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Abstract

Large-scale pruning, the removal of long neuronal processes, is deployed widely within the
developing nervous system and is essential for proper circuit formation. In Drosophila the
dendrites of the class IV dendritic arborization sensory neuron ddaC undergo large-scale pruning
by local degeneration controlled by the steroid hormone ecdysone. The molecular mechanisms
that control such events are largely unknown.

To identify new molecules that orchestrate this developmental degeneration we performed a
genetic interaction screen. Our approach combines the strength of Drosophila forward genetics
with detailed /n vivo imaging of ddaC neurons. This screen allowed us to identify Aeadcase (hac)
as a new gene involved in dendrite pruning. Adcis evolutionarily conserved, but the protein’s
function is unknown. Here we show that Adc is expressed just prior to metamorphosis in sensory
neurons that undergo remodeling. Adc s required in a cell autonomous manner to control dendrite
severing, the first phase of pruning. Our epistasis experiments with known regulators of dendrite
pruning reveal Adc as a founding member of a new pathway downstream of ecdysone signaling.

Introduction

In recent years our understanding of neural development has increased dramatically (Mason,
2009) but we still know relatively little about the cellular and molecular mechanisms that
control neuron pruning (Luo and O’Leary, 2005). Large-scale pruning, where long neuronal
processes are removed, is deployed widely within the developing nervous system and is
essential for the proper construction of neural circuits. The best studied example occurs
during the development of cortical layer 5 projection neurons whose subcortical axons
undergo a branch-specific pruning, dependent on their region of origin (Stanfield et al.,
1982). Data from retinal ganglion cells (Nakamura and O’Leary, 1989) and thalamocortical
neurons (Portera-Cailliau et al., 2005) reveal that pruned axons are removed by local
degeneration, not by distal to proximal branch retraction.

In insects that undergo a complete metamorphosis, a number of larval neurons are
remodeled during the pupal-adult transition to become incorporated into adult circuits
(Truman and Reiss, 1976; Truman, 1990). Pioneering studies of Drosophila Mushroom
Body y-neurons (y-MB) reveal that both axons and dendrites prune by local degeneration
(Watts et al., 2003). Detailed observations of these events show that branch thinning is
coincident with changes in the microtubule cytoskeleton, followed by severing and
fragmentation. These features are also evident in the remodeling of sensory neuron dendrites
(Kuo et al., 2005; Williams and Truman, 2005).
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During metamorphosis, pruning is gated by a nuclear hormone receptor complex containing
the ecdysone receptor (EcR) and ultraspiricle (usp), the fly RXR homolog (Schubiger et al.,
1998). This nuclear receptor complex detects changes in the titre of the steroid hormone 20-
hydroxy ecdysone (referred to hereafter as ecdysone). The loss of either partner results in a
complete block of the pruning (Schubiger et al., 1998; Lee et al., 2000). The transcription
factor Sox14, a downstream target of ECR, has recently been identified as a regulator of
branch severing, in a pathway that includes the large multidomain cytosolic protein Mical
(Kirilly et al., 2009). Alongside this, a small number of other molecules have been identified
as players in the pruning pathway, including components of the ubiquitin proteasome system
(UPS) (Watts et al., 2003; Kuo et al., 2006), caspases (Kuo et al., 2006; Williams et al.,
2006), ik2 and Kat60L (Lee et al., 2009). Nevertheless, the relationship between these
molecules remains unclear.

In order to identify new molecules that orchestrate large-scale pruning and find links
between known players, we developed a genome-wide interaction screen. This combines the
strength of Drosophila forward genetics with detailed /77 vivo imaging of class IV dendritic
arborizing (da) sensory neurons. Using this approach, we identified a novel regulator of
pruning encoded by the gene called Aeadcase (hdc). By developing new tools to test the
requirement of pruning regulators in class IV da neurons, we have shown that Adc acts in a
cell autonomous manner to control the severing of primary dendrites in sensory neurons.
Epistatic experiments reveal that /4dc belongs to a new pathway downstream of the ecdysone
receptor, independent of the transcription factor Sox14.

Materials and Methods

Fly stocks

In this study Drosophila of either sex were used.

The following GAL4 driver strains were used: C161-GAL4 (Shepherd and Smith, 1996)
expressed in 5 dorsal da neurons, ppk1.9-GAL4 driver (Grueber et al., 2003) expressed in
ddaC and occasionally in isolated epidermal cells, 201Y-GAL4 (Yang et al., 1995)
expressed in y-MB neurons and elave155-GAL4, a general neuronal driver (Lin et al., 1994).

