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Abstract

The intrinsic neurons of mushroom bodies (MBs), centers of olfactory learning in the
Drosophila brain, are generated by a specific set of neuroblasts (Nbs) that are born in the
embryonic stage and exhibit uninterrupted proliferation till the end of the pupal stage.
Whereas MB provides a unique model to study proliferation of neural progenitors, the
underlying mechanism that controls persistent activity of MB-Nbs is poorly understood.
Here we show that Tailless (TLL), a conserved orphan nuclear receptor, is required for
optimum proliferation activity and prolonged maintenance of MB-Nbs and ganglion mother
cells (GMCs). Mutations of #/ progressively impair cell cycle in MB-Nbs and cause
premature loss of MB-Nbs in the early pupal stage. TLL is also expressed in MB-GMCs to
prevent apoptosis and promote cell cycling. In addition, we show that ectopic expression of
tll leads to brain tumors, in which Prospero, a key regulator of progenitor proliferation and
differentiation, is suppressed whereas localization of molecular components involved in
asymmetric Nb division is unaffected. These results as a whole uncover a distinct regulatory
mechanism of self-renewal and differentiation of the MB progenitors that is different from the

mechanisms found in other progenitors.
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Introduction

In the course of brain development, a large number of cells are generated by the division of
neural progenitor cells, that can self renew and generate both neurons and glia. Proliferation
of neural progenitors is thought to be under precise temporal and spatial control by multiple
intrinsic and extrinsic factors (reviewed in Gage, 2000; Alvarez-Buylla et al., 2001; Ming and
Song, 2005; Hevner, 2006). As a consequence, different sets of progenitor cells have
distinctive temporal windows for mitosis during development. Thus, whereas most neurons
in the mammalian cortex are generated during embryonic development, the subventricular
zone arises as the site of late progenitor division, and prolonged postnatal neurogenesis
persists in the subgranular layer of the hippocampal dentate gyrus and the subventricular zone
of the lateral ventricle (Gage, 2000; Alvarez-Buylla et al., 2001; Ming and Song, 2005;
Hevner, 2006; Noctor et al., 2007). However, exact molecular mechanisms underlying
persistent cell proliferation in these restricted cortical zones remain elusive.

The Drosophila brain provides an attractive model system to study the molecular
and genetic mechanisms of neural progenitor proliferation. During neurogenesis, the neural
progenitors, termed neuroblasts (Nbs), undergo asymmetric cell division in a stem cell-like
mode to generate a series of smaller daughter cells called ganglion mother cells (GMCs), each
of which divides only once to produce a pair of post mitotic neurons or glia cells. ~Studies of
Drosophila Nbs have provided insights into the genetic and molecular mechanisms
controlling asymmetric cell division (Betschinger and Knoblich, 2004; Yu et al., 2006; Chia et
al., 2008; Doe et al., 2008). During the division of Nbs, a conserved protein complex
consisting of Par-3/Bazooka, Par-6, and atypical Protein Kinase C (aPKC) establishes the axis
of cell polarity and recruits Inscuteable to the apical pole. Thus, apical proteins such as

atypical aPKC are selectively partitioned into Nb to promote Nb self-renewal (Rolls et al.,
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2003; Lee et al., 2006a), while basal proteins such as Miranda (MIRA), Brain Tumor (BRAT),
and Prospero (PROS) are partitioned into GMC to control cellular differentiation (Betschinger
et al., 20006; Lee et al., 2006b; Bello et al., 2006).

Like the vertebrate neural progenitor cells, Drosophila Nbs generate diverse types
of neurons and glia by spatially and temporally controlled mechanisms (Truman and Bate,
1988; Isshiki et al., 2001; Pearson and Doe, 2003; Pereanu and Hartenstein, 2006;
Younossi-Hartenstein et al., 2006).  During embryonic neurogenesis, Nbs undergo
progressive restriction of their competence, which is defined by sequential expression of
transcription factors. GMCs and post mitotic neurons maintain the transcription factor
profile of the Nbs present at their birth, thereby generating distinctive neural layers in the
embryonic nervous system. Moreover, temporal series of transcription factor code extends
into postembryonic neurogenesis (Zhu et al., 2006; Maurange et al., 2008). In particular,
multiple different neuronal identities are sequentially generated in the mushroom body (MB)
and antennal lobe (Lee and Luo, 1999; Jefferis et al., 2001) under gradients of a BTB-Zinc
finger protein, Chinmo (Zhu et al., 2006). Intriguingly, temporal transcription factors and
their targets also schedule the end of neural proliferation in the postembryonic brain either
recruiting PROS into Nb nucleus or inducing Nb apoptosis (Maurange et al., 2008).

The intrinsic neurons of MBs, which constitute most of the MB structure, are
generated by four Nbs localized in the posterior dorsal cortex, each of which gives rise to an
indistinguishable set of neurons (Ito and Hotta, 1992; Ito et al., 1997). Although most Nbs
in the Drosophila brain cease postembryonic neurogenesis by early pupal stage, MB-Nbs
maintain exceptional proliferation activity that persists until the end of the pupa stage (Fig. 1A
and Sup. Fig. 1) (Truman and Bate, 1988; Ito and Hotta, 1992), providing a unique

opportunity to study the regulatory mechanism of persistent proliferation of neural
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progenitors during brain development.

In this study, we show that tailless (tll), a member of the orphan nuclear receptor
superfamily, is required for efficient proliferation and prolonged maintenance of MB
progenitors. Mutations of #// progressively impaired cell cycle activity in MB-Nbs and cause
premature loss of Nbs in the early pupal stage. TLL is also expressed in MB-GMCs to
prevent apoptosis and promote cell cycling. Furthermore, ectopic expression of TLL
downregulated PROS in non-MB progenitors, generating brain tumors with supernumerary
Nbs. We also show that the activities of #// and pros are differently required for the control
of MB- and non-MB progenitors. These results suggest a unique regulatory mechanism of
self-renewal and differentiation in MB progenitor cells that is distinct from the mechanisms

regulating neural progenitors of other lineages.
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MATERIALS AND METHODS

Fly stocks

The following fly strains were used: wild-type (Oregon-R), OK107 (a Gal4 enhancer trap line
for eyeless (ey) and expressed in the majority of the MB neurons; Connolly et al., 1996,
Adachi et al., 2003), embryonic lethal abnormal vision (elav)-Gal4 (a pan-neural Gal4 line,
Luo et al., 1994), elav-GeneSwitch-Gal4 (an inducible elav-Gal4 line, Osterwalder et al.,
2001), ey™"" (Kurusu et al., 2000), dachshund' (dac, Mardon et al., 1994), UAS-mCD8::GFP
(Lee and Luo, 1999), UAS-GFP (provided by E. Hafen), I (strong allele; Pignoni et al.,
1990), #I' (hypomorphic; Pignoni et al., 1990), UAS-pros (provided by F. Matsuzaki), and
FRT82B pros'’ (Reddy and Rodrigues, 1999). UAS-tll flies were constructed with the

standard pUAST

Clonal analyses

Clonal analyses were performed based on the Mosaic Analysis with a Repressible Cell
Marker (MARCM) system (Lee and Luo, 1999). The following genotypes were examined.
For /] mutant clones: hs-FLP UAS-mCD8::GFP; FRT82B tlI"*/FRT82B tub-Gal80; OK107/+
and Gal4*'> hs-FLP UAS-mCDS8::GFP; FRT82B tlI'/FRT82B tub-Gal80. For rescue
experiments: Gal4°'>® hs-FLP UAS-mCD8::GFP; UAS-tll/+; FRT82B 1lI'/FRT82B tub-Gal80.
For TLL overexpression experiments: FRT19A/tub-Gal80 hs-FLP FRT19A; elav-Gal4
UAS-mCD8::GFP/+; UAS-tlll+. For pros mutant clones: hs-FLP UAS-mCDS::GFP,
FRT82B pros''/FRT82B tub-Gal80; OK107/+. For pros tll double mutant clones: /s-FLP
UAS-mCD8::GFP; FRT82B pros'’ tll"*/FRT82B ub-Gal80; OK107/+. Egg collection was

performed for 2-3 h on standard food at 25°C. A single 60 min heat shock at 37°C was
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applied in the early first instar stage for the induction of MB clones and in the late first instar

stage for the induction of other clones.

