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Metabolites are increasingly appreciated for their roles as signaling molecules. To dissect the roles of metabolites, it is essential to
understand their signaling pathways and their enzymatic regulations.
From an RNA interference (RNAi) screen for regulators of intestinal
stem cell (ISC) activity in the Drosophila midgut, we identified adenosine receptor (AdoR) as a top candidate gene required for ISC proliferation. We demonstrate that Ras/MAPK and Protein Kinase A
(PKA) signaling act downstream of AdoR and that Ras/MAPK mediates the major effect of AdoR on ISC proliferation. Extracellular adenosine, the ligand for AdoR, is a small metabolite that can be released
by various cell types and degraded in the extracellular space by secreted adenosine deaminase. Interestingly, down-regulation of adenosine deaminase-related growth factor A (Adgf-A) from enterocytes
is necessary for extracellular adenosine to activate AdoR and induce
ISC overproliferation. As Adgf-A expression and its enzymatic activity
decrease following tissue damage, our study provides important insights into how the enzymatic regulation of extracellular adenosine
levels under tissue-damage conditions facilitates ISC proliferation.
adenosine receptor
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| adenosine deaminase | intestinal stem cell |

T

he Drosophila midgut epithelium consists of multipotent intestinal stem cell (ISCs), their immediate progenies known as
enteroblasts (EBs, which are progenitor cells primed for differentiation), and differentiated cells including enterocytes (ECs,
which is the major cell type in number), and enteroendocrine
cells (EEs) (1, 2). ISCs/EBs can adjust their proliferation and
differentiation activities by deploying conserved core pathways
such as JAK/Stat, Notch, Ras/MAPK, JNK, and Hippo (3). The
dynamic responses of adult ISCs/EBs to different regenerative
demands under physiological or pathological conditions (4) depend on the machineries to detect microenvironment cues and
modulate the activity of aforementioned core pathways, which
have not been investigated in vivo systematically.
To understand how ISCs/EBs sense their microenvironment,
we performed an RNAi screen to identify receptor-coding genes
that regulate ISC activity, among which Adenosine Receptor
(AdoR) emerged as a top candidate required for ISC self-renewal
and proliferation. Characterization of the AdoR-signaling pathway
revealed the role of AdoR downstream pathways in regulating
different aspects of ISC activity. Importantly, we demonstrate that
the mitogenic activity of the AdoR ligand, adenosine, is inhibited
by adenosine deaminase-related growth factor A (Adgf-A) from ECs
and that Adgf-A activity decreases following tissue damage. Altogether, our study demonstrates how an EC-derived metabolic enzyme modulates ISC activity by restricting extracellular adenosine.
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Results
A Receptome-Wide RNA Interference Screen Identifies Regulators of
ISC Activity. Precise control of stem cell activity is important

