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Drosophila adult midgut intestinal stem cells (ISCs) maintain tissue
homeostasis by producing progeny that replace dying enterocytes
and enteroendocrine cells. ISCs adjust their rates of proliferation in
response to enterocyte turnover through a positive feedback loop
initiated by secreted enterocyte-derived ligands. However, less is
known about whether ISC proliferation is affected by growth of
the progeny as they differentiate. Here we show that nutrient dep-
rivation and reduced insulin signaling results in production of
growth-delayed enterocytes and prolonged contact between ISCs
and newly formed daughters. Premature disruption of cell contact
between ISCs and their progeny leads to increased ISC proliferation
and rescues proliferation defects in insulin receptor mutants and
nutrient-deprived animals. These results suggest that ISCs can indi-
rectly sense changes in nutrient and insulin levels through contact
with their daughters and reveal a mechanism that could link phys-
iological changes in tissue growth to stem cell proliferation.
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Self-renewing stem cells respond to perturbations in tissue
homeostasis by adjusting their rate of proliferation or by al-

tering their total number (1). Although much is known about the
mechanism of stem cell self-renewal (2), less is known about how
stem cells sense and respond to these perturbations.
TheDrosophila adultmidgut containsmultipotent intestinal stem

cells (ISCs) that divide once a day and generate daughters, known
as enteroblasts, which then differentiatewithout dividing into either
enteroendocrine cells or polyploid enterocytes (Fig. S1A) (3, 4).
Injury to the adult midgut results in acute loss of enterocytes and
release of JAK-STAT and Egfr ligands by dying cells. These ligands
directly activate the JAK-STAT and the Egfr-signaling pathways in
ISCs (5–17), which results in an increased rate of ISC proliferation
and enterocyte production, thereby linking the death of differen-
tiated cells to a response that restores tissue homeostasis.
Although regulation of ISC proliferation by enterocyte turnover

is well understood, it remains unclear whether growth and dif-
ferentiation of stem cell daughters can regulate ISC proliferation.
In Drosophila, cell growth is dependent on nutrition and insulin
signaling (18, 19), and these physiological variables might also
regulate ISC proliferation and growth of ISC daughters. Indeed,
homeostaticmechanisms involving nutrition, insulin signaling, and
stem cells have been characterized in the Drosophila ovary and
testis, where germline and somatic stem cells respond to changes
in the nutritional availability for gametogenesis by adjusting their
rates of proliferation (20–24). Recently, it has been shown that the
rate of ISC proliferation in both the Periplaneta americana and
Drosophila midgut changes in response to dietary manipulations
and insulin signaling (17, 25–27). However, the cell types medi-
ating this response are not known. We show that enteroblasts
nonautonomously regulate ISC proliferation in response to nu-
trition and insulin signaling. Thus, both enterocytes and enter-
oblasts contribute to the maintenance of tissue homeostasis in the
Drosophila midgut.

Results
To determine the effect of diet on maintenance, growth, and dif-
ferentiation of ISCs and their progeny, we made positively marked
lac-Z stem cell clones (3, 28) (Fig. S1 B and C) and followed the

fates of marked stem cells and daughters in females fed a protein-
rich (molasses and live yeast) or a protein-poor (molasses only)
diet. One-day-old flies were fed a rich diet for 1 d and then heat-
shocked to induce clones. Animals were allowed to recover for 1 d
on a rich diet and then were separated into two cohorts: one fed
a rich diet and one fed a poor diet. Intestineswere stained at various
times after clone induction (ACI) to assay for the number of cells
per ISC clone (β-gal) and the presence of stem cells (Delta posi-
tive), enteroendocrine cells (Prospero positive), enterocytes (Delta
and Prospero minus), and enterocyte ploidy (DAPI) (3, 4, 29).
In animals fed a rich diet, the number of cells per ISC clone

increased until it reached a plateau of approximately 20 cells on
day 10 (Fig. 1A). In animals fed a poor diet, the number of cells per
ISC clone also increased, but reached a lower plateau at a slower
rate than in animals fed a rich diet (Fig. 1A). This observed de-
crease in cell number per clone suggests that diet can regulate ISC
proliferation and is in accordance with recently published results
(17). However, a decrease in ISC number was not observed as
previously claimed (17), as the number of ISC clones per posterior
midgut did not decrease significantly with time from animals fed
either diet (Fig. 1B). Furthermore, the total number of ISCs per
posterior midgut (SI Materials and Methods) from animals fed ei-
ther diet did not change significantly over a 2-wk period (Fig. 1C).

