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Drosophila CLASP governs dendritic
microtubule orientation and dendrite
pruning at least partly via suppressing
Par-1 kinase.

¢? CellPress


mailto:fengwei@tll.org.sg
https://doi.org/10.1016/j.celrep.2022.110887
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110887&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Drosophila CLASP regulates microtubule
orientation and dendrite pruning
by suppressing Par-1 kinase

Shufeng Bu,"?> Quan Tang,' Yan Wang,' Samuel Song Yuan Lau," Wei Lin Yong," and Fengwei Yu':%3*
1Temasek Life Sciences Laboratory, 1 Research Link, National University of Singapore, Singapore, Singapore
2Department of Biological Sciences, National University of Singapore, Singapore, Singapore

3Lead contact

*Correspondence: fengwei@tll.org.sg

https://doi.org/10.1016/j.celrep.2022.110887

SUMMARY

The evolutionarily conserved CLASPs (cytoplasmic linker-associated proteins) are microtubule-associated
proteins that inhibit microtubule catastrophe and promote rescue. CLASPs can regulate axonal elongation
and dendrite branching in growing neurons. However, their roles in microtubule orientation and neurite prun-
ing in remodeling neurons remain unknown. Here, we identify the Drosophila CLASP homolog Orbit/MAST,
which is required for dendrite pruning in ddaC sensory neurons during metamorphosis. Orbit is important for
maintenance of the minus-end-out microtubule orientation in ddaC dendrites. Our structural analysis reveals
that the microtubule lattice-binding TOG2 domain is required for Orbit to regulate dendritic microtubule
orientation and dendrite pruning. In a genetic modifier screen, we further identify the conserved Par-1 kinase
as a suppressor of Orbit in dendritic microtubule orientation. Moreover, elevated Par-1 function impairs
dendritic microtubule orientation and dendrite pruning, phenocopying orbit mutants. Overall, our study dem-
onstrates that Drosophila CLASP governs dendritic microtubule orientation and dendrite pruning at least

partly via suppressing Par-1 kinase.

INTRODUCTION

Selective elimination of unnecessary or exuberant neurites
without loss of parental neurons, also known as pruning, is a
crucial step for the maturation of the nervous system during
animal development (Luo and O’Leary, 2005; Riccomagno and
Kolodkin, 2015; Schuldiner and Yaron, 2015). The Drosophila
dendrite arborization (da) sensory neurons have emerged as an
important in vivo model to study molecular mechanisms of
neuronal pruning during metamorphosis, a transition stage be-
tween larval and adult stages (Yu and Schuldiner, 2014). Pruning
of the nervous system is triggered by an impulse of the steroid
hormone ecdysone at the late larval stage (Truman, 1990). A sub-
set of dorsal da neurons, such as ddaC (class IV, also known as
C4da) neurons, selectively prune away their dendrites without
affecting their axons (Kuo et al., 2005; Shimono et al., 2009; Wil-
liams and Truman, 2005). In ddaC neurons, the proximal den-
drites undergo severing at 5-8 h after puparium formation
(APF), followed by dendrite fragmentation and clearance by
16 h APF (Han et al., 2014; Williams and Truman, 2005). During
dendrite pruning, local microtubule disassembly at the proximal
dendrites precedes dendritic membrane breakage (Lee et al.,
2009; Williams and Truman, 2005). Several negative regulators
of microtubules, including Par-1 kinase, Katanin p60-like 1
(Kat-60L1), Efa6, and Stathmin, have been reported to promote
dendrite pruning possibly via triggering local microtubule disas-
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sembly (Bu et al., 2021; Herzmann et al., 2017; Lee et al., 2009;
Sun et al., 2021).

Microtubules are polarized filaments that consist of o, B-tubu-
lins. The B-tubulin-exposing plus ends undergo fast growth and
shrinkage, while the a-tubulin-exposing minus ends are more
stable (Akhmanova and Steinmetz, 2008). In mature mammalian
neurons, axonal microtubules are uniformly aligned with their
plus ends distal to the soma (plus-end-out), whereas dendritic
microtubules are arranged in a mixed orientation (Akhmanova
and Steinmetz, 2015; Baas and Lin, 2011). In fly and worm neu-
rons, axonal microtubules are oriented plus-end-out, similar to
those in mammalian ones. However, microtubules in the major
dendrites are predominantly arranged with their minus ends
distal to the soma (minus-end-out) (Goodwin et al., 2012; Ori-
McKenney et al., 2012; Stone et al., 2008; Yan et al., 2013). We
and others previously reported that depletion of microtubule-
associated proteins (MAPs) or kinesin motors disrupts the
minus-end-out microtubule orientation in the dendrites and
thereby impairs dendrite pruning in ddaC neurons (Feng et al.,
2019; Herzmann et al., 2018; Rui et al., 2020; Tang et al., 2020;
Wang et al., 2019). However, it is still unclear how the minus-
end-out microtubule orientation is maintained in the dendrites.

Drosophila Orbit/MAST belongs to the CLASP (cytoplasmic
linker-associated protein) family of MAPs that can function as
microtubule plus-end-tracking proteins, protect microtubules
from catastrophe, and promote rescue (Al-Bassam and Chang,
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2011; Lawrence et al., 2020). In mammals, there are two paral-
ogs of Orbit/CLASP proteins, including a ubiquitously expressed
CLASP1 and a brain-specific CLASP2 (Akhmanova et al., 2001),
whereas the Drosophila genome encodes only one CLASP gene,
namely, orbit/mast (Inoue et al., 2000; Lemos et al., 2000). Loss
of orbit/mast function in mitotic cells leads to defects in kineto-
chore-microtubule attachment, chromosome condensation,
and spindle bipolarity (Lemos et al., 2000; Maiato et al., 2002).
Neuronal Orbit/CLASP proteins are enriched in the growth cones
during neurite outgrowth stage (Beffert et al., 2012; Hur et al.,
2011; Lee et al., 2004). In cultured mammalian neurons, loss of
CLASP2 results in impaired axonal growth and dendritic branch-
ing, while overexpression of CLASP2 causes multiple axonal
initiation and dendrite overgrowth (Beffert et al., 2012; Hur
et al., 2011). However, the roles of Orbit and its mammalian or-
thologs CLASPs in regulating neuronal microtubule orientation
and neuronal pruning remain unknown. Here, we report impor-
tant roles of the Drosophila CLASP protein Orbit in regulating
dendrite pruning and microtubule orientation in remodeling
neurons.

RESULTS

Orbit/MAST is required for dendrite pruning of sensory
neurons

In a MARCM (mosaic analysis with a repressible cell marker)
screen, we isolated a mutant line, /(3L)464, which exhibited
prominent dendrite severing defects in most of the ddaC neu-
rons at 16 h APF (Figures 1D, 1J, and 1K). By contrast, the control
clones eliminated their dendritic branches (Figures 1C, 1J, and
1K). In addition, initial da was affected in /(3L)464 mutant clones
at the wandering third instar larval (wL3) stage (Figure S1A). We
then mapped this mutation to the cytological region 78C2 (Fig-
ure 1A). Moreover, it failed to complement with two previously
published orbit alleles, orbit®> and orbit* (Inoue et al., 2000).
Therefore, we named /(3L)464 as orbit*®* allele thereafter.

We further confirmed the important role of orbit in dendrite
pruning. First, like orbit*®*, either orbit* or orbit® mutant clones
showed consistent dendrite pruning defects with similar pene-
trance (Figures 1F and 11-1K). Second, we carried out several
rescue experiments in orbit*®* or orbit* mutants by expressing
orbit transgenes containing its genomic fragments, g-orbit
(also known as pB14) (Inoue et al., 2000) and g-orbit-tdGFP (Fig-
ure 1B). Either g-orbit or g-orbit-tdGFP genomic transgenes
rescued both lethality and dendrite pruning phenotypes associ-
ated with orbit*®* or orbit* mutants (Figures 1E, 1G, 1H, 1J, and
1K). Finally, ppk-Gal4-driven expression of two independent
orbit RNAI lines (#1, BL35442; #2, v106820) in ddaC neurons
also caused consistent dendrite pruning defects (Figure S1B).
Thus, Orbit is cell autonomously required for dendrite pruning
of ddaC neurons.

We next examined the expression and localization of Orbit by
using either g-orbit-tdGFP or UASp-GFP-Orbit transgenes. Both
GFP-fused Orbit proteins are functional and can substitute for
the endogenous Orbit protein, because their expression largely
rescued the dendrite pruning defects in orbit* mutant neurons
(Figures 1H and S3C). Using the g-orbit-tdGFP genomic trans-
gene, we observed the expression of Orbit in ddaC neurons
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and the surrounding epidermal cells (Figure S1C). Both GFP-
fused Orbit proteins largely co-localized with a-tubulin on the
microtubule lattices in these cells (Figures S1C and S1D).

