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ABSTRACT

Establishment and Maintenance of Adult Stem Cell Identity:
Specification of the Adult Copper Cell Region of the Drosophila
Intestine
Ian H. Driver

Adult stem cells maintain tissue integrity by dividing and producing progeny that
differentiate to replace damaged and old cells, as they are lost. Both division and
differentiation must be tailored to the number and type of cells lost for homeostasis to be
maintained. In this thesis I address how adult stem cell identity is established and
maintained in the Drosophila midgut. The Drosophila midgut, like the intestine of
mammals, is composed of multiple regions that contain cells of distinct morphology and
function. In this study I focus on the acidified region of the midgut, referred to as the
copper cell region (CCR), in order to understand how regional stem cells are established
and maintain their identity.

I show that intestinal stem cells (ISCs) are specified during metamorphosis. Stem cell
number increases by symmetric division of pupal escargot (esg) expressing cells. By
altering the expression of the Notch ligand Delta in the muscle of pupae I show that Delta
from the muscle is involved in maintaining undifferentiated pupal ISCs.

Next I investigate the origin of the adult CCR and the pathways that regulate copper cell
and copper cell identity. Despite the fact that both the larval and the adult CCR cells
function as acid secreting cells and express the homeodomain protein Labial, the adult
CCR is distinct from the larval copper cells: it arises from a distinct set of cells and does
not express the enhancers that have been shown to regulate larval copper cell expression
of Labial. I identify a new enhancer in the first intron of labial that accurately reflects
expression of Labial protein. I show that the BMP pathway is expressed from the
visceral muscle above the adult CCR and that the Dpp ligand is necessary for copper cell
differentiation. I then show that the ISCs of the CCR are normally slowly dividing (once
every 4-5 days), but will divide and differentiate with damage or cell death. CCR ISCs
are stimulated to divide by the JAK/STAT pathway, the same pathway that regulates
proliferation in response to damage in the rest of the midgut. CCR ISC differentiation is
also Notch dependent just as the rest of the midgut is. I also show that the quiescence of
CCR ISCs is dependent on acidification of that region, suggesting that acidification is
responsible for a decrease in damage and subsequent low turnover.

I then investigate when regional ISC identity is established and show that both Labial and
BMP signaling are present in one region of the pupal midgut beginning at 20 hours after
pupal formation. Then I express dpp from all of the muscle cells to show that pupal cells
can be specified into copper cells during pupation but not afterwards. BMP activation in
pupal EC cells is capable of transforming them to copper cells, but those cells are not
maintained in the adult. BMP activation in pupal ISCs also alters their identity, as they

begin producing ectopic copper cells after several days in the adult. I show that copper
cell ISC identity can be altered only during a window of pupation and that those cells can
then respond to BMP signals in the adult to produce new copper cells. This demonstrates
that adult stem cell identity in this region is the result of intrinsic or remembered signals
that restrict or alter the ability to receive local environmental cues.

Finally I investigate the role of chromatin modifying genes in establishment and
maintenance of ISC identity. I carried out an RNAi screen and identified a number of
genes whose knockdown alters ISC identity. I also demonstrate that when ISCs are
heritably marked during pupation rather than in adulthood, a distinct set of quiescent
ISCs can be identified. This evidence indicates that our current understanding of midgut
ISC proliferation is incomplete and that a novel quiescent stem cell might exist in the
Drosophila midgut.
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Chapter One
The Origin of the adult Adult Midgut Copper Cells and
Intestinal Stem Cells

Summary
The Drosophila adult midgut originates from two clusters of endodermal cells which
merge in early embryogenesis and go on to form all of the cells of the midgut. The adult
midgut is maintained by proliferative intestinal stem cells (ISCs). The Drosophila
midgut much like mammalian intestines contains distinct regions, which can be identified
by differences in function like nutrient adsorption or acid secretion. In this chapter I
review the known mechanism of midgut specification and regionalization, with a focus
on the origin of the ISC and on the acid secreting cells of the adult known as copper cells.
Drosophila like all a holometabolous insects undergoes metamorphosis where nearly all
of the larval tissues are destroyed and the adult is reformed from pools of cells called
imaginal tissues. As this is the period when the adult midgut is formed I have focused on
metamorphosis to investigate the specification of adult cell types. I show that adult ISCs
originate from a subset of cells in the pupal midgut that can be identified by expression of
the gene escargot (esg). I also show that these cells divide symmetrically to produce all
of the adult ISCs. This symmetric division is regulated in part by the Notch ligand Delta,
which is expressed in the visceral muscle during the majority of pupation. I have also
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analyzed the rate of division of esg expressing pupal cells. From the average rate of
division I can conclude that all of the cells do not have the same division rate. Later
chapters will explore the implications of specification of ISCs during pupation on adult
ISC regional identity (Chapter 3) and proliferation capacity (Chapter 4).

2

Introduction

The	
  Drosophila	
  intestine	
  is	
  composed	
  of	
  four	
  main	
  divisions:	
  the	
  foregut,	
  midgut,	
  
hindgut,	
  and	
  Malpighian	
  tubules	
  (1).	
  	
  The	
  foregut	
  is	
  composed	
  of	
  the	
  pharynx,	
  
esophagus,	
  and	
  the	
  crop,	
  which	
  is	
  used	
  for	
  food	
  storage	
  in	
  the	
  adult.	
  The	
  cardia	
  or	
  
proventriculus	
  is	
  located	
  at	
  the	
  junction	
  of	
  the	
  foregut/midgut	
  and	
  regulates	
  the	
  
passage	
  of	
  food	
  into	
  the	
  midgut.	
  	
  The	
  midgut	
  is	
  the	
  main	
  site	
  where	
  digestion	
  and	
  
nutrient	
  absorption	
  occurs.	
  The	
  hindgut	
  is	
  the	
  main	
  site	
  of	
  water	
  reabsorption	
  prior	
  
to	
  elimination.	
  Both	
  foregut	
  and	
  hindgut	
  arise	
  from	
  the	
  embryonic	
  ectoderm,	
  
whereas	
  the	
  midgut	
  and	
  part	
  of	
  the	
  proventriculus	
  arise	
  from	
  endoderm	
  (2).	
  	
  

Development of the Larval Intestine

The winged-helix transcription factor fork head (fkh) is the earliest expressed factor in the
ectodermal primordia and is required for the development of the foregut and hindgut (3).
fkh is also transiently expressed in the primordia of the midgut along with the GATA
transcription factor serpent (srp) and the zinc finger transcription factor huckebein (hkb)
(4, 5). Mutants of fkh fail to maintain the endoderm and the tissue is lost due to cell death
shortly after gastrulation (3). Loss of hkb leads to loss of the endoderm and
missexpression can block ectodermal and mesodermal fates (5). When srp is absent the
tissue fails to undergo the epithelial-mesenchymal transition required for endodermal
differentiation (4). The three transcription factors are together responsible for the
specification of the endodermal lineage which gives rise to the midgut.
3

The midgut is composed of two germ layers, the visceral mesoderm and the endoderm. At
the blastoderm stage the embryo is divided into parasegments, with respect to the
aneroposterior axis, each defined by their activation of the same homeotic gene(s).
During gastrulation these cells segregate into different germ layers (6, 7). The visceral
mesoderm arises from a small group of cells in each segment that involute and merge
together to produce two continuous bands of cells, one on each side of the embryo (8).
The endoderm originates from two separate primordia located at the blastoderm poles,
which grow towards each other migrating along the two bands of visceral mesoderm and
fuse to form a continuous sheet along the anteroposterior axis (9) (Fig. 1-1A-C). This
endodermal sheet is initially a homogeneous mass of dividing progenitors that express
escargot (esg) (10). At the beginning of embryonic development stage 11 the midgut
epithelium splits into two cell populations: an outer layer of differentiating midgut
epithelia cells (larval enterocytes) that persist through the larval period and an inner layer
that gives rise to the undifferentiated adult midgut progenitors (AMPs) and the larval
enteroendocrine (EE) cells (11-13). The AMPs initially remain undifferentiated, and
mitotically active, and separate from the outer layer of endoderm. When the endoderm
transitions into two layers, the gene esg goes from being expressed uniformly to being
expressed in only the inner layer of cells (13). The outer layer of cells ceases dividing
and spreads along the visceral muscle to form the larval midgut epithelium. The inner
cells continue to proliferate and maintain expression of esg for several hours and then esg
expression is downregulated in all of the cells except those that become the AMPs (13).
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Around stage 12 some of the esg positive AMPs also begin expressing Prospero (Pros)
(13). Cells that express both esg and Pros continue to divide until the end of embryonic
period and then cease expressing esg and merge with the outer larval EC layer and form
the EE cells of the larvae (13). AMPs expressing esg migrate from the luminal side to the
basal surface in embryonic stage 16 (13). Thereafter growth in the size of the larval
midgut is driven by endoreplication and the concomitant increase in cell volume. In the
first two instars (L1 and L2), AMPs proliferate and disperse through the midgut (14).
Dispersal stops in third instar (L3) and the AMPs form proliferative clusters known as
midgut imaginal islands. During L3 when the AMPs proliferate in islands or nests, they
are surrounded by a peripheral cell (PC) that maintains their undifferentiated state (14).
The PC arises during L2/L3 when the AMPs divide asymmetrically using the Delta/Notch
pathway. The PC cell can be identified by expression of the Gbe + Su(H)-lacZ or
10XStat92E-GFP construct (13, 14). One to three PCs surround each AMP island and
express the BMP pathway ligand decapentaplegic (dpp) (14). Knockdown of dpp
expression in the PC cell or inhibition of the AMPs ability to receive BMP signals results
in premature differentiation (14). Thus the PC maintains the proliferating AMPs in an
undifferentiated state until the onset of metamorphosis.

Establishment of Regional Identity in the Larval Intestine

Establishment of the Copper Cell Region by Labial expression in the endoderm

5

In addition to specification of endoderm into the specific cell fates of EC, EE, and AMP/
PC, there is a broader regional specification of the midgut into regions defined by
differences in gene expression, function and morphology. This heterogeneity originates
when the Drosophila embryo is subdivided into parasegments at the blastoderm stage
(12). The segmental body plan of Drosophila is determined by hierarchical expression of
maternal and zygotic genes. Maternally inherited RNA initially sets up anterior and
posterior domains (15), which are then further defined and subdivided by three categories
of zygotic genes: gap genes expressed as broad domains along the antero-posterior axis,
pair rule genes expressed with double segment periodicity and segment polarity genes
expressed in part of every segment (16-19). Homeotic genes are defined by their ability
to convert equivalent segmental units into unique identities (20). A subset of these genes,
known as homeodomain transcription factors or HOX, are defined by their common 61
amino acid DNA-binding domain called the homeodomain (11, 21). In Drosophila the
only HOX gene expressed in the endoderm during development is labial (lab) (22, 23).
Unlike the ectoderm and mesoderm that extend the whole antero-posterior axis during
development, the endoderm arises from both poles and fuses during mid-embryogenesis
and thus does not have direct access to early segmental patterning information (24, 25).
However at the junction of the Ultrabithorax (Ubx) and Abdominal-A (Abd-A) regions in
the patterned mesoderm the newly fused endoderm is induced to express lab (26, 27). A
gradient of Lab protein develops in this region with the posterior having an increased
amount of Labial protein that is more concentrated in the nuclei and the anterior having
less and more diffuse Labial (26). Ubx activates transcription of the TGFβ homolog
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decapentaplegic (dpp) while abd-A activates wingless (wg) and represses dpp (26, 28).
Dpp and Wg protein move to the underlying endoderm and cooperate to induce lab
expression (26, 29, 30). In wg mutants Lab is partly cytoplasmic and overall levels are
reduced (27) although there is a derepression of lab expression in the posterior (26)
suggesting that wg is both activating and repressing lab expression. In dpp mutants, on
the other hand, lab expression is not induced in the midgut at all (27), suggesting that dpp
is directly activating lab and required for lab expression.

The strong induction of lab in this narrow region of the endoderm also requires two
additional homeodomain proteins Homothorax (Hth) and Extradenticle (Exd)(31). Exd is
broadly expressed during development but is regulated by being confined to the
cytoplasm in most cells (32, 33). In cells where hth is also expressed, Hth binds to Exd
and changes its conformation to unmask a nuclear localization sequence, allowing for
transport of both proteins to the nucleus (34). In vitro analysis of Exd has shown that it
cooperatively binds with homeotic proteins yielding both higher affinity and more
selective binding of target sites (35, 36). Upstream of labial there are sites where Dpp
pathway member Madea binds and also a site where Lab, Exd, and Hth cooperatively
bind (37, 38). This arrangement of regulatory elements results in a situation where Dpp
can induce labial expression and Hth/Exd nuclear localization, after which Labial/Exd/
Hth can drive labial expression (39-41) creating and autoregulatory loop (27). The
gradient of lab expression established during embryogenesis is then reinforced by the
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autoregulatory loop described. The band of labial expressing cells form the pool of cells
that will go on to become the acid secreting larval copper cells (27, 42).

Functional Characterization of Copper Cells

Copper cells in the larvae were first described by Strasburger (43) and later by Poulson
who named them “cuprophilic” cells due to their property of fluorescing orange when fed
copper (44, 45). Copper cells are similar to mammalian gastric parietal cells in several
respects. Electron microscopy studies show that copper cells have deeply invaginated
apical membrane covered with microvilli and have a high density of mitochondria in the
cytoplasm (45-47). When larvae are fed food mixed with the pH dye Bromophenol Blue,
which is blue in color at pH > 4 and yellow at pH <2.3, the region underlying and just
posterior to the copper cells is yellow. If copper cell formation is inhibited genetically, the
acidification is no longer observed (48). One other unique cell type, the interstitial cell, is
present in the copper cell region (45). The interstitial cells sit in between the larval
copper cells and completely surround each copper cell (49). In comparison to copper
cells, interstitial cells have nuclei located apically, shorter microvilli, and a greater apical
surface area (49, 50). All of the polyploid cells, including the copper cells, interstitial
cells and large flat cells of the larval midgut originate from the embryonic pool of ECs
and will be histolyzed at the onset of metamorphosis.

The larval midgut can be divided into several regions based on gross morphology. The
anterior midgut begins below the proventriculus and is initially constricted in diameter
8

but gradually widens until the second constriction, which marks that anterior of the
copper cell region (CCR) (46). The midgut endoderm cells that express labial
differentiate into the larval copper cells (50, 51) located in the first two-thirds of the
CCR. The posterior third is filled with large flat cells (LFCs) (45). After the LFCs is the
third constriction, which marks the site where pH is neutralized (52). The posterior
midgut below the third constriction constitutes the majority of intestine by length.

Additional patterning of the larval midgut is determined by four homeotic genes that are
expressed in the visceral mesoderm of the midgut, Sex combs reduced (Scr),
Antennapedia (Antp), Ultrabithorax (Ubx), and abdominal-A (abd-A), in exclusive
domains along the anteroposterior axis (7, 53). Scr is expressed most anteriorly and is
required for the evagination of the four gastric caeca (53, 54). The expression of each
homeotic gene is limited by its more posterior gene product (Fig. 1-1E): Ubx represses
Antp and is repressed by abd-A (7, 55). Additional interactions reinforce patterns of
expression. Ubx directly activates expression of dpp and Dpp can activate expression of
Ubx, forming an autocrine loop (51, 56). Wg expression is induced both by Dpp and by
Abd-A in the posterior parasegment, and Wg also maintains expression of Ubx in the
visceral mesoderm, forming a paracrine loop (57, 58). Transcription of dpp and wg
occurs in the mesoderm but the proteins are secreted signaling molecules that move into
the endoderm(30, 59). Wg and dpp control the expression of lab in the endoderm. In the
parasegment anterior of Ubx Antp also drives expression of the homeotic gene teashirt
(tsh), which represses Ubx and lab (60, 61). Wg can also restrict lab expression: where
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there is a high level of wg expression lab is inhibited and those cells are specified as
LFCs (62).

Drosophila Metamorphosis and Development of the Adult Intestine

Drosophila is a holometabolous insect and undergoes complete metamorphosis. Prior to
the onset of metamorphosis the larvae cease feeding and crawl up away from the food.
After several hours the larvae then stops moving and begins to shorten and the spiracles
project from the anterior. This period from 0-12 hours APF is considered pre-pupal.
There is an initial pulse of ecdysone that induces the programmed cell death of the larval
gut (63, 64). Another pulse of ecdysone at 12 hours APF marks the transition from
prepupae to pupae when adult head eversion from the thoracic cavity occurs (64). In the
first several hours after the onset of pupation the midgut shrinks as the larval cells
degenerate and move to the interior to form the “yellow body”(1). The AMP islands form
clusters that then merge while the PC cells cease to surround the AMPs and migrate
apically to form a sheath around the histolyzing larval cells (65). The AMPs from the
islands merge and form a continuous epithelium, the pupal gut, which contains all of the
cells that will generate the adult midgut epithelium(66, 67). The midgut continues to
contract until about 12 hours APF when it appears as a sac-like structure containing the
histolyzed larval gut (68). During this time the visceral muscle contracts and then
undergos dedifferentiation where the contractile system decays and movement ceases
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(69). Despite the massive changes in the musculature the muscle cells do not turnover but
rather differentiate to reform contractile fibers in the later half of pupation (69).

For the first 12 hours after pupal formation (APF), during the prepupal period, all of the
AMP cells express esg. Esg expression is then gradually restricted to a subset of cells that
remain undifferentiated(13, 67, 70). From 20 hours APF onward the differentiating esg
negative cells turn on markers of EC cells, endoreplicate, and increase in size. Starting
around 24 hours APF the single scattered esg positive cells divide and increase in number
(13, 65, 66). The first cells expressing the enteroendocrine cell marker Prospero are seen
after 72 hours APF and prior to that the only cell types observed are esg negative AMPs
undergoing endoreplication and esg positive cells slowly proliferating (66, 67). As the
pupation continues ECs differentiate and increase in cell volume while the muscle fibers
reform and spread out until the adult fly ecloses after ~100 hours APF (13).

Introductory Figures
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Figure 1-1. The development and patterning of embryonic midgut endoderm.
(A-D) The embryonic development of the midgut. (A) The endodermal (pink) and
ectdodermal (blue) tissues originate from primordia at the poles at stage 8. (B) The
endoderm extends along the visceral mesoderm at stage 12. (C) Midgut primordia meet
and form a single tissue at stage 13. (D) Three constrictions form in stage 16. (E) Around
the 2nd and 3rd constriction underlying embryonic parasegments (PS) 6-8 the visceral
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mesoderm (VM) expresses a network of HOX genes which regulate each other and
Labial (Lab) expression in the endoderm. Modified from Nakagoshi (2005) (9)

Figure 1-2. Development of the Drosophila midgut.
(A-D) Schematics of midgut in Drosophila (A) stage 12 larvae with the AMPs
represented as red dots scattered among the midgut endoderm (B) in the larvae AMP are
scattered and from islands in the midgut. (C) The AMPs now form all of the midgut
tissue in the pupal midgut. (D) The pupal AMPs form the entire adult midgut. (E-I)
Pictures of dissected midguts (E) 3rd instar larva (F) 6 hour APF (G) 16 hour APF (H) 40
hour APF (I) adult. From Takashima et al. (2011) (65)
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Results

Metamorphosis and the origin of the ISC
The ISCs of the adult midgut, like all cells, originate from the AMP islands present at the
end of L3 (65, 67). However, the exact mechanism for ISC specification is still
unknown. Work by Jiang et al. and Takashima et al. have shown that esg is expressed in
a subset of cells and that this number increases from early pupation until eclosion. To
determine the origin of ISCS, I began by observing the changes in midgut morphology
and esg expression. At the onset of pupal formation (0 hours APF) esg is expressed in all
of the AMP islands, which are close to uniformly scattered throughout the midgut (Fig.
1-3A). From 0 to 3 hours APF these islands start to cluster together into patches, leaving
large sections of the midgut empty of esg positive cells(Fig 1-3B). As the larval esg
negative cells histolyze and fold inward the large clusters of esg positive cells start to
merge to from a complete epithelial layer. At the same time the esg positive cells start to
cluster the PC releases the AMPs and begin to migrate inward. Soon after the EC marker
Pdm1 can be detected in AMPs indicating that some of them are beginning to
differentiate (Fig. 1-4C). At this time Delta, the Notch ligand that is expressed in adult
ISCs, can be found in some AMPs also (Fig. 1-4A, B). The expression of Pdm1 or Delta
in a subset of AMPs suggest that specification occurs early in pupations, yet all of the
AMP cells continue to express esg (Fig. 1-3C). Only later, from 10-20 hours APF does
esg begin to be restricted to a subset of pupal AMPs (Fig 1-3C, D). Initially some cells
remain strongly esg positive while the rest express lower levels, until after 24 hours APF
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when most cells turn off esg completely. During this time Delta is no longer seen in any
epithelial cells and begins to be seen in the muscle (Fig. 1-5A). Delta expression in the
muscle cells was confirmed by the enhancer trap Delta-LacZ, which stains in the exact
same pattern as Delta antibody. During this time no expression of the Notch reporter
element Gbe+-Su(H)-lacZ (NRE-lacZ) is seen in the midgut. The lack of Notch activity
led us to investigate what role Delta ligand is playing in the muscle during pupation. The
muscle and trachea specific Gal4 driver how along with a Gal80ts was used to express
Delta or Delta RNAi in the muscle during pupation and just after eclosion. Midguts were
dissected and stained for Delta three days after eclosion. The knockdown of Delta in the
muscle results in an excess of EE cells and fewer ISCs (Fig. 1-6 A, A’). In contrast the
overexpression of Delta in the muscle during pupation results in clusters of Delta
expressing cells and fewer EE cells (Fig. 1-6 B, B’). Overexpression of Delta only after
eclosion has little or no effect on Delta or ISC/EE number (Fig. 1-6 C, C’). The
mechanism by which Delta in the muscle affects ISC fate or number is not clear.

