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NudC regulated Lis1 stability is essential
for the maintenance of dynamic
microtubule ends in axon terminals

Dane Kawano,1 Katherine Pinter,1 Madison Chlebowski,4 Ronald S. Petralia,2 Ya-Xian Wang,2

Alex V. Nechiporuk,3 and Catherine M. Drerup1,4,5,*

SUMMARY

In the axon terminal, microtubule stability is decreased relative to the axon shaft.
The dynamic microtubule plus ends found in the axon terminal have many func-
tions, including serving as a docking site for the Cytoplasmic dynein motor.
Here, we report an unexplored function of dynein in microtubule regulation in
axon terminals: regulation of microtubule stability. Using a forward genetic
screen, we identified a mutant with an abnormal axon terminal structure owing
to a loss of function mutation in NudC. We show that, in the axon terminal,
NudC is a chaperone for the protein Lis1. Decreased Lis1 in nudc axon terminals
causes dynein/dynactin accumulation and increased microtubule stability. Micro-
tubule dynamics can be restored by pharmacologically inhibiting dynein, impli-
cating excess dynein motor function in microtubule stabilization. Together, our
data support a model in which local NudC-Lis1 modulation of the dynein motor
is critical for the regulation of microtubule stability in the axon terminal.

INTRODUCTION

In neurons, microtubules have varying levels of stability based on the cellular compartment. In the axon,

microtubules along the axon shaft are relatively stable compared to those in the axon terminal (Baas

et al., 2016). The maintenance of these dynamic microtubule plus ends is critical to neuron structure and

function. One role for the microtubule plus ends in the axon terminal is the docking of the motor protein

complex Cytoplasmic dynein (referred to as dynein hereafter). Dynein docks on microtubule plus ends

before cargo binding and initiation of retrograde transport. Docking of dynein on these plus ends has

been shown to rely on dynactin interaction with microtubule plus end binding proteins (Moughamian

et al., 2013; Splinter et al., 2012; Vaughan et al., 1999). Disrupting this process inhibits the initiation of retro-

grade cargo transport (Lloyd et al., 2012; Moughamian and Holzbaur, 2012; Moughamian et al., 2013).

Dynein works with adaptor proteins to bind vesicular cargo to the motor for retrograde transport from

microtubule plus ends (Olenick and Holzbaur, 2019; Reck-Peterson et al., 2018; Urnavicius et al., 2018).

In addition to adaptor proteins, Lis1 (Lissencephaly 1) has received significant attention for its role in facil-

itating dynein-cargo interaction. Structural and in vivo evidence suggests that Lis1 can facilitate dynein

interaction with activating adaptors and, subsequently, incorporation of paired dynein motor dimers

with cargo for efficient retrograde transport (Elshenawy et al., 2020; Htet et al., 2020; Qiu et al., 2019).

This is likely through changing the propensity for dynein to be in an ‘‘open’’ conformation which encour-

ages adaptor interaction (Marzo et al., 2020; Qiu et al., 2019). The combined efforts of Lis1 and activating

adaptors are essential for efficient retrograde transport from axon terminals.

Lis1 and dynein have also been implicated in the regulation of microtubule stability, though whether they

increase or decrease microtubule stability differs based on cell type and model. In vitro, in the presence of

ATP, dynein has been shown to bind to the microtubule and stabilize it. This prevents collapse typically

induced when a growing microtubule encounters a barrier (Hendricks et al., 2012). In vivo, loss of dynein

function leads to microtubule instability in the tips of dendritic processes in C. elegans (Yogev et al.,

2017). Conversely, in Aspergillus and budding yeast, there is evidence that dynein destabilizes microtu-

bules, particularly during microtubule contact with the cell cortex (Carminati and Stearns, 1997; Estrem

et al., 2017; Han et al., 2001; Laan et al., 2012). Similarly, whether Lis1 increases or decreases stability is
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controversial and may depend on the context or cell type (Coquelle et al., 2002; Estrem et al., 2017; Grab-

ham et al., 2007; Han et al., 2001; Sapir et al., 1997). Although we have learned a great deal about the ac-

tivators required for dynein-dependent retrograde transport initiation, an in-depth understanding of

dynein-dependent microtubule regulation in axons is still lacking.

We used a forward genetic screen in zebrafish to identify novel dynein modulators in neurons. For this

screen and subsequent work, we took advantage of the sensory axons of the zebrafish posterior lateral

line (pLL) system. The long axons of the pLL extend from the pLL ganglion (pLLg) just behind the ear to

the tip of the tail. These axons fully extend by 2 days post fertilization (dpf) and by 4 dpf the axons of

the pLL have made active synaptic contacts with their target sensory cells. The pLL axons and their asso-

ciated sensory organs are superficial, allowing for direct in vivo observation of axonmorphology and axonal

transport dynamics in a fully intact animal (Figure 1A).

From this screen, we identified a zebrafish strain with a loss of function mutation in nudc (nudcnl21). NudC

was originally identified as amodulator of cell wall thickness and nuclear positioning through its association

with Lis1 (also known as NudF) in the filamentous fungus Aspergillus nidulans (Chiu et al., 1997; Xiang et al.,

1995; Osmani et al., 1990). NudC has also been implicated in dynein-dynactin function during cell migration

in the developing cortex (Aumais et al., 2001; Cappello et al., 2011; Wynshaw-Boris and Gambello, 2001).

Finally, NudC has a conserved CS domain predicted to give it chaperone activity (Zheng et al., 2011). This

chaperone function stabilizes proteins, including the dynein regulator Lis1 (Xiang et al., 1995; Zhu et al.,

2010). Beyond this, its function in post-mitotic neurons and, more specifically, its regulation of microtubule

motor-dependent cellular processes in axons are not well understood.

Using live imaging of organelle localization and transport as well as microtubule dynamics in zebrafish pLL

axons, we show that NudC regulates dynein function by increasing Lis1 protein stability in the axon termi-

nal. In nudc mutants, axon terminals are swollen with accumulations of dynein/dynactin components and

common retrograde cargos. These defects are owing to the loss of Lis1 in nudc mutants as exogenous

expression of Lis1 can rescue cargo accumulation. In addition, nudc mutant axon terminals contain nets

of stabilized microtubules. Using pharmacological inhibition of dynein enzymatic activity, we show that

the increased microtubule stability is caused by the accumulation of dynein in the axon terminal when

Lis1-mediated retrograde transport initiation is disrupted. Together, our data suggest a model in which

loss of NudC, and subsequently Lis1, leads to the failed dynein-cargo attachment for the initiation of retro-

grade transport. This results in an accumulation of not only cargo but also dynein in the axon terminal which

alters microtubule stability in this neuronal compartment.

RESULTS

A C-terminal mutation in nudc causes autophagosome accumulation in axon terminals

We undertook an ENU-induced, forward genetic screen in zebrafish to identify modulators of dynein in axons.

This screen has been described in detail previously (Drerup and Nechiporuk, 2013) and was used to isolate the

nudcnl21 mutant strain (hereafter referred to as nudc). The nudcmutant was identified owing to the presence of

axonal swellings at the branch points of the long axons of the pLL nerve (Figures 1A–1C). The nudcmutation is a

recessive T to A pointmutation at the splice donor site of intron 8. Thismutation leads to the inclusion of intron 8

and a premature stop codon immediately following the exon (Figure 1D). Though close to the C-terminus of the

protein, the mutation results in a loss of NudC function as the mutant axon terminal swelling phenotype can be

suppressed by exogenous expression of wildtype NudC (Figure S1A).

Figure 1. NudC loss of function causes axon terminal swellings in the long axons of the zebrafish posterior lateral line (pLL)

(A) Schematic of a larval zebrafish at 4 dpf. The pLL ganglion (pLLg) is indicated. Asterisks point to axon terminals in the pLL system. The posterior half of the

trunk is where pLL axon terminal swellings are clearly observed in nudc mutants (boxed).

