Kinetochore proteins suppress neuronal
microtubule dynamics and promote dendrite
regeneration
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ABSTRACT Kinetochores connect centromeric chromatin to spindle microtubules during
mitosis. Neurons are postmitotic, so it was surprising to identify transcripts of structural ki-
netochore (KT) proteins and regulatory chromosome passenger complex (CPC) and spindle
assembly checkpoint (SAC) proteins in Drosophila neurons after dendrite injury. To test
whether these proteins function during dendrite regeneration, postmitotic RNA interference
(RNAI) was performed and dendrites or axons were removed using laser microsurgery. Re-
duction of KT, CPC, and SAC proteins decreased dendrite regeneration without affecting
axon regeneration. To understand whether neuronal functions of these proteins rely on mi-
crotubules, we analyzed microtubule behavior in uninjured neurons. The number of growing
plus, but not minus, ends increased in dendrites with reduced KT, CPC, and SAC proteins,
while axonal microtubules were unaffected. Increased dendritic microtubule dynamics was
independent of dual leucine zipper kinase (DLK)-mediated stress but was rescued by concur-
rent reduction of y-tubulin, the core microtubule nucleation protein. Reduction of y-tubulin
also rescued dendrite regeneration in backgrounds containing kinetochore RNAi transgenes.
We conclude that kinetochore proteins function postmitotically in neurons to suppress den-
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dritic microtubule dynamics by inhibiting nucleation.
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INTRODUCTION

The kinetochore is a quintessential mitosis- and meiosis-specific
structure that attaches chromosomes to the mitotic spindle for
segregation of genetic material to daughter cells. In many species,
including Drosophila, it is built on centromeric DNA that is
recognized by the histone cid/Cenp-A that recruits inner kineto-
chore protein Cenp-C to serve as a binding site for the KMN net-
work (Knl1, Mis12, and Ndc80 complexes; Figure 1B) (Cheeseman,
2014; Musacchio and Desai, 2017; Hinshaw and Harrison, 2018). Of
these, the Mis12 complex is most central, while the remainder make
up more distal parts of the structure that is involved in connecting to
microtubules (Hamilton et al., 2019). Many animals have other inner
kinetochore proteins, including the constitutive centromere-
associated network (CCAN), but these are absent in Drosophila
(Drinnenberg et al., 2016). In cycling mammalian cells, inner centro-
mere proteins including Cenp-A, Cenp-C, and CCAN are found on
the centromere in interphase as well as mitosis (Gascoigne and
Cheeseman, 2011, 2013). The Mis12 complex has some nuclear
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FIGURE 1: Kinetochore proteins are transcriptionally up-regulated after dendrite injury.

(A) Schematic of experimental design for RNASeq assay. (B) Diagram of the mitotic kinetochore.
Colors indicate distinct complexes: KMN network, blue; chromosome passenger complex (CPC),
red; spindle assembly checkpoint (SAC), green; Rod-Zwilch-Zw10 complex (RZZ), light green;
centromere-associated proteins, light blue. These colors correspond to kinetochore components
in graphs throughout all the figures. (C) Average reads of kinetochore mRNA transcripts at
baseline (left, gray) and 6 h after dendrite injury (right, colored). Averages and standard
deviations are plotted on a log scale. N = 4 pools of 10 neurons each per condition. RNASeq
data are included in Supplemental Table 1, and all data used to generate graphs are included in

Supplemental Table 3.

staining in interphase, but it is not as clearly punctate as CENP-A
(Goshima et al., 2003). In Drosophila, Cenp-A, Cenp-C, and Mis12
localize to centromeres in interphase and mitosis (Przewloka et al.,
2007). In mammals and Drosophila, the other kinetochore compo-
nents including the Knl1 and Ndc80 complexes are recruited to the
kinetochore only in mitosis (Przewloka et al., 2007; Gascoigne and
Cheeseman, 2011, 2013). Once the kinetochore is fully assembled,
Nuf2 and Ndc80 in the outer kinetochore capture microtubule plus
ends growing into the central spindle to allow chromosome segre-
gation (Ciferri et al., 2007; Tanaka and Desai, 2008; Tooley and
Stukenberg, 2011; Varma and Salmon, 2012).

In addition to the kinetochore proteins that bridge chromosomes
to microtubules, several regulatory complexes are present at the
kinetochore before final bioriented microtubule attachment. The
chromosome passenger complex (CPC) targets the kinase Aurora B
to the centromere, where it helps correct errors in chromosome
attachment to microtubules by phosphorylation of substrates in-
cluding Ndc80 (Carmena et al., 2012; Krenn and Musacchio, 2015).
The targeting subunits of the CPC are borealin (or in flies borealin-
related, borr), survivin (or in flies Deterin, Det), and Incenp, which
are tightly associated with one another through a three-helix bundle
(Carmena et al., 2012). Aurora B is also critical for recruiting spindle
assembly checkpoint (SAC) proteins to unattached kinetochores
(Carmena et al., 2012; Krenn and Musacchio, 2015). The major ef-
fector of the SAC is cdc20/fzy, which is a subunit of the anaphase-
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spindle microtubules.

Most of the proteins that make up the
kinetochore and its associated regulatory
complexes have not been linked to func-
tions in interphase or postmitotic cells.
However, two recent studies demonstrated
neuronal defects after postmitotic reduc-
tion of kinetochore proteins, suggesting
that they do function in noncycling cells
(Cheerambathur et al., 2019; Zhao et al.,
2019). In Caenorhabditis elegans, KMN net-
work components localize to ciliated den-
drites of amphid neurons and play a role in their extension (Cheer-
ambathur et al., 2019). Although the microtubule-binding domains
of Ndc80 are required to support normal amphid development,
specific defects in microtubules were not detected (Cheerambathur
et al., 2019). In Drosophila, mis12 mutants were identified in a ge-
netic screen to identify modulators of synaptic bouton structure
(Zhao et al., 2019). Reduction of other KMN network proteins had
similar effects on neuromuscular junction structure, and intriguingly,
so did targeting the centromeric histone cid/CENP-A (Zhao et al.,
2019). Knockdown of Mis12 in primary rodent hippocampal neurons
increased the number of protrusions from dendrites (Zhao et al.,
2019), indicating that kinetochore proteins likely function in neurons
broadly across evolution. Specific alterations in the neuronal
cytoskeleton were not reported in this study either. It therefore re-
mains to be determined how kinetochore proteins impact neuronal
structure.