Dynamics of pupal ISC division

The dynamics of pupal ISCs were analyzed by counting esg cells during pupation. At 24
hours APF the number of esg positive cells reaches its minimum of ~150 cells (Fig. 1-7).
The number of esg positive cells increases from 24 hours APF until eclosion (Fig. 1-7).
Takashima et al. demonstrated with both Bromodeoxyuridine (BRDU) and PhosphoHistone3 (PH3) staining that the esg positive cells divide during metamorphosis (65).
However, I rarely observed PH3 positive cells in the pupal midgut, indicating that
divisions are rare (Fig. 1-5A). Unlike the midgut, the developing cardia contains many
15

PH3 positive during pupation emphasizing that the midgut growth is not driven by
mitotic divisions like other tissues (Fig. 1-5A).

Based upon counts of esg positive cells the growth rate can be calculated (Fig. 1-7).
Fitting the graph of esg counts starting from the minimum with an exponential equation
gives:

98.616 e 0.0143 X where X equals time in hours with an R2 of 0.83

From this we can calculate a generation time of 0.5 per day meaning that cells divide
once every 2 days. Given that there are only three days of metamorphosis from 24 hours
APF until eclosion, each esg positive cell divides 1.5 times if all esg positive cells are
dividing. Alternatively a subset of cells could be dividing at a faster rate while other esg
positive cells never divide during metamorphosis. If half of the cells were dividing it
would yield a division rate of once per day with 3 divisions during metamorphosis.

It is possible that the growth of esg positive cells is not consistently symmetric, which
would mean growth is not perfectly exponential. If some of the divisions result in cells
that differentiate, die, or turn off esg this would change the growth dynamics.

Around 72 hours APF Delta expression in the muscle is lost and Delta can be found in
some diploid cells (Fig. 1-5B), suggesting that late pupal ISCs might be acting like adult
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ISCs. To determine what progeny are produced from pupal divisions I used the mosaic
analysis with a repressible cell marker (MARCM) system (71). Recombination can only
occur during heat shock induced flipase expression when cells are in G2-M phase. With
a one hour heat shock of pupae 24-48 hours APF a small subset of dividing cells will
thereafter express GFP. These flies were then analyzed after eclosion to determine the
cells produced by marked dividing cells 48 hours APF onward. Marked cells in the newly
eclosed adults were all diploid and stained positive for Delta (see Fig. 3-10). This
indicates that dividing cells during metamorphosis produce other ISCs or EBs and they
do not differentiate until after eclosion. This is in contrast to evidence presented by
Takashima et al. that during late pupation ISCs can also produce Prospero positive EE
cells (13). As Takashima et al. are using esgts (esg Gal4 tubulin-Gal80ts) with an
Act>stop>lacZ flipout cassette to mark esg positive cells early in pupation, difference in
sensitivity between the gal80/gal4 induced flipout and MARCM or the timing of their
temperature shift may explain the difference.

Figures
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Figure 1-3. esg expression through metamorphosis.
(A-G) esg-GFP in midguts at the times stated, all are equivalent in scale.

Figure 1-4. PCs release AMPs at the onset of metamorphosis.
(A) At the end of L3 the PC surrounds the Delta (red) expressing AMPs. (B) At the onset
of pupation some AMPs in the nest have higher Delta expression. (C) The PCs open and
release the AMPs. (D) Most of the released AMPs express the EC marker Pdm1. From
Mathur et al. (2010) (14)
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Figure 1-5. Delta and PH3 during metamorphosis.
(A) by 30 hours APF Delta is seen only in the longitudinal muscle, no midgut cells are
positive for PH3, but in the cardia (*) many cells stain PH3 positive. (B) Delta-LacZ is
expressed in the muscle during pupation (C, C’) By 70 hours APF Delta can now be seen
in diploid pupal cells in addition to the muscle. Some Delta positive cells stain positive
for PH3 (*)

Figure 1-6. Knockdown or overexpression of Delta in muscle during pupation.
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(A, A’) howts UAS Delta RNAi was expressed from 20 hours APF until dissection 3 days
after eclosion. Midguts have more Prospero positive EEs and less Delta positive cells.
(B, B’) howts UAS Delta was expressed from 20 hours APF until dissection 3 days after
eclosion. Midgut ISCs are in clusters and express more Delta. Less Prospero positive
cells are present. (C, C’) howts UAS Delta was expressed from eclosion until dissection 3
days after eclosion. Adult ISCs and Prospero positive EEs are present at normal levels.

Figure 1-7. Counts of esg positive cells from 0 hours APF to 91 hours APF.
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The initial count (at 1 hour APF) is the number of AMP islands, all other counts represent
total number of esg positive cells. The black line is the best fit exponential regression of
all points from the lowest count (20 hours APF) onwards.

Discussion
In this chapter I have analyzed the specification of adult ISCs during metamorphosis.
The cells that will go on to constitute the adult ISCs after eclosion can be identified by
esg expression after ~20 hours APF. Before 20 hours APF esg is on in all of the pupal
cells and then gradually diminishes in the majority of cells while remaining strongly
expressed in a subset of ~150 cells. The dynamics of this process are qualitatively
similar to the process by which larval AMPs are specified: a pool of actively dividing esg
positive cells separate out into a pool that differentiates and a pool that maintains esg
expression and goes on to form larval AMPs. In the case of the pupal midgut though the
ISCs/AMPS are not in a separate layer from the differentiating pupal ECs. Also in the
embryonic specification of larval AMPs the Notch genes are differentially activated in the
AMPs. When Notch and Delta signaling were analyzed during pupation they were both
seen for are short time after the onset of pupation: Delta in some AMPs and Notch in
PCs. After the PCs completed their migration inward Delta was only found in the
visceral muscle until after 70 hours APF. The reporter of Notch activity (Gbe+Su(H)LacZ or NRE) was not seen during that time either. These expression patterns suggest
that Delta is not actively signaling through the Notch pathway for most of pupation.
Given that Notch/Delta signaling is not a marker of ISCs, but instead a marker of ISCs
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dividing asymmetrically (into ISC-EB or AMP-PC) the lack of Notch signaling fits with
the evidence that ISCs are dividing symmetrically to produce more ISCs during this
window of missing Notch activity.

To investigate whether the Delta seen in the muscle during pupation is playing a role in
specification of ISCs I knocked down and overexpressed Delta from the muscle cells.
Knockdown of Delta in the muscle during pupation resulted in excess EEs and less ISCs
in the adult whereas overexpression resulted in more Delta signaling and clusters of ISCs.
These opposing outcomes from knockdown or overexpression of Delta suggest that Delta
in the muscle during pupation maintains ISCs in an undifferentiated state. When Delta is
expressed in the muscle during early adulthood this effect is low or absent, as slightly
more Delta positive ISCs are seen but EEs are still present. How the Notch ligand in the
muscle is signaling to neighboring ISCs and triggering the opposite outcome (suppression
of Notch and increased Delta) of normal Delta/Notch signaling is not obvious. Cisinhibition of Notch signaling is one option, but during the period in which Notch activity
is suppressed Delta is not seen in the ISCs so either this is a novel trans-inhibition activity
of Delta (an inherently contradictory idea) or possibly Serrate or Notch receptor is being
upregulated and achieving cis-inhibition. Both of these possibilities remain to be
explored.

To better understand the dynamics of symmetric division of pupal ISCs I tracked their
number with the only available marker: esg expression. Previous reports have tracked the
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dynamics of esg expression in pupae (13, 67) but have not explored the implications of
this growth rate on ISC division. I found that the division rate of pupal ISCs is on average
one division every 2 days over the 3 day period from minimum esg number until
eclosion. This results in an average of 1.5 divisions per esg positive cells, which requires
that either the division rates are varied or that not all of the cells are continuously
dividing. Both of these options also suggest that pupal ISCs have established differences
in proliferation before eclosion. Whether these differences persist beyond eclosion is
explored in chapter 4.

Methods
Fly Genetics
All Drosophila experimental stocks and crosses were cultured with daily changes of
standard cornmeal with molasses food with live yeast at 23-25oC unless otherwise noted
in the text.

Fly Stocks:
esg-Gal4 UAS-GFP; esg-Gal4 UAS-GFP tub-Gal80ts/CyO (72); UAS-Delta
(Bloomington 26694); UAS Delta RNAi (VDRC 109491); P(PZ ry+)Delta/TM3 (DeltaLacZ); Pswitch 5961

Immunohistochemistry and Microscopy
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All samples were dissected in 2 X Gut Buffer (200mM glutamic acid, 50mM KCl, 40mM
MgSO4, 4mM NaP monobasic, 4mM NaP dibasic, 2mM MgCl2) (73) and fixed in 4%
formaldehyde for 1 hr. All subsequent washes and antibody stains were done in
Phosphate Buffered Saline (PBS) with 0.5% Bovine serum albumin (BSA) and 0.1%
Triton-X-100. Primary antibodies were used at the following dilutions: rabbit anti-β-gal
at 1:10,000 (Cappel); guinea pig anti-Labial at 1:5,000 (74); chicken anti-GFP at
1:10,000 (Abcam ab5176); mouse anti-Prospero at 1:100 (MR1A, DSHB); mouse antiDelta at 1:100 (C594.9B, DSHB); rabbit anti-Pdm1 (1:500) (kind gift of Y. Xiaohang);
rabbit anti-PH3 (AbcamAlexa-Fluor-conjugated secondary antibodies were used at
1:4,000 (Molecular Probes, Invitrogen). Guts were stained with DAPI (1µg/ml) (Sigma),
mounted in 70% glycerol, imaged with a spinning disc confocal microscope (Olympus
DSU), and analyzed using Slidebook software (version 4.2).

Pswitch Induction
The Pswitch collection is comprised of tissue and cell-specific, GAL4-progesteronereceptor fusion lines that are activated in the presence of the steroid, mifepristone
(RU-486). Control and experimental larvae were transferred at the appropriate
developmental stages to vials with fly food containing RU-486 (10 µg/ml) (Sigma), and
grown at 30°C to enhance GAL4 expression. Pswitch line 5966 is identified as PswitchPC.

esg Cell Counting
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Images were exported from Slidebook (version 4.2) and stitched together in Fiji, using
the stitching plugin develop by Preibisch et al. (75). Whole gut images were then used to
manually count all diploid cells with strong esg-GFP expression in Metamorph
(Molecular Devices Version 7.6.2).
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Chapter Two
The Copper Cell Region of the Adult Midgut

Summary
The adult copper cell region is unique in the Drosophila midgut as a region with distinct
cell morphologies, function, and molecular markers. Understanding how this region and
its ISCs are created and maintained will aid in our understanding of how adult stem cells
maintain heterogeneous tissues. In this chapter I show that the adult CCR does not arise
from the larval CCR, but instead from larval AMPs in the middle of the midgut. I have
defined a novel enhancer which recapitulates adult expression of Labial, that is distinct
from known regulatory regions that govern Labial expression in the embryo and larva. I
also profile two Hox proteins, Homothorax and Extradenticale, that work with Labial to
regulate Labial expression prior to adulthood, and show that in the adult their expression
no longer overlaps with that of Labial. All of these findings demonstrate that Labial
expression in the adult CCR is regulated differently than in the embryo and larva.

Next I profile the BMP and Wnt pathways, which are required for Labial expression and
formation of the larval CCR. BMP signaling and specifically signaling through the
ligand Dpp are found to be active in the adult CCR and required for Labial expression
and copper cell differentiation. The Wnt pathway in the adult is partially required as
demonstrated by the inability of Wnt receptor null clones to form and maintain the CCR.
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The exact ligand or ligands responsible for Wnt signaling remains to be determined.

I then profile the CCR ISCs and show that they are rarely dividing quiescent cells, that
will divide and differentiate in response to damage. Without damage the CCR ISCs stop
expressing Delta and can be identified by expression of esg. I show that this loss of Delta
is a function of quiescence and that these cells still use Notch/Delta as the rest of the
midgut. Inhibition of the Notch pathway results in ISC/EE tumors in the CCR just as it
does outside of the CCR. Expression of Delta and increased PH3 staining can be induced
in ISCs in the CCR by overexpression of the JAK/STAT ligand, Upd, demonstrating that
they respond to the same damage pathway as the rest of the gut. Finally I show that
removal of acidity in the CCR is sufficient to cause damage and induce CCR ISC
proliferation, suggesting that CCR ISC quiescence might be a result of acidification of
that region rather than intrinsic to the ISC.
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Introduction

Cell types and regional morphology of the adult midgut

The adult midgut is structurally very similar to the larval midgut composed of an
epithelial monolayer surrounded by two layers of visceral muscle with orthogonally
oriented fibers (one circular and one longitudinal) (1). The epithelial layer is comprised
of two differentiated cell types: the absorptive enterocytes (ECs) interspersed with a
smaller number of hormone producing enteroendocrine (EE) cells (2). Unlike the larval
midgut the adult contains two undifferentiated cell types responsible for replacing the
differentiated cells as they are lost: the intestinal stem cell (ISC) and its daughter the
enteroblast (EB), which differentiates into either and EC or EE without further division
(3, 4). The Notch pathway is essential for both the maintenance of the ISC and the
specification and differentiation of the EB (5, 6). Repression of Notch target genes is
necessary for ISC maintenance and both Notch and Delta signaling are required for
proper ISC differentiation (3, 4, 6). EBs differentiate into either an EC or an EE
depending on the level of Notch signaling received. EBs that receive high Notch
signaling differentiate into ECs and those with lower levels differentiate into EEs (6).
The loss of Notch in ISCs and EBs results in clusters of small Delta positive ISC-like
cells and clusters of EEs and blocks EC production (3, 4). Conversely the activation of
Notch in ISCs results in inhibited proliferation and premature differentiation into ECs
leading to ISC depletion (3, 4). In the ISC, Notch target genes in the Enhancer of split
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complex (E(spl)-C) must be repressed by Hairless to ensure ISC maintenance. In the EB
E(spl)-C genes must be upregulated to promote differentiation (5).

Regional morphology of the adult midgut

The adult midgut varies along its length and anatomically it can be divided by 6 major
constrictions that can be used to divide the gut into 5 different regions (7, 8). The
constrictions correlate with the 3D structure of the midgut as it is arranged in the adult
abdomen, constrictions corresponding to bends in the midgut. The first constriction is
just below the cardia in the anterior of the midgut and is where both the crop and the
Malpighian tubules connect with the midgut (7). The second and third constrictions
define the limits of the acidified region of the midgut, which is composed of copper cells
mixed with interstitial cells followed by a region of large flat cells (7, 9). After the third
constriction the gut bends sharply then expands into a wide region that composes most of
the posterior midgut. The last constriction marks the narrowing of the gut as it nears the
hindgut border (7). The morphology of the gut varies in each region with differences in
EC shape, distribution, and brush border architecture (1, 7).

Adult copper cell region morphology and gene expression

The copper cell region is uniquely composed of large deeply invaginated cells that have
basely located nuclei surrounded by interstitial cells that have apically localized nuclei
and broad apical exposure to the lumen. Morphologically and functionally they are much
like larval copper cells and responsible for acidification of the gut (10). Molecularly the
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copper and interstitial cells can be characterized by the level of expression of the HOX
gene labial, copper cells at high levels and interstitial cells at low levels (9, 11). Another
HOX gene defective proventriculus (dve) is expressed in this region, but more broadly
both anteriorly and posteriorly and at higher levels in interstitial cells and lower levels in
copper cells (9, 12, 13).

Characterization of mechanisms of homeostasis in the posterior midgut

In order for the adult intestine to be maintained, mechanisms for tailoring proliferation
and differentiation in response to cell loss are required. The adult gut is constantly
exposed to injury as result of exposure to food born pathogens, chemicals and digestive
byproducts. For the purposes of studying midgut injury, damage can directly induced by
expression of cell death genes such as hid or reaper in the EC, or indirectly by feeding
with bleomycin (a DNA damaging agent), paraquat (oxidative stress), dextran sodium
sulfate (DSS- disruption of the basement membrane), or infectious bacteria such as
Erwinia carotovora carotovora or Pseudomonas entomophila. These methods of injury
lead to 10 to 100 fold increases in the mitotic index of ISCs (14-20).

Induction of ISC proliferation by JAK/STAT and EGFR signaling upon injury

The dying EC stimulates both the ISC to divide and the EB to differentiate using the Jak/
STAT pathway (20). Damaged or stressed ECs release Unpaired (Upd, Upd2, Upd3)
cytokines that stimulate downstream receptor Domeless (Dome) and the receptorassociated kinase Hopscotch (hop) which in turn activate the transcription factor Stat92E
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(20, 21). The loss of JAK/STAT signaling from ISC lineages blocks differentiation and
ECs and EEs are rarely formed (21). In parallel with the activation of the JAK/STAT
pathway the EGFR/MAPK pathway is also activated to promote midgut proliferation and
renewal in response to damage (22, 23). Three EGFR ligands, vein (vn), spitz (spi), and
Keren (Krn) are induced after midgut damage, with vn increasing most in expression
(22). Vn expressed in the visceral muscle after damage permits the proliferation of ISCs
and removal of EGFR signaling from the ISC inhibits proliferation, indicating that EGFR
signaling is required for proliferation (23). Together the JAK/STAT and EGFR pathways
create a feedback loop that regulates growth and insures homeostasis both in healthy
animals and after injury.

The role of the Hippo pathway in response to injury and posterior midgut homeostasis

The Hippo pathway has a conserved role in regulating cell growth and proliferation in
multiple tissues (24). In the Drosophila midgut Hippo inactivation or downregulation
promotes ISC proliferation (25). The downstream effector of Hippo signaling, Yorkie
(Yki) is negatively regulated by the Warts (Wts) kinase that promotes its cytoplasmic
localization (26). Activation of Yki in ECs results in the production and release of JAK/
STAT and EGFR ligands, mainly Upd3, that leads to increased ISC proliferation (27).

There is also some evidence for a cell-autonomous role for Hippo signaling in the ISC.
Staley et al. observed an insignificant increase in ISC proliferation when Yki was
activated in the ISC and EB (27), but when Karpowicz et al. and Ren et al.
downregulated Hippo or overexpressed Yki in the ISC and EB they noted an increase in
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ISC proliferation (28, 29). Hippo signaling clearly plays a role in non-autonomous
regulation of ISC proliferation through the JAK/STAT pathway, but its cell autonomous
role in the control of ISC proliferation requires further study.

