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The adult Drosophila gastric and stomach organs
are maintained by a multipotent stem cell pool
at the foregut/midgut junction
in the cardia (proventriculus)
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Stomach cancer is the second most frequent cause of cancer-related death worldwide. Thus, it is important to elucidate
the properties of gastric stem cells, including their regulation and transformation. To date, such stem cells have not been
identified in Drosophila. Here, using clonal analysis and molecular marker labeling, we identify a multipotent stem-cell
pool at the foregut/midgut junction in the cardia (proventriculus). We found that daughter cells migrate upward either to
anterior midgut or downward to esophagus and crop. The cardia functions as a gastric valve and the anterior midgut and
crop together function as a stomach in Drosophila; therefore, we named the foregut/midgut stem cells as gastric stem
cells (GaSC). We further found that JAK-STAT signaling regulates GaSCs’ proliferation, Wingless signaling regulates GaSCs'
self-renewal, and hedgehog signaling regulates GaSCs’ differentiation. The differentiation pattern and genetic control
of the Drosophila GaSCs suggest the possible similarity to mouse gastric stem cells. The identification of the multipotent
stem cell pool in the gastric gland in Drosophila will facilitate studies of gastric stem cell regulation and transformation

in mammal.

Introduction

The mammalian gastrointestinal (GI) tract is required for diges-
tion, nutrient absorption, and homeostasis. It is composed of
histologically distinct organs, including the oral cavity, phar-
ynx, esophagus, stomach, small intestine and colon. An epithe-
lial luminal lining with an underlying vascular lamina propria
forms the GI mucosa, and the large numbers of epithelial cells
are replenished throughout the GI tract by stem cells.'* Stomach
cancer is the second most frequent cause of cancer-related death
worldwide. Thus, it is fundamental to elucidate the properties of
gastric stem cells, including their regulation and transformation.

In the mouse small intestine, two types of stem cells have
been identified.’ One type is located at the +4 position from the
crypt bottom; the other type is located below the +4 position in
the stem cell zone. In the large intestine, stem cells appear to be
directly located at the crypt bottom of the descending colon.’ The
stem cells of both the small intestine and colon express a marker,
Lgr5 (leucine-rich-repeat-containing G-protein-coupled recep-
tor-5).° In the gastric gland, multipotent stem cells have been
identified to reside in the isthmus region, based on circumstan-
tial morphological and cell kinetic evidence and in combination
with *H-thymidine-labeling.””” The stem cells first give rise to
three progenitor cells: the pre-pit cells, pre-neck and pre-parietal

cells. The pre-pit cells migrate up towards the lumen to become
terminally differentiated pit cells. The pre-neck and pre-parietal
cells migrate downwards and differentiate into one of the cell
types of the fundic gland (mucous neck cell, parietal cell, zymo-
genic/chief cell, endocrine cell and caveolated cell).”'* Recently,
LGR5+ stem cells have been reported at the base of the antrum
region of the gastric gland." Further, by lineage tracing, Lgr5**
cells have been functionally characterized as self-renewing,
multipotent stem cells, which are responsible for the long-term
renewal of the gastric epithelium.!*-? Recently, it has been found
that the two regions (fundic and antral) of the gastric gland vary
because of differences in proliferation and differentiation, as well
as in expression profiles."?

In Drosophila, the posterior midgut corresponds to the mam-
malian small intestine, the hindgut corresponds to the mamma-
lian large intestine, and multipotent adult stem cells have been
identified in both the posterior midgut and the hindgut.!*-"”
Notch (N) and other signaling pathways are known to regulate
the self-renewal, differentiation, and regeneration of posterior
midgut stem cells,”'*"¥2% while Wingless (Wg) and Hedgehog
(Hh) signaling controls the self-renewal or differentiation
of the hindgut stem cells.” However, no stem cells have been
identified in the location corresponding to the gastric gland in
Drosophila.
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The Drosophila cardia (proventriculus) is a structure at the
junction of the foregut and midgut (referred to as F/M in the fol-
lowing text), where the esophagus, midgut, and crop (a bi-lobed
structure in adult flies capable of considerable extension and stor-
age of liquid ingested food) merge.”-*' The cardia functions as a
valve and regulates the passage of food into the anterior midgut
and crop, which together perform the functions of the mamma-
lian stomach. The cardia is composed of three layers: the outer
layer, derived from the anterior-most region of the endodermal
midgut, and forming the gastric valve; the middle layer, derived
from the ectodermal foregut; and the inner layer, derived from the
posterior region of the esophagus (see Sup. Fig. 1).-* During
embryogenesis, the multilayered cardia structure is formed from
a simple epithelial tube through regulated epithelial cell sheet
movement. Several signal transduction pathways, including
those of Hh, Wg, Decapentaplegic (Dpp), N, and Janus kinase-
signal transducer and activator of transcription (JAK-STAT), are
required for this epithelial cell sheet movement.** In this study,
we identified a multipotent stem cell pool at the F/M junction
in adult Drosophila. These cells differentiated into gastric and
stomach cells. We further demonstrate that JAK-STAT signaling
in cooperation with Wg and Hh signaling regulates the prolifera-
tion and self-renewal of these stem cells.

