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ABSTRACT

Notch signalling is involved in a multitude of developmental decisions
and its aberrant activation is linked to many diseases, including
cancers. One example is the neural stem cell tumours that arise from
constitutive Notch activity in Drosophila neuroblasts. To investigate
how hyperactivation of Notch in larval neuroblasts leads to tumours, we
combined results from profiling the upregulated mRNAs and mapping
the regions bound by the core Notch pathway transcription factor
Su(H). This identified 246 putative direct Notch targets. These genes
were highly enriched for transcription factors and overlapped
significantly with a previously identified regulatory programme
dependent on the proneural transcription factor Asense. Included
were genes associated with the neuroblast maintenance and self-
renewal programme that we validated as Notch regulated in vivo.
Another group were the so-called temporal transcription factors, which
have been implicated in neuroblast maturation. Normally expressed in
specific time windows, several temporal transcription factors were
ectopically expressed in the stem cell tumours, suggesting that Notch
had reprogrammed their normal temporal regulation. Indeed, the
Notch-induced hyperplasia was reduced by mutations affecting two of
the temporal factors, which, conversely, were sufficient to induce mild
hyperplasia on their own. Altogether, the results suggest that Notch
induces neuroblast tumours by directly promoting the expression of
genes that contribute to stem cell identity and by reprogramming the
expression of factors that could regulate maturity.

KEY WORDS: Drosophila, Neuroblast, Notch, Gene regulation,
Stem cell

INTRODUCTION

The Notch pathway is a cell communication mechanism that is
involved in many developmental decisions and in stem cell
homeostasis of adult tissues. Furthermore, abnormal Notch activity
is linked to various diseases, including several forms of cancer.
Indeed, in some cancers Notch is thought to have arole in the initiation
and maintenance of cancer stem cells (CSCs) (Capaccione and Pine,
2013; Ntziachristos et al., 2014). One context in which high Notch
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activity causes stem cell hyperplasia, with similarities to CSCs, is in
Drosophila neural stem cells, the so-called neuroblasts (NBs). Notch
is normally active in NBs but is rapidly inactivated in their progeny.
Sustained activity of the pathway in the NB lineages results in brain
tumours, where the overproliferation of NBs at the expense of neurons
gives rise to large NB masses in the brain that compromise the survival
of the animals to adulthood (Bowman et al., 2008; Wang et al., 2006;
Weng et al., 2010). It is therefore important to understand how
sustained Notch activity alters the balance between self-renewal and
differentiation to result in tissue tumorigenesis.

In normal circumstances, the larval NBs undergo repeated rounds
of asymmetric division to generate neurons appropriate for the adult
CNS. At each division the larger cell maintains NB properties and
regrows to sustain many rounds of division (Knoblich, 2008; Sousa-
Nunes and Somers, 2013). The majority are Type I NBs, identified
by expression of the transcription factors (TFs) Deadpan (Dpn) and
Asense (Ase), whose small daughter cell, the ganglion mother
cell (GMC), divides terminally to produce two neurons and/or glia.
A small number of NBs, the so-called Type II NBs (eight per brain
lobe), express Dpn but not Ase and follow a more complex pattern
of division. When these divide asymmetrically, their smaller
daughter is an immature intermediate neural progenitor (INP),
which reaches maturation within a few hours and then itself divides
asymmetrically a few times. In this case, the daughter is a GMC
similar to that of Type I NBs. The existence of INPs enables Type II
NBs to generate a large number of progeny in a short period of time
(Bayraktar and Doe, 2013; Bello et al., 2008; Boone and Doe, 2008;
Bowman et al., 2008; Izergina et al., 2009; Kang and Reichert,
2014; Knoblich, 2008). At the end of larval life, both Type I and
Type 11 NBs exit the cell cycle and cease proliferation, under the
influence of temporal factors (Chai et al., 2013; Maurange et al.,
2008), the steroid hormone ecdysone (Homem et al., 2014) and
other cues (Chai et al., 2013).

Notch pathway activity is detected in NBs and contributes to their
maintenance. During mitosis, one of the key determinants that is
segregated asymmetrically into the GMC daughter is Numb, a

potent inhibitor of Notch signalling (Babaoglan et al., 2009;
Connor-giles et al., 2003; Guo et al., 1996; Le Borgne et al., 2005;
Rhyu et al.,, 1994; Spana and Doe, 1996; Wang et al., 2006).

Perturbations in Numb function lead to uncontrolled proliferation of
NBs and the formation of brain tumours. This is largely caused by
the ectopic Notch activity that ensues, a condition that is mimicked
by expression of a constitutively active Notch fragment (Bowman
etal., 2008; Wang et al., 2006; Weng et al., 2010). Upon interaction
with its ligands [Delta (D1) or Serrate (Ser)], the Notch receptor
undergoes two proteolytic cleavages to release the Notch
intracellular domain (Nicd), which translocates into the nucleus
where it interacts with the CSL (also known as RBPJ) DNA-binding
protein {Suppressor of Hairless [Su(H)] in Drosophila} and
activates the transcription of target genes (Bray, 2006; Kopan and
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Ilagan, 2009). Expression of Nicd or of a transmembrane fragment
mimicking the first ligand-activated cleavage (NAecd), results in
similar brain tumours to those caused by loss of Numb.

One significant target of Notch activity in NBs is Enhancer of
spilt my [E(spl)my-HLH], a HES family gene that is dependent on
Notch for expression (Almeida and Bray, 2005). However,
mutations removing the entire E(sp/) complex [E(spl)-C] of
Notch-responsive genes have only minor effects on NB
maintenance, suggesting that additional targets exist. Indeed,
E(spl)my-HLH appears to function semi-redundantly with dpn,
another HES family gene, which has both Notch-dependent and
Notch-independent modes of regulation in NBs (San-Juan and
Baonza, 2011; Zacharioudaki et al., 2012; Zhu et al., 2012). In
addition, expression of the zinc-finger protein Klumpfuss (Klu) may
also be Notch regulated in this context (Berger et al., 2012; Xiao
et al., 2012). Overexpression of E(spl)my-HLH, dpn or klu can
cause NB hyperplasia (Berger et al., 2012; San-Juan and Baonza,
2011; Xiao et al., 2012; Zacharioudaki et al., 2012); however, their
effects are generally weaker or more spatially limited than that of
Nicd or NAecd. It therefore appears that these Notch targets do not
account for the full scope of Notch functions in normal NBs, nor in
the hyperactive Notch-induced NB tumours.

To characterise the repertoire of genes activated by Notch in
overproliferating NB tumours we compared the transcriptional
profiles from the CNS of Notch-induced NB hyperplasia with wild
type (WT) and integrated these data with maps of the regions bound
by Su(H) in the Notch hyperplasia. The Notch targets identified in
this way were highly enriched in genes encoding TFs associated
with NB maintenance and the self-renewal programme, as well as
TFs that are implicated in the temporal programming of the stem
cells. Validating these targets and their functions in vivo suggests
that stemness and temporal TFs might cooperate to sustain Notch-
induced hyperplasias. Furthermore, the redundancy between the
identified targets potentially gives a robustness to the signalling
output that could explain why the previously known targets are
insufficient to account for the Notch activation phenotype.

RESULTS

Identification of Notch target genes involved in NB
hyperplasia

Constitutively active Notch (NAecd) results in NB overproliferation
at the expense of neurons (Bowman et al., 2008; Wang et al., 2006).
To identify genes acting downstream of Notch to produce NB
hyperplasia, we first characterised the population of RNAs showing
elevated expression, since the Nicd complex results in
transcriptional activation (Fig. 1A). NAecd was expressed for 24 h
in larval NBs (via grhNB-Gal4 Gal80ts) to produce CNS dominated
by Dpn-expressing NBs (Fig. 1A), which included many Ase™ Type
II NB-like cells as well as Ase” Type I NB-like cells (Fig. S1A). A
comparison of their RNA expression profile with that of control
CNS of a similar stage identified 1576 upregulated transcripts in
NAecd hyperplastic CNS (FDR<0.1) (Table S1). We note that, as
this reflects changes in the entire CNS transcriptome, the effects of
NAecd will be attenuated by the non-NB cells and there will be
indirect effects from the altered ratios of cell types in the
hyperplastic brains.