Wnt pathway and its role in regulation proliferation in the posterior midgut

The role of the Wnt/Wingless pathway in Drosophila midgut proliferation is more
controversial, but of great interest due to the role of Wnt signaling in regulating
mammalian intestinal proliferation (30, 31). Expression of the Wnt ligand, Wg,
activation of downstream Wnt components like Armadillo (Arm) or β-Catenin, or
removal of Wnt inhibtors like Apc results in increased ISC proliferation (32, 33), yet the
rate of proliferation is lower than that induced by JAK/STAT or EGFR pathway
stimulation. The role of the Wnt pathway in stem cell self-renewal as opposed to
proliferation is less clear. Lin et al. (2008) claimed that Wg is required for ISC self
renewal based on evidence that removal of Wg pathway components such as its receptors
frizzled or downstream components such as disheveled or Arm resulted in ISC loss (33).
In dispute of this, loss of Wg inhibitors Apc or Axin or the activation of Arm in ISCs
results in increased proliferation, but no change in ISC self-renewal (32). Also Wg is
mainly expressed in the epithelia only at the foregut/midgut and midgut/hindgut junctions
(7, 34, 35), so it is unclear how it could regulate ISC self-renewal in the whole midgut.

The pathways that regulate adult midgut homeostasis have been explored almost
exclusively in the posterior midgut. The mechanisms that control cell fate decisions and
injury-induced ISC proliferation have not been well characterized in the rest of the
37

midgut. As the copper cell region is unique in morphology and has a molecular marker,
Labial I have focused on this region to explore how regional heterogeneity is maintained
with injury. Here I focus on the characterization of the different cell types that exist and
the role of ISCs in damage response and maintenance of the copper cell region.

Introductory Figures

Figure 2-1. Schematic of Adult midgut differentiation, organization and damage
response.
From Elena Lucchetta.
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Figure 2-2. Overview of the Adult Midgut Regions.
(A) a representative picture of an adult midgut. (B) A morphometric analysis of midgut
radius normalized to length shows the constrictions that define the 6 regions. (C) A 3d
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representation of the adult midgut as it is folded with regions shaded. (D) A fluorescent
confocal image with the brush border stained green, nuclei with blue, and muscle with
red. Below are cross-sections of the midgut from different regions. Adapted from Buchon
et al. 2013

Results

Origin of the adult copper cell region and the regulation of labial expression in the
adult

The similarity between larval copper cells and adult copper cells suggest that they may be
determined by many of the same pathways. In order to rule out the possibility that larval
copper cells contributed to the adult copper cell region we performed a lineage tracing
experiment. Using the copper cell Pswitch line, which in larvae and adults is on in the
larval copper cell region, with UAS flippase crossed to Act>draf>LacZ we fed late L3
larvae RU-486 for one day prior to pupation. This resulted in all of the larval copper
cells and most of the AMP islands in the CCR being marked (Fig. 2-3 A). Some scattered
AMPs in other regions were also marked (Fig. 2-3 A). When the adults eclosed they
were dissected to see if any cells from the larval copper cell region contributed to the
adult. In the adult the CCR is in the middle of the midgut whereas in the larvae the CCR
is much closer to the cardia in the anterior. Adults from marked larvae showed that those
cells stayed in the same location relative to the cardia through pupation and did not
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migrate or contribute to the adult CCR (Fig. 2-3 B). The other marked AMPs along with
a similar experiment from Jiang and Edgar (22) show that AMPs from the larvae spread
dorsally and ventrally to create the adult midgut but that no significant movement along
the antero-posterior occurs during pupation. Despite the large changes that occur during
metamorphosis AMPs essentially contribute to the same location in adult that they exist
in the larvae.

Expression of Labial in copper cells in both larva and adults led us to investigate whether
the pathways that lead to labial expression in the embryo and larvae are also responsible
to adult labial expression. Two enhancers responsible for expression of labial in the
larvae were previously defined. A longer enhancer called lab550 and a smaller one called
lab48/95 were characterized in vitro and in vivo (36, 37). Both enhancers when placed in
front of LacZ match the pattern of labial expression from embryo to larvae. Defined sites
for Labial, Exd, and Hth binding were established in the enhancers and mutation of the
binding sites or removal of one of the proteins diminished or abolished expression from
the enhancers (37). When both of these enhancers were analyzed in the adult they had
drastically different patterns of expression than Labial protein (Fig. 2-4 A). Both lab550
and lab48/95 are expressed in the longitudinal and circular muscle in the adult (Fig 2-4A
-Lab 48/95 is shown lab550 is the same). Through the larval period both enhancers are
expressed in the same cells where Labial protein is detected (Fig. 2-4 D,D’), yet in the
adult they are no longer reflective of labial expression (Fig. 2-4 A), implying that the
adult expression of labial uses a different enhancer. Since the known enhancers were
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shown to be dependent on Exd and Hth binding, in addition to Labial, we looked at Exd
and Hth expression in adult midguts. Both homeodomain transcription factors are
regulated by control of nuclear import (38). Adult midguts stained with antibodies
against Exd or Hth showed that both were in the nuclei of visceral muscle cells and then
in a gradient starting in epithelial cells just below the CCR where they are strongly
nuclear and moving more cytoplasmic in cells towards the posterior (Fig 2-4 A, B). This
again suggests that the adult CCR and expression of labial in the endoderm uses different
inputs than the embryo and larvae.

Since the embryonic and larval enhancers no longer accurately reflect Labial expression
in the adult we searched through a collection of defined enhancers in and around the
labial gene that drive Gal4 expression (39). We identified one enhancer labeled 26H03
that recapitulated Labial expression in the adult (Fig. 2-4 C). This enhancer is 4.2 kb
long and in the large first intron of labial rather than upstream of labial like the
embryonic enhancers. It contains a conserved 2kb fragment previously identified as a
“posterior midgut” enhancer by Chouinard and Kaufman (40). In the larva this enhancer
is on in some interstitial cells and a couple other cells at the posterior end of the copper
cell region (Fig 2-4 F). This indicates that the regulatory enhancers used in adulthood to
drive labial expression are distinct from those used in the embryo and larva. The inputs
into the adult enhancer have not been characterized.

Origin and maintenance of the adult interstitial cells
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The other unique cell type present in the adult CCR is the interstitial cell. The interstitial
cells are only present in the middle part of the CCR from the posterior border of Large
Flat cells until just below the anterior constriction. Labial positive copper cells continue
to be present through the constriction but are not surrounded by interstitial cells.
Interstitial cells can be identified by their spoke like morphology of 2-4 protrusions,
which wrap around copper cells (Fig. 2-5 A’). Just after eclosion interstitial cells express
Labial strongly but slightly less than copper cells (Fig. 2-5 A, A’). As the animals age
Labial disappears from most interstitial cells (fig. 2-5 B, B’). Interstitial cells can also be
distinguished from copper cells by the apical position of their nuclei. As the animals age
the disparity in nuclear position increases, copper cell nuclei remain basal near the
muscle while interstitial cell nuclei drop even more towards the lumen. Also the
morphology of the interstitial cells also changes with the age of the animal. The
membrane of the spokes surrounding copper cells goes from being smooth to being
highly ruffled (Fig. 2-5 A’, B’).

The gradual loss of labial and consistent apical movement of interstitial cell nuclei and
changes in morphology suggest that interstitial cells are made from pupal AMPs and then
age in place rather than being continually replenished by ISCs. If new interstitial cells
were produced from ISCs normally, then variation in labial expression or nuclear position
or morphology would be expected among interstitial cells of different ages, but this is not
what is observed. Clones made during adulthood never have cells with the appropriate
morphology or nuclear position to be interstitial cells (Fig. 2-17 A-A’), suggesting that,

43

unlike copper cells, interstitial cells are not replaced in the adult CCR. This is in contrast
the report from Strand et al. (9) that showed a MARCM clone in the CCR that produces
an interstitial cell. In that report they identified an interstitial cell as a cell that stained
with Labial but did not stain with the Cut antibody. However, the Cut antibody stains the
extracellular “cup” region of copper cells due to their morphology, so would not identify
anything other than fully differentiated copper cells. Also the nuclei of the cell they label
as an interstitial cell is in the same position as the copper cell. Thus, I would conclude
that what they identified as a new interstitial cell is a not fully differentiated Labial
positive cell. More markers of interstitial cell identity need to be found in order to
adequately test whether interstitial cells are lost and replaced from ISCs in the adult
midgut.

The role of BMP and Wnt signaling in labial expression and copper cell specification
in the adult copper cell region

BMP signaling in the adult midgut

Other genes responsible for activating labial expression and specifying the larval copper
cells were checked for expression in the adult midgut. Two genes upstream of labial and
necessary for its embryonic expression are dpp and wg. Dpp was examined initially by
looking at a gene activated in response to BMP signaling: the downstream inhibitor dads
against dpp (dad) for which there is a LacZ reporter dad-LacZ. Staining of midguts from
dad-LacZ flies showed that this reporter was strongest in epithelial cells in and around
CCR (Fig. 2-6 A, B, B’). To get a better idea of what cells were receiving BMP signal we
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looked at phosphorylated Mothers against Dpp (p-Mad) protein. When Dpp binds its
receptor, downstream signaling is mediated by phosphorylation of the Mad protein and its
subsequent movement to the nucleus (41). When midguts were stained with anti p-Mad
antibody, p-Mad was detected in all of the cells in the CCR including esg positive ISCs
(Fig. 2-6 C, C’). To confirm the role of BMP pathway signaling in copper cell
differentiation and the specificity of p-Mad antibody and Dad-LacZ we made clones of
null versions of tkv and mad (Fig. 2-6 D-F). Eight days after clone induction (ACI) both
tkv8 and mad12 clones in the CCR are negative for p-Mad (Fig. 2-6 D, D’) and dad-LacZ
(Fig. 2-6 E, E’). These clones are composed of an unusually large number of small
undifferentiated cells (Fig. 2-6 D-E). After 11 days ACI the clones are larger and still
undifferentiated and do not express Labial (Fig. 2-6 F, F’). The clones suggest that BMP
signaling is required for copper cell differentiation and Labial induction in the adult CCR.
We confirmed the requirement for BMP signaling in the CCR by knocking down Mad
expression in the ISC and EB (Fig. 2-6 H). In flies expressing Mad RNAi for 12 days
acidification of the CCR was lost but not in age matched controls (Fig. 2-7 G, H).

There are no good antibodies against Dpp, so I screened Janelia-Gal4 lines of defined
enhancers in and around the dpp gene. I found an enhancer, GMR19E03 (dppGut) that
drove expression of Gal4 in the visceral muscle above the CCR (Fig. 2-7 B). To confirm
that dppGut is a physiologically relevant readout of dpp expression we examined the cap
cells of the Drosophila ovary, which are a known source of Dpp (42). dppGut Gal4 drove
expression of GFP specifically in the cap cells and terminal filament, confirming that it
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faithfully recapitulates known patterns of dpp expression (Fig. 2-7 A). Using the dppGut
enhancer to knock down dpp expression for 10 days results in loss of Labial in the CCR,
demonstrating that the muscle cells over the CCR are the main source of Dpp. Since
removal of the ability of ISC to receive a BMP signal (Fig 2-6 H) or removal of dpp
expression from the muscle above the CCR (Fig. 2-7 C) results in loss of Labial and
copper cells we can conclude that: 1) BMP signaling is necessary for the ISC to produce
a copper cell and 2) the muscle in the main source of BMP signaling ligand in the adult.

Wnt signaling in the adult midgut

wg expression and Wnt signaling were also examined for their role in the CCR. The Wnt
pathway in Drosophila is more complicated than the BMP pathway, composed of 10 wnt
ligands and 4 frizzled receptors and a co-receptor Arrow (43). Removal of Wnt activity
can be accomplished by blocking downstream pathway components such as disheveled
(dsh) and pangolin (pan). Strand et al. have shown that expression of panDN in the ISCs of
the CCR causes them to be lost, suggesting wnt signaling is required for CCR ISCs to
produce differentiated copper cells (9).

What member of the wnt pathway and where it is expressed has yet to be determined. To
determine the location of wnt signaling, a LacZ insertion in the wg gene was used to
examine wg activity in the midgut. In the larva wg-LacZ is seen in bands of circular
muscle just posterior to the CCR (Fig. 2-8 A). In late pupation wg-LacZ is still mostly in
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bands of muscle posterior to the CCR, but can also be seen in one band anterior to the
CCR (Fig. 2-8 B). In the adult wg-lacZ expression was seen in the circular muscle bands
just anterior of the CCR (Fig. 2-8 C). The location of wg-lacZ in the muscle and it’s
movement from posterior bands in the larva to anterior in the adult is suggestive that wg
could be playing a role in adult CCR pattering, but it is difficult to know if the insertion is
accurately capturing the real profile of wg expression or if it correlates with translation or
export of the ligand. Because of the lack of antibodies against Wnt gene products or
reliable reporters of Wnt gene expression, microarrays were performed on RNA collected
from three sections of the midgut or from the whole midgut (see Methods for details). In
all cases wg and the other wnt ligands were present at very low levels (Fig. 2-8 D). The fz
receptors transcripts are present and fz2 shows some enrichment (1.7 fold) in the middle
midgut relative to the whole. The only wnt pathway gene showing greater than 2-fold
enrichment in the middle midgut relative to the whole was pan (4.4 fold) (Fig. 2-8 D).
The expression of wnt genes was also analyzed using qPCR to measure RNA levels in
whole midguts before and after injury with Bleomycin in order to determine if any were
upregulated with injury (Fig. 2-9). Only Wnt10 and Wnt2 showed any increase with
injury and both were expressed at such low levels that more repeats would be necessary
to determine their significance (Fig. 2-9 B). Regulation or activity of the wnt pathway
could be independent of RNA levels, if small amounts of protein are sufficient or
regulation occurs post-transcriptionally then qPCR and Microarrays would not be a good
measure of the pathway.
Buchon et al. (7) measured wnt activity in the midgut using a transgenic fly with RFP
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downstream of 2.3 kb of the fz3 gene (44). This readout of wg activity expressed RFP at
the anterior CCR boundary and near the cardia and the hindgut ring consistent with wg
enhancer trap activity.

To determine the role of wnt signaling in the formation of the adult CCR MARCM clones
were made using a partial deletion and EMS mutation of two of the fz receptors (fzzh51 and
fz2c1, respectively) (45, 46). Clones were induced in larva and then adults were examined
(Fig. 2-10). In Some cases the fz null cells could contribute to both copper cells and
interstitial cells (Fig. 2-10 A, A’) while in other cases fz null cells did not express Labial
in the CCR (Fig. 2-10 B, B’). These results indicate that disrupting or down regulating
wnt signaling can interfere with copper cell specification, but the timing and level of wnt
signaling required for copper cell specification is not clear.

ISC proliferation and injury-induced damage response in the adult copper cell
region

Strand and Micchelli showed that the copper cell region (CCR) is unique in that stem
cells divide less frequently than those in the anterior and posterior (9). The CCR is unique
in its expression of the HOX gene labial. Upon eclosion ISCs in the copper cell region
readily stain with Delta and Labial antibody, indicating that they are different from other
ISCs (Fig. 2-11). CCR ISCs were profiled over time and in agreement with Strand and
Micchelli I observed that Delta staining rapidly disappeared after the first couple days of
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eclosion. Using esg-GFP and NRE-lacZ to mark ISCs and EBs, respectively, I
determined that despite lack of Delta expression ISCs were maintained in the CCR.
Unlike the anterior and posterior gut most of the esg positive cells in the CCR were single
cells and less than half are paired with NRE-LacZ positive cells (Fig. 2-12 A’’’). This
suggests that divisions are less frequent than in other regions, but still involve Notch/
Delta signaling.

I tested whether CCR ISCs require Notch signaling by feeding flies

DAPT, a gamma-secreatase inhibitor that blocks Notch signaling (Fig. 2-12 B) and by
making null clones in the Notch pathway (Fig. 2-12 C,C’) (47). In both cases ISCs in the
CCR response in the same fashion as in the anterior and posterior: they proliferate and
form clusters of diploid Delta positive or Prospero positive cells. This indicates that CCR
ISCs require Notch signaling in order to differentiate. This finding was confirmed in
Marianes and Spradling, 2013 (8).

I next tested whether CCR ISCs can divide and differentiate into copper cells. Lineage
tracing was done using a progesterone inducible Gal4 that is expressed only in ISCs and
EBs (Pswitch 5961). Those flies were crossed with UAS-flipase and Act>stop>LacZ
flies. The resulting flies were fed food containing the progesterone agonist RU-486 and
most of the ISCs and EBs cells thereafter heritably expressed LacZ (Fig. 2-13 A). CCR
ISCs replaced both copper cells and EE cells, but at a significantly slower rate than cells
in the anterior or posterior (Fig. 2-13 A-C). There are several reasons why the CCR ISCs
might have a lower rate of proliferation than other midgut ISCs. One hypothesis,
supported by Strand and Micchelli (40), is that ISCs are intrinsically quiescent and use a
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method of dividing that is not Notch/Delta dependent. Another alternative is that the
CCR is protected from damage more than other regions due to the acidification of that
region or the unique morphology of copper and interstitial cells in that region. Also
possible is that signals that suppress proliferation are expressed in the CCR. To
discriminate between these possibilities I first used a copper cell specific Pswitch
(Progesterone agonist inducible Gal4)-line to drive cell death proteins Hid and Reaper
(Rpr). In this Copper-Cell-Pswitch fly an inactive Gal4 conjugated to a portion of the
progesterone receptor is expressed in all copper cells, upon feeding with the progesterone
agonist RU-486 this Gal4 can bind and activate transcription. After four days of induced
cell death copper cells were reduced greater than 4-fold and the progesterone agonist
RU-486 was removed to allow recovery. At different time points during the period of
death induction and recovery flies were dissected and the midguts were stained for
Labial, Delta, Prospero and PH3 expression. One and four days after induction of death
in copper cells, the number of Delta positive cells increases and multiple PH3 cells were
observed (Fig. 2-14 A-C). This is consistent with the damage response seen in other
regions of the gut. After 5 days the number of polyploid Labial positive cells had
returned to the same number as before damage indicating that CCR ISCs are capable of
replenishing copper cells (Fig. 2-14 E). Throughout the recovery period diploid cells
express Delta indicating that the Notch pathway is activated during the process of
replenishing copper cells. From this and the fact that Notch pathway inhibition blocks
differentiation in the CCR we can conclude that the CCR responds to damage by
increasing cell division and using the Notch/Delta pathway to specify new copper cells.
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The main pathway by which ISCs are stimulated to divide in the posterior midgut is the
JAK/STAT pathway (20). To test whether CCR ISCs also proliferate in response to JAK/
STAT signaling we used the copper cell specific Pswitch line to express the JAK/STAT
ligand upd. After two days of upd expression in the CCR Labial expression remained
normal (Fig. 2-15 A) but Delta expression was observed in most diploid cells (Fig. 2-15
A’, B). To see if CCR cells also responded to upd expression by increasing division guts
were stained with PH3 antibody and fed BRDU to detect mitotic divisions. Similar to the
CCR regions directly injured by hid/rpr expression an increase of PH3 positive cells was
detected after two days of upd expression (Figure 2-15 A’), as compared to wildtype
conditions when no PH3 postive cells were detected (Figure 2-14 A’). BRDU
incorporation was also seen in many of the CCR cells after upd expression (Fig. 2-15 C).
This experiment in conjunction with the copper cell death experiment suggests that the
copper cell region ISCs respond to the same damage signals as the posterior midgut and
can proliferate rapidly when signaled through the JAK/STAT patway. Consequently we
decided to examine whether the CCR experiences less damage than the rest of the gut.
Using an enhancer of Upd3 driving GFP as a proxy for damage induced signals we
examined several wildtype guts. Many of the guts had distinctly lower expression of
Upd3 in the CCR than outside (Fig 2-15 D).

We hypothesized that one reason for decreased damage in the CCR could be that
acidification itself was protective. To remove acidification I fed the animals
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Bafilomycin, an inhibitor of H+ V-ATPase proteins responsible for acidifying the lumen
(1). After one day the acidification of Bafilomycin fed flies was checked by feeding flies
Bromphenol blue (Fig. 2-16 A). No acidification was observed in Bafilomycin fed flies
(Fig. 2-16 C). After 3 days flies were dissected and guts were examined for expression of
Labial, esg, and NRE. The CCR was highly disorganized and very few Labial positive
copper cells were observed compared to controls (Fig. 2-16 B, D). Expression of esg and
NRE was also increased compared to controls (Fig. 2-16 B’, D’). The presence of more
esg pairs and NRE responsive cells versus single esg positive cells indicates that more
cells are dividing and differentiating in the CCR of Bafilomycin fed midguts. No effect
on esg or NRE is seen outside the CCR (Fig. 2-16 D’).