For this study we used the following flies /#dc* and hdc®C (Weaver and White, 1995), UAS-
hdcA2 and UAS-hdc (Steneberg et al., 1998) UAS-EcR-RNAiICA104 (Schubiger et al.,
2005), UAS-Sox14, Mical52%6 (Kirilly et al., 2009), UAS-Sp1-RNAI, UAS-btd-RNAI
(Estella et al., 2003), £5g©%68 FRT40A (Hayashi, 1996), UAS-BrmPN (K804R) (Elfring et
al., 1998), CBP-AQ(Kumar et al., 2004). UAS-hdc-RNAI-15532R2 was obtained from the
National Institute of Genetics (Japan). UAS-Sox14-RNAI-10856GD and UAS-Mical-
RNAI-105837KK were obtained from the Vienna Drosophila RNAI Centre.The RNAI lines
used for the screen were obtained from the National Institute of Genetics (Japan) and the
Vienna Drosophila RNAI Centre (Dietzl et al., 2007). Deficiencies used for the screen were
obtained from Bloomington stock centre (http://flystocks.bio.indiana.edu), as well as the
following flies UAS-Dicer2, hs-FLP122 fgpm554fs

MARCM analysis

For mosaic analysis with a repressible cell marker (MARCM) (Lee and Luo 1999) of da
sensory neurons, clones were induced in the embryo by a double heatshock method
(Grueber et al., 2002). The following flies were generated: female: w, elavC155-GAL4,
UAS-RedStinger, hs-FLP122; /+ : FRT82B, tub-GAL80 / TM6B Tb cross with male: w ;
ppk-eGFP; FRT82B /dc*? | TM6B Th and female: w, elavC155-GAL4, UAS-redstinger, hs-
FLP122: FRT40A tub-GAL80 / CyO cross with male: w /w ; esg®%68 FRT40A / CyO : ppk-
eGFP.
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ddaC neurons were identified at 18h APF by the ppk-eGFP, with MARCM clones
expressing a nuclear RedStinger reporter protein.

For the MARCM analysis of the gamma MB neurons, the clones were induced in first instar
larvae by applying a 1h heat shock at 37 °C as previously described (Lee et al., 1999; Lee
and Luo, 1999) with female: y, w, hs-FLP; 201Y-GAL4, mCD8-GFP / CyO ; FRT82B, tub-
GAL80/TM6B Th.

Staging of animals

Individual animals were collected at pupariation and maintained at 25°C in a Petri dish with
moist filter paper. Staging was denoted as hours after puparium formation (APF).

Immunocytochemistry

Immunocytochemistry was performed as described in (Truman et al., 2004). Primary
antibodies used: rabbit anti-GFP diluted 1/500 Invitrogen, mouse-anti HDC mAb U33.7
diluted 1/5 kindly provided by Robert White (Weaver and White, 1995), and mouse anti-
Sox14 diluted 1/200 kindly provided by Fengwei Yu (Kirilly et al., 2009) Secondary
antibodies used: FITC donkey anti-rabbit 1gG diluted 1/500 from Jackson ImmunoResearch
and Cy3 conjugated donkey anti-rat or anti-mouse 1gG diluted 1/500 Stratech Scientific
Limited.

Imaging, Image analysis and quantification

Confocal images were taken at 1 um intervals using a Zeiss LSM 510 system. Stacks were
assembled in NIH Image J (http://rsb.info.nih.gov/ij/). Images were adjusted only for
brightness and contrast using Adobe Photoshop (Adobe Systems, San Jose, CA).

Third-instar larvae, white prepupae and pupae until 12h APF were directly imaged using
confocal microscopy. After 12h APF, pupae were peeled out of the pupal case. Images of
neurons were taken as maximum projections of 15-40 optical sections at 1 pm intervals.
Quantification of all live images was carried out by counting the number of primary and
secondary dendrites in a 230%230 pm region of the dendritic field of the ddaC neurons,
originating from the second to fifth abdominal segments.

Statistical analyses

Results

Mann-Whitney and Kruskal-Wallis statistical test were performed in Graphpad Prism 5 with
p values less than 0.05 deemed to be significant.

A genetic interaction screen to uncover molecules that control large-scale pruning

A number of larval sensory neurons in Drosophila undergo remodeling during
metamorphosis to become components of the adult nervous system (Williams and Shepherd,
1999). This remodeling is achieved by the removal of larval arborizations followed by the
outgrowth of adult-specific processes (Williams and Truman, 2004). Dorsal dendritic
arborizing sensory neuron C (ddaC) is a class IV dendritic arborizing neuron located in the
dorsal body wall of each larval hemi-segment. ddaC pruning takes place in two distinct
phases: severing and clearance. The first phase begins at the onset of metamorphosis at Oh
after puparium formation (APF). At this time, the proximal dendrites of ddaC begin to thin
and form bead-like structures (Figure 1A). By 10h APF (Figure 1B), 80% of the primary
dendrites are severed (n=50). In the second phase of pruning, these severed dendrites are
removed. By 18h APF, the dendrites of ddaC have been completely removed in 85% of the
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dorsal body wall territories examined (n=50) (Figure 1C). The remaining 15% of dorsal
fields contain only a few small pieces of the severed dendrites that are soon removed (Figure
1C). The timing of these events relative to puparium formation is highly stereotyped.

