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Introduction
During adult life of multicellular organisms, many organs  
depend on resident stem cells to maintain tissue integrity by  
replacing damaged cells, yet the regulatory mechanisms that 
coordinate stem cell proliferation, self-renewal, and differentia-
tion are still not fully understood. Drosophila melanogaster 
adult midgut has emerged as a powerful system to study stem 
cell biology in adult tissue homeostasis and regeneration, be-
cause of its relatively simple and well characterized cell lineage, 
similarities to the mammalian intestines, and ease of genetic 
manipulation of gene activity in this system (Biteau et al., 2011; 
Jiang and Edgar, 2012).

Drosophila posterior midgut contains self-renewing  
intestine stem cells (ISCs) located adjacent to the basement mem-
brane of the midgut epithelium (Micchelli and Perrimon, 2006;  
Ohlstein and Spradling, 2006). ISCs undergo asymmetric cell  
division to produce renewed ISCs and enteroblasts (EBs), which is  
controlled by the Par/aPKC/integrin-directed apical–basal cell 
division and differential BMP signaling that promote asymmet-
ric N signaling essential for the differentiation of ISC daughters  

into EBs (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 
2006; Goulas et al., 2012; Tian and Jiang, 2014). EBs exit cell 
cycle and differentiate into either absorptive enterocytes (ECs) 
or secretory enteroendocrine cells (EEs), depending on the lev-
els of N activity (Ohlstein and Spradling, 2007; Perdigoto et al., 
2011; Kapuria et al., 2012). A recent study suggested that EEs 
are directly derived from ISCs, a process that is controlled by 
the Slit–Robo signaling pathway (Biteau and Jasper, 2014).

Drosophila midguts undergo slow turnover under normal 
homeostasis but can mount regenerate programs in response 
to tissue damage to accelerate stem cell proliferation and dif-
ferentiation (Amcheslavsky et al., 2009; Jiang et al., 2009). sev-
eral signaling pathways, including insulin, JNK, JAK–STAT, 
EGFR, Wg–Wnt, BMP, Hpo, and Bursicon–DLGR2, have been 
implicated in the regulation of ISC proliferation during mid-
gut homeostasis and regeneration (Amcheslavsky et al., 2009, 
2011; Buchon et al., 2009a; Jiang et al., 2009; Lee et al., 2009; 
Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 2010; 
Staley and Irvine, 2010; Biteau and Jasper, 2011; Jiang et al., 2011; 
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mutations drove ISC proliferation noncell autonomously. 
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in EBs to regulate the production of Upd2, which acti-
vated the JAK–STAT pathway to promote ISC prolifer-
ation. Furthermore, we show that Hh signaling is stimulated 
by DSS through the JNK pathway and that inhibition of 
Hh signaling in EBs prevented DSS-stimulated ISC pro-
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STAT signaling axis in the regulation of regenerative 
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repressible cell marker (MARCM) system (Lee and Luo, 2001). 
Two ptc alleles, ptcIIW (a null allele) and ptcS2 (a strong allele), 
and smo3 (a null allele) were used. After clone induction, adult 
flies were cultured at 18°C for certain periods of time before 
midguts were dissected for immunostaining. 10 d after clone 
induction (ACI), the majority of the control ISC lineage clones 
in the posterior region of midguts contained three to five cells 
whereas the majority of ptc mutant ISC lineage clones con-
tained more than five cells (Fig. 1, A–C and E). Of note, we 
only included ISC lineage clones in the posterior region of mid-
guts for quantification because of the regional difference in ISC 
proliferation rate (Buchon et al., 2013; Marianes and Spradling, 
2013). The observed increase in clone size suggests that ptc  
mutant clones proliferated faster than the control clones, a notion 
that was confirmed by examining the mitotic index in midguts 
carrying ptc mutant clones or in which ptc was inactivated by 
RNAi (see results in Fig. 3).

In Drosophila Hh signaling pathway, the kinesin-like 
protein Costal2 (Cos2) inhibits Hh signaling by promoting the 
phosphorylation and proteolytic processing of Ci into a trun-
cated repressor form and by sequestering the full-length Ci 
in the cytoplasm; as a consequence, loss of Cos2 leads to Hh 
pathway activation similar to loss of Ptc (Wang et al., 2000; 
Zhang et al., 2005). We found that ISC lineage clones homo-
zygous for a strong allele of cos2 (cos22) also exhibited increased 
clone size compared with the control clones (Fig. 1, D and E), 
lending further support to the notion that ectopic Hh pathway 
activation drives excessive ISC proliferation. Immunostaining 
with markers for differentiated cells indicated that ptc or cos2 
mutant ISC lineage clones contained Pdm1+ (an EC-specific 
marker) and Pros+ (an EE-specific marker) cells (Fig. S1), sug-
gesting that ectopic Hh pathway activation promotes the pro-
liferation of ISCs but does not prevent their differentiation into 
mature cells.

We also compared the size of smo mutant clones with that 
of control clones at 10 or 20 d ACI and found no significant dif-
ference between them (Fig. 1, F–K). Collectively, these results 
suggest that basal Hh signaling activity is not required in ISCs 
to maintain their homeostatic proliferation but elevated Hh 
pathway activity, as seen in ptc or cos2 mutant clones, leads to 
excessive ISC proliferation.

Hh signaling activity is required for 
regenerative ISC proliferation
We next examined whether Hh pathway activity is required for 
regenerative proliferation of ISC in response to tissue damage. 
To block Hh signaling in midgut precursor cells, we knocked 
down Smo or Ci by expressing UAS-SmoRNAi or UAS-CiRNAi 
using the esg-Gal4 tub-Gal80ts (esgts) system in 2- to 3-d-old 
adult females for 8 d. A UAS-GFP transgene was coexpressed 
with the RNAi transgenes to mark the precursor cells. Both 
control and RNAi flies were fed with tissue-damaging reagents 
such as DSS and bleomycin for one day, followed by immuno-
staining with an antibody against phospho-histone 3 (PH3) to 
examine ISC proliferation. In line with our previous findings 
(Amcheslavsky et al., 2009; Ren et al., 2010, 2013), feeding 
control guts (esgts>GFP) with DSS or bleomycin resulted in 

Xu et al., 2011; Cordero et al., 2012; Guo et al., 2013; Li et al., 
2013; Zhou et al., 2013; Scopelliti et al., 2014; Tian and Jiang, 
2014). However, how these pathways are regulated in response 
to tissue damaging and how they are integrated to control stem 
cell proliferation and differentiation are still poorly understood. 
Furthermore, it is likely that additional pathways are involved in 
the regulation of adult midgut homeostasis and regeneration.

Hedgehog (Hh) signaling pathway is one of the major de-
velopmental pathways conserved from Drosophila to mammals 
(Jiang and Hui, 2008; Briscoe and Thérond, 2013). Hh signal-
ing also plays important roles in the regulation of adult tissue 
homeostasis and repair in mammals, and its deregulation has 
been implicated in several types of human cancers (Taipale and 
Beachy, 2001; Jiang and Hui, 2008; Petrova and Joyner, 2014). 
However, the mechanism by which Hh signaling is regulated in  
response to injury, the precise locations where Hh signaling 
acts, and the downstream effectors that mediate the biological 
function of Hh signaling have remained largely unexplored. 
Here, we attempted to address these important questions using 
Drosophila adult midguts as a model system.