Nutrition Regulates Enterocyte Growth.Wenext followed the fate of
transit clones to determine the effect of a poor diet on enteroblast
differentiation and enterocyte turnover (Fig. S1C). Both transit
enteroendocrine clones (Fig. 2A) and transit enterocyte clones
(Fig. 2B) from animals fed a rich diet turned over in a week,
similar to that described previously (3). Enteroendocrine clone
turnover appeared unaffected in animals raised on a poor diet
(Fig. 2A). In contrast, turnover of transit enterocyte clones in
animals fed a poor diet slowed during the first week ACI and then
ceased (Fig. 2B), suggesting that dietary protein is required for
enterocyte turnover and/or differentiation.
Stem cell clones from animals fed either diet contained ISCs,

enteroblasts, enteroendocrine pairs (Fig. S1B), and enterocytes
(Fig. 2C). However, the largest nuclei of enterocytes in animals fed
a poor diet often appeared smaller than those fed a rich diet (Fig.
2C, double asterisks). To determine the effect of diet on the onset
of enterocyte endoreduplication, we DAPI-quantified cell nuclei
in clones 6 and 14 dACI (Fig. 2D). At 6 dACI, in animals fed a rich
diet, 25.5% of cells were 4n (51/200), 48% were 8n (96/200), and
6.5%were 16n (13/200), whereas in animals fed a poor diet, 40.5%
of cells were 4n (81/200), 19% were 8n (38/200), and 0% were 16n
(0/200). At 14 dACI, 34.5%of cells were 4n (69/200), 40%were 8n
(80/200), and 12.5% were 16n (25/200) in animals fed a rich diet,
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whereas 52% of cells were 4n (104/200), 24.5% were 8n (49/200),
and 1% were 16n (2/200) in animals fed a poor diet. Together,
these data demonstrate that a protein-poor diet results in severe
slowdown of enterocyte endoreduplication.
Reduction in the number of cells per ISC clone (Fig. 1A) and

decreased number of phospho-histone-H3 cells (17) from animals
fed a poor diet suggest that ISCs directly sense the nutritional status
of the organism. However, because diet also affects growth of
enteroblasts into enterocytes (Fig. 2 B–D), changes in ISC pro-
liferation rates might be regulated indirectly by enteroblast growth.
Because the insulin pathway in Drosophila is used by the ovarian
germline (22), follicle stem cells (23), and testis germline stem cells
(17) to sense nutritional status of the animal, we closely examined
the role of insulin signaling in the posterior midgut to determine
through which cells nutrition regulates ISC proliferation.

Insulin Signaling Regulates Enterocyte Growth and Endoreduplication.
To delineate the role of dInR signaling in daughter differentia-
tion and how it might regulate ISC proliferation, we made
MARCM (mosaic analysis of a repressible cell marker) clones of
two mutant alleles of dInR: dInRE19 (30), a hypomorph, and
dInR339, a genetic null (30), and of chico1 (Fig. S2A), the Dro-
sophila homolog of the insulin receptor substrate protein (21),
and followed the fate of stem cell and transit clones (Fig. S3A).