for tissue homeostasis and tumor prevention. To systematically
analyze how ISCs respond to and process signals from the
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microenvironment, we performed an RNA interference (RNAi)
screen to identify transmembrane and nuclear receptors implicated in ISC/EB regulation. RNAi lines were crossed to the EGT
driver, whereby the endogenous enhancer of escargot (esg) drives
expression in ISCs/EBs and tubGal80ts allows temporal control
of Gal4 activity (2). As the screen readout, we developed a
quantitative assay measuring EGT-driven luciferase (Luc) activity as a proxy for ISC/EB abundance (Fig. 1A and Dataset S1
A–E). We identified 350 Drosophila genes which are orthologous
to human genes and encode known or putative receptors as our
candidates (Dataset S1F). We used 525 UAS-RNAi fly stocks to
knock down each gene in adult ISCs/EBs (Dataset S1F). In addition to measuring normally fed flies, we also performed the
screen when flies were fed with bleomycin to stimulate ISC
proliferation (4). The top hits were validated by additional reagents [RNAi, short guide RNA (sgRNA), mutant, etc.] and
further characterized by immunostainings for the ISC marker DllacZ and the mitosis marker phosphohistone H3 (pH3) (SI Appendix, Fig. S1 A–X and Dataset S1G).
Results from the screen confirmed the known effects of core
signaling pathway receptors. For example, knockdowns of EGFR
and InR, which encode receptors required for ISC proliferation
(5, 6), cause a decrease in ISC/EB number (Fig. 1B). In contrast,
knockdown of dome or N, which encodes the JAK/Stat or Notch
pathway receptor required for ISC differentiation (1, 2, 7), increases ISC/EB number (Fig. 1B). Although the lists of ISC
regulators under normal feeding and tissue-damage conditions
largely overlap, we also identified regulators that preferentially
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Fig. 1. Receptome RNAi screen identifies AdoR as a regulator of ISC proliferation and self-renewal. (A) Flowchart of the RNAi screen. Crosses were set up
between EGT; UAS-Luc and different UAS-RNAi (or control) flies. Progenies were reared at 18 °C to avoid unintended RNAi expression during fly development. Young adult flies were shifted to 29 °C for 9 d to induce Luc and RNAi expression. The system is very effective at driving expression in all ISCs/EBs, as
EGT-driven expression of the proapoptotic gene reaper (rpr) completely and irreversibly eliminates midgut mitosis (31). In addition to normal feeding, we also
performed the screen under tissue-damage conditions (full results in Dataset S1F). (B) Z-score ranking plot of normalized luciferase luminescence measured
from ∼550 different RNAi lines (normal feeding conditions). We normalized the luciferase activity of RNAi lines from different stock centers to the average
value of their respective controls spiked in the screen, i.e., Ctrlbl for Transgenic RNAi Project (TRiP)/Bloomington Drosophila Stock Center (BDSC) stocks, Ctrlw
for National Institute of Genetics (NIG) stocks, and Ctrlv for Vienna Drosophila Resource Center (VDRC) stocks. Each dot represents a unique RNAi line. AdoR
RNAi lines are highlighted by red nomenclature. (C) Dl+ cell density (i.e., normalized number per area unit, relative to the controls) quantification of midguts
expressing AdoR RNAi in ISCs/EBs for 7 d. n = 9, 7, 6, and 8 midguts were analyzed for BDSC Luc RNAi (Luc-i), BDSC AdoR RNAi (AdoR-i), VDRC Ctrlv, and VDRC
AdoR RNAi (AdoR-iv) groups, respectively. Data are represented as mean ± SEM. (D–I) pH3 staining of midguts expressing Luc-i, AdoR-i, or AdoR-i together