Results

The F/M junction of adult Drosophila contains unique cell
types. The adult Drosophila GI system and cardia are illustrated
in Sup. Fig. 1, which shows the midgut and foregut joining at
the junction of zones 3 and 4. We observed that during the third
instar larvae stage, the cardia has four gastric caeca and contains
a pool of small nuclei cells at the F/M junction, as well as big
nuclei cells scattered in another region of the cardia (Sup. Fig.
2A and A'). Cardia does not contain crop at this stage. These
small pools of nuclei may be the adult progenitor cells, because
during metamorphosis, gastric caecas are degenerated and crop is
formed in the adult. Further, we observed that the foregut por-
tion of the adult cardia (zones 3 and part of zone 4) contained a
population of cells with small nuclei (Sup. Fig. 2B and 2C') that
clearly differed from the anterior midgut cells, which had larger
nuclei (Sup. Fig. 2B and 2C' zones 4, 5 and 6) and lower foregut
zones 1 and 2 (Sup. Fig. 2B and 2C'). A GFP-reporter of JAK-
STAT signaling (Stat92E-GFP)* is specifically expressed at the
F/M junction cells (Fig. 1A—C and Sup. Fig. 3A). Furthermore,
a transcription factor, Odd-Skipped (Odd) is expressed in the
Stat92E-GFP domain, in nearby cells on both sides of it, and in
both small and large nuclei (Fig. 1C). wg-Gal4/UAS-GFP (green
in Fig. 1D and D) and Patched (Ptc), a regulator of the Hh signal
transduction pathway (red in Fig. 1D and D") are also expressed
in the Stat92E-GFP domain. Stat92E-GFP is a stem-cell marker
in several other organs.””¢ Ptc (ptc-lacz) has been shown to mark
the hub and cyst progenitor cells (CPCs) in Drosophila testis.?”
We found that in addition to testis CPCs, ptc-lacz also express
in the F/M junction in the cardia (Sup. Fig. 3B). This cellular
organization and expression of markers at the F/M junction are
very similar to those that have been reported at the junction of
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the posterior midgut and hindgut.”” Stem cells have been identi-
fied at the junction of the posterior midgut and hindgut and in

nearby tissues.”>173¢

These findings led us to examine whether
the F/M junction also contains stem cells.

The F/M junction cells are proliferating. In order to look
for the F/M cell activity, we performed 5-bromodeoxyuridine
(BrdU) incorporation experiments. Cells immediately next to
the Stat92E-GFP zone in both foregut (Fig. 1E, white arrow)
and anterior midgut (Fig. 1E, red arrows) showed strong BrdU
incorporation. In contrast, cells in the Stat92E-GFP zone (Fig.
1E, outlined by a white dotted line) showed weak BrdU incor-
poration. We further analyzed the stability of BrdU-labeled cells
at the F/M junction, using the “pulse-chase” technique. After a
5 day “chase,” the BrdU label was retained only in the Stat92E-
GFP-expressing cells (Fig. 1F). We also chased the flies for
17 days and found that all BrdU-labeled cells at the F/M junc-
tion were gone (Fig. 1G). In invertebrates, BrdU is incorporated
into many differentiated cells that endoreplicate.’® We further
stained the tissue for phospho-histone H3 (PH3) to distinguish
endoreplicating from dividing cells in the cardia. Although BrdU
labeled several types of cells in the cardia, the PH3 staining was
only detected in a very rare population of cells with small nuclei
within the STAT92E-GFP and wg-Gal4/UAS-GFP regions
of the cardia (8 PH3** cells were observed out of 127 tissues
scored) (wg-Gal4/UAS-GFP shown in Fig. 1H and H'). These
observations indicate that the Stat92E-expressing and part of wg-
Gal4/UAS-GFP cells might be stem cells and the nearby cells
at both foregut and anterior midgut sides are their proliferative
progenitors.

We further examined the cell death by using an Apoptag kit.
We detected very few dying cells in the Stat92E-GFP zone (Sup.
Fig. 3E) or wg-Gal4/UAS-GFP (Fig. 11I) zone. However, a signifi-
cant number of dying cells were detected in the esophagus, ante-
rior midgut, and crop (Fig. 1H; also see Sup. Fig. 3E), indicating
that the stem cells in the Stat92E-GFP zone and their proliferat-
ing progenitors are generating replacement cells for the dead cells
in the esophagus, anterior midgut and crop.

The F/M junction cells are multipotent stem cells. To deter-
mine whether the F/M junction cells included functional stem
cells, we conducted three types of lineage tracing experiments.
In the first experiment, we used the FLP/FRT system, a simple
and efficient method for generating marked clones of random
dividing cells.® In this method, two complementary transgenes
were introduced into the same genomic locus in two homologous
chromosomes. One transgene bore a ubiquitously activated pro-
moter, the Drosophila al-tubulin promoter, followed by an FRT
sequence. The homologous chromosome contained a reporter
gene, B-galactosidase (lacZ), immediately after another FRT
site. During mitotic division, when the chromosomes pair up at
metaphase, the induced expression of FLP (in this case, by heat
shock) can facilitate homologous recombination between the two
FRT sites. This leads to the construction of a functional gene
cassette that drives /acZ gene expression in a broad region. This
technique is very sensitive, because the marker gene is turned
on immediately after recombination. We briefly heat-shocked
3-5-day-old adult female flies that had the proper transgenic
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Figure 1. The molecular markers expression and proliferation in cardia. (A,B) The cardia of a Stat92E-GFP fly was stained with GFP (green) and DAPI
(blue). (B) The high magnification of (A). (C) The cardia of a Stat92E-GFP fly was stained with GFP (green) and Odd (red) antibodies. (D, D’) the cardia of
awg-Gal4 UAS-GFP fly was stained with GFP (green) and Ptc (red) antibodies and DAPI (blue). (D) A high magnification picture of (D), in which a part
of wg-Gal4 UAS-GFP and anti-Ptc co-localize (yellow—highlighted by blue dashed line). (E) The cardia of a Stat92E-GFP fly was analyzed after five days
of BrdU pulse for cell proliferation. F/M junction cells outlined by a white dotted line; anti-GFP (green), anti-BrdU (red), and DAPI (blue). The red arrows
show the cell proliferation at anterior midgut region, white arrow shows the cell proliferation at foregut region (F) The Stat92E-GFP-positive cells are
proliferating at the F/M junction after five days of BrdU pulse and five days chase period. Only the Stat92E-GFP-positive F/M junction cells retain BrdU,
outlined by a white dotted line; anti-GFP (green), anti-BrdU (red), and DAPI (blue). (G) The cardia of a Stat92E-GFP fly was analyzed after five days BrdU
pulse and 17 days chase. All BrdU-labeled cells at the F/M junction were gone. The cardia was stained with anti-GFP (green), anti-BrdU (red), and DAPI
(blue). The F/M junction cells are outlined by a white dotted line (H, H') the wg-Gal4 UAS-GFP flies were stained with phospho-histone H3 antibody,
which labels only a rare population of cell with small nuclei (highlighted in white box; anti-PH3, red; anti-GFP, green; and DAPI, blue). (I) wg-Gal4 UAS-

um (C, D, E, H, I); 20 um (F, G).