Relatively few molecules involved in large-scale pruning have been identified (Figure 1D).
To isolate novel regulators, we designed a genetic interaction screen. As the ecdysone
receptor is at the apex of this pathway (Figure 1E), we used it to generate a sensitized
background. We recombined the null allele £cRM55475 with ppk-GAL4>CD8::GFP to
visualize ddaC neurons directly in live animal. Flies heterozygous for £cR show normal
pruning. Deficiencies were brought into this background and the appropriate F; pupae
imaged at 18h APF to determine whether there were any changes in pruning (Figure 1F).
Using this approach, we screened 135 deficiencies that cover ~80% of the third
chromosome. On average, the deficiencies used remove ~40 genes. Our trans-heterozygous
F1s fell into three distinct categories. One group showed wild-type pruning at 18h APF (57
deficiencies of 135). Importantly in this group, there were F; genotypes in which a large
number of genes i.e. > 140 were removed and pruning was found to be normal (Figure 1G)
suggesting that the loss of one copy of many different genes is not enough to generate
pruning phenotypes. In the second category of deficiencies (34 deficiencies of 135), we
observed clearance defects. In such trans-heterozygotes, severing appears to take place, and
yet there is an increased frequency of hemisegments containing dendritic fragments (Figure
1H). In the third category, we identified a number of deficiencies that result in severing
defects (44 deficiencies of 135). In this group, dendrites were still found attached to the cell
body at 18h APF (Figure 11). Within the third group we identified the deficiency,
Df(3R)ED5196, which removed kaf-60L 1, a gene that has been shown to be required for
branch severing (Lee et al., 2009), suggesting that the screen is specific. We chose to focus
on the third category, as severing is one of the first steps in pruning, and little is known
about the molecular machinery that orchestrates it. Within this group we decided to further
investigate Df(3R)ED6332 (Figure 1J) as it removed only a small number of genes.

To identify the gene(s) responsible for the phenotype observed with Df(3R)ED6332, we
expressed all the available RNAI lines against the 3 genes covered by this deficiency and
imaged the morphology of ddaC at 18h APF. We found that two RNA. lines against the
gene headcase (hdc), CG15532, were able to generate the severing defect (Figure 1K). To
confirm these results, we performed a genetic interaction test between £cRM>54% and two
null alleles of headcase, #dc® (Figure 1L) and #dc? (data not shown). Both alleles, when
trans-heterozygous with EcR™545, recapitulate the severing defects (9% n=22 for hdc*? and
37% n=8 for hdc®)) observed with either the deficiency (16.7%, n=6) or RNAI (80%, n=10
for 15532R2) (Figurell). Taken together this data strongly suggest that the gene headcase is
the causative factor within Df(3R)ED6332.

Spatial and temporal dynamics of hdc

To explore where and when Adc is expressed, we performed immunostaining with an
antibody against HDC. Aeadcase starts to be detectable in da sensory neurons only in late
wandering third instar larvae (wL3) (Figure 2B). Its expression becomes stronger following
puparium formation (Oh APF) (Figure 2C) and is maintained until at least 5h APF (Figure
2D).

The staining reveals a cytoplasmic localization of HDC in da neurons, with an enrichment
close to the nucleus. Although this perinuclear staining is intense, HDC is also present at
lower levels in the dendrites and the axon. Between Oh and 5h APF there is no obvious
change in the localization of HDC within ddaC. Staining was found to be completely absent
in homozygous null mutants (data not shown). We also observed staining in three of the
neighboring sensory neurons (arrows Figure 2C). We tested HDC antibody on flies
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expressing an RNAI against hdc specifically in ddaC neurons. In these individuals, we saw a
loss of HDC staining in these neurons whereas HDC was still detectable in the neighboring
da neurons (Figure 2E). As a further control, we over-expressed HDC in ddaC neurons in
flies homozygous mutant for /dc. Under these conditions, we observed a strong HDC
staining only in ddaC neurons (Figure 2F). In summary, Adcis expressed at a time and in a
location that is compatible with a role in sensory neuron pruning.

hdc is necessary for dendrite severing

The localization and onset of /dc expression in ddaC neurons and the targeted expression of
RNA. tools designed to knock down Adc suggest that it may act in cell autonomous manner.
To confirm this, we performed mosaic analysis with the MARCM system, generating ddaC

neurons homozygous for a null allele of Adc.

Although we, along with others have routinely used the MARCM system to investigate the
cell autonomous requirement of gene products during pruning, we felt the need to advance
this approach. We combined a ppk-eGFP reporter construct with a nuclear localized
RedsStinger reporter under the control of the enhancer trap elavC155-GALA4. ppk-eGFP labels
all class IV da neurons whether clonal or non-clonal, whereas the homozygous mutant
clones are marked by elavC155-GAL4, which expresses strongly in the nervous system and
also at low level in other tissues, including the epidermis. We have thus optimized the
MARCM system to unequivocally identify our clones as ddaC neurons, visualize both the
location and frequency of clones in neighboring tissues, and importantly compare our
homozygous mutant ddaC clones with adjacent heterozygous ‘control’ ddaC neurons in the
same animal (Figure 3C). To test this system, we used flies heterozygous for the null allele
esg©%68, where ddaC pruning is wild-type (data not shown). However, in pupae with
MARCM clones, we either found heterozygous esg control (non-clonal) neurons that prune
normally (Figure 3A) or heterozygous neurons where pruning was strongly delayed (Figure
3B). With our enhanced system we can now visualize and remove pupae with global
developmental defects from our future analysis.

