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PAR-1 promotes microtubule breakdown during
dendrite pruning in Drosophila

Svende Herzmann, Rafael Krumkamp, Sandra Rode, Carina Kintrup & Sebastian Rumpf

Abstract

Pruning of unspecific neurites is an important mechanism during
neuronal morphogenesis. Drosophila sensory neurons prune their
dendrites during metamorphosis. Pruning dendrites are severed in
their proximal regions. Prior to severing, dendritic microtubules
undergo local disassembly, and dendrites thin extensively through
local endocytosis. Microtubule disassembly requires a katanin
homologue, but the signals initiating microtubule breakdown are
not known. Here, we show that the kinase PAR-1 is required for
pruning and dendritic microtubule breakdown. Our data show that
neurons lacking PAR-1 fail to break down dendritic microtubules,
and PAR-1 is required for an increase in neuronal microtubule
dynamics at the onset of metamorphosis. Mammalian PAR-1 is a
known Tau kinase, and genetic interactions suggest that PAR-1
promotes microtubule breakdown largely via inhibition of Tau also
in Drosophila. Finally, PAR-1 is also required for dendritic thinning,
suggesting that microtubule breakdown might precede ensuing
plasma membrane alterations. Our results shed light on the signal-
ing cascades and epistatic relationships involved in neurite desta-
bilization during dendrite pruning.
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Introduction

The physiological degeneration of synapses, axons, or dendrites
without loss of the parent neuron is known as pruning. Pruning is
an important developmental mechanism that is used to ensure
specificity of neuronal connections, and to remove developmental
intermediates (Luo & O’Leary, 2005; Schuldiner & Yaron, 2015).
While the mechanisms of neurite outgrowth and synapse formation
have been studied in some detail, comparably little is known about
the mechanisms underlying pruning.

In holometabolous insects, the nervous system is remodeled at a
large scale during metamorphosis. In the peripheral nervous system
(PNS) of Drosophila, several types of sensory neurons undergo

either apoptosis or prune their larval processes in an ecdysone-
dependent manner. The sensory class IV dendritic arborization
(c4da) neurons completely and specifically prune their long and
branched larval dendrites at the onset of the pupal phase, while
their axons stay intact (Kuo et al, 2005; Williams & Truman, 2005).
Pruning proceeds in a stereotypical fashion: Dendrites are first
severed at proximal sites close to the cell body between 5 and 10 h
after puparium formation (h APF). Severed dendrites are then frag-
mented and phagocytosed by the epidermal cells surrounding them
(Han et al, 2014). First signs of dendrite pruning are visible at 2-3 h
APF when dendrites start to display swellings and thinned regions
in their proximal parts where they are subsequently severed. Proxi-
mal dendrites are destabilized by local disassembly of the cytoskele-
ton through the microtubule-severing enzyme Katanin p60-like 1
(Kat-60L1) (Lee et al, 2009) and possibly the actin-severing enzyme
Mical (Kirilly et al, 2009). Furthermore, the plasma membrane of
proximal dendrites is thinned through increased local endocytosis
(Kanamori et al, 2015).

How proximal dendrite destabilization is orchestrated is one of
the most intriguing questions in the field. Local microtubule break-
down is one of the first apparent signs of pruning before plasma
membrane severing in dendrites (Williams & Truman, 2005; Lee
et al, 2009). However, not much is known about the signals leading
to microtubule breakdown. For example, Kat-60L1 is already
expressed at the larval stage in c4da neurons (Stewart et al, 2012),
opening up the question as to how it is activated temporally for
dendrite pruning.

Here, we show that the kinase PAR-1 is required for dendrite
pruning and dendritic microtubule breakdown. PAR-1 is known to
phosphorylate microtubule-associated proteins (MAPs) including
Tau, thus leading to microtubule destabilization (Drewes et al,
1997). We found that PAR-1 is required for an increase in c4da
neuron microtubule dynamics during the early pupal phase.
Furthermore, we found that PAR-1 interacts genetically with Droso-
phila Tau in a manner consistent with Tau being a PAR-1 target
during dendrite pruning. Tau is also known to inhibit katanin
(Qiang et al, 2006), and we found that PAR-1 interacts genetically
with Kat-60L1. Finally, local microtubule breakdown is linked to
loss of membrane stabilizing factors and dendritic membrane
collapse. Thus, our results suggest a mechanism for local micro-
tubule disassembly and the relationship between early local events
during pruning.
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Results
Drosophila PAR-1 is required for sensory neuron dendrite pruning