GFPflies were stained with anti-GFP and Apoptag kit to detect dead cells. Anterior is at the top in all panels. Scale bars: 50 um (A); 5 um ( B, D' H'); 10

constructs and stained their guts with specific antibodies for
B-gal and Odd 2 days after clone induction (ACI; Sup. Fig. 3F
and F', N = 15). We found that the B-gal-positive clones were
mostly restricted to the F/M junction (outlined by a white dot-
ted line in Sup. Fig. 1A), and that some of the labeled cells also
expressed Odd (N = 20). No labeled cells were found without
heat shock in the controls (data not shown).

In the second experiment, we used the MARCM (mosaic anal-
0 to trace the labeled
cells for a longer time. In this system, a ubiquitously expressed
Gal80 transgene (tubP-Gal80), which encodes a Gal4 repressor,
is on one FRT chromosome, and a characterized mutation is on

ysis with a repressible cell marker) system

www.landesbioscience.com

Cell Cycle

the complementary FRT chromosome. In addition, tubP-Gal4
and UAS-GFP are ubiquitously expressed. The induced FLP
recombinase promotes recombination between the two FRT
sites, and after the completion of cell division, a daughter cell is
homozygous for the mutation and does not contain rubP-Gal80.
In these cells, the active Gal4 will drive UAS-GFP expression to
mark the mutant clones. No clones were detected without heat-
shock in the controls (Fig. 2A, N = 15). We briefly heat-shocked
5- or 14-day-old adult female flies carrying the appropriate trans-
genic constructs and stained their gut with specific antibodies
for GFP and DAPIL In cardias fixed two days ACI, the clones
were smaller (mostly 1 to 2 cells) and primarily restricted to the
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Figure 2. F/M junction cells are multipotent stem cells. (A) MARCM control flies without heat shock (NHS, no heat shock). (B-G) MARCM clones (green)
induced in adult cardia. MARCM clone imaged two days after clone induction (ACI) (B), four days (C), ten days (D-F; E, outer view; F, inner view), and 24
days (G) after clonal induction. Clones are highlighted in insets. White arrow in C points to the migration direction of GFP-marked cells from the F/M
junction to foregut. Red dotted arrow in (E) points to the migration direction of GFP-marked cells from the F/M junction to foregut and crop. Yellow
dotted arrow in (E) points to the migration direction of GFP-marked cells from the F/M junction to midgut. (H) The average number of GFP clones per

cardia at the indicated times ACI. Anterior is at the top in all panels. Scale bars: 10 pm (A-G).

F/M junction (outlined by a white dotted line in Fig. 2B,
N = 25). However, four days ACI, the GFP-labeled cells had
expanded at the F/M junction and some of the GFP-labeled cells
started to move into the foregut (Fig. 2C, N = 19). 10 days ACI,
the GFP-labeled cells remain at the F/M junction (Fig. 3D-F,
N = 17) and some of the GFP-labeled cells migrate into both
antier midgut (Fig. 3E, yellow dotted arrow, N = 21) and fore-
gut/crops (Fig. 3E, red dotted arrow, N = 21). 24 days ACI, the
GFP-labeled cells were continually expanded and migrate into
midgut and foregut/crops, possibly by symmetric or asymmetric
division (Fig. 2G, N = 22). From two days to ten days ACI, the
total numbers of GFP-labeled cells increased ~6 times (Fig. 2H);
from two days to 24 days ACI, the total numbers of GFP-labeled
cells increased ~7.5 times (Fig. 2H). The number of tracing cells
in the cardia did not significantly change over the 24-day period
(Fig. 2H), indicating that the stem cells in the cardia are long-
term, self-renewing adult stem cells.

To analyze the F/M junction cells further, we specifically
traced them using the FLP-out method, modified from Jung et
al.#" In this experiment, wg-Gal4 (expressed specifically in the
F/M junction cells) was used to initiate the permanent marking
of all the daughter cell lineages arising from them (Fig. 3A). In
this system, the Wg-Gal4 initially drove the expression of both
UAS-GFP and UAS-FLP. The FLP recombinase then excised
an intervening FRT-flanked ‘Stop cassette,” allowing the consti-
tutive expression of /azcZ under the control of the actin5C pro-
moter.*” We also included a temperature-sensitive Gal4 inhibitor,
Gal8015,* to manipulate the Wg-Gal4 activity. In this system, at
any time point, GFP is expressed in cells where Gal80 is inactive
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and Wg-Gal4 is active, whereas lacZ is expressed in all the sub-
sequent daughter cells, regardless of their continued expression
of wg-Gal4.

Gal80* suppresses Gal4 activity at the permissive temperature
(18°C). When cultured at 18°C, these flies grow to adulthood
with no obvious phenotype and no GFP or 3-gal expression (Fig.
3B). We then shifted the adult flies to the restrictive temperature
(29°C). After eight hours, GFP and a certain amount of 3-gal
were expressed at the F/M junction (Fig. 3C, N = 17). After one
day, the GFP expression was still limited to the F/M junction, but
the B-gal expression had extended to the esophagus and anterior
midgut (Fig. 3D, N = 15). After two days, the B-gal expression
had extended to the esophagus, anterior midgut, and crop (Fig.
3E, N = 18). After four days (Fig. 3F, N = 19) and seven days
(Fig. 3G, N = 12), many cells in the esophagus, anterior mid-
gut, and crop were permanently marked with 3-gal, even though
they do not express wg-Gal4 (as assessed by GFP) in these cells,
indicating that these cells are derived from a wg-Gal4-positive
precursor, and that the wg-Gal4 UAS-GFP-positive cells at the
F/M junction were multipotent stem cells. The cardia functions
as a gastric valve, and the crop and anterior midgut together per-
form the functions of the mammalian stomach. Since the F/M
stem cells produce replacement cells for the gastric and stomach
organs, we named them gastric stem cells (GaSCs).