Hh exerts its biological function via a conserved signaling 
cascade (Jiang and Hui, 2008; Briscoe and Thérond, 2013). 
Binding of Hh to its receptor Patched (Ptc) releases the inhibi-
tion on the G protein–couple receptor–like seven-transmembrane 
protein and signal transducer Smoothened (Smo). Activated 
Smo initiates an intracellular signaling cascade that culminates 
at the activation of the transcription factor Cubitus interruptus 
(Ci)/Gli. To explore the role of Hh signaling in Drosophila 
adult midgut homeostasis and regeneration, we used clonal 
analysis of mutations affecting Hh pathway components including 
ptc and smo, as well as tissue-specific RNAi and transgenic 
overexpression, to alter Hh signaling activity in adult midguts 
and examined the consequence on normal homeostasis and  
tissue damage–induced gut regeneration. We found that ptc  
mutant ISC lineage clones over-proliferated compared with the 
control clones, whereas smo mutant clones proliferated nor-
mally under homeostatic conditions, and that both ptc and smo 
mutant clones differentiated into mature ECs and EEs. Although 
basal levels of Hh pathway activity in precursor cells did not 
play a significant role in homeostatic ISC proliferation, Hh sig-
naling was stimulated in response to DSS-induced tissue dam-
age to support regenerative ISC proliferation. Mechanistically, 
we showed that Hh signaling acted in EBs to promote ISC pro-
liferation by regulating the production of Upd2, which in turn 
activated the JAK–STAT pathway in ISCs to drive stem cell 
proliferation. Furthermore, we found that JNK pathway is re-
quired for damage-induced Hh pathway activation.

Results
Ptc restricts ISC proliferation  
in adult midguts
As an initial step to investigate whether Hh signaling plays  
a role in Drosophila adult midgut homeostasis, we generated 
GFP-labeled homozygous clones for ptc or smo mutations in  
3- to 5-d-old adult females using the mosaic analysis with a  

http://dx.doi.org/10.1083/jcb.201409025.dv
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29°C (Jiang et al., 2009). Feeding adult flies with DSS induced 
a rapid turnover of midgut epithelia, as shown by the newly 
formed ECs (GFP+ Pdm1+) and EEs (GFP+ Pros+) as well as 
more EBs (GFP+LacZ+) 1 d after treatment (Fig. 2, L, N, and S).  
In contrast, mock-treated guts mostly contained GFP+ precursor 
cells at this stage (Fig. 2, K, M, and S). DSS-induced ISC pro-
liferation and epithelial turnover were blocked by inactivation 
of Hh signaling because rare GFP+ ECs or EEs and reduced 
number of EBs (GFP+LacZ+) were found in midguts expressing 
esgF/O>SmoRNAi (Fig. 2, P, R, and S).

Hh signaling regulates ISC proliferation 
noncell autonomously
To further explore the role of Hh signaling in the regulation of 
regenerative ISC proliferation, we fed adult flies containing 
smo3 clones or control clones in midguts with DSS at 5 d ACI. 
Compared with mock treatment, control ISC lineage clones  
exhibited increased clone size after DSS treatment (Fig. 3,  
A–B and E). Surprisingly, smo3 lineage clones also exhibited 
increased clone size in response to DSS treatment compared with  
sucrose treatment (Fig. 3, C–E). Quantification of the clone size 
of many clones revealed no significant difference in the average 
clone size between smo3 and control clones either in the absence  
or presence of DSS treatment (Fig. 3 E). Staining with the PH3  
antibody revealed that midguts containing smo3 clones or 

elevated ISC proliferation, as indicated by an increase in the 
number of mitotic cells labeled by the PH3 antibody (Fig. 2, 
A–C and J). We found that DSS-induced ISC proliferation was 
nearly abolished by blocking Hh pathway activity in the pre-
cursor cells as esgts>SmoRNAi or esgts>CiRNAi midguts exhibited 
greatly reduced PH3+ cells compared with control guts (Fig. 2, 
D–E, G–H, and J). Bleomycin-induced ISC proliferation was 
also affected by Smo or Ci inactivation but to a lesser extent 
(Fig. 2, F, I, and J). Consistent with reduced ISC proliferation, 
both esgts>SmoRNAi and esgts>CiRNAi midguts contained reduced 
number of esg>GFP+ cells compared with the control guts after 
DSS treatment (Fig. 2, E and H, compared with Fig. 2 B).

In contrast to perturbation of Hh pathway in precursors, 
inactivation of Hh signaling in ECs by expressing UAS-SmoRNAi 
using EC-specific Gal4 driver Myo1A tub-Gal80ts (Myo1Ats) or 
in visceral muscle cells using visceral muscle–specific Gal4 
driver How tub-Gal80ts (Howts) did not affect either DSS- or 
bleomycin-induced ISC proliferation (unpublished data), sug-
gesting that Hh pathway activity is required in the precursor 
cells to support regenerative ISC proliferation in response to 
tissue damage.

To further explore the role of Hh signaling in midgut re-
generation, we used the esgtsF/O (esg-Gal4 tub-Gal80ts UAS-
GFP; UAS-flp Act>CD2>Gal4) system in which all cells in the 
ISC lineage were labeled by GFP after shifting temperature to 

Figure 1. Ptc restricts ISC proliferation in Drosophila adult midgut. (A–K) 3- to 5-d-old adult female flies were heat shocked at 37°C for 1 h to induce 
MACRM clones for control FRT chromosomes (A, A, F, F, I, and I), FRT42 ptcIIW (B and B), FRT42 ptcS2 (C and C), FRT42 cos22 (D and D), or FRT40 
smo3 chromosome (G, G, J, and J) and cultured at 18°C for 10 (A–H) or 20 d ACI (I–K). Midguts were immunostained for GFP (green) and DRAQ5 (blue) 
and clone size was quantified for each genotype (E, H, and K). Clones were marked by GFP and nuclei were marked by DRAQ5. Only ISC lineage clones 
in the posterior region of midguts were included for quantification. Bars, 50 µm. Data are mean ± SEM. n = 150. ***, P < 0.001. ns, not significant.
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repressor domain (CiN) in EBs (Su(H)ts>CiN) but not in ISCs 
(Dlts>CiN) increased the number of PH3+ cells (Fig. 3, O–S).

The observation that DSS stimulated the proliferation 
of ISCs in smo mutant clones but not in midguts expressing 
esgts>SmoRNAi also implied that Hh pathway activity is re-
quired in EBs but not in ISCs to support regenerative prolif-
eration. To determine where Hh pathway activity is required 
for regenerative proliferation of ISCs, we inactivated Smo in 
EBs (Su(H)ts>SmoRNAi) or ISCs (Dlts>SmoRNAi). We found that 
blocking Hh signaling in EBs but not in ISCs inhibited DSS-
induced ISC proliferation (Fig. 3, T–X; and not depicted), 
demonstrating that Hh signaling acts nonautonomously to 
regulate ISC proliferation during regeneration.

Hh signaling regulates the production of 
the JAK–STAT pathway ligand Upd2
To determine the mechanism by which Hh signaling nonauton-
omously regulates ISC proliferation, we sought to identify the 
secreted factors regulated by Hh signaling in EBs. It has been 
shown that ligands of the JAK–STAT and EGFR pathways are 
up-regulated in response to tissue damage (Jiang and Edgar, 
2009; Jiang et al., 2009; Ren et al., 2013; Zhou et al., 2013). 
Therefore, we used RT-qPCR to examine the expression of 
these ligands in midguts in which Hh signaling is activated in 
EBs. We found that the expression of the JAK–STAT pathway 
ligand Upd2 was significantly induced by overexpression of the 
active form of Ci (Su(H)ts>CiN) or knockdown of Ptc in EBs 
(Su(H)ts>PtcRNAi), whereas the expression of other JAK–STAT 
pathway ligands, including Upd and Upd3, as well as EGFR 

control clones exhibited a similar mitotic index both inside and 
outside the clones (Fig. 3, B, D, and F). These results suggest 
that Hh pathway activity is not required in ISCs to support  
regenerative proliferation and thus point to a noncell-autonomous  
role of Hh signaling in the regulation of ISC proliferation.

