©2017. Published by The Company of Biologists Ltd | Development (2017) 144, 820-829 doi:10.1242/dev.136713

e Company of
‘Blologlsts

STEM CELLS AND REGENERATION

RESEARCH ARTICLE

Neuroblast niche position is controlled by Phosphoinositide

3-kinase-dependent DE-Cadherin adhesion
Susan E. Doyle, Matthew C. Pahl, Karsten H. Siller, Lindsay Ardiff and Sarah E. Siegrist*

ABSTRACT

Correct positioning of stem cells within their niche is essential for
tissue morphogenesis and homeostasis. How stem cells acquire and
maintain niche position remains largely unknown. Here, we show that
a subset of brain neuroblasts (NBs) in Drosophila utilize
Phosphoinositide 3-kinase (PI3-kinase) and DE-cadherin to build
adhesive contact for NB niche positioning. NBs remain within their
native microenvironment when levels of PI3-kinase activity and DE-
cadherin are elevated in NBs. This occurs through PI3-kinase-
dependent regulation of DE-Cadherin-mediated cell adhesion
between NBs and neighboring cortex glia, and between NBs and
their ganglion mother cell daughters. When levels of PI3-kinase
activity and/or DE-Cadherin are reduced in NBs, NBs lose niche
position and relocate to a non-native brain region that is rich in
neurosecretory neurons, including those that secrete some of the
Drosophila insulin-like peptides. Linking levels of PI3-kinase activity
to the strength of adhesive attachment could provide cancer stem
cells and hematopoietic stem cells with a means to cycle from trophic-
poor to trophic-rich microenvironments.
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INTRODUCTION
Most stem cells are surrounded by specialized groups of cells,
collectively referred to as a niche, that provide trophic and structural
support to stem cells as well as protection (Losick et al., 2011;
Scadden, 2014). Stem cells receive information about physiological
conditions and/or developmental states of the tissues in which they
reside through their niche, and this ensures that the correct numbers
and types of stem cell progeny are produced when needed. Niche to
stem cell signaling is not unidirectional, however, and in many cases
stem cells produce the cellular and molecular components of their
own niche (Voog et al., 2008; Hsu et al., 2011; Sato et al., 2011).
While investigating how neurogenesis becomes progressively
restricted during development, we discovered that neural stem
cells in the brain of Drosophila build and maintain their own
adhesive stem cell niche through activation of Phosphoinositide 3-
kinase (PI3-kinase) signaling, which mediates DE-Cadherin
(Shotgun — FlyBase) adhesive cell contact between NBs and NB
neighbors. These results are reported here.

All neurons within the Drosophila brain are generated either
directly or indirectly from a population of asymmetrically dividing
neural stem cells known as neuroblasts (NBs), which are self-
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renewing, multipotent progenitors (Doe, 2008; Homem and
Knoblich, 2012). Following cell division, a large NB is
regenerated and a smaller ganglion mother cell (GMC) daughter
is produced that creates limited numbers of neurons and/or glia.
About 100 NBs are located within the central region of each brain
lobe and this number remains invariant throughout development
because central brain NBs only undergo self-renewing asymmetric
cell division. This feature, together with the fact that NBs can be
identified based on cell size, expression of molecular markers and
position, allows for the NB population to be easily tracked over
time. Central brain NBs are specified during embryogenesis,
proliferate throughout most of larval development, and terminate
cell divisions during pupal stages before adult formation. All central
brain NBs terminate cell divisions within 30 h after pupal formation,
except for the eight mushroom body (MB) NBs (four per brain lobe,
eight total) (Truman and Bate, 1988; Ito and Hotta, 1992; Siegrist
et al., 2010). These NBs persist late and undergo apoptosis only
shortly before animals emerge from their pupal case as young adults
(Truman and Bate, 1988; Ito and Hotta, 1992; Siegrist et al., 2010).
The difference in timing of termination of neurogenesis between
MB and non-MB NBs is likely to be regulated by lineage-specific
intrinsic  differences among NBs themselves and by local
differences within NB microenvironments.

Whether NBs reside within a molecularly and spatially defined
stem cell niche has remained rather elusive; however, cortex glia is
one cell type that might constitute the NB niche (Chell and Brand,
2010; Sousa-Nunes et al., 2011). Cortex glia ensheath NBs and their
recently born progeny and have been shown to produce Insulin-like
peptide 6 (Dilp6; Ilp6 — FlyBase) in response to feeding (Chell and
Brand, 2010; Sousa-Nunes et al., 2011). Dilp6 in glia activates the
highly conserved PI3-kinase growth signaling pathway in NBs and
is sufficient to reactivate quiescent NBs (Chell and Brand, 2010;
Sousa-Nunes et al., 2011). In Drosophila, PI3-kinase pathway
activation is mediated largely through availability of any one of the
seven Dilps to bind and activate the single Insulin-like tyrosine
kinase receptor. In general, this leads to increased cell growth and
proliferation, in part through increased protein synthesis (Engelman
etal., 2006). Activation of PI3-kinase not only reactivates quiescent
NBs, but also maintains NB proliferation rates throughout
development, ensuring sufficient numbers of neurons and glia are
produced for adult brain function. Levels of PI3-kinase activity
remain high in NBs during development, but decrease in MB NBs
prior to termination of neurogenesis (Siegrist et al., 2010).
Decreasing levels of PI3-kinase activity in MB NBs ensures that
MB NBs terminate cell divisions on time and prevents excess MB
neurogenesis, which could be deleterious (Siegrist et al., 2010).