(B and C) Wild type and nudc TgBAC(neurod:egfp)nl1 larva at 4 dpf. Insets show a magnified view of a distal axon terminal. Arrow points to axon terminal

swelling in nudc mutants.

(D) Diagram of NudC domains, including Plk1 phosphorylation sites at S274 and S326 (S) and the premature stop site in the nudcnl21 line (red X). Also shown

are the coiled coil (CC), HSP20-like, and CS domains.

(E–L) Localization of autophagosomes (E, F), late endosomes (G, H), peroxisomes (I, J), and mitochondria (K, L) in wild type and nudc axon terminals. Arrows

in (F’) and (H’) indicate the accumulation of LC3+ and Rab7+ vesicles in nudc mutant axon terminals.

(M�P) Average organelle load (organelle area/axon area) in axon terminals (Wilcoxon rank sum). Data are expressed as mean G S.E.M. Sample sizes

indicated. Scale bar = 100 mm in B and C; 10 mm in E–L.
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Homozygous nudc mutants develop normally during larval stages but are not viable to adulthood. This is

despite the fact that NudC is essential for cell division (Aumais et al., 2003). We reasoned this was owing to

the maternal deposition of wildtype nudc mRNA from heterozygous females as all mutants are derived

from heterozygous crosses. To test this, we performed RT-PCR analysis from 2-cell stage embryos which

confirmed maternal deposition of nudc mRNA prior to the onset of zygotic transcription (Figure S1B).

This likely leads to sufficient NudC protein levels for cell division into larval stages; a similar maternal depo-

sition of p150 mRNA leads to the survival of p150a mutants in which this dynactin protein is lost (Del Bene

et al., 2008).

Previous mutants identified from our screen with similar axonal phenotypes were shown to have disruptions

to proteins critical for dynein function in axons (Drerup et al., 2017; Drerup and Nechiporuk, 2013). NudC

interacts with dynein during cell division and during interkinetic nuclear migration in the developing cortex

(Aumais et al., 2001; Cappello et al., 2011). In Aspergillus and cultured cells, NudC regulates the stability of

the dynein activator Lis1 (Xiang et al., 1995; Zhu et al., 2010; Markus et al., 2020). A role for NudC in the axon

terminal had not been explored. First, we asked if the axon terminal swelling phenotype in nudc mutants

was due to accumulations of any common dynein cargos. We addressed this using transmission electron

microscopy (TEM) and in vivo imaging. TEM analyses revealed enlarged, double membrane-bound com-

partments in nudcmutant axon terminals reminiscent of enlarged autophagosomes (Figures S1C and S1D).

Quantification of autophagosome number showed an increase in nudcmutant TEMs (Figure S1E). To quan-

tify total autophagosome density in axon terminals, we used live imaging to analyze the localization of au-

tophagosomes by expressing RFP-tagged LC3 in pLL neurons. Images and quantification of LC3+ auto-

phagosome density in axon terminals demonstrated a strong increase in nudc mutants (Figures 1E, 1F,

and 1M).

Late endosomes are typical cargo engulfed during bulk autophagy. In our TEM analyses, we observed small

vesicles inside the enlarged autophagosomes and reasoned these could be late endosomes. To determine

if late endosomes also accumulate in nudc mutant axon terminals, we analyzed the localization of a late

endosome marker, Rab7. Live imaging revealed accumulations of Rab7+ late endosomes in nudc mutant

axon terminals (Figures 1G, 1H, and 1N). Finally, we asked if all retrograde cargos were accumulating in

nudcmutant axon terminals. To address this, we assayed the localization of cargos largely unrelated to au-

tophagosomes, such as peroxisomes and mitochondria. Live imaging of axon terminals revealed no

change in peroxisome or mitochondrial density in the axon terminal (Figures 1I–1L, 1O, and 1P). These

live imaging studies confirmed that loss of nudc leads to accumulations of late endosomes and autopha-

gosomes in axon terminals.

Velocity of autophagosome and late endosome retrograde transport is reduced in nudc

mutants

We reasoned that cargo accumulation in nudc mutant axon terminals could be due to the inhibition of

retrograde transport. To determine if transport was altered, we used live imaging of organelle transport

in pLL axons in vivo (Drerup and Nechiporuk, 2016). First, we analyzed autophagosome retrograde trans-

port using the expression of RFP-tagged LC3. Neither the percent of autophagosomesmoving in the retro-

grade direction (Figures 2A–2C; Videos S1 and S2; Percent: WT – 34.14 G 2.6 v. nudc �35.19 G 2.9;

ANOVA, p = 0.7890) nor the absolute number of autophagosomes in the axon were changed in nudc mu-

tants (Figure 2D; WT – 30.14 G 3.39 v. nudc– 29.69 G 3.75; Wilcoxon). However, analyses of transport pa-

rameters revealed decreased retrograde distance and velocity in nudcmutants (Figures 2E and 2F). Histo-

gram analyses of binned velocities demonstrated a clear shift in the population toward slower retrograde

transport (Figure 2F‘‘).

Next, we analyzed late endosome transport using the expression of RFP-tagged Rab7 in single pLL axons

(Videos S3 and S4). Kymograph analysis demonstrated a slight but not significant decrease in retrograde

transport frequency (Percent: WT – 40.65 G 3.11 v. nudc �29.98 G 3.55; Wilcoxon, p = 0.0714) but no

change in the total number of late endosomes in axons (WT – 19.20 G 1.98 v. nudc – 16.35 G 2.25; Wil-

coxon); Figures 2G–2J). Distance moved was decreased in both directions and a strong reduction of trans-

port velocity, particularly in the retrograde direction, was also evident for late endosomes (Figures 2K and

2L). The clear shift of retrograde velocities toward slower speeds is apparent in the binned histogram

(Figure 2L‘‘).
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Figure 2. Decreased retrograde transport velocity of autophagosomes and late endosomes in nudc mutants

(A and B) Kymograph analysis of LC3-labeled autophagosome transport.

(C) The autophagosome transport frequency in nudc mutants. Anterograde transport frequency decreases but the percent of autophagosomes moving in

the retrograde direction is not changed (ANOVA; anterograde: p = 0.0045; retrograde: p = 0.7890). Stationary particle frequency increases (ANOVA; p =

0.0023).

(D) Total number of autophagosomes in the axon is unchanged (ANOVA).

(E and F) Quantification of autophagosome transport distance and velocity show defects for both during retrograde transport (ANOVA).

(F‘ and F‘‘) Histograms of binned transport velocities show a clear shift to slower velocities for retrograde transport in nudc mutants.

(G and H) Kymograph analysis of Rab7-labeled late endosome transport.

(I) The percent of retrograde late endosome transport decreases in nudc mutants (ANOVA; p = 0.0346), while stationary particle frequency increases

(ANOVA; p = 0.0031).

(J) Total number of late endosomes in the axon is unchanged (ANOVA; p = 0.3524).

(K and L) Quantification of late endosome transport distance and velocity show defects in both the anterograde and retrograde directions (ANOVA).

(L‘ and L‘‘) Binned histograms of transport velocities show a clear shift in retrograde transport toward slower speeds. Data are expressed as mean G S.E.M.

Sample sizes indicated on the graph.
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We were curious if these altered transport parameters were specific to these organelles or if similar deficits

would be apparent for other cargos. Analyses of peroxisome and mitochondrial transport revealed no

change in the frequency of transport for these cargos; however, similar to the cargos analyzed above, a

consistent reduction of mitochondrial velocity was observed (Figure S2). This was particularly obvious for

retrograde transport with a shift of velocities toward slower speeds noted in the binned histogram analyses

(Figure S2L‘‘). Finally, we asked if the movement of dynein-bound vesicles was generally impacted by the

loss of NudC. For this, we imaged transport of cargo labeled by Dync1li1V2 tagged with mRFP. Dync1li1V2

is the light intermediate chain variant shown to be present on autophagosomes and lysosomes being trans-

ported by dynein (Tan et al., 2011). Consistent with our autophagosome and late endosome data,

Dync1li1V2-labeled vesicles exhibited no change in retrograde transport frequency (WT – 29.48 G 3.78

v. nudc– 34.23 G 3.78; ANOVA, p = 0.3839) or total numbers (WT – 22.41 G 2.50 v. nudc– 17.91 G 2.50;

ANOVA) but did display decreased retrograde velocity (Figure S3).