To further explore the noncell-autonomous role of Hh sig-
naling in the regulation of ISC proliferation, we examined PH3 
expression in adult midguts carrying ptc mutant clones. We ob-
served an increased number of PH3+ cells both within and out-
side ptc mutant clones (Fig. 3, G–I). Quantification of the PH3+ 
cells indicated that the majority of PH3+ cells were located out-
side the ptc mutant clones (Fig. 3 J). This noncell-autonomous 
effect suggests that ptc mutant cells may secrete a growth factor 
that acts in a paracrine fashion to stimulate ISC proliferation.

Hh signaling acts in EBs to promote  
ISC proliferation
To determine where Hh signaling acts to regulate ISC prolif-
eration, we depleted Ptc in different cell types of adult mid-
guts by expressing UAS-PtcRNAi using cell type–specific Gal4 
drivers. We found that knockdown of Ptc in ECs by expressing 
Myo1Ats>PtcRNAi or in ISCs by expressing Delta(Dl)-Gal4  
tub-Gal80ts/UAS-PtcRNAi (Dlts>PtcRNAi) failed to increase the 
number of PH3+ cells (Fig. 3 K). In contrast, knockdown of 
Ptc in EBs by expressing Su(H)-Gal4 tub-Gal80ts/UAS-PtcRNAi 
(Su(H)ts>PtcRNAi) increased the number of PH3+ cells (Fig. 3, 
L–N), suggesting that excessive Hh signaling in EBs promoted 
ISC proliferation. As a further support of this notion, we found 
that expression of an active form of Ci that lacks the N-terminal 

Figure 2. Hh signaling is required in precursor cells for injury-induced ISC proliferation and midgut regeneration. (A–I) 2- to 3-d-old adult females of esgts 
without (A–C) or with UAS-SmoRNAi (D–F) or UAS-CiRNAi (G–I) were shifted to 29°C for 8 d and then treated with Suc, DSS, and bleomycin for 1 d, followed 
by immunostaining for GFP and PH3. (J) Quantification of PH3+ cells in midguts from adults of the indicated genotypes. Three independent experiments 
were performed and 12 guts were examined for each sample. Error bars are standard deviations. **, P < 0.01. (K–R) 3- to 5-d-old adult females of esgF/O 
without (K–N) or with UAS-SmoRNAi (O–R) were shifted to 29°C for 8 d and treated with Suc or DSS for 1 d, followed by immunostaining for GFP and LacZ 
(K, L, O, and P) or GFP, Pdm1, and Pros (M, N, Q, and R). (S) Quantification of GFP+ or Su(H)-lacZ+ cells in midguts of the indicated genotypes treated 
with Suc or DSS for 1 d. n = 20 for each genotype. Error bars are standard deviations. **, P < 0.01. Bars, 50 µm.
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Figure 3. Hh signaling in EBs regulates ISC proliferation. (A–D) 3- to 5-d-old female adult flies were heat shocked at 37°C for 1 h to induce MARCM 
clones for FRT40 (A, A, B, and B) or FRT40 smo3 (C, C, D, and D) and cultured at 18°C. 5 d ACI, the flies were treated with Suc (A, A, C, and C) or 
DSS (B, B, D, and D) for 2 d, followed by immunostaining for GFP (green), PH3 (red), and DRAQ5 (blue). (E) Clone size was quantified for ISC lineage 
clones in the posterior region of the midguts. Data are mean ± SEM. n = 150. ***, P < 0.001. (F) PH3+ cells within or outside clones were counted 
for individual guts. Three independent experiments were performed and 10 guts were examined for each sample. Error bars are standard deviations.  
(G–J) 3- to 5-d-old female adult flies were heat shocked at 37°C for 1 h to induce control, ptcS2, or ptcIIW clones and cultured at 18°C for 10 d ACI. Midguts 
were immunostained for GFP (green), PH3 (red), and DRAQ5 (blue) and quantified for PH3+ cell numbers within or outside clones per gut. Three indepen-
dent experiments were performed and 10 guts were examined for each sample. Error bars are standard deviations. (K) Adult midguts by expressing two 
copies of UAS-PtcRNAi using Myots or Dlts for 12 d were immunostained for PH3 (green), esg-lacZ (red), and DRAQ5 (blue). Quantification of PH3+ cells in 
each genotype is shown to the right. Three independent experiments were performed and 12 guts were examined for each sample. Error bars are standard 
deviations. (L–M) Adult midguts expressing Su(H)ts>GFP (L and L) or Su(H)ts>GFP + PtcRNAi (M and M) for 10 d were immunostained for PH3 (red) and GFP 
(green). (N) Quantification of ISC proliferation (PH3+/gut) in midguts of the indicated genotypes cultured at 29°C for the indicated time. Three independent 
experiments were performed and 12 guts were examined for each sample. Error bars are standard deviations. (O–R) Adult midguts expressing Dlts>GFP 
(O), Su(H)ts>GFP (P), Dlts>GFP + CiN (Q), or Su(H)ts>GFP + CiN (R) for 6 d were immunostained for PH3 (red) and GFP (green). (S) Quantification of 
PH3+ cells in midguts of the indicated genotypes grown at 29°C for 6 d. Three independent experiments were performed and 12 guts were examined for 
each sample. Error bars are standard deviations. (T–W) Adult flies expressing Su(H)ts>GFP or Su(H)ts>GFP + SmoRNAi for 10 d at 29°C were treated with 
Suc or DSS for 1 d before midguts were dissected out and immunostained for GFP (green) and PH3 (red). (X) Quantification of PH3+ cells in midguts of the 
indicated genotypes grown at 29°C for 10 d. Three independent experiments were performed and 20 guts were examined for each sample. Error bars 
are standard deviations. **, P < 0.01. Bars, 50 µm.
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we found that the expression of the Hh pathway target gene 
ptc as well as hh itself was up-regulated in guts treated with 
DSS; however, expression of hh was not induced by bleomy-
cin treatment (Fig. 5 A and Fig. S2).

To determine which cells express the Hh ligand, we  
examined the expression of hh-lacZ as well as GFP driven by  
hh-Gal4 (hh>GFP) in midguts. The expression of both hh-lacZ  
and hh>GFP was detected in Pdm1 ECs with strong expres-
sion in the posterior region of midguts as well as in hindguts 
(Fig. 5, B–D; and Fig. S2). In addition, hh-lacZ was also  
detected in esg>GFP+ cells including both EBs and ISCs (Fig. 5,  
E and E; and Fig. S3, A–A‴), suggesting that Hh is produced 
by both precursor and mature cells of midgut epithelia. Con-
sistent with the RT-qPCR results, we found that the expres-
sion of hh-lacZ and hh>GFP was up-regulated after DSS 
treatment, whereas the expression of hh>GFP was not stim-
ulated in midguts treated with bleomycin (Fig. 5, F and G;  
and Fig. S2). Because DSS and bleomycin cause distinct tissue 
damages in midguts (Amcheslavsky et al., 2009), these results 
suggest that Hh signaling is differentially regulated in response 
to different tissue damages.