As controls for the above experiment, we examined the 3-gal
expression patterns of three other Ga/4 lines: byn-Gal4 (Sup. Fig.
3G), ppl-Gal4 (Sup. Fig. 3H), and esg-Gal4 (Sup. Fig. 31), after
shifting the adult flies to the restrictive temperature (29°C) for
three days. The byn-Gal4 reporter was not expressed at the F/M
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Figure 3. F/M junction cells are multipotent stem cells of the gastric and stomach organs. (A) Schematic diagram of the cell lineage marking sys-

tem. After shifting the flies with genotype UAS-FLP/+; wg-Gal4 UAS-GFP/actin5C-FRT-draf-FRT-tau-lacZ; tub-Gal80%/+ to 29°C, the Gal4 was activated
and drove GFP (green) and FLP recombinase expression. The FLP recombinase then removed the ‘FLP-out’ cassette so that the constitutive actin5C
promoter drove lacZ expression (red) permanently within all subsequent daughter cells. Flies with the genotype UAS-FLP/+; wg-Gal4 UAS-GFP/actin5C-
FRT-draf-FRT-tau-lacZ; tub-Gal80%/+ (B—G) were cultured at the permissive temperature (18° C, B) and then shifted to the restricted temperature (29°C)
for 8 hours (C), 1 day (D), 2 days (E), 4 days (F), and 7 days (G). The cardia was stained with anti-GFP (green), anti-B-gal (red), and DAPI (blue). Anterior is

at the top in all panels. Scale bars: 50 pm (B, G); 20 pm (C-F).

junction or in the crop, and no specific B-gal was detected in the
esophagus, anterior midgut, or crop (Sup. Fig. 3G, N = 10). The
ppl-Gal4 reporter was expressed throughout the crop, and the
entire crop was permanently marked by (-gal, but no specific
B-gal was detected in the esophagus or anterior midgut (Sup.
Fig. 3H, N = 12). The esg-Gal4 reporter was not expressed in the
cardia or crop, and no specific 3-gal was detected in the esopha-
gus, anterior midgut or crop (Sup. Fig. 31, N = 10).

The GaSCs are multipotent gastric stem cells. To demon-
strate the multi-lineage potential of the GaSCs, we searched and
identified several molecular markers that are expressed in spe-
cific epithelial cell types of the adult Drosophila gastric organ.
Patched (Ptc), a regulator of the Hh signal transduction pathway,
expresses in the wg-Gal4/UAS-GFP and Stat92E-GFP zones. We
further found that a subset of MARCM clones with small nuclei
express Ptc (Fig. 4A and B), which suggests that these cells are
stem cells. Ptc does not express in the differentiated daughter
cells. Fused (Fu) is a component of the Hh signal transduction
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pathway, specifically expressed in the differentiated foregut cells
(Fig. 4C and D). Defective Proventriculus (Dve) is a transcrip-
tion factor, specifically expressed in differentiated anterior mid-
gut cells (Fig. 4E and F). Fu-positive cells (white dotted line in
Fig. 4D) and Dve-positive cells (white dotted lines in Fig. 4F)
were readily visible within the GFP-positive MARCM clones
derived from the GaSCs cells in the cardia.

In mammals, the gastric stem cells generate four main cell
lineages: parietal, zymogen, enteroendocrine, and mucous cells.®
The parietal cells can be labeled by antibodies to the H*K*-
ATPase a-subunit,® which is evolutionarily conserved. We
stained fly gut bearing MARCM clones with antibodies against
the Drosophila H*, K*-ATPase a-subunit («5) and found that
some GFP-positive cells were also labeled by the a5 antibodies
(Fig. 4G), suggesting that these cells may be the fly parietal cells.
We also stained cardia bearing MARCM clones with anti-Mef2
(a marker of muscle cells) and found that none of the GFP-
positive cells was Mef2-positive (Fig. 4H).
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Figure 4. The GaSCs are multipotent gastric stem cells. (A and B) MARCM clones (4 days) to see the expression of Ptc in the clones. Ptc expressing cells
are stem cells in (A and B). Cardia was stained with Ptc (red), GFP (green) and DAPI (blue). White dotted line in (B) shows the expression of Ptc is limited
in stem cells (C) The cardia of wg-Gal4 UAS-GFP flies were stained with GFP (green) and Fu (red in C). (D) The flies with MARCM clones were dissected
and stained with anti-GFP (green) and anti-Fu (red in D). (E) The Stat92E-GFP flies were stained with GFP (green) and Dve (red in E) antibodies. (F-H) The
flies with MARCM clones were dissected and stained with anti-GFP or anti-Dve (red in F) or anti-Na/K ATPase a-subunit o5 (red in G) or anti-MEF2 (red

in H). White line highlighted Fu-positive (D) or Dve-positive (F) cells. Black arrow in G points to Na/K ATPase a-subunit a5-positive cells. Anterior is at
the top in all panels. Scale bars: 5 pm (A, B); 10 um (C-H).

In summary, the above results suggest that the stem cells at the
F/M junction are multipotent gastric stem cells and their daugh-
ter cells either migrate up toward anterior midgut or migrate
downward to become esophagus and crop cells. This may be
similar to the mammalian system, where the gastric stem cell
is located in the isthmus of the tubular unit and their daughter
cells either migrate up toward the lumen and become pit cells or
migrate downward to become one of the cell types of the fundic
gland.’