Using our modified MARCM technique, we performed clonal analysis with Adc*3. We
generated 16 pupae containing a single clonal (mutant) ddaC neuron and imaged the 2
adjacent non-clonal heterozygous ddaC neurons as controls (Figure 3C). We observed
severing defects in 50% of ddaC neurons homozygous mutant for Adc (Figure 3E) where the
neighboring control neurons were presenting no phenotype (Figure 3D and F). Figure 3E is
representative of how these severing phenotypes appear, with predominantly one or two
dendrites remaining attached to the soma at 18h APF. From these experiments, we conclude
that Adc is required for the severing of dendrites in ddaC neurons and acts in a cell
autonomous manner.

hdc is required but not sufficient for ddaC branch severing

As the expression of Adc coincides with the onset of dendritic pruning and is required cell
autonomously for this process, we wanted to establish whether the precocious expression of
hdc is sufficient to initiate branch severing. The expression of wild-type headcase from early
larval life using ppk-GALA4 did not disrupt the development of the proximal dendrites of
ddaC and there was no evidence of degeneration or cell death (Figure 4A and C). We then
looked at the same animals following pupariation, when native Adc is expressed, to
determine whether overexpression can cause precocious severing. We quantified the number
of 1° (branches located between the soma and the first branch point within the arborization)
and I1° branches (those from the first to the second branch point) still attached to the soma at
6h APF. This proximal region was chosen as it is where severing normally takes place. At
0Oh APF, the average number of 1° and 11° dendrites were similar between ppk-GAL4/w1118
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flies and ppk-GAL4>UAS-hdc flies with 10 (n=21) and 9 (n=20) dendrites, respectively. At
6h APF, we found 6.2 and 5.2 dendrites in ppk-GAL4 (n=38) and ppk>UAS-hdc (n=19)
flies, respectively. There was no statistically significant difference between the two groups
(p=0.3057). We conclude that sdc over-expression during either larval life or soon after
puparium formation is not sufficient to induce or accelerate dendrite severing.

The short form of hdc is able to rescue hdc loss of function during pruning

headcase is

A curious feature of Adc is the presence of a stop codon in the middle of the gene, allowing
the generation of two distinct proteins from the same transcript. Aeadcase generates a short
form termed hdcS (70 kDa) and a full length form (120 kDa) referred to as hdcFL
(Steneberg et al., 1998). To determine which form was important during pruning, we
performed rescue experiments which took advantage of the fact that homozygous mutant
hdc animals can survive until late pupal stages, after pruning is completed. We used two
transgenes, UAS-hdcA2, which allows the generation of a protein equivalent to hdcS, and
UAS-hdc, which can produce both the full length and the short form in flies (Steneberg et
al., 1998). In homozygous /ac* animals we observed approximately 80% of ddaC neurons
with severing defects at 18h APF (Figure 4H and K). The specific expression of either the
UAS-hdc or UAS-hdc A2 transgene in ddaC neurons was able to rescue these defects at 18h
APF, with only 0-10% of the neurons showing a failure in severing (Figure 41,J and K).
Although the short form generated by UAS-hdcA2 was sufficient to rescue Adc function in
the severing of ddaC neurons, qualitative analyses showed that in around 80% of neurons,
the rescue was incomplete, with severed pieces of dendrites in the field for UAS-hdcA2
pupae against only 40% for UAS-HDC pupae (Figure 4 H-J). This data suggests that hdcA2
is sufficient to rescue ddaC pruning, but is not as efficient as hdcFL.

also required for pruning in other neuronal classes

During metamorphosis, larval neurons undergo remodeling or programmed cell death
(Truman et al., 1990). Within the dorsal group of sensory neurons, there are 6 da neurons,
dda A-F, which represent the four different classes of da neurons (Grueber et al., 2002). At
the onset of metamorphosis, the class | da neurons, ddaD and ddaE, and class IV ddaC are
remodeled, whereas the class Il neuron ddaB and class 111 neurons ddaA and ddaF undergo
apoptosis [Williams and Truman, 2005]. To determine which of these neurons express /dc,
we performed immunostaining on all the multidendritic sensory neurons in the dorsal group,
labeled by the enhancer trap line C161-GAL4. We found that the class I, Il and |11 da
neurons were HDC positive, alongside the dorsal bipolar dendrite neuron dbd.

To determine whether Adc is deployed in the remodeling of these neurons, we used the
enhancer trap C161-GAL4 to look at the effect of /dc loss of function in class I, 11 and 111
ddaA, B, D, E and F neurons. At Oh APF, we saw no obvious differences between these
neurons in wild-type and /dc homozygous mutant flies, suggesting that their development
does not depend on Adc (Figure 5D and not shown). By 24h APF in wild-type flies, the
larval dendrites of ddaD, ddakE and dbd neurons were completely pruned back, whereas in
hdc*3/hdc?? flies there were still a number of branches attached to the soma in 85% of the
dorsal da groups (n=20) (Figure 5E and F). At 24h APF, ddaA, B and F were absent in both
wild-type and Adc mutant flies, revealing that Adc function was not required for the
programmed cell death of these neurons. Moreover, we found that the increased expression
of Adcin ddaA, B or F did not prevent their death (data not shown).

Mushroom body (MB) y-neurons remodel their axons and dendrites during metamorphosis,
prior to elaborating their adult-specific projections (Watts et al., 2003). To determine if /dc
is required during y-neuron pruning, we used the driver 201Y-GAL4 to express hdc-RNA..
Alongside this, we generated homozygous /dc?? MB neuroblast clones and visualized the
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morphology of mutant (Adc/hdc) at 24h APF, when axonal and dendritic pruning is largely
complete (Figure 5G). We found no evidence for a disruption in the development of -y-MB
neurons mutant for Adc (Figure 5H, n=8), whereas expression of ECR RNAi with 201Y-
GALA4 leads to a robust block of pruning (figure 51). This data is consistent with a lack of
HDC staining in -y-MB neurons (data not shown).