One of the most intense structural challenges neurons face is
rebuilding axons or dendrites after injury. Key regulators of axon
regeneration have been identified, including sensors like the dual
leucine zipper kinase (DLK) (Hammarlund et al., 2009; Xiong et al.,
2010; Shin et al., 2012), epigenetic regulators like HDACS (Cho
et al., 2015), transcription factors including fos (Xiong et al., 2010),
jun (Raivich et al., 2004), and cebp-1 (Yan et al., 2009), and a myriad
of downstream regeneration-associated genes (RAGS) (Fawcett and
Verhaagen, 2018; Mahar and Cavalli, 2018). However, it was only
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recently shown that neurons survive removal of all dendrites and can
regrow a new arbor (Stone et al., 2014). Only a handful of genes
including Akt (Song et al., 2012) and Ror (Nye et al., 2020) have
been linked to dendrite regeneration. To identify dendritic RAGs,
we isolated RNA from Drosophila neurons after in vivo dendrite
removal. Surprisingly, many kinetochore gene transcripts were coor-
dinately up-regulated 6 h after dendrite injury. These included not
only transcripts encoding structural kinetochore proteins in the inner
kinetochore and KMN network, but also transcripts encoding regu-
latory proteins in the CPC, SAC, and RZZ complexes. Postmitotic
RNA interference (RNAI) was used to confirm a role of some of these
proteins in dendrite regeneration. In the same genetic backgrounds,
no effect was seen on axon regeneration. In uninjured neurons,
kinetochore protein reduction specifically increased microtubule
plus-end number (also referred to as microtubule dynamics) in den-
drites without altering other metrics of microtubule behavior such as
polarity, speed, or minus-end density. Unexpectedly, axonal micro-
tubule dynamics was unaffected. Therefore, kinetochore proteins
act in a compartment-specific manner to suppress microtubule
dynamics in dendrites. The dendritic microtubule phenotype and
dendrite regeneration defect were rescued by concurrent reduction
of y-tubulin, suggesting that kinetochore proteins normally function
to temper microtubule nucleation in dendrites. Together our data
suggest that the KMN network and CPC, SAC, and RZZ complexes
function together to promote dendrite regeneration and modulate
dendritic microtubule dynamics through control of nucleation in
postmitotic neurons.

RESULTS

Kinetochore genes are up-regulated after dendrite injury
and promote regeneration

To identify genes involved in dendrite regeneration, we used an
established regeneration model in Drosophila sensory neurons. La-
ser microsurgery can be used to remove all dendrites of nociceptive
ddaC neurons in whole, living larvae (Stone et al., 2014; Thompson-
Peer et al., 2016). Robust initiation of dendrite outgrowth is ob-
served 24 h after injury (Stone et al., 2014; Thompson-Peer et al.,
2016), and by 96 h dendrites regrow to cover their former territory
(Stone et al., 2014). To identify transcripts up-regulated as neurons
began regrowing dendrites, we used laser capture microdissection
to isolate ddaC cell bodies from larvae 6 h after dendrite removal
(Figure 1A). We also isolated ddaC cell bodies from uninjured neu-
rons. For both conditions, four pools of 10 neurons were generated
and RNA was prepared from each pool. RNA was amplified, and a
sequencing library was prepared. Transcript abundances in unin-
jured neurons and neurons 6 h after dendrite removal were com-
pared. We originally noticed that the CPC subunit borr was among
the most up-regulated transcripts after injury, and so we examined
sequences of other kinetochore, CPC, SAC, and RZZ complexes.
Subunits of each complex are named in Figure 1B, and each com-
plex is color-coded. Surprisingly, transcripts from subunits of all
structural and regulatory complexes were up-regulated by dendrite
injury (Figure 1C and Supplemental Table 1).

As identification of transcripts encoding kinetochore proteins was
surprising in postmitotic neurons, we examined localization of GFP-
tagged kinetochore proteins expressed from their own promoters.
GFP-cid (Henikoff et al., 2000; Brust-Mascher and Scholey, 2002) was
clearly nuclear in sensory neurons (Supplemental Figure 1A), consis-
tent with its role as a centromeric histone. Spc25-GFP (Schittenhelm
et al., 2007) could also be detected in sensory neurons but was ex-
tremely dim and appeared diffusely cytoplasmic (Supplemental
Figure 1B). Other tagged kinetochore proteins expressed under con-
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trol of their own promoters, including Ndc80-GFP and Mis12-GFP
(Schittenhelm et al., 2007), were so dim that they were difficult to
separate from the cell shape marker mCD8-mCherry. We therefore
switched to iBlueberry (Yu et al., 2016) as a cell shape marker as this
far-red fluorophore has almost no spectral overlap with GFP. In some
cells GFP puncta were seen in sensory neuron cell bodies, but these
were also observed without a GFP transgene and so likely represent
dim autofluorescence (Supplemental Figure 2). To determine
whether informative localization might be obtained by overexpress-
ing tagged kinetochore proteins, we examined Nuf2-GFP expressed
using the Gal4-UAS system. UAS-Nuf2-GFP (Schittenhelm et al.,
2007) localized in the soma and neurites with a mixture of diffuse
fluorescence and small puncta, resulting in a pattern that was difficult
to interpret (Supplemental Figure 1C). We conclude that kinetochore
proteins are likely expressed at very low levels in sensory neurons
and that it will be difficult to use localization to gain clues about their
function in these cells.

To determine whether up-regulation of kinetochore transcripts
by dendrite injury was biologically meaningful, we severed den-
drites of ddaC neurons and assayed dendrite regrowth at 24 h.
RNAI hairpins were expressed postmitotically with the ppk-Gal4
driver together with the cell shape marker mCD8-GFP and Dicer2 to
enhance neuronal RNAI (Dietzl et al., 2007). A reduction in dendrite
regeneration was seen in several kinetochore RNAi conditions when
compared with control (Supplemental Figure 3). However, the phe-
notype was not strong enough to make a firm conclusion about a
role in the process. In a previous study, we found that an alternate
regeneration assay using proprioceptive ddakE neurons had sensitiv-
ity to specific RNAi conditions different from that of the ddaC assay
(Nye et al., 2020). We therefore also tried this assay, in which the
dorsal comb dendrite of the ddaE neuron is severed and branches
are added to the remaining dendrites (Stone et al., 2014; Nye et al.,
2020). In this cell type, postmitotic expression of RNAi hairpins,
Dicer2, and mCD8-GFP was controlled with 221-Gal4. Twenty-four
hours after dendrite removal, neurons were scored for regeneration
by counting the new branch points that were added to the remain-
ing dendrites (Stone et al., 2014; Nye et al., 2020). Importantly,
these neurons do not add branches after the embryonic stage
(Sugimura et al., 2003; Stone et al., 2014), so new branches repre-
sent a response to injury and not continued growth (Stone et al.,
2014). At 24 h after injury, control dendrites add around five new
branches, while knockdown of some kinetochore proteins resulted
in significantly less regeneration (Figure 2B).

Since class | ddaE neurons regenerate an arbor with the same
complexity (# of branches) at 96 h postinjury (Stone et al., 2014),
a low regeneration phenotype could be due to a reduced num-
ber of dendrite branches at baseline. To address whether the re-
generation phenotype was an artifact of altered neuronal mor-
phology, we quantified the baseline dendrite branch point
number of ddaE neurons in larvae expressing RNAi hairpins to
reduce kinetochore proteins (Figure 2C). None of the RNA: lines
caused a change in morphology of uninjured neurons (Figure
2D), suggesting that low regeneration is not due to altered neu-
ronal complexity. We conclude that both structural (color-coded
blue) and regulatory (red and green) kinetochore proteins can
function postmitotically in neurons and that they promote regen-
eration of dendrites after injury.