The GaSCs are asymmetrically dividing. To further analyze
the self-renewal or division of GaSCs, we conducted two types of
experiments. In the first experiment, we specifically traced them
using the FLP-out method (Fig. 5A) similar to the technique used
in Figure 3. Gal80ts suppresses Gal4 activity at a “permissive”
temperature (18°C). When cultured at 18°C, these flies grow to
adulthood with no obvious phenotype, and no RFP or EGFP
expression was found (Fig. 5A, N = 20). We then shifted the adult
flies to a “restrictive” temperature (29°C). After 12 h at 29°C, the
first RFP appeared (Fig. 5C, N = 10). After one day, we could
clearly see that EGFP-marked cells were budding out from RFP/
EGFP, co-expressed parent cells (Fig. 5D and D', N = 15). After
two days, all of the RFP-positive cells were also EGFP-positive
cells, and we could see a greater number of EGFP-marked cells
budding out of RFP cells (white dotted line, Fig. 5E, E' and F,
N = 20; and Fig. 5G, merged-z-stack). We also dissected the flies
at six or ten days to two weeks and found the continued labeling
of GFP+ cells in different regions of the cardia (data not shown).
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In the second experiment, we use the MARCM system? to
trace the labeled cells and stained the cardia with specific anti-
bodies for GFP, Ptc, and DAPI. In cardia fixed four days after
clone induction, we can frequently detect a pair of partially con-
nected GFP-marked cells (Fig. 5SH and H'). In the pair, only
one cell expresses the stem cell marker Ptc. Further, we also
stained the flies of RFP/EGEFP lines with Ptc antibody (Fig. 51
and I') and found that asymmetric distribution of Ptc expres-
sion between stem cell and daughter cells. Cells with both RFP/
EGEFP express Ptc, and cells budding out of the stem cell zone
do not express a stem cell marker Ptc (Fig. 5I and I' and Sup.
Fig. 3]). In summary, the above results suggest that GaSCs are
dividing asymmetrically to produce one new GaSC and one dif-
ferentiating daughter cell.

Wy signaling regulates GaSC self-renewal and maintenance.
The wg-Gal4 UAS-GFP is expressed in the GaSCs and prolifer-
ating progenitor cells (Figs. 1D, D', G, H, and 6A). To address
the role of Wy signaling in regulating GaSCs, we overexpressed
wg and a dominant-negative form of TCF (pangolin), a down-
stream transcription factor in the Wg signaling pathway,* using
the Gal4/UAS system® combined with tu6Gal80%.** The overex-
pression of wg using actin5C-Gal4 resulted in a marked expansion
of the number of GaSCs marked by Stat92E-GFP (compare Fig.
6B with Fig. 1A-C, N = 10). At 29°C after 2—4 days, the over-
expression of dominant-negative TCF (dnTCF) strongly reduced
the number of GaSCs (Fig. 6C, N = 27; 60% of the flies) as the
numbers of Stat92E-GFP cells were decreased. When the BrdU
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Figure 5. Asymmetric division of GaSCs. (A) Schematic diagram of the cell lineage marking system. After shifting the flies with genotype UAS-FLP/+;
wg-Gal4 UAS-RFP/Act5C-FRT-y*-FRT-EGFP; tub-Gal80%/+ to 29°C, the Gal4 was activated and drove RFP (red) and FLP recombinase expression. The FLP
recombinase then removed the ‘FLP-out’ cassette so that the constitutive actin5C promoter drove EGFP expression (green) permanently within all
subsequent daughter cells. Flies with the genotype UAS-FLP/+; wg-Gal4 UAS-RFP/ Act5C-FRT-y*-FRT-EGFP; tub-Gal80%/+ (B-G, |, I') were cultured at

the permissive temperature (18°C, B) and then shifted to the restricted temperature (29°C, C-G, |, I'). At 18°C no EGFP/RFP expression (B). Flies shifted
to 29°C for 12 hrs (C), 1 day (D, high magnification in D), 2 days (E, E', high magnification in E”, F, G). (G) 2 days (Z-stack merged). Division of GaSCs is
highlighted in E’ (arrow) and E” F (round dotted lines). In B-G the cardia was dissected and examined under confocal microscope without staining (live
imaging). (H, H') The flies with MARCM clones were dissected and stained with anti-GFP (green), anti-Ptc (red) and DAPI (blue). (I, and high magnifica-
tion in I') UAS-FLP/+; wg-Gal4 UAS-RFP/Act5C-FRT-y*-FRT-EGFP; tub-Gal80%/+ flies (2 days) were stained with RFP (red), GFP (green), Ptc (purple) and DAPI
(blue). Ptc is expressed in GaSCs as highlighted by dotted lines in H, H'. Anterior is at the top in all panels exceptin |, I, where anterior is in right. Scale
bars: 10 um (B-E); 2 um (E', F, G, D" E”, I'); 5 wm (H, H"I).

www.landesbioscience.com Cell Cycle 1115



UAS-dnTCF

i

UAS-dnTCF

UAS-dnTCF

UAS-CjCell

Figure 6. Wg and Hh signaling regulate GaSCs maintenance and differentiation, respectively. The cardia of a wg-Gal4 UAS-GFP fly was stained with
anti-GFP (green) and DAPI (blue). White arrows point to the F/M junction. (B) Flies with the genotype Stat92E-GFP/+; Act-Gal4/+; tub-Gal80%/UAS-wg
were cultured at the restricted temperature (29°C) for 4 days. The cardia was stained with anti-GFP (green), and DAPI (blue). (C) Flies with the genotype
Stat92E-GFP/+; Act-Gal4/+; tub-Gal80%/UAS-dnTCF were cultured at the restricted temperature (29°C) for 4 days. The cardia was stained with anti-GFP
(green) and DAPI (blue). (D) Flies with the genotype Stat92E-GFP/+; Act-Gal4/+; tub-Gal80%/UAS-dnTCF were given food containing BrdU for 5 days,
followed by a 5-day chase at the restricted temperature (29°C). The cardia was stained with anti-GFP (green), anti-BrdU (red), and DAPI (blue). (E) The
cardia of a wg-Gal4 UAS-GFPflies (as control) were stained with Apoptag (red) GFP (green) for dying cells. (F) Stat92E-GFP/+; Act-Gal4/+; tub-Gal80*/
UAS-dnTCF flies were stained for Apoptag (red) for dying cells. (G) The cardia of an hh-Gal4 UAS-GFP fly stained with anti-GFP (green), anti-Arm (red),
and DAPI (blue). White arrows point to the F/M junction. (H, I) Flies with the genotype Stat92E-GFP/+; Act-Gal4/+; tub-Gal80%//UAS-Ci" were given food
containing BrdU for 5 days, followed by a 5-day chase at the restricted temperature (29°C). The cardia was stained with anti-GFP (green), anti-BrdU
(red), and DAPI (blue). Anterior is at the top in all panels. Scale bars: 10 um (A-D, G-1); 20 pum (E, F).