with p35 in ISCs/EBs for 7 d, with or without the last 2 d on bleomycin food. (Scale bar: 50 μm.) (J) Mitosis quantification of midguts expressing Luc-i (n = 6),
AdoR-i (n = 7), Ctrlv (n = 10), or AdoR-iv (n = 10) in ISCs/EBs for 7 d, with or without the last 2 d on bleomycin food. Data are represented as mean ± SEM. (K)
Mitosis quantification of midguts with or without the expression of AdoR, PKAca, or PKAmR in ISCs/EBs for 4 or 7 d. n ≥ 8 midguts were analyzed for each
group. Data are represented as mean ± SEM. (L) Dl+ cell density quantification of midguts expressing Ctrlw (n = 8), AdoR (n = 6), PKAca (n = 7), and PKAmR (n =
5) overexpression in ISCs/EBs for 6 d. Data are represented as mean ± SEM. *P > 0.01 < 0.05; **P > 0.001 < 0.01; ***P > 0.0001 < 0.001; ****P < 0.0001; n.s., P >
0.05 is not significant.

affect the tissue-damage response (Dataset S1G), including the
WNT receptor fz2, the alpha integrin if, and the beta integrin
mys, the roles of which in the ISCs are expected based on the
previous literature (8–11).
In addition to receptors, the functions of which have been
characterized in ISCs/EBs, we uncovered a number of regulators
of ISC activities (Dataset S1G), most of which were not identified in a previous large-scale RNAi screen of the midgut, which
did not rely on a quantitative readout and focused on genes the
ubiquitous knockdown of which caused developmental defects
and lethality (12). First, we found that multiple RNAi lines targeting Syx17 and Snap29, which encode a pair of interacting SNAP
receptors that mediate the membrane fusion of autophagosomes
with late endosomes and lysosomes (13), increase ISC number (SI
Appendix, Fig. S1 B–D and I–K). Consistent with these RNAi
phenotypes, sgRNA-directed Syx17 or Snap29 knockouts in ISCs/
EBs increase proliferation (SI Appendix, Fig. S1 T–W). In contrast,
the knockdown of genes required for the induction or early steps
of autophagy such as Atg1 or Uba1 (14) in ISCs/EBs suppresses
Xu et al.

proliferation (SI Appendix, Fig. S1P). Therefore, inhibition of
autophagosome formation and maturation/clearance could have
different signaling effects in ISCs/EBs. Second, many genes
encoding neuropeptide or hormone receptors such as moody,
Receptor component protein (Rcp), adipokinetic hormone receptor
(AkhR), and Octopamine receptor (Oamb) were identified to be
required for ISC maintenance and proliferation (SI Appendix, Fig.
S1 E–H, L–O, and Q and R). Interestingly, Dh31, which encodes
the Drosophila ortholog of the mammalian Rcp ligand calcitonin
gene-related peptide (15), is expressed in a subpopulation of EEs
(16). Therefore, Dh31-Rcp signaling might explain a previous
report that EEs support ISC proliferation (17). Third, knockdowns of Lipophorin receptor 2 (LpR2), which mediates lipid uptake (18), and Eip75B, which is required for LpR expression and
lipid uptake (19), inhibit ISC proliferation (SI Appendix, Fig. S1 P
and Q). The identification of genes implicated in lipid metabolism
as ISC regulators might explain a previous report that the proliferation rate in the lipid-rich regions of the midgut tends to be
higher than in other regions (20). Furthermore, both RNAi and
PNAS | January 7, 2020 | vol. 117 | no. 1 | 465

mutant phenotypes suggest the role of Fmi, a core component of
planar cell polarity complexes, in supporting ISC activity (SI Appendix, Fig. S1S and Dataset S1G).
AdoR Regulates ISC Self-Renewal, Differentiation, Proliferation, and
Clonal Expansion. A top candidate identified from the screen is