Overexpression of orbit inhibits dendrite pruning

To investigate its potential gain-of-function effect, we gener-
ated both untagged and tagged orbit transgenes under the
control of the UASt promoter. Interestingly, overexpression
of Orbit or Orbit-CTAP caused severe dendrite pruning de-
fects in the vast majority of ddaC neurons, compared with
the control (Figure S2A). Moreover, initial da was strongly
impaired in Orbit-overexpressing neurons at the white prepu-
pal (WP) stage (Figure S2A). To rule out the possibility that the
dendrite pruning defects are caused by initial da defects, we
used the Gene-Switch system to temporally induce the
expression of Orbit at the third instar larval stage. After
1-day RU486 treatment, the GeneSwitch-Gal4-driven expres-
sion of Orbit-GFP did not affect the number of major dendrites
at WP stage (Figure S2B). Importantly, 90% of Orbit-GFP-
expressing ddaC neurons also displayed dendrite severing
defects (Figure S2B). Collectively, our data suggest that
dendrite pruning of ddaC neurons requires precise control of
Orbit protein level.

The TOG2 domain is important for orbit to regulate
dendrite pruning

Drosophila Orbit and its mammalian homologs CLASPs share
the same domain architecture, namely, three TOG or TOG-like
domains that can bind to tubulin dimers, an EB1-binding SxIP
motif that can target CLASPs to the plus ends, and a C-terminal
CLIP-interacting domain (CLIP-ID) (Figure S3A) (Aher et al,
2018; Honnappa et al., 2009; Leano et al., 2013). To investigate
which protein domains of Orbit are important for its function in
dendrite pruning, we generated a series of transgenes that ex-
press various truncated Orbit proteins under the germline
UASp promoter (Figure S3A). The UASp-Orbit transgene
induced extremely low-level expression of the protein in ddaC
neurons, compared with those UASt transgenes (Figure S2C).
As controls, UASp-dependent expression of Orbit and its
variants resulted in no or very mild dendrite pruning defects
in ddaC neurons at 16 h APF (data not shown), compared
with high-level expression of Orbit. The expression of the
full-length Orbit protein (Orbit™) almost fully rescued the
dendrite pruning defects in orbit? ddaC neurons (Figures S3D,
S3L, and S3M), compared with the orbit* control alone (Fig-
ure S3B). Interestingly, Orbit*T°%! (Figure S3E), Orbit*>*P (Fig-
ure S3G), Orbit*T°%3 (Figure S3H), Orbit*“-'"P (Figure S3I), or
OrbitT@G1:2-linker ki re S3J) deletion constructs fully or largely
rescued the dendrite pruning defects in orbit* mutant clones
(Figures S3L and S3M), suggesting that TOG1, SxIP, TOGS,
and CLIP-ID are dispensable for Orbit’s function in dendrite
pruning. We further tested the importance of the TOG2 domain
of Orbit during dendrite pruning. Indeed, the Orbit*T°%2 variant
failed to rescue the pruning phenotype of orbit* mutant neurons
(Figure S3F). Moreover, the TOG2 domain alone significantly
suppressed the orbit* mutant phenotype (Figures S3K-S3M).
Thus, the TOG2 domain is important for Orbit to regulate
dendrite pruning in ddaC neurons.
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Figure 1. Orbit/MAST is required for dendrite pruning of sensory neurons

(A) Location of Drosophila orbit gene (orange) on chromosome 3 left arm. /(3L)464 mutant allele failed to complement with Df(3L)BSC499 and Df(3L)BSC733 (red).
(B) A diagram of orbit gene structure and genomic rescue constructs, g-orbit and g-orbit-tdGFP. The coding region of orbit is highlighted in orange.

(C-1) Dendrites of wild type (C), orbit*®* (D), g-orbit, orbit*®* (E), orbit* (F), g-orbit, orbit* (G), g-orbit-tdGFP; orbit* (H), or orbit® (I) ddaC neurons at WP and 16 h APF.
Red arrowheads point to the soma of ddaC (biological replicates >5).

(J and K) Quantitative analyses of dendrite severing defects and unpruned dendrite length at 16 h APF.

The error bars represent SEM. The scale bar in (C) represents 50 um. ***p < 0.001. See also Figures S1-S3 and Table S1.
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Figure 2. Orbit is required for the minus-end-out microtubule orientation in the dendrites of ddaC neurons
(A-C) Expression of Nod-lacZ (magenta) in ddaC neurons (green) of wild-type (A), orbit RNAi #1 (B), or Orbit-CTAP overexpression (C). The asterisks label the

ddaC somas, the arrows point to the axons, and the brackets mark the dendrites (biological replicates = 3).

(D and E) Quantitative analysis of Nod-lacZ distribution in the ddaC dendrites.
(F-H) Expression of Kin-lacZ (magenta) in ddaC neurons (green) of wild-type (F), orbit RNAi #1 (G), or Orbit-CTAP overexpression (H). The asterisks label the ddaC
somas, the arrows point to the axons, and the arrowheads point to the dendrites where Kin-lacZ is accumulated (biological replicates = 3).
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Orbit regulates dendritic microtubule stability and
turnover in the dendrites of ddaC neurons

We next assessed whether Orbit regulates microtubule stability
and turnover in ddaC neurons. Using Futsch/22C10 as a micro-
tubule marker (Roos et al., 2000), we found that dendritic micro-
tubule levels were strongly reduced in orbit RNAi neurons but
significantly elevated in Orbit-overexpressing ddaC neurons
at the wL3 stage (Figure S4A). These data indicate that Orbit
can stabilize dendritic microtubules in postmitotic ddaC
neurons. To test whether Orbit is important for microtubule
turnover in the dendrites, we conducted the photoconversion
assays by expressing a photoconvertible tdEOS:a-tubulin (Bar-
lan et al., 2013; Bu et al., 2021; Herzmann et al., 2017; Lu et al.,
2013; Tao et al., 2016). Because mature neurons lose the ability
of microtubule sliding (Lu et al., 2013, 2015), the photoconver-
sion assays can be used to measure microtubule turnover or
disassembly in ddaC neurons from the third instar larval stage
(Tao et al., 2016). In the dendrites of orbit RNAi ddaC neurons,
the amounts of the photoconverted tdEOS:a-tubulin remaining
were significantly reduced at wL3, as compared with those in
control neurons (Figure S4B), suggesting higher microtubule
turnover on orbit knockdown. Overexpression of full-length
Orbit, but not Orbit*T°2, rescued the microtubule turnover de-
fects in the dendrites of orbit*“#6* mutant neurons (Figure S4C),
indicating that the TOG2 domain is required for Orbit to regulate
microtubule turnover. Interestingly, the converted tdEOS:a-tu-
bulin signals also decayed faster in Orbit-overexpressing neu-
rons than those in the control neurons (Figure S4B), suggesting
that microtubules in the dendrites of Orbit-overexpressing neu-
rons, albeit increased in level (Figure S4A), are more dynamic.
Thus, these data suggest that both reduction and overexpres-
sion of Orbit enhance microtubule turnover in dendrites. A pre-
vious study has reported that higher microtubule turnover can
accelerate the dendrite pruning process in ddaC neurons, lead-
ing to precocious dendrite pruning at 7 h APF (Bu et al., 2021).
Unexpectedly, our present data indicate that both loss and gain
of orbit functions did not lead to precocious dendrite pruning
but rather caused the dendrite pruning defects in ddaC neurons
(Figures 1 and S2). Moreover, either orbit RNAi knockdown or
overexpression resulted in increases in dendritic microtubule
levels at 6 h APF (Figure S5A), suggesting that both orbit
RNAi knockdown and overexpression lead to inhibition of
microtubule disassembly before the onset of dendrite pruning.
Taken together, our data suggest that Orbit does not regulate
dendrite pruning by directly facilitating dendritic microtubule
disassembly.

Orbit is required for the minus-end-out microtubule
orientation in the dendrites of ddaC neurons

We next examined whether the dendritic microtubule orientation
is impaired in orbit loss-of-function or gain-of-function neurons.
To this end, we first detected the distribution of two microtubule
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markers, namely, Nod-LacZ and Kin-LacZ, in orbit RNAi or Orbit-
overexpressing neurons. The chimera Nod-LacZ is often used as
a marker of microtubule minus ends in Drosophila (Clark et al.,
1997). Nod-LacZ was enriched in the dendrites but absent in
the axons of wild-type ddaC neurons (Figure 2A). By contrast,
Nod-LacZ was absent or significantly reduced in almost all the
dendrites but strongly accumulated in the soma of orbit RNAI
ddaC neurons (Figures 2B and 2D). Dendritic Nod-LacZ levels
in orbit RNAi neurons were drastically reduced to 28% of those
in the control neurons (Figure 2E). Similarly, overexpression of
Orbit-CTAP also caused robust accumulation of Nod-LacZ sig-
nals in the soma with reduced dendritic distribution in all ddaC
neurons (Figures 2C-2E), resembling the orbit RNAi phenotypes.
The axon-specific marker Kin-LacZ is often used as a marker of
microtubule plus ends (Clark et al., 1997). Kin-LacZ was local-
ized in the axons, but not in the dendrites, of wild-type ddaC neu-
rons (Figure 2F) (Zheng et al., 2008). Interestingly, Kin-LacZ often
mis-localized as punctate structures in the dendrites of orbit
RNAI (Figures 2G and 2l) or Orbit-CTAP-overexpressing ddaC
neurons (Figures 2H and 2l). Thus, Orbit is important for proper
distribution of dendrite or axon-specific microtubule markers in
ddaC neurons.

