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FIGNL1 associates with KIF1Bβ and BICD1 to restrict
dynein transport velocity during axon navigation
Melody Atkins1, Läıla Gasmi1, Valérie Bercier2, Céline Revenu2, Filippo Del Bene2, Jamilé Hazan1, and Coralie Fassier1

Neuronal connectivity relies on molecular motor-based axonal transport of diverse cargoes. Yet the precise players and
regulatory mechanisms orchestrating such trafficking events remain largely unknown. We here report the ATPase Fignl1 as a novel
regulator of bidirectional transport during axon navigation. Using a yeast two-hybrid screen and coimmunoprecipitation assays,
we showed that Fignl1 binds the kinesin Kif1bβ and the dynein/dynactin adaptor Bicaudal D-1 (Bicd1) in a molecular complex
including the dynactin subunit dynactin 1. Fignl1 colocalized with Kif1bβ and showed bidirectional mobility in zebrafish axons.
Notably, Kif1bβ and Fignl1 loss of function similarly altered zebrafish motor axon pathfinding and increased dynein-based
transport velocity of Rab3 vesicles in these navigating axons, pinpointing Fignl1/Kif1bβ as a dynein speed limiter complex.
Accordingly, disrupting dynein/dynactin activity or Bicd1/Fignl1 interaction induced motor axon pathfinding defects characteristic
of Fignl1 gain or loss of function, respectively. Finally, pharmacological inhibition of dynein activity partially rescued the axon
pathfinding defects of Fignl1-depleted larvae. Together, our results identify Fignl1 as a key dynein regulator required for motor
circuit wiring.

Introduction
Neuronal circuit wiring requires developing axons to accurately
sense and respond to environmental guidance cues to reach
their correct synaptic targets. This axon navigation process
therefore relies on the ability of the growth cone (GC) to inte-
grate and translate external guidance signals into intracellular
remodeling of its morphology in order to promote steering in the
proper direction. Two closely related cellular processes have
been shown to be critical for GC navigational behavior: cyto-
skeletal (Dent et al., 2011; Cammarata et al., 2016) andmembrane
(Itofusa and Kamiguchi, 2011; Steketee and Goldberg, 2012) dy-
namics. Several studies have indeed reported an asymmetric
transport of vesicles to the GC periphery, followed by their ex-
ocytosis in response to attractive guidance signals (Tojima et al.,
2007, 2011; Akiyama et al., 2016). Conversely, polarized endo-
cytosis has been observed in response to repulsive signals
(Tojima et al., 2010). In addition to regulating the supply or
retrieval of plasma membrane at the axon tip, such membrane
dynamics are crucial to regulate the amount of available guid-
ance receptors at the GC surface (O’Donnell et al., 2009; Hines
et al., 2010). Notably, signaling endosomes and their retrograde

axonal transport to the soma in response to environmental cues
have also been proposed to trigger signaling cascades that ulti-
mately regulate exocytosis and membrane receptor integration
at the GC plasma membrane (Deppmann et al., 2008; Ascaño
et al., 2009; Steketee and Goldberg, 2012).

Bidirectional vesicular axonal transport therefore appears
crucial for accurate axon navigation to occur. Importantly, this
membrane trafficking takes place along the microtubule (MT)
network (Tojima et al., 2007), suggesting a role for MT-based
molecular motors in axon targeting processes. MT-based mo-
lecular motors and axonal transport have been largely studied in
mature neurons for their role in neuronal homeostasis and
survival (Hirokawa et al., 2010; Millecamps and Julien, 2013;
Maday et al., 2014). While cytoplasmic dynein is known to me-
diate retrograde axonal transport, kinesins are mostly respon-
sible for anterograde axonal transport (Maday et al., 2014). In
the case of bidirectional transport, these opposite molecular
motors are found together on the same cargo, where they act in a
cooperative or competitive manner (Hancock, 2014). Although it
is generally assumed that molecular motors should be required
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at earlier stages for axon navigation before synaptogenesis
(Phillis et al., 1996; Tischfield et al., 2010), the precise mode of
action and regulatory complexes through which they could
control the accurate bidirectional cargo delivery required for GC
steering remain poorly characterized. Notably, a few studies
argue in favor of a role for molecular motors in MT asymmet-
rical invasion of the GC and coupling to the actin network during
turning events (Myers et al., 2006; Grabham et al., 2007; Nadar
et al., 2008, 2012; Kahn and Baas, 2016). However, their roles in
other forms of transport, such as polarized vesicular axonal
transport, have so far been mostly reported in the establishment
and maintenance of neuronal polarity (Kapitein and Hoogenraad,
2011) or in axon elongation, but rarely in axon navigation per se
(Schlager et al., 2010, 2014; van Spronsen et al., 2013; Deng et al.,
2014; Lorenzo et al., 2014; Drerup et al., 2016).

Our team has recently identified the ATPase Fidgetin-like
1 (Fignl1) as a key player in zebrafish motor circuit wiring, via
its regulation of MT plus-end dynamics (Fassier et al., 2018).
Here, we report on a new role for Fignl1 in zebrafish axon
navigation, via its regulation of bidirectional axonal vesicular
trafficking.We show that Fignl1 forms amolecular complex with
the Kif1bβ molecular motor and the dynein/dynactin motor
adaptor Bicd1 (Matanis et al., 2002) and exhibits bidirectional
mobility in navigating axons. Using loss- and gain-of-function
approaches and in vivo live imaging, we provide compelling
evidence supporting a key role for this complex in the restriction
of dynein velocity in navigating axons and their subsequent
targeting. Notably, we show that pharmacological inhibition of
dynein rescues the axon pathfinding defects of Fignl1-depleted
larvae. Overall, our work supports amodel in which Fignl1 limits
dynein velocity via its coupling to the opposite polarity-directed
motor Kif1bβ and demonstrates the key role for such a mecha-
nism in motor circuit wiring.