AdoR, which is required to maintain the ISC/EB pool size (Fig.
1B). Expression of AdoR RNAi (target regions and knockdown
efficiency shown in SI Appendix, Fig. S2 A and B) in ISCs/EBs
significantly decreases Dl+ cell number under homeostatic conditions (Fig. 1C, 2 different RNAi lines used), which is not due to
induced cell death or differentiation, as we detected no apoptosis
by staining for cleaved caspase 3 (SI Appendix, Fig. S2 E and F),
no change in Prospero-positive EEs (SI Appendix, Figs. S2 G, H,
and L), and a significant loss of the Notch pathway reporter
Su(H)GFP (indicating EBs and the activity of EC differentiation) (2, 21) (SI Appendix, Fig. S2 G, H, M, and N). ISCs/EBs
expressing AdoR RNAi exhibit a proliferation defect, which is
insignificant under homeostatic conditions when the proliferation rate is low but apparent under tissue-damage conditions (Fig.
1 D–J, 2 different lines used). The inhibition of tissue-damage–
induced proliferation is not due to nonspecific killing of mitotic
cells as the phenotype cannot be rescued by coexpressing the
antiapoptotic gene p35 (Fig. 1 F and I). Consistent with the RNAi
phenotype, sgRNA-directed AdoR knockout in ISCs/EBs suppresses tissue-damage–induced proliferation (SI Appendix, Fig.
S1X). Furthermore, MARCM clones generated from homozygous
AdoR null mutant (SI Appendix, Fig. S1S) ISCs are much smaller
than control clones. Contrary to the knockdown or knockout
phenotypes, forced activation of AdoR signaling by AdoR overexpression (22) in ISCs/EBs stimulates ISC proliferation (Fig. 1K)
and increases the number of both Dl+ cells (Fig. 1L) and Su(H)
GFP+ cells (SI Appendix, Fig. S2 I and J).
The AdoRE02-Gal4 line carrying ∼3.1 kb putative enhancer
sequences of AdoR (SI Appendix, Fig. S2A) drives gene expression
ubiquitously in the midgut (SI Appendix, Fig. S2C). Although
AdoR might be expressed in all cell types, AdoR knockdown in
ISCs or EBs alone, rather than in ECs or EEs, significantly decreases tissue-damage–induced ISC proliferation (SI Appendix,
Fig. S2D). Interestingly, AdoR overexpression in ISCs, rather than
in EBs, causes overproliferation (SI Appendix, Fig. S3 A–H).
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PKA and Ca2+/Ras/MAPK Signaling Act Downstream of AdoR to
Regulate ISC Activity. AdoR belongs to the GPCR family of pro-

teins that function mainly through the cAMP/PKA and Ras/
MAPK pathways in mammals (Fig. 2A). The 4 mammalian AdoR
orthologs (ADORA1, ADORA2A, ADORA2B, ADORA3) regulate PKA signaling positively or negatively depending on which
Gα proteins they associate with, whereas all of them can activate
Ca2+ and Ras/MAPK signaling via either Gα or Gβγ (23, 24).
Heterologous expression of Drosophila AdoR increases cAMP and
intracellular Ca2+ levels in mammalian cells (22), suggesting that
the signaling of Drosophila AdoR is similar to the mammalian
orthologs.
Previously, it was reported that AdoR mediates the proliferation and differentiation of hematopoietic progenitor cells
via PKA signaling in the Drosophila larval lymph gland (25). We
stained the midguts for CRE-Luc, a reporter for the transcriptional activity of the PKA-regulated transcription factor Creb
(26) and found that AdoR overexpression induces PKA activity
in ISCs/EBs (Fig. 2 B and C). Although CRE-Luc is barely detectable in the midgut epithelium under homeostatic conditions
(Fig. 2 B and D), an increase in CRE-Luc staining is detected in
ISCs/EBs after tissue damage and the increase can be blocked by
AdoR knockdown (Fig. 2 D–G). Moreover, expression of the
constitutively active PKA (PKAca) induces ISC proliferation (Fig.
1K) and differentiation (SI Appendix, Fig. S2K), whereas PKA
466 | www.pnas.org/cgi/doi/10.1073/pnas.1900103117