Moreover, we made use of the microtubule plus-end marker
EB1-GFP to determine the dendritic microtubule orientation
(Rolls et al., 2007; Stepanova et al., 2003). In the major dendrites
of control neurons, almost all the EB1-GFP comets moved to-
ward the soma (retrograde) (Figure 2J), with only 4% of the
comets migrating away from the soma (anterograde) (Figure 2M),
suggesting a nearly uniform minus-end-out microtubule orienta-
tion in the mature dendrites (Mattie et al., 2010; Stone et al.,
2008). Importantly, anterograde EB1-GFP comets were signifi-
cantly increased to 28% in the dendrites of orbit RNAi neurons
(Figures 2J and 2M). Likewise, a large proportion (32%) of den-
dritc EB1-GFP comets moved anterogradely in orbit#4%4
trans-heterozygous mutant neurons (Figures 2K and 2M). Similar
to orbit mutants, Orbit-overexpressing neurons also exhibited
20% of EB1-GFP comets that migrated anterogradely in their
major dendrites, compared with the control neurons (3%)
(Figures 2L and 2M). Moreover, we also examined the domains
of Orbit required for microtubule orientation in ddaC dendrites.
Consistent with their abilities to rescue the dendrite pruning de-
fects (Figures S3L and S3M), low-level expression of Orbit™,
OrbitTOG1:2-Linker "o Orpit2SXIP was also able to fully rescue the
microtubule orientation phenotypes in orbit*#%* mutant ddaC
neurons (Figure S5B). Importantly, Orbit™®%2, but not
OrbitAT9%2 significantly suppressed the dendritic microtubule
orientation defect in orbit*#6% mutant ddaC neurons (Figure S5B),
as well as the dendrite pruning defects (Figures S3F and S3K-
S3M). These structure-function analyses indicate that the
TOG2 domain is important for the protein to govern the minus-
end-out microtubule orientation in the dendrites and thereby
facilitate dendrite pruning in ddaC neurons.

(I) Quantitative analysis of Kin-lacZ distribution in the ddaC dendrites.

(J-L) Dendritic EB1-GFP kymographs in orbit RNAi (J), orbit*®*4 mutant (K), or Orbit-overexpressing (L) ddaC neurons with their respective controls. The
horizontal arrow marks the direction toward the soma. The vertical arrow indicates the duration (biological replicates >3).

(M) Quantitative analysis of EB1-GFP orientation in the ddaC dendrites.

The error bars represent SEM. The scale bars in (A), (F), and (J) represent 10 um. **p < 0.01, **p < 0.001. See also Figures S4 and S5 and Table S1.
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A genetic modifier screen identifies Par-1 kinase as a
suppressor of orbit in regulating dendritic microtubule
orientation

Orbit and CLASPs interact with CLIP proteins in flies and
mammals (Akhmanova et al., 2001; Mathe et al., 2003). However,
CLIP-ID of Orbit is dispensable for dendrite pruning (Figures S3l,
S3L, and S3M). Moreover, clip-190 null mutant (clip-190%©)
and RNAI lines did not show any dendrite pruning defects in
ddaC neurons (data not shown). Mammalian CLASPs have
also been reported to interact with the Golgi protein GCC185
to promote noncentrosomal microtubule nucleation at
the trans-Golgi network (Efimov et al., 2007). However, knock-
down of GCC185 with two RNAI lines did not cause dendrite
pruning defects in ddaC neurons (data not shown); Orbit did
not form a protein complex with fly GCC185 in transfected S2
cells in the co-immunoprecipitation assays (Figure S5C). Thus,
Orbit unlikely regulates dendrite pruning via CLIP-190 or
GCC185.

To understand the mechanism whereby Orbit regulates den-
dritic microtubule orientation, we conducted a genetic modifier
screen using Nod-LacZ as a readout of dendritic microtubule
orientation. Interestingly, among various RNAI lines targeting
21 microtubule regulators (see STAR Methods), we isolated
two independent RNAi lines targeting Par-1 kinase (#1,
BL#32410; #2, BL#35342) that fully rescued the Nod-LacZ local-
ization defects in orbit RNAi neurons (Figure 3A). As a control,
RNAi knockdown of Par-1 (#1 or #2) alone did not affect the
Nod-lacZ distribution in ddaC dendrites (Figure S6A). Par-1,
also known as microtubule affinity-regulating kinase (MARK) in
mammals, acts as a negative microtubule regulator that can
phosphorylate MAPs (such as Tau) to destabilize microtubules
(Drewes et al., 1997; Guo and Kemphues, 1995; Nishimura
et al., 2004). We then conducted the EB1-GFP assays to
strengthen the Nod-LacZ results. Knockdown of par-1 (#1 or
#2) did not affect the minus-end-out microtubule orientation in
the dendrites; however, the number of dendritic EB1-GFP
comets was significantly increased (Figure S6B). Importantly,
when either of the par-7 RNAI constructs was expressed in orbit
RNAi mutant neurons, the dendritic microtubule orientation
defects were suppressed, because the proportion of antero-
grade EB1-GFP comets was significantly decreased from 31%
to 12% (par-1 RNAIi #1) or 13% (par-1 RNAI #2) (Figure 3B).
The antagonism between Orbit and Par-1 is specific, because
knockdown of the microtubule depolymerizing kinesin Kip10A,
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via either of two functional RNAI lines (Wang et al., 2019), did
not rescue the defects in Nod-LacZ distribution or EB1-GFP
directionality in orbit RNAi neurons (Figures S7A and S7B).
KIp10A has been shown to depolymerize microtubules from
both minus and plus ends (Goodwin and Vale, 2010; Mennella
et al., 2005). Moreover, attenuation of KIp10A is able to restore
the minus-end-out microtubule orientation in the dendrites of
patronin or mini-spindles (msps) mutant neurons (Tang et al.,
2020; Wang et al., 2019). Thus, Orbit unlikely acts on microtubule
ends to regulate the dendritic microtubule orientation.

Futsch levels in the dendrites of par-1 RNAi neurons were
significantly increased (Figure S6C), consistent with a previous
study (Herzmann et al., 2017). Interestingly, knockdown of
Par-1 also restored normal Futsch levels in the dendrites of orbit
RNAi neurons (Figure 3C), compared with those in control RNAI
neurons. Thus, our findings suggest that Orbit functions to
govern dendritic minus-end-out orientation and microtubule
levels at least partly via suppressing Par-1 function.

Consistent with the previous finding (Herzmann et al., 2017),
we also found that 17% of ddaC neurons expressing the par-1
RNAI (#1) construct exhibited the dendrite severing defects at
16 h APF (Figure S6D). Interestingly, further knockdown of
par-1 did not enhance but significantly suppressed the dendrite
pruning defects in orbit RNAi ddaC neurons (Figure 3D). The
dendrite pruning defects associated with par-1 and orbit double
RNAi knockdown largely resembled the par-1 RNAi phenotype
alone (Figure 3D). Thus, these data suggest that par-1 is epistatic
to orbit in dendrite pruning.

Par-1 overexpression impairs dendritic microtubule
orientation and dendrite pruning

Our genetic suppression data suggest that Orbit and Par-1 play
an antagonistic role in dendritic microtubule orientation and
dendrite pruning. We then asked whether Par-1 overexpression
phenocopies loss/knockdown of orbit function. Indeed, overex-
pression of wild-type Par-1 (Par-1"T) led to dramatic accumula-
tion of Nod-LacZ signals in the soma with significant reduction in
the dendrites (Figure 4A). Consistently, overexpression of
Par-1"T significantly increased the proportion of anterograde
dendritic EB1-GFP comets to 11%, compared with 1% in the
control neurons (Figure 4B). Par-1 overexpression also caused
the dendrite severing defects in 38% of ddaC neurons (Fig-
ure 4C). Thus, Par-1 overexpression resembles the effects of
loss/reduction of orbit function.

Figure 3. Orbit regulates microtubule orientation in ddaC dendrites via antagonizing Par-1 function

(A) Expression of Nod-lacZ (magenta) in orbit RNAi #1 ddaC neurons (green) co-expressing control [ctrl] RNAi, par-7 RNAi #1, or par-1 RNAi #2 construct. The
asterisks label the ddaC somas, the arrows point to the axons, and the brackets mark the dendrites (biological replicates = 5). Quantitative analysis of Nod-lacZ
distribution in the ddaC dendrites.