To determine which cells respond to Hh, we examined 
midguts carrying the Hh pathway reporter gene ptc-lacZ.  
ptc-lacZ was detected in precursor cells but not in ECs under normal  

ligands, including Vn, Krn, and Spi, exhibited no significant 
change or modest up-regulation in response to Hh pathway ac-
tivation (Fig. 4, A–C). Indeed, we found that the JAK–STAT 
pathway reporter gene 10XStat-dGFP was activated upon over-
expression of the active form of Ci (Su(H)ts>CiN; Fig. 4 D). In 
addition, the basal expression of Upd2 was reduced in midguts 
expressing Su(H)ts>SmoRNAi (Fig. 4 B).

The observation that Hh pathway activation up-regulated 
the production of Upd2 suggests that Hh signaling regulated 
ISC proliferation noncell autonomously through the JAK–STAT 
pathway. In support of this notion, we found that knockdown 
of Upd2 in EBs suppressed ISC overproliferation caused by 
Su(H)ts>CiN or Su(H)ts>PtcRNAi (Fig. 4, E–G). In contrast, ec-
topic expression of Upd2 in EBs (Su(H)ts>Upd2) caused over-
proliferation of ISCs (Fig. 4, H and I). Collectively, these results 
suggest that elevated Hh signaling in EBs increases the produc-
tion of Upd2, which in turn activates the JAK–STAT pathway 
to fuel ISC proliferation.

Hh signaling is up-regulated by DSS
The observation that Hh signaling is not essential for basal 
ISC proliferation but is required for damage-induced ISC pro-
liferation prompted us to examine whether Hh pathway ac-
tivity is up-regulated in response to injury. Using RT-qPCR, 

Figure 4. Hh signaling regulates ISC prolif-
eration through the JAK–STAT pathway ligand 
Upd2. (A and C) mRNA levels of JAK–STAT 
and EGFR pathway ligands in whole midguts 
of the flies with indicated genotypes grown 
at 29°C for 7 (A) or 8 d (C) were measured 
by RT-qPCR. Numbers indicate fold change 
over control guts. Three independent experi-
ments were performed, and error bars are  
standard deviations. **, P < 0.01. (B) Relative  
levels of Upd2 mRNA in midguts expressing  
Su(H)ts>PtcRNAi or Su(H)ts>SmoRNAi at the  
indicated time points. Numbers indicate fold 
change over control guts from three indepen-
dent experiments. Error bars are standard  
deviations. (D) The expression of 10XStat-dGFP  
was elevated in Su(H)ts>CiN adult midguts. 
(E) Midguts expressing Su(H)ts>GFP, Su(H)ts> 
GFP + CiN, Su(H)ts> GFP plus two copies of  
UAS-Upd2RNAi, or Su(H)ts>GFP + CiN + Upd2RNAi  
(two copies) for 8 d were dissected out and 
immunostained for GFP (green), PH3 (red), 
and Hoechst (blue). (F and G) Quantification 
of PH3+ cells in adult midguts of the indicated 
genotypes grown at 29°C for 8 (G) or 12 d 
(H). Of note, only one copy of UAS-Upd2RNAi 
was coexpressed with UAS-PtcRNAi (G). Three 
independent experiments were performed and 
20 guts were examined for each sample. Error 
bars are standard deviations. **, P < 0.01.  
(H) Adult flies expressing Su(H)ts or Su(H)ts>Upd2 
for the indicated time at 29°C were dissected out  
and immunostained for PH3 (red) and DRAQ5 
(blue). (I) Quantification of PH3+ cells in mid-
guts expressing Su(H)ts (Con) or Su(H)ts>Upd2 
for the indicated time. Three independent ex-
periments were performed and 20 guts were 
examined for each sample. Error bars are stan-
dard deviations. **, P < 0.01. Bars, 50 µm.

http://www.jcb.org/cgi/content/full/jcb.201409025/DC1
http://www.jcb.org/cgi/content/full/jcb.201409025/DC1
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in ECs or in precursor cells by expressing Myo1Ats>HhRNAi 
or esgts>HhRNAi, respectively. Two independent UAS-HhRNAi 
lines (Bloomington Drosophila Stock Center [BL] 25794 and  
Vienna Drosophila Resource Center [VDRC] 43255) were used,  
and similar results were obtained. RT-qPCR confirmed that 
Myo1Ats>HhRNAi diminished hh mRNA levels in both control 
and DSS-treated guts, consistent with the findings that hh>GFP 
and hh-lacZ were mainly expressed in ECs (Fig. 5 J). In line 
with the observation that hh-lacZ was detected in the precursor 
cells, esgts>HhRNAi reduced the expression of hh mRNA albeit 
less dramatically compared with Myo1Ats>HhRNAi (Fig. 5 J). 
Surprisingly, we found that knockdown of Hh in ECs did not 

tissue homeostasis (Fig. 5, H and H; and Fig. S3, B–B‴, C,  
and C), and this expression was diminished by inactivation 
of Smo but stimulated by expression of CiN (Fig. S3, D–E), 
confirming that ptc-lacZ expression in precursor cells was reg-
ulated by Hh signaling. Importantly, we found that ptc-lacZ 
expression in precursor cells was elevated in response to DSS 
treatment (Fig. 5, I and I).

Precursor-derived Hh is required for 
regenerative ISC proliferation
To determine which source of Hh signal is essential for  
injury-induced ISC proliferation, we knocked down Hh either 

Figure 5. Hh signaling is up-regulated by 
DSS-mediated tissue damage. (A) Quantifica-
tion of hh and ptc mRNA levels by RT-qPCR  
in midguts treated with DSS or Suc for 1 d. 
Three independent experiments were per-
formed and error bars are standard deviations.  
*, P < 0.05. (B–C) Adult midguts expressing 
UAS-GFP under the control of hh-Gal4 (hh>GFP) 
were immunostained for GFP and DRAQ5  
(B) or Pdm1 (C and C). hh>GFP was mainly 
detected in Pdm1+ ECs. (D–E) Adult midguts 
carrying two copies of hh-lacZ were immuno-
stained for LacZ (D–E) and Pdm1 (D and D)  
or GFP under the control of esg-Gal4 (E and E).  
(F–G) Expression of one copy of hh-lacZ  
in midguts treated with Suc (F–F) or DSS 
(G–G) for 1 d. hh-lacZ was elevated in both 
ECs (large nuclei) and precursor cells (small 
nuclei) in response to DSS treatment. (H–I) Ex-
pression of ptc-lacZ in control (Suc) and DSS-
treated midguts for 1 d. ptc-lacZ was elevated 
in esg-GFP–positive cells after DSS treatment. 
(J and K) Quantification of hh mRNA levels 
by RT-qPCR (J) or PH3+ cells (K) in control, 
esgts>HhRNAi, or Myo1Ats>HhRNAi guts treated 
with Suc or DSS after adult flies were raised 
for 10 d at 29°C. Three independent experi-
ments were performed, and error bars are 
standard deviations. 20 guts were examined 
for each sample in K. **, P < 0.01; *, P < 
0.05. Bars, 50 µm.



JCB • volume 208 • numBer 6 • 2015 814

knockdown of STAT in precursor cells (esgts>StatRNAi) blocked 
DSS-induced ISC proliferation (Fig. 6, C–G), suggesting that 
DSS-mediated tissue damage stimulates ISC through the JAK–
STAT pathway.