We conclude that Adc is involved in the pruning of different classes of sensory neurons but
is not required in y-MB neuron pruning, whereas ECR is required for pruning in both. We
also find that removing /dc does not disrupt the programmed cell death of class 11 and 111 da
neurons.

hdc is regulated by EcR but not by Sox14

Previous studies have shown that headcase can be regulated in imaginal tissues and the
tracheal system by the transcription factors escargot (esg), buttonhead (btd) and Sp1
(Steneberg et al., 1998; Estella et al., 2003). To determine whether any of these play a role
in pruning, we generated esg mutant MARCM clones n=10 (Figure 6A) and expressed
RNAI against either bfd or SpI1 using the ppk driver (Figure 6B, C). None of these regulators
disrupted pruning in ddaC, suggesting that /dc is controlled differently in remodeling
neurons.

As hdc expression closely follows the prepupal pulse of ecdysone, we asked whether Adcis
regulated by ecdysone signaling. EcR was downregulated in ddaC by expressing EcR-
RNAiCAL04 with ppk-GAL4 (Figure 1E). This cell autonomous knockdown of EcR resulted
in a lack of Adc expression at Oh APF, when it is normally at its strongest (Figure 6D). This
data shows that /dcis downstream of EcR and that it could be either a direct or indirect
target. Recently, Brahma (Brm) and CREB binding protein (CBP) have been shown to be
epigenetic factors that facilitate activation of downstream ecdysone response genes during
pruning (Kirilly et al., 2011). The specific expression of a Brm or CBP dominant negative in
ddaC induce a diminution of hdc level of expression at 0 h APF, this reduction is more
pronounce with CBP dominant negative (data not shown). Thus far, SoxZ4is the only direct
target of ECR known to play a role in neuron pruning and we wondered whether it could be
controlling the expression of Adc. Previous work has demonstrated that RNAI against Sox14
leads to a loss of SoxZ4 staining and a strong severing phenotype in ddaC. However, this
knockdown of SoxZ4 does not seem to affect /dc expression in ddaC neurons (Figure 6E),
suggesting that Adc expression is independent of Sox14. Conversely, we found that SoxZ4
expression was not affected in Adc mutant flies (Figure 6F). Another possibility is that Adc
could affect Sox14 function. We used the expression of Mical, a target of Sox14, as a read-
out for Sox14 activity and found that Mical expression was also not modified in Adc mutant
flies (data not shown).

These experiments suggest that #ac and Sox14belong to two parallel pathways downstream
of EcR. To explore this idea further, we performed two additional functional assays. Firstly
we expressed an RNAi against Mical in flies homozygous for #dc?? and found that 100% of
ddaC neurons had severing phenotypes and 3.125 of 1° and 11° dendrites attached to the
soma (Figure 7C). This is compared to 20% severing defects and 0.3 dendrites attached with
Mical-RNAi alone (Figure 7A) or 80% severing defects with 2.45 dendrites attached in
homozygous #dc?? alone (Figure 7B). This reveals an additive phenotype for the double loss
of function. Alongside this, the over-expression of Micalhas previously been shown to
partially rescue Sox14 loss-of-function (Kirilly et al., 2009). We found that the over-
expression of Adcin a Sox14 loss-of-function background was unable to rescue the Sox14
phenotype (Figure 7D, E, F, G and J). Interestingly, we found that /sdc overexpression limits
the severing defects induced by ECR-RNAiCA104 in ddaC at 18h APF even though they
remain very strong (Figure 7H, I and J). In a reverse experiment, we removed one copy of
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EcRin flies homozygous for #dc?? and found that 94% of ddaC neurons had severing
phenotypes with an average of 3.5 I° and 11° dendrites remaining attached to the soma
(n=16), compared to 80% with severing defects and 2.45 dendrites remaining in flies
homozygous for #dc* (n=40). Taken together these data strongly suggest that /dc and
Sox14belong to different parallel pathways downstream of ECR in pruning neurons.

Discussion

Large-scale pruning is deployed widely within the developing nervous system and yet little
is known about the cellular and molecular mechanisms controlling it. This active removal of
long neuronal processes is dynamic, with individual branches undergoing remodeling,
severing and clearance. Like programmed cell death, local branch-specific auto-destruction
programs must be tightly regulated but also robust in their execution. We have exploited the
metamorphic remodeling of the Drosophila sensory system to develop an interaction screen
that allowed us to identify headcase, a molecule that controls branch severing.

