ failure or cancer development
(Morrison and Spradling, 2008; Radtke and Clevers, 2005). Yet
little is known about the mechanisms by which adult stem cells
respond to such cellular damages and resume normal cellular
functions. Our data demonstrate that wildtype progenitors, unlike
tumor cells, are resistant to cellular damages, like apoptosis and
autophagy. It will be interesting to study the mechanism
(s) underlying this difference in sensitivity to damage.

We find that tumor cells clearly show different sensitivities to
apoptosis and autophagy: apoptosis induction can completely
eliminate all tumor cells in a short period of time, while inducing



Fig. 4. Atg1-mediated suppression of Rafgof tumor formation does not rely on caspase-dependent apoptosis. (A) Progenitors in esgts4p35 midgut at 29 °C for 3 days (white
arrowheads). (B) No obvious effects are observed in intestines co-expressing Atg1 and p35 at 29 °C for 3 days (white arrowheads). (C) Intestinal tumors are formed in
esgts4Rafgof intestines at 29 °C for 3 days (white arrowheads). (D) ISCs in esgts4p35; Rafgof midgut at 29 °C for 3 days (white arrowheads). (E) Atg1-mediated suppression of
Rafgof tumor formation cannot be rescued by co-expression of p35 (white arrowheads). (F) Quantification of the number of esgþ cells in the intestines of different genotypes.
Note that because esgts4Rafgof intestines are highly deformed due to the formation of tumors, it is very difficult to accurately count the number of esgþ cells in these
intestines. n¼10–15 intestines. Mean 7 SD is shown. **po0.001. (G) Quantification of pH3 staining per gut in the intestines of different genotypes. n¼10–15 intestines.
Mean 7 SD is shown. **po0.001. Blue indicates DAPI staining for DNA. Scale bars: 20 μm.
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autophagy in tumors can only significantly inhibit tumorigenesis,
but cannot completely ablate tumor cells (Figs. 1–3). Previous
studies have shown that high levels of autophagy in certain dying
cells during metamorphosis and oogenesis in Drosophila act in
concert with the apoptotic machinery to promote cell elimination,
and ectopic induction of autophagy has been found to lead to
apoptotic cell death (Berry and Baehrecke, 2007; Gorski et al.,
2003; Lee and Baehrecke, 2001; Nezis et al., 2009; Scott et al.,
2007). However, we find that autophagy-mediated tumor sup-
pression in Rafgof gut tumors does not act through caspase-de-
pendent apoptosis: (1) apoptosis induction can rapidly eliminate
all tumor cells, while autophagy induction only suppresses tumor
formation, but not elimination of esgþ cells, and significant
amount of esgþ cells can still be observed in esgts4Atg1, Rafgof

intestines after 7 days (Figs. 1, 2, Fig. S2, and data not shown); and
(2) no cell death (by TUNEL assay) was observed when Atg1 was
induced, and ectopic expression of the caspase inhibitor p35 could
not rescue autophagy-mediated suppression of tumorigenesis (Fig.
S7 and Fig. 4). These data indicate that different downstream ef-
fectors are used in apoptosis- and autophagy-mediated tumor-
igenesis suppression, respectively.

Self-digestion of subcellular components through autophagy
provides an energy and nutrient source allowing temporary sur-
vival of starvation. Autophagy has been implicated in many de-
velopmental and disease contexts in multicellular organisms, in-
cluding cancer, although the contribution of autophagy to tumor-
igenesis remains controversial (Chang and Neufeld, 2010; He and
Klionsky, 2009; Klionsky and Emr, 2000; Levine, 2007; Meijer and
Codogno, 2006; Mizushima et al., 2008; Roy and Debnath, 2010;
Zirin and Perrimon, 2010). We examined the response of tumor
cells to autophagy in vivo, and provide evidence that autophagy
suppresses tumorigenesis likely through the sequestration and
degradation of mitochondria. As we found that not only mi-
tochondria but also some Golgi material is engulfed when autop-
hagy is induced, mitochondria are only parts of the subcellular
components engulfed by autophagosomes (Fig. 5 and Fig. S8), in-
dicating that the elimination of mitochondria we observe does not
correspond to the specialized process of eliminating dysfunctional
mitochondria through autophagy, termed mitophagy (He and
Klionsky, 2009; Kim et al., 2007; Mizushima et al., 2008).