Using RT-qPCR, we found that Upd2 expression was up-
regulated in midguts treated with DSS (Fig. 6 H, left columns). 
Importantly, DSS-induced Upd2 up-regulation was blocked by 
Smo RNAi in EBs (Su(H)ts>SmoRNAi; Fig. 6 H, right columns), 
suggesting that DSS induces Upd2 expression through Hh 
signaling. Finally, we found that knockdown of Upd2 in EBs 
(Su(H)ts>Upd2RNAi) significantly inhibited DSS-induced ISC 
proliferation (Fig. 6, I–M). Collectively, these results suggest 
that injury-induced Hh pathway activation and Upd2 production is 
required for regenerative ISC proliferation in response to DSS-
mediated tissue damage.

block DSS-induced ISC proliferation whereas knockdown of 
Hh in precursor cells diminished DSS-stimulated ISC prolifera-
tion (Fig. 5 K). These results suggest that precursor cell–derived 
Hh ligands are essential for DSS-induced ISC proliferation.

DSS induces Upd2 production through the 
Hh pathway
If DSS-mediated tissue damage stimulates ISC proliferation 
through the Hh signaling pathway, one would predict that feed-
ing adult flies with DSS should induce Udp2 production and  
activate the JAK–STAT pathway. Indeed, we found that the 
JAK–STAT pathway reporter gene 10XStat-dGFP was acti-
vated in response to DSS treatment and that DSS-induced up-
regulation of 10XStat-dGFP was blocked by inactivation of Hh 
signaling in EBs (Su(H)ts>SmoRNAi; Fig. 6, A–B). Furthermore, 

Figure 6. Hh signaling is required for DSS-
stimulated Upd2 expression. (A–B) Expression 
of 10XStat-dGFP in adult midguts expressing 
Su(H)ts (Con; A and A) or Su(H)ts>SmoRNAi 
(B and B) and treated with Suc or DSS for 
1 d. (C–F) Adult female flies expressing esgts 
or esgts>StatRNAi for 8 d at 29°C were treated 
with Suc or DSS for 1 d before midguts were 
dissected out and immunostained for PH3 and 
DRAQ5. (G) Quantification of PH3+ cells in 
midguts of the indicated genotypes treated 
with Suc or DSS after adult flies were raised for 
10 d at 29°C. Three independent experiments 
were performed and 20 guts were examined 
for each sample. Error bars are standard de-
viations. **, P < 0.01. (H) Quantification of 
Upd2 mRNA levels by RT-qPCR in Su(H)ts or  
Su(H)ts>SmoRNAi midguts treated with Suc  
or DSS. Three independent experiments were 
performed and error bars are standard devia-
tions. **, P < 0.01. (I–L) Adult flies expressing 
Su(H)ts or Su(H)ts>Upd2RNAi for 10 d at 29°C 
were treated with Suc or DSS for 1 d before 
midguts were dissected out and immuno-
stained for PH3 and DRAQ5. (M) Quantifica-
tion of PH3+ cells in midguts of the indicated 
genotypes treated with Suc or DSS. Three in-
dependent experiments were performed and 
20 guts were examined for each sample. Error 
bars are standard deviations. **, P < 0.01. 
Bars, 50 µm.
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DSS up-regulates Hh through the  
JNK pathway
Many types of cellular stresses can activate the JNK path-
way (Weston and Davis, 2007). Indeed, we found that midguts 
fed with DSS activated the JNK pathway reporter puc-lacZ in 
Su(H)>GFP+ EBs as well as adjacent ECs, whereas mock treat-
ment barely activated puc-lacZ in these cells (Fig. 7, A–B). 
To determine whether JNK pathway activation is required for 
DSS-induced Hh pathway activation, we blocked the JNK path-
way by expressing a dominant-negative Basket, BskDN, in EBs 
(Su(H)ts>BskDN). We found that Su(H)ts>BskDN blocked DSS- 
induced Hh up-regulation and ISC proliferation (Fig. 7, C and D).

To determine whether JNK signaling can induce Hh 
pathway activation in midguts, we activated the JNK pathway 
by knocking down the inhibitory component Puckered (Puc) 
in EBs (Su(H)ts>PucRNAi). We found that Su(H)ts>PucRNAi or 
esgts>PucRNAi up-regulated the expression of both hh and ptc,  
as determined by RT-qPCR and lacZ reporter gene expression 
(Fig. 7, E–I). In addition, we found that Hh RNAi greatly sup-
pressed ISC proliferation induced by Puc RNAi in precursor cells 
(Fig. 7, J–N). These results suggest that JNK signaling in pre-
cursor cells stimulates Hh production, which contributes to JNK 
pathway–induced ISC proliferation. Hence JNK signaling is both 
necessary and sufficient to induce Hh pathway activation.

Discussion
Many adult organs undergo stem cell–based repair/regeneration 
but the underlying regulatory mechanisms are still not well un-
derstood. Here we use Drosophila adult midgut as a model to 
investigate the role of Hh signaling in adult tissue homeostasis 
and regeneration. We found that basal Hh pathway activity in 
ISC lineage is dispensable for homeostatic ISC proliferation but 
elevated Hh signaling is essential for regenerative proliferation 
of ISCs. We demonstrated that Hh signaling promotes ISC pro-
liferation noncell autonomously through the JAK–STAT path-
way ligand Upd2 (Fig. 7 O).

In additional to their role as morphogen to control cell 
patterning, the secreted Hh glycoproteins have also been impli-
cated as mitogen to regulate cell proliferation in embryonic de-
velopment, adult tissue homeostasis, and many types of cancers 

Figure 7. DSS up-regulates Hh signaling through the JNK pathway.  
(A–B) Expression of a JNK pathway reporter, puc-LacZ, in mock (Suc;  
A and A) or DSS-treated (B and B) midguts for 1 d. puc-LacZ expression 
was barely detectable in mock-treated guts but was elevated in Su(H)>GFP-
positive cells in DSS-treated guts. Arrows indicate Su(H)>GFP+ cells with 
small nuclei. (C) Quantification of relative hh mRNA levels by RT-qPCR 
in control or Su(H)ts>BSKDN midguts treated with Suc or DSS for 1 d after 
adult flies were raised at 29°C for 10 d. Three independent experiments 
were performed and error bars are standard deviations. *, P < 0.05.  
(D) Quantification of PH3+ cells in control or Su(H)ts>BSKDN midguts treated 
with Suc or DSS for 1 d after adult flies were raised for 10 d at 29°C. 
Three independent experiments were performed and 20 guts were exam-
ined for each sample. Error bars are standard deviations. **, P < 0.01. 
(E) Quantification of hh and ptc mRNA levels by RT-qPCR in control and 
Su(H)ts>PucRNAi guts grown at 29°C for 6 d. Three independent experi-
ments were performed and error bars are standard deviations. Numbers 
indicate fold change over control guts. (F–I) Expression of hh-lacZ (F–G, 
red) or ptc-lacZ (H–I, red) in control (F, F, H, and H) or esgts>PucRNAi 

guts grown at 29°C for 5 d. Arrows indicate elevated hh-lacZ (F-G) and  
ptc-lacZ (H-I) in precursor cells. (J–M) Adult midguts expressing esgts (Con; J),  
esgts>PucRNAi (K), esgts>HhRNAi (L), or esgts>PucRNAi + HhRNAi (M) for 7 d  
at 29°C were dissected out and immunostained for PH3 and Hoechst.  
(N) Quantification of PH3+ cells in adult midguts of the indicated geno-
types. Three independent experiments were performed and 20 guts were 
examined for each sample. Error bars are standard deviations. **, P < 
0.01. (O) A JNK–Hh–JAK–STAT signaling axis mediates DSS-stimulated 
ISC proliferation in adult midgut regeneration. BM, basement membrane; 
VM, visceral muscles. See text for details. Bars, 50 µm.