The increase in division in the CCR caused by Bafilomycin was used to make MARCM
clones in the CCR. In wildtype guts MARCM clones are rarely seen in the CCR fitting
with the low division rate observed (Fig. 2-14 B). Wildtype MARCM or labial null
MARCM flies were fed Bafilomycin for one day and then heat shocked. Six days later
midguts were dissected and analyzed (Fig. 2-17). Wildtype clones grow and produce
polyploid Labial positive cells (Fig. 2-17 A) and Prospero positive EE cells (Fig. 2-17
A’). Labial null clones also grow and produce polyploid and Prospero positive EE cells,
but none are Labial positive (Fig. 2-17 B, B’). Together, these experiments demonstrate
that Labial is required for copper cell differentiation but not division or differentiation in
response to damage signals. In addition we can conclude that Bafilomycin induces a
damage response and increases cell division leading to differentiation, presumably by
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inhibiting the acidification of that region. It is possible that Bafilomycin is directly
damaging to the CCR region rather than just inhibiting acidification. Whether the
protection of this region from damage is due to acidification or to the unique morphology
of cells in this region can not be determined, but altogether the evidence suggest that the
CCR has the same damage response pathway as the rest of the midgut and proliferates in
response to damage using the Notch/Delta to differentiate new cells.

Figures

Figure 2-3. Lineage Tracing of Larval Copper Cells Demonstrates They Do Not
Contribute to the Adult CCR.
(A) Pswitch B25-3 Act>draf>LacZ larva were fed RU-486 for one day leading to
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heritable expression of LacZ in copper cells and CCR AMPs plus some other AMPs in
the anterior. (B) Adult midgut from one of the larva fed RU-486. The marked cells from
the larva contribute to the anterior of the adult midgut in roughly the same position as in
the larva. They do not contribute to the adult CCR or show any significant anterior or
posterior migration.
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Figure 2-4. The Adult CCR Region Uses a Different Enhancer Than the Larval
CCR.
(A) Exd and lab48/95 expression in the adult midgut. Exd is in the circular and
longitudinal muscle in the anterior and over the CCR and then in the nuclei of epithelial
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cells just posterior to the CCR. Lab48/95 is on the longitudinal muscle throughout the
midgut. (B) Hth is present in the nuclei of cells just posterior to Labial expressing CCR
cells. (C) The adult enhancer 26H03 drives GFP in all of the Labial expressing cells in
the CCR including ISCs and EEs. (D) In Larva Lab48/95 is expressed in the Copper cells
and Exd is found strongly in the interstitial cells and weakly in the copper cells. (E) Hth
is present in both copper cells and interstitial cells, but like Exd is stronger in interstitial
cells. The LacZ insertion in the labial gene marks copper cells (red). (F) The Adult
enhancer 26H03 is only on in a subset of interstitial cells in the posterior in larval
midguts.
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Figure 2-5. Morphology and Labial Expression in CCR Interstitial Cells.
(A-A’) One day after eclosion (AE) Labial can be seen strongly in copper cells (GFP
negative) and weakly in interstitial cells. One cell is highlighted (*) to illustrate the
morphology. (B-B’) Seven days AE interstitial cells no longer express labial and the
morphology has many more ruffles than the one day old interstitial cells.
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Figure 2-6. BMP Signaling is active in the CCR and Required for Labial Expression
and Copper Cell Differentiation.
(A) Dad-LacZ and Labial expression in the adult midgut. (B-B’) Dad-LacZ in the CCR is
expressed in Labial positive copper cells in the CCR. (C-C’) p-Mad is in the nuclei of esg
positive cells in the CCR. (D-D’) 8 days ACI tkv8 clones in the CCR are p-Mad negative.
(E-E’) 8 days ACI Mad12 clones in the CCR are Dad-LacZ negative. (F-F’) 11 days ACI
tkv8 clones in the CCR are Labial negative and composed of small undifferentiated cells.
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(G) Using Bromophenol Blue to detect pH, adult’s at 30°C for 12 days are blue (pH >6)
everywhere except the CCR where the shift to yellow indicates a pH <2.3 (H) Knocking
down BMP signaling by expressing Mad RNAi in esg positive cells results in loss of
acidification after 12 days of expression.

Figure 2-7. A physiologically relevant dpp enhancer is expressed in the muscle above
the CCR.
(A) dppGut Gal4 UAS GFP in the ovary is seen in the terminal filament (TF) and cap cells,
where dpp is known to be expressed. (B) In the midgut dppGut is consistently seen in the
visceral muscle above the CCR. (C) When dppGut is used to express dpp RNAi no Labial
expressing copper cells are present in the CCR.
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Figure 2-8. Location and Level of Wnt Signaling in the Midgut.
(A) Wg-LacZ expression in late L3 larva is in the muscle just posterior to the CCR. (B)
In late pupation wg-Lacz can be found in the muscle both anterior and posterior to the
CCR. (C) In the adult Wg-LacZ is expressed in the muscle anterior to the CCR. (D) Data
from microarrays quantifying level of RNA transcript. Whole gut samples (blue n=5) and
the 3 section data (Anterior-Red, Middle-Green, Posterior-Purple n=1) show that the
ligands transcripts are present at very low levels. The receptor RNA is more highly
expressed. The transcript for pangolin (pan) is low but >4 fold enriched in the middle
midgut relative to the whole.
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Figure 2-9. qPCR of Wnt ligands in Bleomycin injured and control guts.
(A) Levels of RNA relative to a quantified amount of wg RNA (far right). Several other
genes are included for comparison. (B) The fold change of expression after injury with
Bleomycin.
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Figure 2-10. Removal of wg signaling can interfere with copper cell formation.
(A) Clones were induced by heat shock during the larval period and adult midguts were
dissected. Most fz null cells in the CCR express labial. (B) In this case clones were
induced slightly earlier in the larva. Fz null cells in the CCR lack Labial expression.
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Figure 2-11. Labial and Delta expression in ISCs in the CCR.
(A-A’’) CCR 1 day after eclosion (AE). (B-B’’) CCR 5 days AE. (C-C’’) CCR 14 days
AE.
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Figure 2-12. Notch signaling in the CCR.
(A) Even in the absence of Delta there are esg positive cells and a few that are also NRE
positive. Labial can be found in both esg positive cells. (B) After exposure to the gammasecreastase inhibitor DAPT tumors are formed in the CCR as well as the rest of the
midgut. (C-C’) Notch null clones form tumors in CCR.
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Figure 2-13. Cells in the CCR turnover slowly but can be replaced rapidly after
injury.
(A-C) A drug inducible Gal4 (Pswitch-5961) expressed in ISCs was used to heritably
express LacZ in the midgut. (A) Four days after stopping Gal4 induction only diploid
cells are marked in the CCR. (B) 12 days after stopping Gal4 induction two Labial
positive polyploid cells are marked. (C) In the anterior of same gut as (B) many
polyploid cells are marked after 12 days. (D) Counts of Labial positive copper cells in
midguts from flies 1, 5, 9, 14 and 19 days after eclosion, demonstrating that despite low
turnover copper cell number is maintained throughout the flies lifespan. (E) A copper cell
specific drug inducible Gal4 (Pswitch B25-3) was used to exress cell death proteins Hid
and Rpr at Day 1. After 3 days Labial positive cell number dropped more than 4X and
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the drug was removed from the food (0 day Recovery). The number of polyploid Labial
positive cells at 2 days Recovery and 5 days Recovery shows that copper cells are
replaced rapidly after death.
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Figure 2-14. Delta and PH3 expression increase when copper cell death is induced.
(A-D) copper cell specific progesterone inducible Gal4 (Pswitch B25-3) was used to
drive expression of cell death proteins Hid and Rpr for 4 days and then removed for 4
days. (A, A’) Before induction of cell death Labial positive copper cells are plentiful and
little Delta and no PH3 expression is observed. (B, B’) One day after induction of cell
death, the number of polyploid labial cells decreases and Delta expression is observed in
many cells. Mitotic divisions are readily observed with PH3 staining. (C, C’) After 4 days
of cell death induction there are few polyploid Labial posiive cells and many small Labial
positive cells. Delta expression is seen in most diploid cells and PH3 staining indicates
mitotic divisions are still occurring. (D, D’) Four days after stopping cell death induction
the number and distribution of Labial positive polyploid cells is similar to before
induction and the diploid Labial positive cells seen in (C) are mostly absent. Expression
of Delta has decreased and no mitotic division can be detected.

68

Figure 2-15. Expression of Upd is low in the CCR and when upregulated Delta
expression and cell division increase.
(A-A’) Labial expression is normal but Delta and Ph3 expression increase with upd
expression. (B) Expression of the GFP and upd using B25-3 results in increased Delta but
no change in copper cells. (C) BRDU uptake is seen in many of the CCR cells after upd
expression. (D) GFP driven by the upd enhancer is seen in only a few cells in the CCR
compared to the majority of cells in the anterior and posterior.
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Figure 2-16. Inhibition of Acidification Results in loss of Labial Positive cells and an
increase in esg-NRE pairs.
(A) Wildtype flie fed Bromophenol Blue are blue (pH >6) everywhere except the CCR
where yellow food indicates a pH < 2.3. (B) Wildtype Labial expression is not perturbed
by Bromophenol Blue feeding. (B’) Expression of esg and NRE in the CCR of wildtype
flies shows that there are only 2-3 esg-NRE pairs and most of the cells are single esg
positive cells. (C) Flies fed Bafilomycin, a H+ V-ATPase inhibitor, and Bromophenol Blue
are blue throughout the midgut indicating a pH > 6 in all regions including the CCR. (D)
In flies fed Bafilomycin food for 4 days the expression of Labial in the CCR is missing
from many cells. (D’) In the same gut esg and NRE can now be seen in many more cells
than control. Most of the esg positive cells are now paired with a NRE positive cell
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indicating an increase in division and differentiation compared to controls.

Figure 2-17. Bafilomycin Induced CCR Clones Grow and Differentiate With or
Without Labial.
(A-A’) After one day of Bafilomycin feeding MARCM 19A clones were induced by heat
shock. Six days later clones grew and contained both Labial positive polyploid cells and
Prospero positive EE cells. (B-B’) The Same procedure was done with MARCM 82B
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FRT lab9 (null) clones. Labial null clones induced by injury also grew and produced
polyploid and Prospero positive cells, but all were Labial negative.

Discussion
Origin of the Adult Copper Cell Region
This chapter characterizes the adult copper cell region first by establishing its origin as
distinct from that of larval copper cells. Using a copper cell specific enhancer to mark
larval copper cells and AMPs in the larval copper cell region, I show that the adult copper
cells arise from a completely separate set of AMPs. All of the available evidence
supports the conclusion that larval AMPs do not migrate along the antero-posterior axis
and thus contribute to adult tissue in roughly the same position that they occupy in larval
midguts. From the fact that the adult CCR is positioned much more posteriorly (relative
to midgut length) than the larval copper cell region we can conclude that the adult CCR
cells are specified separately.

To investigate whether the adult copper cell region is regulated by the same pathways that
establish and regulate larval copper cells, I used defined enhancers for Labial and
antibodies against know Labial interacting proteins Hth and Exd. Two defined enhancers
which accurately reflect patterns of Labial expression prior to adulthood no longer match
the pattern of Labial protein expression in the adult midgut. Neither of the Hox
cofactors, Hth or Exd stain in a pattern that overlaps with Labial expression in the adult. I
also identified a defined enhancer that accurately reflects adult Labial expression in the
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midgut, but not the larval midgut. This enhancer is located in the first intron of the labial
gene 10kb away from the known labial enhancers lab48/95 and lab550, which are 5’ of
the labial ATG. Together these results suggest that adult Labial expression is determined
by a different regulatory regime than it is prior to adulthood.

BMP signaling is required in the adult CCR
The difference in Labial regulation in the adult led us to explore what pathways are
regulating Labial expression in the adult CCR. The BMP pathway is active in the adult
CCR region with both dad-LacZ and p-Mad seen strongest in the cells of the CCR.
Additionally I discovered an enhancer of dpp that recapitulates known patterns of dpp
expression in the ovary. This enhancer is strongly active in the visceral muscle above the
CCR. Knockdown or removal of BMP pathways components inhibited Labial expression
and prevented differentiation of copper cells, indicating the BMP pathway is required for
Labial expression and copper cell identity.

The Role of Wg activity and Wnt signaling in the adult CCR
The other signaling pathway in control of Labial during development is the Wnt pathway.
A reporter of wg gene activity was examined in the midgut and was found to be expressed
in circular muscle just posterior to the larval CCR and then muscle both posterior and
anterior of the CCR in late pupation then finally only anterior of the CCR in the adult.
Whether this enhancer is accurately capturing wg expression can’t be determined as an in
situ against wg has yet to work, but it is suggestive that some part of the regulatory
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network that interacts with the enhancer is changing expression relative to the CCR from
larva to adults. Whether wg/wnt pathway signaling is required for adult CCR
specification was examined using null alleles of fz and fz2 on FRTs. Clones induced in
late L3 larvae eclose with clones in the CCR some cells are expressing Labial and some
are not. Clones made earlier in larvae were not capable of expressing Labial in the CCR.
When Wg signaling is required and whether other Wnt proteins can compensate by
signaling through the other wnt receptors fz3 and fz4, is not known. During adulthood
expression of a dominant negative version of Pangolin, a downstream wnt signaling
protein, is sufficient to block copper cell formation in the adult (9). Microarray and
qPCR data on Wnt pathway genes shows that all of the ligands are expressed at very low
levels. Only wnt10 and wnt2 and pangolin have greater than 2 fold expression in the
middle midgut relative to the whole (Fig. 2-8 D). wnt10 and wnt2 are also the only two
wnt ligand genes upregulated with injury (Fig. 2-9). In all cases the level of expression is
low, but changes in RNA expression do not always reflect the level of ligand secreted as
they can be regulated at many other points. From all this I can conclude that the Wnt
pathway is required in the adult CCR, but what ligand is responsible and whether it is
required during pupation has not been determined.

Notch and Delta signaling in the adult CCR
Strand et al. (9) profiled the adult CCR and claimed that ISCs in the CCR do not express
Delta but can be identified by esg expression. I profiled Delta expression and found that
Delta expression is present in all of the ISCs right after eclosion (Fig. 2-11 A-A’’) but it is
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no longer present in most CCR ISCs at later points in time (Fig. 2-11 B, C). esg and
NRE expression were then examined and it was observed that many of the esg+ cells
were not in pairs with a NRE+ esg+ cell, thus suggesting that these cells do use Delta/
Notch signaling but simply divide less often. Without the need to divide asymmetrically
Delta is simply not expressed. To confirm that Notch signaling functions in the CCR as
in the rest of the midgut null clones of Notch were induced. These clones formed tumors
of Delta or Prospero positive cells in the CCR just as they did in the rest of the midgut,
demonstrating that the Notch pathway functions in CCR ISCs.

The low ratio of NRE to esg cells suggested a low rate of division in the CCR. The
production of copper cells was confirmed to be slow by lineage tracing of ISCs. CCR
ISCs heritably marked with LacZ rarely produced differentiated copper cells (Fig. 2-13).
To ascertain whether CCR ISCs would divide and differentiate with injury and if that
process would also upregulate Delta expression I injured the CCR specifically by
expressing cell death proteins in copper cells. Copper cell number decreased and then
expression of the cell death proteins was halted to allow recovery. The CCR recovered a
normal number of copper cells within 5 days demonstrating that CCR ISCs are capable of
dividing and producing new copper cells when induced by damage. During the period of
injury and repair Delta was seen in many diploid cells in the CCR and multiple PH3+
Delta cells were observed, indicating these Delta positive cells are the proliferative ISCs
of the CCR. Expression of the JAK/STAT ligand upd in the CCR caused an equivalent
upregulation of Delta and increase in PH3+ cells, demonstrating that the CCR ISCs

75

respond to the same damage signal as the rest of the midgut. All of this evidence confirms
that CCR ISCs are quiescent and when the region is uninjured they cease to divide and do
not express Delta. Despite the absence of Delta in these cells, they use the same
pathways to respond to damage and proliferate. It must be noted that Delta is not a
marker of ISCs a priori, but a ligand used to signal to neighboring cells expressing the
Notch receptor. Loss of Delta is the functional consequence of not have an EB to signal
to rather than a change in ISC identity.

To investigate whether the quiescence of ISCs in the CCR is due to lower damage in that
region rather than any intrinsic difference in ISCs, I tested whether removal of acidity
would lead to damage of the CCR. Bafilomycin specifically inhibits H+-V-ATPases that a
responsible for shuttling H+ into the lumen (1). Feeding of Bafilomycin rapidly led to
injury in the CCR but nowhere else, suggestion that the acidification could be protective
and the reason of low turnover. The possibility that copper cells but no other cells are
injured by having their H+-V-ATPases inhibited cannot be ruled out. Another compound
that inhibits carbonic anhydrase also blocks acidification and leads to injury supporting
the hypothesis that acidification is protective, but having the same caveats as
Bafilomycin.
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Methods
Fly Genetics
All Drosophila experimental stocks and crosses were cultured with daily changes of
standard cornmeal with molasses food with live yeast at 23-25oC unless otherwise noted
in the text.

Fly Stocks
esg-Gal4 UAS-GFP, esg-Gal4 UAS-GFP tub-Gal80ts/CyO (4), Gbe+ Su(H)-lacZ (NRE);
esg-Gal4 UAS-GFP; UAS-tkv RNAi (V#3059), y w hs-flp UAS-GFP, tub-Gal80 FRT40A,
tub-Gal4/TM6B, Tb; Pswitch B25-3 (copper cell), Pswitch 8942 (Interstitial Cells) yw;
Act5C>dRaf>LacZnls/CyO; UAS-flp/MKRS (G. Struhl), Lab550-LacZ (R. Mann),
Lab48/95-LacZ (R. Mann), fzH51 fz2C1 FRT2A (45), tkv8 FRT40A (A. Spradling) (48), UASMad RNAi (Bloomington 31315), UAS-dpp RNAi (Bloomington 25782), UAS-upd (49),
upd3-Gal4 UAS-GFP/CyO (N. Perrimon)(50), Dad-lacZ (R. Xi) (51), Pswitch 5961 (ISC/
EB specific), FRT19A Notch5E11 (Ken Irvine), wg-lacZ/CyO (Bloomington 11205), dppGutGAL4 (Janelia defined enhancer GMR19E03), UAS-rpr; UAS-hid (Don Fox), lab9
FRT82B, MARCM 82B.

Labial antibody Production
A 924-bp fragment of the labial gene was amplified from cDNA using primers forward,
5′-ATGTACACCAACCTGGACTGC-3′, and reverse, 5′TCAGGTCAGCTGCTTGTTGGTGAA-3′, with the reverse primer having an added stop
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codon (underlined). The PCR fragment was cloned into the vector pCR8/GW/TOPO
(Invitrogen), subcloned into the protein expression vector pDEST17 (Invitrogen), and
then used to transform BL21A competent cells. 6×His-tagged protein was purified from
lysate using Ni–nitrilotriacetic acid flow columns (QIAGEN) and was injected into
guinea pig (Covance). Sera were collected over a period of 2 months and tested for
specificity by Western blot analysis.