Drosophila c4da neurons have long and branched dendrites at the
larval stage (Fig 1A), which are pruned completely during the first
18 h of the pupal phase (Fig 1A’). We used the GAL4 driver pick-
pocket-GAL4 (ppk-GAL4) to express transgenic RNAi in c4da
neurons and to screen for pruning factors. We found that loss of the
protein kinase PAR-1 leads to dendrite pruning defects. par-1 RNAi
had little effect on larval c4da neuron morphology (Fig 1B) and no
change to the axonal projections in the ventral nerve cord
(Appendix Fig S1). However, par-1 RNAI caused a significant frac-
tion of c4da neurons to retain dendrites attached to the cell body at
18 h APF (Fig 1B’). Because strong par-1 loss-of-function alleles like
par-121° (Cox et al, 2001) are embryonic lethal, we used MARCM
(mosaic analysis with a repressible cell marker) (Lee & Luo, 1999) a
mitotic recombination technique, to generate fluorescently labeled
homozygous par-1*'° mutant clones in otherwise heterozygous
animals. Homozygous par-121° mutant c4da neurons exhibited simi-
larly strong dendrite pruning defects (Fig 1C and C'). Importantly,
these pruning defects could be rescued by GAL4/UAS-mediated
expression of PAR-1 in par—]A“’ mutant c4da neurons (Fig 1D and
D’). Thus, PAR-1 is required for sensory neuron dendrite pruning in
the Drosophila PNS.

PAR-1 affects microtubule breakdown and dynamics during the
early pupal phase

PAR-1 is known for its roles in the regulation of cell polarity and in
the regulation of microtubule stability. Two independent RNAI lines
against bazooka (Baz), a well-defined PAR-1 substrate in the polar-
ity pathway (Benton & St Johnston, 2003), did not cause pruning
defects (Appendix Fig S2). par-1 RNAI did also not affect expression
of Sox14, an ecdysone receptor target, during dendrite pruning
(Kirilly et al, 2009) (Appendix Fig S2).

Disassembly of dendritic microtubules during the early pupal
stage is one of the first detectable changes during c4da neuron
dendrite pruning before severing (Williams & Truman, 2005; Lee
et al, 2009). In order to assess effects on microtubules in pruning
c4da neurons, we expressed GFP-tagged o-tubulin (GFP::o-tubulin)
in c4da neurons and visualized it by immunofluorescence. Major
dendritic branches showed continuous GFP signal at the third-instar
larval stage (Fig 2A and A’). At 5 h APF, when most dendrites are
still attached to the soma, clear gaps in the GFP::a-tubulin were visi-
ble in the proximal dendrites, indicating the loss of microtubules
(Fig 2B and B'). In contrast, c4da neurons expressing par-1 RNAI,
or par-1*'°® mutant c4da neurons exhibited uninterrupted
GFP::o-tubulin staining at 5h APF (Fig 2C-D’), suggesting that
PAR-1 might affect microtubule breakdown in pruning dendrites.
Microtubule stability and dynamics can be assessed by looking at
microtubule posttranslational modifications (Brill et al, 2016; Tao
et al, 2016). At 5 h APF, acetylated a-tubulin, which reflects stable
microtubules, was lost from proximal dendrites in control neurons
(Fig 2E and F), but persisted in neurons expressing par-1 RNAi or in
par-1*'° mutant c4da neurons (Fig 2G and H). Polyglutamylated
a-tubulin, another marker for stable microtubules, showed a similar
distribution (Appendix Fig S3). To assess microtubule dynamics
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more directly, we next took a photoconversion approach (Tao et al,
2016). To this end, we expressed o-tubulin tagged with photocon-
vertible EOS (tdEOS::a-tubulin) in c4da neurons and used a 405-nm
laser to convert it from green to red in a defined stretch of proximal
dendrite. We then assessed after 30 min what fraction of the
converted EOS was still present at the converted site. In dendrites of
third-instar c4da neurons, we found that photoconverted EOS
decayed slowly, and at a similar rate between control neurons and
neurons expressing par-1 RNAi (Fig 3A-C), thus indicating rela-
tively stable microtubules. When we assessed the decay of
converted EOS::a-tubulin at the onset of the pupal phase (0 h APF),
converted EOS::a-tubulin decayed much faster than at the larval
stage, indicating an increase in microtubule dynamics (Fig 3D
and F). Furthermore, par-I RNAi now caused the converted
EOS::a-tubulin to decay significantly more slowly than in controls
(Fig 3E and F). Thus, while PAR-1 does not seem to affect
microtubule dynamics at the larval stage, it is required for an
increase in microtubule dynamics at the onset of the pupal phase.
Together with the observation that loss of PAR-1 leads to more
stable microtubules, these data suggest that PAR-1 specifically
destabilizes microtubules for dendrite pruning.