Immunohistochemistry and confocal microscopy

Immunostaining of brains were performed as previously described (Kurusu et al., 2000).
The following antibodies were used: goat FITC-conjugated anti-horseradish peroxidase
(HRP) (1:300; Jackson ImmunoResearch, West Grove, PA, USA), rabbit anti-TLL (1:200;
Kosman et al., 1998), rabbit anti-EY (1:300; gift from Dr. Walldorf), mouse anti-DAC (1:20;
dac2-3; DSHB) (Mardon et al.,, 1994), mouse anti-FAS II (1:5; 1D4; DSHB), rabbit
anti-phosphohistone H3 (PH3) (1:500; Millipore Corporation, Billerica, MA, USA), mouse
anti-Cyc B (1:5; F2F4; DSHB), mouse anti-Cyc E (1:5; 8B10; Richardson et al., 1995), rat
anti-Cyc E (1:200; Richardson et al., 1995), mouse anti-PROS (1:50; MR1A; DSHB), rat
anti-PROS (1:50; gift from Dr. Matsuzaki), rabbit anti-MIRA (1:2000; Ikeshima-Kataoka et
al., 1997), rabbit anti-BRAT (1:200; Betschinger et al., 2006), rabbit anti-PINS (1:1000; Izumi
et al., 2006), rabbit anti-aPKC (1:400; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rat
anti-mCD8a (1:100; Invitrogen, Carlsbad, CA, USA), and FITC-, Cy3- or Cy5-conjugated
secondary antibodies (1:400; Jackson ImmunoResearch, West Grove, PA, USA). Confocal
images were captured with a Zeiss LSM410 or LSM510 confocal microscope. Optical
sections were obtained at 1-2 um intervals. Images were processed digitally and then

arranged with Adobe Photoshop.

TUNEL assay

Apoptotic cells were detected with Apotag kit (Millipore Corporation, Billerica, MA, USA).

Freshly dissected brains were fixed for 30 min in 4% paraformaldehyde in PBS, washed three
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times in 0.1% PT, and then equilibrated for 30 min in the equilibration buffer supplied with
the kit. Brains were then incubated with terminal transferase mixture for 1 h at 37°C,
washed three times for 10 min at 37°C in the stop buffer, and incubated for overnight at 4°C

with Texas Red-conjugated anti-digoxigenin antibody diluted 1:1 with the blocking solution.

BrdU labeling

For BrdU incorporation into dissected post-embryonic brains, each of the
developmentally-staged brains were dissected in PBS and immediately labeled with 37.5
ng/ml BrdU (GE Healthcare, Little Chalfont, Buckinghamshire, UK) in Drosophila SFM
solution (Invitrogen, Carlsbad, CA, USA) for 1 h. After 30 min fixation with 4% PFA in
PBS, brains were treated with 2 N HCI for 1 h at room temperature. BrdU of the embryonic
central nervous system (CNS) was performed as previously described (Richardson et al.,
1993). Briefly, embryos were dechorionated with bleach, permeabilized with octane for 4
min, and then soaked in BrdU solution (1 mg/ml in PBS) for 30 min at 25°C. After 30 min
fixation with 4% PFA in PBS, embryos were devitellinized by hand peeling with forceps,
treated with 2 N HCI for 1 h at room temperature. Incorporation of BrdU was monitored
with an anti-BrdU (1:250; Becton Dickinson, Franklin Lakes, NJ, USA) staining. For BrdU
pulse-chase experiments, newly molted third instar larvae were fed a standard food containing
750 pwl/ml BrdU for 3 h; for an immediate examination, these larvae were dissected and
processed for BrdU labeling, for a chase examination, another pool of BrdU-treated larvae

were grown without BrdU for 32 h before dissection and BrdU labeling.

GeneSwitch

Induction of elav-GeneSwicth-Gal4 was performed as previously described (Osterwalder et
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al., 2001). Briefly, newly molted third instar larvae were fed with RU486 food containing
80 pg/ml RU486 (Sigma-Aldrich, St. Louis, MO, USA), and dissected at the late third instar
or 40h after puparium formation (APF). The brains were examined for BrdU incorporation

or antibody staining.
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Results

TLL expression correlates with the proliferation pattern of the MB progenitors

The MB neurons (Kenyon cells) are generated by four MB-Nbs that divide throughout
embryonic, larval, and pupal development (Fig. 1A) (Truman and Bate, 1988; Ito and Hotta,
1992; Tettamanti et al., 1997; Kurusu et al., 2000; Noveen et al., 2000). The MB-Nbs were
clearly observed at the embryonic stage 16 at the anterior end of each brain hemisphere (Sup.
Fig. 1A). While most of the other neuroblasts ceased dividing between the late embryonic
and early first instar stages, the MB-Nbs continued to proliferate (Sup. Fig. 1B). The
MB-Nbs continued to divide through the larval stage, in which increasing numbers of other
Nbs became active (Sup. Fig. 1C and D). The number of active Nbs rapidly declined
between 20 and 30 h APF (Sup. Fig. 1E). By 40 h APF, only four MB-Nbs were left active
in the entire brain (Sup. Fig. 1F). The MB-Nbs remained active until the end of the pupal
stage (Sup. Fig. 1G), but disappeared in the newly eclosed adult (Sup. Fig. 1H).

To understand the molecular mechanisms underlying the persistent proliferation of
MB-Nbs, identification of genes that exhibit correlative expression in the dividing MB-Nbs
would provide important clues. As a candidate of such genes, we found that #// was
expressed in the dividing MB-Nbs and GMCs, but not in the postmitotic neurons, through the
stages of MB development. TLL expression is initially found in almost all procephalic
neuroblasts (Younossi-Hartenstein et al., 1997; Urbach and Technau, 2003), but became
largely restricted to anterior cells by stage 16 (Fig. 1B and B1). Double immunostaining
with an anti-DAC antibody, which labels MB neurons (Fig. 2A1; Kurusu et al., 2000; Martini
et al., 2000; Noveen et al., 2000), confirmed that they were MB-Nbs and GMCs. In the
larval stages, TLL was expressed in the MB-Nbs and GMCs (Fig. 1C-E) as well as in lamina

precursor cells (open arrowhead in Fig. 2D).  While the expression in lamina precursor cells
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disappeared by the end of the larval stage, TLL expression in the MB progenitors was
maintained during the pupal stages (Fig. 2F-H). In newly eclosed flies, TLL expression was
found in a few GMC-like cells in the middle of the MB cell clusters (Fig. 2I), although their

exact identity is unknown.

Mutations of #// lead to reduced MB clones

Since the expression profile of TLL correlated well with the mitotic activity of MB-Nbs and
GMCs, we determined whether TLL was required for proliferation of the MB progenitor cells
using the MARCM system that allows positive labeling of mutant cells (Lee and Luo, 1999).
While wild-type clones consisted of more than 200 neurons at the late third instar stage (Fig.
2A), tll mutant clones exhibited a dramatic reduction in the numbers of neurons (Fig. 2B and
C): 17.2 + 0.9 cells for #I' (n=40), a hypomorphic allele, and 8.7 + 0.4 for #I"’ (n=117), a
strong null allele.