inhibition suppresses ISC differentiation (SI Appendix, Fig. S2 N
and O).
Despite the established AdoR-PKA connections and the
similarity of AdoR and PKA phenotypes, certain important aspects of AdoR function in the midgut could not be explained by
PKA. First, whereas AdoR overexpression causes massive expansion of Dl+ cells, PKA activation or inhibition in ISCs/EBs
does not affect Dl+ cell number (Fig. 1L). Second, unlike AdoR,
overexpression of PKA catalytic subunit PKA-C1 (PKA) in
Dl+ ISCs does not cause overproliferation (SI Appendix, Fig. S3
A–D). When expressed in both ISCs and EBs for 2d, AdoR can
induce overproliferation but PKA or PKAca cannot (SI Appendix,
Fig. S3W). Third, ISCs/EBs expressing AdoR RNAi cannot be
induced to proliferate by the expression of PKA, PKAca, or PKA
downstream targets such as the repressor form of the Gli
ortholog Ci (Ci75) and the active form of Creb (CrebBact) (Fig. 2
P–S). Moreover, dominant negative PKAmR (Fig. 2W) prevents
AdoR-induced overproliferation.
PKA increases ISC cell size (SI Appendix, Fig. S3C) and causes
polarized shape with long membrane protrusions in EBs (Fig. 2 P
and Q, SI Appendix, Fig. S3G), which is consistent with a potent
role in mediating ISC/EB differentiation toward ECs (27, 28).
Furthermore, our lineage-tracing experiment suggests that ISCs/
EBs expressing AdoR or PKAca for 3 d produce a large number of
Pdm1+ ECs (SI Appendix, Fig. S3 I–K). Accelerated EC production and the observation that PKAca or AdoR induction in ECs
causes dramatic overproliferation (SI Appendix, Fig. S3 L–O)
might explain why PKA activation in ISCs/EBs for 4 d or longer
can induce overproliferation. The nonautonomous effects of PKA
or AdoR expression in ECs likely involve the activation of JNK
signaling and the production of mitogenic JAK/Stat pathway ligands (7), as detected by midgut RT-qPCR (SI Appendix, Fig.
S3P). Furthermore, the nonautonomous effects of PKA or AdoR
depend on a large number of ECs, as PKAca or AdoR expression
in EBs alone cannot induce overproliferation (SI Appendix,
Fig. S3 E–H).
Next, we investigated the role of the other signaling branch
downstream of AdoR in ISC self-renewal and proliferation (Fig.
2A). Calcium imaging suggests that AdoR knockdown suppresses
intracellular Ca2+ levels in ISCs/EBs, whereas AdoR overexpression dramatically increases the number of ISCs/EBs with
high Ca2+ levels (SI Appendix, Fig. S3X). Examination of Ras/
MAPK activity by staining midguts with the antibody recognizing
diphospho-extracellular signal–regulated kinase (dpErk) (29)
suggests that AdoR knockdown in ISCs/EBs inhibits Ras/MAPK
signaling under homeostatic conditions (Fig. 2 H–K), whereas
AdoR overexpression increases the number of ISCs/EBs with
high Ras/MAPK activity (Fig. 2 L and M). Previous studies
demonstrated that Ca2+ signaling and Ras/MAPK are required
for ISC self-renewal during tissue homeostasis (5, 30, 31).
Forcing intracellular Ca2+ influx by SERCA knockdown or Ras/
MAPK activation by expressing the constitutively active form of
Ras (Ras1A) increases the number of Dl+ ISCs (SI Appendix, Fig.
S2 P–S), which is consistent with AdoR and different from PKAca or
PKAmR overexpression. Similar to AdoR, Ras1A expression in ISCs
alone can induce overproliferation (SI Appendix, Fig. S3D). Most
importantly, the activation of Ca2+ and Ras/MAPK signaling by
expressing SERCA RNAi, Ras1A, or constitutively active Raf
(Rafgof) in ISCs/EBs induces overproliferation even in the presence
of AdoR RNAi (Fig. 2 O, R, and S), whereas AdoR-induced
overproliferation can be rescued by reducing intracellular
Ca2+ levels with trpA1 RNAi (31) or inhibiting Ras/MAPK with
Ras1 RNAi (Fig. 2 T–V). In conclusion, Ca2+ and Ras/MAPK
signaling mediate the major effects of AdoR on ISC proliferation.
Since Ras/MAPK and PKA signaling appear to control different aspects of ISC proliferation and differentiation, we asked
how their combinatorial activation could affect ISC activity.
Strikingly, Ras1A coexpression with PKA or PKAca in ISCs/EBs
Xu et al.
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Fig. 2. Analysis of AdoR downstream signaling in the midgut. (A) Model of AdoR activation. The conformational change of AdoR, upon binding to its ligand,
catalyzes the exchange of the GDP bound to G protein for a GTP, causing the dissociation of the Gα subunit from the Gβγ heterodimer and the activation of G
proteins. The 4 AdoR orthologs in mammals are known to associate with 3 major types of Gα proteins that trigger different downstream signaling upon
activation: Gαs activate adenylyl cyclase (AC), which induces cAMP levels and PKA activity; GαI, which inhibits AC; and Gαq, which activates PLC-β to stimulate
Ca2+/Ras/MAPK signaling. In addition, Gβγ activates PLC-β or Src to activate Ras/MAPK. PKA activates cAMP response element-binding protein (CREB) and
promotes the formation of the repressor form of Gli. (B and C) CRE-Luc staining of midguts with or without AdoR overexpression in ISCs/EBs for 2 d. (Scale bar:
50 μm.) (D–G) CRE-Luc staining of midguts with or without AdoR RNAi expression in ISCs/EBs for 7 d with or without the last 2 d on bleomycin food. (Scale bar:
10 μm.) (H and I) dpErk staining of midguts expressing Luc-i or AdoR-i in ISCs/EBs for 5 d. (Scale bar: 50 μm.) The channels of dpErk stainings are presented in
grayscale below the merged images in H–M. (J and K) dpErk staining of midguts with or without AdoR-iv expression in ISCs/EBs for 7 d. (Scale bar: 50 μm.) (L
and M) dpErk staining of midguts with or without AdoR overexpression in ISCs/EBs for 2 d. (Scale bar: 50 μm.) (N–R) pH3 staining and mitosis quantification of
midguts expressing AdoR-i alone or together with Ras1A, SERCA-i, PKA, or PKAca in ISCs/EBs for 5 d. (Scale bar: 50 μm.) n ≥ 10 midguts were analyzed for each
group. Data are represented as mean ± SEM. (S) Mitosis quantification of midguts expressing AdoR-i together with CD8-GFP (control), Rafgof, Ci75, or CrebBact
in ISCs/EBs for 5 d. n ≥ 7 midguts were analyzed for each group. Data are represented as mean ± SEM. (T and U) pH3 staining of midguts expressing AdoR
together with Luc-i or Ras1-i RNAi in ISCs/EBs for 5 d. (Scale bar: 50 μm.) (V) Mitosis quantification of midguts expressing AdoR together with Luc-i (n = 13),
Ras1-i (n = 10), or trpA1-i (n = 8) in ISCs/EBs for 5 d. Data are represented as mean ± SEM. (W) Mitosis quantification of midguts expressing PKAmR alone (n =
10) or together (n = 9) with AdoR in ISCs/EBs for 5 d. Data are represented as mean ± SEM. ****P < 0.0001; n.s., P > 0.05 is not significant.