Results
Fignl1 directly binds the molecular motor Kif1bβ
We have previously unraveled critical roles for Fignl1 isoforms
in the regulation of MT plus-end dynamics during zebrafish
motor circuit wiring (Fassier et al., 2018). To further dissect the
MT-based functions of this multifaceted ATPase in axon navi-
gation, we have conducted a yeast two-hybrid screen. While
sequence homologies between AAA+ proteins are usually re-
stricted to their C-terminal AAA domain, N-terminal regions are
highly divergent and contain various domains that mediate the
interactions with diverse substrates or adaptor proteins, thereby
contributing to the functional diversity of such proteins (Patel
and Latterich, 1998). We have thus used the N-terminal part of
mouse fignl1 (aa 1–441) as bait to screen an E16mouse embryonic
brain cDNA library. Three independent clones containing cDNA
fragments encoding the kif1bβ isoform of the kinesin-3 family
kif1b molecular motors came out of this screen. The binding
domain of kif1bβ for fignl1 encompasses a region of its specific
“stalk” domain (aa 1180–1462), previously involved in cargo
binding through different adaptor proteins (Fig. 1 A; Niwa et al.,
2008; Xu et al., 2018). Coimmunoprecipitation (co-IP) assays
from total protein extracts of COS-7 cells transfected with

HA-tagged mouse fignl1 (HA-Ms_fignl1) and YFP-tagged human
KIF1Bβ (YFP-Hu_KIF1Bβ) confirmed the physical interaction
between these exogenously expressed proteins (Fig. 1, B and C).
We further showed that this interaction is evolutionarily con-
served since zebrafish Fignl1 (Dr_Fignl1-HA) has retained the
ability to associate with YFP-Hu_KIF1Bβ (Fig. 1 D). Moreover, we
showed that KIF1Bβ binds both full-length and N-terminally
truncated Dr_Fignl1 isoforms (Fig. 1 E). However, studies in
COS-7 cells revealed a stronger cytoplasmic colocalization be-
tween KIF1Bβ and N-terminally truncated Fignl1 isoforms
compared with the full-length protein (Fig. 1 F). Notably, both
proteins were shown to colocalize along some MT tracks (ar-
rows, Fig. 1 F).

Fignl1 colocalizes with Kif1bβ in zebrafish axons and shows
bidirectional mobility
Fignl1 is highly enriched in developing primary (pMN at
24 hours post-fertilization [hpf]) and secondary (sMN at 48 hpf)
motor neuron axons (Fassier et al., 2018). To investigate the role
of Kif1bβ in Fignl1-driven motor axon navigation, we first as-
sessed its expression pattern with regards to Fignl1. Using in situ
hybridization, we showed that Kif1bβ transcript was strongly
expressed at 24 and 48 hpf in the developing nervous system,
including the ventral spinal cord where spinal motor neurons
(SMNs) lie (Fig. 2 A). This spinal cord expression overlaps that of
zebrafish Fignl1 by in situ hybridization and immunostaining
(Fig. 2 B; Fassier et al., 2018). However, immunohistochemistry
of zebrafish Kif1bβ could not be achieved due to the lack of se-
lective antibodies. We thus turned to the UAS/GAL4 system to
drive the expression of fluorescently tagged KIF1Bβ and Fignl1 in
developing zebrafish neurons using transient transgenesis. Co-
expression of 14UAS:YFP-Hu_KIF1Bβ and 14UAS:Fignl1-TagRFP
(Fignl1-TRFP) constructs in neurons could only be driven by the
Tg(HuC:GAL4) line. Furthermore, in this line, co-expression of
both constructs was rare and faint in SMNs. These technical
limitations led us to assess their colocalization in other spinal
neurons using spinning-disk confocal microscopy (Fig. 2, C and
D). YFP-Hu_KIF1Bβ and Fignl1-TRFP showed a vesicular pattern
along spinal neuron axons (Fig. 2, C and D)—which was con-
sistent with their respective distribution in mouse (Charalambous
et al., 2013) and zebrafish motor (Fig. 2 E–G) neurons—and co-
localized onto some vesicles (arrows, Fig. 2, C and D). This result
incited us to analyze Fignl1-TRFP mobility in navigating SMN
axons of Tg(HuC:GAL4; 14UAS:Fignl1-TRFP) transgenic larvae us-
ing live spinning-disk confocal microscopy. Kymogram analysis of
Fignl1-TRFP mobility revealed that this ATPase is transported in
both the anterograde and retrograde directions within SMN axons
at mean velocities that are coherent with fast molecular motor-
based axonal transport (0.28 µm/s−1 and 0.31 µm/s−1, respectively;
Fig. 2, E–G; and Video 1). These data may point out a role for
motor-based axonal transport in Fignl1-dependent SMN axon
targeting.