To distinguish which genes may be directly regulated by Notch
activity, genomic regions occupied by Su(H) in hyperplastic brains
were identified by ChIP. The 595 bound regions were significantly
enriched for sequences matching the consensus Su(H) binding
motif YGTGRGAA (P=4.11x107%3), strengthening the likelihood
that they represent bona fide binding sites. Other enriched motifs
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included those for Tramtrack (Ttk), which is expressed in glial cells
(Badenhorst, 2001) and may thus repress the enhancers in those
lineages, for bHLH repressor proteins (CRCGTG) and for the
homeodomain protein Homothorax (Hth) (TGACA), which is
discussed further below (Fig. 1D, Fig. S1C).

Our criteria for direct Notch-regulated genes are that they should
be both upregulated in the Notch-induced hyperplasia and
associated with Su(H)-occupied regions. This implies that Su(H)-
bound genes should be enriched among those that are upregulated
by NAecd, which we confirmed by two approaches. First, gene set
enrichment analysis (GSEA) (Mootha et al., 2003; Subramanian
et al.,, 2005) using a pre-ranked gene list from the expression
analysis (3717 genes, FDR<O0.1) indicated a significant enrichment
of Su(H)-bound genes among those with upregulated mRNAs
(normalised enrichment score=1.68, P=0.037; Fig. 1B). Second, a
comparison of the Su(H)-bound genes with gene lists generated
from 10,000 randomly generated ChIP peak sets demonstrated that
the former were preferentially enriched among the more highly
upregulated genes [log, fold change (FC)>0.5; see Materials and
Methods and Table S3].

By intersecting the 1576 upregulated genes with those located
within 20 kb of Su(H) peaks, we identified a set of 246 candidates
for direct Notch targets in the CNS stem cells, of which 185 had log,
FC>0.5 (Fig. 1C, Table S2). These included E(spl)my-HLH and dpn
(Fig. 1F), two genes previously associated with Notch regulation in
larval NBs. Furthermore, the gene set was significantly enriched in
NB-expressed genes (P=5.47x107%), based on two different
experiments in which NB transcription profiles were analysed
(Fig. 1C) (Bergeret al., 2012; Southall et al., 2013). Conversely, the
gene set was not enriched for genes expressed in sensory organ
proneural clusters (Reeves and Posakony, 2005), where Notch has
an opposing function and is off in the neural precursor.

Functional characteristics of the 246 putative direct Notch
targets were assessed using gene ontology (GO) and protein
domain annotations (Fig. 1E). Besides general development-
related categories (‘post-embryonic organ morphogenesis’, ‘cell
fate determination’), enriched categories included ‘regulation of
transcription’ and ‘DNA binding’, along with three neurogenesis-
related categories (‘neuron differentiation’, ‘sensory organ
development’, ‘compound eye development’; Fig. 1E). Several
targets in the transcription category have been implicated in NB
maintenance [E(spl)my-HLH, dpn, klu, wor, grh (Almeida and
Bray, 2005; Berger et al., 2012; Cenci and Gould, 2005; San-Juan
and Baonza, 2011; Song and Lu, 2011; Xiao et al., 2012;
Zacharioudaki et al., 2012; Zhu et al., 2012)] or in their temporal
regulation [cas, svp, hth (Li et al., 2013; Maurange et al., 2008)].

Strikingly, Notch-regulated genes in NB hyperplasia were
generally different from those in an epithelial hyperplasia caused
by excessive Notch activity in wing imaginal discs (Djiane et al.,
2013). First, the overall functional characteristics differed: in NB
hyperplasia the target genes were associated with cell fate
commitment and transcription (Fig. 1E), whereas in epithelial
hyperplasia they were enriched for signalling pathways and
proliferation control (Djiane et al., 2013). Second, only nine
genes appeared to be directly Notch induced in both conditions
(Fig. 1C; P=0.028). Even when genes from a similar Su(H)-
induced wing disc hyperplasia were added, the overlap only
increased to 18 genes, although this is a significant enrichment
demonstrating that the responses are related (P=1.091x107°).
Besides E(spl)my-HLH, the overlap included dpn (also HES
related) and Myc. The latter is widely regulated by Notch in many
contexts both in flies and mammals (Djiane et al., 2013; Klinakis
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Fig. 1. Identification of target genes in Notch-
induced NB hyperplasia. (A) Wild-type (WT) and
hyperplastic (NAecd; expressed using grhNB-
Gal4) Drosophila CNS. Dpn marks NBs in brain
lobes (top) and VNC (bottom). Scale bars: 50 um.
(B) GSEA plot of enrichment scores (classic
scoring approach) for Su(H)-bound genes [defined
as genes within 20 kb of an Su(H) peak] relative to
genes showing expression changes, pre-ranked by
log, fold change (FC) (3717 genes, FDR<0.1)
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et al., 2006; Krejci et al., 2009; Weng et al., 2006). Finally, even
for those genes that were regulated in both tissues, the Su(H)
binding profiles differed (e.g. Fig. 1F). For example, in CNS,
Su(H) was detected at a region 5" of the dpn gene body, which
overlapped with a previously identified NB enhancer (San-Juan
and Baonza, 2011), whereas in wing-discs it was predominantly
bound at an intronic enhancer (Babaoglan et al., 2013). These
results demonstrate that Notch responses can differ extensively,
even in circumstances when the eventual outcomes for the tissue
are similar (i.e. tissue overgrowth).

Notch regulates genes linked to stem cell identity
Two previous studies have investigated gene networks involved in
regulating NBs. One evaluated the enrichment of RNAs in NBs

compared with neurons in the larval CNS and then proposed a
regulatory network of TFs (Berger et al., 2012). This TF network is
significantly represented amongst our CNS direct Notch targets
(P=7.278x10717; Fig. SIB). Indeed, our results confirm Notch
regulation of a core network of these genes. The second used the
binding profile of the proneural protein Ase to identify genes
involved in NB programming in the embryo (Southall and Brand,
2009). Again, the Notch target genes were highly enriched in these
Ase-bound genes: 69/246 were identified targets of Ase
(P=4.75x107'%; Fig. 2A). This subset of Notch targets was also
enriched in genes bound by two other TFs involved in regulating
NB lineages, namely Dpn and Pros (P=7.794x1072%; Fig. 2A)
(Southall and Brand, 2009). By contrast, the 177 genes that were not
Ase targets showed less overlap with Dpn/Pros regulation (P=0.005;
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Fig. 2. Notch regulates the NB stem cell network as well as temporal genes. (A) A significant proportion of Notch NB targets overlap with Ase-regulated genes
(black; P=4.747x10~"%). This subset is enriched in Dpn (light green), Dpn and Pros (dark green), and Pros (mid-green) regulated genes (P=7.794x1072°)
compared with the Ase™ subset (P=0.005). Both subsets show similar enrichments for NB-expressed genes (data not shown). (B) Examples of NB-specific genes
upregulated in Notch-induced hyperplasia and associated with Su(H) peaks; log, FC relative to controls. All are in the Ase™ subset of NB targets. (C) Grh and Mira
are upregulated by ectopic Notch activity. Expression of Grh (top row; red, white) and Mira (bottom row; red, white) in WT (control) and NAecd-expressing NBs,
marked by CD8-GFP (green). In this and subsequent figures Dpn or Ase marks NBs as indicated (Ase also labels GMCs). (D) Sensitivity of Grh and Mira
expression to disruption of the Notch pathway. Grh (left panels; red, white) or Mira (right panels; red, white) expression in GFP-marked clones mutant for DIV’
Ser™7% (top two rows; green) or WT (bottom row; green). Yellow arrows indicate NBs from mutant Type | lineages; yellow outlines mark mutant or control Type I
lineages. Insets are Dpn only, to show INP numbers in mutant lineages. Type Il lineages were scored as having altered expression if levels in NBs or INPs were
reduced and/or if fewer Dpn* INPs expressed the gene of interest. (E) Temporal genes included among the Notch targets; log, FC relative to controls. (F) Sporadic
upregulation of Hth, Svp and Cas (red or white as indicated) in NBs expressing NAecd (right panels; marked by CD8-GFP, green) compared with controls (left
panels; CD8-GFP, green). Only Hth is detectable in some control NBs, where levels are low. With NAecd expression, Hth is present at high levels in all
supernumerary NB-like cells; Svp and Cas are expressed de novo in ectopic NB-like cells. (G) Disruption of Notch activity (Dl'evm SerRxms) does not perturb Hth
or Cas expression in Type | (yellow arrows) or Type Il lineages (yellow outline). GFP-marked clones (green) are stained for Cas or Hth (red or white). Insets are
Dpn only, to show INP numbers in mutant lineages. Scale bars: 50 pm.