Consistent with recently published work (27), the average
number of cells inmutant clones did not increase over time after 3 d
ACI (Figs. S2B and S3B). Both wild-type and dInRmutant clones
always contained one ISC and were capable of giving rise to pairs
of enteroendocrine cells (Fig. 3A), some of which stained positive
for an antibody that recognizes the FMRF-amide (Phe-Met-Arg-
Phe-NH2) modification of the peptide hormone NPF (Fig. S4)
(31), suggesting that insulin signaling is not necessary for enter-
oendocrine differentiation. In contrast, both mutant dInR and
chico enterocyte nuclei appeared smaller than wild-type enter-
ocytes (Fig. 3A and Fig. S2A) and were negative for Pdm1 (Fig. 3A
and Fig. S2A), a marker of differentiated enterocytes (8), dem-
onstrating that insulin signaling is necessary for differentiation of
enteroblasts into enterocytes. We made wild-type MARCM
clones overexpressing an activated form of dInR (dInRA1325D) and
found that these clones contained large enterocytes that were
able to reach a ploidy as high as 128n (Fig. 3B). Thus, insulin
signaling is necessary and sufficient for enterocyte growth and
endoreduplication.
An increase in ISC division was recently reported in animals in

which dInRA1325D (32) was driven by esg-GAL4, a driver expressed
in ISCs and enteroblasts (4) (Fig. S5A). These data predict that the
average number of cells per ISC clone should increase in wild-type
MARCM clones overexpressing dInRA1325D. However, we did not
observe an increase in cell number per clone over a 2-wk period in
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clones overexpressing dInRA1325D (Fig. 3C). In fact, the average
number of cells per ISC clone was significantly smaller than that
seen in wild-type clones, raising the possibility that the enlarged
dInRA1325D enterocytes might exert a nonautonomous inhibitory
effect on ISC proliferation. When we used esg-GAL4 to drive
expression of dInRA1325D as described previously (32), esg-GAL4
was no longer ISC- and enteroblast-specific (Fig. S5C). Further-
more, although we observed an increase in the number of phos-
pho-histoneH3-positive (PHH3+) cells as previously reported, we
also detected a sixfold increase in apoptotic enterocytes compared
with controls (Fig. S5 B and D), suggesting that the increase in
PHH3+ number was a nonautonomous effect resulting from in-
jury to the midgut and not an autonomous effect on insulin sig-
naling in the ISC.

Insulin Signaling Nonautonomously Regulates ISC Proliferation. We
next followed the fate of dInR and chico mutant and wild-type
enterocytes and enteroendocrine cells generated as transit clones
(Fig. S3A). Mutant enteroendocrine clone turnover at 1 wk ACI
matched the turnover rate of control enteroendocrine clones (Fig.
4A and Fig. S2C). Control enterocyte clones also turned over in
1 wk ACI (Fig. 4B and Fig. S2D). However, mutant enteroblast
clone turnover slowed for the first week ACI and then ceased
thereafter (Fig. 4B and Fig. S2D). We examined dInR and chico
mutant daughters that were still present 3 and 7 d after clone in-
duction and noted that they were small and remained in contact
with the wild-type ISCs that generated them (Fig. 4 C and D;
Tables S1 and S2). From these observations we realized that the
continued presence of mutant enteroblasts adjacent to wild-type

ISCs created a unique opportunity for us to directly evaluate the
role of insulin signaling in the enteroblast on ISC proliferation.
To determine the effect of mutant dInR daughters on pro-

liferation of wild-type ISCs, we assayed for BrdU incorporation
(Materials and Methods), a marker of progression through S phase
of the cell cycle, in wild-type ISCs from wild-type stem cell clones,
mutant ISCs from mutant dInR stem cell clones, and wild-type
ISCs adjacent tomutant dInR transit clones (Fig. S6A andB) from
animals continuously fed BrdU for 3 d on days 4, 5, and 6 ACI. In
wild-type ISC clones, 91% of ISCs were BrdU positive (Fig. 4E
and Table S3). In contrast, only 35 and 31% of wild-type ISCs
adjacent to mutant dInRE19 and dInR339 transit daughters, re-
spectively, incorporated BrdU (Fig. 4E), demonstrating a non-
autonomous role for insulin signaling in regulation of ISC
proliferation. To further verify the necessity for dInR in the
enteroblast for ISC proliferation, we drove RNAi knockdown of
dInR using the enteroblast-specific driver Gbe+-Su(H)-GAL4
(33). In accordance with clonal analysis, RNAi knockdown of
dInR specifically in the enteroblast caused a significant reduction
in ISC proliferation (Fig. S6C). Removing dInR function from
ISCs and enteroblasts simultaneously led to a further reduction in
BrdU incorporation in ISCs (Fig. 4E), suggesting an autonomous
role for insulin signaling in regulation of ISC proliferation as well
(Fig. 4E).