(B) Dendritic EB1-GFP kymographs in orbit RNAI #1 + ctrl RNAI, orbit RNAI #1 + par-1 RNAi #1, and orbit RNAi #1 + par-1 RNAi #2 ddaC neurons. The horizontal
arrow marks the direction toward the soma (biological replicates >3), and the vertical arrow indicates the duration. Quantitative analysis of EB1-GFP orientation in
the dendrites.

(C) Microtubule/Futsch (magenta) levels in ddaC neurons (green) expressing two copies of ctrl RNAI, orbit RNAi #1 + ctrl RNAI, ctrl RNAI + par-1 RNA #1, or orbit
RNAi #1 + par-1 RNAI #1. The asterisks label the ddaC somas, the arrows point to the axons, and the brackets mark the dendrites (biological replicates = 5).
Quantitative analysis of microtubule levels in the ddaC dendrites.

(D) Dendrites of ddaC neurons co-expressing orbit RNAi #1 + ctrl RNAi, par-1 RNAi #1 + ctrl RNAI, or orbit RNAI #1 + par-1 RNAi #1 constructs at 16 h APF. Red
arrowheads point to the soma of ddaC (biological replicates >5). Quantitative analyses of dendrite severing defects and unsevered dendrite length.

The error bars represent SEM. Scale bars represent 10 pm (A-C) and 50 um (D). *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant. See also Figures S6 and S7
and Table S1.

Cell Reports 39, 110887, May 31, 2022 7



- ¢ CellP’ress Cell Reports

A
2 ns
F 100~ 2 259 " s
N g 5 =
8 S & go- £ 220 °
= 2§ 0 g °
O 3 = g ] o4 °
2] - © -
o £ 2 60 5515 o oas
3 o R r °
€ 1y 401 ggmo-@-.?
BQ 838 o? % 4 '-.
N >3 20- SZo05{>=F °
% €2 1S © [T
3 8 17 18 17 18 5 :
S 5 0- P z 0.0- & P
2 * <\\‘°\,§ X OX X
~ SRS ER A
[ NSRS\ o NS\ SR\ ol
G5 ‘ AN\ ) N ‘\)V%
UAS-Control UAS-Par-1"" UAS-Par-1° UAS-Par-1"" £ 1007 e
£ —s
g & —
5 o § 80f X
0 — T0 the soma i Q g 60+
s = el — <2
i\\ W TN _ ! \\ o>
\ = e 3 . < 5 & 401
% & \\ N R s ~ ~ 2o .
-~ = . % e - - 8% 204 17 20 13
180 s | ee——p— P s é g . .
wrt KD = o
UAS-Control UAS-Par-1 UAS-Par-1 R N
&
R
o £ R
NI
9 — ns
B 3
c © 100 215009 NS
5 ,\ \ \ % 5 [5} 3 kK
; | ko) k] %
b Q804 E 12004 o
! ) T
& ¥~\\\ \ \ [ o & ‘
< A G & £ 604 9 9004 %e
i e \ ,»5" ‘ { A q>) 8 °
E i ! ] A,‘. 5 ,\ s T k » .‘ X $ 401 5 6007 -
: s LN A : iV k< g P
—_ ot \< P ) i R 8 204 2 3001 # .
\ ® O
wr B .
UAS-Control UAS-Par-1 UAS-Par-1° UAS-Par-1™" 5 2B %0 § 1 - sgan
= ¢ © o O o
g o¥es 3 NI
(Sot g8 X ot o8 A
e CCCxd
NN SN
D o N N
% ns
o "9 . 4= * %
N 1S R
S = 2
i | g C b = 3.
S =2 2
(o] n 3 Ee]
s S £ £ ° %o
=4 ﬁ 2. [ ]
EN : L]
c 8 3
N o3 Z 11 'I'
[ )
S Eg ° %o ° ':.'
T c Z o (Y]
3 : g o
=z o) S £
R N
~ o S \,'\ &
o Y %,Q'b Q
O ) N NaiNa
. ) . ) L NA: SN B NN
orbit RNAI #1 orbit RNAI #1 orbit RNAI #1 SR X X
+ UAS-Control + UAS-Par-1"" + UAS-Par-1° & & &
- \\
& & &

(legend on next page)

8 Cell Reports 39, 110887, May 31, 2022



Cell Reports

To demonstrate that the phenotypes caused by Par-1 overex-
pression are due to its kinase activity, we overexpressed either a
kinase-dead form of Par-1 (Par-1XP) (Nishimura et al., 2004) or a
non-phosphorylated form (Par-174%%4) (Lizcano et al., 2004;
Timm et al., 2003; Wang et al., 2007), which were shown to be
kinase inactive. Overexpression of Par-1XP or Par-1T% did
not affect Nod-LacZ distribution (Figure 4A), EB1-GFP comet
directionality (Figure 4B), or dendrite pruning in ddaC neurons
(Figure 4C). Moreover, Par-1"" overexpression significantly
exacerbated the Nod-lacZ distribution defect in orbit RNAI
ddaC neurons (Figure 4D), whereas Par-1¥P overexpression
did not (Figure 4D). Taken together, increased Par-1 function im-
pairs dendritic microtubule orientation and dendrite pruning,
phenocopying loss of orbit function.

In summary, our data indicate that Orbit regulates dendritic
microtubule orientation and dendrite pruning at least partly by
antagonizing Par-1 function.

DISCUSSION

In this study, we provide multiple lines of in vivo evidence to
demonstrate that Orbit is critical for dendrite pruning and the uni-
form minus-end-out microtubule orientation in the dendrites of
ddaC sensory neurons. Orbit is localized on the microtubule lat-
tices in the dendrites of ddaC neurons. It is possible that Orbit
functions via the TOG2 domain to associate with and stabilize
microtubule lattices in the dendrites, and thereby preserve den-
dritic minus-end-out microtubule orientation. In agreement with
this, mammalian CLASP2, via its TOG2 domain, also associates
with microtubule lattices to stabilize microtubules and inhibit
microtubule catastrophe (Aher et al., 2018; Leano et al., 2013).
Our previous studies reported that Patronin and Msps main-
tain the dendritic microtubule orientation in ddaC neurons by
counteracting the kinesin-13 microtubule depolymerase
KIp10A presumably at the microtubule minus and plus ends,
respectively (Tang et al., 2020; Wang et al., 2019). Unexpectedly,
KIp10A knockdown, via two previously used RNAi lines, failed to
rescue or suppress the orbit RNAi phenotypes, suggesting that
Orbit and Msps/Patronin use distinct mechanisms or pathways
to regulate the dendritic microtubule orientation. Interestingly,
in our genetic modifier screen, we identified Par-1 kinase as a
suppressor of Orbit. Multiple lines of genetic evidence support
the notion that Orbit regulates dendritic microtubule orientation
and dendrite pruning at least partly via counteracting Par-1 func-
tion. However, we detected no apparent increase in Par-1 pro-
tein levels in orbit RNAi ddaC neurons (Figure S7C). Moreover,
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we did not detect a potential interaction between Orbit and
Par-1in S2 cells (Figure S7D). Thus, Orbit indirectly counteracts
Par-1 function in ddaC neurons.

The mammalian Par-1 homolog MARK2 can phosphorylate
MAPs, such as doublecortin (DCX) or Tau, to release them
from microtubule lattices and thereby destabilize microtubules
(Biernat et al., 2002; Chen et al., 2006; Drewes et al., 1997; Nish-
imura et al., 2004; Schaar et al., 2004). In Drosophila, Par-1
promotes microtubule breakdown in ddaC neurons largely via
inhibition of Tau (Herzmann et al., 2017). We found that Orbit
knockdown or Par-1 overexpression reduced Tau levels in the
dendrites of ddaC neurons (Figure S8A). Interestingly, further
knockdown of Tau exacerbated the dendritic microtubule orien-
tation defect in the orbit RNAi background, because the dendritic
Nod-lacZ signals were further reduced in orbit and tau double
RNAIi neurons (Figure S8B). This finding suggests that Orbit
counteracts Par-1 function, which in turn inhibits Tau during
the regulation of dendritic microtubule orientation in ddaC sen-
sory neurons.