Beyond growth and proliferation control, we describe here a new
role for PI3-kinase in regulating MB NB position. We find that MB
NBs utilize PI3-kinase to build DE-Cadherin-containing adhesive
contact sites that MB NBs use for niche attachment. MB NBs
maintain position within their niche through contact with cortex glia
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and their GMC daughters. MB NB-GMC contact initiates during
NB cell division, as PI3-kinase activity becomes localized along the
developing cleavage furrow. This primes new NB-GMC contact
sites for assembly of DE-Cadherin-containing adhesive complexes.
To our knowledge, this is the first report demonstrating that PI3-
kinase regulates stem cell niche position and that NB daughters
provide NB niche attachment.

RESULTS

Ectopic NBs are located in the pars intercerebralis of the
adult brain

During development, MB NBs, a subset of brain NBs that generate
neurons important for memory and learning, are located on the
dorsal brain surface, superficial to the MB calyces in each brain
lobe. MB NBs remain located on the dorsal brain surface throughout
development, until their elimination via apoptosis, which occurs
shortly before animals emerge from their pupal case as young adults
(Siegrist et al., 2010). One method previously used to ascertain

whether MB NBs undergo apoptosis during development employed
the GAL4/UAS binary system to drive the baculovirus caspase
inhibitor UAS-p35 specifically in NBs using worGAL4 (Siegrist
etal., 2010). In these animals (designated as p35 animals), in which
NB apoptosis is blocked, we observed MB NBs located on the
dorsal surface superficial to the MB calyces in brains of 1-day-old
adults (Fig. 1A, top; quantified in 1D) (Siegrist et al., 2010). In
addition, other cells expressing the NB transcription factor Deadpan
(Dpn) were also observed in an anterior-medial brain region known
as the pars intercerebralis (PI) (Fig. 1A,C). This was unexpected, as
NBs are normally never found in the PI region and NBs are not
thought to be migratory. Typically, NBs maintain position within
the CNS throughout development (Truman and Bate, 1988;
Broadus and Doe, 1995; Urbach et al., 2003).

To determine whether the ectopic Dpn-positive cells located in
the PI region are NBs, we fed 1-day-old p35 adults fly food spiked
with the thymidine analog EdU. This allows for all cells and their
progeny to be positively marked after cell division. After 24 h of
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Fig. 1. Ectopic NBs are located in the Pl region in brains of adult Drosophila. (A,B) Schematics of dorsal (top) and anterior (middle) views of 1-day-old adult
brains of the indicated genotypes. Red spheres indicate the position of Dpn-expressing NBs. The boxed regions of Pl in A and of calyx in B are shown in the
confocal images (bottom). Arrows point to NBs labeled with Dpn (red) and the membrane marker Scrib (green); arrowheads indicate MB o/o’ lobes used as a
landmark. PI region is outlined in white. The confocal image in B is a maximum intensity projection. (C) Percentage of 1-day-old adults with a Dpn-positive
NB located in the PI region. Numbers on bars indicate the number of animals scored per genotype. (D) Average number of MB NBs per brain lobe located on
the dorsal surface, superficial to MB calyx in 1-day-old adult brains. Numbers on bars indicate number of brain lobes scored per genotype. Error bars indicate s.d.
(E) Schematic depicting markers used and pattern of EdU labeling after cell division. (F-H) Anterior view of p35 adult brains after 24 h of EdU labeling. Colored
overlay (top) with single channel image (middle). NBs (white box, top) located in the Pl region (white outline, middle) are shown under higher magnification
(bottom). White brackets mark NBs. (I) Size distribution of Dpn-positive cells located in the Pl region and of Dpn-positive MB NBs located on the dorsal surface. n,

number of NBs scored at each location. Scale bars: 10 pm.
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feeding, we observed EdU-positive MB NBs and their EdU-positive
progeny located on the dorsal brain surface, as previously reported
(data not shown) (Siegrist et al., 2010). In addition, we observed that
the Dpn-positive cells located in the PI region also incorporated
EdU and generated new EdU-positive progeny (Fig. 1E-H). New
progeny generated at both locations, by either the MB NBs on the
dorsal brain surface (data not shown) or by the ectopic Dpn-positive
cells located in the PI region, expressed the early neuronal-specific
transcription factor Elav (Fig. 1G), but not the glial marker Repo
(Fig. 1H), nor Dpn, which marks NBs and intermediate progenitors
from type II NB lineages (Fig. 1F). Together, this suggests that the
ectopic Dpn-positive cells located in the PI region are NBs, similar
to MB NBs and other type I NBs, but not type II NBs or their
intermediate progenitors. Furthermore, we observed that some, but
not all, of the ectopic PI NBs were the same size as MB NBs located
on the dorsal brain surface (Fig. 11, dashed outline), and all animals
with one or more large PI NB (>7 um average diameter, #»=9) had a
concomitant reduction in the number of MB NBs located on the
dorsal surface. Together, this raised the possibility that some PI NBs
are MB NBs that relocate from the dorsal brain surface to the more
central PI region.

A second method used to block MB NB apoptosis combines two
mutant chromosomes, Df(3L)H99 and Df(3L)XR38, in trans to
reduce pro-apoptotic gene function in all cells (Peterson et al., 2002;
Siegrist et al., 2010). Here, MB NBs were also observed on the
dorsal brain surface, but no NBs were observed in the PI region in
brains of 1-day-old Df{3L)H99/XR38 adults (Fig. 1B-D). Absence
versus presence of PI NBs could be due to differences in activated

caspase activity in NBs. In Df(3L)H99/XR38 animals, apoptosis is
blocked upstream of caspase activation, whereas in p35 animals
apoptosis is blocked downstream of caspase activation. Caspase-
inhibited epithelial cells derived from imaginal disks that initiate
apoptosis but fail to die can invade neighboring tissue (Martin et al.,
2009; Rudrapatna et al., 2013). To investigate this possibility, we
used worGAL4 to drive expression of a second apoptotic inhibitor,
UAS-miRHG, which blocks apoptosis upstream of caspase
activation, similar to Df{3L)H99/XR38 animals, but only in NBs
(designated as miRHG animals) (Siegrist et al., 2010). Both MB
NBs and PI NBs were observed in brains of 1-day-old miRHG
adults, as in p35 adults (Fig. 1C,D). We conclude that NB relocation
to the PI region is independent of caspase activity and that
differences in NB location could be due to differences in local or
systemic NB environments.