PAR-1 is linked to Drosophila Tau during dendrite pruning

The best-characterized microtubule-associated protein target for
vertebrate PAR-1 is Tau (Drewes et al, 1997), and Drosophila Tau
has also been shown to be phosphorylated by PAR-1 (Doerflinger
et al, 2003). Using purified recombinant proteins, we confirmed that
PAR-1 phosphorylates Drosophila Tau (Fig EV1). In order to assess
endogenous Tau expression in peripheral sensory neurons, we used
a MiMIC-derived GFP insertion line that produces a Tau::GFP fusion
protein from the endogenous locus (Nagarkar-Jaiswal et al, 2015).
At the third-instar larval stage, Tau::GFP was strongly expressed in
all larval da neurons (Fig 4A) and localized to both c4da neuron
axons and dendrites (Fig 4A and A’). At 5 h APF, the Tau::GFP
signal was lower in da neuron dendrites while it was unchanged in
axons (Fig 4 B and B'). In order to specifically detect Tau distribu-
tion in c4da neurons, we next expressed HA-tagged Tau (Tau')
under the ppk-GAL4 driver. Like endogenous Tau, Tau™* was
distributed evenly along the major dendritic branches in larval c4da
neurons (Fig 4C and C'), and at 5 h APF, the Tau''® staining in the
dendrites had largely disappeared (Fig 4D and D’). However, par-I
RNAI prevented the disappearance of Tau™™ from dendrites (Fig 4E
and E/), and Tau™ could also still be seen in dendrites of par-141°
mutant c4da neurons (Fig 4F and F'). We also assessed the distribu-
tion of Futsch/MAP1B, a MAP that is highly expressed in Drosophila
larval peripheral neurons (Fujita et al, 1982, Hummel et al, 2000).
Futsch distribution closely resembles the distribution of micro-
tubules, and it is therefore often used as a microtubule marker in fly
PNS neurons. Similar to Tau, Futsch was lost from thinned proximal
c4da neuron dendrites at 5 h APF, but persisted at 5 h APF in
dendrites in neurons expressing par-1 RNAi, or in par-1’° mutant
MARCM c4da neurons (Fig EV2).

We next employed a genetic test to see whether PAR-1 and these
MAPs might act in a common pathway during dendrite pruning. To
this end, we tested whether manipulation of MAP levels could
modify the pruning defects caused by par-I RNAi (Fig 4G). Here,
we chose a combination of a ppk-GAL4 insertion and par-1 RNAi

© 2017 The Authors
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Figure 1. PAR-1 is required for sensory neuron dendrite pruning.
A-D

Loss of PAR-1 causes defects in c4da neuron dendrite pruning. Upper panels (A-D) show third-instar larval neurons, and lower panels (A'-D’) show neurons at

18 h APF. (A, A') Control c4da neurons labeled by UAS-CD8GFP expression under the control of ppk-GAL4 (third chromosome insertion). (B, B') C4da neurons
expressing par-1 RNAI under ppk-GAL4. (C, C') MARCM clones of par-14%° mutant c4da neurons. (D, D') Rescue of par-142° mutant MARCM c4da neuron pruning

defects by UAS-mediated expression of wild-type PAR-1 (isoform RR).

E Percentages of neurons with dendrite pruning defects. ***P < 0.0005, *P < 0.05 (using Fisher’s exact test). N = 16-38.
F Number of attached primary and secondary dendrites at 18 h APF. ***P < 0.0005, **P < 0.005 (using Wilcoxon’s test). N = 16-38.
G Length of unpruned dendrites at 18 h APF. ***P < 0.0005 (using Wilcoxon’s test). N = 16-38.

Data information: Scale bars are 100 um in (A-D) and 50 um in (A'-D’). Error bars represent s.d.

that caused intermediate penetrance pruning defects that could be
both enhanced and suppressed (20-30% of neurons with attached

dendrites at 18 h APF). Overexpression of tau™ did not cause

© 2017 The Authors

pruning defects by itself, but strongly enhanced the dendrite prun-
ing defects caused by par-1 RNAi (Fig 4G). Conversely, removal of

one copy of tau with the small deficiency tau™®?? (Doerflinger et al,
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| ppk-GAL4, UAS-tdtomato, UAS-GFP::o—tubulin
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| par-1 RNAi | | par-1 216 |

anti-acetylated tubulin , anti-GFP / anti-dsRed

Figure 2. PAR-1 is required for dendritic microtubule breakdown during the early phase of c4da neuron dendrite pruning.