A genetic interaction screen reveals arole for hdc in dendrite severing

Most of the genes involved in neuronal pruning have been identified using candidate-based
approaches. With the exception of Sox14, these players are required for ECR expression
(Lee et al., 1999; Schuldiner et al., 2008; Boulanger et al., 2011), or are relatively far
downstream i.e. direct regulators of the cytoskeleton (Lee et al., 2009). Our goal is to bridge
this gap by identifying molecules that link EcR with these downstream targets. We
established a genetic interaction screen that is both open ended and specific due to the
detailed /n vivoimaging of class IV dendritic arborizing sensory neurons. Interaction
screens by their nature reveal targets that are in close genetic proximity. Here we used the
null allele EcRM5545 as a sensitized background as the ecdysone receptor sits at the apex of
the pruning pathway. By focusing on disruptions to branch severing events, we have also
biased the screen towards the discovery of molecules controlling the earliest steps of the
pruning pathway. Using defined chromosomal deficiencies, we removed large numbers of
genes at a time and then could locate the gene of interest with relative ease. This strategy
allowed us to identify headcase (/dc), CG15532, as the gene responsible for the severing
phenotype. Previous work in Drosophila revealed that a loss of Adc disrupts the
differentiation of imaginal primordia during pupal development and that its expression
closely prefigures the re-entry of imaginal cells into the cell cycle (Weaver and White,
1995). Headcase is an evolutionarily conserved protein and growing evidence suggests that
the human Homolog HECA plays a key role in carcinogenesis (Makino et al., 2001; Chien et
al., 2006; Dowejko et al., 2009; Dowejko et al., 2012). It is a highly basic protein (pl 9.6)
and could therefore be involved in protein-protein or protein-RNA interactions. Currently,
there are no obvious domains that give an indication of how HDC acts within the cell. This
shows one of the benefits of such an open ended screen as we would clearly not have
selected Adc using candidate-based approaches. We decided to explore its biological
function and establish where it fits within the pruning pathway.

hdc acts cell autonomously during dendrite pruning

We have improved MARCM-based approaches for studying pruning in the remodelling
sensory neurons by utilizing a GAL4-independent tool (ppk-eGFP) to visualize all class IV
da sensory neurons in combination with a nuclear localized RedStinger protein to reveal
MARCM clones (GAL80 minus). This approach has a number of advantages. Firstly, it
allows the easy selection of clones and unequivocal identification of ddaC neurons.
Secondly, it provides the opportunity to compare mutant ddaC clones with adjacent
heterozygous ddaC ‘control neurons’ within the same pupa. This is a robust internal control,
which is particularly important as the long embryonic heat-shocks used to generate mitotic
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clones within the sensory system also induce clones in many other tissues. As efar/c25-
GAL4 also expresses GAL4 in epidermal cells, it gives us insight into the global frequency
of mitotic clones. Such ‘invisible’ non-neural clones can disrupt the overall timing of
puparium development, leading to non-cell autonomous effects on neuron pruning. With this
modified version of the MARCM, we were able to account for these issues and confirm a
cell autonomous role for HDC in branch severing.

hdc overexpression did not result in precocious or accelerated severing, indicating that it is
not a limiting factor. This data and the lack of known catalytic domain points towards HDC
acting in concert with other factors in a complex.

hdc expression is regulated by EcR but not by Sox14

Our expression data show that Adc is expressed in da sensory neurons from the end of larval
life. This immunostaining shows that HDC is localized close to the nucleus, but not in it. It
is also present at lower levels in proximal axons and dendrites. After branch severing begins,
the majority of HDC remains perinuclear, suggesting that the specificity of HDC action is
not likely to come from gross changes in its sub-cellular localization. The fact that headcase
is not ubiquitously expressed but has a clear tissue-specific and temporal expression profile
suggests that it is not a general factor but a notable component for gating the severing
process. Normally, two forms of headcase are generated from a single transcript by a read
through mechanism. Using transgenes, we find that both isoforms of HDC can rescue the
pruning phenotype and that the long form is more effective. This mirrors the requirement for
HDC function in the developing tracheal system (Steneberg et al., 1998; Steneberg and
Samakovlis, 2001).

Previous studies have shown that Adc is regulated by buttonhead and Sp1 in imaginal discs
or by escargot in the trachea. We wondered if one of these transcription factors could also
regulate /dc expression in ddaC neurons. The loss-of-function of these genes does not lead
to any pruning defects, demonstrating that they are not required for Adc regulation within the
peripheral nervous system. Thus, depending on the tissue, Adc seems to be regulated by
different transcription factors. Importantly, the removal of EcR abolishes Adc expression in
ddaC neurons, confirming that it is under the control of ecdysone signaling, downstream of
EcR in the pruning pathway. It is unlikely that Adc is a direct target of EcR since it was
never found in previous microarray analyses looking for EcR targets (Lee et al., 2003; Li
and White, 2003; Beckstead et al., 2005). As Sox14 is the only downstream transcription
factor known to be involved in neuron pruning, we wanted to determine whether it could
regulate /dc expression. Both immunostaining and rescue experiments lead us to the
conclusion that there is no cross regulation between Sox24and hdcin ddaC. Altogether, this
data strongly supports the proposal that /#dcand Sox14 belong to two parallel pathways
downstream of EcR. This observation of two and probably more independent pathways is
consistent with the need for the precise and active control of this auto-destructive machinery
in different neuron types and different compartments within the cell.