Kinetochore protein reduction does not affect axon
regeneration

The reduction of dendrite regeneration in ddaE neurons could indi-
cate that kinetochore proteins act generally to control growth in
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induced growth in ddaE neurons, but in-
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FIGURE 2: Kinetochore protein knockdown reduces dendrite regeneration but does not affect
dendritic morphology. (A) Example images of dendrite injury and regeneration in class 1 ddaE
neurons. The severed comb dendrite (red line) degenerates and by 24 h, new dendrite branches
have regenerated (green arrows) from the noncomb dendrite (green line). (B) Quantification of
dendrite regeneration for control and kinetochore knockdowns. Plotted is average number of
new branch points at 24 h postinjury. ***, p < 0.001; **, p < 0.01; *, p < 0.05, with a Kruskal-
Wallis one-way analysis of variance (ANOVA), each experimental genotype compared with the
control with Dunn'’s multiple comparisons test. Numbers in columns are numbers of neurons
analyzed. (C) Representative images of uninjured class 1 neurons for control and kinetochore
knockdowns. The average total dendrite branch point number across genotypes is quantified in
D. Numbers in columns are numbers of neurons analyzed. Error bars in graphs show SD.

stressful conditions in these cells, or could indicate a specific function
in dendrites. To distinguish between these two possibilities, we per-
formed axon regeneration assays in ddaE neurons. ddaE axons were
severed using laser microsurgery in intact animals in the same way as
dendrites. When the axon of these cells is severed near the cell body
(<~30 pm), a new axon grows from the dendrite that has converted
its microtubule polarity to plus-end out (Stone et al., 2010; Rao and
Rolls, 2017). The regenerating axon extends in a wandering trajec-
tory in the body wall (Figure 3A), and if it encounters a nerve will
grow along it toward the CNS (Rao and Rolls, 2017). On average,
control neurons regenerate a new axon extending more than
200 um after 96 h, after normalization for scaled growth of the neu-
ron during larval development (Figure 3B). Knockdown of represen-
tative kinetochore proteins from structural and regulatory complexes
did not reduce regenerative growth of axons (Figure 3B). Thus,
kinetochore proteins do not seem generally required for stress-
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Kinetochore proteins are required for
normal microtubule dynamics in
dendrites and not axons

One major function of the structural kineto-
chore proteins is attachment to the microtu-
bule plus end, and in C. elegans the
microtubule-binding domains of Ndc80 are
important in neurons (Cheerambathur et al.,
2019). Moreover, perturbations in dendritic
microtubules impair dendrite regeneration
(Feng et al, 2019; Nye et al., 2020). We
therefore examined microtubule organiza-
tion in ddaE neurons with reduced kineto-
chore proteins. Neuronal microtubules are
stable relative to those in other cells but
have dynamic plus ends that grow and
shrink in a process known as dynamic insta-
bility (Baas et al., 2016). New microtubules
can be generated locally in dendrites by
nucleation (Ori-McKenney et al, 2012;
Nguyen et al., 2014; Weiner et al., 2020).
Growing minus ends bound by Patronin are
also present in dendrites (Feng et al., 2019),
likely generated by severing proteins. Mi-
crotubule plus-end-binding proteins (+TIPs)
bind to the plus end during the growth
phase and fall off during the shrinking phase

borrfg T

<< 05 11; (Akhmanova and Steinmetz, 2008, 2015).
QR E‘g S End-binding (EB) proteins are the core
832 N +TIPs, and tagged EB proteins have been

used to probe neuronal microtubule behav-
ior in cultured mammalian neurons (Stepa-
nova et al., 2003), in vivo mammalian
neurons (Kleele et al., 2014; Yau et al., 2016),
Drosophila neurons (Rolls et al, 2007,
Stone et al., 2008), and C. elegans neurons
(Goodwin et al., 2012; Maniar et al., 2012).
Growing minus ends are also recognized by
EB1 in neurons (Feng et al., 2019), but can
be distinguished based on speed and tend
to be dimmer than plus ends. Tagged +TIP
proteins can be used to report on several
different aspects of neuronal microtubule behavior. Direction of
+TIP movement can be used to map polarity (Stepanova et al.,
2003) and also provides a readout of microtubule stability. More
plus ends per unit dendrite length are seen when nucleation or sev-
ering is increased (Chen et al., 2012; Tao et al., 2016), and this likely
represents a transition from, on average, long microtubules to
shorter microtubules. Tagged EB1-GFP can also be used to monitor
growing minus ends in neurons (Tao et al., 2016). We therefore ex-
pressed EB1-GFP in control and kinetochore RNAi ddaE neurons
and acquired movies of microtubule behavior.

In dendrites, the number of polymerizing microtubule plus ends
was increased when kinetochore proteins were knocked down
(Figure 4, A and B, and Supplemental Video 1), a phenotype we
refer to as increased microtubule dynamics. The same phenotype
was observed in dendrites of ddaC neurons (Supplemental Figure
4). We have previously identified several genetic backgrounds in
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of both axons and dendrites and measured
the red fluorescence intensity. We then im-
aged these same regions 1 and 1.5 h later
and measured how much red fluorescence
intensity remained in the converted region
(Supplemental Figure 5A) and normalized to
the background fluorescence in a noncon-
verted region. Converted tubulin will be re-
leased from the area only when microtu-
bules depolymerize back through it, and so
loss of red fluorescence can be used to
measure overall turnover of microtubules
(Tao et al., 2016). In axons, microtubule turn-

==

over was slow and identical across geno-
types. In dendrites, microtubule turnover
trended toward being higher with kineto-
chore knockdowns but did not reach statisti-
cal significance (Supplemental Figure 5B).
We conclude that kinetochore structural and
regulatory proteins suppress microtubule
dynamics specifically in dendrites and that
overall dendritic microtubule turnover may

FIGURE 3: Axon regeneration is not affected by knockdown of kinetochore proteins. (A) Class 1
ddaE axon regeneration assay is shown; labels indicate cut site (red arrow) and the regenerating
axon (green line), which is a dendrite that has converted into a growing axon. Representative
images of regenerating axons are shown for control and three kinetochore knockdowns,
quantified in B. Normalized regeneration is calculated by the formula (Lengthogp, new axon —
(LengthOhr new axon*(Length‘?éhr control dendrite/LengthOhr control dendrite)))- Numbers in columns are
numbers of neurons analyzed. No genotypes were significantly different, using Kruskal-Wallis

one-way ANOVA. Error bars show SD.

which microtubule dynamics are increased in dendrites, including
unc-104 and Patronin RNAI, and overexpression of neurodegenera-
tion-causing proteins (Chen et al., 2012; Feng et al., 2019). In all of
these backgrounds, the increase in dynamics was seen throughout
the neuron. We therefore hypothesized that reduction of kineto-
chore proteins would also increase microtubule dynamics in the
axon. Surprisingly, this was not the case (Figure 4C), and the com-
partment-specificity of the phenotype distinguished it from other
conditions that increase neuronal microtubule dynamics.

Based on the increase in microtubule dynamics in dendrites with
reduced kinetochore proteins, we reasoned that microtubule turn-
over should also be increased in dendrites but not axons. To ad-
dress this, we expressed tdEOS-oTubulin (Barlan et al., 2013; Lu
et al., 2013) in class | ddaE neurons along with Dicer2 and RNAi
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BC"300‘ bej slightly higher when kinetochore pro-
o) e teins are knocked down.
éé To determine whether other parameters
c 2004 of microtubule behavior were altered in
=20
OS5 dendrites when kinetochore proteins were
E‘e reduced, we assayed growth speed of mi-
gqc-) 1004 crotubules, the distance each bout of
B (0] growth covered, and the overall polarity of
= % 16| 17| l2o] |24] |25 microtubules. None of these parameters dif-
= 0 — O N N < < < fered from control neurons (Supplemental
O o S5 >~ m o > Figure 6). Mostimportantly, we also assayed
£ 0 ) Q N .
S ° 2 g 5 -g w the number of growing minus ends (Figure
o <Z © m 4E). The extra growing plus ends observed

in kinetochore RNAi neurons could be
generated by either increased nucleation or
increased severing by AAA ATPases like
fidgetin, spastin, katanin, or kat-60L1.
Severing events would be predicted to
generate one new plus end and one new
uncapped minus end, both of which are vis-
ible with EB1-GFP (Feng et al., 2019). In
contrast, nucleation events could generate
a plus end that recruited EB1-GFP without a growing minus end
(Figure 4E). To determine whether nucleation or severing was more
likely to increase microtubule dynamics after kinetochore protein
reduction, we monitored slow-growing minus ends labeled with
EB1-GFP (Figure 4E). We did not observe an increase in growing
minus-end number when kinetochore proteins were knocked down
(Figure 4F), suggesting that severing proteins are not mediating the
increase in microtubule dynamics.