for 2 d results in much more proliferation than the expression of
Ras1A, PKA, or PKAca alone (SI Appendix, Fig. S3 Q–W).
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Adgf-A Produced by ECs Restricts AdoR Signaling and ISC Proliferation.

Adenosine is the major ligand for AdoR. The mammalian adenosine deaminase 2 (ADA2) and its Drosophila orthologs encode
secreted enzymes converting extracellular adenosine into inosine,
which no longer activates AdoR (32). According to microarray
Xu et al.

(FlyAtlas) and RNA sequencing (RNA-seq) (modENCODE)
gene expression profiling data (http://flybase.org), Adgf-A is the
only Drosophila ortholog of ADA2 that is prominently expressed in
the digestive system. To characterize Adgf-A expression in situ, we
generated Adgf-A-Gal4 enhancer trap flies by CRISPR/Cas9mediated knock-in (SI Appendix, Fig. S5 A and B). Adgf-A-Gal4
drives mCherry reporter expression mainly in the ECs and visceral
muscles of the midgut (see Fig. 4 A and D).
PNAS | January 7, 2020 | vol. 117 | no. 1 | 467
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To analyze Adgf-A function, we examined its knockdown
phenotype in different midgut cell types. Strikingly, whereas flies
fed with excessive adenosine exhibit normal ISC/EB number and
proliferation rate, Adgf-A RNAi (knockdown efficiency shown in
SI Appendix, Fig. S4 A and B) expression in ECs results in
massive ISC/EB expansion and ISC overproliferation when the
flies are fed with adenosine (Fig. 3 A–E). Moreover, adenosine
and Adgf-A RNAi-induced overproliferation could be suppressed
by AdoR knockdown in ISCs/EBs (SI Appendix, Fig. S4C).
Consistent with EC-specific knockdown using Myo1AGal4, AdgfA knockdown with the RU486-inducible GSG952 driver (expressed
mainly in ECs, as shown in SI Appendix, Fig. S4D) induces ISC
proliferation when flies are fed with adenosine, whereas such induction of overproliferation can be inhibited by AdoR RNAi expression in ISCs/EBs (Fig. 3F and SI Appendix, Fig. S4 I–L). In
contrast, Adgf-A knockdown in ISCs/EBs (Fig. 3F and SI Appendix,
Fig. S4 E–H) or in visceral muscles (Fig. 3G) does not cause
adenosine-induced overproliferation. In conclusion, EC-derived
Adgf-A is required to restrict the mitogenic activity of excessive
extracellular adenosine.
Adgf-A knockdown or overexpression in ECs does not affect
ISC proliferation under normal feeding conditions (Figs. 3 E and
F, and 4H), suggesting that Adgf-A does not affect the basal
levels of AdoR activity and that there could be Adgf-A–independent mechanisms restricting endogenous extracellular
adenosine to a minimal level in the midgut under tissue homeostatic conditions. Because various cell types can release
purines, most notably ATP and adenosine, under tissue-damage
or inflammation conditions (33), we investigated the expression
and function of Adgf-A following tissue damage. Tissue damage
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by bleomycin feeding drastically reduces Adgf-A-Gal4 expression,
especially in the posterior region of the midgut (Fig. 4 A and B).
Quantification of Adgf-A-Gal4–driven Luc expression by luciferase assay confirms the significant decrease in midgut Adgf-A
expression following tissue damage (Fig. 4C). A detailed examination of the posterior midgut by costaining for the Dl-lacZ or
esg-lacZ markers revealed that, following tissue damage, only a
small fraction of ECs (as judged by large nucleus size and exclusion of progenitor markers) retain low levels of Adgf-A expression, whereas the expanding population of ISCs/EBs do not
express Adgf-A (Fig. 4 A, B, D, and E). RT-qPCR measurement
confirms the loss of midgut Adgf-A expression at the messenger
RNA level (Fig. 4F). Furthermore, we used an assay that measures the rate of inosine production over time and detected a
decrease of midgut adenosine deaminase activity following tissue
damage (Fig. 4G).
Consistent with the role of Adgf-A as a proliferation suppressor in response to excessive adenosine, overexpression of
Adgf-A in ECs under the control of either Myo1AGal4ts or
GSG952 suppresses tissue-damage–induced ISC proliferation,
whereas Adgf-A knockdown in ECs further enhances tissuedamage–induced ISC proliferation (Fig. 4 H and I). In contrast, Adgf-A knockdown in visceral muscles (Fig. 3G) does not
affect tissue-damage–induced ISC proliferation. In addition to
their degradation by the deaminase, extracellular adenosine
levels are controlled by a network of channels, transporters, and
enzymes (SI Appendix, Fig. S5C). Extracellular ATP can be
dephosphorylated into adenosine via the action of membranebound nucleotidases or secreted alkaline phosphatase (Alp) (34).
In addition, extracellular adenosine can originate from the direct
diffusion of intracellular adenosine through equilibrative nucleoside transporters (ENTs) (35). To explore whether ECs are a
source of extracellular adenosine, we knocked down genes required for the biogenesis of extracellular adenosine, including
Ent2 (the only ENT exhibiting reliable expression in the midgut,
according to http://flybase.org), veil (encoding the Drosophila
ortholog of 5′-nucleotidase, highly expressed in the midgut), and
Alp9 and Alp10 (2 of the most highly expressed Alps in the
midgut). Interestingly, the expression of Ent2 RNAi, veil RNAi,
or the simultaneous expression of Alp9 RNAi and Alp10 RNAi in
ECs suppresses tissue-damage–induced ISC proliferation (SI
Appendix, Fig. S5D). Altogether, our data suggest that Adgf-A
expression is down-regulated to facilitate tissue-damage–induced
proliferation and that ECs are likely a source of extracellular
adenosine.

Downloaded at Harvard Library on April 15, 2020

Potential Role of ADA2, the Adgf-A Ortholog, as a Tumor Suppressor.