MB NBs relocate from the dorsal brain surface to the central
Pl region during the pupal to adult transition

To determine whether PI NBs are MB NBs that migrate in from the
dorsal brain surface, we assayed the number and location of Dpn-
positive NBs in brains of miRHG and p35 animals over time. At
72 h after pupal formation (APF), all MB NBs were observed (eight
total, four per brain hemisphere) on the dorsal brain surface
superficial to the MB calyx in miRHG animals, as in wild-type
controls (Fig. 2E; data not shown) (Siegrist et al., 2010).
Occasionally, other Dpn-positive cells of unknown identity were
also observed along the midline in miRHG animals (four total, one
each in four of 23 brains) but not in wild-type controls. These
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Fig. 2. Some ectopic Pl NBs are MB NBs that migrate in from the dorsal surface. (A-D) Anterior brain views of the indicated genotypes. Colored overlay
(top) with Dpn-positive NB (white box) shown at higher magnification (below left). For comparison, an MB NB located on the dorsal surface, superficial to the calyx
in the same animal, is also shown (below right). (E,G) Average number of MB NBs per brain lobe located on the dorsal surface over time (APF, after pupal
formation). Number of brain lobes scored is indicated. **P<0.001, one-tailed t-test. (F,H) Percentage of animals with Dpn-positive NBs located in the Pl region.
Number of animals scored at each time point is indicated. *P<0.05, one-tailed t-test. Error bars indicate s.d. Scale bars: 10 pm.
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ectopic Dpn-positive cells were small and only weakly, if at all,
expressed the S-phase activity reporter PCNA:GFP (Fig. 2A,F).
Next, we assayed the number and location of Dpn-positive NBs in
brains of 1-day-old miRHG adults. This is 24-36 h later, and in
wild-type animals MB NBs are no longer present, having undergone
apoptosis several hours earlier (Siegrist et al., 2010). On average, we
observed fewer than four MB NBs per brain lobe located on the
dorsal surface in miRHG animals (Fig. 2B,E) (Siegrist et al., 2010).
Importantly, this reduction correlated with an increase in the number
of animals with NBs located in the PI region (Fig. 2B,F). Many of
these ectopic PI NBs were large and expressed PCNA:GFP strongly
(Fig. 2B). Finally, we assayed the number and location of Dpn-
positive NBs in brains of 3-day-old miRHG adults. We observed a
further reduction in the number of MB NBs located on the dorsal
brain surface and an increase in the number of adults with PI NBs
(Fig. 2C,E,F). No more than eight Dpn-positive cells were ever
observed in total in 1-day-old or in 3-day-old adult brains. Similar
results were obtained for p35 animals (Fig. 2D,G,H). We conclude
that some of the ectopic Dpn-positive NBs located in the PI region
are MB NBs that migrate in from the dorsal surface. Furthermore,
because MB to PI NB migration coincides with the time when MB
NBs initiate reductions in cell growth and proliferation prior to
apoptosis (Siegrist et al., 2010), we propose that both events might
be linked and possibly triggered by changes in MB NB
microenvironments.

PI3-kinase activation in MB NBs anchors them within their
native niche

Changes in MB NB growth and proliferation prior to MB NB
apoptosis are due in part to reductions in levels of PI3-kinase
activity in MB NBs (Siegrist et al., 2010). Furthermore, levels of
PI3-kinase activity modulate migratory cell behavior in many
biological systems, including leukocytes, Dictyostelium, and
hematopoietic stem cells (Kolsch et al., 2008; Buitenhuis, 2011).
To determine whether MB to PI NB migration is due to changes in
levels of PI3-kinase activity, we expressed UAS-dp110 (Pi3K21B —
FlyBase) or UAS-dp60 (Pi3K92FE — FlyBase) to increase or decrease
the levels of PI3-kinase activity in MB NBs, respectively (Leevers
et al., 1996; Weinkove et al., 1999). When MB NB levels of PI3-
kinase activity were increased (UAS-dpl10), there was a decrease
in the number of I-day-old miRHG adults with PI NBs
(16% compared with 50%; Fig. 3A). Conversely, when MB NB
PI3-kinase activity levels were decreased (UAS-dp60), the number
of 1-day-old miRHG adults with PI NBs increased (92% compared
with 50%; Fig. 3A). This indicates that MB NB location can be
modulated by the levels of PI3-kinase activity and that high levels of
PI3-kinase activity are required to keep MB NBs located within their
native niche on the dorsal surface superficial to the MB calyx.
Consistent with this notion, reducing levels of PI3-kinase activity
caused MB NBs to relocate from the dorsal surface to the PI region
in Df(3L)H99/XR38 adults (47% compared with 0%; Fig. 3B,C).
We conclude that PI3-kinase activation is required to anchor MB
NBs within their native microenvironment on the dorsal brain
surface. Furthermore, both MB to PI NB migration and decreased
MB NB growth and proliferation are linked and triggered by
reductions in the levels of PI3-kinase activity.