Together, the live imaging data support a model in which loss of NudC decreases retrograde transport ve-

locity, contributing to ineffective retrograde transport and vesicle accumulation in axon terminals of nudc

mutants.

Axon terminal microtubule stability is enhanced in nudc mutants

One potential defect that could contribute to cargo accumulations and abnormal transport is a defect in

the microtubule cytoskeleton. We began to address this by immunolabeling for total tubulin (Tubb3)

and acetylated microtubules. Microtubule acetylation is a modification associated with stabilized microtu-

bules (Baas et al., 2016; Song and Brady, 2015). We found no change in the mean fluorescence intensity (FI)

for both Tubb3 and acetylated tubulin, indicating that total microtubule abundance in nudc axon terminals

was unaltered. (Figures 3A–3F). Though fluorescence intensity was unchanged, we did observe that nudc

mutant axon terminals displayed a network of wrapped, acetylated microtubules (Figure 3E). This pheno-

type was not due to a change in axon terminal size as immunolabeling for acetylated tubulin in two other

mutant strains with swollen axon terminals (p150 and actr10; (Del Bene et al., 2008; Drerup et al., 2017)) did

not show changes in acetylated microtubule structure (Figures 3G and 3H).

Dynein is well-known for its localization to microtubule plus ends (Jha et al., 2017; Kardon and Vale, 2009;

Vaughan et al., 1999; Lee et al., 2003; Sheeman et al., 2003; Splinter et al., 2012). This localization, which is at

least partially controlled through the interaction of dynactin with microtubules and plus-end tracking pro-

teins (Duellberg et al., 2014; Jha et al., 2017), is thought to facilitate dynein-dynactin-cargo interaction in

this region for the initiation of retrograde transport (Lloyd et al., 2012; Moughamian and Holzbaur, 2012;

Moughamian et al., 2013). We reasoned that a change in microtubule plus end dynamics could contribute

to the nudcmutant phenotype, so we next assessed microtubule stability directly in nudcmutant axon ter-

minals. To determine if microtubule growth dynamics were decreased in the axon terminal, we analyzed

microtubule plus ends labeled by the plus end binding protein EB3 tagged with GFP (Komarova et al.,

2009). Owing to the three-dimensional nature of the axon terminal, we could not effectively track EB3

comets to directly analyze microtubule dynamics. Instead, we analyzed comet number at a single time-

point. This analysis demonstrated a strong reduction in EB3 comet number with loss of NudC, suggesting

decreased dynamic microtubule plus ends in the axon terminal (Figures 3I–3K).

Though suggestive of increased microtubule stability, these single time-point analyses do not directly

address the persistence of microtubules in this region. To assess microtubule lifetime in the axon terminal,

we turned to photoconversion. We expressed a-tubulin tagged with the photoconvertible protein Dendra2

in neurons (Hammond et al., 2010). Using 405 nm light, we converted microtubules in the axon terminal

branchpoint from green to red and then used live imaging to visualize red fluorescence decay, an indication

of microtubule turnover (Figures 3L–3 N). After photoconversion, images were taken every 2 min for 30 min

to ascertain the half-life of converted tubulin in this region. Similar to work in cultured hippocampal neu-

rons, we observed a half-life of 16 min in wild-type axon terminals (Hammond et al., 2010). In nudcmutants,

the half-life of converted tubulin wasmore than double that of wild-type siblings, roughly 36min (Figure 3O;

Rate constant: WT = 0.044; nudc = 0.019). These experiments indicate that microtubules in nudc mutant

axon terminals are significantly more stable than in wild-type siblings.

We next asked if the microtubule defects were specific to the axon terminal or present in the proximal axon

as well. To address this, we again used EB3 tagged with GFP to analyzemicrotubule growth dynamics in the
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axon. There was no change in the frequency, distance, or velocity of microtubule growth in nudc mutants

(Figures S4A–S4E). Microtubule structure could also be impacted independently of microtubule dynamics.

To determine if microtubule organization was altered in nudcmutant axons, we labeled microtubule minus

ends with the coiled-coiled domain of Patronin and analyzed their density (Hendershott and Vale, 2014).

This truncated form of Patronin has been shown to label minus ends without affecting minus end growth

(Hendershott and Vale, 2014). We expressed PatroninCC in pLL axons and measured PatroninCC punctal
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(A and B) Staining of Tubb3 in wild type and nudc terminals.

(C) Quantification of Tubb3 fluorescence intensity shows no difference in nudc terminals (ANOVA).

(D and E) Labeling of acetylated tubulin in wild type and nudc terminals. White arrow in (E’) highlights the net-like organization of acetylated tubulin staining

in mutants (inset).

(F) Quantification of acetylated tubulin fluorescence intensity shows no difference in nudc terminals though the organization is altered (ANOVA).

(G and H) Acetylated tubulin labeling in axon terminals of two unrelatedmutants, p150 and actr10, show no change in microtubule structure despite changes

in the axon terminal structure.

(I and J) Wild type (I) and nudc mutant (J) axon terminal showing EB3-GFP comets.

(K) Axon terminal comet number is reduced in nudc mutants (ANOVA).

(L–N) Dendra2-labeled a-tubulin in an axon terminal of the pLL. Prior to conversion, (L) no red fluorescence is detected (shown in magenta). Post-conversion,

strong labeling of converted Dendra2-a-tubulin is observed (M). Converted Dendra2-a-tubulin decay over 30 min post-conversion shown in N.

(O) Decay curve of converted Dendra2-a-tubulin from time-lapse imaging post-conversion demonstrates a shift in the half-life in nudcmutants (mixed effects

model; p = 0.0033). Data are expressed as mean G S.E.M. Scale bar = 10 mm. Sample sizes indicated on graphs.
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density in the cell body, axon, and axon terminal. This revealed no difference between WT and nudc mu-

tants (Figures S4F–S4J). These data suggest that though axon terminal microtubules are stabilized in nudc

mutants, microtubule dynamics and structure in the axon shaft are unaffected and do not contribute to

transport phenotypes.

Loss of Lis1 in axon terminals underlies nudc phenotypes

The best-characterized function for NudC is in the regulation of Lis1 protein stability through NudC’s chap-

erone function (Xiang et al., 1995; Zhu et al., 2010). Lis1 promotes the formation of active dynein complexes

for retrograde transport by promoting an ‘‘open’’ rather than autoinhibited conformation (Marzo et al.,

2020; Qiu et al., 2019). This promotes double dynein dimer binding to cargo (Elshenawy et al., 2020;

Htet et al., 2020) which can enhance retrograde transport velocities (Baumbach et al., 2017; Gutierrez

et al., 2017). Retrograde transport velocities are reduced in nudc mutants, so we hypothesized that

decreased Lis1 stability in the absence of NudC contributed to the cargo localization and transport abnor-

malities in nudcmutants. We investigated the stability and localization of Lis1 in nudcmutant neurons. First,

we assessed Lis1 protein from whole larval extracts. Western blot analysis revealed an almost complete loss

of Lis1 protein in nudc mutants (Figures 4A and 4B). Next, we analyzed Lis1 levels in neurons of intact an-

imals. We could not optimize parameters for an anti-Lis1 antibody for whole mount immunolabeling.