The effect of kinetochore protein knockdown on
microtubule dynamics is not caused by cell stress
Increased microtubule dynamics in neurons can result from axon in-
jury and stress in Drosophila (Chen et al., 2012) and mammals (Kleele
et al., 2014). We have shown in flies that this response requires the
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FIGURE 4: Dendritic microtubule dynamics are specifically affected by knockdown of
kinetochore proteins. (A) Overview of a class 1 ddaE neuron displaying the region of analysis for
dendrite (left) and axon (right) microtubule dynamics. Polymerizing microtubules are seen in this
region with EB1-GFP in our videos. To convert a video into a two-dimensional image, we draw a
line over the dendrite region of interest (ROI) and plot the fluorescence values of that line over
time, resulting in a two-dimensional kymograph. Microtubule comets are seen as dark lines in
the kymographs traveling toward the cell body over the duration of a video (300 s). (B) The total
number of plus ends in the ROl is counted and divided by the length of that dendrite segment
and plotted for all RNA:is tested. ***, p < 0.001; **, p < 0.01; *, p < 0.05, with a Kruskal-Wallis
one-way ANOVA, each experimental RNAi compared with the control with Dunn’s multiple
comparisons test. The same metric was calculated for microtubule dynamics in axons and
plotted in C with no significant differences found using the same statistical test as in B.

(D) Diagram of possible mechanisms of increased microtubule dynamics. Left, normal conditions.
Right, kinetochore protein knockdown results in increased microtubule dynamics, which could
be caused by either increased severing or nucleation. (E) Kymographs of control and ndc80
knockdowns illustrating growing microtubule minus ends (green lines), which are also visible
with EB1-GFP. Minus ends polymerize very slowly and in the opposite direction as plus ends,
consistent with overall microtubule polarity in dendrites. These minus ends in dendrites are
quantified identically to plus ends and plotted in F for kinetochore knockdowns. Numbers in/on
columns represent total number of neurons analyzed per genotype in B, C, and F. Note that plus
ends (B) and minus ends (F) are quantified from the same videos. Error bars are SD.

kinases DLK and JNK and downstream transcription factor fos (Chen
et al., 2012, 2016). Knockdown of the synaptic vesicle motor unc-
104 or microtubule minus-end-binding protein Patronin results in
similar increases in microtubule dynamics that are DLK/JNK-depen-
dent (Chen et al., 2012; Feng et al., 2019). In the case of Patronin,
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the DLK inhibitor GNE3511 (Patel et al.,
2015) reduced increases in microtubule dy-
namics without affecting other microtubule
phenotypes, allowing stress-related pheno-
types to be separated from other pheno-
types (Feng et al., 2019). To determine
whether kinetochore protein knockdown in-
creases microtubule dynamics via a DLK-
dependent cell stress pathway, we grew lar-
vae in media supplemented with either 50
pM DLK inhibitor GNE3511 (Patel et al.,
2015) or vehicle 24 h before monitoring mi-
crotubule dynamics in dendrites of class |
ddaE neurons. As a control for drug efficacy,
we tested whether these conditions could
reduce microtubule dynamics in unc-104
RNAi neurons. Indeed, plus-end number re-
turned to baseline in unc-104 RNAI
with  GNE3511 (Supplemental Figure 7).
However, this treatment did not suppress
elevated microtubule dynamics induced
by kinetochore protein RNAI (Figure 5, A
and B).

Another readout of DLK-dependent cell
stress is puckered (puc) expression. Puc is a
MAP kinase phosphatase that negatively
regulates JNK (Martin-Blanco et al., 1998).
puc-LacZ and puc-GFP reporters concen-
trate in neuronal nuclei when DLK stress and
injury signaling is active (Xiong and Collins,
2012; Stone et al., 2014). As expected, puc-
GFP accumulated abundantly in nuclei of
unc-104 RNAI neurons (Figure 5C). In con-
trast, knockdown of kinetochore proteins
did not increase puc-GFP nuclear fluores-
cence (Figure 5, C and D). We conclude that
increased microtubule dynamics is not a
result of activation of DLK signaling when
kinetochore proteins are reduced.

Kinetochore proteins influence
microtubule dynamics and
regeneration by modulating nucleation
Increases in the number of growing microtu-
bule plus ends in dendrites can be medi-
ated by up-regulation of microtubule
nucleation or activation of severing proteins
(Chen et al., 2012; Tao et al., 2016). The ab-
sence of a concurrent increase in minus
ends to match the increase in plus ends
when kinetochore proteins are knocked
down (Figure 4C) suggests that nucleation is
responsible in this case. We first reasoned
that reduction of kinetochore proteins could
lead to a higher than normal concentration
of y-tubulin, the key subunit of the y-tubulin
ring complex (YTuRC), in dendrites, which

could lead to extra nucleation of microtubules. In ddaE neurons,
v-tubulin localizes robustly to dendrite branch points (Figure 6A)
when tagged and overexpressed or analyzed at endogenous levels
(Nguyen et al., 2014; Weiner et al., 2020). When kinetochore pro-
teins were knocked down, we did not observe an increase in
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DLK-mediated cell stress is not responsible for the microtubule phenotype caused
by kinetochore knockdowns. (A) Kymographs of EB1 videos taken of ddaE neurons in larvae
treated with GNE-3511, a DLK inhibitor. Compared to DMSO vehicle controls, GNE-3511
treatment did not result in a significant suppression of the microtubule dynamics phenotype
(B) induced by Ndc80, Nuf2, or Bub3 RNAIs. Statistics are nonparametric, Mann-Whitney t tests
between DMSO and GNE-3511 treatments for each genotype separately. Numbers in columns
are number of neurons analyzed. (C) puc, a negative regulator of the DLK cell stress pathway, is
expressed as a function of DLK activation and accumulates in the nucleus, visible with the
puc-GFP construct. Pictured are example images of control (left), severe DLK activation by
unc-104 RNAi (middle), and Ndc80 RNAi (right). mCD8-RFP is used as a cell shape marker.