Kif1bβ loss of function affects zebrafish motor axon pathfinding
and locomotor behavior in a similar way to Fignl1 depletion
To test this hypothesis, we next analyzed SMN development in
control and kif1bst43 mutants, which harbor a mutation in the
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Kif1b motor domain (Lyons et al., 2009). Kif1b mutation did not
affect pMN axon outgrowth, unlike Fignl1 knockdown (Fig. S1 A;
Fassier et al., 2018). However, kif1bst43 mutants showed sMN
axon pathfinding defects, which were restricted to rostrally
projecting-like sMN (RoP-like sMN; Fig. 3, A–D) and overlapped
the RoP-like sMN defects observed in mildly affected Fignl1
morphants (i.e., embryos injected with Fignl1 morpholino; Fassier
et al., 2018) and fignl1sa22254 mutants—harboring a mutation that
results in the truncation of the ATPase domain (Fig. 3 E). Indeed,
some rostral nerves of kif1bst43 mutants failed to develop properly
in a normal muscle environment (Fig. S1 B) and appeared de-
fasciculated, split (arrows and arrowheads, respectively, Fig. 3 A),
or to a lesser extent absent, compared with rostral nerves of
control siblings (empty arrowheads, Fig. 3, A and C). The mean
number of defasciculated/split or missing rostral nerves per larva
was significantly increased in kif1bst43 mutants compared with
controls (Fig. 3, B and C). In contrast, the number of rostral nerves
that abnormally turned caudally was unchanged (Fig. 3 D). No-
tably, a significant increase in the number of defasciculated or
split rostral nerves was also observed between fignl1sa22254/+ het-
erozygous mutant and control larvae (Fig. 3, E and F), while
homozygous fignl1sa2225/sa22254 mutants displayed a stronger phe-
notype characterized by an increased number of missing rostral
nerves compared with fignl1+/+ control larvae (Fig. 3, E and G).

Altogether, these results revealed a dose-effect impact of Fignl1 on
RoP-like sMN development (Fig. 3, F–H) and strengthened our
morpholino data (Fassier et al., 2018).

Since the kif1bst43 mutation alters the Kif1b motor domain—
common to both Kif1bα and Kif1bβ splice isoforms—we then
used morpholinos targeted against a splice site junction specific
to each isoform (morpholino oligonucleotide [MO] Kif1bα and
MO Kif1bβ; Lyons et al., 2009) to silence their expression and
assess their respective roles in RoP-like sMN axon pathfinding
(Fig. 3, I–M; and Fig. S2 for the knockdown strategy). Notably,
MO Kif1bβ-injected larvae exhibited defasciculated/split rostral
nerves as kif1bst43mutants and Fignl1-depleted larvae (Fig. 3, I–L).
By contrast, no obvious pathfinding defects of RoP-like axons
were observed in MO Kif1bα-injected larvae (Fig. 3, I and M),
despite similar knockdown efficiencies of the Kif1bα and Kif1bβ
morpholinos—when injected at 0.7 and 1.4 pmol, respectively
(Fig. S2). Moreover, injection of the Kif1bβmorpholino in kif1bst43

mutants did not exacerbate the sMN phenotype compared with
non-injected mutant larvae (Fig. 3, N and O), further confirming
the specificity of the axon pathfinding phenotypes associated
with Kif1bβ knockdown and the validity of the Kif1bβmorpholino.
Finally, the sMN defects of Kif1bβ morphant larvae were asso-
ciated with locomotor deficits in the touch-evoked escape re-
sponse test, which were reminiscent of those described in Fignl1

Figure 1. Identification of the kif1bβ molecular motor as a
direct binding partner of Fignl1. (A) Schematic representation
of zebrafish Fignl1 (Dr_Fignl1), mouse fignl1 (Ms_fignl1), and
mouse kif1bβ (Ms_ kif1bβ). Specific domains are shown as
boxes, and numbers indicate amino acids that delineate domain
frontiers. EB1/3, EB-binding domain; AAA, ATPase domain;
Motor, MT-binding domain; FHA, forkhead-associated domain;
PH, Pleckstrin homology; Y2H, yeast two-hybrid screen. ATG1,
ATG2, and ATG3 indicate alternative translation start sites
identified in the zebrafish fignl1 sequence. Black arrows sum-
marize the results of the yeast two-hybrid assay. (B and C)
Ms_HA-fignl1 specifically associates with YFP-Hu_KIF1Bβ. Co-IP
of Ms_HA-fignl1 and YFP-Hu_KIF1Bβ from protein extracts of
COS-7 cells transfected with YFP-Hu_KIF1Bβ (B and C) or GFP
(B) and Ms_HA-fignl1. (D and E) Co-IPs of Dr_Fignl1-HA (D) and
Dr_Fignl1Δ1-173-HA (E) with YFP-Hu_KIF1Bβ. Co-IPs were per-
formed from protein extracts of COS-7 cells transfected with
YFP-Hu_KIF1Bβ and Dr_Fignl1-HA (D) or Dr_Fignl1Δ1-173-HA
(E). (B–E) Immunoprecipitations were performed with GFP- (B,
D, and E) or HA-trap antibodies (C). Immunoprecipitated and
coimmunoprecipitated proteins were revealed by Western blot
using HA or GFP antibodies. In, Input; IP, immunoprecipitation;
WB, Western blot; Rb, rabbit; m, mouse. (F) COS-7 cells trans-
fected with YFP-Hu_KIF1Bβ and Dr_Fignl1-HA or Dr_Fignl1Δ1-
173-HA and immunolabeled with HA, GFP, and tyrosinated
tubulin (Tub) antibodies. Bottom panels are higher magnifica-
tions of the boxed regions in the corresponding upper panels.
White arrows in the right-hand panels indicate colocalization
events that occur along MTs. Scale bars, 20 µm for upper panels
and 5 µm for lower panels.
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morphant larvae and characterized by reduced swimming speed
(60% for Kif1bβ morphant versus controls, Fig. S3, A and B; 69%
for Fignl1 morphants versus controls, Fassier et al., 2018) and
covered distances (30% reduction for Kif1bβ morphant versus
controls, arrowheads, Fig. S3, A and C; 70% for Fignl1morphants
versus control, Fassier et al., 2018) compared with Kif1bα mor-
phant or control larvae. This reduced motility was not associated
with obvious developmental defects of additional key players in
the zebrafish startle response, such as the Mauthner cells or
muscle fibers (Fig. S3, D and E). Altogether, our data unveil a
critical role for Kif1bβ in the establishment of RoP-like sMN
axon connectivity and suggest a cooperative role for this mo-
lecular motor and Fignl1 in this developmental process.