Therefore, to address this question, we turned to overexpression. We expressed Lis1 tagged with mRFP

in neurons and analyzed fluorescent intensity. This analysis revealed no significant reduction of Lis1 in

the cell body but a strong reduction of Lis1-mRFP protein in axon terminals (Figures 4C–4E). Together,

these data suggest a decrease in Lis1 protein in nudc mutants, with a more notable loss in the distal

axon terminal.

Next, we wanted to determine whether loss of Lis1 was responsible for the cargo accumulation phenotypes

we observed in nudc mutants. To address this, we attempted to rescue autophagosome localization with

exogenous Lis1 expression. We overexpressed Lis1 tagged with eGFP in neurons and analyzed autopha-

gosome density in the axon terminal usingmRFP-tagged LC3. Overexpression of Lis1 suppressed autopha-

gosome accumulation in nudcmutant axon terminals (Figures 4F–4J). Together, this data suggests that loss

of Lis1 in nudc mutants leads to the accumulation of cargo in the axon terminal.

We then asked if loss of Lis1 caused the microtubule stabilization phenotype in nudc mutants. We ex-

pressed Lis1 (tagged with mRFP) and immunolabeled nudc mutants and wild-type siblings with anti-acet-

ylated tubulin antibodies to assess the microtubule cytoskeleton in the axon terminal. Microtubule struc-

ture was imaged and quantified on a rank order scale by two independent blinded reviewers (1 - normal

microtubules; 2 – mild microtubule looping; 3 – presence of microtubule nets). This analysis revealed

that exogenous Lis1 also suppressed the formation of stabilized microtubule nets in nudcmutant axon ter-

minals (Figures 4K–4O). Together, our data suggest that NudC-mediated Lis1 stability in the axon terminal

is crucial for regulating both efficient retrograde cargo transport and microtubule stability.

Dynein and dynactin components accumulate in nudc mutant axon terminals

In addition to regulating Lis1, previous biochemical studies have implicated NudC in the regulation of ki-

nesin-dependent dynein anterograde transport (Yamada et al., 2010). Loss of dynein motor components

from the axon terminal could contribute to cargo accumulation independent of Lis1 deficits. To address

this, we analyzed dynein localization in the axon terminal using immunolabeling and live imaging. First,

we labeled axon terminals with antibodies specific for dynein heavy chain and p150, a core component

of dynactin. Fluorescence intensity analysis demonstrated an increase of both components of the retro-

grade motor in nudc axon terminals (Figures 5A–5E). We next analyzed the localization of dynein in vivo

using live imaging. We expressed dynein light intermediate chain 1 variant 2 (Dync1li1V2) tagged with

mRFP in pLL neurons to assess the localization of this dynein subunit. This also revealed an increase in

this dynein component in axon terminals (Figures 5F–5H). Together, these assays of endogenous and over-

expressed dynein-dynactin components show that the anterogrademovement of dynein-dynactin proteins

is intact. Furthermore, it reveals that these motor components accumulate in axon terminals of nudc

mutants.

Dynein-dependent regulation of microtubule stability in the axon terminal

Dynein, in the presence of ATP, has been shown to stabilize microtubules in vitro and loss of dynein leads to

loss of microtubule stability in C. elegans dendrites in vivo (Hendricks et al., 2012; Yogev et al., 2017). We
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hypothesized that the accumulation of dynein in the axon terminal of nudc mutants could underlie the

increase in microtubule stability. To test this, we inhibited dynein with a low dose of ciliobrevin (used pre-

viously in zebrafish; (Herbert et al., 2017)) and assessed microtubule structure with immunolabeling for

acetylated tubulin. Ciliobrevin inhibits dynein’s ability to hydrolyze ATP and has been shown to effectively

50kD

37kD

25kD

Lis1

GFP

WT nudc

A B

WT nudc
0

20

40

60

80

100

Li
s1

 S
ig

na
l (

A.
U

.)

p=0.0023

F F`

G G`

MergeWT LC3

Mergenudc LC3nudc

WT

C C`

D D`
Merge

Merge

WT

nudc Lis1-mRFP

Lis1-mRFP

E

WT nudc WT nudc
0

300

600

900

1200

Li
s1

 M
ea

n 
FI

 (A
.U

.)

Cell Body Axon terminal

p=0.0314
p=0.3438

n=6 n=19 n=7 n=17

0.0

0.1

0.2

0.3

0.4

Au
to

ph
ag

os
om

e 
lo

ad

WT WT+
Lis1

nudc nudc+
Lis1

p=0.0094
J

n=14 n=62 n=14 n=18

M
ic

ro
tu

bu
le

 s
co

re

0

1

2

3

WT WT+
Lis1

nudc nudc+
Lis1

O p=0.0092

n=11 n=34 n=8 n=8

H H`

I I`

Lis1+LC3WT LC3

nudc LC3Lis1+LC3 nudc

WT

K K`

MergeWT Acetyl Tub

nudc nudc

WT

Acetyl TubMerge

L L`

M M`

Acetyl TubWT

nudc Acetyl TubMerge

N N`
Merge

nudc+Lis1

WT

Lis1

Lis1

nudc

M``

N``
WT+Lis1

Figure 4. Lis1 functions downstream of NudC in the regulation of cargo transport and microtubule stability

(A) Lis1 western demonstrates loss of Lis1 protein in nudc mutants at 4 dpf. GFP from TgBAC(neurod:egfp)nl1 transgene serves as an internal control.

(B) Quantification of signal intensity relative to blot background confirms loss of Lis1 in nudc mutants (n = 10 independent blots; ANOVA).

(C and D) Expression of Lis1-mRFP in individual neurons (magenta in merge, white on right). Arrows point to axons expressing Lis1.

(E) Quantification of Lis1 means fluorescence intensity in the cell body and axon terminal of nudcmutants and wild-type siblings demonstrates a strong loss

of Lis1 in mutant axon terminals (ANOVA).

(F–I) Expression of Lis1-eGFP can suppress autophagosome accumulation in nudc mutants.

(F and G) Expression of mRFP-LC3 (magenta in merge, white on right) in single axons of a wild type (F) and nudc mutant (G) shows accumulation in nudc

mutants. Both carry the TgBAC(neurod:egfp)nl1 transgene to label neurons with cytosolic GFP.

(H and I) Co-expression of Lis1-eGFP and mRFP-LC3 (magenta in merge, white on right) in nudcmutant axons can suppress autophagosome accumulation.

(J) Quantification of autophagosome load (autophagosome area/axon area) demonstrates suppression of accumulation by expression of Lis1-eGFP in nudc

mutants (ANOVA Tukey HSD post-hoc contrasts).

(K–N) Expression of Lis1-mRFP can suppress the netting of acetylated microtubules in nudc mutants.

(K and L) Wild type and nudc mutant controls stained for acetylated tubulin.

(M and N) Wild type and nudc mutants expressing RFP-tagged Lis1 in axon terminals stained for acetylated tubulin. All carry the TgBAC(neurod:egfp)nl1

transgene to label neurons with cytosolic GFP.

(O) Quantification of microtubule score (scale: 1 - wild-type microtubules; 2 – mild microtubule looping; 3 – presence of microtubule nets; Wilcoxon each

pair). Data are expressed as mean G S.E.M. Scale bar = 10 mm. Sample sizes indicated on graphs.
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eliminate dynein activity (Firestone et al., 2012; Roossien et al., 2015). The exact mechanism of ciliobrevin

action is unknown but it is likely a competitive inhibitor for ATP. This is predicted to prevent dynein from

interacting with microtubules for a powerstroke necessary for translocation along the microtubule (Roos-

sien et al., 2015). After treatment, microtubule structure was quantified blind by two independent reviewers

on a rank order scale (1 - normal; 2 – mild microtubule looping; 3 – presence of microtubule nets) and larvae
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Figure 5. Pharmacological inhibition of dynein suppresses microtubule stabilization in nudc mutant axon terminals

(A–D) Dynein heavy chain (DHC) and p150 (dynactin) accumulate in nudc mutant axon terminals.