A PIP3 sensor localizes around the NB cortex and becomes
enriched along the developing cleavage furrow during
mitosis

PI3-kinase is a lipid kinase and when active converts
phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-
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Fig. 3. PI3-kinase activation is required to anchor MB NBs in their niche.
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bars: 10 ym.

anterior view

3.,4,5-triphosphate (PIP3). To understand how PI3-kinase functions to
regulate MB NB position, we assayed the localization of a PIP3 sensor
in NBs over time. The PIP3 sensor used, UAS-splitVenus-GRP1-PH,
contains the Venus fluorescent protein sequence split into two non-
fluorescent halves, each fused to the PIP3-specific binding sequence of
the GRP1-PH domain (Khuong et al., 2013). When co-expressed as
UAS-transgenes under Gal4 control, the N-terminal and C-terminal
Venus-GRP1-PH fragments are recruited to PIP3-rich plasma
membrane domains where they complement to form a fluorescent
Venus-GRP1-PH reporter molecule (Khuong et al., 2013). This bi-
molecular sensor shows improved membrane:cytoplasmic signal to
noise ratio compared with the conventional mono-molecular PH-GFP
reporter (Britton et al., 2002; Khuong et al., 2013). We imaged isolated
NBs dissociated from larval brains over time (Siegrist and Doe, 2006;
Egger et al,, 2013; Harzer et al., 2013). This method allows for
unambiguous detection of the PIP3 sensor along the NB plasma
membrane and for quantification of PIP3 sensor fluorescence intensity
over time.

During interphase, we observed mostly uniform localization of
the PIP3 sensor around the NB plasma membrane (Movie 1).
During mitosis, however, localization of the PIP3 sensor became
enriched along the developing cleavage furrow during early
telophase (Fig. 4A-F,I, Movie 1). This resulted in accumulation
of'the PIP3 sensor along the newly generated NB-GMC contact after
cytokinesis was complete (Fig. 4G,H, Movie 1). The same pattern
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was observed in dividing NBs in brain explants (Movie 2) and in
isolated cultured NBs that express the conventional mono-
molecular PIP3 reporter (Movie 3) (Britton et al., 2002). No
change in fluorescence intensity was observed along the cleavage
furrow in NBs expressing the membrane-tethered GFP fusion
protein mCD8:GFP (Fig. 41). We conclude that PI3-kinase is active
along the entire NB membrane, including where NBs make contact
with cortex glia and where NBs make contact with their GMC

daughters. This suggests that cell-cell interactions might regulate
MB NB niche position.
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PI3-kinase regulates DE-Cadherin-dependent MB NB
positioning

DE-Cadherin (DE-Cad) is a well-known regulator of cell adhesion
between many cell types, including Drosophila germline stem cells
and their cap cell niche (Song et al., 2002). DE-Cad is also
expressed throughout the brain, in glia and in NBs and their lineages
(Akong et al., 2002; Dumstrei et al., 2003). We investigated whether
DE-Cad regulates MB NB niche position. We overexpressed a wild-
type version of DE-Cad in MB NBs and assayed the location of
Dpn-positive NBs in brains of 1-day-old miRHG adults (Oda and
Tsukita, 1999). We observed a decrease in the number of adults with
PI NBs compared with miRHG adults (12% compared with 50%;
Fig. 5A). Conversely, when a dominant-negative (DN) version of
DE-Cad was expressed in MB NBs we observed an increase in the
number of adults with PI NBs (67% compared with 50%; Fig. 5A)
(Oda and Tsukita, 1999). Interestingly, the absence or presence of PI
NBs correlated with the absence or presence of GFP-tagged
transgene localization around the MB NB cell membrane (Fig. S1).
We conclude that MB NBs in which apoptosis has been inhibited
require DE-Cad to maintain niche position. Furthermore, because
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still images of an isolated larval NB dividing in
culture. PIP3, which was assayed using bi-molecular
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MB NBs also utilize PI3-kinase to maintain niche position, this
raised the possibility that PI3-kinase might regulate DE-Cad for MB
NB niche attachment.

Next, we analyzed the fluorescence intensity of DE-Cad along the
MB NB plasma membrane under conditions of high or low PI3-
kinase activity (Fig. 5B-F). MB NBs were colabeled with Scrib to
mark the MB NB membrane and we measured the average DE-Cad
fluorescence per unit length of membrane to account for differences
in NB cell size across genotypes (see Materials and Methods). PI3-
kinase has known roles in growth regulation, and NB cell size can be
modulated by PI3-kinase activity (Fig. S2B) (Chell and Brand,
2010; Siegrist et al., 2010). Assuming equal levels of DE-Cad
molecules, we expect the average DE-Cad fluorescence intensity to
be lower in larger cells and higher in smaller cells. However, we
observed the opposite. Larger cells (UAS-dpl10) have higher
average DE-Cad fluorescence intensity than smaller cells (UAS-
dp60) (Fig. S2A,B). This suggests that PI3-kinase activity regulates
the levels of DE-Cad independently of NB cell size.

It is reported that cell adhesion strength correlates with total
Cadherin protein levels along the plasma membrane (Steinberg and
Takeichi, 1994). We multiplied the average DE-Cad fluorescence
intensity along the MB NB membrane (Fig. S2A) by the length of
the MB NB perimeter (Fig. S2B) for each genotype to calculate total
fluorescence intensity of DE-Cad along the MB NB plasma
membrane cross-section (Fig. 5G). We used this as a proxy for
the total amount of DE-Cad protein along the MB NB plasma
membrane and an indicator of adhesive strength. When levels of
PI3-kinase activity are elevated (UAS-dp110) in miRHG MB NBs,
there was an increase in total DE-Cad fluorescence along the NB
membrane compared with miRHG MB NBs alone (Fig. 5G).
Conversely, when levels of PI3-kinase activity were reduced (UAS-
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dp60) in miRHG or Df(3L)H99/XR38 MB NBs, there was a
reduction in total DE-Cad fluorescence along the MB NB
membrane (Fig. 5G). Interestingly, total DE-Cad levels are
elevated in H99/XR38 animals compared with miRHG animals,
consistent with the observation that MB NBs in H99/XR38 animals
maintain niche position, whereas MB NBs in miRHG animals do
not. Levels of DE-Cad fluorescence specifically along MB NB-
GMC contacts were also responsive to levels of PI3-kinase activity
in MB NBs: fluorescence decreased when levels of PI3-kinase were
reduced and increased when levels of PI3-kinase were elevated
(Fig. 5H). We conclude that PI3-kinase regulates the levels of DE-
Cad along the MB NB plasma membrane and that the strength of
adhesive contact between MB NBs and cortex glia and/or between
MB NBs and GMCs might determine whether MB NBs remain
within or vacate their native microenvironment.