hdc function is conserved in other classes of sensory neurons

To explore the role of Adc in other cell types, we looked at different neurons that remodel
during metamorphosis. Our immunostaining revealed that sdc is expressed in all the multi-
dendritic (md) neurons we looked at, apart from dmd1. We found that loss of /dc function
leads to severing defect in class | and IV da sensory neurons and dorsal bipolar dendrite
neuron, dbd. Moreover, Adc loss or gain-of-function in class 1l and 111 da neurons does not
change their fate, as they still undergo apoptosis (data not shown). We also found that
headcase does not play a role in the y-MB neuron pruning. This observation is interesting as
we are looking at three distinct types of remodeling decisions within the fly nervous system:
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the loss of dendrites in ddaC pruning, the removal of both axons and dendrites in -y-MB and
cell death for class Il and 111 da neurons. None of these appear to be a default state as the
suppression of the pruning does not trigger apoptosis as seen in this study, nor does the
blockage of cell death initiate branch severing (Williams and Truman, 2005). All three
outcomes are triggered by the same ecdysone signal via EcR and one of its targets, Sox14.
Here, we discovered a downstream target of the ecdysone signaling specific to dendrite
pruning in a subset of remodeling neurons. This target is the founding member of a new
pathway parallel to Sox14. We have exploited the metamorphic development of neurons and
ecdysone signaling, which is of course specific to the phylum Ecdyzoa but our expectation is
that the batteries of downstream genes deployed during pruning are likely to be
evolutionarily conserved and thus a useful entry point for investigating general principles of
neurites pruning.

Conclusion

We have revealed for the first time that Adc is required in a cell autonomous manner at the
severing step during md neuron pruning. Importantly, our data also reveals that /sdc acts
independently of Sox14, despite both being under the control of EcR. These observations
highlight that pruning is an association of multiple parallel pathways downstream of EcR.

Furthermore, we show through the identification of /dc that we have developed a genetic
interaction screen that is an efficient and elegant way to populate the pruning pathway. This
is a fundamental step towards understanding the complex regulation of this active and
tightly regulated auto-destruction process.
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Figure 1. A screen to uncover new players of ddaC pruning

Live imaging of ddaC neurons labeled by ppk-GAL4 expressing UAS-CD8-GFP.

A, B, C, Atimeline of ddaC pruning. Z-projections of dorsal abdominal body wall at 0, 10
and 18h APF, respectively. At 10h APF, almost all the branches are severed close to the
soma. By 18h APF, the severed dendrites are cleared, only the soma and axon remain.

D, Scheme showing the genes known to be involved in ddaC pruning, arrows represent
direct interactions.

E, The expression of ECR-RNAiICA104 in ddaC robustly blocks the early stages of ddaC
pruning (Figure 1E). Dendritic branches are not severed at 18h APF.

F, interaction screen: flies carrying ppk-GAL4, UAS-CD8-GFP and a null mutation for ECR
are crossed with balanced deficiencies. Pupal dominant markers on balancer chromosomes
allow the selection of the appropriate genotypes. The F; pupae trans-heterozygous for EcR
and a deficiency are imaged at 18h APF and assessed for defects in pruning.

G, H, I, ddaC neurons from pupae trans-heterozygous for EcR and three different
deficiencies at 18h APF. G, In category i of Fq pupae, pruning is normal, meaning there is
no genetic interaction. H and | show Fq pupae in which genetic interactions are evident. H,
in category ii, clearance defects occur and pieces of dendrite are still in the field at 18h APF,
severing does not appear to be affected. I, In category iii, severing and clearance defects are
evident with some dendrites still attached to the soma.

J, K, L, Identification of the gene responsible for pruning defects within the deficiency
Df(3R)ED6332. J, trans-heterozygous neuron for Df(3R)ED6332 and EcR at 18h APF. K,
RNAI-15532R2 which targets headcase (hdc), one of the genes removed by Df(3R)ED6332,
at 18h APF. L, Genetic interaction between £cRand Adc?, a null allele of Adc, at 18h APF.
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Figure 2. Spatial localization and temporal dynamics of hdc expression

Sensory neurons revealed by ppk-GAL4 driving UAS-CD8-GFP. These larval fillets are
stained against HDC, and the GFP observed without antibody. The arrowhead shows the
position of ddaC neurons. Adc expression is not detectable in ddaC at early third instar larva
(eL3) (A). hdc expression starts during the wandering stage of L3 (wL3) (B), reaches a
maximum at Oh APF (C) and is still evident at 5h APF (D). Adc is also expressed in some
neighboring neurons (arrows in C).

E and F are control experiments for HDC antibody. E, The specific expression of hdc-RNAi
in ddaC neurons results in an absence of HDC staining (arrow head), whereas this staining is
still present in the neighboring da neurons (arrow). F, In Adc*? homozygous mutant
background, HDC staining is absent in da neurons (arrow) except in ddaC (arrow head)
where we are over-expressing HDC.
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Figure 3. Cell autonomousrequirement of hdc in ddaC pruning

This figure shows live imaging of ddaC neurons labeled with ppk-eGFP; the MARCM clone
is labeled with UAS-RedStinger, which provides a strong nuclear RFP signal, driven by
elavC15-GALA4.

A and B show two neurons from different 18h APF pupae, in which heat-shocks were used
to produce esg®%B MARCM clones. Neither of these neurons are MARCM clones so they
are heterozygous (esg®86B / +) and thus should not affect ddaC pruning. In A, the neuron
undergoes wild-type pruning. In B, the neuron shows a strong pruning defect, not due to a
cell autonomous effect but to a global developmental defect, as suggested by the high
number of clonal epidermal cells expressing RedStinger (esg®®%8 homozygous; magenta
nucleus).

C, Modified MARCM strategy: selection of a MARCM clone ddaC neuron by its nuclear
expression of UAS-RedStinger (red dot), and the two non-clonal neighboring neurons,
which were used as controls.