Fig. 2A). Nevertheless, both Ase* and Ase™ subsets were similarly Altogether, these comparisons reveal that a significant proportion
enriched in NB-expressed genes, suggesting that the latter are also  of the Notch targets have been implicated in regulatory networks
important in NBs. coordinating the NB stem cell programme (e.g. Fig. 2B). We
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therefore sought to verify their response to Notch signalling by
testing whether expression from a subset (grh, wor, mira, numb)
was modified when NBs were subjected to a pulse of NAecd for
24 h. All four genes were expressed in overproliferating NB-like
cells generated under these conditions (grh, mira, Fig. 2C; wor,
numb, Fig. S2A). Indeed, Mira levels were significantly higher in
the NAecd lineages (Fig. S2C,D), although we note that, in general,
the major effect is one of more cells expressing these genes rather
than a large increase in expression levels per cell. Nevertheless,
there is widespread expression of the stem cell genes in response to
ectopic Notch activity in vivo, in agreement with the expression
array results.

To test whether stem cell network genes are sensitive to reduced
Notch function, we generated marked clones of cells mutant for DI,
Ser [which compromises Notch activity in NBs (Zacharioudaki
etal., 2012)] or for mastermind (mam) (to prevent the transcriptional
activation of targets). Such manipulations led to significantly altered
expression of mira (100% of lineages, n=8; Fig. 2D), grh (85.72%
of lineages, n=7; Fig. 2D), wor (60% of lineages, n=>5) and numb
(100% of lineages, n=7) in Type II lineages (Fig. S2B, Table S4).
The effects in Type I lineages were more subtle, as mira was the only
gene that was significantly reduced in expression (16.2% of
lineages, n=99; Fig. 2D, Table S4), although the levels of Numb and
Wor were also reduced in some clones. Altogether, these data are
consistent with these genes being under Notch regulation in some
NB lineages. The fact that their expression is not abolished upon
Notch loss of function in Type I NBs might be the consequence of
additional, compensatory regulatory inputs, as has been shown for
dpn (San-Juan and Baonza, 2011; Zacharioudaki et al., 2012), or of
Type I NBs being more resilient to reductions in Notch activity
(Bowman et al., 2008; Wang et al., 2006).

Notchregulates the expression of TFs implicated in temporal
programming

In addition to genes implicated in NB identity, which are expressed
consistently and specifically in NBs, Notch targets also included
genes with more dynamic NB expression (Fig. 2E). Several of these
are involved in temporal programming of NBs and their progeny
(Maurange et al., 2008). In particular, svp and cas are expressed in
NBs at mid-larval stages and regulate a change in the size and
identity of the neurons produced, as well as determining the time
that NBs will undergo cell cycle exit or Reaper/Hid/Grim-
dependent apoptosis (Maurange et al., 2008). Ath has a similar
role in programming optic lobe NBs (Li et al., 2013) and exhibits
dynamic expression in central brain NBs (data not shown), although
its function there is not known. The fact that such genes have
increased expression in Notch-induced NB tumours suggests a
disruption to the temporal programme such that early expressed
genes are transcribed at later times.

To substantiate the expression array results we compared the
expression of svp, cas and hth in WT CNS with that in which
NAecd was induced for 24 h. No expression of Cas or Svp was
detected in NBs in late WT CNS (Fig. 2F, Fig. S3A); their
expression was entirely complementary to that of Dpn, suggesting
that they were predominantly neuronal. Expression of Hth was
more complex, with variable levels in NBs as well as in GMCs and
in neuronal progeny (Fig. 2F). In the presence of NAecd, all three
proteins were detected in the ectopic NB-like cells. Many Dpn™
cells expressed Svp and Cas and they exhibited greatly enhanced
Hth levels (Fig. 2F, Fig. S3A,B). Thus, unexpectedly, sustained
Notch activity results in ectopic expression of temporal genes in
late stage NBs.

By contrast, reductions in Notch function had relatively little
impact on cas, hth or svp expression (Fig. 2G). In Type I lineages
mutant for DI Ser, Cas and Svp were still present, both at L3 in
neurons (Fig. 2G, Table S4) and at earlier stages when these proteins
are normally expressed in NBs (L2, 30-50 h after larval hatching;
Fig. S3C). In DI Ser mutant Type II lineages Hth and Svp were
absent, suggesting that their expression might be dependent on
Notch in these NBs. Thus, similar to the NB-specific genes,
temporal programming genes are responsive to Notch
overactivation but are largely resistant to Notch downregulation,
except in Type II NBs, suggesting that compensatory mechanisms
might be involved in regulating their NB expression.

Su(H)-bound regions identify NB enhancers

If Notch coordinates the expression of stem cell and temporal
programming genes, the regions occupied by Su(H) should
correspond to Notch-regulated enhancers that direct expression in
NBs. To test this, we first measured the activity of fragments
encompassing the Su(H)-bound regions in grk, wor and mira using
luciferase reporter assays (Fig. 3A,B). All three enhancers were
upregulated by Nicd, and the responses of grh and wor were
compromised when sequences corresponding to Su(H) recognition
motifs were mutated, consistent with these being direct Notch-
regulated enhancers (Fig. 3B). Subsequently, we focused on gr,
where Su(H) binding was detected in an intronic region that was
adjacent to, but not overlapping, a previously identified NB
enhancer (Prokop et al., 1998). When placed upstream of a lacZ
reporter, this fragment (grh/NRE]; Fig. 3A) was sufficient to direct
expression in NBs (Fig. 3C,E). We therefore tested whether the
enhancer was responsive to Notch signalling. First, expression of
grh[NRE]-lacZ was detected in the ectopic NB-like cells in the
presence of NAecd (Fig. 3C). Its expression was also elevated within
NAecd NB-like cells as compared with neighbouring WT NBs in
the dorsal brain (Fig. 3D). Second, gri/NRE]-lacZ expression was
significantly reduced in NB lineages in which Notch signalling was
compromised by mutations in DI and Ser (Fig. 3E,G). Thus, the
Su(H)-bound region within grh corresponds to an enhancer that
specifically directs expression in NBs and that is responsive to
Notch signalling, supporting the proposal that grh has a direct input
from Notch activity.

A similar strategy was taken with the temporal factors svp and cas.
Of three fragments bound by Su(H) in the vicinity of cas (Fig. 3A),
two directed expression in NBs. cas-prox/NRE] generated high
levels of lacZ expression in NBs, even at late larval stages, whereas
cas-med[NRE] yielded lower levels of expression (Fig. 3C). The
third region overlaps a previously defined NB enhancer (Kuzin
etal., 2012), although it was inactive in our assays. Similarly, the svp
[NRE] fragment (Fig. 3A) generated high levels of lacZ expression
in a subset of NBs and lower levels in others (Fig. 3C). Thus, as with
grh, the Su(H)-bound regions correspond to NB enhancers.
Notably, however, these were still active in late NBs, a
developmental stage when the corresponding genes would be shut
off. This suggests either that these enhancers lack sequences
necessary for their inactivation at later stages or that there is an
enhancer handover mechanism (Boukhatmi et al., 2012), with a
distinct region involved in mediating the repression at late stages.

The svp and cas enhancers all responded positively to ectopic
Notch activity. Thus, the ectopic NB-like cells exhibited robust
expression from cas-prox/NRE], cas-med [NRE] and svp [NRE] in the
presence of NAecd (Fig. 3C). Conversely, many NBs had reduced
levels of cas-med[NRE] and svp/NRE] when Notch activity was
compromised, although the effects on cas-med[NRE] were subtle
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(Fig. 3F,G). By contrast, a high proportion of NBs retained high levels
of cas-prox[NRE] expression in DI Ser mutant lineages. Nevertheless,
both cas and svp are associated with at least one enhancer that exhibits
a consistent response to Notch activity, in agreement with these genes
having direct regulatory input. In addition, Su(H)-bound regions for
eight other genes were similarly tested in vivo, of which seven yielded
NB expression (data not shown).