PI3-kinase mediates DE-Cad adhesion assembly along newly
generated NB-GMC contact sites

We have shown that PI3-kinase activity localizes in a cell cycle-
dependent manner, becoming enriched along the developing
cleavage furrow during mitosis. We also found that levels of DE-
Cad are reduced along MB NB-GMC contact sites when levels of
PI3-kinase are reduced. Next, we asked whether PI3-kinase primes
new NB-GMC contact sites for assembly of DE-Cad adhesive
complexes, which could be important for MB NB niche positioning.
To investigate this possibility, we imaged DE-Cad:GFP in cultured
isolated NBs over time (Movie 4). Because cell-cell contact is
required for Cadherin clustering (Yap et al., 1998), DE-Cad:GFP
was only weakly detected along the NB membrane in isolated NBs
(Fig. 6A, metaphase, Movie 4). This makes the in vitro culture
method ideal for visualizing DE-Cad:GFP at NB-GMC contact sites
in time-lapse. After the first cell division, DE-Cad:GFP became
localized along the newly generated NB-GMC contact (Fig. 6A,
arrow, 2" after abscission, Movie 4). Localization of DE-Cad:GFP
along the new NB-GMC contact site remained throughout
interphase and, on average, increased twofold in relative

florescence intensity (Fig. 6A,C,D,E, Movie 4). In isolated NBs
with reduced levels of PI3-kinase activity, we observed a delay in
DE-Cad:GFP localization along the newly generated NB-GMC
contact site (Fig. 6B,D, Movie 5). There was also a significant
reduction in DE-Cad:GFP enrichment levels along the new NB-
GMC contact site compared with control NBs, as seen in vivo
(Fig. 6E). We conclude that PI3-kinase promotes the accumulation
of DE-Cad along newly generated NB-GMC contact sites,
consistent with the possibility that NBs use their newly generated
daughter cells for niche attachment.

MB NBs physically separate from their GMC daughters in vivo
To gain insight into how MB NBs relocate from the dorsal surface to
the more central PI region, we imaged MB NBs in brain explants
from 1-day-old miRHG adults over time. MB NBs located on the
dorsal surface were observed undergoing asymmetric cell division,
as expected (data not shown) (Siegrist et al., 2010). In addition, in
two of 14 brain explants we observed an MB NB physically separate
from its GMC daughter (Fig. 7A, Movie 6). This was unexpected, as
during development NBs normally always remain in contact with
their newborn GMCs (Truman and Bate, 1988; Broadus and Doe,
1995; Urbach et al., 2003). Over time, the distance between the MB
NB and its GMC daughter increased and, eventually, the MB NB
left the imaging field of view (Fig. 7A, Movie 6). We conclude that
MB NBs maintain position on the dorsal surface within their native
microenvironment through contact with their GMC daughters and
through contact with their cortex glia neighbors. Furthermore, loss
of MB NB-GMC contact might be an early step in NB relocation
from the dorsal surface to the PI region.

DISCUSSION

Proper positioning of neural stem cells within their niche ensures
that correct numbers and types of stem cell progeny are produced
where and when needed. Neural stem cells that lose niche position
also lose niche support and protection. This could lead to premature
stem cell loss, which is associated with certain types of human birth
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Fig. 6. PI3-kinase regulates DE-Cad along newly generated NB-GMC contacts. (A) Still images of an isolated larval NB dividing in culture. (Top) DIC image
with DE-Cad:GFP fluorescence overlay in green. (Bottom) DE-Cad:GFP fluorescence in grayscale. Genotype is worGAL4,UAS-DE-Cad:GFP. See also
Movie 4. Arrows indicate enrichment of DE-Cad:GFP along the newly generated NB-GMC contact site; large bracket indicates the dividing NB, and after cell
division (00:00), the regenerated NB; small bracket indicates the newly generated GMC daughter. (B) Same as A, except genotype is worGAL4,UAS-dp60,UAS-
DE-Cad:GFP. See also Movie 5. Time stamp is min:s starting at abscission. (C) Schematic of NB areas used to quantify DE-Cad:GFP fluorescence. (D)
Quantification of DE-Cad:GFP enrichment at the NB-GMC contact site over time in control NBs (as in A) and when PI3-kinase is reduced (as in B). (E)
Quantification of average relative enrichment of DE-Cad:GFP at the NB-GMC contact site at 2 min and at 30 min after abscission. **P<0.001, two-tailed t-test.

Error bars indicate s.e.m. Scale bar: 10 pm.

defects as well as with cognition deficits in the elderly. In other
cases, loss of stem cell niche positioning may lead to tumor
formation, as stem cells outside of their native niche receive, and
could respond to, unwanted growth factors and cytokines (Losick
et al., 2011; Scadden, 2014). Understanding how neural stem cells
maintain niche position will provide better insight into human
disease and possibly also into how neurogenesis is terminated once
development is complete. Based on the results described here, we
propose the following model to explain how Drosophila neural stem
cells can lose niche position (Fig. 7B).