incorporation assay described above was used in the dnTCF-
overexpressing flies (N = 15), we found decreased proliferation
of the GaSCs (compare Fig. 6D with Fig. 2F). Meanwhile, the
significantly higher numbers of Apoptag-positive cells among the
GaSCs in the dnTCF-overexpressing flies (N = 10), suggesting
an increase in the apoptosis (compare Fig. 6E with 6F). These
data together suggest that Wg signaling is required for GaSCs’
self-renewal and maintenance.

Hh signaling regulates GaSCs’ differentiation. Hh-Gal4-
UAS-GFP and Fu are specifically expressed in the differentiated
cells in the foregut side of the cardia (outside of the Stat92E-GFP
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zone; Figs. 4C, D and 6G) while Ptc is specifically expressed
in the GaSCs and some of the immediate progenitor cells
(Figs. 1D and D'; 4A and B; 5G and H). We therefore examined
the role of Hh signaling in GaSC regulation. We overexpressed
a repressor isoform of Cubitus interruptus (Ci*"), a transcription

factor that acts downstream in the Hh signaling pathway./%

The overexpression of Ci! resulted in a significantly enlarged
cardia, in two weeks at 29°C (compare Sup. Fig. 4B with C).
The cardia in the wild-type flies was 32.34 M wide on average
(Sup. Fig. 4B, N = 20), while that in flies overexpressing Ci«!' was

57.67 uM wide on average (Sup. Fig. 4C, N = 23). The enlarged
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Figure 7. JAK-STAT signaling regulates GaSCs proliferation. (A) The cardia of a upd-Gal4 UAS-GFP fly was stained with anti-GFP (green), anti-Arm (red),
and DAPI (blue). White arrows point to the F/M junction. (B) The cardia of upd-Gal4 UAS-GFP/ STAT92E-lacZ flies were stained with anti-GFP (green),
anti-B-gal (red), and DAPI (blue). White arrows point to the upd-Gal4 UAS-GFP (green) and red arrow point to the STAT92E-lacZ (red). (C) Flies with the
genotype Stat92E-GFP/+; Stat92E*%34¢/Stat92EF were given food containing BrdU for five days, followed by a five day chase at the restricted tempera-
ture (29°C). The cardia was stained with anti-GFP (green), anti-BrdU (red), and DAPI (blue). (D,E) Flies with the genotype Stat92E-GFP/+; Act-Gal4/+;
tub-Gal80¥/UAS-upd were cultured at the restricted temperature (29°C) for four days. The cardia was stained with anti-GFP (green), anti-Ptc (red in
D-E), and DAPI (blue). (F,G) Diagram showing behavior and regulation of GaSCs in Drosophila. (F) The slow proliferative GaSCs first give rise to the fast
proliferative progenitors in both foregut and anterior midgut. The progenitors then migrate and differentiate into the terminally differentiated cell
types in both crop and midgut. (G) Schematic diagram summarizing the functions of JAK-STAT, Wg, and Hh pathways in regulating GaSCs’ behaviors in
Drosophila. Anterior is at the top in all panels. Scale bars: 10 um (A, C=F); 5 pm (B).

cardia was almost entirely filled with small Stat92E-GFP-positive
GaSCs (Fig. 6H and Sup. Fig. 4A, N = 20). The Ciexpressing
flies actively incorporated BrdU into all of the cells of the cardia
(Fig. 6H and I, N = 17), suggesting that blocking the Hh signal
stimulates GaSC proliferation and prevents their differentiation.

JAK-STAT signaling regulates GaSC proliferation.
Drosophila JAK-STAT signal transduction pathway regulates
stem cell self-renewal in several other systems.***~>! These findings
and our observation that Stat92E-GFP is specifically expressed in
the GaSCs (Fig. 1A-C) prompted us to examine the function of
JAK-STAT signaling in GaSC regulation. The Drosophila JAK-
STAT signaling pathway has four major components.* A secreted
glycoprotein, unpaired (upd), is an in vivo ligand that initiates
signaling by binding its receptor,” a transmembrane protein,
Domeless [Dome; also called Master of Marelle (MOM)] >4
Dome signals through the only Drosophila JAK kinase homo-
logue, Hopscotch (Hop),*” and the only Drosophila STAT homo-
logue, Stat92E.”*>% The activated Stat92E then enters the nucleus
to activate its target genes’ transcription.’?

We first examined the expression of JAK-STAT pathway com-
ponents in the cardia and found that upd (as assessed upd-Gal4
UAS-GFP) was expressed in zone 3, immediately anterior to the
Stat92E-GFP cells (Fig. 7A; more clearly shown in Fig. 7B),

www.landesbioscience.com
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while its receptor dome (as assessed by dome-Gal4 UAS-GFP) is
expressed in the Stat92E-GFP cells (Sup. Fig. 4C). We then used
a temperature-sensitive allele of Stat92F (Stat92E")>* to study
the function of JAK-STAT signaling in the regulation of the
GaSCs. Because this allele has a closely linked background lethal
mutation, we used flies that were Staz92E" heterozygous with
Stat92E?%% . The Stat92EF|Stat92E’3% (referred to as Star92E"
from now on) genotype is lethal at 29°C, but viable and fertile at
18°C and at room temperature (RT, ~-22°C.%° data not shown).
Adule $tat92E-GFP/+; Stat92F* female flies were first cultured at
29°C for three days and then fed a BrdU-containing diet for five
days, followed by a five day chase. Although the number of GFP-
positive cells were relatively normal, the amount of BrdU incor-
poration was dramatically lower in the Sta292E-GFP/+; Stat92E*
flies (N = 17) than in wild-type flies (N = 20) (Fig. 7C versus
Fig. 1F). This result suggests that JAK-STAT signaling regulates
GaSC proliferation. We next overexpressed upd using the Gal4/
UAS system in combination with ##bGal80*". The overex-
pression of upd resulted in a significant expansion of the num-
ber of GaSCs marked by Stat92E-GFP and Ptc (Fig. 7D and E,
N = 16), compared with wild-type flies (Fig. 1A, N = 18). These
data further support the idea that JAK-STAT signaling is required
for GaSCs proliferation.
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Discussion