(D) The average fluorescence intensity of puc-GFP in the nucleus is measured for each cell and
normalized to the control average, which is set to 1. **, p < 0.01; *, p < 0.05, with a Kruskal-
Wallis one-way ANOVA, each genotype compared with the control with Dunn’s multiple

copy of yTubulin with kinetochore RNAI, we
made a line that had the yTub23CA™>2 allele
with 221-Gal4, UAS-Dcr2, and UAS-EB1-
TagRFP-T (Feng et al., 2019) and crossed
this to RNAI lines. We first made sure that
this genetic background could specifically
suppress increases in microtubule dynamics
that were due to up-regulated nucleation. In
uninjured neurons, one mutant copy of
yTubulin had no effect on the number of
growing microtubules in dendrites (Figure 6,
C and D). In contrast, up-regulation of dy-
namics in response to axon injury, which de-
pends on increasing nucleation (Chen et al.,
2012), was completely blocked (Figure 6, C
and D). To test whether this background
would dampen all increases in microtubule
dynamics, we assayed microtubule plus
ends in dendrites separated from the cell
body by laser microsurgery. In severed den-
drites, an increase in microtubule plus-end
number occurs at early time points before
overt signs of degeneration (Tao et al,
2016). This increase in dynamics depends
on the microtubule severing protein fidgetin
(Tao et al., 2016), but we did not previously
determine whether a mutant copy of
yTubulin might also affect it. Unlike the in-
crease in plus-end number after axon injury,
the increase in severed dendrites was not
suppressed in ylubulin heterozygous ani-
mals (Figure 6, C and E).We conclude that
one mutant allele of yTubulin can be used to
distinguish nucleation- and severing-depen-
dent increases in microtubule dynamics and
should therefore be useful for determining
whether kinetochore reduction increases

comparisons test. Error bars are SD.

v-tubulin localization in dendrites (Figure 6, A and B), suggesting
that increased levels of y-tubulin in dendrites do not account for the
increase in microtubule dynamics. The assay for localization of
nucleation sites to dendrite branch points relies on overexpressed
v-tubulin-GFP (green fluorescent protein), and while it reflects local-
ization of endogenous y-tubulin (Nguyen et al., 2014; Weiner et al.,
2020), it is not a good readout of overall levels of y-tubulin. To de-
termine whether kinetochore proteins might impact overall levels of
Y-tubulin, we used y-tubulin tagged at the endogenous locus with
sfGFP (superfolder) (Tovey et al., 2018) and compared levels in con-
trol neurons and neurons expressing Ndc80 and borr RNA hairpins.
We saw no significant difference between conditions (Supplemental
Figure 8). We conclude that it is unlikely that kinetochore proteins
regulate levels or localization of the core nucleation protein
v-tubulin.

To test the hypothesis that reduction of kinetochore proteins in-
creases microtubule dynamics by activating nucleation, we wanted
to identify a genetic background that specifically eliminates nucle-
ation-dependent plus-end increases but does not affect increases in
plus ends that result from severing. We previously showed that
animals heterozygous for a null allele of yTubulin cannot increase
dynamics in response to axon injury, although microtubule dynamics
at baseline is normal (Chen et al., 2012). To combine loss of one
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plus-end number through nucleation or
some other mechanism like severing.

To assess whether increased nucleation is responsible for the ki-
netochore RNAIi phenotype, we introduced RNAI hairpins into ani-
mals with wild-type yTubulin or animals heterozygous for the
yTubulin null allele. With control hairpins, plus-end number was simi-
lar in animals with one or two copies of functional yTubulin, as ex-
pected (Figure 7, A and B). RNAI hairpins targeting transcripts of
kinetochore proteins resulted in increased plus ends in dendrites
(Figure 7, A and B). However, the increased microtubule dynamics
phenotype was completely suppressed in heterozygous yTubulin
animals (Figure 7, A and B, and Supplemental Video 2). This result
strongly suggests that kinetochore proteins regulate microtubule
dynamics in dendrites by regulating nucleation of microtubules
(Figure 7C).

The suppression of the microtubule dynamics phenotype by re-
duction of y-tubulin suggests that one function of kinetochore pro-
teins is to reduce nucleation activity in dendrites. To test whether
this function is related to the defect in dendrite regeneration in ki-
netochore RNAI neurons, we tested whether the yTubulin null mu-
tant could also rescue reduced dendrite regeneration. Introduction
of the yTubulin null allele into control animals did not significantly
affect dendrite regeneration (Figure 8), although stronger reduction
of y-tubulin does hinder regeneration (Weiner et al., 2020). When
paired with borr or Bub3 RNAI, one copy of the yTubulin null allele
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yTub-GFP localization is not affected by knockdown of kinetochore proteins,
and a single yTub null allele specifically blocks increases in dynamics due to nucleation.
(A) Example images displaying the enriched localization of YTub-GFP to dendrite branch
points in control and cid RNAi class 1 ddaE neurons. Inset images are close-ups of the
branch point labeled by the white arrow in each image. (B) The average fluorescence
intensity of branch point regions was measured and normalized to non-branch point
regions for each genotype tested; which expressed different RNAI hairpins. No significant
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was able to rescue regeneration RNAI (Figure 8).
This suppression suggests that the deficit in den-
drite regeneration in kinetochore RNAIi neurons is
due to dysregulated microtubule nucleation.

DISCUSSION

On the basis of the surprising appearance of tran-
scripts of structural and regulatory kinetochore
proteins in RNASeq data from injured neurons, we
investigated their role in dendrite regeneration.
We found that regeneration after dendrite, but not
axon, injury was impaired when they were reduced
using postmitotic RNAi. Because kinetochore pro-
teins function to attach, and monitor attachment,
to microtubules in mitotic spindles, we surveyed
microtubule behavior in neurons in which they
were reduced. RNAi knockdowns of many kineto-
chore proteins caused an up-regulation of den-
dritic microtubule dynamics, an effect not seen in
axons. Other parameters of microtubule behavior,
including number of growing minus ends, were not
affected. The increase in plus-end, but not minus-
end, number suggested that nucleation rather
than severing was responsible. The involvement of
nucleation was confirmed by rescue of the plus
end and regeneration phenotypes in neurons with
reduced y-tubulin. The increase in microtubule dy-
namics when kinetochore proteins were reduced
suggests that they normally function to dampen
nucleation of dendritic microtubules in postmitotic
neurons.

Two recent studies indicate that kinetochore
proteins are likely to function broadly in different
neuron types. In one study, the authors identified
Mis12 mutants in a Drosophila forward genetic
screen. Other components of the KMN network
complexes (Ndc80, Knl1, and Nnfla), as well as
centromeric protein Cenp-A (cid), had similar

difference in localization was detected using a
Kruskal-Wallis one-way ANOVA. (C) Example
kymographs display microtubule dynamics at
baseline (left), 30 min after dendrite injury (middle),
and 8 h after axon injury (right) for control (top) and
YTub23CA52 heterozygous (bottom) genotypes.

(D) Microtubule dynamics in dendrites 8 h after axon
injury are plotted for control and yTub23CA'2
heterozygotes; HPA = hours post-axotomy. ***, p <
0.001, in an unpaired t test with Welch’s correction
between control uninjured and 8 h HPA data.
yTub23CA">2 uninjured and 8 h HPA data are not
different with the same statistical test.

(E) Microtubule dynamics in dendrites 30 min after
the dendrite has been severed proximally to the cell
body are plotted. ***, p < 0.001, in an unpaired

t test with Welch's correction between control
uninjured and 30 min post-dendrotomy (HPD) and
between yTub23CA'52 uninjured and 30 min
postdendrotomy. Note that control uninjured and
yTub23CA">2 uninjured are the same in D and E and
are the same as control data in Figure 7B. In all
graphs numbers of cells analyze is shown in the bars
and error bars are SD.
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FIGURE 7: Normal levels of the core microtubule nucleation protein yTub23C are required for the up-regulation of
microtubule dynamics induced by kinetochore protein knockdown. (A) A null mutant allele of yTub23C (yTub23CA'?) was
combined with EB1-TagRFP-T, which was used as a cell shape marker and labels polymerizing microtubules similarly to
EB1-GFP, to generate a tester line. An example region of analysis for a ddaE neuron is shown (green line). Control and
kinetochore RNA: flies were crossed to a control tester line or a tester line containing the yTub23C mutant. Kymographs
were generated from 300 s (120 frames) videos. Left, kymograph shows microtubule dynamics with a control RNAi and
heterozygous null allele for yTub23C. Kymographs of microtubule dynamics in Ndc80 RNAi with normal levels of yTub and
one mutant allele are also shown. (B) Quantification of microtubule dynamics in ddaE dendrites for each genotype with
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Numbers on bars are neurons analyzed, and error bars show SD. (C) Diagrammatic summary of the results is shown.

neuromuscular junction phenotypes and reduced neuropil in the
CNS (Zhao et al., 2019). The authors went on to show that mamma-
lian neurons with reduced Mis12 also had structural defects, this
time in dendrites (Zhao et al., 2019). The group reported some lo-
calization of KMN network proteins to spots in peripheral nerves
and neuropil in the CNS (Zhao et al., 2019), but the pattern did not
help to suggest how the proteins might function in neurons.