Insulin Signaling Regulates Adherens Junction Stability. In the adult
Drosophila midgut, the adherens junction components Armadillo
(Drosophila β-catenin) and DE–cadherin (Drosophila E-cadherin)
are found between ISCs and their recent daughters (3, 34).

B

FRT82B controlFRT82B dInR339FRT82B dInRE19

D
A

P
I, 

G
FP

,
,1

md
P

sor
P,l

D

sor
P,l

D

rich diet (7d ACI)A

*

*

*

*

*

*

*

*

*

*

*

*

*

*
* *

*

**
*

*

*
*

*

*

*
*

* *

*
*

*

*

* *

I
P

A
D

, G
FP

,
sor

P,l
D

sor
P,l

D

FRT19A; dInRA1325D C

2
0

4
6
8

10
12
14
16reb

mun
egarev

A
enolc

C
SIrep

sllecfo

ACI (days)
3 7 14

**
***

FRT19A control
FRT19A; dInRA1325D

Fig. 3. Insulin signaling regulates enter-
ocyte differentiation. (A) dInRE19 mutant,
dInR339 mutant, and control clones 7 d ACI
from females reared on a rich diet. Clone,
GFP green; Delta (yellow vesicular); Pros-
pero (yellow nuclear); Pdm1 (red, nuclear)
and DAPI (blue, nuclear). Asterisks mark
mature enterocytes (Pdm1-positive cells).
Dotted lines outline clone boundaries. (B) A
clone overexpressing dInRA1325D in all cells
contains a large enterocyte (yellow aster-
isks), an ISC (arrowhead), and an enter-
oendocrine cell (arrow). Clone, GFP green;
Delta, red vesicular (Inset and merge);
Prospero, red nuclear (Inset and merge);
DAPI, blue nuclear. Arrowheads and arrows
indicate, respectively, ISCs (Delta-positive)
and enteroendocrine (Prospero-positive)
cells in A and B. (Scale bar, 20 μm in A and
B.) (C) Wild-type ISC clones contain more
cells than ISC clones overexpressing an
activated form of the insulin receptor
(dInRA1325D).

18704 | www.pnas.org/cgi/doi/10.1073/pnas.1109348108 Choi et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1109348108


We therefore hypothesized that mutant dInR enteroblasts remain
in prolonged contact with wild-type ISCs because they fail to break
down these junctions. We measured DE–cadherin levels between
ISCs and enteroblasts in wild-type ISC clones (Fig. 5A), in dInR339

mutant ISC clones (Fig. 5B), and in dInR339 mutant enteroblasts
adjacent to wild-type ISCs (Fig. 5C) 6 d ACI. DE–cadherin levels
between mutant ISCs and mutant enteroblasts or levels between
wild-type ISCs andmutant enteroblasts were significantly higher on
average than DE–cadherin levels between wild-type ISCs and
enteroblasts (Fig. 5D). Therefore, insulin signaling regulates
adherens junction stability between ISCs and enteroblasts.
We also measured DE-cadherin levels in mutant ISC clones

consisting of only one cell. Eleven percent of all mutant ISC
clones (n = 454) were single cell (n = 51), and approximately
half of single-cell mutant ISC clones were adjacent to wild-type
enteroblasts (n = 25). DE–cadherin levels between mutant ISC
and wild-type enteroblasts were comparable to that between
ISCs and enteroblasts from wild-type clones (Fig. S3C), sug-
gesting that the autonomous effect by insulin signaling on ISC
proliferation is not due to an effect on adherens junction stability.