The gastric stem cells may have similar behavior in Drosophila
and mouse. In this study, we identified multipotent gastric stem
cells (GaSCs) at the junction of the adult Drosophila foregut and
midgut. The GaSCs express the Stat92E-GFD reporter, wg-Gal4
UAS-GFP, and Ptc, and are slowly proliferating. The GaSCs first
give rise to the fast proliferative progenitors in both foregut and
anterior midgut. The foregut progenitors migrate downward
and differentiate into crop cells. The anterior midgut progeni-
tors migrate upward and differentiate into midgut cells (Fig. 7F).
However, at this stage because of limited markers availability,
complex tissues system at cardia location, we are not sure how
many types of cells are produced and how many progenitor cells
are in the cardia. Our clonal and molecular markers analysis sug-
gest that cardia cells are populated from gastric stem cells at the
F/M junction; however, we cannot rule out that there may be
other progenitor cells with locally or limited differential potential
may also take partin cell replacement of cardia cells. Nevertheless,
the observed differentiation pattern of GaSCs in Drosophila may
be similar to that of the mouse gastric stem cells.'®!? The gas-
tric stem cell in mouse is located at the neck-isthmus region of
the tubular unit. They produce several terminally differentiated
cells with bidirectional migration, in which, upward migration
towards lumen become pit cells, and downward migration results
in fundic gland cells.'!2

Signal transduction pathways that regulate gastric stem
cell activity. We found that three signal transduction pathways
differentially regulate the GaSC self-renewal or differentiation
(Fig. 7G). The loss of JAK-STAT signaling resulted in quiescent
GaSCs; that is, the stem cells remained but did not incorpo-
rate BrdU or rarely incorporated BrdU. In contrast, the ampli-
fication of JAK-STAT signaling resulted in GaSCs’ expansion.
These observations indicate that JAK-STAT signaling regulates
GaSCs’ proliferation. On the other hand, the loss of Wg signaling
resulted in GaSC loss, while the amplification of Wg resulted in
GaSC expansion, indicating that Wg signaling regulates GaSC
self-renewal and maintenance. Finally, the loss of Hh signaling
resulted in GaSC expansion at the expense of differentiated cells,
indicating that Hh signaling regulates GaSC differentiation.

The JAK-STAT signaling has not been directly connected to
gastric stem cell regulation in mammal. However, the quiescent
gastric stem cells/progenitors are activated by interferon y (an
activator of the JAK-STAT signal transduction pathway),® indi-
cating that JAK-STAT pathways may also regulate gastric stem
cell activity in mammal. Amplification of JAK-STAT signaling
resulted in expansion of stem cells in germline, posterior midgut
and malpighian tubules of adult Drosophila.?**** In the mam-
malian system, it has been reported that activated STAT con-
tributes to gastric hyperplasia and that STAT signaling regulates
gastric cancer development and progression.® Wnt signaling has
an important function in the maintenance of intestinal stem
6364 and hindgut stem cells in
Drosophila,” and its activation results in gastrointestinal tumor

cells and progenitor cells in mice

development.®® Tcf plays a critical role in the maintenance of the
epithelial stem cell.* Mice lacking Tcf resulted in depletion of
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epithelial stem-cell compartments in the small intestine® as well
as being unable to maintain long-term homeostasis of skin epi-
thelia.” A recent study even demonstrates that the Wnt target
gene Lgr5 is a stem cell marker in the pyloric region and at the
esophagus border of the mouse stomach." Further, it has been
found that overactivation of the Wnt signaling can transform the
adult Lgr5* stem cells in the distal stomach," indicating that
Whnt signaling may also regulate gastric stem cell self-renewal
and maintenance in the mammal. Sonic Hedgehog (Shh) and its
target genes are expressed in the human and rodent stomach.”
Blocking Shh signaling with cyclopamine in mice results in an
increase in the cell proliferation of gastric gland, suggesting that
Shh may also regulate the gastric stem cell differentiation in
mice.!? These data together suggest that the genetic control of
the Drosophila GaSCs may be similar to that of the mammalian
gastric stem cells.

The potential GaSCs niche. In most stem cell systems that
have been well characterized to date, the stem cells reside in a spe-
cialized microenvironment, called a niche.®® A niche is a subset
of neighboring stromal cells and has a fixed anatomical location.
The niche stromal cells often secrete growth factors to regulate
stem cell behavior, and the stem cell niche plays an essential role
in maintaining the stem cells, which lose their stem-cell status

once they are detached from the niche.”

Loss of the JAK-STAT signaling results in the GaSCs being
quiescent; the stem cells remain but do not proliferate or rarely
proliferate (Fig. 7C). The Dome receptor is expressed in GaSCs
(Sup. Fig. 3C), while the ligand Upd is expressed in adjacent cells
(Fig. 7B). Upd-positive hub cells function as a germline stem-
cell niche in the Drosophila testis.*>* Further, we demonstrated
that overexpression of #pd results in GaSC expansion (Fig. 7D),
suggesting that the Upd-positive cells may function as GaSCs
niche. Furthermore, while the Stat92E-GFP expression is regu-
lated by the JAK-STAT signaling in other systems,” its expres-
sion at the F/M junction seems independent of the JAK-STAT
signaling because the Stat92E-GFP expression is not significantly
disrupted in the Sz2#92E* mutant flies (Fig. 7C), suggesting that
the GaSCs may have unique properties.