Role of stem cell identity genes in Notch-induced NB
hyperplasia

Possible roles for Notch-regulated NB-expressed genes might be to
inhibit pro-differentiation factors and/or to maintain the self-
renewal characteristics of NBs. One candidate for the former is
mira, which encodes a protein required to retain key factors at the
cytoplasmic cortex of NBs. In Type I NBs these include Pros, a
transcriptional regulator of proliferation/differentiation, which can
drive proliferating larval NBs into quiescence (Lai and Doe, 2014).
By upregulating the expression of mira, Notch activity could favour
the sequestration of Pros and so promote self-renewal. To test
whether Mira is important for Notch-induced hyperplasia, we
analysed the consequences of Mira depletion (by RNAIi) in the
background of Nicd overexpression (via inscGal4;UAS-Nicd, a
combination that induces weaker hyperplasia than the NAecd used
in earlier experiments; Fig. 4A). Under these conditions, Pros was
detectable in the nuclei of NBs, consistent with perturbation of Mira
function (Fig. 4A). However, there was no reduction in hyperplasia;
instead, the extent of hyperplasia was exacerbated (Fig. 4A,B,
Fig. S4). Thus, the hyperplasia cannot be explained by Mira-
mediated sequestration of factors such as Pros.

We then tested whether hyperplasia is reduced when the NB-
specific TFs are depleted, since previous studies showed that
deletion of E(spl)m8-HLH from NAecd-overexpressing clones
drastically reduces overproliferation (Zacharioudaki et al., 2012)
(see Fig. 5A). However, little rescue of the overproliferation
occurred in Type I lineages when grh or dpn were mutant (Fig. 4C-
E, Table S5), nor when wor was depleted (Fig. S5B). The number
and extent of overproliferating Nicd-expressing lineages that were
mutant for dpn (28.2% of lineages, median of 2 Dpn™ cells, n=234)
or grh (16.6% of lineages, median of 3 Dpn™ cells, n=229) was
similar to Nicd alone (13% of lineages, median of 3 Dpn™ cells,
n=355).

We also tested the effects of eliminating the widely expressed TF
Lola, since several of its isoforms were upregulated by NAecd. A
strong hypomorphic mutation affecting all lola isoforms (lola’P?)
had little impact on Type I lineage overproliferation (8.4% of
lineages overproliferating, median of 6 Dpn® cells, n=143). By
contrast, the phenotypes in Type II lineages were partially
suppressed by mutations affecting these genes (Fig. 4C-E,
Table S5). For example, loss of grh decreased the Nicd-induced
overproliferation phenotype from 158 Dpn™ cells per Type II lineage
(n=21) to 114 Dpn* cells per lineage (n=15), and lola’"?
significantly rescued the Nicd phenotype (33 Dpn* cells, n=8;
WT lineages have 27 Dpn* cells). A dpn allele also decreased
overproliferation of Type II NBs, as observed previously
(Zacharioudaki et al., 2012), yielding a median of 84 Dpn" cells
(n=T7), but as there was considerable variability the effect was not
statistically significant in these experiments.

Mutations in the NB-specific genes might not alter Notch-
induced hyperplasia if they have overlapping functions in stem cell
renewal, as previously shown for dpn and E(spl)-C (Zacharioudaki
etal., 2012). We therefore examined whether removal of ‘stemness’
regulators, alone or in pairs, results in any defects in a normal

background. We generated NB lineages that were double mutant
for different combinations of TFs [grh E(spl)-C, wor E(spl)-C,
grh dpn, wor dpn and grh wor] and measured changes in the number
of progeny for both Type I and Type II NBs. Of those tested, only
grh wor double-mutant lineages showed significant differences in
the number of INPs and GMCs compared with either single mutant
alone (Fig. S5). In addition, the grh wor Type I NBs had smaller
nuclei (Fig. S5). Thus, these two NB-specific TFs have overlapping
roles in maintaining NB size and proliferative rate. This suggests a
robustness in the transcriptional network regulating stem cell
characteristics, which might explain why removal of a single factor
is insufficient to fully suppress Notch-induced hyperplasia.

Role of temporal genes in Notch-induced hyperplasia
To decipher whether persistent expression of the temporal
programming factors svp, cas and hth is important for NB
hyperplasia, we used mutations to compromise their function
while at the same time expressing NAecd. Results showed that the
hyperplasia in Type II lineages was highly susceptible to depletion
of these TFs. Thus, the NAecd-induced hyperplasia in Type II
lineages (median of 135 Dpn™ cells/lineage, n=13) was rescued by
removing either of the temporal genes svp or hAth as well as by
removing E(spl)-C (Fig. SA-C, Table S5). The effects of removing
svp were most dramatic: none of the lineages showed residual
overproliferation and most lineages even had fewer Dpn* cells
(median 13 Dpn" cells, n=8; Fig. 5C) than WT (median 28 Dpn*
cells). One way to reconcile this highly penetrant phenotype with
the observation that only a subset of NB-like cells exhibit Svp
expression is that the immunofluorescence only gives a snapshot of
the expression at any given moment; many more NB-like cells
might switch svp on at some stage to prompt the overproliferation.
Alternatively, as we were only able to recover a relatively small
number of clones of this genotype, it is possible that the phenotypic
effects are overestimated. Eliminating /th in lineages expressing
NAecd also ameliorated the hyperplasia (Fig. 5B,C), with the
median number of Dpn* cells reduced by both hth5? (64.5 Dpn*
cells, n=8) and hth“’ (58 Dpn" cells, n=19). Finally, mutations
affecting cas also resulted in decreased numbers of Dpn* cells per
Type I lineage (89 Dpn™ cells, n=25; Fig. 5C) although, because of
the high variability, the effects were not statistically significant.
The effects on Type I lineages were less pronounced (Fig. 5B,C,
Fig. S6). In these lineages, which were scored as hyperplastic when
they contained two or more Dpn"* cells, the overexpression of NAecd
caused hyperplasia in 61.6% of lineages (n=86), with a median of
13 Dpn" NB-like cells (which were usually intermediate in size
between a normal NB and a GMC). Of the genes tested, only
mutations in svp significantly rescued the Type I hyperplasia,
although to a smaller extent than removing E(spl)-C (Zacharioudaki
et al., 2012) (Fig. 5B,C). Specifically, only 13.5% of svp lineages
(n=654) remained overgrown, with a median of 2 Dpn" cells,
although there was considerable variability. In addition, in a few
lineages (1.7%) the NBs appeared to have undergone apoptosis. By
contrast, mutations in cas or hth failed to significantly alter Type I
NB hyperplasia; 47% cas (n=228), 40.8% hth®! (n=94) and 58.5%
hth®!? (n=174) lineages exhibited hyperplasia, with medians of 12,
14 and 11 Dpn™ cells, respectively.

Expression of wor and of temporal genes is sufficient to
induce mild hyperplasia

From the loss-of-function experiments it appears that several Notch-
regulated genes contribute to the hyperplasia. To investigate
whether any of these targets is sufficient to induce excess NBs,
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we assessed the consequences of their overexpression in larval
lineages by scoring the numbers of Dpn™ cells (Fig. 6). We note that
in some cases [grh, E(spl)my-HLH, wor] these manipulations
would augment existing expression levels, whereas for svp they
would result in ectopic expression.

Two of the three NB-specific genes tested resulted in significant
hyperplasia. Notably, expression of wor was sufficient to promote
an increase in NB-like cells both in the dorso-posterior brain, where
Type II lineages reside, and in the ventral nerve cord (VNC), where
Type 1 lineages occur (Fig. 6A,B). As previously shown,
overexpression of E(spl)my-HLH also caused hyperplasia,
primarily in the dorso-posterior brain, where it generated regions
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of contiguous Dpn* Ase™ cells. Their size was intermediate between
an INP and an NB (Fig. 6C) and they most likely arose from Type II
lineages. By contrast, gri overexpression failed to cause any
increase in NB numbers, even in these more susceptible Type II
lineages (data not shown).