Stem Cell–Enteroblast Contact Regulates ISC Proliferation. dInR
mutant enteroblasts remain in prolonged contact with ISCs (Fig. 4
C and D), stabilize their adherens junction (Fig. 5D), and non-
autonomously inhibit ISC proliferation (Fig. 4E). We therefore
hypothesized that premature disruption of ISC and enteroblast
contact might lead to increases in ISC proliferation, even in ISCs
and enteroblasts with depressed levels of insulin signaling or in
animals fed a protein-poor diet.
RNAi knockdown of the Drosophila homolog of DE–cadherin

(35), known as shotgun (shg), in ISCs and enteroblasts using esg-
GAL4 leads to a dramatic increase in the number of ISCs and
enteroblasts that are no longer in contact with one another (36).
However, the effect of shg-RNAi knockdown on ISC proliferation
was not determined.
We induced shg-RNAi in flies using a drug-inducible GAL4 driv-

er (P-switch5961) (37) expressed in ISCs and enteroblasts (27),
which also contained an enteroblast marker (Gbe+Su(H)lac-Z) (4,
29, 38) (Fig. S7). RNAi knockdown of shg in ISCs and enteroblasts
for 6 d resulted in an approximately twofold increase in the percent
mitotic index (SI Materials and Methods) compared with controls
(Fig. 6A, Table S4, Fig. S2E). This increase in the percent mitotic
index was presumably not due to an increased stress response or an
increase in apoptosis (Fig. S8).Knockdownof dInRor chico in ISCs
and enteroblasts for 6 d led to an almost fourfold reduction in the
percent mitotic index (Fig. 6A, Table S4, Fig. S2E), which is

consistent with results obtained with mutant dInR and chico
MARCM clones (Figs. 3, 4, and Fig. S7). Knockdown of dInR
or chico and shg simultaneously from ISCs and enteroblasts for
6 d resulted in a mitotic index percentage similar to that seen
with knockdown of shg alone (Fig. 6A, Table S4, Fig S2E),
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adjacent to mutant transit clones 6 d ACI.
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(green) 6 d ACI containing an ISC (arrowhead) and an enteroblast (arrow)
adjacent (asterisk) to one another, as well as enterocytes. (B) A dInR339

mutant ISC clone (green) containing an ISC (arrowhead) and an enteroblast
(arrow) in contact (asterisk). (C) A dInR339 mutant transit enteroblast clone
(green, arrow) in contact (asterisk) with a wild-type intestinal stem cell (ar-
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Choi et al. PNAS | November 15, 2011 | vol. 108 | no. 46 | 18705

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109348108/-/DCSupplemental/pnas.201109348SI.pdf?targetid=nameddest=SF2


demonstrating that reduction in DE–cadherin can alleviate the de-
crease in ISC proliferation caused by reduction in insulin signaling.
To determine if reduction of DE–cadherin in the enteroblast alone
also behaves similarly, we used Gbe+-Su(H)-GAL4 to drive RNAi
knockdown of shg. UponRNAi knockdown of shg in the enteroblast,
wild-type ISCs and mutant enteroblasts separate (Fig. S7) and the
percent mitotic index increases (Fig. S6C). Furthermore, knockdown
of dInR and shg simultaneously in the enteroblast resulted in a per-
cent mitotic index similar to that seen with knockdown of shg alone
(Fig. S6C), demonstrating that reduction in DE–cadherin in the
enteroblast alone can alleviate the decrease in ISC proliferation
caused by reduction in insulin signaling.
To determine the effect of shg loss on differentiation of