How does Orbit regulate microtubule minus-end-out orienta-
tion in ddaC dendrites? We propose a potential model in which
Orbit acts on microtubule lattices to protect microtubules
and maintain dendritic microtubule orientation by suppressing
Par-1 function (Figure S8C). This model is supported by the
following lines of evidence. First, Orbit is localized on the micro-
tubule lattices in the dendrites of ddaC neurons, suggesting that
it can protect microtubule fibers from severing or disassembly.
Second, the microtubule lattice-binding TOG2 domain is
required for Orbit to maintain the minus-end-out microtubule
orientation in the dendrites. Third, attenuation of Kip10A, which
depolymerizes microtubules from both minus and plus ends
(Goodwin and Vale, 2010; Mennella et al., 2005), did not sup-
press the orbit RNAi phenotype, suggesting that Orbit acts inde-
pendent of Kip10A-mediated depolymerization from the ends.
Finally, Par-1 can destabilize microtubules by releasing the
microtubule lattice-binding protein Tau. Because in neurons
Tau can protect microtubules from severing by the microtu-
bule-severing enzyme katanin (Qiang et al., 2006), we speculate
that on Orbit depletion, Par-1 might release Tau and subse-
quently expose the microtubule lattices to the severing events
possibly mediated by microtubule-severing enzymes (e.g., kata-
nin), leading to generation of short microtubule filaments (Fig-
ure S8C). Short filaments might be re-oriented randomly and
serve as seeds for microtubule polymerization, which leads to
mixed microtubule orientation in the dendrites. In agreement
with this speculation, overexpression of katanin, which can sever

Figure 4. Par-1 overexpression impairs dendritic microtubule orientation and dendrite pruning

(A) Expression of Nod-lacZ (magenta) in ddaC neurons (green) overexpressing UAS-Control, UAS-Par-1"T, UAS-Par-1%P, and UAS-Par-17%%%A_ The asterisks
label the ddaC somas, the arrows point to the axons, and the brackets mark the dendrites (biological replicates = 4). Quantitative analysis of Nod-lacZ distribution
in the ddaC dendrites.

(B) Dendritic EB1-GFP kymographs in ddaC neurons overexpressing UAS-Control, UAS-Par-1"T, and UAS-Par-1%P. The horizontal arrow marks the direction
toward the soma. The vertical arrow indicates the duration (biological replicates >3). Quantitative analysis of EB1-GFP orientation in the ddaC dendrites.

(C) Dendrites of ddaC neurons overexpressing UAS-Control, UAS-Par-1"", UAS-Par-1XP, and UAS-Par-17#%4 at 16 h APF. Red arrowheads point to the soma of
ddaC (biological replicates >5). Quantitative analysis of dendrite severing defects and unpruned dendrite length at 16 h APF.

(D) Expression of Nod-lacZ (magenta) in orbit RNAi #1 ddaC neurons (green) co-expressing UAS-Control, UAS-Par-1"", and UAS-Par-1XP. The asterisks label the
ddaC somas, the arrows point to the axons, and the brackets mark the dendrites (biological replicates = 4). Quantitative analysis of Nod-lacZ distribution in the
ddaC dendrites. The error bars represent SEM. Scale bars represent 10 um (A, B, and D) and 50 um (C). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S8 and
Table S1.
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microtubules into short filaments in vitro (McNally and Vale,
1993), also impairs dendritic microtubule orientation, as well as
dendrite pruning (Tang et al., 2020), phenocopying Orbit deple-
tion. The questions of how microtubules are severed into small
microtubule seeds, how microtubules with mixed orientation
are generated, and whether impaired microtubule orientation
causes dendrite pruning defects can be investigated in future
studies.

Limitations of the study

In this study, our genetic data indicate that Orbit regulates micro-
tubule orientation and dendrite pruning partly via suppressing
Par-1 function. Although our in vivo system provides tremendous
opportunities for extensive genetic analysis, the limitations of this
system preclude us to pinpoint the cellular mechanism between
Orbit and Par-1 in this study. It could be further investigated in
future in in-vitro-cultured neurons, which are more suitable for su-
per-resolution microscopy and other sophisticated live imaging
tools. Moreover, Orbit is not a pruning factor per se but likely reg-
ulates dendrite pruning via microtubule orientation.
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Mouse monoclonal anti-B-Galactosidase
Rabbit polyclonal anti-GFP

Rabbit polyclonal anti-Tau

Rabbit polyclonal anti-Orbit

Mouse monoclonal anti-a-Tubulin
Anti-c-Myc—Peroxidase antibody
Anti-HA-Peroxidase antibody

Monoclonal Anti-Flag M2-Peroxidase antibody

Alexa Fluor® 488 AffiniPure Goat Anti-Rabbit IgG (H+L)

Cy™3 AffiniPure goat polyclonal anti-mouse IgG (H+L)
Cy™S3 AffiniPure goat polyclonal anti-rabbit IgG (H-+L)

Alexa Fluor® 647 AffiniPure Goat Anti-Horseradish
Peroxidase

Developmental Studies
Hybridoma Bank

Promega

Invitrogen

(Doerflinger et al., 2003)
(Lemos et al., 2000)
Sigma

Sigma-Aldrich

Roche

Sigma-Aldrich

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Cat# 22C10, RRID: AB_528403

Cat# 378A; RRID: AB_2313752

Cat# A-11122; RRID: AB_ 221569

N/A

N/A

Cat# T9026, RRID: AB_477593

Cat# A5598; RRID: AB_439682

Cat# 12013819001; RRID: AB_390917
Cat# A8592; RRID: AB_439702

Cat# 111-545-003; RRID: AB_2338046

Cat# 115-165-003; RRID: AB_2338680

Cat# 111-165-003; RRID: AB_2338000

Cat# 123-605-021; RRID: AB_2338967

Chemicals, peptides, and recombinant proteins

Mifepristone
Halocarbon oil 27
Express Five™ SFM
IP Lysis buffer
Protein A/G Agarose
Glutaraldehyde
Formaldehyde
Glycerol
Vectashield

Sigma-Aldrich
Santa Cruz
Gibco

Pierce

Pierce
Sigma-Aldrich
Polysciences Inc.
Invitrogen

Vector Laboratories

Cat# M8046
Cat# sc-250077
Cat#t 10486025
Cat# 87788

Cat# 20421

Cat# G6257
Cat# NC9200219
Cat# 15514011
Cat# H-1000

Critical commercial assays

Axygen Plasmid Miniprep Kit

PENTR™/D-TOPO™ Cloning Kit

QuikChange Lightning Site-directed Mutagenesis Kit
Gateway™ LR Clonase™ Il Enzyme mix
BACMAX™ DNA Purification Kit

Effectene Transfection Reagent

Axygen

Invitrogen

Agilent Technologies
Invitrogen

Analisa Scientific
Qiagen

Cat# AP-MN-P-250
Cat# K240020
Cat# 210518

Cat# 11791020
Cat# BMAX044
Cat# 301425

Experimental models: Organisms/strains

Drosophila melanogaster: UAS-Mical™-"
Drosophila melanogaster: ppk-Gal4 (Chr. Il and Ill)
Drosophila melanogaster: SOP-flp (Chr. Il and IlI)
Drosophila melanogaster: UAS-EB1-GFP
Drosophila melanogaster: UAS-Kin-p-Gal
Drosophila melanogaster: orbit®

Drosophila melanogaster: orbit*

(Terman et al., 2002)

(Grueber et al., 2003)
(Matsubara et al., 2011)
(Stone et al., 2008)
(Clark et al., 1997)
(Inoue et al., 2000)
(Inoue et al., 2000)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Drosophila melanogaster: g-orbit (Inoue et al., 2000) N/A

Drosophila melanogaster: UAS-Orbit-GFP (Lee et al., 2004) N/A

Drosophila melanogaster: CLIP-190X° (Dix et al., 2013) N/A

Drosophila melanogaster: UAS-Par-1"T (Wang et al., 2007) N/A

Drosophila melanogaster: UAS-Par-14P (Wang et al., 2007) N/A

Drosophila melanogaster: UAS-Par-174084 (Wang et al., 2007) N/A

Drosophila melanogaster: orbit** This study N/A

Drosophila melanogaster: g-orbit-tdGFP This study N/A

Drosophila melanogaster: UASp-Orbit™ This study N/A

Drosophila melanogaster: UASp-GFP-Orbit This study N/A

Drosophila melanogaster: UASp-Orbit*T°¢! This study N/A

Drosophila melanogaster: UASp-Orbit4 702 This study N/A

Drosophila melanogaster: UASp-Orbit? 703 This study N/A

Drosophila melanogaster: UASp-Orbit4SX'" This study N/A

Drosophila melanogaster: UASp-Orbit4C-F-P This study N/A

Drosophila melanogaster: UASp-OrbitT0G"2-inker This study N/A

Drosophila melanogaster: UASp-Orbit’0%? This study N/A

Drosophila melanogaster: UAS-Orbit This study N/A

Drosophila melanogaster: UAS-Orbit-HA This study N/A

Drosophila melanogaster: UAS-Orbit-CTAP This study N/A

Drosophila melanogaster: UAS-mCD8::GFP Bloomington Stock RRID: BDSC_5130; RRID: BDSC_5137
(Chr. Il and 11l Centre (BDSC)