Whereas expression of Cas had no effect on NB lineages
(Fig. 6B, Fig. S7TA), overexpression of Svp did elicit supernumerary
Dpn™ cells in Type II lineages (Fig. 6C,D, Fig. S7B). These were
Ase" and generally smaller than NBs (Fig. 6C). Excess Dpn* cells
were also produced following expression of a chimeric Hth, in
which Hth is fused to the Engrailed (En) repressor domain to create
a constitutive Hth repressor. These excess Dpn™ cells were Ase™ and
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were similar to, or smaller than, mature INPs. In addition, some
hyperplasia was present in Type I NB lineages (Fig. 6C,D). As Hth
has been reported to have both activator and repressor functions
(Inbal et al., 2001; Wernet and Desplan, 2014), we cannot predict
whether En-Hth would act as a positive or a dominant-negative
factor in the conditions tested. Regardless of the mechanisms
involved, altered activity of Svp and Hth is nevertheless sufficient to
induce a modest level of hyperplasia, especially in Type II lineages.

DISCUSSION

Notch activity is sustained in post-embryonic NBs throughout their
lifetime and, when activated inappropriately, is sufficient to confer
NB-like properties on the progeny. Our analysis of the genes
regulated by Notch under these circumstances reveals that it is likely
to achieve its functions through multi-pronged regulation of the
stem cell programme. Of the 246 putative direct Notch target genes
that we identified in hyperplastic CNS, the majority (>55%) are
enriched in the NB transcriptome and 28% are assigned to the NB
network regulated by Ase. Many of these encode TFs that have been
implicated in stem cell regulation, such as grh, klu, wor, dpn and
E(spl)my-HLH, and others encode proteins involved in regulating

asymmetric stem cell divisions, including mira and numb. An
unexpected constituent of the Notch-upregulated genes were those
implicated in the temporal programming of NBs, represented by
svp, cas and hth. Such genes are thought to confer stage-specific NB
characteristics and determine the ultimate timing of their cell cycle
exit. For example, in larval NBs, svp and cas are expressed early in
L2 and, if absent, a switch in neuronal identities fails to occur and
the NBs fail to cease proliferating appropriately (Maurange et al.,
2008). Similarly, 4th has been implicated in the temporal cascade of
optic lobe larval NBs (Li et al, 2013). By promoting the
re-expression or extended expression of factors that are normally
present transiently, Notch activity is likely to change the NB
developmental clock. Sustained expression of such factors may
perturb the ability of NBs to exit the cell cycle correctly. This would
imply that persistent expression of such factors has similarly
disruptive consequences to their total removal (Maurange et al.,
2008). As Notch-regulated enhancers were enriched in target motifs
for both E(spl)my-HLH and Hth, feed-forward regulatory loops
might also be important in the regulation of NB maintenance and
progression by Notch, although the mechanisms remain to be
deciphered.
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With the exception of mira, all of the Notch targets tested were
found to contribute to Notch-induced hyperplasia. Type II NB
hyperplasia was more sensitive to the attenuation of target genes, with
all mutations reducing the overgrowth to a greater or lesser extent,
whereas Type I NB hyperplasia was only ameliorated by E(spl)-C and
svp. Furthermore, a subset, notably wor, svp, hth, dpn, E(spl)my-HLH
and klu, were themselves sufficient to drive mild hyperplasia,
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especially in Type II lineages (see also Berger et al., 2012; San-Juan
and Baonza, 2011; Xiao et al., 2012; Zacharioudaki et al., 2012).
Thus, both stemness and temporal TFs cooperate to sustain Notch-
induced hyperplasia. Furthermore, although individual factors each
make some unique contribution to NB maintenance, several [E(spl)
my-HLH and Dpn, Grh and Wor] appear to have overlapping
functions, which confers robustness on the regulatory network.
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The regions bound by Su(H) identified NB enhancers, in
agreement with the nearby genes being targets of Notch in NBs.
However, an unexpected feature was that the NB expression of these
genes did not appear to be strictly dependent on Notch activity. This
might in part be explained by the regulated genes having multiple
NB enhancers; for example, at least two further NB-specific
enhancers have been identified for grh, besides gri/NRE] (Brody
etal., 2012; Prokop et al., 1998). However, this cannot fully account
for the lack of Notch dependency. Even when we focused on
individual enhancers, loss of Notch signalling did not always
eliminate their expression, although in most cases it did reduce it, as
observed previously for E(spl)m8-HLH (Zacharioudaki et al.,
2012). The only target gene tested that is fully dependent on
Notch for expression in NBs, being undetectable upon Notch loss of
function, is E(spl)my-HLH (Almeida and Bray, 2005;
Zacharioudaki et al., 2012). It thus appears that in NBs many of
the Notch targets respond to additional transcriptional cues that can
partially compensate for the absence of Notch. It will be interesting
to determine whether this is also true for the majority of Notch target
enhancers in other tissues.

Persistent Notch activity in several other tissues also causes extreme
hyperplasia. Surprisingly, however, only 18 of the genes upregulated
in the NB hyperplasia are also targeted in an epithelial hyperplasia
caused by ectopic activity of Notch in wing discs. These include HES/
E(spl) genes, which respond robustly to Notch signalling in most
cellular contexts, and the growth regulator Myc, which is also a
common target even in human pathologies, such as T-ALL (Klinakis
etal., 2006; Weng et al., 2006). Thus, the mechanisms through which
Notch induces hyperplasia differ in the two contexts. It is possible that
this relates to the fact that the hyperplasia originates from a stem cell
lincage in one case and an epithelium in the other. Indeed,
comparisons between the genes regulated in the epithelial model
and those regulated by Notchl in a breast cancer cell line revealed a
surprising extent of overlap (Djiane etal., 2013; Mazzone et al., 2010).
It will therefore be important in future to make comparisons with
different stem cell-related hyperplasias in mammals, to ask whether
the Notch-regulated genes exhibit similar characteristics to those
observed for NBs. Such comparisons will help to ascertain whether
there are indeed common themes in the transcriptional outputs from
Notch activation that reflect the different cellular contexts.

MATERIALS AND METHODS

Drosophila genetics

Drosophila stocks are described in FlyBase and were obtained from the
Bloomington Stock Center unless otherwise indicated. Overproliferating
third instar larval CNS was generated by crossing tubGal80ts; UASNAecd
flies with UASCD8GFP; grhNB-Gal4 flies to drive expression in most NBs
(Prokop etal., 1998). Crosses were kept at 18°C for 10 days, then transferred
to 30°C for 24 h prior to dissection.

Stocks for generating Notch loss of function, loss-of-function mutants
coupled with hyperactivation of Notch, and double-mutant combinations
are detailed in the supplementary Materials and Methods and were
crossed to appropriate FRT aTub-Gal80 counter-chromosomes combined
with hs-FLP, aTub-Gal4, UAS-GFP for generating clones. WT FRT
chromosomes (e.g. FRT82B nMyc or FRTG13) were used for control clones.
Progeny underwent heatshock for 1 h at 37°C at ~72 h after egg lay (AEL).
For experiments involving RNAI, progeny were transferred to 30°C for 72 h
prior to dissection (to enhance RNAI activity). Phenotypes were analysed at
late L3 (~110-120 h AEL).

For overexpression of genes in NBs, the UAS-lines UAS-lacZ (control),
UAS-E(spl)my (Ligoxygakis et al., 1998), UAS-svp (Kerber et al., 1998),
UAS-EN::Hth (Inbal et al., 2001), UAS-Wor (Berger et al., 2012) were
crossed to inscGal4, tubGal80ts and the progeny were transferred to 30°C
for 72 h prior to dissection.

Expression arrays and genome-wide ChIP

For each expression array, RNA was isolated from the CNS of 300 flies
using the RNeasy Plus Mini Kit (Qiagen) and reverse transcribed using
standard procedures before hybridising to Affymetrix GeneChip
Drosophila Genome 2.0 Array 3 (see the supplementary Materials and
Methods for details). Four replicate arrays were analysed for each genotype.
Quantile normalised data were analysed using Limma (Smyth, 2004) to
estimate the log, FC in Notch versus control samples and the Benjamini-
Hochberg adjusted P-values (FDR). Data from expression arrays have been
deposited in ArrayExpress (E-MTAB-3561).