Immunohistochemistry and Microscopy
All samples were dissected in 2 X Gut Buffer (200mM glutamic acid, 50mM KCl, 40mM
MgSO4, 4mM NaP monobasic, 4mM NaP dibasic, 2mM MgCl2) (3) and fixed in 4%
formaldehyde for 1 hr. All subsequent washes and antibody stains were done in
Phosphate Buffered Saline (PBS) with 0.5% Bovine serum albumin (BSA) and 0.1%
Triton-X-100. Primary antibodies were used at the following dilutions: rabbit anti-β-gal
at 1:10,000 (Cappel); guinea pig anti-pMAD at 1:1,000 (52); guinea pig anti-Labial at
1:5,000 (52); chicken anti-GFP at 1:10,000 (Abcam); mouse anti-Prospero at 1:100
(MR1A, DSHB); mouse anti-Delta at 1:100 (C594.9B, DSHB); mouse anti-alphaspectrin at 1:100 (3A9, DSHB); rabbit anti-phosho-histone H3 (PH3) (1:500 (Cell
Signaling) rat anti-BRDU (1:20,000) (Abcam ab6326); rabbit anti-exd (gift of Richard
Mann) (1:1000); guinea pig anti-Hth (gift of Richard Mann) (1:2000); Alexa-Fluorconjugated secondary antibodies were used at 1:1,000 (Molecular Probes, Invitrogen).
Guts were stained with DAPI (1µg/ml) (Sigma), mounted in 70% glycerol, imaged with a
spinning disc confocal microscope (Olympus DSU), and analyzed using Slidebook
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software (version 4.2).

Bleomycin feeding
Chromatography paper (Fisherbrand; Thermo Fisher Scientific) was cut into 3.7 × 5.8–
cm strips and saturated with 25 µg/ml bleomycin (Sigma-Aldrich) dissolved in 5%
sucrose.

BRDU feeding
Chromatography paper (Fisherbrand; Thermo Fisher Scientific) was cut into 3.7 × 5.8–
cm strips and saturated with 1 µg/ml BRDU (Sigma-Aldrich) dissolved in 5% sucrose.

Bromophenol Blue Dye Feeding
A 1ml solution of 0.15% Bromophenol Blue (53) was added to 0.5g of dry yeast resulting
in a yeast paste. Animals were fed this yeast paste for 5-8 hr and midguts were dissected
and analyzed as described in the text.

Bafilomycin Feeding
A 0.1µM solution of Bafilomycin (Sigma-Aldrich) was prepared in DMSO. 5µL of the
Bafilomycin solution was added to 1 gram of wet yeast paste for a final concentration of
500 pM. Animals were fed this yeast paste for the time noted.

DAPT Feeding

79

A 1 M solution of DAPT (Sigma-Aldrich) was prepared in ethanol. 1µL of the DAPT
solution was added to 1 gram of wet yeast paste for a final concentration of 1 mM.
Animals were fed this yeast paste for the time noted.

Microarrays
All microarrays were performed using Drosophila Genome 2.0 Array Chips (Affymetrix).
For whole guts the midgut was dissected and the cardia, hindgut, and malphigian tubules
were removed. Guts were then collected in RNALater Solution (Invitrogen). RNA was
isolated using RNeasy Mini kit (QIAGEN). Microarray fluidics were performed at the
Johns Hopkins Medical Institute Deep Sequencing and Microarray Core. Total gut
microarrays were repeated 5 times. Gut section was performed as above except prior to
placement in RNA later guts were divided into 3 sections: anterior- from below the cardia
to the first constriction, middle- from the first constriction to the third constriction,
posterior- from the third constriction to just above the hindgut border.

qPCR
RNA was isolated as above in the microarray. cDNA was produced from RNA using
qScript cDNA Supermix (Quanta Bioscinces) with oligo-dT primers. qPCR was
performed using PereCTa SYBR Green FastMix. One group of flies was fed 25 ng/ml
bleomycin and the other group was fed mock sucrose for 24 hours prior to dissection.

qPCR quantification
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Amount of cDNA was quantified using full length wg. The wg coding sequence was
PCR amplified from Berkeley Drosophila Genome Project cDNA plasmid RE02607 in
pFLC-1 backbone using the T7 promoter. T7 cDNA was gel purified and then RNA was
made using T7 RNA polymerase (Roche). cDNA was produced in parallel with the
midgut RNA. cDNA was quantified using Qubit Fluorometer (Invitrogen). A dilution
series of wg cDNA was run in parallel with midgut cDNA and the cycle number and
amount of cDNA in the reaction were plotted. The best-fit equation from that curve was
then used to calculate the quantity of cDNA.

Image Processing
Images were exported from Slidebook (version 4.2) and stitched together in Fiji, using
the stitching plugin develop by Preibisch et al. (54).
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Chapter Three
Transformation of Adult ISC Identity During Metamorphosis

Summary

In the adult Drosophila intestine the Bone Morphogenic Protein (BMP) signaling
pathway is required to specify and maintain the acid secreting region of the midgut
known as the copper cell region (CCR). However BMP signaling is also involved in the
modulation of intestinal stem cell (ISC) proliferation in response to injury. We show here
that this dual use of BMP signaling in the adult midgut is possible because BMP signals
are only capable of specifying CCR intestinal stem cell identity during a defined window
of metamorphosis. Flies expressing the BMP ligand Dpp during this period of pupation
eclose with ectopic copper cells. When the BMP pathway was specifically activated in
pupal enterocytes (ECs) adults eclosed with ectopic copper cells, but they were not
maintained. However when the BMP pathway was activated in pupal ISCs, adults eclose
with a normal CCR, but develop ectopic copper cells that are maintained. Our results
demonstrate that stem cell heterogeneity is established prior to adulthood and maintained
in cooperation with regional signals from surrounding tissue. By providing stem cells
with an intrinsic identity that restricts the ability of stem cells to perceive regional signals
stem cell identity is maintained in heterogeneous tissues.

Introduction
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Developmental signals that control cell identity and differentiation have been elucidated
for many adult tissues (1-3). These early steps in development progressively restrict cell
identity, first broadly into categories of endoderm, mesoderm, and ectoderm and then into
specific tissues such as skin, bone, and brain (4, 5). At what level of specification does
this process of restriction end and local signaling or environmental cues take over? What
are the mechanisms that establish and maintain heterogeneity within a single tissue? In
an adult tissue the role of stem cells is unique as, unlike embryonic stem cells, they must
be stable in their identity for the lifetime of the organism (6). Additionally adult stem
cells must constantly make cell fate decisions in response to varied environmental
conditions. Failure to regulate cell fate could lead to inappropriate responses to local
signals and changes in cell identity that could initiate tumorigenesis (7). Uncovering the
mechanisms that determine and maintain diversity of adult tissues is important for
understanding how heterogeneous organs like the gut, skin and brain specify and
maintain function as new cells are created over a lifetime.

Here we have identified a period during pupation beginning 20 hours APF when a subset
of pupal AMPs receive BMP signals and are consequently specified as copper cells and
copper cell ISCs. ISCs that do not receive BMP signals during this window of plasticity
are resistant to transformation in the adult. As such, the BMP signaling pathway can be
used in the adult for other purposes, including antagonizing the response of ISCs to injury
(8).
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Results
Expression of dpp is necessary but not sufficient for copper cell formation
Recently, we and others have shown that BMP signaling is required for the formation of
new copper cells (8, 9). We have also shown a role for injury induced BMP signaling that
acts autonomously in ISCs to limit the proliferative response (8). Since injury-induced
BMP signaling in the anterior and posterior midgut does not result in the formation of
new copper cells outside of the CCR, we explored whether any level of BMP signaling
was sufficient to induce labial expression or copper cell formation along the length of the
intestine. To activate the BMP signaling pathway in the entire midgut we used the
temperature-inducible driver how-Gal4 tubulin-Gal80ts (howts) (8) to drive expression of
the BMP signaling ligand dpp in muscle/trachea. At 18°C Gal80ts is active and represses
Gal4. At 30°C, Gal80ts becomes inactive thereby allowing for temperature inducible
control of Gal4 function. Following 10 days of dpp overexpression in muscle and
trachea, phospho-Mad (p-Mad) was easily detectable in all cells (Fig. 3-1 A),
demonstrating efficient activation of the BMP signaling pathway in the midgut. Despite
strong BMP activation, the boundaries of the CCR did not change and no ectopic copper
cells were detected (Fig. 3-2 C). To assess whether autonomous activation of BMP
signaling in ISCs or ECs could alter cell identity, we expressed a constitutively active
form of the BMP receptor thickveins Q253D (tkvQD) (10) using two different temperature
inducible cell specific Gal4 lines. An EC specific driver, Myo-Gal4 tubulin gal80ts
(Myots) (11) or an ISC/EB driver esg-Gal4 tubulin gal80ts (esgts) (12) was used. Flies
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were reared at 18°C and then moved to 30°C immediately after eclosion. Ten days of
BMP activation using either Myots or esgts flies resulted in activation of the BMP pathway
as confirmed by p-Mad staining (Fig 3-1 B, C). However, as was the case with dpp
overexpression, copper cells were not found outside of the CCR. In addition, the CCR
transcription factor Labial, a nuclear protein required for copper cell differentiation (13,
14), was present diffusely in the cytoplasm expression of cells, all of which lacked copper
cell characteristics (Fig 3-2 E) (15). These data in conjunction with previous results (8)
demonstrate that BMP signaling is not sufficient for the transformation of non-CCR cells
into Copper cells.

BMP signaling and Labial expression are observed in a subset of cells beginning at
24 hours APF
Because adult intestinal cells and their progeny are resistant to transformation by BMP
signals, we reasoned that cells might have more potential for transformation near the time
they are initially specified. The cells of the adult gut are created from the AMP islands
present in the larvae during pupation (16-19), implicating metamorphosis as a likely time
for adult cell specification. To investigate the timing of copper cell formation, we stained
pupae with anti-p-Mad and anti-Labial antibodies to characterize the timing of BMP
signaling activation and Labial expression. Timed pupae were collected in one hour
windows and then dissected every 3-4 hours from 0 hours after pupal formation (APF)
until eclosion (about 100 hours APF at 25C). p-Mad was first detectable at 20-24 hours
APF in the posterior half of the pupal midgut (Fig. 3-3 A) and Labial staining was first

88

observed at 24 hours APF in the same region (Fig. 3-3 B). Beginning at 24 hours APF, as
the gut begins to expand to its adult size (20), p-Mad and Labial staining remained in a
group of cells in the posterior midgut (Fig. 3-3 C, D). The defined timing and location of
BMP signals in conjunction with Labial staining led us to hypothesize that the period
around 24 hours APF is when regional adult cell identity is capable of being established.

Adult cell identity is transformed by alteration of BMP signaling between 24 and 48
hours APF
In the adult midgut, circular visceral muscle is the source of dpp that regulates copper cell
differentiation (8). We therefore used howts to induce expression of dpp in visceral
muscle at various times during pupation and determine the effect on pupal AMP
differentiation on copper cell identity in the adult midgut. Expression of dpp starting at
24 hours APF resulted in p-Mad staining throughout the pupal gut one day later
demonstrating efficient activation of the BMP signaling pathway in the midgut (Fig. 3-4).
Upon eclosion, midguts were stained for Labial to determine if any transformation
towards copper cell fate had occurred. Cells with strong nuclear Labial staining were
present in a majority of the anterior midgut, regions of the posterior midgut, as well as the
CCR (Fig 3-5 A). To determine whether ectopic Labial positive cells could function to
acidify the intestinal lumen, transformed and control howts-UAS-GFP flies were fed yeast
mixed with bromophenol blue, a pH sensitive dye that turns from blue to yellow at pH
<4. As expected, in control midguts yellow (pH<4) was observed only in the CCR
region, just as in wildtype midgut (Fig. 3-2 A). In transformed flies, however, the
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acidified region of the gut expanded to most of the anterior and part of the posterior
midgut (Fig. 3-5 B). In addition the expanded acidification of the midgut matched the
regions of expanded Labial expression (Fig. 3-5 A) suggesting that ectopic cells created
by pupal dpp overexpression are functional copper cells.

To determine if dpp expression was required to maintain ectopic copper cells,
transformed flies were reared at 30°C, which will result in continued expression of UASdpp; at 18°C, which will abolish UAS-dpp expression, or 25°C in which gal80ts is
partially active and therefore should result in intermediate expression of UAS-dpp (Fig.
3-5 G). Intestines from flies moved to 18°C after eclosion for two weeks, had ectopic
copper cells only in patches (Fig 3-5 E), however flies reared at 30°C consistently
maintained ectopic copper cells, but died in large numbers after one week (Data not
shown). Flies kept at 25°C had ectopic copper cells present in the anterior of the gut for
at least 3 weeks (Fig 3-5 C, D). In the Drosophila midgut the turnover of differentiated
cells is continuous and the entire gut is renewed every ~7-10 days (12), consequently the
presence of ectopic copper cells >3 weeks suggests that these cells are actively
maintained. They could also be resistant to turnover or they are being replaced by
proliferating ISCs with altered identity.

Activation of the BMP pathway in pupal ISCs is sufficient to transform adult stem
cell identity
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To determine whether BMP induced transformation creates ISCs that give rise to and
maintain ectopic copper cells or whether transformed copper cells can persist on their
own, we used drivers to activate BMP signaling in subsets of cells during metamorphosis.
esgts-Gal4 UAS GFP is expressed in a subset of cells starting at 20 hours APF that
become ISCs and EBs in the adult (16, 18, 19) (Fig. 3-4 D). Myots-Gal4 UAS-GFP,
which marks ECs in the adult gut, was observed during metamorphosis to be expressed in
a subset of pupal AMPs and then at later times in all polyploid cells (Fig. 3-4 B),
suggesting that it is specific to pupal AMPs fated to become adult ECs cells during
metamorphosis. To confirm whether esgts and Myots are specific to the pupal ISCs/EB
and EC populations, respectively, each line was crossed to UAS RNAi against labial or
tkv. Flies were reared at 18°C until 24 hours APF and then immediately moved to 30°C
until eclosion to allow for labial or tkv RNAi expression during pupation. Upon eclosion
midguts were stained for Labial and fed bromophenol blue to assess copper cell function.
esgts flies eclosed with a normal number of labial positive cells (Fig. 3-6 B, B’) in the
CCR and normal acidification (Fig. 3-6 C, E). In Myots intestines, nuclear labial positive
cells were absent (Fig. 3-6 A, A’) and there was no evidence of acidification (Fig. 3-6 D,
F).
These data suggest that these two drivers affect non-overlapping populations of cells
during pupation: Myots affects those cells that will become polyploid ECs and copper
cells and esgts affects those cells that will become ISCs.
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To determine whether Myots could transform pupal ECs into copper cells, Myots was
crossed to UAS tkvQD and reared at 30°C from 24 hours APF until eclosion. Intestines
from Myots flies eclosed with extra labial positive cells in the anterior and posterior (Fig.
3-7 A). Transformed flies were fed yeast mixed with bromophenol blue to assess acidity,
however upon dissection guts were observed with ruptures in the anterior portion of the
gut just below the cardia and very little food present in the midgut. As a result tests for
acidity could not be performed and very few Myots flies survived past 5 days (Fig. 3-7 D).
Nonetheless ectopic copper cells possessed the expected characteristics of copper cells:
polyploid nuclei strongly positive for Labial and cup shaped morphology (15) (Fig 3-7
A’, A’’). Furthermore, they were positive for alpha-spectrin (Fig. 3-7 B, B’), a membrane
associated protein highly expressed in copper cells and required for their function (21,
22), suggesting that ectopic BMP signaling pathway activation in AMPs during pupation
was sufficient to transform their identity. To determine if ectopic copper cells were
maintained, animals were followed post eclosion. Ectopic labial positive cells present
upon eclosion in the Myots-tkvQD flies decreased in number and were replaced by ECs by
day 10 (Fig. 3-7 C) suggesting that ISCs were not transformed and therefore unable to
produce new copper cells. Quantification of nuclear Labial positive polyploid cells by
region was performed on Myots-tkvQD intestines from flies moved to 30°C at 24 hours
APF (Fig. 3-7 D) or moved to 30°C after eclosion (Fig. 3-7 E). Those flies with activated
BMP during pupation eclosed with large numbers of Labial positive polyploid cells
outside of the CCR (Fig. 3-7 D). The number of Labial positive polyploid cells in
pupally transformed flies decreased over time, suggesting that BMP signaling in pupal
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ECs is not sufficient to maintain adult copper cells. Control Myots and adult Myots-tkvQD
flies did not have any Labial positive ployploid cells outside of the CCR (Fig. 4D-E) as
shown in Figure 1. Therefore activation of the BMP pathway is capable of transforming
the pupal ECs starting at 24 hours APF, but the transformation is not possible after
eclosion. Additionally the transformation of pupal ECs alone is not sufficient to maintain
copper cells outside of the CCR.

In contrast to Myots-tkvQD flies, esgts-tkvQD flies eclosed with normal numbers of copper
cells in the CCR and no ectopic copper cells. However, most esgGal4 positive ISCs and
EBs outside of the CCR expressed nuclear Labial (Fig. 3-8 A). In esgts-tkvQD flies, ectopic
Labial positive polyploid cells were first seen in the anterior and posterior midgut starting
at 4-5 days after eclosion and increased in number over time (Fig. 3-8 D). These cells
also expressed alpha-spectrin and exhibited the large size and membrane morphology
common to copper cells (Fig. 3-8 B). The number of Labial positive polyploid cells
outside of the CCR increased from day 4 to day 10 (Fig. 3-8 C, D). In contrast, esgtstkvQD flies moved to 30°C after eclosion failed to produce any Labial positive polyploid
cells outside of the CCR (Fig. 3-8 E).

Because the activation of the BMP pathway in adults is insufficient to transform either
ISCs/EBs, or ECs into copper cells (Fig. 3-2), the ability of epithelial cells to be
transformed by BMP activation is confined to a window of time during pupation.
Activation of the BMP pathway earlier than ~20 hours APF is lethal to the flies (Data not
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shown) and activation after ~60 hours APF does not result in transformation (Fig. 3-5 F),
defining the window of 20-48 hours APF as when cells are receptive to transformation or
re-specification.