Kif1bβ is not required for Fignl1 enrichment in GCs
Kif1b was recently shown to promote peripheral sensory
axon outgrowth by localizing the MT regulator SCG10 in GCs

(Drerup et al., 2016). To test whether Fignl1 axonal distri-
bution also relies on Kif1bβ, we performed whole-mount
immunolabeling of Fignl1 in control and kif1bst43 mutant
embryos, which failed to show striking changes in Fignl1
subcellular distribution (Fig. 4, A–D). Indeed, the analysis
of the Fignl1 fluorescence intensity profile along SMN
axons revealed that Fignl1 was properly enriched at the
distal tip of kif1bst43 mutant axons (Fig. 4 B). Consistently, the
mean fluorescence intensity of Fignl1 within SMN GCs
(i.e., related to the GC area; Fig. 4 C) was indistinguishable
between control and kif1bst43 mutant embryos. Fignl1 distri-
bution also appeared unchanged in kif1bst43 mutant ventral
longitudinal fasciculus axons, another population of axons
characterized by a clear enrichment of Fignl1 in the GC
(Fig. 4 D; Fassier et al., 2018). These data suggest that Fignl1
may not be a Kif1bβ cargo, unlike SCG10 (Drerup et al.,
2016).

Figure 2. Fignl1 colocalizes with the kinesin
motor KIF1Bβ and is actively transported in
zebrafish sMN axons. (A) Whole-mount in situ
hybridization with kif1bβ antisense riboprobe at
the 18-somite stage (18 s), 24 and 48 hpf.
(B) Whole-mount in situ hybridization of 24-hpf
embryos with fignl1 antisense probe. (A and B)
Images are lateral views of the embryo, anterior
to the left. Insets are higher magnifications of the
spinal cord. Scale bars, 200 µm. (C) Z-stack of
spinning-disk confocal images showing Fignl1
and KIF1Bβ colocalization in zebrafish axons of
56-hpf Tg(HuC:GAL4; 14UAS: Fignl1-TRFP; 14UAS:
YFP-Hu_KIF1Bβ) transgenic larvae. Right-hand
panels are higher magnifications of the boxed
region of the corresponding left-hand panel. Scale
bars, 10 µm. (D) Fluorescence intensity profile of
Fignl1-TRFP and YFP-Hu_KIF1Bβ along the axon
boxed in C. (C and D) White and black arrows
indicate Fignl1 and KIF1Bβ colocalization.
(E) Still images from time-lapse recordings of
Fignl1-TRFP axonal transport in sMN axons of
56-hpf Tg(HuC:GAL4; 14UAS: Fignl1-TRFP)
transgenic larvae. Right-hand panels are higher
magnifications of the axon boxed in the left-
hand panel. Yellow arrowheads track a Fignl1-
TRFP-positive vesicle moving in the retrograde
direction. Scale bars, 7.4 µm. (F) Left: Repre-
sentative kymogram of Fignl1-TRFP motility in
sMN axons. Right: schematic kymogram illus-
trating anterograde (black) and retrograde
(gray) Fignl1-TRFP traces. Vertical scale bar, 85
s; horizontal scale bar, 5.6 µm. (G) Mean an-
terograde and retrograde velocities of Fignl1-
TRFP-positive vesicles in sMN axons (n = 6)
selected randomly from four transgenic fish.
Mean velocities per axon were extracted from
50 kymogram traces. A.U., arbitrary units.
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Figure 3. Loss of Kif1bβ isoform leads to RoP-like sMN axon pathfinding defects that are reminiscent of those observed in Fignl1 morphants and
mutants. (A) Immunolabeling of sMN in 56-hpf control and kif1bst43 homozygous mutants using the Zn-5 antibody. (B–D)Mean number of defasciculated/split
(B), missing (C), or mistargeted (i.e., caudally projecting; D) rostral nerves per embryo. Quantifications were performed in 23 control and 26 kif1bst43 mutant
larvae pooled from three independent experiments. (E) Immunolabeling of sMN in 56-hpf control (fignl1+/+), fignl1 heterozygous (fignl1sa22254/+), or homozygous
(fignl1sa22254/sa22254) mutant and Fignl1 morphant (Fassier et al., 2018) larvae using the Zn-5 antibody. (F–H) Mean number of defasciculated/split (F), missing
(G), or abnormal (H) rostral nerves per embryo. Quantifications were performed in 28 fignl1+/+, 27 fignl1sa22254/+, and 20 fignl1sa22254/sa22254 larvae pooled from
three independent experiments. (I) Immunostaining of sMN in 56-hpf larvae injected with control, Kif1bβ, and Kif1bα morpholinos using the Zn-5 antibody.