During development, when nutrient conditions are favorable,
cortex glia, which ensheath NBs and their newborn progeny, secrete
Dilp6 (Chell and Brand, 2010; Sousa-Nunes et al., 2011). Local
production of Dilp6 might ensure that levels of PI3-kinase activity
in NBs remain high to sustain neurogenesis. Once development is
complete, however, the glia niche could break down (Fig. 7B,
orange). This could be a physical breakdown, such as the
rearrangement or death of cortex glia, a breakdown in cell-cell
signaling (i.e. no more local Dilp6), or possibly both. This could
explain why levels of PI3-kinase activity in late-stage pupal MB
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NBs are low compared with MB NBs during earlier larval stages
(Siegrist et al., 2010). Small, growth-impaired MB NBs are then
primed for elimination via apoptosis (Siegrist et al., 2010). If
apoptosis fails, however, then MB NBs remain in adult brains, some
on the dorsal surface in their native microenvironments and some
migrating to the non-native PI region.

Whether MB NBs remain on the dorsal surface or relocate to the
PI region is dependent on levels of PI3-kinase activity in MB NBs.
High levels of PI3-kinase activity in MB NBs keep MB NBs
positioned on the dorsal surface, whereas low levels promote MB to
PI NB relocation. This is because high levels of PI3-kinase activity
in MB NBs maintain high levels of DE-Cad around the NB
membrane, which serves to anchor MB NBs to both cortex glia and
their GMC daughters. The observation that PI3-kinase becomes
enriched along the developing cleavage furrow during mitosis was
unexpected. This allows for PI3-kinase to accumulate along the
newly generated NB-GMC contact site after cytokinesis. This,
together with the observation that MB NBs separate from their
GMC daughters in vivo and that localization of DE-Cad along new
NB-GMC contact sites depends on PI3-kinase activity, supports the
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idea that MB NB-GMC contact contributes to niche attachment.
Whether MB NBs also use cortex glia for niche attachment is
certainly possible. In the future, it will be interesting to better
understand the dynamic mechanical properties of NB adhesive
contacts. For example, is adhesive strength between NBs and cortex
glia and between NBs and GMCs constant throughout development
or does adhesive strength change as NBs change their
developmental programs? How do quiescent NBs, which have
low levels of PI3-kinase activity and no recently generated GMC
progeny, maintain niche position during the embryonic to larval
transition? Are quiescent NBs insensitive to signals required to
initiate and/or carry out PI migration? Alternatively, could physical
forces generated during cell division itself be what triggers ‘loosely’
adherent NBs to detach and leave their native microenvironments?

How MB NBs with low levels of PI3-kinase activity physically
relocate to the PI region remains unclear, as they must use a method
other than conventional actin-based cell motility, which requires
PI3-kinase activation at the leading edge (Kolsch et al., 2008). MB
NBs could migrate via ‘blebbing’, where membrane protrusion is
driven by intracellular pressure, when the plasma membrane
disassociates from the underlying actin cytoskeleton (Charras and
Paluch, 2008; Fackler and Grosse, 2008). Blebbs are frequently
observed in cultured cells during cell division, in cells undergoing
apoptosis, and in cells that migrate in 3D culture (Charras and
Paluch, 2008; Fackler and Grosse, 2008). For reasons that remain
unclear, once outside of their native microenvironment ectopic NBs
are only ever observed in the PI region. This suggests that the PI
region could provide a permissive environment for NB survival. In
the future, it will be interesting to investigate whether the PI region,
which is rich in neurosecretory neurons, provides trophic support
for ectopic NBs and, if so, whether the PI is molecularly similar to
the native MB NB microenvironment (Néssel and Winther, 2010).

Somewhat surprising is the fact that MB NBs do not seem to
require PI3-kinase or DE-Cad for niche positioning during larval
stages. This could be because cortex glia and GMCs function in a
redundant manner to providle MB NB niche attachment. MB
NBs, as well as other NBs, might in fact utilize both cell types
for niche positioning: attachment to cortex glia could keep NBs

positioned globally, along the outside of the developing brain,
while contact with GMCs might keep NBs positioned locally
within the glial pockets. In fact, this is consistent with previous
work showing NBs located at ‘variable depths’ when DE-Cad is
disrupted in NB lineages but not in glia (Dumstrei et al., 2003).
Towards the end of development, however, MB NB niche
positioning does become dependent on levels of PI3-kinase
activity and DE-Cad. At this time, MB NB proliferation rates
decrease as PI3-kinase activity levels decline (Siegrist et al.,
2010). This results in the production of fewer GMCs and,
therefore, fewer GMCs for MB NB niche attachment. The
combined loss of cell-cell interactions between MB NBs and
cortex glia and between MB NBs and their GMC daughters
could enable MB NBs to lose niche position and relocate to the
PI. In the future, it will be important to determine whether MB
NBs and other NBs utilize both cortex glia and GMCs for niche
attachment during normal development.