A-D’ Microtubules were labeled by expression of UAS-GFP::a-tubulin in c4da neurons under ppk-GAL4, and c4da neuron morphology was visualized by UAS-tdtomato.
Panels (A-D) show GFP:a-tubulin staining, and panels (A’-D’) show the merge with tdtomato. (A, A) Third-instar control c4da neuron. The asterisk denotes a c3da
neuron that is also sometimes labeled by the ppk-GAL4 driver. (B, B') Control c4da neuron at 5 h APF. GFP signal disappears from proximal dendrite regions. (C, C')
C4da neuron expressing par-1 RNAi at 5 h APF. (D, D) par-1*"® mutant c4da neuron MARCM clone at 5 h APF. Continuous GFP staining persists in proximal
dendrites after loss of PAR-1.

E-H" Microtubules were labeled by an antibody against acetylated a-tubulin, and c4da neuron morphology was visualized by UAS-CDSGFP expressed under ppk-GAL4,
or by tdtomato in MARCM clones. Panels (E-H) show merges of the indicated genotypes, and panels (E'~H’) show only the acetylated a-tubulin signal of the
boxed regions in (E-H). Arrows indicate the positions of dendrites. (E, E’) Third-instar control c4da neuron. (F, F’) Control c4da neuron at 5 h APF. (G, G’) C4da
neuron expressing par-1 RNAi at 5 h APF. (H, H') par-14%® mutant c4da neuron MARCM clone at 5 h APF.

Data information: Scale bars are 50 um.

2003) led to a significant suppression of the par-1 RNAi phenotype mutation did not suppress the pruning defects (Fig 4G). Thus, the
(Fig 4G). In contrast, Futsch overexpression only led to a very mild strong and specific genetic interactions between par-1 and tau, and
increase in the pruning defects induced by par-1 RNAI, and a futsch especially the fact that a reduction of Tau levels can suppress par-I

1984 The EMBO journal Vol 36 | No 13 | 2017 © 2017 The Authors
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Figure 3. PAR-1 is required for increased microtubule dynamics in c4da neurons at the onset of the pupal phase.

Photoconvertible tdEOS::a-tubulin was expressed in c4da neurons under ppk-GAL4. tdEOS::a-tubulin was photoconverted in small dendrite segments with a 405-nm laser at
the indicated developmental stages, and decay of converted material was assessed after 30 min. Panels (A, B, D, E) show unconverted green tdEOS::a-tubulin signal to
demarcate dendrites, panels (A', B, D, E') show converted red tdEOS::a-tubulin immediately after conversion, and panels (A”, B”, D", E”) show the converted material 30 min

after conversion.

A-A" Third-instar control c4da neuron.
B-B” Third-instar c4da neuron expressing par-1 RNAI.

C Quantification of remaining red tdEOS::a-tubulin in panels (A and B). N was 18 (control) and 15 (par-1 RNAI), respectively. P = 0.098, Wilcoxon’s test.

D-D” White pupal control c4da neuron (O h APF).
E-E” White pupal c4da neuron expressing par-1 RNAi (O h APF).

F Quantification of remaining red tdEOS in panels (D and E). N was 34 (control) and 35 (par-1 RNAi). ***P < 0.0005, Wilcoxon’s test.

Data information: Scale bars are 5 um. Error bars represent s.d.

pruning defects, suggest that Tau is a target for PAR-1 during
dendrite pruning.

In human Tau, serines 262 and 356 are major PAR-1 phosphory-
lation sites. Phosphorylation at position 262 in particular releases
hTau from microtubules (Biernat et al, 1993). Drosophila Tau serine
184 is the closest analogue to serine 262 in human Tau. If this site
was a major phosphorylation site during dendrite pruning, then a
serine 184 mutation to alanine (S184A) would be expected to be
resistant to inhibition, and to cause dominant dendrite pruning
defects similar to those upon par-1 downregulation. However,

© 2017 The Authors

overexpression of tau'™ S184A did not cause dendrite pruning
defects and enhanced par-1 RNAI to the same extent as wild-type
tau™, indicating that inhibition of $184 phosphorylation is not suf-
ficient to inhibit pruning (Fig 4G). Furthermore, recombinant PAR-1
was still able to phosphorylate Tau variants lacking serines 184 and
305 (analogous to hTau serine 356) in vitro (Fig EV1). Thus, we
speculate that the phosphorylation sites in Drosophila Tau might be
different from the ones in human Tau.