For each ChIP, chromatin was prepared from the CNS of 50 flies and the
Su(H) ChIP performed as described previously (Krejci et al., 2009). The
products were amplified and hybridised to NimbleGen D. melanogaster 2.1
M Whole-Genome Tiling Arrays. Three biological replicates were
performed and quantile normalisation was applied to replicates for each
genotype. Bound regions (peaks) were identified using Tamalpais at
TO2P005 stringency [top 2%, P<0.005 (Bieda et al., 2006)]. Genes in
proximity to ChIP peaks were identified by the nearest genes upstream and
downstream of each peak (using coordinates for the gene body) with a
distance cutoff of 20 kb. ChIP data have been deposited in Gene Expression
Omnibus (GEO series GSE68614).

Gene set enrichment analysis (Subramanian et al., 2005) was performed
using the ‘pre-ranked’ option to analyse the gene list ranked by log, FC from
the mRNA expression data (3717 genes, FDR<0.1) for enrichment of Su(H)-
bound genes. As recommended, the more conservative ‘classic’ scoring
approach was used, which computes enrichment using only the gene’s
ranking (with no increment for the absolute value of the ranking metric).

GO analysis was performed using the DAVID bioinformatics resource
(Huang et al., 2009). Motif enrichment analysis utilised the Bioconductor
package PWMEnrich, which assesses the enrichment of each motif from a
library of 650 experimentally derived Drosophila TF DNA motifs (Stojnic and
Diez, 2014). Enrichments for NB-expressed genes, Ase targets, and NB stem
cell networks were assessed using Fisher’s exact test, with the Benjamini-
Hochberg method (Benjamini and Hochberg, 1995) to correct for multiple
sampling.

NRE reporters

Putative Notch-regulated enhancers (NREs) in grh, svp and cas (coordinates
are provided in the supplementary Materials and Methods) were cloned in
pBlueRabbit (pBR) (Housden et al., 2012). Flies carrying the pBR
transgenes were generated by $C31-mediated site-directed integration in the
attP40 landing site.

Immunofluorescence

Fixation and immunohistochemistry of larval tissues were performed
according to standard protocols. Details of primary antibodies are provided
in the supplementary Materials and Methods. Mouse, rabbit, guinea pig or
rat secondary antibodies were conjugated to Alexa 488, 555, 568, 633 or 647
(Molecular Probes) or to FiTC, Cy3 or Cy5 (Jackson ImmunoResearch).
Samples were imaged on a Leica SP2 or TCS SP8 confocal microscope
(Confocal Facility, University of Crete or CAIC, University of Cambridge).
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SUPPLEMENTARY MATERIAL
SUPPLEMENTARY METHODS
Drosophila stocks:
Notch loss of function clones:
w; FRT82B DI’ e Ser™"’/ TM6B;
w; FRTG13 mam®/ CyO;

Double mutant mosaic analysis of grk and wor:
FRTGI3 grh®’; UAS-whiteRi (BL35573)
FRTGI3 grh®’; UAS-worRi (V6248)
FRTG13; UAS-worRi (V6248)

FRTG13; UAS-whiteRi (BL35573)

Mosaic analysis coupled with hyperactivation of Notch
UASNAdecd; FRTS82B armlacZ

UASNAecd; FRT82B svp®**

UASNAecd; FRT82B hth®’

UASNAecd: FRT82B hth®

UASNAecd; FRT82B antp™

UASNAecd; FRT82B cas™

UASNAecd; FRT82B PI#°*1 Df(3R)E(spl)"**?
FRTGI13; UASNicd

FRTGI3 dpn’;UASNicd

FRTG13 grh®’; UASNicd

FRT42D lola®™ ; UASNicd

Reporters:

Release 5 coordinates of the cloned NRE fragments were:
grh: chr2R: 13.702.359 —13,703,723;

cas-prox: chr3R: 1,545,445-1,553,980

cas-med: chr3R: 1.553.134 — 1.553.980

cas-dist: chr3R: 1.554.461 - 1.555.027

svp: chr3R: 8.116.871 — 8.118.854
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Primary Antibodies

Primary antibodies were goat-anti-Hth (Santa Cruz, Sc26187) guinea pig-anti-Dpn (1:5.000;
courtesy of J.Skeath, Washington University School of Medicine, St.Louis, U.S); mouse anti-
Antp (1:100, DHSB); mouse anti-Cut (1:100, DHSB); mouse-anti-CycE [1:100, (Richardson et
al., 1995)]; mouse-anti-GFP (1:100, Molecular Probes); mouse anti-Mira [1:100, (Ohshiro et al.,
2000)]; mouse anti-Pros MR1A (1:50, DHSB); mouse anti-Svp [1:100, (Kanai et al., 2005)];
mouse anti-Wor [1:100, (Cai et al., 2001)]; rabbit anti-Ase [1:100, (Brand et al., 1993)]; rabbit
anti-Ase (1:5000, courtesy of Y.N.Jan); rabbit anti-B-gal (1:10000, Cappel); rabbit anti-Castor
[1.3000(Kambadur et al., 1998)]; rabbit-anti-GFP (1:100000, Minotech); rabbit anti-Grh
(1:2000,gift of Christos Samakovlis); rabbit anti-Hth [1:1000, (Noro et al., 2006)]; rabbit anti-
Lola [1:100, (Giniger et al., 1994)]; rabbit anti-Numb [1:20, (Schober et al., 1999)]; rat anti-Dpn
[1:1, (Boone and Doe, 2008)], rat-anti-Elav 7TE8A10 (1:50, DSHB); rat anti-Grh [1:1000,
(Baumgardt et al., 2009)].

Expression arrays

Total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen) from Drosophila larval CNSs
of control and NAecd overexpressing animals. 300 CNSs were used per biological replica and 4
replicas made for each genotype. Synthesis of double-stranded cDNA and biotin-labelled cRNA
was performed according to manufacturer’s instructions (Affymetrix). Fragmented cRNA
preparations were hybridized to Drosophila genome oligonucleotide arrays (GeneChip
Drosophila Genome 2.0 Array (3' IVT Expression Affymetrix)] using an Affymetrix
hybridization Oven 640, washed, and then scanned on a GeneChip Scanner 3000. Initial data
extraction and normalization within each array were performed with GCOS software
(Affymetrix). The quantile normalised log2 intensities per probe set were processed with Limma
(limma_3.26.2) as per default settings for single channel analysis of two groups. In the first step
a linear model "ImFit" was fitted to the data based on the two samples types (Notch and Control).
Then using the "eBayes" implementation, the moderated t-statistics was computed. The p-values

were then adjusted for multiple testing using Benjamini & Hochberg ("fdr") with "topTable".
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Testing for gene enrichment (Table S3)

All genes on the microarray were binned according to their logFC expression (without p-value
cutoff) and the proportion within each bin calculated (All genes: bin/total). Using the set of
genes that have a Su(H) peak within 20kb of gene boundary, the number within each bin was
ascertained and the proportion of the gene set in each bin calculated (Su(H) genes: bin/total).
For a random subset of genes, the proportion falling into each of the bins would be the same as
for the total (enrichment =1). Enrichment values >1 indicate that there is a higher proportion of
Su(H) genes than expected amongst the genes within the indicated range of logFC. To examine
the statistical significance of the enrichments, 10,000 random ChIP datasets (of same size) were
generated with a similar distribution of TSS distance to those in the Su(H) dataset and the
proportion within each bin calculated for each dataset. These were used as a null distribution to
calculate empirical P-values for individual bins (by counting how many random ChIP datasets

have higher or equal enrichment in each bin).
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A T)&)e I Typel _Typedl”

ChIP Assoc Genes versus Up-regulated genes
1 Gene-set enriched
+vely correlated
ES 0.325
NES  2.260
p-value 1.1E-4
FDR 1.1E-4
FWER 1.1E-4

Enrichment score (ES)
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ChlP Assoc genes versus All Genes

1 Gene-set enriched
+vely correlated

ES 0.176

NES 1.437
500 1000 1500 2000 2500 3000 3500 4000 4500

p-value 0.167
FDR 0.167
Rank in gene set ordered by fold change in expression

FWER 0.05

Enrichment score (ES)