Unlike  Drosophila, neurogenesis continues throughout
adulthood in the ventricular-subventricular zone (V-SVZ) in the
lateral ventricle and in the subgranular zone of the dentate gyrus
(SGZ) in the hippocampus in rodents. V-SVZ neural stem cells
(NSCs), which generate olfactory bulb interneurons and
oligodendrocytes, are highly polarized, contacting both blood
vasculature and the cerebral spinal fluid located in the ventricles.
This positions V-SVZ NSCs ideally to receive and respond to a
variety of systemic and local signals (Lim and Alvarez-Buylla,
2014; Bjornsson et al., 2015). In adults, V-SVZ NSCs reside within
pinwheel-like structures, formed by ependymal cells that line the
ventricles. Location within this microarchitecture impacts V-SVZ
NSC fate decisions, as neurogenesis continues only where
ependymal cells form pinwheels (Mirzadeh et al., 2008; Conover
and Shook, 2011). Like Drosophila NBs, V-SVZ NSCs in rodents
also express the cell adhesion molecule E-Cadherin and, in rodents,
loss of E-Cadherin in V-SVZ NSCs leads to premature depletion of
the NSC pool (Karpowicz et al., 2009). In the future, it will be
interesting to investigate whether NSC niche position within
pinwheels in mammals is also controlled by PI3-kinase-dependent
regulation of E-Cadherin adhesion.
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MATERIALS AND METHODS

Fly rearing, stocks and genetics

The following fly stocks were used: pcna:GFP (Thacker et al., 2003), UAS-
N-Venus-PH-GRP; (Khuong et al., 2013), UAS-C-Venus-PH-GRP,;
(Khuong et al., 2013), tub:PHGFP (Britton et al., 2002), Df(3L)H99
(Bloomington Drosophila Stock Center, BL1576), Df(3L)XR38 (Peterson
et al., 2002), worGAL4 (Albertson and Doe, 2003), UAS-miRHG (Siegrist
etal., 2010), UAS-p35 (BL5072), UAS-dp60 (Weinkove et al., 1999), UAS-
dp110 (Leevers et al., 1996), UAS-DECad:GFP (Oda and Tsukita, 1999),
UAS-dNc9-1, DE-Cad DN (Oda and Tsukita, 1999), UAS-mCDS8GFP
(BL5137). All animals were raised in uncrowded conditions at 25°C on
Bloomington fly food.

Brain dissections, tissue preparation and antibody labeling

Adult and pupal brains were fixed, dissected, and stained using standard
methods (Siegrist et al., 2010). White pupae were picked and aged
accordingly at 25°C and adults staged from time of eclosion. We used GP-
Scrib (kind gift from D. Bilder, University of California, Berkeley, CA,
USA), Rat-DCAD2 (DHSB), Ms-Arm (N27A1, DSHB) and other
antibodies as previously described (Siegrist et al., 2010). For EdU
labeling, adults were fed 0.1 mg/ml EdU mixed in with heat-inactivated
yeast paste with food dye for 24 h. Only brains from animals with colored
guts were processed as described (Daul et al., 2010). Pupal and adult brains
were mounted and imaged dorsal side up on a Leica scanning confocal
microscope equipped with a 63%/1.4 NA oil-immersion objective and then
remounted and imaged anterior side up. Only brains with an intact outer
glial membrane were scored and included in the analysis.

Live imaging of whole-brain explants

One-day-old adult brains were dissected and transferred to a glass-bottom
culture dish (MatTek, P35G-1.0-14-C) in D22 insect medium (pH 6.95; US
Biological) supplemented with 10% FBS and 0.2 mg/ml insulin. Brains
were imaged on an inverted Zeiss LSM 700 equipped with a 63%/1.4 NA oil-
immersion objective. z-stacks (30%1.5 um) were acquired every 2 min for
12 h. Larval brains were prepared as previously described and imaged every
15s on a Leica SP8 (Siller and Doe, 2008). Confocal data sets were
reconstructed using ImageJ (NIH).

Live imaging of disassociated NBs

Primary cultures were generated from brains of 30 third instar larva (96 h
after larval hatching) using standard methods (Egger et al., 2013; Harzer
et al., 2013). Disassociated cells were plated on poly-L-lysine-coated
coverslips and allowed to settle for 30 min before imaging. NBs were
identified based on their large size and pattern of division.

Fluorescence intensity measurements

Fluorescent pixels were measured using ImagelJ. Only the first cell division
of isolated NBs was included in the quantification. For PIP3 Venus and
mCD8:GFP line scans, the NB membrane was manually segmented from
the apical to basal pole. A five-pixel-wide line scan was performed with a
rolling average of three along this line. The apical to basal line segment was
then divided into five equal subsegments; subsegment IA is the most apical
region, and segment IC is the fourth and comprises the cleavage furrow (or
presumptive cleavage furrow for anaphase). For each NB, the integrated
fluorescence intensity in segment IA and IC was calculated during anaphase
and during telophase and expressed as a ratio (IC:IA).

Quantification of endogenous DE-Cad immunofluorescence in fixed
specimens was performed as follows. Using Scrib staining as a membrane
marker, the MB NB outline was manually traced and dilated into a three-
pixel-wide ring-shaped region of interest (ROI); this is the total MB NB
membrane region (Fig. 5G, green). The total MB NB membrane region was
subdivided into two subregions: (1) the MB NB-GMC contact subregion
where MB NBs contact their GMCs (Fig. 5H, yellow); and (2) the MB NB
membrane-only subregion, which is where MB NBs are in contact with
cortex glia but not their GMCs (Fig. 5H, black). For each MB NB, average
DE-Cad fluorescence intensity was measured in the total MB NB membrane
region, as well as in each of the two subregions. In addition, we measured
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DE-Cad fluorescence in a randomly selected area neighboring, but not
containing, MB NBs and their GMC progeny, in each analyzed image. This
is the ‘baseline region’. Baseline regions were outside of the Gal4
expression domain and therefore cells in these regions were not affected
by Gal4-driven gene expression. In Fig. S2, we report normalized average
fluorescence intensity across genotypes. This was calculated by dividing the
average DE-Cad fluorescence intensity of the MB NB membrane region by
the corresponding average DE-Cad fluorescence intensity of the baseline
region. This ratio reflects the expression level of DE-Cad in MB NBs relative
to its genetically unperturbed neighboring cells. In Fig. 5, to obtain a proxy
of total surface DE-Cad along the MB NB membrane region or subregion,
the normalized average DE-Cad fluorescence intensity (the ratio calculated
above) of the MB NB membrane region (or subregion) was multiplied by the
length of the MB NB perimeter (or subregion length). This approach allows
for comparison of NB-specific changes in DE-Cad expression across
samples and genotypes.