The other study demonstrated that Cenp-C, Ndc80, and Nuf2
localize postmitotically to the ciliated dendrites of amphid neuron
bundles in C. elegans. When these proteins were knocked down
with an elegant GFP-degrader system, amphid dendrite extension
was impaired (Cheerambathur et al., 2019). Effects on egg laying
and fertility were also seen. Notably, a deletion of only the microtu-
bule-binding domains of Ndc80 was able to phenocopy the
knockdowns, indicating that an interaction with microtubules likely
mediates the phenotypes. Degradation of GIP2, an essential yYTuRC
subunit, showed the same neuron extension deficits, supporting the
hypothesis that microtubules in these neurons are affected by KMN
network protein knockdown, although the authors were unable to
pinpoint any specific changes in the microtubule cytoskeleton
(Cheerambathur et al., 2019).

The two previous studies on neuronal roles for kinetochore pro-
teins focused on the structural components of the kinetochore, in-
cluding inner centromere components Cenp-A and C and KMN
network proteins (Cheerambathur et al., 2019; Zhao et al., 2019).
We add the three regulatory complexes—CPC, RZZ, and SAC—to
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the list of kinetochore proteins with neuronal function. Moreover, we
find that players in all structural and regulatory complexes have simi-
lar roles in controlling microtubule dynamics. This suggests that, as
in mitosis, these complexes function together in a single pathway in
neurons. It is therefore likely that they are not only involved in
attaching microtubules to something, but are also acting as sensors
of microtubule behavior. If they have a similar role in neurons as in
mitosis, they may recognize plus-end arrival at a specific cellular
location. Again, in analogy with mitosis, plus-end arrival could
trigger release of regulatory complexes and free them to send sig-
nals to other cellular locations about the status of the microtubule
cytoskeleton. These signals could involve ubiquitination mediated
by association of Cdc20/fzy with an E3 ligase complex, or phos-
phorylation by Aurora B. One target of either output signal could be
suppression of yTuRC activity.

One intriguing aspect of our findings is that we only observed
changes in the microtubule cytoskeleton in dendrites, and dynam-
ics in the axon was unaffected. While phenotypes in C. elegans
and mammalian neurons occurred in dendrites (Cheerambathur
et al., 2019; Zhao et al., 2019), changes in motor axon terminals
were seen in Drosophila (Zhao et al., 2019). One possible way to
reconcile the axonal and dendritic phenotypes would be if kineto-
chore proteins are important throughout dendrites but function
specifically at synaptic regions of axons. There are several hints
that microtubule nucleation might be particularly important near
presynaptic sites. In Drosophila motor neurons, concentrations of
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FIGURE 8: Normal levels of yTub23C are also required for the
reduced dendrite regeneration phenotype induced by kinetochore
protein knockdown. (A) The yTub23CA™2 null mutant tester line
generated for the preceding figure was used for a dendrite
regeneration assay. Borr and Bub3 RNAis were crossed to this tester
line, and a dendrite regeneration assay was performed. Top, example
images of control RNAi at 0 and 24 h with the yTub23CA"52 null allele;
middle, example images of borr RNAi without the yTub23CA">2 null
allele; bottom, example images of borr RNAi with the yTub23CA™2
null allele. Image brightness of tif files was increased linearly to make
the signal visible. (B) Quantification of dendrite regeneration at 24 h
postdendrotomy. Control vs. control + yTub23CA">2 was not
significant with an unpaired Mann-Whitney t test. The same test was
performed between borr and borr + yTub23CA?52, and between Bub3
and Bub3 + yTub23CA">2, with borr almost reaching significance and
Bub3 having a p value of 0.014 (*). Numbers in columns are numbers
of neurons analyzed. Error bars show SD.
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Y-tubulin were seen in large synaptic boutons at the neuromuscular
junction (Nguyen et al., 2014). In cultured mammalian neurons,
y-tubulin also concentrates at presynaptic sites (Qu et al., 2019),
and increases in neuronal activity lead to increases in EB comet
formation at these sites (Qu et al., 2019), suggesting that regula-
tion of nucleation is important in axons. It is therefore possible that
kinetochore proteins regulate presynaptic nucleation in addition
to dendritic nucleation.

In mitotic cells, kinetochore proteins localize to tight spots
around centromeric DNA, and their localization has provided invalu-
able clues to their function. So far, localization patterns in neurons
have not helped pin down specific sites of action. In C. elegans,
expression levels in amphid neurons were high enough to detect
tagged proteins expressed at endogenous levels, and they were
seen throughout the linear ciliated dendrite region (Cheerambathur
et al., 2019). In contrast, expression seems low in Drosophila neu-
rons, and beyond being present in neuropil, a pattern has not been
discernible (Zhao et al., 2019). Our attempts to visualize meaningful
localization in sensory neurons also did not provide any insights
(Supplemental Figures 1 and 2). Use of amplification systems like
SunTag (Tanenbaum et al., 2014) may be required to acquire mean-
ingful information about where structural and regulatory kineto-
chore proteins function in neurons.

One possible model for neuronal kinetochore protein function is
that, in analogy with mitosis, the structural and regulatory com-
plexes colocalize at a specific cellular site, perhaps in the cell body,
when microtubule plus ends are absent or in low abundance. Upon
plus-end arrival, the RZZ complex in conjunction with dynein could
transport regulatory proteins toward microtubule minus ends.
Dendrites contain minus-end-out microtubules, so this would mean
that regulatory proteins could be transported outward into
dendrites to suppress microtubule dynamics distally after plus-end
arrival. This type of mechanism could allow for global homeostatic
control of microtubule dynamics in dendrites.

MATERIALS AND METHODS

Drosophila stocks

Many of the RNAI lines used in this study were acquired from the
Bloomington Drosophila Stock Center (National Institutes of Health
[NIH] PA0ODO018537) and the Vienna Drosophila Resource Center.
Tester lines that we have generated previously and used in this study
include (UAS-Dcr2; 221-Gal4, UAS-EB1-GFP), (UAS-Dcr2; 221-Gal4,
UAS-mCD8-GFP), (UAS-Dcr2, UAS-mCD8-RFP; 221-GAL4, puc-GFP),
(yTub15-2/CyO-GFP; 221-Gal4, UAS-EB1-TagRFP-T, UAS-Dcr2),
(UAS-Dicer2; 221-Gal4, UAS-yTub -GFP, UAS-mCD8-RFP), (477-Gal4,
UAS-EB1-GFP/CyO; UAS-Dcr2/TMé), (UAS-Dcr2; ppk-Gal4, UAS-
mCD8-GFP), (221-Gal4, UAS-EB1-TagRFP-T, UAS-Dcr2 on chromo-
some 3), and (UAS-Dcr2; 221-Gal4, UAS-tdEOS-aTub/TM6).