(J–M) Mean number of defasciculated/split (J and M), missing (K), or mistargeted (i.e., caudally projecting; L) rostral nerves per embryo. Quantifications were
performed in 42 control and 37 Kif1bβ morphant larvae (J–L), and 18 control and 16 Kif1bα morphant larvae (M), pooled from three independent experiments.
(N) Immunolabeling of sMN in 56-hpf control and kif1bst43 homozygous mutants injected or not with the Kif1bβ morpholino. (O) Mean number of defasci-
culated/split rostral nerves per embryo. (A, E, I, and N) Images are lateral views of the trunk, anterior to the left. Empty arrowheads show control rostral
nerves. Arrowheads and arrows indicate rostral nerves that are respectively abnormally split or defasciculated. Scale bars, 20 µm. (B–D, F–H, J–M, and O)
Quantifications were performed in 12 (F–H) or 24 (B–D, J–M, and O) spinal hemisegments per embryo. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ns, non-
significant; unpaired two-tailed t test (B, D, J, and M), Mann–Whitney t test (C and K–L), Kruskal–Wallis ANOVA test with Dunn’s post-test (F, G, and O), or one-
way ANOVA test with Bonferroni’s multiple comparison post test (H). Error bars are SEM. Nb, number; defasc., defasciculated; Ctl, control.
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Kif1bβ and Fignl1 regulate bidirectional axonal transport of
Rab3 vesicles by restricting dynein-based transport velocity in
navigating axons
To further dissect the relationship between Kif1bβ and Fignl1 in
axon navigation, we next investigated the influence of Fignl1 on
Kif1bβ-mediated axonal transport. Kif1bβ was shown to be
critical for Rab3-positive synaptic vesicle transport in mam-
malian hippocampal neurons (Niwa et al., 2008). Accordingly,
we first assessed whether Rab3 vesicles were transported by
Kif1bβ in zebrafish SMN axons and could thus be used as a read-
out of Kif1bβ-mediated transport activity. To analyze Rab3 ve-
sicular trafficking in vivo in isolated navigating SMN axons,
Tg(mnGFF7) embryos expressing GAL4 in SMN (Asakawa et al.,
2008, 2013) were sequentially injected with a UAS:Rab3-Den-
dra2 plasmid and either the Kif1bβ or a control morpholino (Fig. 5
A). Since we had previously validated the specificity of the Kif1bβ
morpholino with kif1bst43 mutants (Fig. 3), we here chose to use
Kif1bβ morphant larvae—rather than kif1bst43 mutants—to rule
out a potential contribution of the Kif1bα isoform in Rab3 ve-
sicular axonal transport. Kymogram analysis of Rab3-Dendra2
time-lapse recordings from 50-hpf control and Kif1bβ morphant
Tg(mnGFF7) larvae showed that Kif1bβ depletion increased Rab3
axonal transport velocities in both anterograde and retrograde
directions in SMN axons (Fig. 5, B–D), a phenotype previously
associated with other kinesin knockdown in non-neuronal
cells (Schlager et al., 2014). Conversely, mean run lengths
(i.e., distance traveled between two pauses) were unchanged in
both directions following kif1bβ knockdown (Fig. 5, B, E, and F).
These data showed a role for Kif1bβ in Rab3 vesicular traf-
ficking during zebrafish SMN axon navigation. In light of these
results, we next investigated the impact of Fignl1 knockdown on
Rab3 axonal transport (Fig. 5, A, B, G–J, and L). Interestingly,
the retrograde velocities of Rab3-Dendra2 vesicles were sig-
nificantly increased in Fignl1-depleted SMN axons compared
with control axons, while the anterograde speeds remained

unchanged (Fig. 5, G and H). Nevertheless, Fignl1 depletion was
also associated with a significant decrease in Rab3-Dendra2
vesicular run lengths in the anterograde but not in the retro-
grade direction (Fig. 5, I and J), suggesting a dual role for Fignl1
in Kif1bβ processivity and dynein speed restriction. Finally, the
mean number of static vesicles remained unchanged in Kif1bβ-
or Fignl1-depleted SMN axons compared with control axons
(Fig. 5, K and L). Our results therefore suggest that both pro-
teins might regulate Rab3 bidirectional axonal transport, most
likely via the restriction of dynein-based transport velocity.