Injury Induced BMP Can Enhance Copper Cell Transformation in esgts-tkvQD Flies
In esgts-tkvQD flies incubated at 30°C during pupation, the emergence of ectopic copper
cells is patchy and more Labial positive cells arise in the posterior than in the anterior and
even at day six after eclosion 3/10 guts have no ectopic copper cells. The posterior of the
midgut is generally exposed to more damage than the anterior as a consequence of being
the main region for nutrient adsorption (23). If BMP pathway activation is required in
non-esg expressing cells in order to produce differentiated copper cell then injury induced
BMP signals could be rate limiting. To test whether esgts-tkvQD transformed stem cells
will produce more ectopic copper cells when injured, we fed 2 day old flies Bleomycin or
mock control food for one day and then let recover for 4 days. Injured flies that had
active BMP during pupation were completely filled with Labial positive cells (Fig. 3-9
A). Many of these cells are also polyploid and stain for alpha-spectrin (Fig. 3-9 A’).
Mock control fed flies had one patch of transformed ectopic copper cells (Fig. 3-9 B, B’).
Bleomycin fed flies that were not moved to 30°C until after eclosion had no
transformation (Fig. 3-9 C). Thus stem cells in the adult are resistant to transformation
by injury induced BMP, but esg positive cells that received a BMP signal during pupation
can respond to the injury induced BMP signal and produce ectopic copper cells in the
entire midgut.
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Clonal transformation of ISCs
The adult copper cells that arise from esgts tkvQD cells are no longer esg+ and so either are
not dependent on BMP signaling anymore or require BMP pathway activation that could
come as a result of perdurance after the EB differentiates or induction from the muscle by
injury. To eliminate the variability in BMP activation after differentiation we used the
MARCM system to create clones that will express activated tkv in all progeny. An
analysis of clones made using the MARCM system (24) induced during pupation,
revealed that the cells marked (those cells in G2-M phase during the period of heat
shock) are ISCs and EBs upon eclosion (Fig. 3-10). As a result this system can be used to
express tkvQD in a subset of the population of pupal cells destined to become adult ISCs,
from the time of heat shock onward. The clones produced eclose as ISCs in both control
clones and tkvQD clones (Fig. 3-9) indicating that the activation of BMP in the cells
during pupation does not change their identity or prematurely differentiate them. With
similar kinetics to the esgts tkvQD pupal transformed flies, tkvQD clones begin producing
ectopic labial positive cells 4-5 days after eclosion (AE). These clones produce both
labial positive polyploid cells and labial positive enteroendocrine (EE) cells (Fig. 3-11 C,
D). In contrast, clones induced in adults were strongly p-Mad positive but rarely express
labial and are not transformed (Fig. 3-11 A, B). The tkvQD clonal cells strongly express
labial but do not have the morphology of copper cells (Fig 3-11 D). Given that the tkvQD
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clones in the copper cell region also perturb copper cell morphology, we hypothesized
that the tub-Gal4 driving expression of tkvQD in the MARCM system is stronger than
Myots or esgts. In support of this hypothesis, MARCM tkvQD also perturb copper cell
differentiation in the CCR. On the other hand MARCM clones made during pupation
expressing the BMP ligand Dpp, also eclose as single ISCs, but result in ectopic labial
positive cells with copper cell morphology (Fig. 3-11 E, E’, F, F’). These ectopic copper
cells are polyploid and Labial positive and stain for alpha-spectrin (Fig. 3-11 E’, F, F’).
MARCM dpp clones induced after eclosion do not express Labial or stain for alphaspectrin (Fig. 3-11 G, G’). Both MARCM tkvQD and dpp clones have altered Labial
expression when made during 24-48 hour APF as compared to adult, showing clearly that
stem cell identity is plastic during that window but not in the adult. The continued
activation of the BMP pathway at a physiologically relevant level aids in copper cell
differentiation (Figs. 3-9 A, 3-11 E-F’). Thus stem cells that do not receive a BMP signal
during pupation do not respond to adult BMP signaling, but those that do will respond
and produce copper cells (Fig. 3-12).
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Figures

Figure 3-1. BMP pathway activation in the adult results in p-Mad staining in each
cell type.
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(A-A’) howts-UAS dpp-UAS GFP kept at 30°C for 10 days after eclosion. P-Mad
staining is visible in all cell types throughout the midgut. GFP is active in the visceral
muscle throughout the midgut. (B-B’) Myots-UAS dpp-UAS GFP kept at 30°C for 10
days after eclosion. P-Mad staining is visible in ECs throughout the midgut. GFP is
active in most ECs in the midgut. (C’C’) esgts-UAS dpp-UAS GFP kept at 30°C for 10
days after eclosion. P-Mad staining is visible in ISCs/EBs throughout the midgut in
addition to the copper cells. GFP is active in most ISCs/EBs in the midgut.
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Figure 3-2. Overexpression of the BMP pathway in the adult midgut.
(A) Wild type flies were fed bromophenol blue. The copper cell region is yellow
indicating acidification (pH<4). The anterior and posterior midgut are blue, indicating no
acidification. (B-B’) Copper cells can be identified by strong nuclear labial expression
and by expression of alpha-spectrin. (C) Using the driver howts to express dpp from the
muscle for 10 days in the adult does not result in a change in labial expression. (D)
Constitutively active tkv was expressed in ECs using Myots for 10 days. No ectopic labial
positive cells were observed. (E) Constitutively active tkv was expressed in ISC/EBs
using esgts. (E-E’’’) Patches of labial expression were observed, however Labial outside
of the copper cell region is cytoplasmic.
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Figure 3-3. BMP activity and Labial are observed in the posterior of the pupal gut
20 hours APF.
(A) 23 hours APF pupal guts were stained with anti-p-Mad antibody. A region of p-Mad
positive cells is observed in the posterior of the pupal midgut. (A’) Some p-Mad positive
cells are also esg-GFP positive. (B) A 23 hour APF pupal gut with the meconium
removed was stained with anti-Labial. A band of strongly Labial positive cells can be
seen in the posterior midgut. Labial is also seen in the muscle in other areas. (C-C’) At 50
hours APF p-Mad staining is strongest in a small band in the posterior pupal midgut. (DD’) At 50 hours APF Labial is expressed in the posterior midgut in a similar pattern as pMad. (E) A diagram depicting the observed staining of Labial and p-Mad during
pupation. Both p-Mad and Labial are expressed in a band of cells in the posterior of the
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pupal midgut just after 20 hours APF. These cells continue to express p-Mad and Labial
as the gut grows during pupation.

Figure 3-4. Activation of BMP during pupation by specific Gal4 lines.
(A-A’) howts-UAS dpp-UAS GFP 24 hours after being moved to 30°C. GFP can be seen
in the muscle throughout the pupal midgut. P-Mad staining is visible in all regions of the
pupal midgut. (B-C) Myots-UAS tkvQD-UAS GFP 24 hours after being moved to 30°C.
GFP can be seen in a subset of cells throughout the pupal midgut. P-Mad staining is
visible in all large cells of the pupal midgut. (D-E) esgts-UAS tkvQD-UAS GFP 24 hours
after being moved to 30°C. GFP can be seen in small cells throughout the pupal midgut.
P-Mad staining is visible in all small esg positive cells of the pupal midgut.
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Figure 3-5. Overexpression of BMP ligand during a defined window of pupation.
(A) howts UAS dpp flies were moved from 18°C to 30°C at 24 hours APF and upon
eclosion were stained for Labial. Nuclear Labial staining is seen in most of the anterior
and in a small portion of the posterior in addition to the copper cell region. (B) howts
UAS dpp flies were moved from 18°C to 30°C at 24 hours APF and upon eclosion were
fed Bromophenol Blue. Acidified regions (pH<4) are present in more than half of the
anterior and in a small portion of the posterior as well as the copper cell region. (C-D)
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howts UAS dpp flies kept at 30°C between 24 hours APF and eclosion and then moved to
room temperature for (C) 11 or (D) 24 days. Nuclear Labial staining is seen extending
into the anterior midgut. (E) howts UAS dpp flies kept at 30°C between 24 hours APF and
eclosion and moved to 18°C for 14 days. Nuclear Labial staining is seen in two patches in
the anterior. (F) howts UAS dpp flies were moved from 18°C to 30°C at 60 hours APF
and upon eclosion were stained for Labial. Nuclear Labial staining is seen only in the
copper cell region. Labial was observed outside of the copper cell region only in visceral
muscle. (G) A depiction of the experimental design.
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Figure 3-6. Myo and esg are specific to different cell types during metamorphosis.
(A-A’) Myots-UAS tkv RNAi at 30°C between 24 hours APF and eclosion have no copper
cells and only weak Labial staining in the CCR. (B-B’) esgts-UAS tkv RNAi at 30°C
between 24 hours APF and eclosion have no copper cells and only weak Labial staining
in the CCR. (C and E) esgts-UAS tkv RNAi (A) or lab RNAi (C) at 30°C between 24
hours APF and eclosion. Flies fed bromophenol blue after eclosion show normal
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acidification of the CCR. (D and F) Myots-UAS tkv RNAi (A) or lab RNAi (C) at 30°C
between 24 hours APF and eclosion. Flies fed bromophenol blue after eclosion show no
acidification of the CCR.

Figure 3-7. Activation of the BMP pathway in pupal ECs.
(A) Myots UAS tkvQD flies were kept at 30°C between 24 hours APF and eclosion. One
day after eclosion (AE) the flies were dissected and stained with Labial. Nuclear Labial
was seen in most of the anterior and parts of the posterior. (A’-A’’) A close up of the cells
in the anterior midgut shows that many of the cells have the cup shaped morphology
characteristic of copper cells as well as strong nuclear Labial (*). (B) Myots UAS tkvQD
flies were kept at 30°C between 24 hours APF and the remainder of the experiment.
Three days after eclosion (AE) flies were dissected and stained with Labial and alphaspectrin antibodies. Nuclear Labial was seen in scattered cells in the anterior. (B’) alpha-
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spectrin staining was seen in all labial positive cells, both in the copper cell region and in
the anterior midgut. Alpha-spectrin staining reveals that the morphology of ectopic labial
positive cells is like that of endogenous copper cells. (C) 10 days AE nuclear Labial
staining is no longer observed outside of the copper cell region. (D) Labial positive
polyploid cells were counted in the guts of Myots UAS tkvQD flies kept at 30°C between
24 hours APF and the time points indicated. At day one three times as many Labial
positive polyploid cells are observed in the midgut as compared to controls. The extra
Labial positive polyploid cells decreases in number over the course of one week. Note
that the number of Labial positive polyploid cells in the copper cell region is similar as
controls.
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Figure 3-8. Activation of the BMP pathway in pupal ISC/EBs.
(A-A’’) esgts UAS tkvQD flies were kept at 30°C from 24 APF until dissection. One day
after eclosion (AE) flies were dissected and intestines were stained with anti-Labial.
Nuclear Labial is present in the copper cell region (A) and in esg positive cells (A’-A’’).
(B-B’’) Seven days AE multiple polyploid Labial positive cells are observed. These cells
also stain for alpha-spectrin and possess copper cell like morphology. (C-C’’) At 10 days
AE polyploid Labial positive polyploid cells are present in both the anterior and the
posterior midgut. (D) Counts of Labial positive polyploid cells from esgts UAS tkvQD
flies kept at 30°C from 24 between APF and the remainder of the experiment. At eclosion
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the number of copper cells in wildtype and esgts UAS tkvQD intestines are similar.
Starting at day 4 AE the number of Labial positive cells in esgts UAS tkvQD midguts
increases in the posterior and anterior.

Figure 3-9. Midgut Injury Enhances Copper Cell Transformation.
(A, A’) esgts UAS tkvQD flies were kept at 30°C from 24 hours APF onward. One day
after eclosion they were fed Bleomycin in sucrose solution for 24 hours. They were then
kept on normal food until dissection at day 7. The entire gut is filled with Labial positive
cells. Some are small and not fully differentiated while others are polyploid and have
copper cell morphology. Many cells stain with alpha-spectrin. (B, B’) esgts UAS tkvQD
flies were kept at 30°C from 24 hours APF onward. One day after eclosion they were fed
mock sucrose solution for 24 hours. They were then kept on normal food until dissection
at day 7. A few cells in a cluster outside of the CCR are Labial positive and stain with
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alpha-spectrin. (C) esgts UAS tkvQD flies were kept at 30°C after eclosion. One day after
eclosion they were fed Bleomycin in sucrose solution for 24 hours. They were then kept
on normal food until dissection at day 7. No ectopic Labial cells are observed.

Figure 3-10. Heat shock of MARCM 40A tkvQD and ctrl flies during pupation marks
ISCs.
(A-A’’) MARCM 40A tkvQD flies reared at 18°C and then heat shocked for one hour at 24
hours APF. Upon eclosion all of the GFP positive cells were single or paired diploid cells
that stained positive for Delta. (B-B’’) MARCM 40A control flies reared at 18°C and
then heat shocked for one hour at 24 hours APF. Upon eclosion all of the GFP positive
cells were single or paired diploid cells that stained positive for Delta.
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Figure 3-11. Induction of clones overexpressing BMP pathway activators.
(A-B) MARCM 40A UAS tkvQD flies were heat shocked 3 days after eclosion. After 8
days clones inside the copper cell region had polyploid cells with strong nuclear Labial.
No clones outside the CCR had polyploid nuclear labial or copper cell morphology. (C-
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D) MARCM 40A UAS tkvQD 24-48 hours APF pupae were heat shocked for one hour.
Eight days after eclosion clones inside and outside of the copper cell region stained with
strong nuclear Labial including polyploid cells and diploid Prospero positive cells. (E)
MARCM 40A UAS dpp 24-48 hours APF pupae were heat shocked for one hour. Eight
days after eclosion many polyploid nuclear positive Labial cells can be observed in the
anterior, both inside and outside of the clone. Cells in the clone have the large cup shape
morphology similar to endogenous copper cells. (E’, F, F’) Ectopic Labial positive cells
in the anterior both inside and around the dpp expressing clone are positive for alpha-
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spectin. (G, G’) MARCM 40A UAS tkvQD heat shocked 1 day after eclosion and
dissected 8 days later. Clones dot express Labial or have copper cell morphology.
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Figure 3-12. BMP pathway activation during pupation changes adult stem cell
response to BMP.
(A) In wild type flies a band of cells in the pupal midgut receives a BMP signal. The
pupal ISCs in this region eclose as copper cell ISCs. In the presence of a BMP signal
these cells are divide and maintain the copper cell region. (B) In flies that eclose like
wildtype, without prior alteration in BMP signals, widespread injury or induction of
BMP will lead to activation of the BMP pathway outside of the CCR. The cells outside
of the region will not change identity and copper cells remain restricted to the CCR. (C)
When Dpp is expressed broadly during the window of 24-48 hours APF, pupal ECs are
transformed to copper cells and pupal ISCs are made competent to produce copper cells
in the adult when the BMP pathway is activated.

Discussion
There are two possible mechanisms for providing identity within a tissue; cells have an
intrinsic identity established at some prior period of development and/or local signals
provide each cell with the cues to establish identity. Both of these methods of providing
identity have their drawbacks. If cells have an intrinsic identity independent of local
signals any movement of that cell out of its normal region would result in abnormal
tissue. On the other hand if the local environment provides all of the cues for cell
identity, stability would be dependent on the exquisite control of all of those signals. The
other possibility is that both methods are used to control cell identity. Cell identity is

116

intrinsically specified to restrict what local signals it can respond to. Under this
paradigm, cells could migrate to another region without risk of tissue abnormality, and
due to the restriction of response to diffusible signals fluctuations in ligand diffusion
would not result in variation of regional boundaries.

Our work shows that in the Drosophila intestine, a mixture of intrinsic specification and
response to local signals occurs. Copper cell ISCs are specified during pupation and this
specification restricts the ability of copper cell ISCs and their daughters to respond to
local signals in the adult. This allows for the iterative refinement of identity and for the
reuse of those same signals in the adult (8). We have previously shown that under
conditions of injury in the adult, DPP is released from the muscle and BMP signaling can
be activated locally in any region of the midgut (8). It is clear that the activity of BMP
signaling in the adult does not result in transformation of cells outside the CCR into
Copper cells as they are maintained solely in that region (8, 25). The same Dpp signal
that is insufficient for transformation during adulthood is sufficient during a defined time
during metamorphosis. This indicates that cell identity is in part specified during
pupation and remembered thereafter.

Copper cell ISCs have an intrinsic identity acquired during metamorphosis but they also
require continued expression of dpp in order to be maintained (8). As we have previously
shown, BMP is also involved in the adult response to injury (8). Consequently all of the
experiments in adult flies had variable expression of BMP pathway ligands caused by
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normal chemical and bacterial insults in addition to the genetic manipulation performed.
Flies transformed using howts UAS-dpp during pupation and moved to 18°C after
eclosion would still have BMP signals induced by injury. The patchy maintenance of
ectopic copper cells under these conditions fits with the idea that areas with sufficient
injury to provide BMP activation will be able to sustain copper cells, while those with
low injury will lose them. More evidence for this is provided by the variable and
regional production of ectopic copper cells in esgts transformed flies. BMP signaling is
likely required in the EB as it becomes a copper cell but after esg is no longer expressed.
If proper differentiation of copper cells is to occur then BMP activation must be provided
externally. The injury induced production of Labial positive copper cells in esgts UAS
tkvQD flies confirms this hypothesis by demonstrating that externally provided BMP
signaling increases the production of differentiated copper cells from transformed ISCs.
In the controls injury is low or confined to specific regions of the midgut, therefore
copper cell differentiation from transformed ISCs (those ISCs receiving BMP during the
permissive window of pupation) is also rare. When injury induced BMP signaling is
provided these pupally transformed cells respond by producing Labial positive cells,
whereas untransformed ISCs are unable to produce copper cells with the same signal. In
this manner ISC identity can be restricted even when its identity is dependent on a
broadly expressed factor.

In the adult, BMP pathway activation is not able to transform stem cells or ECs, but does
result in some expression of labial outside of the CCR (Fig. 3-2). Recent work by Li et
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al. (9) has seized this sparse expression of labial under conditions of BMP signaling to
argue that adult ISCs can be transformed solely through local signals in the adult. It is
clear from our data that in comparison to the transformation that occurs with pupal BMP
activation, the adult is resistant to transformation by BMP. Additionally, the rare (2-3 per
gut) ectopic labial positive cells seen by Li et al. lack the morphology or functional
markers of functional copper cells. The use of an antibody against the protein Cut as a
marker for copper cells is not justified as it results in extracellular staining of copper cells
(9, 25) and is most likely due to a nonspecific interaction with the large invaginated
luminal surface of copper cells. Furthermore Cut is a transcription factor and one would
expect it to be localized to the nucleus, as it is in the cells of the Malpighian tubule (26).
Finally, there is no evidence for the transcript being expressed in the copper cell region or
anywhere in the midgut (14). As such, Cut antibody staining in the CCR should be
viewed as an artifact.

Transformation of the adult midgut to copper cells by BMP consistently fails to transform
parts of the anterior and the posterior. The presence of new boundaries at which
transformation does not occur implies that there are one or more other signals working in
conjunction with BMP to allow or repress transformation. We have not yet identified any
signals other than BMP in copper cell transformation. However, given that dpp and wnt
signaling cooperatively regulate labial expression during development (27, 28) and wnt
signaling is required for adult copper cell maintenance (25), wnt signaling is a likely
candidate. In addition the regions of active wnt signaling shown by Buchon et al. (14)
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match well with the regions of labial induction under conditions of pupal dpp induction.
Further work is needed to explore whether wnt signaling cooperates with dpp to specify
copper cell identity during pupation or can possibly promote direct transformation in the
adult.

The ability of adult cells to remember signals received during pupation suggests that
intestinal stem cell specification might require chromatin modification. During
Drosophila development, maintenance of transcriptional memory is carried out by
Polycomb group (PcG) and Trithorax group proteins (TrxG), which interact with genetic
regions to maintain active (TrxG) or silenced (PcG) transcriptional states (29, 30). Both
PcG and TrxG proteins have been studied for their role in embryonic stem cell
maintenance and proliferation (31, 32) and in adult stem cell identity (33). The
transformation of adult midgut ISC identity represents a potentially novel system for
studying the restriction of adult stem cell identity and the role of chromatin modification.
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Methods

Fly Genetics
All Drosophila experimental stocks and crosses were cultured with daily changes of
standard cornmeal with molasses food with live yeast at 23-25oC unless otherwise noted
in the text.

Fly Stocks
esg-Gal4 UAS-GFP; esg-Gal4 UAS-GFP tub-Gal80ts/CyO (34); tub-Gal80ts UAS-GFP/
CyO, Myo1A-Gal4 (35); UAS-tkv RNAi (V#3059); y w hs-flp UAS-GFP, tub-Gal80
FRT40A, tub-Gal4/TM6B, Tb; UAS-tkvQD (10); FRT40A/CyO, UAS-tkvQD/TM6B (24);
UAS-dpp::GFP (36)

Immunohistochemistry and Microscopy
All samples were dissected in 2 X Gut Buffer (200mM glutamic acid, 50mM KCl, 40mM
MgSO4, 4mM NaP monobasic, 4mM NaP dibasic, 2mM MgCl2) (37) and fixed in 4%
formaldehyde for 1 hr. All subsequent washes and antibody stains were done in
Phosphate Buffered Saline (PBS) with 0.5% Bovine serum albumin (BSA) and 0.1%
Triton-X-100. Primary antibodies were used at the following dilutions: rabbit anti-β-gal
at 1:10,000 (Cappel); guinea pig anti-pMAD at 1:1,000 (8); guinea pig anti-Labial at
1:5,000 (8); chicken anti-GFP at 1:10,000 (Abcam); mouse anti-Prospero at 1:100
(MR1A, DSHB); mouse anti-Delta at 1:100 (C594.9B, DSHB); mouse anti-alpha-
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spectrin at 1:100 (3A9, DSHB); Alexa-Fluor-conjugated secondary antibodies were used
at 1:4,000 (Molecular Probes, Invitrogen). Guts were stained with DAPI (1µg/ml)
(Sigma), mounted in 70% glycerol, imaged with a spinning disc confocal microscope
(Olympus DSU), and analyzed using Slidebook software (version 4.2).

Bromophenol Blue Dye Feeding
A 1ml solution of 0.15% Bromophenol Blue (21) was added to 0.5g of dry yeast resulting
in a yeast paste. Animals were fed this yeast paste for 5-8 hr and midguts were dissected
and analyzed as described in the text.

Bleomycin feeding
Chromatography paper (Fisherbrand; Thermo Fisher Scientific) was cut into 3.7 × 5.8–
cm strips and saturated with 25 µg/ml bleomycin (Sigma-Aldrich) dissolved in 5%
sucrose.

Pupae collections on temperature shifts
For Gal80ts and MARCM experiments, crosses were carried out at 18°C and pupae were
collected every 24 hours by clearing all pupae and transferring them to a new vial. The
pupae were kept at 18°C until heat shock (MARCM) or moved to 30°C (Gal80ts).