Drosophila melanogaster: FRT2A BDSC RRID: BDSC_1997
Drosophila melanogaster: UAS-Dicer2 (Chr. Il and IlI) BDSC RRID: BDSC_24650; RRID: BDSC_24651
Drosophila melanogaster: FRT2A, tubP-Gal80 BDSC RRID: BDSC_5190
Drosophila melanogaster: Gal4’%°@%% UAS-mCD8::GFP BDSC RRID: BDSC_8768
Drosophila melanogaster: Gal4*7”” BDSC RRID: BDSC_8737
Drosophila melanogaster: UAS-Nod-3-Gal BDSC RRID: BDSC_9912
Drosophila melanogaster: ppk-CD4-tdGFP BDSC RRID: BDSC_35843
Drosophila melanogaster: GSG2295-Gal4 BDSC RRID: BDSC_40266
Drosophila melanogaster: UASp-aTub84B-tdEOS BDSC RRID: BDSC_51313; RRID: BDSC_51314
(Chr. Il and 11l

Drosophila melanogaster: orbit RNAi #1 BDSC RRID: BDSC_35442
Drosophila melanogaster: mCherry RNAi BDSC RRID: BDSC_35785
(control RNAI)

Drosophila melanogaster: CLIP-190 RNAi #1 BDSC RRID: BDSC_31265
Drosophila melanogaster: par-1 RNAI #1 BDSC RRID: BDSC_32410
Drosophila melanogaster: par-1 RNAI #2 BDSC RRID: BDSC_35342
Drosophila melanogaster: par-1-KI-GFP BDSC RRID: BDSC_64452
Drosophila melanogaster: klp10A RNAi BDSC RRID: BDSC_33963
Drosophila melanogaster: spas RNAi BDSC RRID: BDSC_53331
Drosophila melanogaster: spas RNAi BDSC RRID: BDSC_27570
Drosophila melanogaster: fign RNAi BDSC RRID: BDSC_38266
Drosophila melanogaster: kat-60L1 RNAi BDSC RRID: BDSC_36866
Drosophila melanogaster: stai RNAi BDSC RRID: BDSC_36902
Drosophila melanogaster: sgg RNAI BDSC RRID: BDSC_35364
Drosophila melanogaster: sgg RNAi BDSC RRID: BDSC_38293
Drosophila melanogaster: ptrn RNAi BDSC RRID: BDSC_36659
Drosophila melanogaster: tacc RNAi BDSC RRID: BDSC_65982
Drosophila melanogaster: khc RNAi BDSC RRID: BDSC_35770
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Drosophila melanogaster: dhc64C RNAi BDSC RRID: BDSC_36698
Drosophila melanogaster: shot RNAi BDSC RRID: BDSC_64041
Drosophila melanogaster: ytub23C RNAi BDSC RRID: BDSC_31204
Drosophila melanogaster: orbit RNAi #2 Vienna Drosophila RNAI KK-108620
Centre (VDRC)
Drosophila melanogaster: ytub37C RNAi VDRC GD-25271
(control RNAI)
Drosophila melanogaster: GCC185 RNAi #1 VDRC GD-26221
Drosophila melanogaster: GCC185 RNAI #2 VDRC KK-106596
Drosophila melanogaster: CLIP-190 RNA; #2 VDRC KK-107824
Drosophila melanogaster: tau RNAi #1 VDRC GD-25023
Drosophila melanogaster: tau RNAi #2 VDRC GD-25024
Drosophila melanogaster: kip10A RNAi VDRC GD-41534
Drosophila melanogaster: spas RNAi VDRC GD-33110
Drosophila melanogaster: kat-60 RNAi VDRC GD-38369
Drosophila melanogaster: kat-60 RNAi VDRC KK-106487
Drosophila melanogaster: fign RNAi VDRC GD-24746
Drosophila melanogaster: kat-60L1 RNAI VDRC GD-31598
Drosophila melanogaster: kat-60L1 RNAi VDRC GD-31599
Drosophila melanogaster: kat-60L1 RNAI VDRC KK-108168
Drosophila melanogaster: efa6 RNAi VDRC SH-330083
Drosophila melanogaster: msps RNAi VDRC GD-21982
Drosophila melanogaster: unc-104 RNAi VDRC GD-47171
Drosophila melanogaster: kap3 RNAi VDRC KK-103548
Drosophila melanogaster: khc RNAI VDRC GD-44338
Drosophila melanogaster: ncd RNAi VDRC GD-22571
Drosophila melanogaster: futsch RNAi VDRC GD-6972
Drosophila melanogaster: eb1 RNAi VDRC GD-24451
Oligonucleotides
pTW DGRC Cat# 1129
pTWH DGRC Cat# 1100
pUAST-CTAP (Tian et al., 2013) N/A
pPW DGRC Cat# 1130
pPGW DGRC Cat# 1071
pPAHW DGRC Cat# 1095
pPAMW DGRC Cat# 1103
pAFW DGRC Cat# 1111
pPAWF DGRC Cat# 1112
EST LD31673 DGRC Cat# 6665
EST Fl04457 DGRC Cat# 1621676
EST SD05712 DGRC Cat# 5335
BAC clone CH322-62N12 BACPAC Resource Center N/A
Recombinant DNA
Plasmid: pENTR-Orbit This paper N/A
Plasmid: pTW-Orbit This paper N/A
Plasmid: pTWH-Orbit This paper N/A
Plasmid: pUAST-Orbit-CTAP This paper N/A
Plasmid: pPW-Orbit™ This paper N/A
Plasmid: pPGW-Orbit™ This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pPW-OrbitAT0%1 This paper N/A

Plasmid: pPW-Orbit*T0%2 This paper N/A

Plasmid: pPW-Orbit2 T3 This paper N/A

Plasmid: pPW-Orbit*SxP This paper N/A

Plasmid: pPW-Orbit*C-P-1P This paper N/A

Plasmid: pPW-Orbit"0G1.2-linker This paper N/A

Plasmid: pPW-Orbit™? This paper N/A

Plasmid: pENTR-tdGFP This paper N/A

Plasmid: pAHW-Orbit This paper N/A

Plasmid: pAMW-Orbit This paper N/A

Plasmid: pAFW-GCC185 This paper N/A

Plasmid: pAWF-Par-1 This paper N/A

BAC clone: CH322-62N12-Orbit-tdGFP This paper N/A

Software and algorithms

Adobe Photoshop Adobe https://www.adobe.com/products/photoshop.html

Adobe lllustrator Adobe https://www.adobe.com/products/illustrator.htmi

Fiji ImageJ) NIH https://imagej.net/Fiji/Downloads

GraphPad Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/

Excel Microsoft https://www.microsoft.com/en-us/

microsoft-365/excel

Olympus FV3000 confocal microscopy Olympus https://www.olympus-lifescience.com/
en/laser-scanning/fv3000/

Leica TCS SP2 confocal microscopy Leica https://www.leica-microsystems.com/
products/confocal-microscopes/p/leica-tcs-sp2/

Biorender Biorender https://biorender.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resource and reagents should be directed to and will be fulfilled by the lead contact Fengwei Yu
(fengwei@tll.org.sg).

Materials availability
Most materials are commercially available. All unique reagents generated in this study are available from the Lead contact without
restriction.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila husbandry and strains

All Drosophila stocks and crosses were maintained in standard cornmeal media at 25°C. All fly genotypes used in this study are listed
inthe key resources table and Table S1. The third instar larvae or early pupae at 0, 16 or 19 h APF (both male and female) were used in
this study. ppk-Gal4 on Chromosome Il and Ill (Grueber et al., 2003), SOP-flp (#42) (Matsubara et al., 2011), UAS-MicalV*®™ (Terman
et al., 2002), UAS-EB1-GFP (Stone et al., 2008), UAS-Kin-8-Gal (Clark et al., 1997), orbit®, orbit?, g-orbit (Inoue et al., 2000), UAS-
Orbit-GFP (Lee et al., 2004), CLIP-190%C (Dix et al., 2013), UAS-Par-1"T, UAS-Par-1%P, UAS-Par-17%84 (\Wang et al., 2007), orbit*®*,
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g-orbit-tdGFP, UASp-Orbit™, UASp-GFP-Orbit, UASp-Orbit*T°%" UASp-Orbit*7°%2, UASp-Orbit*>'F, UASp-OrbitT°%3, UASP-
Orbit2CHPIP | JASP-Orbit O -2 -Linker | (JASH-Orbit™%2, UAS-Orbit, UAS-Orbit-HA, UAS-Orbit-CTAP (generated in this study).

The following stocks were obtained from Bloomington Stock Center (BSC): UAS-mCD8::GFP, UAS-Dicer2, FRT2A, tubP-Gal80,
Gal4'9%@80  Gal4*~"7 (BL#8737), UAS-Nod-6-Gal (BL#9912), ppk-CD4-tdGFP (BL#35843), GSG2295-Gal4 (BL#40266), UASp-
aTub84B-tdEOS (BL#51313, 51314), orbit RNAI #1 (BL#35442), CLIP-190 RNAI #1 (BL#31265), par-1 RNAi #1 (BL#32410), par-1
RNAI #2 (BL#35342), par-1-KI-GFP (BL#64452).