The total number of MB neurons is estimated about 2500 per hemisphere in the
adult brain (Technau and Heisenberg, 1982; Ito and Hotta, 1992). Each of the four MB-Nbs
accompanies over 500 neurons, which project into three sets of lobes: vy, o'/f', and o/p (Fig.
2D). By contrast, the number of neurons barely increased from the third instar stage in the
t/l mutant clones (10.4 £ 1.1, n=14 for tlll49). In addition, axonal projections of the 1/
clones in the adult brain were restricted to the lobes of larval origin; mostly to the y and
faintly to the o'/B' lobes (Fig. 2E), supporting the notion that neural production had been
arrested by the end of the larval stage. On the other hand, the remaining mutant neurons
formed wild type-like lobes and calyces in both the larval (Fig. 2B and C) and the adult stages
(Fig. 2E), suggesting that #// is not required for neuronal differentiation Moreover, EY and

DAC, key regulators for neuronal differentiation of the MB neurons (Kurusu et al., 2000;
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Martini et al., 2000; Noveen et al., 2000; Callaerts et al., 2001), were expressed in the mutant
MB clones as in the wild-type clones (Sup. Fig. 2A-E). Conversely, neither ey nor dac
mutations altered TLL expression (Sup. Fig. 2E-G), suggesting that #// is transcriptionally
independent of ey and dac. Finally, the MB defects were rescued by /] transgene expression
(Fig. 2F, 108 £ 14.2 cells per clone, n=7), confirming that the observed MB defects were

indeed caused by lack of #// activity.

TLL is required for optimum cell division activity and prolonged maintenance of
MB-Nbs
To gain insights into the mechanisms by which #/ controls cell proliferation, we examined the
cellular fate and patterns of DNA synthesis of wild-type and mutant MB-Nbs. Wild-type
MB clones always contained a single large Nb during the larval and pupal stages (Fig. 3A).
Likewise, a single MB-Nb was found in #//*° clones at the late third instar stage (63/63
clones) and at 20 h APF (38/38 clones) (Fig. 3B). However, none of the mutant MB clone
accompanied identifiable Nbs at 40 h APF (0/7 clones) (Fig. 3B). The majority of wild-type
MB-Nbs incorporated BrdU during the larval and pupal stages (>80%) (Fig. 3C). In contrast,
the fraction of MB-Nbs labeled by BrdU was markedly reduced in #/"*° clones at both the
larval and the pupal stages (58%, n=24, at the third instar stage and 50%, n=8, at 20 h APF)
(Fig. 3C). Moreover, fractions of PH3-positive MB-Nbs were markedly reduced at 20 h
APF in " clones (8.7%, n=23), while more than 30% of wild-type MB-Nbs remained PH3
positive through the larval and the pupal stages (Fig. 3C).

To analyze cell cycle defects in #// mutant clones, we then examined expression of
Cyclin E (Cyc E) and Cyclin B (Cyc B), the principal G1-S and G2-M phase regulators,

respectively. Both proteins were constitutively expressed in the wild-type MB-Nbs at the
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larval and the pupal stages (Fig. 3D-E, H-I, and L). No difference was found at the third
instar stage for #//'* mutant MB-Nbs; all MB-Nbs expressed both Cyc E and Cyc B (Fig.
3F-G and L). However, only 50% of the #//'* mutant Nbs expressed Cyc B at 20 h APF,
whereas all wild-type Nbs expressed the protein (Fig. 3J-K and L). Taken together, these
results suggest that TLL is required for optimum cell cycle progression in MB-Nbs and their

prolonged maintenance beyond the early pupal stage.

TLL prevents apoptosis and promotes cell cycle progression in MB-GMCs
Although cell cycle progression of the MB-Nbs is affected in the #// mutant clones, the result
that a large fraction of the mutant MB-Nbs retained mitotic activity at the late larval stage
(Fig. 3) was contradictory to the profound reduction in the larval clone size (see Fig. 2B and
C). To further investigate the underlying mechanism, we examined the dividing activity and
cellular fate of the mutant MB-GMCs. Intriguingly, compared to wild-type clones, the
number of BrdU-labeled GMCs was significantly reduced in the #//'* MB clones at the late
larval stage (left panel of Fig. 4A) (8.2 £ 0.2, n=31 for WT; 4.0 + 0.5, n=22 for #I").
Similarly, the number of MB-GMC:s labeled with either anti-PH3 or Cyc E was significantly
reduced: PH3 (2.4 + 0.2, n=67 for WT; 1.1 + 0.1, n=39 for #//'"**) and Cyc E (3.0 + 0.2, n=10
for WT; 0.4 + 0.1, n=14 for #/I'*). Moreover, ¢/l mutant clones accompanied only one
BrdU-labeled GMC at 20h APF (right pane of Fig. 4A; 5.4 £ 0.3, n=12 for WT; 1.0 + 0.4, n=8
for #"°), which was lost by 40 h APF while wild-type clones retained three to four GMCs
even at 60h APF (Fig 4A).

To determine the cellular fate of the mutant MB-GMCs, we performed BrdU
pulse-chase experiments. A 3 h pulse at the early third instar stage led to BrdU

incorporation in 9.0 = 0.7 MB-GMCs (n=6) in wild-type larvae (Fig. 4B and F). After a 32
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h chase, BrdU labeling was found in many postmitotic MB neurons (17.0 = 0.9, n=7) (Fig. 4C
and F). On the other hand, a 3 h pulse labeled only 3.8 = 0.3 GMCs (n=12) in ¢// mutant MB
clones (Fig. 4D and F). Moreover, most of the labeled cells were lost after 32 h chase (0.4 +
0.3, n=11) (Fig. 4E and F). To determine whether GMCs were indeed lost by cell death in
the mutant MB clones, we performed TUNEL labeling experiments. TUNEL positive cells
were rare in the wild-type MB clones (0.12 £+ 0.04, n=63 at the third instar stage; 0.13 = 0.07,
n=23 at 20 h APF) (Fig. 4G-H and K). However, significant numbers of cells, all of which
were GMCs, were TUNEL positive in the #/*° MB clones (0.95 + 0.25, n=23 at the third
instar stage; 1.67 £ 0.56, n=6 at 20 h APF) (Fig. 4I-J and K). In contrast, no TUNEL
labeling was detected for the MB-Nb and the postmitotic MB neurons (Fig. 41 and J). To
investigate whether the MB-GMC death was mediated by the conventional cell death program,
we tried to rescue the defective GMCs by expressing cell death inhibitors. However, the
GMC death caused by #/ mutation was not rescued by either p35 (Sup. Fig. 3) nor Diapl
(data not shown), whereas expression of these inhibitors did suppress cell death in the

developing ommatidia (data not shown).

Overexpression of TLL causes brain hyperplasia

To further gain insights on TLL functions in the control of neural progenitor cells, we
performed gain-of-function (GOF) analysis using a conventional elav-Gal4 driver, which
drives Gal4 in all the neural cells including the Nbs and GMCs, but not glial cells (Kurusu et
al., 2002; Dumstrei et al., 2003). Unexpectedly, ectopic expression of TLL with elav-Gal4
in the mid to late embryonic stages caused marked hyperplasia of both the brain and the
ventral nerve cord (Sup. Fig. 4A-D). Aberrant cell proliferation in the embryonic CNS was

also confirmed by BrdU and PH3 double labeling experiments (Sup. Fig. 4E-H). The
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dominant ¢// function in the stimulation of cell proliferation was not restricted to the
embryonic stages; ectopic expression of TLL during the third instar stage by an inducible
elav-GeneSwitch driver (Osterwalder et al., 2001) also stimulated cell division in the larval
brain (Fig. 5A and Sup. Fig. 5A-B). Again, an aberrant number of mitotic cells were
confirmed by immunolabeling for BrdU, Cyc E, Cyc B and PH3 (Fig. 5B-G).