Cell Counting
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Images were exported from Slidebook (version 4.2) and stitched together in Fiji, using
the stitching plugin develop by Preibisch et al. (38). Whole gut images were then used to
manually count all non-diploid cells with strong nuclear labial staining in Metamorph
(Molecular Devices Version 7.6.2). Error bars represent one standard deviation.
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Chapter Four

Chromatin Modification, Quiescent ISCs, Regulation of Labial
Localization, and the Role of Wg Signaling in ISC
Transformation

Summary
In the previous chapter, we showed that there is a window during pupation where adult
cell identity can be altered. In this chapter, I will address some of the unanswered
questions regarding ISC identity and transformation.

The ability of pupal ISCs to remember whether they received a BMP signal during
pupation is suggestive of the action of chromatin modifying proteins. I show that
knockdown or removal of many Polycomb Group associated proteins results in loss of
CCR stem cell identity or broader loss of ISC function. Significantly, clones null for the
Polycomb group protein Posterior Sex Combs (Psc) are required for ISC specification
during metamorphosis, but not for ISC function in the adult CCR. Many other genes
perturb CCR ISC identity specifically, indicating the CCR ISCs are acutely sensitive to
loss of chromatin regulation.
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The wildtype clones I induced during pupation with the MARCM system, shown in
Chapter 3, often failed to divide or differentiate. I address the cause of this atypical ISC
behavior and show that these cells are not damaged or malfunctioning, but are a novel
pool of slowly dividing cells that can be induced to divide and differentiate when the
midgut is damaged. This is evidence of a potential quiescent ISC in the Drosophila
midgut or at least that midgut ISCs have a far wider range of proliferative capacities than
has been previously reported.

In the course of examining the expression of Labial protein in the midgut, I noticed
several occasions when Labial was cytoplasmic rather than nuclear. I show those
instances in support of the idea that Labial can be actively regulated in its cellular
location. I created an expression construct of labial coding regions with a nuclear
localization signal (NLS) added, to test if exclusion of Labial from the nucleus is a means
of regulating Labial activity. Overexpression of both NLS and non-NLS forms of Labial
results in entry into the nucleus and approximately the same activation of endogenous
Labial, the main target of Labial. Better tools are needed to characterize how the
observed localization of Labial is being achieved.

As I suggested in the discussion of Chapter 3, it is likely that Wg/Wnt signaling is
working with BMP signaling to activate labial expression and establish copper cell
identity. Here I use the gene shaggy (sgg), a downstream inhibitor of the Wg pathway, to
block the BMP driven transformation of the pupal midgut into copper cells. This
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demonstrates that Wg pathway signaling is necessary for the specification of adult copper
cells during pupation.

Introduction

Chromatin Modification and Stem Cell Identity
Cellular differentiation is the process by which all of the genes of an organism are
partitioned into varying degrees of activation or repression. There are a multitude of
mechanisms for regulating gene and gene product activity, but the process that underlies
differentiation at the genome level is chromatin modification. Heritable changes in
histone modifications allow for maintenance in cell identity in proliferating cells. The
Polycomb (Pc) and Trithorax (TrX) proteins are key members of the complexes involved
in maintaining and modifying the histones which regulate gene activity and accessibility.
Polycomb group (PcG) proteins were initially identified as the products of genes required
for silencing of homeotic (Hox) genes during development (1-3). During development
patterning of cell identity is carried out by the sequential action of repressors and
activators of gene activity. Epigenetic modification carried out by PcG and Trx allow
cells maintain their unique identity while avoiding the requirement for the continual
expression all of the regulatory proteins. PcG proteins prevent reactivation of repressed
genes even after the repressor is no longer expressed. Trx group (TrxG) proteins perform
the opposite role, preventing repression of active genes even after the activator is no
longer expressed (4, 5). Thus the proteins function to preserve a cellular memory that is
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maintained through cell divisions (6). PcG and TrxG proteins form complexes that bind
specific gene elements called Polycomb Response Elements (PREs) and Trithorax
Response Elements (TREs), respectively (7-9). PcG and TrxG proteins interact with
PRE/TREs and with specific histone sites in order to alter methylation/ubiquitylation/
acetylation of histones and maintain the epigenetic state of a given gene or gene locus
(10-12). An overview of PcG and TrxG group proteins and their functions is provided in
Table 4-1.

PcG proteins form at least two distinct complexes: PRC1 and PRC2. PRC2 catalyzes diand trimethylation of histone H3 on lysine 27, a modification associated with
transcriptional repression (10, 13). PRC2 contains four core proteins: E(z), Extra sex
combs (Esc), Su(Z)12, and P55 (14, 15). PRC1 mono-ubiquitylates histone H2A on
lysine 119 (16, 17) and also contains four core proteins: Pc, Polyhomeotic (Ph), Sex
combs extra (Sce), and Posterior sec combs (Psc) (18). Both PRC1 and PRC2 associate
with a number of other proteins, and the exact composition of the complex varies.

In the mammalian intestine, the PRC1 member protein BMI1 is expressed in +4 cells of
crypts of the small intestine (19, 20) (Fig. 4-1) and is also involved in hematopoietic stem
cell self-renewal (21, 22). The BMI1+ crypt cells, although somewhat controversial,
have been identified as a slow cycling, or quiescent, stem cell population distinct from
the Lgr5 positive ISCs but capable of regenerating the crypt after injury (20, 23) (Fig.
4-1). In Drosophila, the homolog to BMI1 is the RING domain protein Posterior Sex
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Combs (Psc) and its close relative Su(Z)2 which have been shown to function as E3
ubiquitin ligases (16, 24). No role for Psc or Su(Z)2 has been identified in the
Drosophila intestine, but they have been shown to be required in the cyst stem cells of the
testes (25). Here I will investigate the role of BMI1 homologs Psc and Su(Z)2 in ISC
function and identity.

The TrxG protein Scrawny (Scny), which acts as a H2B ubiquitin specific protease, has
been shown to be required for ISC maintenance (26). Loss of scny in the ISC results in
loss of ISCs due to inappropriate activation of Notch target genes (26). Another
chromatin modifying protein Osa has been shown to be involved in regulation of ISC/EB
cell fate in the intestine (27). Osa is a member of the TrxG family and forms complexes
with SWI/SNF proteins to promote or maintain gene activation (28). Loss of Osa in ISCs
results in proliferation of an undifferentiated diploid cell (ISC- or EB-like), so it seem
likely that it is required for ISC differentiation, but its mechanism of action is unclear
(27). Whether other chromatin modifying genes play a role in the adult intestine has not
been adequately explored.

I explore whether PcG group proteins affect specification and of maintenance of adult
midgut ISCs using RNAi and MARCM clones with specific attention to loss of CCR
stem cell identity. I have also carried out an RNAi screen of RING domain containing
and ubiquitin ligase genes in pupal and adult ISCs with the goal of identifying genes
involved in specifying or maintaining stem cell identity.
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Stem Cell Quiescence
Many adult tissues that are maintained by resident stem cells also contain a subset of
stem cells that persist in a quiescent state for extended periods of time (29). The idea of a
quiescent state emerged from studies of the timing of DNA replication during cell
division where it was observed that not all cells in a population proliferate at similar rates
(30-32). Quiescent stem cells have traditionally been identified through the use of label
retention assays based upon the concept that rapidly dividing cells will quickly dilute
label, while quiescent or slow cycling cells will retain label for longer periods (33). This
method is inadequate by itself to identify adult stem cells due to the existence of cells like
the BMI1 positive intestinal stem cell mentioned above. Multiple tissues have been
shown to have both proliferating stem cells and reserve (quiescent) stem cells that label
retention assays do not adequately profile (29, 34). Lineage tracing methods (Cre/Lox,
Flippase, MARCM) have contributed to the accurate identification of adult stem cell
populations, but are dependent on a specific gene or method of induction to target the
specific stem cell population (35). Consequently, the problem arises of needing a marker
for a stem cell population prior to being able to profile it. Also problematic is the
tendency to underestimate or miss the heterogeneity of cell types when using one or two
markers for cell identity (23).

In the Drosophila intestine, no quiescent stem cell population has been identified, yet
several lines of evidence are suggestive of their existence. First, there is the general

131

observation that the intestine is exposed to a wide variety of damage and varies its
proliferative response accordingly (36). So, even without a clear definition or marker for
quiescent stem cells, a range of proliferation rates exists in the intestine. The second line
of evidence for quiescent ISCs comes from an analysis of ISC number and clonal data
(37). ISCs constitute ~18% of the midgut cell population. Therefore, if every cell was
equally dividing to maintain the midgut then each would support 88/18=4.6 cells (38).
Reports of steady state clone size vary from ~15 cells (14 days after clone induction)(39)
to 7.8 cells per ISC (9 days after clone induction)(40). These counts suggest that 1/3 to
just over 1/2 of the ISCs are actively dividing. The clonal counts were all done using the
MARCM system, which will only flipout in actively dividing cells, and would
consequently be likely to miss rarely dividing or quiescent cells. In the mammalian gut,
ISCs were identified using markers expressed in the stem cells that allowed targeted
lineage tracing to be done. In Drosophila accurate markers of the ISC have not yet been
identified, as both esg and Delta are expressed in EBs or depending on age or damage,
also other midgut cells. The use of MARCM to mark pupal ISCs (Fig. 3-9) captures a
different subset of adult ISCs and allows profiling of quiescent ISCs in the adult.

Nuclear localization of Hox proteins
The only Hox proteins conclusively shown to be regulated in their nuclear localization
are Hth and Exd (see Chapter 2) (41, 42). The conserved homeodomain motif of Labial
has a putative nuclear import sequence (Fig. 4-2), thus an analysis of the NLS is
confounded with perturbations in the homeodomain itself. One recent report by Park and
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Lee (2013) shows an analysis of a homeodomain NLS using recombinant versions of the
mammalian Hox gene Obox4 (43). They found that in that protein there are two
functional NLS regions, in that protein, both in the homeodomain, which when deleted
led to dispersed localization (43). Here I present some evidence that Labial is regulated
in its nuclear localization.

Introductory Figures

Table 4-1. Components of Polycomb and Trithorax Group Proteins.
From Schwartz and Pirrotta (2007). (3)
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Figure 4-1. Schematic of mammalian small intestine crypt.
The crypt basal cells (CBCs) are the Lgr5+ active stem cells. The label retaining cells
(LRCs) are the BMI1+ quiescent stem cells. Adapted from Li and Clevers (2010) (29)
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Figure 4-2. Predicted NLS sequence in the Labial protein.
Predicted NLS is in the very end of the homeodomain. Generated using PredictNLS (44)

Results

Role of PRC complex members in CCR specification
The fact that dpp expressed during pupation results in long-term transformation of ISCs
suggests that epigenetic changes occur in the cells that change the identity of the ISCs.
RNAi against several PRC complex members were expressed using esgts during pupation,
and Labial protein was observed in the adult. RNAi against Su(Z)12, a core PRC2
member, resulted in some loss of Labial positive copper cells and over proliferation of
esg positive cells only in the CCR (Fig. 4-3). The fact that esg cells outside of the CCR
are unaffected suggests that CCR ISCs are more sensitive to loss of Su(Z)12 during
pupation.
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To examine whether CCR ISCs require PcG activity, several of the PcG genes with null
alleles were used to create clones. Null clones of the Posterior Sex Combs (Psc) and
Polycomb (Pc) were induced in the adult dissected 12 days later (Fig. 4-4 A, C). Psc
clones induced in adults looked normal in the CCR and differentiated and expressed
Labial (Fig. 4-4 A, A’). Adult induced Pc null clones were rare but did not express labial
(Fig. 4-4 C, C’), suggesting a requirement for Pc in the adult in order for differentiation
of copper cells.

To test if the requirement of PcG activity was greater at the time ISCs are specified,
clones null for Psc and Pc were also induced during early pupation (24-48 hours APF) to
test whether they are required for CCR specification. Some Psc null clones expressed
Labial in the CCR but they did not grow or differentiate (Fig. 4-4 B, B’). Clones near the
CCR border, especially the anterior border, grew and differentiated, but they did so at the
expense of copper cells (Fig. 4-4 B, B’). Given that the adult Psc clones look normal in
the CCR, Psc is presumably required in some process that specifies identity of cells at the
CCR border. Pc null clones induced during pupation had completely lost CCR cell
identity in the adult and did not express Labial (Fig. 4-4 D, D’). These clones suggest
that PRC complex chromatin modification is required for copper cell specification. The
difference in outcome when loss occurs during pupation rather than in adulthood
indicates that chromatin dependent cell specification is occurring during metamorphosis.
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An RNAi screen against E3 ubiquitin ligases, RING domain proteins, and HECT domain
proteins was carried out using esgts to express the RNAi during metamorphosis. Flies
were dissected three days after eclosion and analyzed for esg expression, NRE-LacZ
expression, and Labial expression. More than half of the RNAi lines had an effect on
ISC or EB number or CCR maintenance. The most common phenotypes observed were:
ISC loss (Fig. 4-5 A), ISC over-proliferation (Fig. 4-5 B, C), altered ISC migration/
morphology (Fig. 4-5 D), loss of copper cells and CCR ISC over-proliferation (Fig. 4-5
E), and loss of the anterior CCR border combined with over-proliferation of the esg cells
near the border (Fig. 4-5 H, I) (Table 4-2). One instance of ectopic Labial expression was
observed with expression of RNAi against sce the core PRC1 member (Fig. 4-5 F, G).
This screen demonstrates that ubiquitin ligase proteins play a vital role in maintaining
ISC identity and proliferation in the adult midgut.

Quiescent Stem Cells in the Adult Midgut
When MARCM clones were induced by heat shock in 24-18 hour APF pupae, the cells
marked upon eclosion were single Delta positive ISCS (Fig. 3-10). Flies dissected at nine
days after eclosion had divided very little, and most cells were still diploid cells (Fig. 4-6
A, B, B’). These clones when compared to normal adult induced clones are very small
and show little differentiation (Fig. 4-6 C, D, E). One reasons for the absence of division
or differentiation in these marked cells could be that they lack the ability to properly
divide or differentiate. To test whether these cells would divide when the gut was
injured, flies were fed Bleomycin for one day (3 days after eclosion) and then dissected 5
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days later (9 days after eclosion). Compared to the non-bleomycin fed flies, clones
contained more cells and most of them were polyploid (Fig. 4-6 F, G, G’). To ascertain if
these pupally marked cells would divide and differentiate with normal levels of injury, I
dissected flies 20 days after eclosion. Some clones in the anterior were still small and
diploid, but many of the posterior clones were larger and contained differentiated
polyploid cells (Fig. 4-6 H, I, J). Aged quiescent clones are similar to adult induced
clones (Fig. 4-6 C, D, E) in their size distribution along the gut axis: they are larger and
more differentiated in the posterior. This suggests that the quiescent marked cells are
responding to the same signals as adult induced cells, just at a different threshold.
Induction of injury with bleomycin creates enough of a signal to stimulate division and
differentiation in the entire midgut. Whether the cells marked in pupation are truly a
separate class of cell or simply that adult ISCs exist with a range of thresholds to damage
induced proliferation remains to be addressed. This data does suggest that at a minimum,
the current profile of midgut ISCs is based upon a biased sample of more proliferative
ISCs.

Localization of Labial
During pupation at 24 hours APF when Labial is first observed in the pupal midgut,
Labial is diffuse and in a ring around the nucleus (Fig. 3-3). At 48 hours APF most of the
Labial is still seen mostly in a ring around the nucleus of cells in one region of the
posterior (Fig. 4-8 A, A’). By 66 hours AFP most of the Labial positive cells have labial
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in the nucleus (Fig. 4-8 B, B’). This change in Labial protein suggests that the
localization of Labial might be actively regulated.

The differential localization of Labial is also seen when BMP signaling is induced in esg
cells in the adult in contrast to Labial expression induced by BMP during 24-48 hours
APF. The adult expressed BMP results in labial around the nucleus rather than in the
nucleus (Fig. 4-9). Another line of evidence regarding the localization of Labial is when
during embryogenesis when the two primordia are merging to form the endoderm, Labial
is first seen diffusely around the nucleus and only later becomes strongly nuclear (45).
All of these observations suggest that Labial can be controlled by its nuclear localization.

In order to test whether the nuclear localization of Labial is regulated, two different UASLabial constructs were created. One expresses full length coding sequence of labial and
the other has labial with a nuclear localization sequence (NLS) added to the 3’ end. Both
were expressed under the control of a heat shock inducible Gal4 during early
metamorphosis (~30 hours APF). After eclosion (2-3 days after the last heat shock)
Labial expression from the labial-NLS midguts was broader and stronger than those
expressing normal labial (Fig. 4-7 A, B). This Labial expression was maintained for over
a week but the Labial observed outside of the CCR was gradually lost over 12 days (Fig.
4-7 D, E, F). The antibody cannot distinguish between induced and endogenous Labial,
but since ectopic Labial is observed so long after the heat shock it is likely that labialNLS is causing Labial to be expressed from the endogenous locus. To determine if extra
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non-NLS Labial expressed during pupation was entering the nuclei, pupae were dissected
12 hours after heat shock. Labial was observed in the nuclei of most cells in the pupal
midgut (Fig. 4-7 C). This argues against nuclear localization as a means of regulating
Labial activity. The NLS version of Labial is more effective at inducing ectopic Labial
expression in the adult, but this could be due to increased levels of nuclear Labial with
the NLS version.

A requirement of Wnt signaling in the BMP induced transformation of pupal ECs to
copper cells

As discussed in Chapter 3 the restriction of copper cells to a portion of the midgut even
when the BMP pathway is activated everywhere suggests that BMP either cooperates
with some other pathway to induce transformation or is inhibited in its activity by another
signal. As the BMP and Wnt/Wg signaling pathways work together to activate Labial
expression in embryonic development (46, 47), I explored Wnt signaling as a possible
regulator of transformation. One difficulty in testing whether BMP and Wnt pathways
can work together to induce Labial and transform pupal ISCs, is that high levels of Wnt
activation suppress Labial (46). However, if Wnt signaling at some level is required or
permissive for activated BMP pathway signaling to transform cell identity, a reduction in
Wnt signaling activity should reduce or inhibit transformation. To reduce Wnt signaling I
overexpressed the gene shaggy (sgg), which encodes a serine/threonine kinase that
inhibits activation of the Wg signaling pathway (10, 13). When both sgg and tkvQD are

140

expressed during pupation, Labial positive cells are mostly restricted to the CCR (Fig.
4-10 A), in contrast to matched controls where only tkvQD is expressed and Labial is
expanded both posterior and anterior (Fig. 4-10 B). This confirms that Wg signaling is
required for BMP pathway transformation to occur. This experiment does not rule out the
participation of other factors or pathways in regulating BMP induced Labial expression
and pupal transformation. It is interesting to note that in the sgg and tkvQD expressing
midguts Labial is strongly expressed in the circular and longitudinal muscle (Fig. 4-10
A). Labial expression in the muscle is often seen with BMP pathway activation and age
but no function is known. This selective activation of labial suggests that the expression
of Labial in the muscle is regulated differently than that in the epithelia.