daughter cells, wemadeMARCMclones overexpressing shg-RNAi
(Figs. S9A and S10B), shgDN (Figs. S9B and S10C), or MARCM
clones homozygous null for shg1H (Fig. S9C) and found that they
contained enterocytes and enteroendocrine cells (Fig. S9), dem-
onstrating that, in contrast to previous claims (36), Drosophila
DE–cadherin is not required for enterocyte or enteroendocrine
differentiation. However, some clones contained more than one
Delta-positive cell in separate regions of the clone (Fig. S9E),
suggesting that loss of shg results in an increase in ISC number.
Finally, to determine whether loss of shg could suppress the de-

crease in the rate of ISC proliferation seen in animals reared on
a poor diet (Fig. 1A), we madeMARCM clones overexpressing shg-
RNAi, shgDN, or null shg1HMARCM clones from animals reared on
a poor diet and found that mutant clones, which contained only one
ISC, contained significantly more cells than wild-type controls by
1 wk ACI (Fig. 6B). These data demonstrate that reduction in DE–
cadherin can alleviate both the decrease in the rate of ISC pro-
liferation seenwith reduced insulin signalingandaprotein-poordiet.

Discussion
Previous studies have focused on responses of ISC proliferation to
enterocyte death, delineating a positive feedback mechanism by
which ligands secreted from dying enterocytes activate ISC pro-
liferation. Our data propose a model of additional regulation
where cell contact between ISCs and newly formed enteroblasts
acts to inhibit ISC proliferation through a negative feedback loop
(Fig. 6C).
Nutrient deprivation leads to decreased ISC proliferation rates

and clones containing fewer cells than clones made in animals
fed a rich diet. However, it is unclear why these clones fail to
eventually reach the same size as wild-type clones. One possibility
is that nutrient-deprived midguts contain fewer cells. Therefore,

the number of cells that each ISC needs to generate to maintain
tissue homeostasis would be smaller. A second possibility is built
on our observation that turnover and production of 8n and 16n
enterocytes is reduced in animals fed a poor diet, and this could
result in the depletion of a source of promitotic ligands, thereby
decreasing the need for a stem cell to divide.
Protein deprivation and reduced insulin signaling leads to an

increase in the number of lower ploidy enterocyte daughters per
midgut, suggesting that endoreduplication in the midgut is regu-
lated by nutrition. Because enterocyte turnover is reduced in nu-
trition-deprived animals, it raises the intriguing possibility that 8n
cells act to inhibit the growth and endoreduplication of 4n cells
into mature enterocytes through an as-yet-unidentified signal.
These similarities between nutrient-deprived clones and dInR
mutant clones suggest that the effects of nutritionmay bemediated
in part through the insulin-signaling pathway. Consistent with
a role for nutrition and the insulin-signaling pathway in growth and
endoreduplication, constitutive activation of dInR in ISC clones
led to enterocytes with significantly higher ploidy than normal.
Interestingly, these clones were smaller than wild-type, suggesting
that excessive or prolonged contact between enterocytes and ISCs
may also play a role in the regulation of ISC proliferation.
Our findings raise the as-yet-unexplored possibility that germ-

line stem cell and neuroblast stem cell daughters might also
nonautonomously regulate stem cell proliferation. When both the
ISC and the enteroblast were mutant for dInR, we also found
a further increase in cell cycle arrest, suggesting an autonomous
role for insulin signaling in the regulation of ISC proliferation.
We found significantly higher levels of DE-cadherin between

both dInR mutant enteroblast and wild-type ISCs and dInR mu-
tant enteroblasts and dInRmutant ISCs (Fig. 5D), demonstrating
that the insulin-signaling pathway regulates the stability of the
adherens junction. Our results are striking because, in the ovary
and testis, loss of dInR signaling in the germ-line stem cell niche
leads to a decrease rather than an increase in DE–cadherin at the
adherens junction (17, 20).
The data presented here demonstrate that the enteroblast can