Fignl1 forms a molecular complex with Kif1bβ, the dynein/
dynactin adaptor protein Bicd1, and the dynactin subunit
dynactin 1
Supporting this hypothesis, the motor adaptor protein Bicd1,
reported to recruit the dynein/dynactin complex to cargoes
(Matanis et al., 2002; Hoogenraad and Akhmanova, 2016), was
identified as a partner of Fignl1 in our yeast two-hybrid screen
(Fig. 6 A). Indeed, two independent clones containing bicd1 cDNA
fragments were pinpointed for their direct interaction with the
fignl1 N-terminal part (aa 1–441). This screen allowed us to map
the fignl1-binding domain between aa 684 and 813 of the bicd1
sequence, which overlaps with its CC3 coil-coiled domain (Fig. 6
A), previously involved in the binding of Rab6 vesicles (Matanis
et al., 2002). GFP-Ms_bicd1 and Dr_Fignl1-HA showed a strong
colocalization onto cytoplasmic vesicles of transfected COS-7
cells (arrowheads, Fig. 6 B). Furthermore, co-IP assays from total
protein extracts of COS-7 cells transfected with HA-Ms_fignl1 or
Dr_Fignl1-HA and GFP-Ms_bicd1 confirmed the physical inter-
action between these exogenously expressed proteins and
demonstrated that both full-length and N-terminally truncated
Fignl1 isoforms associate with GFP-Ms_bicd1 (Fig. 6 C). To assess
whether Fignl1 and bicd1 could form a molecular complex to-
gether with KIF1Bβ, we first tested the interaction between Flag-
Ms_bicd1 and YFP-Hu_KIF1Bβ following their expression in

Figure 4. Kif1b loss of function does not af-
fect Fignl1 enrichment in GCs. (A) In toto im-
munohistochemistry of Fignl1 in 26-hpf control
and kif1bst43 mutant embryos focusing on SMN
axons. The right-hand side of each genotype
panel represents a higher magnification of the
distal axon boxed in the corresponding left-hand
panel. (B) Mean fluorescence intensity profile
of Fignl1 along the distal portion of control
(n = 35) and kif1bst43 (n = 78) mutant SMN axons.
(C)Mean fluorescence intensity of Fignl1 staining
in control (n = 41) and kif1bst43 (n = 50) spinal
motor GCs with respect to the GC area. ns,
nonsignificant (P > 0.05); unpaired two-tailed
t test. Quantifications were performed in con-
trol (n = 9) and kif1bst43 (n = 13) embryos pooled
from two independent experiments. Error bars
are SEM. A.U., arbitrary units. (D) In toto im-
munohistochemistry of Fignl1 in 26-hpf control
and kif1bst43 mutant embryos focusing on axons
from the ventral longitudinal fasciculus. (A and D)
Images are lateral views of the trunk, anterior to
the left. Dashed lines delineate the GC surface.
Scale bars, 10 µm.
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COS-7 cells. As expected, Flag-Ms_bicd1 was efficiently copel-
leted with YFP-Hu_KIF1Bβ, but not with the control GFP
(Fig. 6 D). Moreover, Dr_Fignl1-HA and endogenous or exoge-
nous (YFP-Hu_KIF1Bβ) KIF1B were found to copellet with the
dynein adaptors bicd1 (Flag-Ms_bicd1; Fig. 6 E) and dynactin
1 (Fig. 6 F) in COS-7 cells, establishing the presence of a common
molecular complex including these fourmembers. The existence
of such a complex further supports a role for Fignl1 in the reg-
ulation of bidirectional axonal transport.

Disrupting the link between Fignl1 and Bicd1 affects RoP-like
sMN axon pathfinding as Fignl1 or Kif1bβ loss of function does
To investigate the physiological relevance of the Bicd1/Fignl1/
Kif1bβ complex in motor axon pathfinding, we next analyzed
bicd1 expression in the zebrafish developing nervous system.
Due to an ancestral genome duplication in teleost fish, the
mammalian bicd1 gene has two orthologues in the zebrafish ge-
nome: bicd1(K18) located on chromosome 18, and bicd1(K4)

mapped to chromosome 4. We thus performed whole-mount
in situ hybridization on 24-hpf embryos with specific anti-
sense riboprobes designed against each bicd1 paralogue.
Bicd1(K18) expression was detected in both sensory Rohon–Beard
neurons (bracket, Fig. 7 A) and SMN in the developing spinal
cord (arrowheads, Fig. 7 A). By contrast, bicd1(K4) expression was
restricted to SMN (arrowheads, Fig. 7 A). These expression pat-
terns of bicd1 paralogues were thus consistent with a potential
role of Fignl1 and Kif1bβ in SMN axon pathfinding. Since bicd
proteins are critical adaptors for the dynein/dynactin complex
motility (Schlager et al., 2014; Jha et al., 2017), we used a
dominant-negative strategy—based on the overexpression of the
bicd1-binding domain for Fignl1—to block the Fignl1/Bicd1 in-
teraction in vivo in zebrafish neurons. The bicd1-binding domain
for Fignl1 (i.e., CC3 domain, which differs from the dynein/dy-
nactin-binding domain) identified via our yeast two-hybrid
screen was first refined using a set of GFP-tagged bicd1_CC3
deletion constructs in co-IP assays with HA-Fignl1 (Fig. 7, B and