D Rank Target PWM Motif ID Raw score P-value
1 ttk C_._.CCCcT1 .~ Dmelanogaster-FiyFactorSurvey-ttk. PA_SANGER_5_FBgn0003870 432 2.05e-71
2 Su(H) § 2=G A A Su(H)_Bray 425  4.21e-43
3 lola Dmelanogaster-FlyFactorSurvey-lola.PY_SANGER_2.5_FBgn0005630 141 3.46e-37
4 Kr Dmelanogaster—FlyFactorSurvey-Kr SANGER_5_FBgn0001325 1.22 1.52e-27
5 pad Dmelanogaster-FlyFactorSurvey-pad_SANGER_5_FBgn0038418 2.43 7.11e-26
6 Kr Dmelanogaster-FlyFactorSurvey-Kr_FlyReg FBgn0001325 1.3 3.13e-22
7 lola Dmelanogaster—FlyFactorSurvey-lola.PD_SANGER_5_FBgn0005630 3.46 3.04e-21
8 Tl Dmelanogaster-JASPAR_CORE-Trl-MA0205.1 4.31 4.11e-19
9 vis Dmelanogaster-FlyFactorSurvey-Vis_Cell_FBgn0033748 0.997 1.68e-17
10 Kr Dmelanogaster-JASPAR_CORE-Kr-MA0452.1 245 2.48e-17
1 ttk Dmelanogaster-FlyFactorSurvey-ttk.PF_SANGER_5_FBgn0003870 1.64 3.03e-17
12 z Dmelanogaster—-JASPAR_CORE-z-MA0255.1 1.29 9.91e-17
13 wi Dmelanogaster-FlyFactorSurvey-vvI_SOLEXA_5_FBgn0086680 1.27 1.5e-14

14 E(spl)mbeta-HLH 'melanogaster-FlyFactorSurvey-HLHmbeta_ SANGER_10_FBgn0002733 3.1 2.81e-14

15 Met Dmelanogaster-FlyFactorSurvey-Met_SANGER_5_FBgn0002723 1.58 4.24e-14
16.5 Met Dmelanogaster-FlyFactorSurvey-Met_Clk_SANGER_5_FBgn0002723 2.26 1.24e-13 S
16.5 Clk Dmelanogaster-FlyFactorSurvey-Met_Clk_ SANGER_5_FBgn0023076 2.26 1.24e-13 s}
18 vis Dmelanogaster-JASPAR_CORE-vis-MA0252.1 1.03 1.28e-13 ©
19 pad i Dmelanogaster-FlyFactorSurvey-pad_SOLEXA_5_FBgn0038418 4.35 1.5e-13 g
20 CG16778 Dmelanogaster-FlyFactorSurvey-CG16778_SANGER_5_FBgn0003715 2.44 2.11e-18 ‘9
21 hth Dmelanogaster-FlyFactorSurvey-Hth_SOLEXA_FBgn0001235 1.05 2.43e-13 g
22 E(spl)m5-HLH Dmelanogaster-FlyFactorSurvey-HLHmM5_FlyReg_FBgn0002631 1.81 3.94e-13 E’
23 Aef1 Dmelanogaster—FlyFactorSurvey-Aef1_FlyReg_FBgn0005694 26 8.65e-13 S
24 btd Dmelanogaster-JASPAR_CORE-btd-MA0443.1 6.1 1.53e-12 %
25 btd Dmelanogaster—FlyFactorSurvey-btd_NAR_FBgn0000233 6.1 1.93e-12 E
26 achi Dmelanogaster-JASPAR_CORE-achi-MA0207.1 1.09 4.1e-12 Q
275 Clk Dmelanogaster-FlyFactorSurvey-tai_Clk_SANGER_5_FBgn0023076 3.96 7.16e-12 &
275 tai Dmelanogaster-FlyFactorSurvey-tai_Clk_SANGER_5_FBgn0041092 3.96 7.16e-12 >
29 hth Dmelanogaster-FlyFactorSurvey-Hth_Cell_FBgn0001235 0.931 8.73e-12 ({)
30 hth Dmelanogaster—FlyFactorSurvey-hth_SOLEXA_2_FBgn0001235 1.03 1.13e-11 -+
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Fig. S1: Features of hyperplastic NB lineages; Enrichment of gene sets and
over-representation of motifs in the Notch regulated genes

(A) Hyperplastic dorsal brain-lobes from NAecd expression (using grhiNB-Gal4,; tubGal80ts).
Ase+tve staining distinguishes the Typel NB-like hyperplasia from Type II NB-like hyperplasia
(eg. Arrows) (B) Transcriptional network of 28 TFs found to be differentially expressed in NBs
(Berger et al., 2012) with hubs represented by squares and the extent of differential NB
expression indicated by shading [strong, dark blue; moderate, pale blue; (Berger et al., 2012)]. A
subset of the TFs were identified as direct Notch targets in our experiments (orange outline) and
many others were up-regulated following NAecd expression (green outlines). (C) Top scoring
enriched TF binding motifs in Su(H) bound regions from ChIP (Robert Stojnic and Diego Diez,
2014).
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Fig. S2: Responses of NB stem cell network genes to Notch signaling

(A) Wor and Numb are upregulated in the presence of ectopic Notch activity. Expression of Wor
(upper panels; red, white) and Numb (lower two rows of panels; red, white) in wild-type
(control) and NAecd expressing NBs, marked by CD8-GFP (Green). Dpn, blue, marks NBs.
Yellow dashed lines distinguish central brain from optic lobe (OL).

(B) Wor and Numb expression undergoes subtle changes upon disruption of Notch pathway in
Type I lineages (upper) and Type II lineages (lower). Wor (left panels; red, white) or Numb (left
panels; red, white) expression was analyzed in GFP marked clones mutant for DI*10 §epf¥100
(green), Dpn (blue) marks NBs. Yellow outlines mark mutant Type I and II lineages, filled
yellow arrowheads indicate clones with reduced or no expression whereas open arrowheads
indicate clones retaining expression.

(C) Response of Grh and Mira to ectopic Notch activity. Expression of Grh (upper panels; red,
white) and Mira (lower panels; red, white) in wild-type (control) and NAecd expressing
MARCM clones (Green) of Type I NB lineages. Dpn (blue) marks NBs. Yellow arrows indicate
NBs of the MARCM clones.

(D) Intensity of the expression of Grh or Mira in the NBs from control vs >NAecd expressing
MARCM clones of Type I lineages in the VNC. Box represents the interquartile range (IQR),
orange/grey interface indicates median and whiskers indicate + 1.5xIQR. Asterisk indicates
statistically significant difference of expression in >NAecd from control NBs; *, p<0.05;

Student’s t-Test.
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lvs)

Type | lineages

% of Dpn+ NBs per lineage

Type INBs

Svp+ Cas+

>Néecd

Fig.S3: Svp and Cas are ectopically expressed in NB-like cells upon ectopic Notch activity
but are unaffected by reductions in Notch activity at early larval stages

(A) Svp and Cas are ectopically expressed in NB-like cells upon ectopic Notch activity.
Expression of Svp (upper panels; red, white 2™ and 5" column) and Cas (lower panels; red,
white 2" and 5™ column) in wild-type (control; green; left) and NAecd expressing MARCM
clones (green; right) of Type I NB lineages. Dpn (blue or white 3™ or 6 column) marks NBs.
Yellow outlines mark MARCM clone boundaries in white channels. (B) Proportion of Dpn+
cells that are also expressing Svp or Cas in >NAecd expressing MARCM clones of Type I VNC
lineages. Control Type I lineages contain 1 Dpn" NB that is always negative for Svp or Cas
expression. Box represents the interquartile range (IQR), orange/grey interface indicates median
and whiskers indicate + 1.5xIQR.  (C) Disruption of Notch activity (DI"*""’ Ser™" or mam”®)
does not perturb Svp or Cas expression in Type I lineages in early larval life (30-50h ALH). GFP
marked clones (green) with genotypes indicated on top stained for Svp or Cas (red or white) and
Dpn (blue) to indicate NBs. Two different anatomical regions are displayed [dorsal central brain,
VNC ]. Yellow arrows mark early NBs of mosaic clones with expression of Svp or Cas whereas
red arrows indicate early NBs with no expression of the genes. This lack of expression cannot be
attributed to the disruption of Notch signaling, since many neighbouring wt NBs also lack Svp or

Cas expression.
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Dpn Dpn

Fig.S4: Reduction in mira expands the Notch induced hyperplasias

Depletion of mira enhances the Notch induced hyperplasia not only in the dorsal brain but also in
the VNC. Distribution of NBs marked by Dpn (green or white) is shown in two anatomical
regions, dorsal brain (upper panels) and VNC (bottom panels) from animals where all NB
lineages express GFP-RNAI (control), GFP-RNAI coupled with ectopic Notch activity, mira-
RNAI with ectopic Notch activity or mira-RNAI alone. Ase (red) marks intermediate progenitors
(GMC:s or INPs) and Pros (blue) marks neurons. Yellow dashed lines separate central brain from

the optic lobe (OL).
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Fig. SS: Effects from perturbation of NB stem cell genes in pathological Notch induced
hyperplasia and in normal conditions.