Figures
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Figure 4-3. Knockdown of PRC gene Su(Z)12 during pupation perturbs CCR cells.
(A, A’) esgts UAS Su(Z)12 RNAi flies were moved to 30°C at 24 hours APF. Adult esg
positive cells overproliferate in the CCR but are normal in the rest of the midgut.
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Figure 4-4. Null clones of PSC and Pc.
(A-A’) Psc clones in the CCR of adults 12 days after induction. The clones differentiate
and express Labial. (B-B’) Psc clones induced 24-48 hours APF do not grow in the CCR
and clones near the border grow at the expense of Labial positive CCR cells. (C-C’) Pc
clones in the CCR of adults 12 days after induction. The clone cells do not express
Labial. (D-D’) Pc clones induced 24-48 hours APF do not express Labial in the CCR.
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Figure 4-5. Phenotypes observed in a screen of RNAi against E3 ubiquitin ligases,
RING, and HECT domain proteins.
(A) RNAi knockdown of CG5440 results in loss of esg positive cells and NRE positive
EBs. (B-C) Two examples of ISC/EB over-proliferation observed upon RNAi knockdown
of CG8974 (B, B’) and for morgue (C, C’). (D) An example of changes in ISC/EB
morphology or migration upon RNAi knockdown of CG7656. (E) An example of copper
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cell loss and esg over-proliferation in the CCR upon RNAi knockdown of ari-1. (F, G)
The anterior border of the CCR is lost and esg cells are perturbed (F), and Labial is
expressed in differentiated cells (G) upon RNAi knockdown of Sce, a core member of the
PRC1 complex. (H) RNAi knockdown of Su(Z)2 a homolog of Psc results in loss of the
anterior CCR border and overproliferation of esg cells. (I) A more extreme, but common,
example of loss of the CCR border and esg overproliferatoin from RNAi knockdown of
bon.
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Table 4-2. Observations from RNAi screen against RING domain proteins during
metamorphosis.
Observations of esg, Labial, and NRE expression number and morphology were recorded
for each gene.
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Figure 4-6. ISC clones induced during pupation divide rarely under normal
physiological conditions, but are induced to proliferate with damage or age.
(A, B, B’) MARCM 82B clones induced by one hour heat shock of 24-48 hour APF
pupae. Nine days after eclosion, clones are small or single cells and are diploid. (C, D, E)
MARCM 82B clones induced by one hour heat shock one day after eclosion. Nine days
after clone induction, most of the clones are large and contain mostly differentiated
polyploid cells. Clones in the posterior (E) are larger than in the anterior (D) as is typical.
(F, G, G’) MARCM 82B clones induced by one hour heat shock of 24-48 hour APF
pupae. Three days after eclosion, flies were fed Bleomycin for one day and then returned
to normal food. Nine days after clone induction, most of the clones are large and contain
mostly differentiated polyploid cells. (H, I, J) . MARCM 82B clones induced by one hour
heat shock of 24-48 hour APF pupae. Twenty days after eclosion, many of the clones in
the posterior are large and contain differentiated cells (J), while many anterior clones are
small and diploid but contain differentiated cells (I).
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Figure 4-7. Labial overexpression and nuclear localization.
(A) HS Gal4, UAS Labial-NLS was expressed using a one hour heat shock in 24-48 APF
pupae. Adult midguts one day after eclosion express Labial in the anterior and around the
hindgut ring. (B) HS Gal4, UAS Labial 12 hours after heat shock in the pupal midgut.
Labial is seen in the nucleus of most cells. (C) HS Gal4, UAS Labial adult midgut one
day after eclosion. Labial is present in epithelial cells in part of the anterior. (D-F) HS
Gal4, UAS Labial NLS were heat shocked for one hour in 24-48 hour APF pupae. Labial
expression 1 day after eclosion (D) 5 days after eclosion (E) and 11 days after eclosion
(F). Extra Labial positive cells outside the CCR disappear with age.
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Figure 4-8. Labial Protein Changes Localization During Pupation.
(A, A’) Labial protein at 48 hours APF is localized to a ring around the nucleus in one
region of the pupal midgut. (B, B’) At 66 hours APF Labial is strongly nuclear in one
region of the posterior pupal midgut
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Figure 4-9. Labial is localized to the nucleus of transformed ISCs.
(A, A’, A’’) esgts UAS tkvQD flies were kept at 30°C from 24 APF until dissection. Five
days after eclosion when differentiated Labial positive cells are emerging, Labial is in the
nucleus of esg and Delta positive cells. (B, B’, B’’) esgts UAS tkvQD flies were kept at
30°C from eclosion onwards. Five days after eclosion Labial can be seen in some esg
and Delta positive cells in a ring around the nucleus.
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Figure 4-10. Inhibition of the Wg signaling pathway blocks BMP induced
transformation.
(A) Myots UAS sgg, UAS tkvQD flies were moved to 30°C at 24-48 hours APF. One day
after eclosion, Labial positive polyploid cells are seen only in the CCR with some slight
expansion of the anterior border. Labial is also seen in the muscle. (B) Myots UAS tkvQD
flies were moved to 30°C at 24-48 hours APF. Labial positive polyploid cells with copper
cell morphology are seen in the anterior and posterior.
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Discussion

Chromatin modification and specification of ISC identity
In this chapter, I have addressed a number of the questions left unanswered from previous
chapters, particularly Chapter 3. In Chapter 3, I show that ISC identity is established
during pupation and then remembered afterwards. The concept of cellular ‘memory’
immediately brings to mind chromatin modification, the main process by which the
activity of transiently expressed transcription is heritably encoded in the genome. I show
that the ISCs of the CCR are more sensitive to knockdown of Su(Z)12, a core PRC2
protein. The fact that CCR esg cells over-proliferate suggests that some factor that
normally regulates CCR ISC proliferation is required to be repressed in that region, but
not in the rest of the midgut. These esg cells still express Labial indicating whatever is
de-repressed is separable from the pathway that specifies that part of CCR ISC identity.

Clonal removal of the PRC1 complex genes Psc and Pc showed the particular importance
of PRC1 activity in the CCR. Psc clones are normal, with regard to Labial expression
and morphology, when induced in adulthood. When Psc clones are induced early in
pupation, they proliferate abnormally near the anterior border of the CCR. This
phenotype was the most common one observed in the RNAi screen of E3 ubiquitin
ligase, RING, and HECT domain proteins. Failure to maintain or establish the normally
sharp border between the CCR and anterior midgut is most often observed with a
concurrent loss of copper cells and an invasion of anterior cells into the CCR (Fig. 4-4 B,
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B’ and Fig. 4-5 H, H’, I, I’). The fact that non-esg cells are disturbed suggest that this
effect is at least partially non-autonomous. The clonal loss of Pc does lead to loss of
Labial expression in both pupal and adult induced clones. This reiterates the importance
of PRC1 in preserving CCR ISC identity, but as the loss of Psc and Pc lead s to distinct
phenotypes, there are likely multiple complexes and/or functions of these chromatin
modifying proteins.

The RNAi screen of E3 ubiquitin ligase, RING, and HECT domain proteins was targeted
during pupation to identify genes important for specification of ISC identity. The
numerous phenotypes observed demonstrate the importance of these pathways in
establishing and regulating ISC identity. Further screens should be carried out to
determine which of these genes are required only during pupation rather than in adult ISC
proliferation and differentiation in order to identify genes important for specifying ISC
identity.

Quiescent ISCs
The quiescence of ISCs in the CCR made induction of clones with the MARCM system
difficult due to the requirement for cell division. I made clones in pupation initially in
order to mark the rarely dividing CCR ISCs at a time when they would be dividing. I
noticed that these clones rarely divided not just in the CCR, where quiescence was
expected, but in the entire midgut. The first concern was that these cells were unhealthy
or not dividing as a direct result of GFP/RFP toxicity of marked cells using the MARCM
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system. I let flies age to see if they ever divided and differentiated and observed that they
did, just much slower than adult induced clones. Since fly intestines are increasingly
damaged with age, I decided to see if inducing damage would cause these marked cells to
divide and differentiate. Damage induced by Bleomycin feeding led to rapid growth and
differentiation of the majority of pupal marked ISCs. This evidence suggest that these
cells are indeed quiescent stem cells.

There are two possibilities as to why these cells are captured during pupation but not in
adulthood: 1) the cells dividing during pupation (or a specific period of pupation) are set
aside and destined to be quiescent ISCs, or 2) the process of determining which ISCs are
active or quiescent is stochastic, but there are significant number of quiescent ISCs such
that we end up marking mostly quiescent ISCs during pupation. MARCM clones
induced in adulthood are inherently biased towards actively dividing cells. Yet even in
adult induced clones, we can find cells that do not divide or differentiate. This suggests a
more fluid process where ISCs can be quiescent or active depending on local cues.
Regardless of whether these cells are truly quiescent, the current dogma of midgut ISCs
as actively dividing cells needs to be modified.

Regulation of the nuclear localization of Labial
I show that at several different times Labial protein can be found localized to the
cytoplasm or concentrated in the nucleus. The timing of changes in localization with
respect to pupation suggest that this process is actively regulated. Since mutation of the
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putative NLS is not possible without disrupting homeodomain function, I created a
version of labial with an extra NLS, reasoning that if the internal NLS was regulated, an
extra NLS might be sufficient to override regulation and force nuclear localization. This
NLS version did demonstrate some increase in ability in driving Labial expression long
after it was transiently expressed, but the non-NLS version was also seen predominantly
in the nucleus at the time of induction. It is possible that expressing large amounts of
Labial protein is sufficient to overwhelm whatever system normally prevents nuclear
import or promotesnuclear export. A more detailed molecular dissection of labial would
need to carried out to determine the cause of labial localization.

Wg pathway signaling is necessary for BMP induced copper cell transformation
During development, the Wg pathway works in conjunction with Dpp to activate labial
expression. Inhibition of Wnt signaling in the adult CCR using a panDN has been
reported to block copper cell differentiation. I have shown here that by lowering the level
of Wg signaling in the midgut during pupation, I can prevent the BMP induced
expression of Labial and transformation of adult ECs into copper cells. There could be
additional activating factors participating with Dpp and Wg to establish copper cell
identity in pupation. This experiment also suggest that Wg is normally broadly active in
the pupal midgut, or at least in the anterior where BMP induced transformation is most
frequently observed.
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Methods

Fly Genetics
All Drosophila experimental stocks and crosses were cultured with daily changes of
standard cornmeal with molasses food with live yeast at 23-25°C unless otherwise noted
in the text.

Fly Stocks
esg-Gal4 UAS-GFP, esg-Gal4 UAS-GFP tub-Gal80ts/CyO (48), Gbe+ Su(H)-lacZ (NRE);
esg-Gal4 UAS-GFP; (48); tub-Gal80ts UAS-GFP/CyO, Myo1A-Gal4 (Myots) (49),
MARCM 82B, MARCM 2A, MARCM 42D, w*; P{hsp70-CD2.J}76
kniri-1 Pc15 P{FRT(whs)}2A/TM6B, Tb1 (Pc null FRT2A), y[1] w[*];
P{ry[+t7.2]=neoFRT}42D Psc[e24]/SM6b, P{ry[+t7.2]=eve-lacZ8.0}SB1 (Psc null FRT
42D), w[1118]; P{w[+mC]=UAS-sgg.S9E}2 (Bloomington 6818), UAS Su(Z)12 RNAi
(VDRC 42423).
.

RNAi screen
All of the genes and VDRC transformant ID numbers are listed in table 4-2. Flies were
cross to NRE-lacZ; esgts kept at 18°C until pupae emerged. 24 hours of from pupal
emergence pupae were collected and moved to 30°C. Flies were dissected 3 days after
eclosion and stained for LacZ (NRE) GFP (esg) and Labial.
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Immunohistochemistry and Microscopy
All samples were dissected in 2 X Gut Buffer (200mM glutamic acid, 50mM KCl, 40mM
MgSO4, 4mM NaP monobasic, 4mM NaP dibasic, 2mM MgCl2) (39) and fixed in 4%
formaldehyde for 1 hr. All subsequent washes and antibody stains were done in
Phosphate Buffered Saline (PBS) with 0.5% Bovine serum albumin (BSA) and 0.1%
Triton-X-100. Primary antibodies were used at the following dilutions: rabbit anti-β-gal
at 1:10,000 (Cappel); guinea pig anti-pMAD at 1:1,000 (40); guinea pig anti-Labial at
1:5,000 (40); chicken anti-GFP at 1:10,000 (Abcam); mouse anti-Prospero at 1:100
(MR1A, DSHB); mouse anti-Delta at 1:100 (C594.9B, DSHB); mouse anti-alphaspectrin at 1:100 (3A9, DSHB); rabbit anti-phosho-histone H3 (PH3) (1:500 (Cell
Signaling) rat anti-BRDU (1:20,000) (Abcam ab6326); rabbit anti-exd (gift of Richard
Mann) (1:1000); guinea pig anti-Hth (gift of Richard Mann) (1:2000); Alexa-Fluorconjugated secondary antibodies were used at 1:1,000 (Molecular Probes, Invitrogen).
Guts were stained with DAPI (1µg/ml) (Sigma), mounted in 70% glycerol, imaged with a
spinning disc confocal microscope (Olympus DSU), and analyzed using Slidebook
software (version 4.2).

Labial and Labial-NLS construction
Labial was PCR amplified from whole fly cDNA using primers:
Forward: 5’ ATGATGCACGTAAGCAGCAT 3’
CDS Reverse: 5’ TCAACTTTGCTTGCTCGTG 3’
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NLS added Reverse: 5’ TCAAACCTTCCTCTTCTTCTTAGGACTTTGCTTGCTCGTG
3’
NLS is marked in red. The resulting PCR products were TOP TA cloned into PCR-GW8
(Invitrogen) and then cloned into pBI-UAS (Gift of Brian McCabe).

Bleomycin feeding
Chromatography paper (Fisherbrand; Thermo Fisher Scientific) was cut into 3.7 × 5.8–
cm strips and saturated with 25 µg/ml bleomycin (Sigma-Aldrich) dissolved in 5%
sucrose.

Image Processing
Images were exported from Slidebook (version 4.2) and stitched together in Fiji, using
the stitching plugin develop by Preibisch et al. (50).
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Chapter Five
General Discussion and Future Directions
Specification of stem cells during metamorphosis
In Chapter 1 I show that the gene esg is initially expressed in all cells in the AMP islands
of the larval intestine and gradually becomes restricted to a small subset of diploid cells
by 24 hours APF. These esg positive cells increase in number over the next three days of
pupation and upon eclosion comprise the stem cell population of the adult intestine. In
Chapter 4 I induce MARCM clones in mitotically active cells during pupation and show
that the cells marked in adults are Delta positive ISCs and rare EE cells. This indicates
that dividing cells in pupation are fated to become adult ISCs. Together with the
evidence from Chapter 1 in suggests that esg positive cells are specified as stem cells
separate from all of the other AMP cells during the first 24 hours APF. After 24 hours
APF these cells divide and create all of the adult ISCs. The restriction of esg to a small
population of cells during metamorphosis and subsequent expansion has been shown
previously (Fig. 5-1)(1). However they did not demonstrate that this population becomes
ISCs in the adult. By marking this dividing esg positive population after 20 hours APF I
have shown that these cells are fated to become the adult ISC population.

Much remains to be done in order to fully elucidate the specification of adult Drosophila
ISCs. The mechanism by which ISCs are specified from the total AMP population is not
addressed at all. In order to investigate the mechanism of specification I propose to study
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the transcriptional changes in esg and non-esg expressing cells around the time of
specification. Isolate and profile cells fated to become ISCs during development. This
will identify factors differentially expressed in AMPs fated to become ISCs during early
metamorphosis. I will profile both populations of cells at three time points: 1) 8-10 hours
after pupal formation (APF) just before differences in esg expression are visible, 2) 14-16
hours APF when there are clearly two populations of esg expressing cells, and 3) 20-24
hours APF when esg is fully off in cells fated to become ECs. Intestines will be dissected
out from timed pupae and disassociated using a combination of Trypsin and elastase.
Cells collected will then be separated using Fluorescence-activated cell sorting (FACS). I
will collect both esg high expressing and low expressing cells at the second timepoint,
and all esg positive cells at the other two timepoints. Control RNA will be isolated from
whole pupal intestines at each of the timepoints. RNA will be purified from the sorted
cell populations and gene expression will be profiled using RNA-Seq. From the resulting
data I will focus on transcription factors and known signaling pathway components. Top
candidates will be selected on the criteria of highest fold change over the three timepoints
and then further filtered using those with the highest differential expression in the high
(fated to be ISC) and low (fated to be EC) esg populations. The four data sets and three
matched controls will provide sufficient selective criteria to narrow down the list of
candidate pathways that contribute to establishment of ISC identity.
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Copper Cell Identity and Fate Specification

I have demonstrated that activation of the BMP pathway during the period 20-40 hours
APF is sufficient to alter cell fate in the Drosophila intestine. Those same cells are
resistant to alteration of cell fate in late pupation and in the adult. In Chapter 4 I show
that over expression of sgg, a negative regulator of the Wnt pathway (2) prevents the
ability of BMP activation to produce ectopic copper cells. This strongly suggests that
BMP signaling and Wnt signaling cooperate to pattern copper cell identity, much like
what was shown by Marion Bienz and others (3-5). The idea that BMP and Wnt
signaling are both required to specify copper cell fate raises the question of whether
BMP and Wnt are sufficient for specification of copper cells. In order to investigate the
sufficiency of BMP and Wnt I need to identify a Wnt pathway component that acts
positively and leads to physiological levels of Wnt pathway activation. Overexpression
of Wg using the UAS/Gal4 system during development leads to death or gross
abnormalities in the intestine (not shown). If I can find or create and expression construct
with a lower level of expression then I can express both Dpp and Wg during
metamorphosis and adulthood and determine the sufficiency of these two pathways in
driving copper cell fate specification.

Epigenetic Factors in Cell Fate Specification
Given that cells specified during pupation remember their identity thereafter, I
hypothesized that epigenetic factors play a role in the specification and maintenance of
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regional cell identity. In Chapter 4 I performed a RNAi screen of known and potential
chromatin modifying genes. Several genes appear to be required for proper specification
and maintenance of stem cell proliferation and identity.

In the future I would propose to repeat the RNAi screen of Polycomb and Trithorax
associated genes and RING and HECT domain containing genes during ISC specification
and adulthood to identify genes required for specification of regional stem cell identity.
Regional identity will be assessed using antibodies specific to regional identity, such as
Labial, which identifies gastric cells normally present only in the middle midgut, and
antibodies against peptide hormones expressed only in regional EE cells (6). Unlike the
screen discussed in Chapter 4, where genes that affect all stem cells or are potentially
broadly required for stem cell function, combining a pupal only and adult only screen
will allow me to distinguish between genes required for proper regional stem cell
specification and maintenance (required only during adulthood). This will allow me to
eliminate many of the genes that are broadly required for cell identity and function and
allow me to focus on those genes that are specifically required for specification and
establishment of identity.

Regional Identity Beyond the Copper Cell Region
In this thesis I establish that the copper cell region is unique and that during
metamorphosis stem cells acquire a separate identity from the rest of the ISCs. Several
recent papers have used the Janelia Gal4 defined enhancers to mark defined regions of
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the gut and track subregions within the adult intestine (7, 8). These papers define regions
with consistent enhancer and gene expression patterns and demonstrate that these regions
are compartmentalized and do not mix or migrate (7). The unanswered question in these
recent papers is what is the origin of regional differences? For the copper cell region I
have in large part answered this question. Stem cell identity is specified during early
metamorphosis and thereafter restricted in what external signals it responds to. Whether
this same mechanism is used in the rest of the gut is still unclear. The RNA-seq analysis
performed in Marianes and Spradling (Fig 5-2)(7) correlates very well with the
microarrays I performed on 3 gut sections. Both studies strongly suggest that there are
multiple subregions along the Drosophilia intestine. With these data sets I can begin to
develop the tools required to investigate specification of ISC fate in other regions of the
gut.

In the future I would propose to identify antibodies, enhancers, and transcripts that are
specific to regions of the Drosophila intestine. The data generated and the known
enhancers will serve as a starting point for developing markers for subregions of the
intestine other than the copper cell region. I would also examine adult regional specific
enhancers for their pattern of expression during the key period of specification during
metamorphosis. Once clear regional markers are established I would select regionally
expressed secreted factors and known cell-cell signaling pathways and over express them
in the adult and during metamorphosis. Elucidating these pathways will reinforce the
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timing of ISC fate specification I have demonstrated in this thesis and establish the A-P
axis code by which ISC regional fate is regulated.

Figures

Figure 5-1. esg is expressed in AMPs and then restricted to single cells 24 hours APF.
(A-‐I)	
  esg-‐GFP	
  expression	
  in	
  the	
  posterior	
  midgut	
  from	
  24	
  hours	
  after	
  egg	
  deposition	
  
(AED)	
  until	
  24	
  hours	
  APF.	
  From	
  Jiang	
  and	
  Edgar	
  2009	
  (1)
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Figure 5-2. Genes are expressed in regional patterns.
(A-‐E)	
  RNA-‐seq	
  proXile	
  of	
  10	
  regions	
  of	
  the	
  midgut.	
  	
  Many	
  genes	
  are	
  expressed	
  in	
  
subregions	
  of	
  the	
  intestine.	
  From	
  Marianes	
  and	
  Spradling	
  2013	
  (7)
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