To determine the cellular identity of aberrant dividing cells, we performed antibody
staining for MIRA and PROS. In wild-type Nbs, MIRA localized to the Nb cortex and
segregated into GMC, whereas PROS, which plays a crucial function in progenitor
differentiation (Betschinger et al., 2006; Lee et al., 2006b; Bello et al., 2006; Choksi et al.,
2006), was detected in the nuclei of the GMCs and neurons (Sup. Fig. 5C). Notably,
expression of TLL caused a marked increase of MIRA positive cells in the brain (Fig. 51 and
J), seemingly at the expense of PROS expressing cells. Intriguingly, many of the MIRA
positive cells were heterogeneous in size and found next to each other, yet they all expressed
MIRA in their cortex and lacked nuclear PROS (arrowheads in Sup. Fig. 5D), suggesting that
they were supernumerary Nbs.

Because our results suggested that #// might be required for efficient proliferation
and prolonged maintenance of MB-Nbs (Fig. 3), we then examined whether TLL expression
resulted in proliferation of non-MB Nbs in the mid pupal stage (40 h APF). No dividing
cells were observed in the wild-type brain except for the four MB-Nbs (Sup. Fig. 5SE and F).
However, TLL overexpression resulted in a large number of dividing cells in the pupal brain
(Fig. 5A and Sup. Fig. 5G and H), indicating an aberrant mitotic activity of non-MB
progenitors beyond the early pupal stage, by which all of the non-MB progenitors normally

cease cell division.
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TLL overexpression generates supernumerary-Nb clones without altering cellular
polarity

To further analyze the underlying cellular mechanisms of brain hyperplasia caused by TLL,
we examined the effect of TLL overexpression in MARCM clones. Wild-type Nb clones
always contained a single MIRA-positive and PROS-negative Nb of large to intermediate
sizes, which accompanied several PROS-positive GMCs (Fig. 6B, C, and E). In contrast,
TLL overexpressing clones often contained multiple MIRA-positive and PROS-negative cells
(Fig. 6B, D, and F). The recovery of multiple-Nb clones varied in different Nb lineages (Fig.
6A and B); the Nb lineages of CM (centromedial: according to Pereanu et al., 2006), BLP
(basolateral posterior), and DPM (medial dorsoposterior) regions produced clones containing
several large to intermediate-sized Nbs (Fig. 6D, F and Sup. Fig. 6), whereas DPL (lateral
dorsoposterior) and MB clones never produced multiple Nbs (Sup. Fig. 7B and D). The
MIRA-positive and PROS-negative cells in the multiple Nb clones were heterogeneous in
size, recapitulating the composite cellular property of the gross hyperplasia brain (see Fig. 51
and Sup Fig. 5D). Notably, axons derived from each of the multiple Nb clones converged
into a unified bundle, an indication of clonal integrity (data not shown).

Because the supernumerary Nb phenotype induced by TLL is reminiscent of brain
tumors observed in asymmetric division mutants (Rolls et al., 2003; Lee et al., 2006a;
Betschinger et al., 2006; Lee et al., 2006b; Bello et al., 2006; reviewed in Yu et al., 2006), we
then examined the localization of aPKC, PINS, and BRAT, which are key components
controlling asymmetric Nb segregation and cell type specification. Notably, TLL expressing
Nbs exhibited normal cortical localization of aPKC, PINS, and BRAT, as well as MIRA (Sup.
Fig. 8). These data thus indicate that TLL generate supernumerary Nbs without affecting the

expression and the localization of the molecular components involved in asymmetric Nb
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division.

Distinctive requirements of pros and ¢/l in MB- and non-MB progenitors

Previous studies have demonstrated that transcriptional regulation mediated by pros is one of
the key processes that control proliferation and differentiation of neural progenitors
(Betschinger et al., 2006; Lee et al., 2006b; Bello et al., 2006; Choksi et al., 2006; Doe, 2008).
In addition, a burst of nuclear PROS expression determines the end of Nb proliferation
scheduled by temporal transcription factors (Maurange et al., 2008). We therefore
investigated pros requirement in MB progenitors. PROS was co-expressed with TLL in the
wild-type MB-GMCs (arrowhead in Fig. 7A) but not detected in the MB-Nbs (arrow in Fig.
7A). Consistent with previous studies (Betschinger et al., 2006; Lee et al., 2006b; Bello et
al., 2006; Choksi et al., 2006), loss of function (LOF) of pros resulted in tumor-like clones of
non-MB lineages generating multiple Nb-like cells (64/67, Sup. Fig. 9C). By contrast, none
of the pros mutant MB clones were transformed into a tumor accompanying only a single Nb
(113/113, Sup. Fig. 9D).

Notably, premature termination of MB-Nbs in #// mutants (Fig. 3) dose not seem to
be mediated by pros upregulation in MB-Nbs because PROS expression was not altered in the
¢/l mutant clones (Fig. 7B). Conversely, TLL expression was not altered in pros LOF clones
of either non-MB (Sup. Fig. 9E) or MB (Sup. Fig. 9F) linecages. We also analyzed ¢// and
pros double mutant clones. Intriguingly, the double-LOF mutations resulted in a
t/l-LOF-like phenotype for MB clones with reduced numbers of neurons (Fig. 7C; 18.6 + 2.7
neurons), and a pros-LOF-like tumor phenotype for non-MB clones with multiple Nbs (Fig.
7D). These data suggest that the proliferation of the MB progenitors is controlled by a

mechanism distinct from the mechanism that controls non-MB progenitors, and that
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proliferation of Mb-Nbs might be controlled by a pros—independent mechanism. Indeed,
PROS was kept repressed in the wild-type MB-Nbs even at the end of the pupal stage, when
the MB-Nbs terminate proliferation (Sup. Fig 10). None of the MB-Nbs showed PROS
upregulation at either 88h (29/29) or 92 h APF (8/8) before their disappearance. Moreover,
pros LOF MB clones cease cell division by the end of the pupal stage (data not shown).

We further examined GOF interactions of pros and #/ in non-MB lineages. As
expected by the downregulation of PROS in TLL overexpression brains (Fig. 5 and 6),
simultaneous expression of PROS with TLL suppressed the TLL-induced brain hyperplasia
(Fig. 7E-G). We thus conclude that downregulation of PROS is the major cause of the

TLL-induced tumorigenic phenotype.
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Discussion

The intrinsic neurons of MBs are generated by a specific set of Nbs that originate from the
embryonic stage and exhibit uninterrupted proliferation till the end of the pupal stage. In the
present study, we have demonstrated that an orphan nuclear receptor, TLL, is required for
efficient proliferation and prolonged maintenance of MB-Nbs during MB development. In
addition, TLL is expressed in MB-GMCs to suppress cell death and promote cell cycling.
On the other hand, ectopic expression of TLL in non-MB lineages causes brain tumors, in
which PROS, a homeodomain-containing transcription factor, is downregulated and
supernumerary Nbs are generated. These results as a whole uncover a distinct regulatory
mechanism of self-renewal and differentiation of the MB progenitors that is different from the

mechanisms found in other progenitors.

TLL is required for optimum cell cycle progression and maintenance of MB progenitors

Several lines of evidence indicate that TLL is cell autonomously required for efficient
proliferation activity MB-Nbs. BrdU labeling experiments demonstrate that DNA synthesis
is partially suppressed in #// mutant Nbs in both the larval and the pupal stages (Fig. 3A-C).
Cell cycle defects in the mutant MB-Nbs are not evident in the larval stage but confirmed by
marked suppression of PH3 (Fig. 3C) and Cyc B activity (Fig. 3K and L) at 20h APF before
the disappearance of mutant Nbs. As a whole, these data suggest that TLL is required to
maintain efficient cell cycle progression in MB-Nbs, particularly in the pupal stage. On the
other hand, although the premature loss of the mutant Nbs might be a consequence of cell
cycle exit as has been suggested with other Nbs (Maurange et al., 2008), the exact mechanism
of the disappearance of mutant MB-Nbs in the early pupal stage is unknown. It is also

plausible that mutant Nbs are removed by apoptosis, as is the case with mutant GMCs,
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although we failed to detect TUNEL signals for MB-Nbs at 20h APF, shortly before their
disappearance whereas cell death signals in GMCs are evident at both the larval and pupal
stages (Fig. 4 I and J).