The following stocks were ordered from Vienna Drosophila RNAi Center (VDRC): orbit RNAI #2 (v108620), control RNAi (v25271),
GCC185 RNAI #1 (v26221), GCC185 RNAI #2 (v106596), CLIP-7190 RNAI #2 (v107824), tau RNAI #1 (v25023), tau RNAI #2 (v25024).

S2 cell culture
S2 cells were cultured in Expressive Five SFM (ThermoFisher, 10486025) with 1% L-glutamine at 25°C.

METHOD DETAILS

Generation of orbit transgenes

To generate UAS-Orbit transgenes, the full-length cDNA of Drosophila orbit was amplified from EST LD31673 into pENTR/D-TOPO
vector (Invitrogen), followed by cloning into the pTW, pPW or pTWH destination vectors (DGRC) via LR reaction. Various orbit trun-
cates were generated by QuickChange mutagenesis kit (Agilent Tech) using pENTR-orbit as a template. The orbit cDNA was cloned
directly into pUAST-CTAP plasmid to generate UAS-Orbit-CTAP construct.

For the g-orbit-tdGFP construct, a tandem dimeric GFP (tdGFP) fragment was first amplified from the ppk-CD4-tdGFP flies into
PENTR/D-TOPO vector to generate pENTR-tdGFP. Via homologous recombination (Venken et al., 2009), the tdGFP sequence
was then recombined into the BAC clone CH322-62N12 before the stop codon. All the constructs were sent to BestGene Inc for
microinjection.

EMS screen, RNAi and MARCM analysis of da neurons

For EMS screen on chromosome 3L, w*;;FRT2A/FRT2A male flies were first treated with 25 mM EMS for 1 day to generate random
mutations. The mutated chromosomes were balanced over TM6B. The lethal/semi-lethal lines were then isolated for MARCM
analysis.

RNAI/MARCM analysis of da neurons were conducted as previously described (Kirilly et al., 2009). Fly embryos were collected
every 24 - 48h and kept at 25°C. To check dendrite pruning phenotypes at 16 or 19 h APF, the white prepupae were collected on
wet filter paper overnight and pupal cases were carefully removed before mounting with 90% glycerol. To image the full dendritic
arbor of ddaC neurons, wandering 3 instar larvae were washed with water briefly and mounted on the glass slides with a
drop of halocarbon oil (Santa Cruze, sc-250077). mCD8::GFP were visualized by Leica SPE-Il upright confocal microscope with
40 x oil lens, 1x zoom. Dorsal is up in all images. The imaged plugin Simple Neurite Tracer and Sholl Analysis were used for dendrite
analyses. The dendrite severing defect is defined by the presence of dendrites (at least 100 um in length) that remain attached to the
soma at 16 h APF.

Time-lapse imaging of EB1-GFP

Late 2"%early 3% instar larvae (72-96 h AEL) expressing UAS-EB1-GFP driven by Gal4*~"” or ppk-Gal4 were washed with water
briefly and mounted with halocarbon oil for time-lapse imaging. EB1-GFP movies were acquired by Olympus FV3000 inverted
confocal microscope with 60x oil lens, 3x zoom. Within 3 min, 125 frames of 6-z-step images were obtained at 1.45-s intervals.
The kymographs were generated by the ImagedJ plugin KymographBuilder.

Microtubule turnover assay

Early/wandering 3 instar larvae expressing UASp-aTub84B-EQOS driven by ppk-Gal4 were washed with water briefly and mounted
with halocarbon oil. Green and red EOS images were acquired by Olympus FV3000 inverted confocal microscope with 60x oil lens,
3x zoom. Using a 405 nm laser, EOS in a segment of dorsal proximal dendrite (~7 um) was photoconverted from green to red. Using
488 nm and 561 nm lasers, 2 images were acquired just after photoconversion and 30 min after photoconversion. The remaining
fluorescence intensity was quantified as (Fl[converted] - Fl[neighbouring])somirn/(Fl[converted] - FI[neighbouring])omin-

RU486/mifepristone treatment
Embryos were collected every 12 h and cultured on normal food. Late 2"%early 3¢ instar larvae were fed with 240 pg/mL RU486 for
one day and white pupae were collected for further experimental analyses.

Co-immunoprecipitiation

PAHW-Orbit, pPAMW-Orbit, pPAFW-GCC185 and pAWF-Par-1 vectors were generated using Gateway cloning and transfected into S2
cells via Effectene Transfection Reagent (Qiagen, 301427). Transfected S2 cells were homogenized in IP Lysis buffer (Pierce, 87788)
with protease inhibitors. The supernatants were used for immunoprecipitation with primary antibodies at 4°C overnight, followed by
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incubation with protein A/G beads for 2 h. The beads were then washed with cold PBS for 3 times before standard Western blot
analyses.

Immunofluorescence and antibodies

The following antibodies were used in this study: Mouse anti-Futsch (1:50, DSHB, 22C10), mouse anti-«-Tubulin (1:500, Sigma,
T9026), Rabbit anti-Tau (1:1000, a gift from Daniel St. Johnston), mouse anti-Galactosidase (1:1000, Promega, Z3781), rabbit
anti-GFP (1:1000, Invitrogen, A-11122), rabbit anti-Orbit (1:500, A gift from Claudio E. Sunkel), Cy3-, 488- or 649-conjugated goat
secondary antibodies (1:500, Jackson Laboratories).

For normal staining, larvae or pupae from control and experimental groups were dissected simultaneously in cold PBS and fixed
with 4% formaldehyde for 20 min. For Futsch staining, the samples were dissected in Ca®* free HL3.1 saline and fixed with PHEM
buffer with 0.25% glutaraldehyde, 4% formaldehyde and 0.1% Triton X-100 for 15 min, followed by quenching with 50 mM NH,4CI for
5 min (Witte et al., 2008). The samples were mounted with VectaShield mounting media and imaged immediately by Olympus FV3000
inverted confocal microscope or Leica SPE-II upright confocal microscope. Multiple z-step images at 1.5 pm interval were taken to
include the entire volume of ddaC/E neurons.

For quantification of immunofluorescence data, the mean fluorescence intensity of the cell body (Par-1-KI-GFP) of ddaC was
measured after subtracting background (Rolling Ball Radius = 50) by Imaged. The Nod-lacZ/Futsch/HRP intensity in 2 dorsal
branches of ddaC/E dendrites (~20 um in length) that are 30 um away from the soma were measured and averaged. The fluorescence
intensity of each experimental groups was then normalized the average of control group.

QUANTIFICATION AND STATISTICAL ANALYSIS
Two-tailed Student’s t-test was used to determine statistical significance for pairwise comparison. One-way ANOVA with Bonferroni
test was applied when more than 2 groups were present. The statistical significance was defined as ***p < 0.001, **p < 0.01, *p < 0.05,

ns, not significant. Standard error of the mean (SEM) was presented in the error bars of all graphs. The number of samples (n) equals
the number of neurons. All data are from at least 3 biological repeats.
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Figure S1. Orbit is endogenously expressed in ddaC neurons and co-localizes with a-tubulin on the
microtubule lattices. Related to Figure 1 and Table S1.

(A) Dendrites of wild type and orbit* mutant ddaC neurons at wL3 stage (Biological Replicates = 3).
Quantification of dendrite termini numbers and sholl analysis. (B) Dendrites of ddaC neurons expressing control
RNA.I, orbit RNAI #1 and #2 at WP and 16 h APF. Red arrowheads point to the ddaC soma (Biological Replicates
= 3). Quantitative analyses of dendrite severing defects and unpruned dendrite lengths. (C) Endogenous
expression of g-Orbit-tdGFP in the da sensory neurons (left) and the surrounding epidermal cells (right) co-
stained with GFP (green) and a-tubulin (magenta). Arrowheads point to the dendrites and asterisks label the somas
of ddaC neuron (Biological Replicates = 4). (D) Expression of UASp-GFP-Orbit driven by ppk-Gal4 in ddaC
neurons (left) and A58-Gal4 in epidermal cells (right) co-stained with GFP (green) and o-tubulin (magenta).
Arrowheads point to the dendrites and asterisks label the somas of ddaC neuron (Biological Replicates = 4). The
error bars represent SEM. The scale bars in (A, B) and (C, D) represent 50 um and 10 pum, respectively. *p<0.05,
**p<0.01.
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Figure S2. Overexpression of Orbit inhibits dendrite pruning in ddaC neurons. Related to Figure 1 and
Table S1.