It has previously been shown that Tau is a potent katanin antag-
onist (Qiang et al, 2006). Since the katanin homolog Kat-60L1 is

The EMBO Journal Vol 36 | No 13| 2017
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Figure 4. Tau distribution in da neurons and genetic interactions with PAR-1 during dendrite pruning.

A-B'

C—F

Endogenous Tau was visualized using a MiMIC-derived Tau:GFP fusion protein. Arrows mark c4da neuron dendrites. (A, A’) Endogenous Tau localizes to axons and
dendrites in third-instar c4da neurons. (B, B’) Tau is reduced in dendrites at 5 h APF.

Tau distribution in c4da neurons using transgenic HA-tagged Tau. Neurons were labeled by UAS-CD8GFP under ppk-GAL4 (C—E) or by UAS-tdtomato in MARCM
clones (F). (C, C') Tau"™ staining in a third-instar control neuron. (D, D’) Tau™ staining in a control neuron at 5 h APF. (E, E’) Tau™” distribution in a c4da neuron
expressing par-1 RNAi at 5 h APF. (F, F) Tau™ distribution in par-17%® mutant c4da neuron at 5 h APF.

Specific dosage-dependent genetic interactions between par-1 and tau. Effects of Tau or Futsch upregulation (UAS-Tau"™ UAS-Tau™ $184A, futsch®4%) or
downregulation (tau™???/+, futsch®/y) on dendrite pruning defects induced by par-1 RNAi at 18 h APF. All transgenes were expressed under the control of a
second chromosome insertion of ppk-GAL4. ***P < 0.0005, *P < 0.05, Fisher’s exact test, N = 23-48.

Genetic interactions between par-1 and kat-60L1. par-1 RNAi was coexpressed with Or83b RNAi as a control, or with kat-60L1 RNAI, and the effects on dendrite
pruning were assessed at 18 h APF. **P < 0.005, Fisher’s exact test. N = 38—49.

Data information: Scale bars are 30 um in (A-B’), and 25 um in (C-F').

required for dendrite pruning (Lee et al, 2009), this opens up the
possibility that PAR-1 activates Kat-60L1 via regulation of Tau. To
investigate this possibility, we asked if kat-60L1 RNAi could modify
the pruning defects induced by par-1 RNAi. kat-60L1 RNAIi alone
caused only modest pruning defects (Fig 4H). However, when par-1
RNAi was coexpressed with kat-60L1 RNAI, significantly more c4da
neurons retained dendrites at 18 h APF than when par-1 RNAi was

The EMBO journal Vol 36 | No 13| 2017

coexpressed with a or83b control RNAi, and more than the
combined added effects of the single par-1 and kat-60L1 RNAis,
indicating that kat-60LI acts as an enhancer of the par-1 pruning
defects (Fig 4H). Taken together, our genetic data are consistent
with a model where PAR-1 alters microtubule dynamics during
dendrite pruning via inhibition of Tau, thus enhancing microtubule
accessibility to katanin.

© 2017 The Authors
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A par-1*%® mutant c1da neuron retains its dendrites at 18 h APF.
A par-1*%® mutant clda neuron expressing wild-type PAR-1 (isoform RR).

A par-1*%® mutant clda neuron expressing wild-type PAR-1 (isoform RL).
A par-14%° mutant c1da neuron expressing kinase-dead PAR-1 (isoform RL).

IO mmgOD®>

significant, P> 0.05 (using Wilcoxon’s test). Error bars represent s.d.

Data information: Scale bars are 50 pm.

PAR-1 also regulates clda neuron dendrite pruningin a
Tau-dependent manner

A second type of peripheral sensory neurons, the class 1 da (clda)
neurons, also prune their somewhat simpler dendritic arbors with a
similar time course as c4da neurons (Williams & Truman, 2005)
(Fig 5A and B). par—lAw mutant clda neurons retained larval
dendrites with near-complete penetrance (Fig 5C), and this pheno-
type could also be rescued by re-expression of wild-type PAR-1
(Fig 5D and F). Interestingly, we observed that the PAR-I RR
isoform (nomenclature according to flybase.org) was more potent at
rescuing clda pruning defects than the PAR-1 RL isoform (Sun et al,
2001) (Fig 5D, F, and H), possibly indicating a degree of isoform
specificity. A kinase-dead version of PAR-1 RL (Sun et al, 2001) did
not rescue the pruning defects of the par-1*!° mutant (Fig 5G), con-
firming that PAR-1 kinase activity is required for its role in dendrite

© 2017 The Authors

Third-instar larval c1da neurons. The clda neuron ddaD is marked by an arrow.
At 18 h APF, c1da neurons have largely pruned their larval dendrites. Arrow, ddaD.