Despite marginal reduction in cell division activity of MB-Nbs at the larval stage,
loss of #/l activity results in significant reduction of the larval MB clones (Fig. 2B and C).
Instead, our results demonstrate that cell cycle progression is impaired in larval MB-GMCs
(Fig. 4A). Moreover, the majority of the MB-GMCs are lost by cell death (Fig. 4B-K).
The molecular mechanism underlying these GMC defects is yet to be investigated, but it is
unlikely that they are mediated by altered PROS expression since PROS is co-expressed with
TLL in wild-type MB-GMC:s (Fig. 7A), and its expression is unaltered in mutant GMCs (Fig.
7B). In addition, the results demonstrating that neither p35 nor Diapl rescues GMC death
(Sup. Fig 3) suggest that TLL might be involved in suppression of an unconventional cell
death pathway.

What is the molecular function of TLL in the regulation of MB progenitors? The
fact that TLL is a transcription factor localized in the nucleus suggests that TLL might specify
neuronal identity of MB progenitors by regulating cell-type specific genes. However, unlike
other regulatory factors that confer either spatial or temporal identity, TLL is expressed only
in Nbs and GMCs, and mutant neurons exhibit wild-type like dendritic and axonal wiring
patterns even in the adult stage (Fig. 2E), in which perdurance of wild-type #// activity in the
mutant clones is unlikely. Rather, TLL might provide MB progenitors with cellular identity
that specify a distinctive proliferation pattern, either by promoting cell cycle or by preventing
apoptosis or by both in parallel. In any case, such identity cannot be determined by TLL on
its own because TLL is expressed in other neuronal progenitors such as lamina precursor cells

in the optic lobes (Fig. 1D). Instead, we presume that the proliferation identity of MB
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progenitors may be specified in combination with other regulatory factors such as EY, which
is expressed in MB-Nbs, GMCs and postmitotic neurons to control MB development (Kurusu
et al., 2000; Noveen et al., 2000; Callaerts et al., 2001).

In the course of MB proliferation, TLL might downregulate key regulatory genes
involved in cell-cycle exit and differentiation, particularly given the fact that TLL functions
mostly as a repressor in the early embryogenesis (Moran and Jimenez, 2006). One such
candidate gene is pros. PROS is detected in MB-GMCs, but not MB-Nbs (Fig. 7A).
However, loss of pros causes neither tumorous transformation of MB progenitors (Sup Fig.
9D) nor suppression of #// phenotype in pros tll double mutant clones (Fig. 7E). Moreover,
PROS is not upregulated in #// mutant clones (Fig. 7B). Thus, these data argue against the
involvement of pros in the regulation of MB progenitors although they do not exclude a
redundant mechanism involving PROS cooperating with other factors. Alternatively, TLL
could indirectly control cell cycle progression by downregulating genes that suppress
progenitor division. In support of this, it is noteworthy that the mammalian homolog 7/x
(NR2E1) represses a tumor suppressor gene, Pten, via consensus TLL/TLX binding sites
located in the pten promoter, and thereby indirectly stimulates the expression of various cell
cycle genes including Cyclin D1, p57 kip2, and p27 kipl (Miyawaki et al., 2004; Zhang et al.,

2006).

Distinct proliferation control in MB progenitors

Studies on Drosophila neural progenitors reveal heterogeneity among the brain Nbs in terms
of temporal windows of cell division, patterns of self-renewal, and susceptibility to mutations
that regulate proliferation and termination of progenitors (Bello et al., 2003; Maurange and

Gould, 2005; Almeida and Bray 2005; Cenci and Gould, 2005; Bello et al., 2008; Bowman et
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al., 2008; Boone and Doe, 2008). Among the Nbs in the Drosophila brain, MB-Nbs exhibit
a highly unique proliferation pattern. Most Nbs pause cell division between the late
embryonic and the early first instar stages, and cease proliferation by the early pupal stage.
By contrast, MB-Nbs divide continuously from the embryonic stage till the end of pupal stage
(Ito and Hotta, 1992), generating diverse identities of neurons by temporal order (Lee and Luo,
1999; Zhu et al., 2006). In house cricket (Cayre et al., 1994) and moth (Dufour and Gadenne,
2006), proliferation activity of MB-Nbs further extends beyond the pupal stage to exhibit
persistent neurogenesis during adult life.

Although our data clearly indicate a pivotal function of TLL for persistent
proliferation and maintenance of MB-Nbs, the mechanism that determines the exit from cell
cycling at the end of pupal stage remains elusive. Neither extension of TLL expression
beyond the end of the pupal period nor blocking cell death program, by p35 or Diapl,
prolonged MB-Nb proliferation beyond the pupal stage (our unpublished observation),
suggesting existence of other mechanisms that schedule the end of MB-Nb activity. In most
brain Nbs, a burst of PROS in the nucleus at around 120 h after larval hatching (24 h APF)
induces cell cycle exit to regulate generation of postmitotic progeny in the brain (Maurange et
al., 2008). However, no burst of nuclear PROS is detected for MB-Nbs at the end of the
pupal stage when they finally exit from cell cycling (Sup Fig. 10), although our data
demonstrate that, as is the case with other Nbs in the brain, PROS indeed has such regulatory
potential in larval MBs that its overexpression results in partial loss of the MB-Nbs (Sup. Fig.
11). Moreover, MB clones lacking pros activity, which exhibit normal growth (Sup. Fig.
9D), cease cell division by the end of the pupal stage (data not shown).

During asymmetric cell division of Drosophila Nbs, PROS is kept inactive by

tethering to the cell cortex by MIRA (Betschinger and Knoblich, 2004; Bello et al., 2006;
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Betschinger et al., 2006; Lee et al., 2006b; Yu et al., 2006; Chia et al., 2008; Doe et al., 2008).
At telophase of Nb cell cycle, PROS is segregated into GMC, where it enters the nucleus to
trigger cell cycle exit and promote differentiation of post mitotic progeny that are generated
by the division of GMC. Accordingly, nuclear PROS is expressed at high levels in
postmitotic neurons and at moderate levels in GMCs (Bello et al., 2006). However, whereas
this partition pattern of PROS in the post-embryonic brain is shared between MB and
non-MB progenies (Fig. 6, Sup. Fig. 7 and Fig. 7A), PROS seems dispensable for cell-cycle
control of MB-GMCs (Sup. Fig. 9D). In non-MB lineages, loss of pros activity in GMCs
leads to failure of cell-cycle exit and transforms of GMCs into Nbs (Sup. Fig. 9C; Bello et al.,
2006; Betschinger et al., 2006; Choksi et al., 2006). However, loss of pros activity never
causes transformation of MB-GMCs (Sup. Fig. 9D) although mutant MB neurons exhibit
considerable dendritic defects (data not shown). On the other hand, as we discussed above,
TLL is expressed and required for MB-GMCs to suppress apoptosis and maintain active cell
cycling. Intriguingly, whereas PROS is suppressed by TLL in non-MB progenitors (Fig. 5
and 6), both proteins are coexpressed in MB-GMCs (Fig. 7A), clearly suggesting that, as
compared to the progenitors of non-MB lineages, a different mechanism may operate in MB
progenitors to control the expression of regulatory factors that are important for cell division

and differentiation.