(E) Quantification of mean fluorescence intensity (normalized to background) for DHC and p150 (ANOVA).

(F and G) mRFP-Dync1li1V2 expression in individual axons of wild type and nudc mutants demonstrates accumulation in mutant axon terminals (arrow).

(H) Quantification of mRFP-Dync1li1V2 density (Dync1li1V2 area/axon terminal area) demonstrates the accumulation of this dynein light intermediate chain in

nudc mutant axon terminals (ANOVA).

(I–L) Wild type (I) and nudcmutant (J) axon terminals after 24 h 0.1% DMSO treatment. nudcmutants show large axon branchpoint swellings and acetylated

tubulin netting in those swellings.

(K and L) Treatment with 2.5 mM ciliobrevin (CB) suppresses axonal swellings and microtubule netting in nudc mutants.

(M) Average qualitative score from two independent, blinded analyses (scale: 1 - wild-type microtubules; 2 – mild microtubule looping; 3 – presence of

microtubule nets; Wilcoxon each pair). Data are expressed as mean G S.E.M. Scale bar = 10 mm. Sample sizes indicated on graphs.
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were genotyped post-analysis. Strikingly, ciliobrevin treatment could suppress axon terminal swellings and

formation of stabilized microtubule nets in the axon terminal of nudc mutants (Figures 5I–5M). This indi-

cates that increased dynein interaction with microtubules in the axon terminal causes the increased micro-

tubule stability phenotype in nudc mutants.

DISCUSSION

Investigation of dynein function in the axon terminal has largely focused on the regulation of motor-cargo

attachment and initiation of retrograde transport from the terminal toward the cell body. This process is

critical for neuronal health and function. Our work has re-emphasized a second role for dynein in this

compartment, regulation of the microtubule cytoskeleton. In this study, we show that NudC is critical for

Lis1 protein stability. Similar to work in Aspergillus (Chiu et al., 1997; Xiang et al., 1995), loss of NudC causes

a strong reduction in Lis1 protein which is particularly evident in the distal axon terminal compartment.

Based on the recent advances in our understanding of Lis1 function (Elshenawy et al., 2020; Htet et al.,

2020; Marzo et al., 2020; Qiu et al., 2019) and the presented work, loss of Lis1 in nudc mutants results in

decreased dynein-cargo interaction and initiation of retrograde transport from the axon terminal. Based

on this premise, our data support a model in which NudC-dependent Lis1 stability is essential for

dynein-cargo interaction for retrograde transport from the axon terminal. Disrupting this process leads

to the accumulation of commonly transported cargo and the dynein motor. We propose that it is this accu-

mulation of the dynein motor in the axon terminal which, when its cargo-independent activity on microtu-

bules is left unchecked, enhances microtubule stability in this neuronal compartment.

Regulation of the axon terminal microtubule cytoskeleton by NudC

The axonal cytoskeleton is a subject of intensive research, particularly during axon extension. During axon

outgrowth, the growth cone has an array of actin and microtubule dynamics that allow environmental

exploration to search for and innervate distant targets. In the growth cone, active actin retrograde flow

and microtubule instability allow the constant remodeling of these regions for rapid response to extracel-

lular cues (reviewed in (Baas et al., 2016; Kevenaar and Hoogenraad, 2015)). Though less well studied, the

terminal of a mature axon also requires tight regulation of actin and microtubule structure and dynamics.

Microtubule plus ends reside in the axon terminal and contribute substantially to dynein recruitment and

dynein-cargo interaction for the initiation of retrograde transport (Lloyd et al., 2012; Moughamian and

Holzbaur, 2012; Moughamian et al., 2013). These plus ends are highly dynamic relative to the rest of the

axon, with shorter half-lives and markers of unstable microtubules including tyrosination (Baas et al.,

2016; Song and Brady, 2015). Further emphasizing the importance of regulating microtubule dynamics

in the neuron, increasing microtubule stability is associated with neurodegeneration. Treatment with the

microtubule-stabilizing drug taxol, a common pharmacological therapeutic for cancer, results in axonal

degeneration and peripheral neuropathy in patients. Additionally, mutations in the microtubule severing

protein Spastin cause the degenerative disease hereditary spastic paraplegia (reviewed in (Dubey et al.,

2015)). Despite the importance of microtubule dynamics in the axon terminal, we know little about the roles

they play in the maintenance of a functional neural circuit.

Our work emphasizes a role for dynein in the control of microtubule stability in the axon terminal. In nudc

mutants, dynein and p150 accumulate in axon terminals and microtubules in the axon terminal show signs

of enhanced stabilization. These signs include: 1) microtubule acetylation, a marker of more stable micro-

tubules in neurons (Baas et al., 2016; Song and Brady, 2015); 2) longer half-life of tubulin in the region based

on photoconversion data; and 3) fewer EB3-GFP comets which are a label for dynamic microtubule plus

ends. Decreasing dynein ATPase activity using ciliobrevin treatment can suppress microtubule stabiliza-

tion, implicating excessive dynein activity in this phenotype. This work is in-line with previous work in

C. elegans dendrites and in vitro which has demonstrated that dynein can stabilize microtubules. In

C. elegans, the expression of mutant forms of dynein associated with neurological disease leads to

decreased microtubule stability (Yogev et al., 2017). In vitro, isolated microtubules undergo catastrophe

when they contact a barrier. Including dynein and ATP in this system prevents microtubule depolymeriza-

tion upon barrier contact (Hendricks et al., 2012). Similar to the growth cone (Grabham et al., 2007), micro-

tubule plus ends are likely in constant contact with barriers such as the cellular cortex and actin cytoskel-

eton in the mature axon terminal. In addition to dynein, the p150 subunit of dynactin has also been

strongly implicated in microtubule stabilization in yeast, in vitro, and in mammalian neurons (Estrem

et al., 2017; Hayashi et al., 2005; Honnappa et al., 2006; Lazarus et al., 2013; Manna et al., 2008). Finally,

NudC has independently been implicated in microtubule regulation during cell division in mammalian cells
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in culture and C. elegans, though whether this is due to the regulation of dynein is unknown (Aumais et al.,

2003). Together, these studies and our data suggest that it is the increase in local dynein-dynactin activity

that stabilizes microtubules in nudc mutant axon terminals, allowing them to resist depolymerizing forces,

such as contact with barriers. This dynein function could rely on microtubule-cell cortex interaction; how-

ever, proteins involved in this interaction are unknown. Alternatively, dynein motor domain dimers alone

have been shown to link and slide anti-parallel microtubules, which could also work to stabilize and net mi-

crotubules in the axon terminal if polarity becomes mixed (Gatlin et al., 2009; Tanenbaum et al., 2013). In

summary, while the precise mechanistic function of the dynein motor in microtubule stabilization in the

axon terminal is unknown, it is clear that motor activity is involved.

Dynein-dynactin function in microtubule regulation

Cytoplasmic dynein has previously been implicated in the regulation of microtubule stability in neurons

and nonneuronal cells. However, a clear picture of the role of this motor in microtubule regulation is still

lacking. This is evidenced by the conflicting data on dynein’s action on microtubules. In yeast, fungus,

and non-neuronal cells, dynein decreases microtubule stability, particularly when dynein is attached to

the cellular cortex and acting on microtubule plus ends (Carminati and Stearns, 1997; Estrem et al.,

2017; Han et al., 2001; Laan et al., 2012). In yeast, when plus end-bound dynein is attached to the cell cortex,

the motor increases microtubule dynamics by promoting microtubule catastrophe (Estrem et al., 2017;

Laan et al., 2012). The resultingmicrotubule shrinkage is capable of creating a pulling force which facilitates

centralized microtubule aster positioning in vitro (Laan et al., 2012) and likely contributes to microtubule-

dependent spindle and nuclear positioning during cell division in yeast and C. elegans (Adames and

Cooper, 2000; Kozlowski et al., 2007). Similarly, in Aspergillus, loss of dynein function causes increased

microtubule growth into the hyphal tip and decreased microtubule catastrophe and shrinkage rate (Han

et al., 2001). These results are suggestive of a role for dynein in decreasing microtubule stability upon

the interaction between the microtubule plus end and a barrier.