(A) Overlapping grh and wor functions in stem cell regulation. GFP marked larval CNS clones
(green) of the genotypes indicated stained for Ase (red) and Dpn (blue). Top two rows: Type 11
lineages, fewer mature Dpn'/Ase” INPs and Ase” GMCs are present in grh”>” wor compared to

control and to gri®’

or wor alone, white lines outline the marked lineages. Middle two rows:
Type I lineages, with Dpn only channels in white (bottom row). Yellow arrows indicate NBs
with big nuclei whereas red arrows indicating NBs with smaller nuclei. White arrows point to
NBs of GFP marked clones. Note the increase in the number of lineages with small nuclei (red
arrows) in grh®’” wor mutant clones. Lower two rows: Type I lineages where Pebble/Hintsight
[(Hnt) in red; a gene correlated with differentiation fates in other cell contexts (Terriente-Felix et
al., 2013) but normally not expressed in larval NBs] is ectopically activated in a higher

B37
h

proportion of double gr wor mutants compared to single gr#®’” mutants and compared to
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none in control and or wor mutants. White arrows indicate NBs with Hnt expression. NBs are
marked with Dpn (blue). (B) Depletion of wor is unable to alleviate the excess number of NBs
caused by ectopic Notch activity. Distribution of Dpn (green or white) positive NBs in the central
brain where NB lineages express control-RNAi, control-RNAi coupled with ectopic Notch
activity, wor-RNAi with ectopic Notch activity or wor-RNAi. Pros (blue) marks neurons and Ase
(red) marks GMCs or intermediate progenitors. Yellow dashed lines divide optic lobe regions
from central brain (C) Box plots scoring different phenotypes of the Type II NB lineages for the
overlapping grh and wor functions: INP (median: WT =26.5, grh =13.5, wor =14, grh wor =6.5)
and GMC numbers (median: WT =15.5, grh =8, wor =13, grh wor =5.5). Asterisks indicate
significant difference from controls, p<0.05 (Analysis of variance (ANOVA), P-values were
calculated using the "Tukey's HSD test) (D) Box plots scoring different phenotypes in Type |
lineages: NB diameter (median WT=7.95um, grh=6.87 pm, wor =11.22 um, grh wor=6.59 um)
number of progeny (median WT=33, grh=20.5, wor =30, grh wor=20.5). The box represents the
interquartile range (IQR), orange/grey interface indicates the median and whiskers indicate +
1.5xIQR. Asterisks indicate significant difference from controls, p<0.05 (Analysis of variance
(ANOVA), P-values were calculated using the "Tukey's HSD test) (E) Diagram depicting the

percentage of Hnt positive NBs in each condition.
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FigS6: Removal of svp, but not cas or hth, can alleviate Type I lineage overproliferation.
Overproliferation induced by NAecd is slightly suppressed in Type I lineages lacking svp (A) but
remains unaffected in Type I lineages mutant for cas or hth (B). MARCM clones (green)
overexpressing NAecd in WT, in svpfe22], in cas[24] and in hth/C2] homozygous mutant
backgrounds. Dpn (red, white) marks the neuroblasts, Ase (blue) marks NBs and GMCs,

whereas Pros (Blue) marks neurons. Yellow arrows indicate some NBs of MARCM clones.
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FigS7: Effects from ectopic activity of Notch target genes in the induction of NB
overproliferation (A) Overexpression of Cas is unable to generate any hyperplasia in the larval
CNS. LacZ (left) or Cas (right) is driven by insc-Gal4; tubG80ts in the NBs. Dpn (green, white)
marks NBs and Ase (red) NBs and GMCs. Yellow dashed lines separate central brain from optic
lobe (OL). (B) Overexpression of E(spl)my-HLH and Svp is sufficient to induce
overproliferation in the dorsal brain of the larval CNS. Mosaic MARCM clones (green) of Type
I (upper) or Type II (bottom) lineages where UAS transgenes are ectopically expressed. Ase
(red) marks NBs and GMCs, Dpn (blue or white) marks NBs and Svp indicates cells with ectopic
Svp activity (red). Yellow arrows point to NBs in MARCM clones and yellow outlines mark
both Type I and Type II clones.

C
o
)

©

£
=
L
£

o)

|

©
-

c

(0]

S
Q

Q

Q

=)
(7p]

L]
-

C

(0]

£

Q
ke

(]

>

(]
()



Development 143: doi:10.1242/dev.126326: Supplementary information

SUPPLEMENTARY TABLES

Table S1: Expression array results (xIsx file).

Click here to Download Table S1

Table S2: Putative Direct Notch targets in NB Hyperplasia (xIs file)

Click here to Download Table S2
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#AIl

genes/bin 29 93 182 521 1647 4118 4823 1915 510 134 47 15
#Su(H)

genes/bin 7 20 34 101 261 617 720 245 79 21 8 2
All genes:

bin/total 0.0021] 0.0066| 0.0130] 0.0371| 0.1174| 0.2934 0.3437[ 0.1365| 0.0363| 0.0095] 0.0033] 0.0011
Su(H) genes:

bin/total 0.0033] 0.0095| 0.0161] 0.0478| 0.1234| 0.2917[ 0.3404| 0.1158| 0.0374[ 0.0099| 0.0038| 0.0009
Enrichment 1.60 1.43 1.24 1.29 1.05 0.99 0.99 0.85 1.03 1.04 1.13 0.88
p-value 0.0158| 0.0095| 0.0133] 0.0000] 0.0562( 0.8870[ 0.7216[ 1.0000| 0.1019] 0.2671] 0.2498| 0.7612
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Table S4: Altered expression of putative Notch targets in D/ Ser mutant lineages

Type I lineages* Type II lineages**

Gene control DI §opX100 control DI § o100

N | %high | N % high | N % high | N % high
grh 118 100.0 131 100.0 5 100.0 7 14.3
mira 102 100.0 99 83.8 4 100.0 8 0.0
wor 61 100.0 80 98.8 2 100.0 5 40.0
numb 103 100.0 21 80.9 6 100.0 7 14.3
svp 73 12.3 117 15.4 10 30.0 2 0.0
cas 114 100.0 63 100.0 4 100.0 3 100.0
hth 114 59.6 124 54.8 10 80.0 6 0.0
lola 96 100.0 56 100.0 NT NT NT NT

*Type I lineages: lineages were not scored as “high” if levels in NBs or GMCs or neurons were reduced
compared to neighbouring WT NBs with high levels of expression

**Type II lineages: lineages were not scored as “high” if the expression levels were reduced in NBs/INPS
or if there was a significant fractions of INPs that were Dpn+ but negative for the gene of interest.
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Genotype Type I NB lineages Type II NB lineages

Extent of Proportion of Extent of Proportion of

hyperplasia  hyperplastic NBs hyperplasia hyperplastic NBs
control None - None None
>Nicd Mild i High +++
grh™®7: > Nicd Mild + High ++
dpn'”: >Nicd Mild + High ++
lola”™”; >Nicd Mild + Mild -+
mira-Ri; >Nicd High ++ High +++
wor-Ri; >Nicd Mild + High +++
>NAecd Mild ++ High +++
>NAecd; cas”? Mild ++ High +++
>Ndecd; hth’™ Mild ++ High +
>Ndecd; hth!" Mild ++ High +
>NAecd; svp[ e22] Mild + None None
>NAecd; E (spl)[b32'2] None - None None

High: >80 Dpn+ cells (for both Type I and Type II lineages)
28-80 Dpn+cells (Type II lineages)

+++: > 70% of lineages exhibit the indicated phenotype

++: 35%-70% of lineages exhibit the indicated phenotype
+:<35% of lineages exhibit the indicated phenotype

Mild: 2-80 Dpn+ cells (Type I lineages);

Red Font indicates phenotypes were significantly different from controls (p<0.01; Wilcoxian rank-sum

test)
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