To obtain larvae of desired genotypes, virgin female flies from
tester lines were mated to males from RNAi lines in bottles contain-
ing a cap of media at the bottom. Caps with larval offspring were
collected every 24 h. These caps were aged at 25°C for 72 h before
use. Fly food media (ingredients for 10 I) 45 g agar, 259 g sucrose,
517 g dextrose, 155 g yeast, 858 g cornmeal, 40 ml 10% tegosept
in ethanol, 60 ml proprionic acid. For a complete list of Drosophila
lines used, see Supplemental Table 2.

Larval neuron selection

Fly larvae have eight abdominal (A) body segments, with each seg-
ment containing a dorsal cluster of neurons that includes the class |
(ddaE) and class IV (ddaC). For all assays, we used one neuron per
animal within the A2-A4 segments.

Molecular Biology of the Cell



Localization of tagged kinetochore proteins in class |
neurons

Males from transgenic lines expressing GFP-tagged kinetochore
proteins (see Supplemental Table 2 for genotypes) were crossed to
females from a tester line with either mCD8-mCherry or iBlueberry
as cell shape markers together with 221-Gal4. Larvae ~3 d old were
selected for imaging. No anesthetic was used. Images were taken
with a two-track, sequential scan on an LSM800 confocal micro-
scope. Microscope settings (laser power, gain, dwell time, and aver-
aging) for the green channel were adjusted for each genotype as
brightness and visibility of the constructs varied. The “no-GFP" rep-
resentative image was acquired using the same microscope settings
as Mis12-GFP and eGFP-Ndc80 images.

Class | dendrite regeneration assay

Three-day-old larvae reared at 25°C were removed from their food
cap and gently washed in water. They were then mounted on a glass
microscope slide with a pad of dried 3% agar (for stability) and im-
mobilized with a coverslip (40 x 22 mm; VWR) held down by tape.
Larvae had the comb/main dendrite of one ddaE neuron severed with
a MicroPoint pulsed UV laser (Oxford Instruments/Andor, USA) and
were imaged on either a Zeiss confocal LSM700, LSM800, or wide-
field microscope. Postinjury and -imaging, the larvae were returned to
a small piece of fly media in a cap and kept at 25°C for 24 h. Larvae
were remounted and reimaged using a Zeiss LSM800 confocal or
widefield microscope. Regeneration was quantified as (total branch
points at 24 h postinjury) — (total branch points on remaining dendrite
at time of injury). For experiments in the heterozygous yTub23C mu-
tant background, a red cell shape marker was used, while other ex-
periments included a green cell shape marker. When using the red
cell shape marker, some images of injured neurons were too dim to
accurately quantify and were excluded from analysis.

Class IV dendrite regeneration assay

Three-day-old larvae reared at 25°C were used for ddaC dendrite
regeneration assays. A pulsed UV laser was used to cut all dendrites
from one ddaC neuron proximal to the first branch points. Larvae
were then placed in a cap with fly food and kept at 25°C for 24 h. The
regenerated dendritic arbor was imaged using a Zeiss LSM800 con-
focal or widefield microscope. Regeneration was quantified as the
largest-diameter line that can be drawn across the dendrite arbor.

Class | axon regeneration assay

Two-day-old larvae reared at 25°C were used for the axon regenera-
tion assay. A pulsed UV laser was used to sever the axon of the ddaE
neuron within 20 pm of the soma. If possible, we spared the axon of
the neighboring class | ddaD neuron. Neurons were imaged with a
Zeiss LSM700 confocal or widefield microscope. After injury, larvae
were returned to a cap with fly food and kept at 20°C for 96 h. After
96 h, larvae were imaged on a Zeiss LSM800 confocal or widefield
microscope. When the axon is cut proximally, a dendrite converts
itself to be a new axon rather than grow a new axon from the stump
or soma. Axon regeneration is quantified as follows to get a mea-
surement of growth from the dendrite tip that accounts for expan-
sion of the entire dendrite arbor during animal growth:

Regeneration = (Lengthgghy new axon = (LeNGthonr new axon
*(Length‘?éhr control dendrite/LengthOhr control dendrite

Class | neuronal morphology analysis
Images of class | ddaE dendrite arbors were taken on either a Zeiss
LSM800 confocal or widefield microscope, and a Z-stack was gener-
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ated with FlJI software (NIH). The total number of dendritic branch
points was quantified.

Class | EB1 dynamics assay (dendrite)

Three-day-old larvae reared at 25°C were mounted on glass under
a coverslip held down tightly with tape. Five-minute videos of single
neurons were taken on a Zeiss widefield microscope at one frame
per second. EB1-GFP is easily visible on the polymerizing plus ends
and minus ends of microtubules and provides the basis for
quantification.

Plus ends: total number of EB1-labeled plus ends (referred to
as comets) polymerizing for more than 1 um were counted in the
region of the comb/main dendrite that was in focus, usually from
branch points 1 to 4 or 5. The region between the cell body
and first branch point was not included in the analysis. Since EB1
activity dwindles farther up the dendritic tree, distal regions with
no EB1 activity were not included in the analysis even if in focus.
The total number of comets was then divided by the length of the
dendritic segment to get a comets per micron measurement for
each neuron.

Minus ends: slowly polymerizing minus ends are also visible with
EB1-GFP and easily distinguishable from plus ends based on speed.
The total number of polymerizing minus ends was counted for in-
focus dendrite, similar to plus-end quantification, in each video to
result in a minus ends per micron measurement.

EB1 comet speed: kymographs were generated from three to six
videos per genotype, and the distance per time (x distance: microns,
y distance: seconds) of each visible comet was quantified for at least
19 comets per genotype.

EB1 comet run length: kymographs used for comet speed were
also used to quantify run length, for 30-70 comets per genotype.
Only comets with a defined start and end point visible in the kymo-
graph were measured.

Plus ends (with yTub23C mutant and EB1-TagRFP-T): videos
were taken on a Zeiss LSM800 confocal microscope at approxi-
mately one frame per 2.5 s for 5 min (120 frames). The quantification
method was identical to EB1-GFP plus-end methods.

Class IV EB1 dynamics assay (dendrite)

Three-day-old larvae reared at 25°C were mounted similarly to
those for the class | EB1 dynamics assay, and again 5-min videos
were taken at one frame per second on a Zeiss widefield micro-
scope. As the class [V neuron covers the whole dorsal region of a
larval hemisegment, some areas are in focus and some are not.
For quantification, we chose three segments of proximal den-
drite per neuron that were in focus and counted the comets in
each segment, dividing by the length of the respective segment.
For each neuron, the three comets/micron regional measure-
ments were averaged into a single number; these were then av-
eraged across neurons to obtain a comets/micron measurement

per genotype.

Class | EB1 dynamics assay (axon)

Three-day-old larvae were mounted in the same manner as in other
EB1 dynamics assays. Neurons in the A2-A4 segments that had the
longest section of axon in focus were chosen for analysis. Five-
minute videos were taken at one frame per second on a Zeiss wide-
field microscope. The total number of comets were counted in the
region of axon that was in focus and could be distinguished from the
neighboring ddaD axon, which bundles with the ddaE axon. A com-
ets/micron measurement was generated with the length of axon
from the cell body to the end of the focal range.
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Class | puc assay

A tester line with puc-GFP (Morin et al., 2001; Stone et al., 2014),
UAS-Dcr2, UAS-mCD8-RFP, and 221-GAL4 was crossed individually
to RNAI lines for analysis. Larvae were reared at 25°C for 3 d and
then imaged on a Zeiss LSM800 inverted confocal microscope. Z-
stacks were generated with FIJI software. Puc-GFP is packaged
neatly in the nucleus, so a circle was drawn around the nucleus and
the fluorescence intensity of the green channel was measured in
FIJI. Only images with at least three images in the z-stack containing
the nucleus were used.