Previously, JNK signaling has been shown to protect flies during
bacterial infection-induced ROS/oxidative stress by stimulating the
expression of several Atg genes (Tang et al., 2013; Wu et al., 2009).
However, the induction of Atg genes was found to be transient,
reaching peak levels at 4–6 h after ROS induction, followed by a
dramatic reduction 8 h after bacterial infection (Tang et al., 2013;
Wu et al., 2009). Consistent with our observations that autophagy
suppresses tumorigenesis, Atg1 overexpression effectively blocked
JNK activation and ISC proliferation under oxidative stress condi-
tions (Tang et al., 2013).

In human, CRC is the second leading cause of cancer mortality
in the western world (Radtke and Clevers, 2005). Oncological
studies of a genetic model for CRC have established that CRC de-
velopment involves multiple steps and that activation of receptor
tyrosine kinases, particularly EGFR signaling, is an early event in
the development of colon adenomas (Calcagno et al., 2008; Wal-
ther et al., 2009). Similar to the observations in mammals, ectopic
activation of EGFR signaling in Drosophila ISCs by expressing Rafgof

results in the formation of heterogeneous tumors, which provide
an excellent model to study the role of cellular damages, like
apoptosis and autophagy, in tumorigenesis in vivo (Markstein
et al., 2014). Our genetic analyses demonstrate that tumor cells,



Fig. 5. Mitochondria affect Atg1-mediated inhibition of Rafgof tumors. (A) Mitochondria (green, mito-GFP) stainings in Rafgof tumors (esgts4mRFP) are greatly increased, but are
significantly reduced by induction of autophagy (compare the 2nd and 4th panels) (white arrowheads). The intensity of Mito-GFP fluorescence (Mito-GFP IOD/esgþ) is also greatly
reduced by induction of autophagy. (B) Mitochondria (Cyto-C, yellow) are present within autophagosomes (green, labeled with GFP-Atg8) (white arrowheads). (C) Rafgof tumors
(green) can be inhibited by feeding oligomycin (white arrowheads). Note that, for an unknown reason, mitochondria staining (by mito-YFP, red) is greatly reduced in cells
expressing Rafgof after oligomycin feeding (compare the 2nd panel and 4th panels, yellow arrowheads). (D) Knockdown of ND75 greatly inhibits Rafgof tumor formation (white
arrowheads). Quantification of pH3 numbers per gut in the intestines with different genotypes. n¼10–15 intestines. Mean 7 SD is shown. **po0.001. (E) Increasing mitochondrial
biogenesis and activity can rescue Atg1-mediated inhibition of Rafgof tumors (white arrowheads, compare with the 2nd panel in D). Quantification of pH3 staining per gut in the
intestines of different genotypes. n¼10–15 intestines. Mean 7 SD is shown. **po0.001. Blue indicates DAPI staining for DNA. Scale bars: 5 μm (A) and 10 μm (B–E).
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but not wildtype progenitors, are very sensitive to apoptosis and
autophagy. Based on the conservation of Drosophila and mam-
malian ISCs, our data suggest that induction of apoptosis and au-
tophagy may provide a promising avenue for the clinical treatment
of patients with tumors, like CRC.

In summary, our data demonstrate that unlike wildtype pro-
genitors, tumor cells are very sensitive to apoptosis and autophagy
induction in vivo, and that autophagy-mediated tumorigenesis
suppression involves the engulfment of mitochondria. Therefore,
based on the conservation of Drosophila and mammalian in-
testines, manipulation of apoptosis, autophagy levels and mi-
tochondria activity may have significant outcomes on cancer
therapy.
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