Fig. 3. EC-derived Adgf-A suppresses adenosine-induced ISC proliferation.
(A–E) Midgut pH3 staining and mitosis quantification of flies expressing
VDRC Adgf-A RNAi (Adgf-A-iv) in ECs throughout development until young
adult stages (8 d post eclosion), with or without the last 3 d on food supplemented with adenosine. (Scale bar: 50 μm.) White arrowheads highlight
examples of pH3+ cells. n ≥ 7 midguts were analyzed for each group. Data
are represented as mean ± SEM. (F) Mitosis quantification of midguts
expressing Adgf-A-iv together with Luc-i or AdoR-i under the control of EGT
(ISC/EBs) and RU486-inducible driver GSG952 for 9 d with or without the last 3
d on adenosine food. n ≥ 9 midguts were analyzed for each group. Data are
represented as mean ± SEM. (G) Mitosis quantification of midguts with or
without Adgf-A-iv expression in visceral muscles (under the control of 24Bts)
for 8 d under normal feeding conditions with the last 3 d on food with
adenosine or with the last 2 d on food with bleomycin. n ≥ 9 midguts were
analyzed for each group. Data are represented as mean ± SEM. ***P >
0.0001 < 0.001; ****P < 0.0001; n.s., P > 0.05 is not significant.
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The amino acid sequence and predicted protein structure of
Adgf-A are highly conserved compared to its human ortholog,
ADA2 (SI Appendix, Fig. S5E). To analyze how ADA2 affects
the growth of human gastrointestinal epithelial cells, we chose
Caco2 cells as they represent a mixture of ISC-like and EC-like
cells (36) and do not carry mutations in major components of
AdoR signaling (37). Like most colorectal cancers, Caco2 cells
do not express ADA2 (Dataset S2A) (38). We cloned human
ADA2 into the pINDUCER20 lentiviral vector (39) and obtained
a stable Caco2 cell line with doxycycline-inducible ADA2 expression. Induced ADA2 expression causes a moderate suppression of
Caco2 cell proliferation (SI Appendix, Fig. S5 F and G), suggesting
a conserved role of human ADA2 as a tumor suppressor in the
digestive epithelium.
Discussion
We performed an RNAi screen for regulators of ISC activity and
identified AdoR as a gene required for Ras/MAPK and PKA
signaling in the ISCs/EBs. Characterization of AdoR and its ligand revealed that, in the healthy midgut, EC-derived Adgf-A
limits the bioavailability of extracellular adenosine and restricts
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Fig. 4. Down-regulation of Adgf-A facilitates tissue-damage–induced ISC proliferation. (A and B) The whole gut (scale bar: 500 μm) and zoomed-in Inset
(scale bar: 50 μm) corresponding to encircled posterior midgut regions views of Adgf-A-Gal4–driven DsRed expression in normal flies or flies fed with food
containing bleomycin for 3 d. (C) Luciferase activity of midguts expressing Luc under the control of Adgf-A-Gal4 with or without feeding bleomycin for 4
d before dissection. Data are represented as mean ± SEM. (D and E) Adgf-A-Gal4–driven nucleus-localized GFP (nlsGFP) expression in the posterior midguts
from normal flies versus flies fed with food containing bleomycin for 3 d before dissection. (Scale bar: 50 μm.) (F) RT-qPCR measurement of Adgf-A, AdoR, or
Dl expression in midguts (genotype: EGT) under normal or tissue-damage conditions. Data are represented as mean ± SEM. (G) Adenosine deaminase assay
curves of wild-type midguts (genotype: w1118) with or without feeding bleomycin for 2 d before dissection. Two replicates of each treatment group, along
with the positive (ADA) and negative (Blank) controls are presented. The kinetics of inosine production, i.e., the slope (k value) for the linear function of
fluorescence intensity over time, indicates the activity of adenosine deaminase. (H) Mitosis quantification of midguts with or without induced Adgf-A
overexpression in ECs for 7 d under normal or tissue damage (bleomycin feeding for 2 d) conditions. n ≥ 9 midguts were analyzed for each group. Data
are represented as mean ± SEM. (I) Mitosis quantification of midguts with RU486-inducible overexpression or knockdown of Adgf-A in the midgut for 4 d on
normal or RU486 food, followed by 3 d on normal or bleomycin food. n ≥ 7 midguts were analyzed for each group. Data are represented as mean ± SEM. (J)
Schematic summary of AdoR and Adgf-A signaling in the midgut. Under homeostatic conditions, Adgf-A from healthy ECs prevents adenosine accumulation and restricts AdoR signaling to the baseline levels required for homeostatic proliferation and ISC maintenance. Following tissue damage, loss of
Adgf-A expression allows extracellular adenosine to activate AdoR signaling. Upon AdoR activation in ISCs/EBs, Ras/MAPK signaling is induced to stimulate
proliferation; PKA is also activated but not required for AdoR-driven ISC proliferation. Hyperactive PKA signaling in ECs nonautonomously stimulates
ISC proliferation. *P > 0.01 < 0.05; **P > 0.001 < 0.01; ***P > 0.0001 < 0.001; n.s., P > 0.05 is not significant.

AdoR signaling in ISCs/EBs to a baseline level that supports ISC
maintenance (Fig. 4J). However, the damaged midgut lacks
sufficient levels of Adgf-A to restrict extracellular adenosine,
thus allowing the activation of AdoR and its downstream pathways to stimulate the regenerative activity of ISCs (Fig. 4J).

activation leads to hemapoietic progenitor exhaustion but ISC
expansion. Furthermore, Ras/MAPK activity, rather than PKA (as
in the hemapoietic progenitors) (25), functions as a necessary and
sufficient downstream component mediating AdoR-induced ISC
overproliferation.