The stomach epithelium undergoes continuous renewal
by gastric stem cells throughout adulthood. Disruption of the
renewal process may be a major cause of gastric cancer, the second
leading cause of cancer-related death worldwide,® yet the gastric
stem cells and their regulations have not been fully characterized.
A more detailed characterization of markers and understanding
of the molecular mechanisms control gastric stem cell behavior
will have a major impact on future strategies for gastric cancer
prevention and therapy. The information gained from this report
may facilitate studies of gastric stem cell regulation and transfor-
mation in mammal.

Materials and Methods
Drosophila stocks. Oregon R was used as the wild-type strain.
The other fly stocks used in this study, described either in FlyBase

or as otherwise specified, were as follows: Stat92E reporter-

GFP (provided by G. Baeg), hh-Gal4 (provided by K. Basler),
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wg-Gal4 (provided by JP. Vincent and V. Hartenstein), esg-Gal4
(provided by S. Hyashi), stat92E-lacZ, byn-Gal4 (provided by J.
Merriam), ppl-Gal4 (provided by M. Pankratz), UAS-Ci" (pro-
vided by K. Basler), Act5C-FRT-Draf-FRT-tau-lacZ (provided
by J. Skeath), and X-15-29 and X-15-33, used for clonal analy-
sis (provided by T. Xie).? Act5C-FRT-y*-FRT-EGFP was gener-
ated in our laboratory. UAS-upd and stat92E?% were described
previously;’® stat92EF, a temperature-sensitive szat92E allele”
was provided by S. DiNardo; and ptc-lacZ; Act-Gal4, UAS-
Flp, UAS-wg, UAS-dnTCF*Y, UAS-RFP, tub-GAL80", AyGal4
UAS-GFP, SM6, hs-Flp, FRT82B-tub-Gal80 and FRT82B were
obtained from the Bloomington stock center.

Flies were raised on standard Drosophila medium at room
temperature (22°C) or in incubators at 18°, 25° or 29°C. Genes
and mutations that are not described in the text can be found at
Flybase (flybase.bio.indiana.edu).

Temporal overexpression of genes and generation of clones
using the Lacz, MARCM and flip-out techniques. The tubu-
lin (tub)-GAL80* in combination with the conventional Gal4/
UAS system was used for the temporal overexpression of genes.
Adult flies, which had been raised at 18°C, were shifted to 29°C
to inactivate GAL80", which inhibits the Gal4-driven expression
of genes following the UAS. The genotypes of the flies used for
the temporal overexpression of genes were Stat92E-GFP/+; Act-
Gal4l+; tub-GAL80*/UAS-wg, Stat92E-GEPl+; Act-Gal4/+; tub-
GAL80* | UAS-Ci", Stat92E-GFPl+; Act-Galdl+; tub-GALS8O"/
UAS-dTCF*Y, and Stat92E-GFP/+; Act-Gald/+; tub-GAL80"|
UAS-upd. The genotype of LacZlineage labeling, hsFLP; X-15-29/
X15-33. 3-5-day-old adult females were heat-shocked for
40 min in a 37°C water bath. After heat shock, flies were trans-
ferred to fresh food every day, and the gut was processed for
staining at the indicated times. The genotype for MARCM
clone induction was AyGal4 UAS-GFP/SM6, hs-Flp; FRT®%®
tub-GAL80/FRT®?. 3—5-day-old adult females were subjected to
heat shock twice (37°C, 60 min each) with an interval of 8-12 h
between heat shocks. The flies were transferred to fresh food once
a day after the heat-shock treatments, and the gut was processed
for staining at the indicated times. For lineage tracing using the
Flp-out technique, adults with the following genotypes were
generated: UAS-Flp/+; Act5C-FRT-Draf-FRT-tau-lacZ|wg-Gal4
UAS-GFP;  tub-GAL80"/+or UAS-Flpl+; Act5C-FRT-y*-FRT-
EGFPlwg-Gal4 UAS-RFP; tub-GAL80"/+. Crosses were estab-
lished and cultured at 18°C, the permissive temperature, until
adulthood. The progeny were divided into two equal pools; the
control group was cultured at 18°C and the experimental group

was shifted to 29°C. Flies kept at 29°C were dissected and stained
after the indicated times.

BrdU labeling. Female flies were starved at 25°C and then fed
100 mM BrdU (Invitrogen) in a paste of yeast granules, sucrose,
and water, for 5 days. For the chase experiment, flies were given
normal fly food without BrdU for another 5 or 17 days before
dissection. The gut was dissected, fixed with 4% formaldehyde,
treated for 30 min at 37°C with DNase, and stained with anti-
BrdU (Invitrogen).

Immunofluorescence staining and microscopy. The gut was
dissected and stained as described previously.**"¢*-> Confocal
images were obtained using the Zeiss LSM510 system and pro-
cessed with Adobe Photoshop CS2. The following antibodies
were used: rabbit anti-B-gal (1:1000; Cappel), mouse anti-f3-gal
(1:100; Promega), rabbit anti-Odd (1:400; gift from J. Skeath),
rabbit anti-MEF2 (1:1000; gift from B. Patterson), anti-Dve
(1:1000; gift from F. Matsuzaki), mouse anti-Armadillo N7A1
[1:4; Developmental Studies Hybridoma Bank (DSHB)], mouse
anti-Na/K ATPase a-subunit a5 (1:50; DSHB), mouse anti-Fu
(1:100; DSHB), mouse anti-Ptc (1:100; DSHB), mouse anti-
BrdU (1:100; BD Biosciences or Invitrogen), rabbit anti-GFP
(1:200; Invitrogen), and mouse anti-GFP (1:100; Invitrogen),
chicken anti-GFP (Abcam), and rabbit anti-RFP (Invitrogen).
Secondary antibodies were goat anti-mouse and goat anti-rabbit
IgG conjugated to Alexa 488 or Alexa 568 (1:400; Invitrogen).
DAPI (Sigma) was used to stain DNA.

Detection of apoptosis. We used an Apoptag Red in
Situ Detection Kit (Chemicon) to detect cell death in the
cardia.
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