Figure 5. The loss of Kif1bβ or Fignl1 simi-
larly increases dynein-based Rab3 retrograde
transport velocity. (A) Still images extracted
from time-lapse recordings of Rab3-Dendra2
vesicles in SMN axons of 50-hpf Tg(mnGFF7)
larvae injected with control MO (MO Ctl), MO
Kif1bβ, or MO Fignl1 and a UAS:Rab3-Dendra2
plasmid. Scale bar, 10 µm. (B) Representative
kymograms of Rab3-Dendra2 vesicle transport in
control, Kif1bβ and Fignl1 morphant sMN axons.
Vertical black lines represent static vesicles.
Vertical scale bar, 2 min; horizontal scale bar,
10 µm. (C–J) Mean anterograde (C, E, G, and I)
and retrograde (D, F, H, and J) velocities (C, D, G,
and H) or run lengths (E, F, I, and J) of Rab3-
vesicles measured in control (n = 20; C–J),
Kif1bβ (n = 20; C–F), or Fignl1 morphant (n = 20;
G–J) SMN axons. *, P ≤ 0.05, ***, P ≤ 0.001, ns,
nonsignificant (P > 0.05); unpaired two-tailed
t test with Welch’s correction and Mann–
Whitney test for velocity and run length com-
parisons, respectively. Error bars are SEM.
(K–L) Mean number of static vesicles related to
a 100-µm axon portion. ns, nonsignificant (P >
0.05); Mann–Whitney test. Error bars are SEM.
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C). The resulting restricted domain (GFP-bicd1713-802) or the GFP
alone was then cloned in a Tol2 UAS vector and injected in the Tg
(HuC:GAL4) driver line. Transgenic embryos were immunola-
beled at 56-hpf with GFP and sMN-specific (Zn-5) antibodies.
The number of GFP-positive and -negative rostral nerves that
appeared normal, desfasciculated/split, missing, or mistargeted
was quantified in each transgenic embryo. Mosaic expression of
GFP-bicd1713-802 in neurons (Fig. 7 D) led to a specific and sig-
nificant increase in the number of GFP-positive versus GFP-
negative defasciculated/split rostral nerves, in contrast to the
expression of the GFP alone (Fig. 7, E and F). Thus, impeding the
Bicd1/Fignl1 interaction in zebrafish motor neurons led to RoP-
like sMN axon pathfinding errors that mimic those associated
with Fignl1 or Kif1bβ depletion. Altogether, these results dem-
onstrate that the interaction between Fignl1 and the dynein
adaptor Bicd1 is required for Fignl1/Kif1bβ-mediated sMN axon
navigation, presumably to restrict dynein velocity, as suggested
by our Rab3 live imaging experiments (Fig. 5).

Fignl1 controls RoP-like sMN axon pathfinding by limiting
dynein activity
To confirm the role of Fignl1 as a negative regulator of dynein-
based transport in motor circuit wiring, we assessed whether
altering dynein/dynactin activity, either through dynein phar-
macological inhibition or by the depletion of dynactin 1, a key
subunit of the dynein activator complex, would affect RoP-like
sMN axon pathfinding as Fignl1 overexpression did (i.e., the
presence of caudally mistargeted or missing rostral nerves;
Fig. 8, A–F). WT zebrafish larvae were treated at 46 hpf with
4 µM of the dynein inhibitor Ciliobrevin D or the vehicle alone
(DMSO) and subsequently fixed at 56-hpf to analyze sMN axon
trajectories. While the vast majority of rostral nerves failed to
form in WT larvae treated with 4 µM Ciliobrevin D (arrow,
Fig. 8, A and B), some of the remaining ones aberrantly grew
caudally along the horizontal myoseptum (full arrowhead, Fig. 8
A) compared with rostral nerves of DMSO-treated larvae (empty
arrowhead, Fig. 8 A). These axon pathfinding defects were also

Figure 6. Fignl1 directly binds the dynein/dynactin
motor adaptor bicd1 in a protein complex including
KIF1Bβ and dynactin 1. (A) Schematic representation of
Ms_fignl1, Ms_bicd1, and their respective binding do-
mains identified through a yeast two-hybrid screen
(Y2H; black arrows). Specific domains are shown as
boxes. Numbers indicate amino acids that delineate
domain frontiers. AAA, ATPase domain; CC1, CC2, and
CC3, coil-coiled domains. (B) COS-7 cells transfected
with GFP-Ms_bicd1 and Dr_Fignl1-HA, and immunola-
beled with HA and GFP antibodies. Dashed line delimits
the transfected cell. Bottom panels represent higher
magnifications of boxed regions in corresponding upper
panels. Arrowheads indicate colocalization between HA-
Fignl1 and GFP-bicd1 onto cytoplasmic vesicles. Scale
bars, 10 µm. (C) Fignl1 associates with bicd1. Co-IP of
Fignl1 isoforms and bicd1 from protein extracts of COS-7
cells transfected with GFP-Ms_bicd1 or GFP, Ms_ HA-
fignl1, Dr_Fignl1-HA, or Dr_Fignl1Δ1-113-HA. (D) KIF1Bβ
associates with bicd1. Co-IP of KIF1Bβ and bicd1 from
protein extracts of COS-7 cells transfected with YFP-
Hu_KIF1Bβ and Flag-Ms_bicd1. (E and F) Fignl1 is part
of a protein complex including KIF1Bβ and the dynein
adaptors bicd1 (E) and dynactin 1 (F). (E) Left-hand well:
Co-IP of exogenous Fignl1 and bicd1 with endogenous
kif1b from protein extracts of COS-7 cells trans-
fected with Dr_Fignl1-HA and GFP-Ms_bicd1. Middle
and right-hand wells: Co-IP of exogenous Fignl1,
bicd1, and KIF1Bβ from protein extracts of COS-7
cells transfected with Dr_Fignl1-HA, Flag-Ms_bicd1,
and YFP-Hu_KIF1Bβ or GFP. Immunoprecipitations
were performed with GFP-trap (C–F), KIF1B (E), or
HA (F) antibodies. Immunoprecipitated and coim-
munoprecipitated proteins were revealed by West-
ern blot using anti-tag or KIF1B and dynactin
1 antibodies or by Ponceau staining. IP, immuno-
precipitation; WB, Western blot.
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observed in dynactin1b−/− CRISPR/Cas9 mutants (Fig. 8, C–E) and
overlapped those observed following Fignl1 overexpression
(Fig. 8 F; Fassier et al., 2018), supporting a role for Fignl1 as a
negative regulator of the dynein/dynactin complex in navigating
motor axons. Consistently, partial inhibition of dynein activity
using low doses of Ciliobrevin D (1 µM) reduced by 40% the
number of defasciculated/split rostral nerves per Fignl1-
depleted larva compared with DMSO treatment (Fig. 8, G and
H). This partial rescue demonstrates that dysregulated dynein
activity contributes to the sMN pathfinding defects of Fignl1-
depleted larvae.