Conversely, dynein-mediated microtubule tethering to the cell cortex has also been implicated in micro-

tubule stabilization. In vitro, though initially increasingmicrotubule catastrophe frequency, once the micro-

tubule is pulled taught, dynein-mediatedmicrotubule tethering to a barrier actually decreases microtubule

shrinkage rate (Laan et al., 2012). There is also evidence that dynein on microtubule plus ends tethers mi-

crotubules to the cell cortex for stabilization in mammalian cells. In cultured epithelial cells, dynein has

been shown to interact with b-catenin to help stabilize microtubules at the cell membrane (Ligon et al.,

2001). Finally, work in vitro onmammalian dynein has also substantiated a role for the dynein-dynactin com-

plex in increasing microtubule stability. Upon encountering a barrier, single microtubules will undergo ca-

tastrophe. However, when dynein and ATP were added, microtubules could withstand force induced

through interaction with the barrier (Hendricks et al., 2012). Together, these data argue that dynein can

also serve a stabilizing role for microtubules.

In neurons, the existing evidence suggests that dynein primarily serves a stabilizing role for microtubules,

particularly in axons and dendrites. In dendrites ofC. elegans neurons, expression of loss of function dynein

heavy chain mutants decreases microtubule stability in dendrites (Yogev et al., 2017). In axonal growth

cones of cultured mammalian neurons, inhibition of dynein results in failed microtubule growth into the

growth cone. In the growth cone microtubules cannot resist the rapid retrograde actin flow present in

this region without dynein (Grabham et al., 2007). Furthermore, dynein interaction with the neural cell adhe-

sion molecule NCAM180 has been found to tether dynamic microtubule ends at synapses and promote

synaptic stability (Perlson et al., 2013). Similar to work in vitro and in yeast, the p150 subunit of dynactin

has also been shown to promote microtubule stability in neurons as well (Estrem et al., 2017; Honnappa

et al., 2006; Lazarus et al., 2013). This function for p150 may also be cell-type specific as knockdown of

p150 has no effect on microtubule dynamics in cultured epithelial cells but has a strong destabilizing effect

on microtubules in cultured neurons (Lazarus et al., 2013). This suggests that there are context-dependent

controls in place which push dynein-dynactin into either a stabilizing or destabilizing role. These likely

involve adaptor and modulatory proteins, localization of dynein to the lateral surface or plus end of the

microtubule, and the mechanical forces at play on the microtubule.

Lis1 and neuronal phenotypes in nudc mutants

NudC has been implicated in Lis1 protein stability previously in vitro and in Aspergillus (Chiu et al., 1997;

Riera and Lazo, 2009; Xiang et al., 1995; Zheng et al., 2011; Zhu et al., 2010). Our data support this function
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for NudC. In whole larval extracts, Lis1 protein levels are severely reduced. Using overexpression of tagged

Lis1, we show that Lis1 protein is reduced throughout the neuron; however, there is a more severe reduc-

tion in the distal axon terminal. This is likely owing to the long distance from the cell body to the axon ter-

minal in this system. Unless Lis1 protein is produced locally in the axon terminal, it must be synthesized and

transported from the cell body to the axon terminal. Indeed, this appears to be the case as recent RNAseq-

based approaches have shown a biased presence of Lis1 mRNA in neuronal cell bodies rather than the neu-

ropil (Glock et al., 2021). This further supports the need to preserve Lis1 protein stability particularly once it

arrives in the axon terminal for function.

NudC-dependent Lis1 stability is critical for dynein regulation. Lis1 has recently been shown to facilitate

dynein-cargo interaction for processive retrograde transport through the promotion of the open dynein

conformation and subsequent dual dynein dimer interaction with dynactin and cargo (Elshenawy et al.,

2020; Htet et al., 2020; Marzo et al., 2020; Qiu et al., 2019). This promotes increased transport velocity (El-

shenawy et al., 2020; Baumbach et al., 2017; Gutierrez et al., 2017), though there is some controversy across

systems (Markus et al., 2020). Similar to the transport defects we observe for autophagosomes, late endo-

somes, andmitochondria, Lis1 increases the retrograde transport velocity of cargo, includingmitochondria

(Fenton et al., 2021). Surprisingly, decreased retrograde transport velocity of mitochondria does not trans-

late into a significant increase in mitochondrial density in the axon terminal. Furthermore, we also do not

observe any defects in peroxisome density or transport parameters. Reasons for these changes are unclear

but may include: 1) typical mitochondrial and peroxisome exit from the axon terminal is less frequent than

endosomes and autophagosomes, leading to less accumulation; 2) local mitochondrial or peroxisome

degradation; 3) or additional defects in the endo-lysosomal pathway in mutant axon terminals beyond dis-

rupted transport. Given the critical role of endolysosomal function for neuronal health and function (An-

dres-Alonso et al., 2021), these questions deserve additional attention.

In addition to cargo transport, Lis1 has also been implicated in the regulation of microtubule stability. In-

hibition of Lis1 in neurons results in failed microtubule stabilization and penetration of the growth cone

necessary for growth cone advance (Grabham et al., 2007). This could be through the direct interaction

of Lis1 with microtubule plus end proteins including CLIP-170 (Coquelle et al., 2002; Sapir et al., 1997) or

through the modulation of dynein-dynactin function. Our data suggest that Lis1-dependent microtubule

modulation in the axon terminal is indirect through Lis1’s effect on dynein. In our experiments, microtubule

dynamics in nudc mutants can be rescued by exogenous expression of Lis1, which activates dynein for

cargo transport and decreases local dynein levels in the axon terminal. Suppression of enhanced dynein

function in the axon terminal can also rescue microtubule defects. Together, this suggests that in the

axon terminal the bulk of Lis1 function is in regulating dynein activity which has subsequent effects on cargo

localization and microtubule stability.

Dynein activity in the absence of Lis1

As mentioned above, Lis1 has recently been shown to be critical for dynein interaction with dynactin and

cargo for the initiation of retrograde transport. In the absence of this interaction, dynein has been shown

to adopt an autoinhibited ‘‘phi’’ conformation that has reduced microtubule binding (Zhang et al., 2017).

If dynein is in an autoinhibited conformation, how would it interact with and alter microtubule stability?

Based on our data, we predict that dynein-mediated microtubule stabilization is dependent on local mo-

tor concentration. Though phi-dynein does have reduced microtubule interaction, it is not eliminated

based on in vitro assays. Additionally, once bound, phi-dynein has a similar microtubule dwell time to

uninhibited dynein (Zhang et al., 2017). Therefore, dynein can still interact with microtubules in the

absence of Lis1-mediated conformational shifts. The likelihood of interaction is predicted to increase

proportionally with local dynein concentrations. Because nudc mutants have a substantial increase in

axon terminal dynein, we predict that this enhances dynein-microtubule interaction frequency in the

absence of cargo binding.

The power of isolated dynein to alter microtubule stability has also been shown in vitro. Isolated bovine

dynein can interact with and stabilize microtubule ends in the absence of Lis1 (Hendricks et al., 2012).

This function for bovine dynein requires ATP hydrolysis. Our data agree with the requirement for ATP bind-

ing for dynein-mediated microtubule stabilization. Ciliobrevin treatment suppresses microtubule stabiliza-

tion in nudc mutants. Though ciliobrevin’s mechanism of action is not entirely clear, it is highly likely that it

functions as a competitive inhibitor for ATP, preventing ATP binding and hydrolysis which has downstream
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effects on dynein-microtubule interaction (Firestone et al., 2012; Roossien et al., 2015). Therefore, by pre-

venting dynein-microtubule interaction we can prevent microtubule stabilization in nudc mutant axon

terminals.