A par-1**® mutant clda neuron in a heterozygous tau™*??/+ mutant background.

Quantification of numbers of attached primary and secondary dendrites at 18 h APF (N = 13-25 for the MARCM experiments). ***P < 0.0005, *P < 0.05. n. s., not

pruning. Importantly, the very strong pruning defects of par-14°

mutant clda neurons were significantly suppressed by tau heterozy-
gosity (tau™*??/+) (Fig SE and H). Thus, PAR-1 appears to act
broadly in fly sensory neurons to promote dendrite pruning via
microtubule destabilization.

PAR-1 is linked to endocytosis and dendrite thinning

Proximal dendrite regions adopt a thinned and beaded morphology
early during dendrite pruning. These proximal thinnings are
induced by local endocytosis and act as diffusion barriers that
enable local Ca®" transients in dendrites (Kanamori et al, 2015).
We wondered if PAR-1 might be linked to, or required for, these
membrane alterations. Interestingly, we found that Ank2XL, a giant
neuronal ankyrin linking the plasma membrane to the cytoskeleton
(Koch et al, 2008; Pielage et al, 2008), uniformly labeled neurites of

The EMBO Journal Vol 36 | No 13| 2017
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larval c4da neurons, but was lost from proximal dendrites at 5 h We next asked whether PAR-1 might be linked to the formation
APF (Fig 6A and B). The distribution of Ank2XL closely resembled of dendrite thinnings, the barriers for compartmentalized dendritic
that of the MAP and microtubule marker Futsch (Fig 6B), and Ca®* transients (also called “branch units”) (Kanamori et al, 2013,
Ank2XL loss was prevented by inhibition of PAR-1 (Fig 6C and D). 2015). We therefore used the genetically encoded Ca®* sensor
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Figure 6. PAR-1 is required for dendritic membrane alterations during pruning.

The EMBO Journal

A-C'  Ank2XL is lost from proximal dendrites in a PAR-1-dependent manner during the early pupal stage. Upper panels (A-C) show Ank2XL staining at the indicated
developmental stages, and lower panels (A'—C’) show merge with Futsch/22C10 staining and c4da neuron markers. (A, A') Third-instar larval control c4da neuron. (B,
B’) Control c4da neuron at 5 h APF. Arrows indicate dendrite regions devoid of Ank2XL and 22C10 staining. (C, C') C4da neuron expressing par-1 RNAi at 5 h APF.

D, D’ par-1% mutant c4da neuron at 5 h APF.

E-F' PAR-1 is required for dendritic Ca* transients during the early phase of pruning. Transgenes were expressed under ppk-GAL4. Panels (E and F) show GCaMP6s
fluorescence intensity in c4da neuron dendrites at 6 h APF, and panels (E' and F’) show the tdtomato marker to visualize neuronal morphology. Numbers below
panels indicate the average number of dendrites with independent Ca®* transients (branch units) in a 20-min movie (N = 6). (E, E’) Control c4da neuron. Arrows
indicate dendrites with Ca** transients. (F, F) C4da neuron expressing par-1 RNAI.

G Genetic interactions between PAR-1 and shibire/dynamin. Dendrite pruning defects of the indicated genotypes were analyzed at 18 h APF as in Fig 4. All flies were
kept at 25°C, the permissive temperature for shi®. ***P < 0.0005, **P < 0.005, Fisher’s exact test. N = 48-64.

H Model. Activation of PAR-1 leads to loss of c4da neuron dendritic microtubules via Tau inhibition and possibly, Kat-60L1 activation. Microtubule loss in proximal

regions precedes dendritic thinning.

Data information: Scale bars are 50 pm.