 



JCB • volume 208 • numBer 6 • 2015 816

study is required to determine whether Upd2 is a direct target of 
Hh signaling in midgut regeneration. We noticed that other JAK–
STAT pathway ligands such as Upd3 and EGFR ligands including 
Vn and Krn were slightly up-regulated upon Hh pathway activa-
tion, which may also contribute to ISC proliferation stimulated 
by Hh signaling. Interestingly, a recent study showed that Hh 
pathway activation by expression of an oncogenic Smo (SmoM2) 
in skin up-regulated IL-11 and IL-11Ra expression and STAT3 
phosphorylation and that IL-11Ra/STAT3 signaling mediated 
SmoM2-driven carcinogenesis (Gu et al., 2012). Hence, the  
Hh–JAK–STAT signaling axis we uncovered here is evolution-
arily conserved and likely to be used by many other systems.

Midgut injury results in excessive production of mitogens 
including the JAK–STAT and EGFR pathway ligands to stimu-
late regenerative ISC proliferation, but the mechanism linking 
changes in mitogen production to many types of injuries have re-
mained largely unexplored. The regulation could be complex and 
might vary depending on the nature of injury. For example, infec-
tion of adult flies with Pseudomonas entomophila activated JNK 
pathway and up-regulated Upd3 production in ECs, and JNK 
pathway activation in ECs sufficed to increase Upd3 production; 
however, blocking JNK pathway in ECs did not block P. ento-
mophila–induced Upd3 production and ISC proliferation,  
suggesting that P. entomophila infection up-regulated Upd3 
production through multiple pathways (Jiang et al., 2009). Inacti-
vation of Hpo pathway effector Yki in precursor cells inhibited 
DSS-induced Myc activation and ISC proliferation but had little 
if any effect on bleomycin-induced Myc activation and ISC pro-
liferation (Ren et al., 2010, 2013), suggesting that DSS and bleo-
mycin elicited distinct regenerative responses, which is in line 
with the observation that DSS and bleomycin caused different 
types of damages to the midguts (Amcheslavsky et al., 2009).  
Interestingly, we found that Hh signaling was elevated by DSS  
but not by bleomycin treatment. Furthermore, inhibition of Hh 
signaling in EBs blocked DSS-stimulated Upd2 production, 
JAK–STAT pathway activation, and ISC proliferation. Although 
bleomycin treatment did not increase Hh production, inhibition 
of Hh signaling also reduced bleomycin-stimulated ISC prolifer-
ation, suggesting that basal Hh signaling is required for the opti-
mal ISC proliferation in response to bleomycin-mediated tissue 
damage. Interestingly, Hh was also up-regulated in adult midguts 
in response to bacterial infection (Buchon et al., 2009b), suggest-
ing that Hh signaling may play a broad role in regulating regener-
ative proliferation of ISCs in response to various stimuli.

We found that DSS induced JNK pathway activation in 
EBs and that JNK pathway activity in these cells was neces-
sary for DSS-induced Hh pathway activation. Furthermore, we 
showed that ectopic JNK signaling activity in precursor cells 
sufficed to induce Hh pathway activation and that Hh RNAi at-
tenuated ISC proliferation induced by JNK activation, suggest-
ing that Hh signaling mediates ISC proliferation in response to 
JNK-mediated stress in precursor cells. Intriguingly, Li et al. 
(2014) showed that puc-lacZ was broadly up-regulated when 
Ptc was knocked down in precursor cells although it is not clear 
how ectopic Hh signaling leads to JNK pathway activation. It 
is possible that Hh-driven ISC overproliferation could induce 
cellular stress, which indirectly activated the JNK pathway. 

(Jiang and Hui, 2008). In mammals, early studies revealed that 
Hh signaling was essential for normal intestinal development 
and that Indian Hh promoted colonic epithelial cell differentiation 
by antagonizing Wnt signaling in adult colon (Ramalho-Santos 
et al., 2000; van den Brink et al., 2004; Madison et al., 2005). 
However, more recent studies revealed that Hh signaling was 
essential for colon cancer development and stem cell expansion 
in APC mutant backgrounds (Arimura et al., 2009; Varnat et al., 
2009, 2010). Consistent with a mitogenic role of Hh signaling 
in gastrointestinal cancers, Hh ligand production and signaling 
were elevated in these tumors (Berman et al., 2003); however, 
it remained controversial regarding whether Hh signaling acted 
in a cell-autonomous (autocrine) or nonautonomous (paracrine) 
fashion to promote tumor growth (Berman et al., 2003; Yauch 
et al., 2008; Singh et al., 2011). Hh signaling has also been im-
plicated in tissue regeneration and repair in organs including 
lung, prostate, pancreas, liver, bladder, skin, and bone (Beachy 
et al., 2004; Fendrich et al., 2008; Ochoa et al., 2010; Shin et al., 
2011; Bielefeld et al., 2013; Peng et al., 2013). However, with a 
few exceptions (Shin et al., 2011; Hsu et al., 2014), the precise  
locations where Hh signaling acts and/or the downstream effec-
tors that mediate the biological function of Hh signaling have 
remained largely unknown.

Taking advantage of the sophisticated toolkit available to 
manipulate gene function in specific cellular compartments of 
Drosophila adult midgut, we provided several lines of evidence 
that Hh signaling acts in EBs rather than in ISCs to regulate ISC 
proliferation in response to injury. smo mutant ISC lineage clones 
grew normally in the absence or presence of injury, suggesting 
that Hh pathway activity is not required in the stem cells for mid-
gut homeostasis and regeneration. Inactivation of Hh signaling in 
EBs blocked injury-induced ISC proliferation. Activation of Hh 
signaling either by Ptc RNAi or overexpression of an active form 
of Ci in EBs but not in ISCs stimulated ISC proliferation. ptc  
mutant clones induced ectopic proliferation of neighboring wild-
type ISCs. Collectively, these results demonstrated that Hh  
signaling acts noncell autonomously to drive ISC proliferation. 
Of note, a recent study suggested that Hh signaling acted in stem 
cells to directly regulate their proliferation (Li et al., 2014); how-
ever, this notion was solely based on manipulation of Hh path-
way activity in esg+ cells that include both ISCs and EBs. In 
contrast, we demonstrated that Hh signaling acted in EBs but not 
in ISCs to indirectly regulate ISC proliferation. Li et al. (2014) 
also found that smo mutant clones exhibited reduced clone size 
compared with age-matched control clones. In contrast, we found 
that smo null clones grew at a rate similar to that of control clones 
either under normal homeostasis or in response to DSS treatment 
(Fig. 3). It is possible that differences in the smo alleles and ex-
perimental conditions used in these two studies caused the dis-
crepancy. Nonetheless, we noticed that the growth deficit of smo 
mutant clones observed by Li et al. (2014) is very mild.