Quantification of GFP enrichment at NB-GMC contact sites in isolated
NBs expressing DE-Cad:GFP in live culture employed a similar approach as
above. DIC images were used to manually trace the NB outline. For each
NB, average DE-Cad fluorescence intensity was measured in the two NB
membrane subregions: (1) the NB-GMC contact subregion; and (2) the NB
membrane-only subregion (described above). Background fluorescence,
due to microscope acquisition noise, was measured in a region where no
cells were located and was subtracted from the average GFP fluorescence
intensity measured in each of the two NB membrane subregions. The
relative enrichment of DE-Cad at the NB-GMC contact site was calculated
by dividing the background-corrected DE-Cad fluorescence intensity of NB
subregion 1 by the background-corrected DE-Cad fluorescence intensity of
NB subregion 2.
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Figure S1, Related to Figure 5: PI3-kinase regulates levels of DE-Cadherin along
the MB NB cortex

(A-C) Single channel images of MB NBs with colored overlay below. Wild type DE-
Cad:GFP accumulates along newly generated MB NB:GMC contact sites (arrowhead).
Expression of dominant negative DE-Cad:GFP in NBs disrupts endogenous DE-Cad and
Armadillo (Arm).

[
o
)

©

£

o
qg
£

o)

|

@
i)

[

(0]

S
Q

Q.

Q

=)
(7p]

L]
e

[

(0]

€

Q
ke

(]

>

(O]
(@]



Development 144: doi:10.1242/dev.136713: Supplementary information

A worGAL4,UASmIRHG | Df(3L)H99/XR38 B worGAL4,UASmIRHG | Df(3L)H99/XR38
i I
4 £ 407 ** |
gt 3

%

w
w
o

4]
o

-

average DE-Cad
=)

fluor. intensity (a.u.)
%]

MB NB perimeter (

o
o

)

S
S5°3°
x\ﬁ” )

Figure S2, Related to Figure 5: PI3-kinase regulates levels of DE-Cadherin along
the MB NB cortex

(A) Quantification of the average DE-cad fluorescence intensity per unit length of
membrane across genotypes. Refer to methods for more info on fluorescence
measurements. (B) Quantification of average length of the MB NB perimeter across
genotypes. Column numbers equals number of MB NBs scored. **p-value <.001, two-
tailed t-test.
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Movie 1, Related to Figure 4: PIP3 enrichment along the developing cleavage
furrow in an asymmetrically dividing NB in primary culture

Time-lapse movie of a larval NB dividing in culture. The Venus fluorescent protein
sequence is split into a N-terminal and a C-terminal half, each half fused to the PIP3-
specific binding sequence of the GRP1-PH domain. Co-expressed as UAS-transgenes
using worGal4, the N- and C-terminal Venus-GRP1-PH fragments are recruited to PIP3-
rich plasma membrane domains where they complement to form fluorescent Venus-
PIP3 reporter molecule. Single focal plane, imaged every 73 secs. Time stamp is
mins:secs. First three of seven cell divisions shown.
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Movie 2, Related to Figure 4: PIP3 enrichment along the developing cleavage
furrow in an asymmetrically dividing NB from a brain explant

Time-lapse movie of a dividing larval NB in a brain explant. The Venus fluorescent
protein sequence is split into a N-terminal and a C-terminal half, each half fused to the
PIP3-specific binding sequence of the GRP1-PH domain. Co-expressed as UAS-
transgenes using worGal4, the N- and C-terminal Venus-GRP1-PH fragments are
recruited to PIP3-rich plasma membrane domains where they complement to form
fluorescent Venus-PIP3 reporter molecule. Single focal plane, imaged every 15 secs.
Time stamp is mins:secs. White arrow denotes NB and yellow arrow denotes PIP3
sensor enrichment along the cleavage furrow.
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Movie 3, Related to Figure 4: PIP3 enrichment along the developing cleavage
furrow in an asymmetrically dividing NB in primary culture

Time-lapse movie of a larval NB dividing in culture. GRP1-PH domain is fused to GFP
and expressed using the tubulin promoter. Time stamp is mins:secs.
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Movie 4, Related to Figure 6: DE-Cadherin localizes along newly formed NB:GMC
contact sites following NB cell division

Time-lapse movie of a larval NB dividing in culture. DE-Cad:GFP localizes to the newly
generated NB:GMC contact site. Single 1um Z-plane, imaged every 120 secs. Time
stamp is mins:secs and starts at abscission (00:00). First of eight cell divisions shown.
Genotype: wornGAL4,UAS-DE-Cadherin:GFP.
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Movie 5, Related to Figure 6: Localization of DE-Cadherin along newly formed
NB:GMC contact sites requires PI3-kinase

Time-lapse movie of a larval NB dividing in culture. Single 1um Z-plane, imaged every
128 secs. Time stamp is mins:secs and starts at abscission (00:00). First of three cell
divisions shown. Genotype: wornGAL4,UAS-dp60,UAS-DE-Cadherin:GFP.
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Movie 6, Related to Figure 7: MB NBs physically separate from their GMC
daughters over time.

Time-lapse movie of a pcha:GFP expressing MB NB (green dot) and its recently born
GMC daughter (purple dot) in a one-day-old miRHG adult brain. Maximum intensity
projections (28x1.7um Z-planes). Time stamp hrs:mins.
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