Temporal and spatial control of the NudC-Lis1-dynein cascade

The dramatic defects on microtubules in nudc mutant axon terminals suggest that the NudC-Lis1-dynein

cascade must be spatially and temporally controlled to maintain the structure and function of the axon

terminal. How does NudC tightly regulate Lis1-mediated dynein activation? Some potential hints at

NudC control come from studies on the function of this protein during cell division. In C. elegans and

cultured mammalian cells, NudC is essential for microtubule stability at the midzone which is essential

for cell division. NudC’s function during cell division relies on interaction with Plk1 (Polo-like Kinase 1)

(Aumais et al., 2003). Plk1 phosphorylates NudC leading to the translocation of the NudC-Plk1 complex

to the kinetochore. Loss of NudC phosphorylation by Plk1 prevents this translocation and proper cell

division (Nishino et al., 2006; Zhou et al., 2003). Therefore, the phosphorylation of NudC is poised to

function as a regulator of localized NudC function. Of particular interest is the mutation in the current

nudc mutant line. In this mutant, the protein is truncated in the distal C-terminus, just prior to one of

the known Plk1 phosphorylation sites. Although the chaperone domain predicted to be critical for its

role in protein stability is still intact, the loss of this phosphorylation site may impact NudC localization

and/or function. Whether NudC phosphorylation impacts axonal phenotypes in mature neurons has not

been explored but is a clear direction of interest for precise regulation of dynein function in neuronal

compartments.

Limitations of the study

This study uses live imaging, genetics, and pharmacology to address the role of the cytoplasmic dynein

motor in the regulation of microtubule stability in the axon terminal. Our approach allows us to visualize

these cellular processes in vivo in a whole animal, lending insight into the workings of a neuron in an intact

niche. However, this approach also has limitations. Most relevant to the current study is the lack of direct

microtubule manipulation and imaging of individual microtubules which is more accessible in vitro. There-

fore, our measurements of microtubule lifetime are not as accurate as those conducted in vitro. Further-

more, the mechanism of action for NudC and Lis1 in dynein regulation is still unclear. It is possible that

Lis1 has a direct role in dynein-mediated microtubule stability. Alternatively, Lis1-dependent dynein inter-

action with cargo, which facilitates retrograde cargo transport, could indirectly affect microtubule stability.

Future studies will address the role of Lis1 in microtubule regulation as well as the use of co-chaperones to

stabilize Lis1 in axon terminals to determine the precise mechanism of dynein-mediated microtubule sta-

bility in this neuronal compartment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Aves Gfp-1020; RRID:AB_10000240

Rabbit anti-DsRed ThermoFisher 632496; RRID:AB_10013483

Mouse anti-acetylated tubulin Sigma T6793: RRID:AB_477585

Mouse anti-Tubb3 DSHB 6G7; RRID:AB_528497

Rabbit anti-GFP Invitrogen A11122; RRID:AB_221569

Rabbit anti-DHC Protein Tech 12345; RRID:AB_2261765

Mouse anti-p150 BD Transduction labs 610473; RRID:AB_397845

Rabbit anti-Lis1 Protein Tech 20678-1-AP; RRID:AB_2878723

Chemicals, peptides, and recombinant proteins

Ciliobrevin Sigma-Aldrich 250401

Experimental models: Organisms/strains

Zebrafish: nudcnl21 This paper nl21

Zebrafish: AB ZIRC AB

Zebrafish: Tg(BAC)neurod:egfpnl1 (Obholzer et al., 2008) nl1

Zebrafish: actr10nl15 (Drerup et al., 2016) nl15

Zebrafish: p150ay625 (Mandal et al., 2021) y625

Zebrafish: p150bnl16 (Drerup et al., 2016) nl16

Oligonucleotides

Nudc RT-PCR FP IDT 50GTCAGATCTGGATGG

NudC RT-PCR RP IDT 50TCAGCTGAACTTGGCT

Nudcnl21 geno FP1 IDT 50AGATGATGTATGACCAGAGG

Nudc nl21 geno RP1 IDT 50AAAGTAGTGAAGGCCATAAT

Lis1b cDNA FP IDT 50GCCAACATGGTGCTGTCAC

Lis1b cDNA RP IDT 50ATGATCAGCGACATTCCC

Nudc cDNA FP IDT 50 TAGCATCACCCGTCAAAT

Nudc cDNA RP IDT 50 CATTCACATGTTCACGCA

b-actin FP IDT 50-CGAGCAGGAGATGGGAACC

b-actin RP IDT 50-CAACGGAAACGCTCATTGC

Recombinant DNA

5kbneurod:Rab7-mRFP (Drerup and Nechiporuk, 2013) NA

5kbneurod:LC3-mRFP (Drerup and Nechiporuk, 2013) NA

5kbneurod:mito-TagRFP (Drerup et al., 2017) NA

5kbneurod:EB3-GFP (Drerup et al., 2016) NA

5kbneurod:pst1-mRFP (Drerup et al., 2017) NA

5kbneurod:rfp-dync1li1v2 (Drerup and Nechiporuk, 2013) NA

5kbneurod:lis1b-mRFP This paper NA

5kbneurod:lis1b-eGFP This paper NA

5kbneurod:dendra2-a-tubulin This paper NA

5kbneurod:PatCC-mRFP This paper NA

Sp6:nudc-gfp This paper NA

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Katie Drerup (drerup@wisc.edu).

Materials availability

All materials will be available upon request from the lead contact.

Data and code availability

d All data will be available from the lead contact upon request.

d This paper does not report original code.

d 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

Zebrafish husbandry

All zebrafish (Danio rerio) work was done in accordance with the University of Wisconsin-Madison IACUC

guidelines. The TgBAC(neurod:egfp)nl1 transgenic line was utilized for many of the studies. Adult animals

were kept at 28�C and spawned according to established protocols (Westerfield, 1993). Embryos and larvae

were kept in embryo media at 28�C and developmentally staged using establishedmethods (Kimmel et al.,

1995). At the stages used in this work (4 days post-fertilization (dpf), sex is not determined in zebrafish.

METHOD DETAILS

Generation and genotyping of the nudcnl21 mutant strain

N-ethyl-N-nitrosourea (ENU) mutagenesis was done using the TgBAC(neurod:egfp)nl1 transgenic as previ-

ously described (Drerup and Nechiporuk, 2013). The nudcnl21 mutant was identified in a three generation,

recessive mutant screen targeted to find mediators of retrograde cargo transport through their axon ter-

minal swelling phenotype. The mutation in the nudc strain was identified as a T to A mutation in the splice

donor site of intron 8 using RNAmapper (Miller et al., 2013). This mutation was confirmed by sequencing

nudc cDNA from mutant larvae. A combination of genotyping primers can be used to genotype this locus

by PCR followed by Xmn1 digest. The nudcnl21 mutation inserts an Xmn1 cut site. Reverse transcription of

wildtype mRNA was done using the Superscript IV kit (Invitrogen).

Transient transgenesis

For analyses of cargo localization in single neurons, transient transgenesis was utilized. Plasmid DNA en-

coding the 5kbneurod (pLL neurons; (Mo and Nicolson, 2011) promotor driving constructs of interest were

derived using Gateway technology (Kwan et al., 2007). For expression, 3–13 pg of plasmid DNA was micro-

injected into zebrafish zygotes as previously described (Drerup and Nechiporuk, 2013, 2016). For analysis,

larvae expressing the construct of interest in a subset of pLL neuron cell bodies were selected using a Zeiss

AxioZoom fluorescent dissecting microscope. Larvae were anesthetized in 0.02% tricaine and mounted

individually in 1.5% low melt agarose in embryo media and imaged with a Zeiss LSM800 or Olympus

FV3000 confocal microscope with a 63X/NA1.2 water immersion or 40X/NA1.2 silicone immersion objective

respectively. RFP-Rab7, Mito-TagRFP, EB3-GFP, PST1-RFP (peroxisomes), and RFP-Dync1li1v2 constructs

for transient transgenesis have been used previously (Drerup et al., 2017; Drerup and Nechiporuk, 2013).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MetaMorph Molecular Devices MetaMorph

ImageJ (Schindelin et al., 2012) FIJI

JMP15 JMP JMP14

RNAMapper (Miller et al., 2013) NA
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Human LC3 was subcloned for expression from Addgene clone 24920 (Lee et al., 2008). PatroninCC was

subcloned from the Addgene clone 59053 (Hendershott and Vale, 2014). nudc and lis1b cDNAs were subcl-

oned from zebrafish cDNA and confirmed by sequencing.