Class | EB1 dynamics assay with DLK inhibitor

GNE-3511 was obtained from EMD Millipore and diluted in di-
methyl sulfoxide (DMSQO). The drug was added at a 50 uM concen-
tration to normal media in small batches. Larvae were aged 48 h at
25°C in normal media. Experimental animals were then transplanted
into media containing a 50 uM DLK inhibitor GNE-3511 and aged at
25°C for 24 h. Vehicle control animals were transplanted into media
containing the same amount of DMSO (0.5% by volume) but no
drug, and aged at 25°C for 24 h. At this point, the larvae were im-
aged and quantified in an identical manner to the normal class | EB1
dynamics assay.

Class | EB1 dynamics after axon injury assay

Three-day-old larvae of desired genotypes grown on normal media
were subjected to an axon injury paradigm: a MicroPoint laser on a
Zeiss LSM800 confocal microscope was used to sever axons of class |
neurons. Larvae were returned to normal media for 8 h at 20°C. Then,
neurons with successful axon cuts had 5-min EB1 videos of the comb
dendrite taken on a Zeiss LSM800 confocal microscope. EB1 dynam-
ics were quantified in a manner identical to that of the normal EB1
assay, also excluding the region proximal to the first branch point.

Class | yTub localization assay

Flies from the tester line dicer2; 221-GAL4, UAS- yTub-GFP, UAS-
mCD8-RFP were crossed to males from RNAI lines, and larvae were
aged at 25°C for 72 h. Single neurons were imaged with a Zeiss
LSM800 confocal microscope. yTub-GFP localizes mainly to den-
drite branch points. For quantification, the average fluorescence
intensity of yTub-GFP was measured in each branch point as well as
in between regions in the comb dendrite of class | neurons. Average
branch point fluorescence intensity was divided by average non—
branch point fluorescence intensity for a normalized reading of
yTub-GFP localization to branch points.

Class | yTub expression assay

Males from RNAI lines were crossed to a line containing yTub tagged
at its endogenous locus with sfGFP (Tovey et al., 2018) and 221-
Gal4, UAS-iBlueberry. Because Dcr2 is not present in this tester
line, we used experimental RNAI lines that do not require dicer
(Ndc80: val20 [Bloomington 38260]; borr: val20 [Bloomington
56942]). Three-day-old larvae were imaged on an LSM800 confocal
microscope.

Microtubule turnover assay

Flies from the tester line UAS-dicer2; 221-GAL4, UAS-tdEOS-
oTubulin were crossed to control and kinetochore RNA lines. Three-
day-old larvae were mounted on a glass slide for imaging on an
LSMB800 inverted confocal microscope. Four sequential prebleach
images are taken to keep the neuron in focus, after which the micro-
scope performs photoconversion for a 5-pm circle on either the
proximal dendrite or the axon. For photoconversion, a 405-nm-
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wavelength light was used at 5% power. The fifth and later frames of
the image contain the converted region and adjacent regions of
dendrite or axon for quantification. For each cell, both the dendrite
and the axon undergo photoconversion sequentially, in two sepa-
rate acquisitions. For quantification, a shape is drawn around the
converted region of dendrite or axon, and a similar area shape is
drawn around an adjacent, nonconverted region in both 0 and
1/1.5 h time points. Average fluorescence intensity in the red chan-
nel is measured for these four regions. The formula for fluorescence
intensity remaining is

(FL intensity of converted regiongpy — FL intensity of nonconverted
region(1py)/(FL intensity of converted region, — FL intensity of non-
converted regiononp)

for both axons and dendrites separately. The same formula is used
for the 1.5 h experiment.

Image acquisition and analysis
All images were acquired with Zen software on Zeiss microscopes.
The following systems were used in this study:

L.SM800 inverted confocal on an Axio Observer Z1 stand and
equipped with GaAsP detectors and a Zeiss Plan-APOCHROMAT
63x DIC (oil, 1.4 NA) objective.

LSM800 upright confocal on an Axio ImagerZ2 stand and
equipped with GaAsP detectors. Zeiss Plan-APOCHROMAT 63x
DIC (oil, 1.4 NA) and Zeiss Plan-APOCHROMAT DIC (UV) VIS-IR
40x (oil, 1.3 NA) objectives.

LSM700 inverted confocal on an Axio Observer.Z1 stand
equipped with standard detectors.

Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4 NA) objective; Zeiss
Axio Imager.M2 widefield equipped with an AxioCam 506 mono
camera.

Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4 NA); Zeiss EC Plan
NEO FLUAR 40x (oil, 1.3 NA) objectives.

Pre-injury images and EB1 videos were taken with a 63 x 1.4 NA
objective; postinjury images were taken with a 40 x 1.4 NA objec-
tive. All image analysis was performed with FIJI software (NIH). For
injury, morphology, yTub-GFP localization, tdEOS and puc experi-
ments, Z-stacks/time series were made into maximum-intensity
projections with the z-project plug-in. If larval movement during
imaging rendered maximum intensity projections impossible, the
stitching plug-in (max intensity option) was used to make a com-
plete image. For EB1 videos, the bleach correction plug-in was used
to make videos easier to see, and the template matching plug-in
was used to align all images per video to make generation of kymo-
graphs possible (multi kymograph plug-in, line width = 3).

RNA isolation, sequencing, and bioinformatics

Detailed methods have been described (Nye et al., 2020). In sum-
mary, at time O dendrite injury (or no injury) was performed on eight
GFP-labeled ddaC neurons in each animal and 6 h later the animals
were fixed and flash frozen in optimal cutting temperature com-
pound. The dorsal region of each animal was cryosectioned, and
cell bodies were isolated based on GFP fluorescence using a Zeiss
PALM laser capture microdissection system. Pools of 10 cells were
generated, and RNA was extracted from four pools for each condi-
tion. RNA was then used for preparation of libraries for sequencing
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with Nextera reagents, and sequencing was performed on an lllu-
mina HiSeq instrument with 150-base-pair single-end reads.

A bioinformatics pipeline similar to that described (Nye et al.,
2020) was used. Base quality and Nextera adapters were assessed
using FASTQC. Trimmomatic (Bolger et al., 2014) was used for
adaptor and quality trimming. Base quality trimming was performed
using a sliding window of 4 and Phred quality of 20 for cutoff values,
with a minimum read length of 20 for retention. Successful adaptor
trimming was confirmed with a second FASTQC assessment on
trimmed .fastq files. Trimmed reads were aligned to the Flybase
dmel 6.11 release of the Drosophila genome using the HISAT2
aligner (Kim et al., 2015) with standard parameters. Samtools was
used to convert .sam files to .bam files and perform sorting and in-
dexing of .bam files. A raw count table was then generated using
featureCounts in conjunction with the dmel 6.11 .gtf file. Differential
expression analysis was performed using the DESeqg2 package
(Love et al., 2014).

Statistical analysis

GraphPad Prism software was used for all statistical analysis and
graph generation. Methods used are specified in the figure legends.
Significance is shown as *, p < 0.05, **, p < 0.01, ***, p=0001, with
error bars representing SD.
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