Brain tumors produced by ectopic expression of TLL

The brain hyperplasia produced by TLL overexpression was reminiscent of brain tumors
caused by mislocalization of asymmetric determinants. Aberrant Nb divisions that disrupt
the positioning of such factors generate brain tumors (Yu et al., 2006; Chia et al., 2008).

Brain tissues from pins, mira, numb, or pros mutants generate tumors when transplanted in
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the wild-type abdomen (Caussinus and Gonzalez, 2005). In double mutants of pins and /g/,
mislocalization of aPKC in the basal cortex results in the generation of supernumerary Nbs at
the expense of GMCs, and thus, neurons (Lee et al., 2006a). BRAT is required for the
asymmetric positioning of PROS, which in turn suppresses self-renewal of GMC and
promotes cell differentiation by transcriptional control (Choksi et al., 2006). Mutant clones
of either brat or pros are highly tumorigenic, forming a large number of MIRA-positive Nbs
(Lee et al., 2006b; Bello et al., 2006; Betschinger et al., 2006).

While recapitulating the tumor phenotype, ectopic expression of TLL does not
affect asymmetric localization of aPKC, PINS, and BRAT (Sup. Fig. 8). Instead, TLL
downregulates PROS in hyperplasic brains (Fig. 5I) and in overexpression clones (Fig. 6D
and F), suggesting that the tumorigenesis phenotype caused by TLL expression is mediated by
PROS downregulation in GMCs. This notion is further supported by the fact that
coexpression of PROS with TLL suppresses brain hyperplasia (Fig. 7G). Notably, the
cis-regulatory region of pros harbors a consensus TLL binding site within 500 base pairs from
the transcriptional initiation site (M. K. and K. F. T., unpublished observations), consistent
with the idea that TLL might repress transcription of pros via direct DNA binding.

Recently, atypical large Nb lineages in the dorsomedial part of the larval brain have
been described and designated as Posterior Asense-Negative (PAN) Nbs (Bello et al., 2008;
Bowman et al., 2008; Boone and Doe, 2008). Nbs of such lineages divide asymmetrically to
self renew, but, unlike other Nbs, generate smaller intermediate progenitors that express Nb
markers. The fact that these atypical Nbs are MIRA-positive and PROS negative raises a
possibility that tumor clones induced by TLL could either correspond to or originate from
them. As with other Nbs, clones of the PAN-NDb lineages accompany only a single large Nb,

with their progeny arranged regularly in a columnar order (Sup. Fig. 6A; Bello et al., 2008;
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Bowman et al., 2008; Boone and Doe, 2008). By contrast, clones generated by TLL
overexpression harbor several large to intermediate-sized Nbs, exhibiting irregular
morphology (Sup. Fig. 6B), which is typical of tumors. Bowman et al. (2008) has also
shown that PAN-Nbs are the Nb subpopulation that exhibits overgrowth in brat mutants.
However, it is also unlikely that TLL induced overgrowth originates from overgrowth of PAN
Nbs, which correspond to eight Nbs in the DPM group (Pereanu et al., 2006) among the ~90
Nbs per hemisphere. On the contrary, TLL induces clonal tumors not only in DPM but also
in CM and BLP lineages (Fig. 6). Indeed, TLL overgrowth phenotype is not localized to a
specific location of the hemisphere, but broadly detectable in the brain including the optic
lobe (Fig. 51 and Sup. Fig. 5B). Moreover, TLL overgrowth phenotype is also induced in the

embryonic CNS (Sup. Fig. 4), arguing against the involvement of larval PAN-Nbs.

Conserved regulatory mechanism of neural progenitor proliferation by #/l/Tix homologs

The Drosophila TLL and the vertebrate homolog TLX (NR2EI1) share high sequence
similarity in the DNA binding domain (Yu et al., 1994; Monaghan et al., 1995). Tlx mutant
mice exhibit a reduction of rhinencephalon and limbic structures with emotional and learning
defects (Monaghan et al., 1997; Roy et al., 2002). Notably, 7/x mutant mice exhibit
reduction of neuron numbers in cortical upper layers (Roy et al., 2004), which are generated
by GMC-like intermediate progenitors (Noctor et al., 2004; Haubensak et al., 2004; Miyata et
al., 2004). Postnatally, TLX is localized to the adult neurogenic regions including the
subgranular layer of the dentate gyrus to maintain stem cells in a proliferative and
undifferentiated state (Monaghan et al., 1997; Shi et al., 2004). Recent behavioral studies
have shown that such TLX-positive neural stem cells actually contribute to animal’s spatial

learning (Zhang et al., 2008). Thus, combined with our results, these studies highlight a
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functional commonality of the #///TIx homologs between flies and mammals, and imply an
intriguing evolutionary conservation of the genetic programs underlying neural progenitor
controls in crucial brain structures involved in memory and other cognitive functions.
Intriguingly, the mammalian pros homolog ProxI promotes cell cycle exit and
differentiation of the neural progenitors in the developing subventricular zone and the retina
(Torii et al., 1999; Dyer et al., 2003; Lavado and Oliver, 2007), the neural tissues in that 77x
functions antagonistically to control progenitor proliferation (Roy et al., 2004: Shi et al.,
2004; Miyawaki et al., 2004; Zhang et al., 2006). Based on the #// GOF phenotypes in
Drosophila, we predict that deregulation of 7/x in the developing brain may cause suppression
of ProxI and could result in severe neurological tumors in humans. On the other hand,
consistent with the loss-of-function phenotypes in flies, several mutations have been
identified in the regulatory regions of 77x in humans with microcephary (Kumar et al., 2007).
Given the commonality in progenitor control, further studies of the Drosophila MB-Nbs may
shed light on the molecular basis of the proliferation and differentiation of neural progenitors,

and would provide important cues for understanding progenitor disorders in the human brain.
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Figure legends

Figure 1. TLL is expressed in MB neuroblasts and GMCs.

(A) A diagram showing the proliferation patterns of the Drosophila brain Nbs. L1, L2 and
L3; first, second and third instar larval stages. (B and Bl) Expression of TLL in the
embryonic brain at late stage 16. Triple labeling with anti-TLL (magenta), anti-DAC (blue),
and a pan-neural maker, anti-HRP antibody (green). Dorsal view. Arrows, MB primordia.
(C) TLL (magenta) and DAC (green) in the first instar larval brain. (D) TLL in the third
instar brain. Open arrowheads, lamina precursor cells. (E) TLL and DAC in MB neurons
at the third instar stage. (F-H) TLL expression in the pupal brain at 20h APF (F) and 50h
APF (G, H). (I) TLL in the adult MB at several hours after eclosion. In (D and F-I), MBs
are labeled with OK107 > UAS-mCDS::GFP (green). Scale bars: 25 um in (B); 15 pm in
(C); 50 um in (D); 25 um in (E); 50 pm in (F), applies also to (G); and 25 um in (H), applies

also to (I). Arrows, MB-Nbs. Arrowheads, MB-GMC:s.

Figure 2. Mutation of 7/ leads to significant reduction in MB clone size.

(A-C) Third instar MB-Nb clones generated by MARCM. (D and E) Adult MB-Nb clones
(green). Double staining with anti-FAS II (magenta), which labels the o/ lobes and weakly
labels the v lobe. (F) Rescue of the #//' MB-Nb clone with UAS-#/l. Third instar stage.
Number of neurons is indicated in each panel. Abbreviations: CX, calyx; DL, dorsal lobe;
ML, medial lobe. MBs are labeled with UAS-mCD8::GFP driven by OK107 in (A and C-E)
or by elav-Gal4°**® in (B and F). Mitotic recombination was induced at the early first instar

stage. Scale bars: 25 um in (A), applies also to (B, C, and F); 25 um in (D), applies also to

(E).
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Figure 3. Loss of #l/ function progressively impairs cell cycle in MB-Nbs and causes
premature loss of MB-Nbs in the early pupal stage.