The Pleiotropic Effects of Extracellular Adenosine Signaling in
Drosophila Tissues. Purines not only are required for nucleic acid

Integration of PKA and Ras/MAPK Signaling in the Midgut. Identification of AdoR as an ISC regulator led us to dissect the function
of its downstream pathways, i.e., PKA and Ras/MAPK. Although
earlier studies reported that EC-like differentiation in Caco2
colorectal cancer cells correlates with PKA activation (42) and
that pharmacological induction of cAMP/PKA suppresses the
migration of mammalian intestinal or colorectal cancer cells
(43), our study implicates PKA signaling in controlling ISC behaviors in vivo. We found that PKA activation in ISCs/EBs induces ISC-EC differentiation and EB membrane elongation,
whereas PKA activation in ECs nonautonomously stimulates ISC
proliferation. PKA regulates cytoskeletal organizing proteins
such as Rac, Cdc42, Rho, and PAK (44). Interestingly, PKA
antagonizes Rac to induce morphological changes in neurons

synthesis and the cellular energy supply, but also represent the
most primitive and common extracellular chemical messengers
(40). Extracellular adenosine acts on P1-type purinergic receptors,
i.e., AdoRs. The effects of AdoR signaling on cell growth are
context-dependent. For example, adenosine inhibits the growth of
imaginal disk cells, and Adgf-A was initially identified as a growth
factor that stimulates the proliferation of Drosophila imaginal disk
and embryonic cells in vitro (41). In contrast, in both larval lymph
gland (25) and adult midgut (this study), AdoR supports proliferation and differentiation in the stem/progenitor cells whereas
AdgfA from a nonautonomous source suppresses AdoR activity.
Despite the remarkably similar roles of AdoR in controlling behaviors of 2 different types of stem/progenitor cells, AdoR
Xu et al.
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(45). A similar mechanism might explain how PKA affects EB
morphology.
Ras/MAPK activity in the ISCs/EBs is responsive to a wide
spectrum of inputs, including the EGFR pathway (5), the PDGFand VEGF-receptor–related pathway (46), and cytosolic Ca2+ levels
(31). In this study, we confirmed AdoR as another upstream signal
that can affect Ca2+ and Ras/MAPK activity. Since earlier studies
suggested that GPCRs might affect intracellular Ca2+ levels (30),
whereas high levels of cytosolic Ca2+ levels can induce Ras/MAPK
activity in ISCs/EBs (31), it is likely that the detailed mechanism for
AdoR to activate Ras/MAPK implicates the regulation of Ca2+ levels
(Fig. 4J).
Following AdoR activation, both Ras/MAPK and PKA signaling are induced to facilitate ISC overproliferation and
accelerated production of ECs, whereas the perdurance of PKA
activity in a massive number of newly produced ECs has a synergistic effect with Ras/MAPK activity in ISCs/EBs in accelerating proliferation. Since human AdoRs are often highly
expressed in carcinomas (47, 48), a similar paradigm of PKA and
Ras/MAPK synergy might fuel oncogenic growth in epithelial
tissues.
Relevance to Mammalian Epithelial Tissue Regeneration and Colorectal
Cancers. Mammalian AdoRs and human ADA2 have been exten-
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sively studied in the hematopoietic and immune systems where
ADA2 is produced by differentiating monocytes to stimulate T cell
and macrophage proliferation (49, 50). Although mammalian
AdoRs are expressed in human digestive epithelial cells (Dataset
S2A) (38), their functions remain elusive. Different groups have
reported contradictory results suggesting either a protective or a
pathological role of AdoR signaling during tissue damage in the
mouse intestine (51), which could be due to the differences in
mouse culture conditions, genetic backgrounds, damage models,
or inflammation responses. Therefore, our study in Drosophila
might help clarify the function of AdoR signaling in the digestive
epithelium and in epithelial stem cells.
In carcinomas, ADA2 is focally and frequently deleted, based
on copy number analysis (summarized in Dataset S2B) (52).
Deleterious ADA2 mutations have been identified in colorectal
cancers in The Cancer Genome Atlas (TCGA) and Catalogue of
Somatic Mutations in Cancer projects (Dataset S2 C–E).
Moreover, ADA2 expression is significantly down-regulated in
colorectal cancers, according to microarray studies and RNA-seq
datasets from TCGA (Dataset S2F). Further, anti-ADA2 stainings were detected in the normal digestive epithelium but not in
colorectal cancers (Dataset S2G) (38). Therefore, the downregulation of ADA2 in colorectal carcinomas has been observed at DNA, RNA, and protein levels. Unfortunately, ADA2
cannot be studied in a mouse model because of a rodent-specific
gene loss event during evolution (based on http://asia.ensembl.
org/index.html). Moreover, murine developmental and physiological programs have adapted to the loss of ADA2, as transgenic
expression of human ADA2 in mice results in abnormal development
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Materials and Methods
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