GCaMP6s to assess the effect of par-1 RNAi on their occurence. At
6 h APF, control c4da neurons exhibited robust Ca®>" transients
(Fig 6E), and we counted an average of two branch units per
neuron in 5-min timelapse recordings. Under the same conditions,
expression of par-1 RNAi completely abrogated Ca** transients
(Fig 6F), indicating that PAR-1 is required for Ca?* transient
formation. Finally, thinning formation also requires dynamin-
dependent local endocytosis (Kanamori et al, 2015). We tested
genetically if PAR-1 was linked to endocytosis during dendrite
pruning. To this end, we expressed the temperature-sensitive
dominant dynamin mutant shibire” in c4da neurons. At the restric-
tive temperature of 29°C, shibire” inhibits dendrite thinning forma-
tion and causes strong dendrite pruning defects (Kanamori et al,
2015). At the permissive temperature of 25°C, shibire” induced
only mild pruning defects. However, the combination of shibire®
with intermediate strength par-I RNAi (as in Fig 4G) at 25°C led
to a very strong synergistic enhancement and almost completely
penetrant pruning defects (Fig 6G). Thus, PAR-1 is required for
both microtubule breakdown and local membrane destabilization
during dendrite pruning. Since our genetic data have indicated that
Tau is the most likely PAR-1 target during dendrite pruning, these
data suggest an epistatic relationship between microtubule break-
down and membrane thinning.

Discussion

In this work, we found that the kinase PAR-1 is part of a pathway
for microtubule disassembly during dendrite pruning. Our data
show that PAR-1 acts to enhance microtubule dynamics specifically
during the early pupal phase. In the absence of PAR-1, c4da neurons
accumulate stable microtubules at a time when control neurons
have already degraded most of their dendritic microtubules. Our
genetic data suggest that Tau is a major target for PAR-1 in this
process and that PAR-1 is required during pruning to remove, or
inactivate Tau. It is known that Tau itself stabilizes microtubules;
therefore, Tau inhibition likely serves to destabilize microtubules.
Interestingly, Tau removal might also serve to activate the katanin
homologue Kat-60L1 during dendrite pruning. This is an attractive
possibility because Tau, but not the Futsch homolog MAP1B, has
been shown to be a potent katanin inhibitor in mammalian cells
(Qiang et al, 2006), exactly matching our observed genetic interac-
tions with PAR-1 during dendrite pruning (Fig 4). Tau also becomes
depleted from mammalian sensory neuron axons after trophic

© 2017 The Authors

support withdrawal in an in vitro pruning model system (Maor-Nof
et al, 2013). Tau depletion was not sufficient to induce pruning in
mammalian sensory neurons (Maor-Nof et al, 2013), matching our
observations in c4da neurons (Fig EV2). However, while not suffi-
cient, it is interesting to speculate that Tau inactivation might also
be required for pruning in mammalian neurons.

Our data suggest that PAR-1 acts specifically during the pupal
phase, but PAR-1 protein levels do not seem to increase at this
stage (Appendix Fig S4). PAR-1 can be activated through phospho-
rylation by upstream kinases such as LKB1. kbl mutants showed
only mild pruning defects that likely cannot fully explain the
stronger defects caused by PAR-1 downregulation (Appendix Fig
S4). Interestingly, we found that PAR-1 interacts genetically with
ik2, another kinase required for dendrite pruning (Lee et al, 2009)
(Appendix Fig S4). Thus, PAR-1 activation during dendrite pruning
might depend on the interplay of several kinases. Given the tempo-
ral specificity of the PAR-1 effect (Fig 3), it is interesting to specu-
late that PAR-1 might be directly activated by a ecdysone-
responsive factor.

We also found that loss of PAR-1 prevents several processes at
the dendritic plasma membrane during the pruning process: It
prevented the local loss of membrane-associated Ank2XL from proxi-
mal dendrites (Fig 6A-D’), abrogated Ca®* transients (Fig 6E and F),
and displayed strong enhancing genetic interactions with the thin-
ning factor shibire (Fig 6G). As our genetic data indicate that Tau is
the primary PAR-1 target during dendrite pruning, this suggests that
microtubule breakdown is required for these plasma membrane
alterations. In this scenario, our data actually suggest that micro-
tubule disruption is closely linked to plasma membrane alterations,
such that it is interesting to speculate that microtubule loss might
trigger local endocytosis and thinning formation during dendrite
pruning. Thus, we would like to propose a model where PAR-1, via
Tau and possibly Kat-60L1, promotes microtubule disruption. In our
model, these processes are placed epistatically over plasma
membrane alterations during dendrite pruning (Fig 6H).