(A and B) MB-Nbs in wild-type (A) and 111" mutant clones (B) at the third instar and the
pupal stages. Arrows, MB-Nbs; arrowheads, MB-GMCs. Number of clones
accompanying an identifiable Nb is indicated. Dividing cells were labeled with BrdU
(magenta). Note that, although MB mutant clones retained identifiable Nbs at 20 h APF,
many of them were not mitotically active lacking BrdU incorporation. (C) Fractions of Nbs
labeled with BrdU or anti-PH3. Number of each sample is indicated in the bar. Only
sample numbers are indicated for mutant clones of 40 h and 60 h APF because they lacked
identifiable Nbs. (D-K) Cyc E and Cyc B expression (magenta) in wild-type and 1ur®
mutant clones at the third instar stage (D-G) and 20 h APF (H-K). Arrows, MB-Nbs.
Mutant clones were induced at the early first instar stage. (L) Fractions of Nbs labeled with
anti-Cyc E or anti-Cyc B at the third instar stage and 20 h APF. Number of each sample is
indicated in the bar. MBs are labeled with UAS-mCDS::GFP (green) driven by OK107
(green). Mutant clones were induced at the early first instar stage. Scale bar: 10 um in (A),

applies also to (B); 10 um in (D), applies also to (E-G); 10 pm in (H), applies also to (I-K).

Figure 4. Loss of 7/l function causes cell cycle defects and apoptosis in MB-GMCs.

(A) Cell cycle activity in wild-type and #/"*’ mutant MB-GMCs. Number of each sample is
indicated in the bar. BrdU labeling was performed for 1 h immediately after dissection.
Note the significant suppression of cell division activity in ¢/ mutant MB-GMCs. (B-E)
BrdU pulse-chase experiments. MB clones were induced at the early first instar stage. At
the early third instar stage, larvae were fed with BrdU-containing food for 3 h, and then

dissected immediately (B and D) or after 32 h chase with normal food (C and E). Asterisks,
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MB-Nbs. Arrowheads, GMCs. Open arrowheads in (E) indicate nearby wild-type MB
neurons labeled with BrdU but not with GFP, the clonal marker. Magenta, BrdU
incorporation. Clones are marked with UAS-mCDS::GFP driven by OK107 (green). Blue,
MB cells labeled with anti-EY antibody. Scale bars: 10 pum. (F) Number of BrdU labeled
GMC and neurons per clone before and after chase. (G-J) Apoptotic cells in wild-type and
(1" mutant clones at the third instar stage (L3) and 20 h APF. Magenta, TUNEL positive
cells. Note the apoptotic signals in mutant MB-GMCs (arrowheads in I and J). No
TUNEL signals were found for Nb and neurons. MB cells are marked by UAS-mCDS::GFP
(green) driven by elav-Gal4 (G and H) or OK107 (I and J). Scale bar, 10 um. (K) Number
of TUNEL positive cells per clone at the third instar stage (L3) and 20 h APF. In (F and K),

number of each sample is indicated in the bar. **p<0.01 with Student's t-test.

Figure 5. Brain hyperplasia caused by ectopic TLL expression.

(A) Quantitative analysis of BrdU incorporation in wild-type and #// GOF brains. Note that
overexpression of TLL stimulates cell division in the larval and pupal brains. CB, central
brain. OL, optic lobes. Total number of pixels for BrdU signals was calculated with an
image analysis program based on Z-series of optical sections covering the entire brain
hemisphere. *p<0.05 and **p<0.01 with Student's t-test. Number of each sample is
indicated in the bar. Ectopic expression of #// was induced by elav-GeneSwitch. Newly
molted third instar larvae were fed with RU486 food and dissected at the late third instar stage
or 40 h APF. (B-G) Higher magnification views of wild-type and ¢// GOF brains. Larval
brains were double labeled for the indicated cell cycle markers (BrdU, Cyc B, Cyc E and
PH3). Confocal sections of corresponding focal planes. Third instar stage. Arrowheads

indicate wild-type Nbs (B-D) or intermediate-sized Nb-like cells (E-G). Note the
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supernumerary Nbs in #// GOF brain. Scale bar: 10 um. (H and I) Expression of MIRA
(magenta) and PROS (blue) in wild-type and #/ GOF brains. Confocal sections of
corresponding focal planes. Note the densely and irregularly packed MIRA positive cells in
the central brain of the #// GOF larvae at the expense of PROS positive cells. Third instar
stage. Scale bar: 20 um. (J) Number of MIRA positive cells per brain hemisphere. Large
to intermediate-sized Nb-like cells (the major axis > 6 pm) were counted based on the
confocal sections of corresponding focal planes. Third instar stage. Number of each

sample is indicated in the bar. **p<0.01 with Student's t-test.

Figure 6. TLL overexpression generates supernumerary-Nb clones.

(A) A schematic Nb lineage map in the larval brain. Groupings of the Nb lineages are
according to Pereanu et al. (2006). (B) Number of Nbs per wild-type and #// mutant clone of
the indicated lineage group. Large to intermediate-sized Nb-like cells with the major
diameters > 6 pm were counted for each clone. *p<0.05 and **p<0.01 with Student’s t-test.
Number of each sample is indicated in the bar. (C-F) Wild-type and ¢/l GOF clones of the
indicated Nb lineages. Clones were induced at the first instar. UAS-#/l was driven by
elav-Gal4 with UAS-mCD8::GFP (green). MIRA (magenta) and PROS (blue). Asterisks
indicate wild-type Nbs (C and E) or PROS- and MIRA+ Nb-like cells (the major axis > 6 um)
(D and F). Arrowheads in (C and E) indicate GMCs expressing PROS. Dotted lines

demarcate the outline of the clones. Scale bar: 10 um in (C), also applies to (D-F).

Figure 7. Distinctive requirements of pros and #/ in MB- and non-Mb progenitors.

(A) Expression of TLL (magenta) and PROS (blue) in the wild-type MB. Third instar.

Note the coexpression of TLL and PROS in the MB-GMCs (arrowhead), but not in the
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MB-Nb (arrow). (B) PROS expression is not altered in #// mutant MB clones. Third instar.
PROS (blue) and MIRA (magenta). For wild-type control, see Sup. Fig. 7C. (C and D)

I'* and pros'’ double mutants in MB and non-MB lineages. (C)

Clonal phenotypes of ¢/
MB-Nb clone and (D) non-MB Nb clone. Blue, DAC expression. Numbers of reduced
MB clones (C) or tumor clones (D) are indicated. Arrows, MB-Nb. Arrowheads,
MB-GMCs. Asterisks in (D) indicate multiple Nbs. In (A-D), cells were labeled with
OK107 > UAS-mCDS8:: GFP. Clones were induced at the first instar. (E-G) Suppression
of TLL-induced brain hyperplasia by PROS coexpression. Brain hemispheres at third instar
stage. Note the restoration of the wild-type Nb pattern in the #// pros GOF brain (G). Nbs
were visualized with anti-MIRA. Overexpression was induced by elav-GeneSwitch with

RU486 fed from newly molted third instar larvae. OL, optic lobe. CB, central brain.

Scale bars: 20 um except for (B), 10 pm.

Supplementary Figure 1. Proliferation pattern of the Drosophila MB-Nbs.

(A) Embryonic stage 16. Dorsal view. (B) Early first instar stage. (C and D) Late third
instar stage. (D) Higher magnification image showing the Nbs (arrows). (E-G) Pupal
stages of the indicated time. (H) Newly eclosed adult. Green, UAS-mCDS8::GFP driven by
the indicated driver. Proliferating cells are marked with BrdU (magenta) or anti-PH3 (blue).
CB, central brain. OL, optic lobe. Scale bars: 40 um in (A); 20 um in (B and C); 10 pm in
(D); 50 um in (E), applies also to (F and G); and 50 um in (H). Arrows in (A, B, and E-G)

indicate the MB-Nbs.