Immunohistochemistry and western blot

Whole mount immunohistochemistry on zebrafish larvae was done as previously described (Drerup and

Nechiporuk, 2013). Briefly, zebrafish larvae at 4 dpf were fixed in 4% paraformaldehyde/0.1% triton over-

night at 4�. After washes in 1X PBS/0.1% triton, larvae were washed in RNAse/DNAse-free water overnight

at room temperature before blocking in 5% goat serum. Larvae were then incubated in primary antibody in

blocking solution overnight at 4�, washed in 1X PBS/0.1% triton, incubated in Alexafluor secondary anti-

bodies overnight at 4�, washed again in 1X PBS/0.1% triton, and sunk in 60% glycerol. Immunolabeled

larvae were imaged on a LSM800 Zeiss or FV3000 confocal microscope with a 63X/NA1.4 or 60X/NA1.4

objective respectively. A 1024X1024 frame size was used and the image was generated by 2X averaging

of the frame.

Western blot was done as previously described (Drerup et al., 2017). Protein lysates were run on a 4–20%

SDS-PAGE denaturing gel before being transferred to PVDF membrane. Membranes were blocked in 5%

Omni-block in 1X PBS/0.1% Tween 1–4 h before being incubated in primary antibody overnight in block at

4�. Membranes were washed in 1X PBS/0.1% tween 3 times for 5 min before being incubated in secondary

antibody (Goat anti-rabbit (Jackson Immuno Research): 1:10000) or 90 min at room temperature. Mem-

branes were washed again 3 times for 5 min and developed using WesternSure Chemiluminescent Sub-

strate on a C-DiGit blot scanner (Licor). Quantification of western blots using densitometry was done in Im-

age Studio. Mean intensity was determined for each band and normalized to the background intensity

across the blot.

Electron microscopy

Larvae (4 dpf) were prepared for transmission electron microscope (TEM) study as described previously

(Sheets et al., 2017; Zhang et al., 2018). Briefly, larvae were fixed in 4% paraformaldehyde plus 2% glutar-

aldehyde (Electron Microscopy Sciences (EMS)) in phosphate buffer, then washed in cacodylate buffer,

fixed in 2% glutaraldehyde, and washed again in cacodylate buffer. Then they were placed in 1% osmium

tetroxide in cacodylate buffer, washed again in cacodylate buffer, and then dehydrated in an ethanol series

with 1% uranyl acetate added to the 50% ethanol. Larvae then were placed in propylene oxide (PO), and

then in an epon/PO mix and finally in pure epon, and samples were embedded and then hardened in an

oven at 64�. Thin sections (60 nm) were placed on single-slot, formvar/carbon coated nickel grids (EMS),

stained with uranyl acetate and lead citrate, and examined in a JEOL JEM2100 TEM.

Quantification of immunofluorescence

For quantification of immunofluorescence, whole mount, immunolabeled larvae were imaged using an

LSM800, 63X/NA1.4 objective (Zeiss) or FV3000, 60X/NA1.4 objective (Olympus) confocal microscope.

Laser power and detector gain were kept consistent for all images acquired for quantification of immuno-

fluorescence. Quantification was done in ImageJ. For quantification, images from the 488 nm (neuronal)

and 568 nm (antibody label of interest) were projected into 2D images using the Sum Stacks z-projection

feature. The neuronal area was selected in the axon terminal by thresholding the 488 nm z-stack and using

the ImageJ image subtraction plugin to remove non-neuronal signal from the 568 nm channel. The mean

fluorescence intensity of the 568 nm channel was then quantified in a sum projection (ImageJ) and normal-

ized to background.

In vivo analysis of cargo localization and axonal transport in the zebrafish pLL

The localization and transport of various cargos was done as previously described (Drerup and Nechiporuk,

2016). Fluorescently labeled cargos were expressed mosaically in neurons as described above using tran-

sient transgenesis. Larvae were mounted in 1.5% low melt agarose in embryo media on a coverslip after

light anesthesia in 0.02% tricaine. For analysis of punctal volume, axon terminals expressing the tagged

cargo of interest were imaged using an LSM800 63X/NA1.2 water immersion objective (Zeiss) or FV3000

40X/NA1.2 silicone immersion objective (Olympus). Laser power and detector gain were optimized to iden-

tify puncta clearly based on expression level, which varies between samples. For quantification, the area

around the expressing terminal was cropped and the 488 nm (neuronal) and 568 nm (cargo) were split. Total
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punctal area and axon area were measured using built in ImageJ plugins. Within-larval averages were used

for analysis. Larvae were individually genotyped after imaging.

For analysis of cargo transport, imaging in a single plane was done on larvae mounted as described above

on a LSM800 63X/NA1.2 water immersion objective (Zeiss) or FV3000 40X/NA1.2 silicone immersion objec-

tive (Olympus). A 25–75 mm length of axon was imaged for 500 frames with a 300 millisecond frame interval.

Laser power and detector gain were again optimized to identify puncta clearly based on expression level,

which varies between samples. Axonal transport was analyzed using kymograph analysis in Metamorph

(Molecular Devices). Distance and time of individual bouts of transport were quantified from the kymo-

graphs. Number of puncta moving in the anterograde or retrograde direction as well as the number of bidi-

rectional puncta were quantified using kymographs as well. Stationary puncta number was quantified by

visual analysis of the transport imaging sessions. Anterograde or retrograde transport bouts were defined

as traces representing puncta that only moved in one direction over the course of the imaging session.

For analysis of EB3-labeled microtubule growth dynamics, larvae were mounted and imaged as described

above for axonal transport. The only modifications to the protocol were that images were taken every 15

seconds allowing z-stacks with an optimal z-step to be taken through the axonal region. For analysis of

EB3 comets in the axon terminals, a z-stack was taken through the axon terminal and comet number was

calculated manually from a projected optimal z-stack.

Ciliobrevin treatment and scoring of axon terminal morphology and acetylated microtubule

structure

At 3 dpf, larvae from a nudc heterozygous cross were sorted into groups of 50. These larvae expressed the

TgBAC(neurod:egfp)nl1 transgene to visualize pLL axons. Each group was housed in a well of a 6-well plate.

At 3.5 dpf, the embryo media in the well was replaced with embryo media with 0.1% DMSO or 2.5 mM cil-

iobrevin/0.1% DMSO. At 4.5 dpf, larvae were immunolabeled prior to imaging axon terminals on a Zeiss

LSM800 confocal microscope with a 63X/NA1.4 oil immersion objective. Projected z-stacks were compiled

for analysis by two blinded reviewers. Reviewers scored microtubule structure in axon terminals. 1 - wild

type microtubules; 2 – mild microtubule looping; 3 – presence of microtubule nets. After imaging and anal-

ysis, larvae were individually genotyped for the nudc mutation.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, all statistical analyses were done using JMP15. For parametric analyses, ANOVAs were

used with Tukey HSD post-hoc contrasts for multiple pairwise comparisons within a dataset. For non-para-

metric datasets, comparisons were done using Wilcoxon/Kruskal-Wallis analyses with corrected tests for

each pair for multiple comparisons.
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