D, E, F, show three adjacent ddaC neurons at 18h APF belonging to the same pupa. D and F
are not clonal as they show no RedStinger expression (inset). The pruning of these neurons
is wild-type and no pieces of dendrite are left in the field. The neuron in E is homozygous
mutant for Adc, as revealed by RedStinger expression (inset). This neuron exhibits a
severing defect, as a robust primary dendritic branch is still attached to the soma.
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Figure4. Both hdc formswork in pruning

ddaC neurons labeled with UAS-CD8-GFP driven by ppk-GALA4. This combination is also
used to drive UAS-hdc or UAS-hdcA2.

A-D, panel showing that the number of I1° and 11° dendrites in ddaC neurons in wandering
larvae (wL3), before pruning, does not appear to be modified in the different genotypes used
for the gain-of-function experiments.

E-G, panel showing that at 18h APF, ddaC neurons are pruned normally when
overexpressing UAS-hdc or UAS-hdcA2.

H-J, At 18h APF, the strong severing (H) defect found in #dc* homozygous background is
rescued by the expression of either UAS-hdc (1) or UAS-hdcA2 (J). There is more
disruption of dendrite clearance in the UAS-hdcA2 rescued neurons (J).

K, Quantification of both clearance and severing events confirming that both the short and
the long forms of HDC can rescue Adc?3/hdc?s pruning in a significant manner (P<0.0001).
Nevertheless, the short form (UAS-hdcA?2) is less efficient than the expression of HDC full
length.
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Figure 5. Role of hdc in other neuronswhich undergo remodeling

A-C, We used C161-GALA4 to express UAS-CD8::GFP in 5 other da neurons and stain the
wL 3 fillets with HDC antibody. Adc is expressed in the other class of da neurons, in dbd
neuron (purple arrows) and in ddaC (yellow arrow head).

D-F, We used C161-GAL4 expressing UAS-CD8::GFP to visualize dorsal sensory neurons
(D). In wild-type pupae at 24h APF (E), only 2 da neurons and dbd neuron remain in the
field (arrow), and they have undergone pruning. The 3 other da neurons labeled in C161-
GAL4 have undergo apoptosis by this time. F, In hdc?3/hdc? at 24h APF, ddaA, B and F
are absent, demonstrating that /dc is not required for the apoptosis of da neurons. The
remaining neurons, ddaA, ddak and dbd show consistent severing defects (arrow).

G-I, 24h APF y-MB neurons labeled with 201Y-Gal4>UAS-mCD8-GFP. G, y-MB neurons
have almost completely pruned both their axons (arrows) and dendrites. H, In MARCM
clones for Adc?3, the pruning does not appear to be modified, and only a few axons remain
(arrows). 1, Pruning is suppressed by down-regulating £cR with EcCR-RNAICA104  resulting
in the persistence of axons at 24h APF (arrows).
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Figure 6. Regulation of hdc expression

A, MARCM clones for esg®%6B show no defects in pruning at 18h APF, (RedStinger
expression in nucleus of homozygous mutant clone), B, ppk-GAL4>btd-RNAi and C, ppk-
GAL4>Sp1-RNAi at 18h APF the pruning of ddaC neurons is not disrupted in either
background.

D-F, fillets of Oh APF pupa where ddaC neurons are labeled with UAS-CD8-GFP driven by
ppk-GAL4 which is also used to drive ECR-RNAICA104 or Sox14-RNAi when necessary.
D, The expression of ECR-RNAICA104 in ddaC neurons (arrow head) suppresses Adc
expression in a cell autonomous manner. HDC can still be seen in the neighboring da
neurons (arrows). E, The expression of Sox14-RNAi in ddaC neurons (arrow head) does not
affect hdc expression. F, In a hdc?®/hdc?® background, Sox14 staining is still present in the
nucleus of ddaC neurons (arrow head).
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Figure 7. Epistasis experiments between hdc, Sox14 and EcR

ddaC neurons labeled with UAS-CD8-GFP driven by ppk-GAL4 at 18h APF, also used to
drive Mical-RNAi, UAS-hdc, Sox14-RNAI, UAS-Sox14, Mical-RNAi and ECR-RNAiCA104
alone or in combination.

A, the expression of Mical-RNAi can lead to severing defect in 20% of ddaC neurons. B,
severing defect observed in 80% of flies homozygous for #dc#. C, the expression of Mical-
RNAI in ddaC neurons of homozygous Adc?’ flies has an additive effect with 100% of the
ddaC neurons presenting severing defect. D, Adc gain-of-function does not affect pruning of
ddaC neurons. E, F, the strong severing defect observed with the expression of Sox14-RNAi
(E) is completely rescued by the over expression of UAS-Sox14 (F). G, The expression of
UAS-hdc is not sufficient to rescue the severing defect generated by Sox14-RNA.i. H, I, The
almost complete suppression of pruning in ddaC neuron expressing ECR-RNAiICAL04 (H) is
partially rescued by the over expression of Adc (1). J, Quantification of 1° and I1° dendrites
remaining attached to the soma. There is no significant difference between Sox14-RNAi and
the combination of Sox14-RNAi and UAS-hdc. Although not total, the rescue of EcR-
RNAIiCAL04 phenotype by UAS-hdc is significant (P=<0.0001).
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