Supplementary Figure 2. Mutation of #// dose not alter the expression of EY and DAC

in the MBs.
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(A-C) Expression of EY in wild-type (A) and 11" (B and C) clones in the third instar larval
brain. Cells are labeled with UAS-mCDS8::GFP (green) driven by OKI107. Asterisks,
MB-Nbs. Note EY is normally expressed in the mutant Nb (asterisk in B), GMC (arrow
head) and neurons (open arrowhead in C). (D and E) Expression of DAC in wild-type (D)
and 7" (E) clones in the third instar larval brain. Although the number of neurons is much
reduced in the mutant, DAC is expressed in the mutant neurons (open arrowhead in C).
(F-H) TLL expression in the embryonic MB primordia. Neurons are visualized with
anti-HRP staining (green). Asterisks, MB-Nbs. Note neither ey nor dac mutation
abolished TLL expression. Scale bars: 10 pum in (A-E); 10 pm in (F), applies also to (G and

H).

Supplementary Figure 3. Expression of p35 fails to rescue MB defects in #// mutant
clones.

(A) Wild-type MB. (B) (™ mutant MB clone. (C) #/"’ mutant MB clone with p35
expression. 40 h APF. Clones are marked with UAS-mCDS::GFP (green) driven by
OK107 along with UAS-p35. A and B are same images as in Fig. 3A and B for comparison.

Scale bars: 10 um in (A), applies also to (B); 10 um in (C).

Supplementary Figure 4. Embryonic CNS hyperplasia caused by TLL overexpression.

(A-D) Embryonic CNS hyperplasia at the stage 17. (A and B) Wild-type embryos. (C and
D) ¢/l GOF embryos. CNS expression of UAS-tll was driven by elav-Gal4. (E-H) Cell
division activities in #// GOF CNS at the embryonic stage 16. (E and F) Control. (G and
H) ¢/l GOF CNS. Embryos were double labeled for BrdU (magenta) and anti-PH3 (blue).

(A, C, E, and G) Dorsal views of the embryonic brain. (B, D, F, and H) Ventral ganglia of
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the same embryos. Neural cells are visualized with UAS-mCD8::GFP (green) under

elav-Gal4. Scale bars: 40 um (A) and 100 um (B).

Supplementary Figure 5. Overexpression of TLL causes aberrant mitotic activity in
the larval and pupal brains.

(A and B) Brain hemispheres of wild-type and #// GOF larvae. Third instar stage. Magenta,
BrdU; blue, anti-PH3. Confocal sections of the corresponding focal planes. Scale bar: 20
um. (C and D) Higher magnification views of wild-type and t// GOF brains. Third instar
stage. MIRA (magenta) and PROS (blue). Confocal sections of corresponding focal planes.
Scale bar: 10 um. Arrowheads indicate wild-type Nbs (C) or intermediate-sized Nb-like
cells (D). Newly molted third instar larvae were fed with RU486 food and dissected at the
late third instar stage. (E-H) Dividing cells in wild-type and #// GOF brains at 40 h APF.
Scale bars: 100 um (E) and 10 pm (F). Arrows in (H) indicate intermediate-sized Nb-like
cells. Expression of ¢/l was driven by elav-GeneSwitch. Newly molted third instar larvae
were fed with RU486 food and dissected at 40 h APF. Note persistent GeneSwitch-Gal4

activity in the pupal stage as revealed by mCD8::GFP expression.

Supplementary Figure 6. Morphological comparison of TLL-induced tumor clone with
PAN-Nb and CM-ND clones.

(A) Large wild-type PAN-Nb clone of the DPM lineages. Arrow indicates the single Nb of
the wild-type large clone. (B) Tumor clone of the DPM lineage induced by t//
overexpression. Arrows, supernumerary Nbs. Note the multiple Nbs and the irregular
morphology of the #// GOF clone. (C and D) Wild-type Nb clone (C) and a tumor clone (D)

in CM lineage. Arrows, Nbs. UAS-tll was driven by elav-Gal4 with UAS-mCDS::GFP.
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Clones were induced at the first instar.  Scale bar: 10 um, applies also to (B-D).

Supplementary Figure 7. TLL overexpression does not induce supernumerary-Nb
clones in the DPL and MB lineages.

(A-D) Wild-type and ¢/l GOF clones of the DPL (A and B) and MB (C and D) lineages.
Clones were induced at the first instar.  UAS-t/l was driven by elav-Gal4 with
UAS-mCD8::GFP (green). MIRA (magenta) and PROS (blue). Asterisks indicate the
single Nb in the clone. Arrowheads indicate GMCs expressing PROS. Scale bar: 10 pm in

(A), applies also to (B-D).

Supplementary Figure 8. Overexpression of TLL dose not alter the asymmetric
localization of aPKC, PINS, and BRAT.

(A and C) Wild-type Nbs. (B and D) #/ GOF Nbs. Nbs of the CM lineages at the third
instar stage. Note that expression and localization of aPKC, PINS, BRAT, and MIRA are not
altered in t/l GOF clones. PROS is expressed in the wild-type GMCs (arrowheads in C) but
not in the #// GOF GMCs (arrowheads in D). UAS-#// and UAS-mCDS::GFP were driven by

elav-GeneSwitch with RU486 fed from newly molted third instar larvae. Scale bars: 5 pm.

Supplementary Figure 9. Distinctive phenotypes of pros LOF mutation in MB and
non-MB clones.

(A and B) Wild-type MB-Nb clone (A) and non-MB Nb clone (B). Arrows indicate the
MB-Nb. (C) pros17 non-MB clone harboring multiple Nbs (asterisks). (D) pros17 MB
clone with a single Nb (arrow). Number of multiple (C) or single (D) Nb clones is indicated.

Cellular markers: anti-MIRA (magenta) for Nbs and anti-DAC (blue) for postmitotic neurons.
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(E) pros'” mutant clone of non-MB lineage. Asterisks indicate multiple Nbs typical for pros
mutant clones. Note that TLL is not upregulated in pros mutant clones. (F) pros'’ mutant
clone of MB lineage. Arrow, Nb. Arrowhead, GMCs. Note wild-type like TLL
expression in the MB-Nb and GMCs. Cells were labeled with OK107 > UAS-mCD8:: GFP.

Scale bars:10 um in (A), applies also to (B); 20 um in (C-F).

Supplementary Figure 10. PROS is not recruited at cell-cycle exit of MB-Nbs.

(A and B) Wild-type MBs at 88 h APF. (A) TLL (blue) and PROS (magenta) expression.
(B) MIRA, PH3 (blue) and PROS (magenta) expression. Arrows, MB-Nb. Arrowheads,
MB-GMCs. Note PROS is not recruited in the MB-Nb that remains at this stage. Similar
results were obtained at 92h APF. Scale bar: 10 um in (A) applies also to (B). (C) Number
of MB-Nbs per brain hemisphere at the end of the pupal stage. Note only one MB-Nb
remained identifiable at 88h APF and most MB-Nbs disappeared by 92 h APF. Number of

each sample is indicated in the bar.

Supplementary Figure 11. Overexpression of pros causes partial loss of MB-Nbs.

(A and B) Wild-type (A) and pros GOF (B) MBs at third instar stage. Note the marked
reduction in the number of neurons in pros GOF MBs. Cells were labeled with OK107 >
UAS-mCDS8::GFP. DL, dorsal lobe. ML, medial lobe. KCs, Kenyon cells. Scale bars:
20 um. (C) Number of Nbs in wild-type and pros GOF MBs. **p<0.01 with Student's
t-test. Number of each sample is indicated in the bar. UAS-pros was driven in MBs by

OK107.
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