In search for Hh-regulated secreted proteins that mediate 
the effect of Hh signaling on ISC proliferation, we found that Hh 
pathway activation dramatically increased the expression of the 
JAK–STAT pathway ligand Upd2 as well as the pathway reporter 
gene 10XStat-dGFP. Importantly, depletion of Upd2 diminished 
ISC proliferation induced by Hh pathway activation. Further 
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incubated with primary and secondary antibodies in a solution containing 
PBS, 0.5% BSA, and 0.1% Triton X-100. The following primary antibodies 
were used: mouse anti-Pros (Developmental Studies Hybridoma Bank), 1:100; 
rabbit anti-LacZ (MP Biomedicals), 1:1,000; rabbit and mouse anti-PH3 (EMD 
Millipore), 1:1,000; goat anti-GFP (Abcam), 1:1000; rabbit anti-Pdm1 (aa 
95–256; gift from X. Yang, Institute of Molecular and Cell Biology, Singapore, 
Singapore); DRAQ5 (Cell Signaling Technology), 1:5,000; Hoechst (Life tech-
nologies), 1:500. Alexa Fluor–conjugated secondary antibodies were used 
at 1:400 (Jackson ImmunoResearch Laboratories, Inc., and Invitrogen). Guts 
were mounted in 70% glycerol and imaged with a confocal microscope (LSM 
510 inverted; Carl Zeiss) using 10×, 20×, and 40× oil objectives (imaging 
medium: Immersol 518F; Carl Zeiss). The imaging temperature was room tem-
perature. The acquisition and processing software was LSM Image Browser 
(Carl Zeiss) and image processing was done in Photoshop CC (Adobe).

RT-qPCR
Total RNA was extracted from 15 female guts using RNeasy Plus mini kit  
(QIAGEN), and cDNA was synthesized using the iScript cDNA synthesis kit 
(Bio-Rad Laboratories). RT-qPCR was performed using iQ SYBR Green Sys-
tem (Bio-Rad Laboratories). RT-qPCR was performed in triplicate on each 
of three independent biological replicates. Primer sequences used are: 
5-GGTACCAAGTCTTTAGCTTC-3 and 5-CAGCCAAGGACGAGTTATCA-
3 (for upd2), 5-CGGAATCAGCGGTCGTTATAC-3 and 5-ATTCAGT-
GGGTTCAGGCAG-3 (for ptc), 5-GGATTCGATTGGGTCTCCTAC-3 and 
5-GGGAACTGATCGACGAATCT-3 (for hh), 5-CCACGTAAGTTTGCAT-
GTTG-3 and 5-CTAAACAGTAGCCAGGACTC-3 (for upd), 5-GAG-
CACCAAGACTCTGGACA-3 and 5-CCAGTGCAACTTGATGTTGC-3 
(for upd3), 5-TCACACATTTAGTGGTGGAAG-3 and 5-TTGTGATGCTT-
GAATTGGTAA-3 (for vn), 5-CGTGTTTGGCAACAACAAGT-3 and 
5-TGTGGCAATGCAGTTTAAGG-3 (for krn), and 5-CGCCCAAGAAT-
GAAAGAGAG-3 and 5-AGGTATGCTGCTGGTGGAAC-3 (for spi). RpL11  
was used as a normalization control. Relative quantification of mRNA levels 
was calculated using the comparative CT method.

Genotypes for figures and supplemental figures
Figure 1. (A and A) yw; UAS-GFP hsflp; FRT42 tub-Gal80/FRT42; tub-
Gal4/+. (B and B) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42 ptcIIW; tub-
Gal4/+. (C and C) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42 ptcS2; 
tub-Gal4/+. (D and D) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42 cos22; 
tub-Gal4/+. (F, F, I, and I) yw UAS-GFP hsflp; tub-Gal80 FRT40/FRT40; tub-
Gal4/+. (G, G, J, and J) yw UAS-GFP hsflp; tub-Gal80 FRT40/smo3 
FRT40; tub-Gal4/+.

Figure 2. (A–C) w; esg-Gal4 tub-Gal80ts/+;UAS-GFP/+. (D–F)  
w; esg-Gal4 tub-Gal80ts/+;UAS-GFP/UAS-SmoRNAi. (G–I) w; esg-Gal4 tub-
Gal80ts/+;UAS-GFP/UAS-CiRNAi. (K and L) Su(H)-lacZ; esg-Gal4 tub-Gal80ts 
UAS-GFP/+; UAS-flp, act>CD2>gal4/+. (M and N) w; esg-Gal4 tub-Gal80ts 
UAS-GFP/+; UAS-flp, act>CD2>gal4/+. (O and P) Su(H)-lacZ; esg-Gal4 tub-
Gal80ts UAS-GFP/+; UAS-flp, act>CD2>gal4/UAS-SmoRNAi. (Q and R) w; 
esg-Gal4 tub-Gal80ts UAS-GFP/+; UAS-flp, act>CD2>gal4/UAS-SmoRNAi.

Figure 3. (A–B)yw UAS-GFP hsflp; tub-Gal80 FRT40/FRT40;  
tub-Gal4/+. (C–D) yw UAS-GFP hsflp; tub-Gal80 FRT40/smo3 FRT40; 
tub-Gal4/+. (G and G) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42; tub-
Gal4/+. (H and H) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42 ptcS2; 
tub-Gal4/+. (I and I) yw UAS-GFP hsflp; FRT42 tub-Gal80/FRT42 ptcIIW; 
tub-Gal4/+. (K) yw (Con), yw; myo1A-Gal4 tub-Gal80ts/UAS-Dicer2; UAS-
PtcRNAi/UAS-PtcRNAi, and yw; tub-Gal80ts/UAS-Dicer2; Dl-Gal4 UAS-PtcRNAi/
UAS-PtcRNAi. (L, L, P, T, and U) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS-
Dicer2; +/+. (M and M) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS-Dicer2; 
UAS-PtcRNAi/UAS-PtcRNAi. (R) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; UAS-
CiN/+. (O) w; tub-Gal80ts UAS-GFP/+; Dl-Gal4/+. (Q) w; tub-Gal80ts 
UAS-GFP/+; Dl-Gal4/UAS-CiN. (V and W) w; Su(H)-Gal4 tub-Gal80ts UAS-
GFP/UAS-Dicer2; UAS-SmoRNAi/UAS-SmoRNAi.

Figure 4. (A) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+ and w; 
Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; UAS-CiN/+. (B) w; Su(H)-Gal4 tub-
Gal80ts UAS-GFP/UAS-Dicer2; +/+, w; Su(H)-Gal4 tub-Gal80ts UAS-
GFP/UAS-Dicer2; UAS-PtcRNAi/UAS-PtcRNAi and w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/UAS-Dicer2; UAS-SmoRNAi/UAS-SmoRNAi. (C) w; Su(H)-Gal4 
tub-Gal80ts UAS-GFP/UAS-Dicer2; +/+ and w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/UAS-Dicer2; UAS-PtcRNAi/UAS-PtcRNAi. (D) w; Su(H)-Gal4 tub-
Gal80ts/10XStat-dGFP; +/+ (Con), and w; Su(H)-Gal4 tub-Gal80ts/10XStat-
dGFP; UAS-CiN/+. (E and F) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+ 
(Con), w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; UAS-CiN/+, w; Su(H)-Gal4 
tub-Gal80ts UAS-GFP/UAS-Upd2RNAi (VDRC 14664); UAS-Upd2RNAi (BL 
33949)/+, and w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS-Upd2RNAi (VDRC 
14664); UAS-CiN/UAS-Upd2RNAi (BL 33949). (G) UAS-Dicer2; Su(H)-Gal4 

Indeed, we found that overexpression of Upd2 in EBs not only 
stimulated ISC proliferation but also broadly activated puc-lacZ 
expression (unpublished data). Therefore, it is possible that a 
positive feedback loop may exit between JNK and mitogenic 
signals, which could fuel more rapid ISC proliferation in re-
sponse to injury. Further study is needed to explore the complex 
relationships between the JNK and various mitogenic pathways 
in the regulation of ISC proliferation.