nonautonomously regulate the rate of ISC proliferation. How
might this be achieved? One possibility is that the enteroblast
inhibits ISC proliferation by providing a short-range inhibitory
signal whose effect is removed as the ISC and enteroblast separate.
A second possibility is that separation of ISCs and enteroblasts
leads to the release from a cellular compartment of a factor that
can drive proliferation. One ideal candidate is β-catenin, which is
not only a member of the adherens junction but also a transcrip-
tional activator, which is required for ISC proliferation (39, 40).
Recently, McLeod et al. (17) examined ISCs and enteroblast

number under protein-poor conditions in old animals expressing
green fluorescent protein driven by the escargot promoter (esg-
GFP), which is thought to be specific to ISCs and enteroblasts. A
decrease in esg-GFP–positive cells was observed in 16- to 17- and
20- to 21-d-old animals fed a poor diet, leading McLeod et al. to
conclude that ISCmaintenance is regulated by a protein-poor diet.
In contrast, we did not observe a decrease in ISC number in
females fed a protein-poor diet. Presumably, the modest decrease
in GFP-positive cells observed by McLeod et al. was due to loss of
the excess enteroblasts seen in aging midguts (41, 42), which is
consistent with recently published work showing that insulin-sig-
naling mutants can suppress this aging phenotype (27).

Materials and Methods
Drosophila Stocks. Drosophila stocks were maintained on standard/cornmeal
molasses media, supplemented with live yeast paste, in a 23–25 °C incubator
with a 12-h dark and 12-h light cycle. Information on fly lines and culture
conditions used can be found in SI Materials and Methods.

lac-Z and MARCM Clonal Analysis. Dividing intestinal cells were clonally la-
beled as described previously (3, 28). Guts were analyzed at various times
after heat shock by staining with DAPI and the antibodies denoted
throughout the text and figures. The MARCM system was used to generate
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both wild-type and mutant marked lineages (43, 44). Information on fly
stocks and crosses can be found in SI Materials and Methods.

Immunostaining. Female guts were dissected, fixed, and stained as previously
described (3); mounted in 50% glycerol; imaged with a spinning disk con-
focal microscope (Olympus); and analyzed using Slidebook software (version
4.2). Images were processed using Adobe Photoshop CS3. Information on
antibodies used can be found in SI Materials and Methods.

ApopTag Staining. Programmed cell death in the posteriormidgutwas detected
(3) using the ApopTag fluorescein in situ apoptosis detection kit (Millipore).

BrdU Labeling. Flies were cultured on standard/corn media supplemented
with wet yeast mixed with 2.5 mg/mL BrdU (Sigma-Aldrich) for 3 d. The vial
and media were replaced each day. Female guts were dissected and fixed as
previously described (3), incubated in DNase I buffer for 5 min, and then
incubated in 20 units DNase I at 37 °C for 1 h and washed and incubated
overnight with a rat anti-BrdU (Abcam) at 4 °C.

Percent Mitotic Index Determination. Calculation of the percent mitotic index
is described in SI Materials and Methods.

Quantification of Total Stem Cell Number in the Posterior Midgut. Quantifi-
cation of total stem cell number is described in SI Materials and Methods.

DAPI Quantification. DAPI quantification is described in SI Materials and
Methods.

Measuring DE–Cadherin Levels Between ISCs and Enteroblasts. Sixteen-bit
images of the clones from posterior midguts of FRT82B controls and dInR
mutant animals were acquired using a Leica SP5 confocal microscope.
Images were acquired at the midplane of the ISC and enteroblast using Leica
Software and were analyzed using Metamorph Premiere Offline (version
7.7.1.0). A line with a line width of 3 pixels was drawn from the midpoint of
the ISC nucleus to the midpoint of the enteroblast nucleus, and the maxi-
mum intensity was recorded along the line. This intensity corresponds to the
highest level of DE–cadherin at the junction between the ISC and the
enteroblast. One hundred measurements were taken for each condition.

Statistical Analyses. Quantified data are expressed as the mean ± SE values.
Significance testing was conducted via Student’s t test. Error bars indicate SE
and *P < 0.05, **P < 0.01, ***P < 0.001 in all figures except in Fig. 5D where
P values are explicitly specified.
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