Materials and Methods
Fly stocks and culture
All crosses were done at 25°C under standard conditions. For expres-

sion in c4da neurons, we used ppk-GAL4 insertions on the second
and third chromosomes. GAL4°?! was used to visualize clda
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neurons. MARCM clones of par-1*'® mutants were induced with

SOP-FLP (Matsubara et al, 2011) and labeled by tdtomato expression
under nsyb-GAL4%°7“1%_ Other fly lines were tau™*** (Bloomington
#9530), EcR’! (BL #4900) Mov34<08%03 (BL #23860), futsch™®®,
tau™MO3HOCESTE (BT, #60199), UAS-GFP::o-tubulin (BL #7373), UAS-a-
tubulin—tdEOS (BL #51313, 51314), UAS-tau::GFP (Rumpf et al,
2011), UAS-GCaMPé6s (BL #42746), UAS-shi®® (BL #44222),
futschEP 1419 (Hummel et al, 2000), UAS-tdtomato (Han et al, 2014),
UAS-dcr2 (Dietzl et al, 2007), UAS-PAR-1 (wild-type control, isoform
RL), and UAS-PAR-1¥N (kinase domain mutant) (Sun et al, 2001).
UAS-RNAI lines were the following: par-1 (BL #32410), tau (BL
#28891), bazooka (VDRC 2914, NIG 5055R-1), kat-60L1 (BL #32506).

Transgenes and cloning

N-terminally FLAG-tagged PAR-1 (isoform RR) and C-terminally
HA-tagged Drosophila tau (isoform RA) were cloned into pUAST
attB. Tau serine 184 was replaced with alanine via PCR. All plas-
mids were injected into receptive strains carrying attP2 or attP VK37
acceptor sites according to standard protocols.

Dissection, microscopy, and live imaging

Pruning defects were assayed at 18 h APF as described (Rumpf
et al, 2014) and analyzed using a Zeiss LSM710 confocal micro-
scope. For PAR-1 genetic interactions, candidates were crossed to a
second chromosome insertion of ppk-GAL4 combined with UAS-
CD8GFP and UAS-par-1RNAi. Here, pupae were analyzed using a
Nikon AZ100 dissecting microscope. For GCaMP6s imaging of
dendritic Ca®" transients, pupae were imaged on an inverted Cell
Observer SD spinning disk microscope (Zeiss) with a 63x oil immer-
sion objective. Images were obtained with ZEN software (Zeiss) and
processed in ImageJ.

Pruning phenotypes were analyzed by counting the number of
neurons that still had dendrites attached to the soma, these data
were analyzed using a two-tailed Fisher’s exact test. Alternatively,
we counted the number of primary and secondary branches still
attached to the soma at 18 h APF, or we measured the length of
remaining dendrites at that time point. These data were analyzed
using the Wilcoxon-Mann-Whitney test.

Photoconversion experiments

Photoconversion was carried out according to a previously
published protocol (Tao et al, 2016), except that two copies of UAS-
tdEos-a-tubulin were expressed under ppk-GAL4.

Antibodies and immunohistochemistry

Larval or pupal filets were dissected according to standard protocols
and fixed in PBS containing 4% formaldehyde. Rabbit, mouse, or
chicken anti-GFP antibodies were from Life technologies or Aves
laboratories, respectively, rabbit anti-DsRed from Clontech, and rat
anti-mcherry from Life technologies. Other antibodies were mouse
anti-acetylated tubulin (Sigma 7451), anti-polyglutamylated tubulin
(Sigma T9822), mAb22C10, mouse anti-HA F7 (Sigma), guinea pig
anti-Sox14 (Ritter & Beckstead, 2010), rabbit anti-Ank2XL (Koch
et al, 2008), rabbit anti-PAR-1 (McDonald et al, 2008).
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Recombinant protein expression and phosphorylation assay

Wild-type or kinase-dead FLAG-tagged PAR-1 (isoform RR) was
expressed in S2 cells from pUAST plasmids via coexpression of
Act5C-GAL4. Tagged proteins were immunoprecipitated from
approx. 3 x 107 cells with anti-FLAG beads (Sigma) and eluted
with 3XxFLAG peptide (Sigma) according to the manufacturer’s
instructions. The tau ORF was cloned into pGEX6P-1, and GST-
tau was expressed in Escherichia coli BL21 Rosetta and purified
with glutathione Sepharose (Pharmacia). An in vitro assay was
established according to the method of Allen et al (2007).
Briefly, recombinant "“*“PAR-1 and GST-tau were incubated in
the presence of ATPyS for 30 min at room temperature to allow
for phosphorylation, and thiophosphorylated residues were alky-
lated and detected by Western blot with a specific antibody
(Abcam).

Expanded View for this article is available online.
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