(A) Dendrites of ddaC neurons continuously expressing UAS-Control, UAS-Orbit and UAS-Orbit-CTAP at WP
and 16 h APF. Red arrowheads point to the soma of ddaC. Quantitative analyses of dendrite severing defects and
unpruned dendrite length at 16 h APF (Biological Replicates = 4). (B) Dendrites of ddaC neurons expressing UAS-
Control and UAS-Orbit-GFP under control of Geneswitch-Gal4 at WP and 16 h APF. Red arrowheads point to
the soma of ddaC (Biological Replicates = 4). Quantitative analyses of dendrite severing defects and unpruned
dendrite length at 16 h APF. (C) Confocal images of ddaC neurons (green) expressing UAS-Control, UASp-Orbit,
UASt-Orbit and UASt-Orbit-HA and immunostained with anti-Orbit (magenta). The ddaC soma is marked by
dashed lines (Biological Replicates = 4). The error bars represent SEM. The scale bars in (A, B) and (C) represent
50 um and 10 um, respectively. ***p<0.001.
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Figure S3. The TOG2 domain is required for Orbit to regulate dendrite pruning. Related to Figure 1 and
Table S1.

(A) A diagram of Drosophila Orbit protein structure and a series of truncated proteins used for rescue experiments.

(B-K) Dendrites of ddaC neurons expressing UASp-GFP-Orbit (C), UASp-Orhit™ (D), UASp-Orhit*T°¢! (E),

UASp-Orhit*T0¢2 (F), UASp-Orhit*X'P (G), UASp-Orbit?TO%3 (H), UASp-Orbit*CHP-P (1), UASp-OrbitT™0G12-Linker (7)
and UASp-Orhit™®2 (K), under orbit* mutant background (B) at 16 h APF. Red arrowheads point to the soma of

ddaC. (L-M) Quantitative analyses of dendrite severing defects and unpruned dendrite length at 16 h APF

(Biological Replicates > 5). The error bars represent SEM. The scale bar in (B) represents 50 um. ns, not
significant, ***p<0.001.
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Figure S4. Orbit regulates dendritic microtubule stability and turnover in the dendrites of ddaC neurons.
Related to Figure 2 and Table S1.

(A) Microtubule/Futsch (magenta) levels in ddaC neurons (green) of wild type, orbit RNAI #1 and Orbit-HA
overexpression at wL3 stage. The asterisks label the ddaC somas, the arrows point to the axons and the brackets
mark the dendrites. Quantitative analysis of microtubule levels in the ddaC dendrites (Biological Replicates > 5).
(B) Microtubule turnover assay in ddaC neurons of wild type, orbit RNAI #1 or Orbit-HA overexpression at wL3
stage (Biological Replicates > 3). The photo-converted tdEOS::a-Tubulin signal at 0 min and after 30 min is
shown in the left panel. Quantitative analysis of microtubule turnover rate in the ddaC dendrites as indicated by
the remaining fluorescence intensity of converted EQS after 30 min is in the right panel. (C) Microtubule turnover
assay in orbit*4%* mutant ddaC neurons expressing UASp-Orbit™ or UASp-Orbit79¢? at wL3 stage (Biological
Replicates > 3). The photo-converted tdEOS::a-Tubulin signal at 0 min and after 30 min is shown in the left panel.
Remaining fluorescence intensity of converted EOS after 30 min is in the right panel. The error bars represent
SEM. The scale bars in (A-C) represent 10 um. ns, not significant, *p<0.05, ***p<0.001.
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Figure S5. Both knockdown and overexpression of Orbit lead to elevated microtubule levels in the dendrites
prior to dendrite pruning. Related to Figure 2 and Table S1.

(A) Microtubule/Futsch (magenta) levels in ddaC neurons (green) of wild type, orbit RNAI #1 or overexpressing
Orbit-HA at 6 h APF. The asterisks label the ddaC somas, the arrows point to the axons and the brackets mark the
dendrites (Biological Replicates = 5). Quantitative analysis of microtubule levels in the ddaC dendrites. (B)
Dendritic EB1-GFP kymographs in orbit*4®* mutant ddaC neurons expressing UASp-Orbit™, UASp-Orhit?T0¢?,
UASp-OrhitT0CGL2-tinker JASH-Orbit*$P or UASp-Orbit™®? (Biological Replicates > 3). Quantitative analysis of
EB1-GFP orientation in the ddaC dendrites. (C) Co-immunoprecipitation of Flag-GCC185 and Myc-Orbit in
Drosophila S2 cells. 3% inputs were blotted with anti-Flag or anti-Myc antibodies. GCC185 and Orbit does not
interact with each other in S2 cells (Biological Replicates = 3). The error bars represent SEM. The scale bars in
(A, B) represent 10 um. ns, not significant, *p<0.05, ***p<0.001.
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Figure S6. Par-1 negatively regulates microtubule/Futsch levels in the dendrites and is dispensable for the
dendritic minus-end-out microtubule orientation. Related to Figure 3 and Table S1.

(A) Expression of Nod-lacZ (magenta) in ddaC neurons (green) expressing ctrl RNAI, par-1 RNAI #1 or #2. The
asterisks label the ddaC somas, the arrows point to the axons and the brackets mark the dendrites (Biological
Replicates = 5). Quantitative analyses of Nod-lacZ distribution in ddaC neurons. (B) Dendritic EB1-GFP
kymographs in ddaC neurons expressing ctrl RNAI, par-1 RNAI #1 or #2 (Biological Replicates > 3). Quantitative
analysis of EB1-GFP orientation and number. (C) Microtubule/Futsch (magenta) levels in ddaC neurons (green)
of ctrl RNAI and par-1 RNAI #1 at wL3 stage. The asterisks label the ddaC somas, the arrows point to the axons
and the brackets mark the dendrites (Biological Replicates > 5). Quantitative analysis of microtubule levels in the
ddaC dendrites. (D) Dendrites of ddaC neurons expressing ctrl RNAi and par-1 RNAI #1 at 16 h APF. Red
arrowheads point to the soma of ddaC. Quantitative analyses of dendrite severing defects and unpruned dendrite
length (Biological Replicates > 5). The error bars represent SEM. The scale bars in (A-C) and (D) represent 10
pum and 50 pum, respectively. ns, not significant, *p<0.05, ***p<0.001.
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Figure S7. Knockdown of KIp10A did not rescue the microtubule orientation defects in the dendrites of
orbit RNAI neurons. Related to Figure 3 and Table S1.

(A) Expression of Nod-lacZ (magenta) in orbit RNAi #1 ddaC neurons (green) co-expressing ctrl RNAI, klp10A
RNA. #1 or #2 construct. The asterisks label the ddaC somas, the arrows point to the axons and the brackets mark
the dendrites (Biological Replicates = 5). Quantitative analysis of Nod-lacZ distribution in the ddaC dendrites. (B)
Dendritic EB1-GFP kymographs in orbit RNAi #1 + ctrl RNAI and orbit RNAi #1 + kip10A RNAi #1 ddaC
neurons. The horizontal arrow marks the direction toward the soma. The vertical arrow indicates the duration
(Biological Replicates > 3). Quantitative analysis of EB1-GFP orientation in the dendrites. (C) Endogenous
expression of Par-1-KI-GFP (green) in wild-type and orbit RNAIi #1 ddaC neurons (magenta) (Biological
Replicates = 3). Quantification of Par-1-KI-GFP levels in the ddaC soma. The ddaC soma is marked by dashed
lines. (D) Co-immunoprecipitation of Par-1-Flag and Myc-Orbit in transfected S2 cells. 3% inputs were blotted
with anti-Flag or anti-Myc antibodies. Par-1 and Orbit does not interact with each other in S2 cells (Biological
Replicates = 3). The error bars represent SEM. The scale bars in (A, B) represent 10 um. ns, not significant.
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Figure S8. Tau attenuation exacerbates the Nod-LacZ defect in orbit RNAI neurons. Related to Figure 4
and Table S1.

(A) Tau (magenta) expression levels in the dendrites of wild type, orbit RNAi #1 and Par-1"T-overexpressing
ddaC neurons (green) at wL3 stage. The asterisks label the ddaC somas, the arrows point to the axons and the
brackets mark the dendrites (Biological Replicates = 5). Quantitative analysis of Tau levels in the ddaC dendrites.
(B) Expression of Nod-lacZ (magenta) in orbit RNAi #1 ddaC neurons (green) co-expressing ctrl RNAI, tau RNAI
#1 or #2 constructs. The asterisks label the ddaC somas, the arrows point to the axons and the brackets mark the
dendrites (Biological Replicates = 4). Quantitative analysis of Nod-lacZ distribution in the ddaC dendrites. (C) A
potential model. Orbit acts on microtubule lattices to protect microtubules and maintain dendritic microtubule
orientation by suppressing Par-1 function. The error bars represent SEM. The scale bars in (A, B) represent 10
pm. **p<0.01, ***p<0.001.
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