Materials and methods
Drosophila genetics and transgenes
The following fly stains were used: smo3 contains a stop codon at aa 366 
(W366Z) and behaves like a null allele (Chen and Struhl, 1998); ptcIIW is 
a genetic null allele (Nakano et al., 1989); ptcS2 contains a D584N muta-
tion in the sterol-sensing domain of Ptc (Martín et al., 2001); cos22 is a ge-
netic null allele (Sisson et al., 1997); UAS-PtcRNAi (BL 28795); UAS-SmoRNAi 
(BL 27037); UAS-CiRNAi (VDRC 51479); UAS-HhRNAi (VDRC 43255 and BL 
25794); UAS-Upd2RNAi (VDRC 14664 and BL 33949); UAS-StatRNAi (VDRC 
43866); UAS-PucRNAi (VDRC 3018); UAS-Dicer2 on the X chromosome (BL 
24648); UAS-Dicer2 on the second chromosome (BL 24650); UAS-CiN 
expresses a Ci variant lacking the N-terminal 439 residues (Wang et al., 
2000); UAS-BSKDN expresses a dominant-negative form of BSK (BL 6409); 
Su(H)-Gal4 contains three copies of the GRH binding elements and two 
copies of Su(H) binding sites fused to GAL4 coding sequence; Delta(Dl)-
Gal4 has a Gal4 coding sequence inserted in the Dl locus (Zeng et al., 
2010); hh-Gal4 (a Gal4 enhancer trap insertion in the hh locus); esg-Gal4 
(a GAL4 enhancer trap insertion in the esg locus); Myo1A-Gal4 (a Gal4 
enhancer trap insertion in the Myosin 1A locus); How-Gal4 (how24B) is a 
Gal4 enhancer trap insertion in the how locus (BL 1768); tub-Gal80ts ex-
presses a temperature-sensitive Gal80 under the control of tubulin pro-
moter (McGuire et al., 2004); ptc-lacZ (a ptc enhancer element fused to 
lacZ); hh-lacZ (hhP30, a lacZ enhancer trap at the hh locus); and 10XStat-
dGFP (a JAK–STAT pathway reporter gene that contains 10 copies of STAT 
binding sites fused to a GFP coding sequence; Bach et al., 2007). Flies 
were maintained on standard media and were changed into vials contain-
ing fresh food every 2 d. Of note, for cell type–specific inactivation of Ptc, 
Smo, or Hh, two copies of the corresponding UAS transgenic RNAi lines 
were expressed to achieve optimal knockdown of the targeted genes. In 
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tub-Gal80ts UAS-GFP/+; +/+, UAS-Dicer2; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/+; UAS-PtcRNAi/UAS-PtcRNAi, UAS-Dicer2; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/UAS-Upd2RNAi (VDRC 14664); +/+, UAS-Dicer2; Su(H)-Gal4 
tub-Gal80ts UAS-GFP/UAS-Upd2RNAi; UAS-PtcRNAi/UAS-PtcRNAi. (H and I) w; 
Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+ and w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/+; UAS-Upd2/+.

Figure 5. (B–C) w; +/+; hh-Gal4 UAS-GFP/+. (D–E) w; +/+; hh-
lacZ/hh-lacZ, (F–G) w; +/+; hh-lacZ/+. (H–I) w; esg-Gal4 tub-Gal80ts 
UAS-GFP/+; ptc-lacZ/+. (J and K) w; esg-Gal4 tub-Gal80ts UAS-GFP/+; 
+/+, w; esg-Gal4 tub-Gal80ts UAS-GFP/+; UAS-HhRNAi (BL 25794)/UAS-
HhRNAi (BL 25794), and w; Myo1A-Gal4 tub-Gal80ts UAS-GFP/+; UAS-
HhRNAi (BL 25794)/UAS-HhRNAi (BL 25794).

Figure 6. (A–B) yw UAS-Dicer2; Su(H)-Gal4/10XStat-dGFP; tub-
Gal80ts/+ and yw UAS-Dicer2; Su(H)-Gal4/10XStat-dGFP; UAS-SmoRNAi tub-
Gal80ts/UAS-SmoRNAi. (C, D, and G) w; esg-Gal4 tub-Gal80ts UAS-GFP/+; 
+/+, (E–G) w; esg-Gal4 tub-Gal80ts UAS-GFP/UAS-StatRNAi; +/+. (H) w; 
Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS-Dicer2; +/+ and w; Su(H)-Gal4 tub-
Gal80ts UAS-GFP/UAS-Dicer2; UAS-SmoRNAi/UAS-SmoRNAi. (I, J, and M) w; 
Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+. (K–M) w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/UAS-Upd2RNAi (VDRC 14664); UAS-Upd2RNAi/+ (BL 33949).

Figure 7. (A–B) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; Puc-lacZ/+. 
(C and D) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+, and UAS-BskDN; 
Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; +/+. (E) w; Su(H)-Gal4 tub-Gal80ts UAS-
GFP/+; +/+ and w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS-PucRNAi; +/+. 
(F and F) w; esgGal4 tub-Gal80ts UAS-GFP/+; hh-lacZ/+. (G and G) w; 
esgGal4 tub-Gal80ts UAS-GFP/UAS-PucRNAi; hh-lacZ/+. (H and H) w; esg-
Gal4 tub-Gal80ts UAS-GFP/+; ptc-lacZ/+. (I and I) w; esg-Gal4 tub-Gal80ts 
UAS-GFP/UAS-PucRNAi; ptc-lacZ/+. (J and N) w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/+; +/+. (K and N) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/UAS- 
PucRNAi; +/+. (L and N) w; Su(H)-Gal4 tub-Gal80ts UAS-GFP/+; UAS-HhRNAi 
(BL 25794)/UAS-HhRNAi (BL 25794). (M and N) w; Su(H)-Gal4 tub-Gal80ts 
UAS-GFP/UAS-PucRNAi; UAS-HhRNAi (BL 25794)/UAS-HhRNAi (BL 25794).

Figure S1. (A, A, E, and E) yw UAS-GFP hsflp; FRT42 tub-Gal80/
FRT42; tub-Gal4/+. (B, B, F, and F) yw UAS-GFP hsflp; FRT42 tub-
Gal80/FRT42 ptcS2; tub-Gal4/+. (C, C, G, and G) yw UAS-GFP hsflp; 
FRT42 tub-Gal80/FRT42 ptcIIw; tub-Gal4/+. (D, D, H, and H) yw UAS-
GFP hsflp; FRT42 tub-Gal80/FRT42 cos22; tub-Gal4/+.

Figure S2. (A–C) w; UAS-GFP/+; hh-Gal4/+.
Figure S3. (A–A‴) w; esgGal4 UAS-GFP/+; hh-lacZ/hh-lacZ. (B–B‴) 

w; Su(H)Gal4 UAS-GFP/+; ptc-lacZ/+. (C and C) w; esgGal4 tub-Gal80ts 
UAS-GFP/+; ptc-lacZ/+. (D and D) w; esgGal4 tub-Gal80ts UAS-GFP/+; 
ptc-lacZ/UAS-SmoRNAi. (E and E) w; esgGal4 tub-Gal80ts UAS-GFP/+; 
ptc-lacZ/UAS-CiN.

Online supplemental material
Fig. S1 shows that ectopic Hh pathway activation does not perturb ISC 
lineage differentiation. Fig. S2 shows that DSS but not bleomycin treatment 
increased Hh expression. Fig. S3 shows that both Hh-lacZ and Ptc-lacZ are 
expressed in EBs and ISCs. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.201409025/DC1. Additional 
data are available in the JCB DataViewer at http://dx.doi.org/10.1083/
jcb.201409025.dv.
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