In conclusion, our data suggest that Fignl1 regulates bidi-
rectional axonal transport by limiting dynein-driven motility, as
a result of its interaction with the opposite polarity-directed
motor Kif1bβ, thereby ensuring motor axon targeting most
likely through accurate cargo delivery.

Discussion
Our study uncovers a novel MT-based function for the ATPase
Fignl1 in zebrafish motor axon targeting, in addition to its role in
the regulation of MT plus-end dynamics (Fassier et al., 2018).

Figure 7. Impeding the interaction between Bicd1 and Fignl1 in motor neurons affects RoP-like sMN axon pathfinding as Fignl1 and Kif1bβ loss of
function does. (A) Whole-mount in situ hybridization with bicd1(K4) and bicd1(K18) antisense probes on 24-hpf embryos. Images are lateral views of the
embryo, anterior to the left. Insets are higher magnifications of the spinal cord. Arrowheads point at SMN expression of both zebrafish bicd1 paralogues.
Bracket indicates bicd1(K18) expression in Rohon–Beard sensory neurons. Scale bars, 200 µm. (B) Schematic representation of the bicd1 constructs used in co-
IP assays with Fignl1-HA and their ability to bind Fignl1. (C) Western blots showing the co-IP results summarized in panel B. Co-IPs were performed from
protein extracts of COS-7 cells transfected with Dr_Fignl1-HA and the different bicd1 constructs mentioned in panel B using a GFP-trap antibody. Im-
munoprecipitated and coimmunoprecipitated proteins were revealed by immunoblot using anti-HA and GFP antibodies. IP, immunoprecipitation; WB, Western
blot. The bicd1(713–802) domain is required to bind Fignl1. (D) Neuronal-targeted overexpression of the bicd1(713–802) domain was used in a dominant-
negative approach to block endogenous interaction between Bicd1 and Fign1 in neurons. Immunolabeling of 56-hpf Tg(HuC:GAL4; UAS:GFP) and Tg(HuC:GAL4;
UAS:GFP-bicd1713-802) using GFP and Zn-5 antibodies. Scale bars, 25 µm. RoP-like sMN axons overexpressing GFP-bicd1713-802 were abnormally split or de-
fasciculated (arrows) compared with GFP-negative axons (asterisk) of the same transgenic embryos or RoP-like sMN axons expressing the GFP alone (empty
arrowheads, left-hand panels). (E and F)Mean number of defasciculated/split, missing or caudally projecting rostral nerves per 10 GFP-positive and -negative
hemisegments of 56-hpf Tg(HuC:GAL4; UAS:GFP) (n = 13; E) and Tg(HuC:GAL4; UAS:GFP-bicd1713-802) (n = 13; F) transgenic larvae. ***, P ≤ 0.001; ns, non-
significant; two-way ANOVA with Bonferroni’s post test. Error bars are SEM. The same experiment was reproduced three times independently and gave rise to
identical statistical differences.
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Indeed, we here identify Fignl1 as a regulator of bidirectional
axonal transport through its coupling with the dynein/dynactin
complex via Bicd1 and the opposite polarity-directed motor
Kif1bβ. Our analysis further provides in vivo evidence sup-
porting the key role of this tripartite complex in motor axon
pathfinding through the restriction of dynein-based transport
velocity. Finally, we here report the first direct interaction be-
tween a meiotic clade ATPase and a molecular motor in the
regulation of axonal transport.

Meiotic clade ATPases in the regulation of axonal transport: A
direct regulation of molecular motor activity by Fignl1
Fignl1 belongs to the meiotic clade of the AAA+ ATPases together
with the MT-severing enzymes spastin, katanin, and fidgetin
(Roll-Mecak and McNally, 2010; Sharp and Ross, 2012; Monroe
and Hill, 2016). These proteins have been involved in a wide
variety of MT-related processes and were shown to participate
in common cellular functions through distinct molecular

mechanisms (Zhang et al., 2007; Yu et al., 2008). In this context,
we recently uncovered non-overlapping key roles for the ze-
brafish orthologue of the hereditary spastic paraplegia protein
spastin and its closest homologue Fignl1 in zebrafish motor axon
navigation, providing new molecular insight into their func-
tional specificity. While we uncovered spastin long isoform as a
bone morphogenetic protein inhibitor required for accurate
SMN axon targeting, spastin short isoform was identified as a
downstream effector of neuropilin-1 in SMN migration (Jardin
et al., 2018). We here report a novel role for Fignl1 in the reg-
ulation of bidirectional axonal transport in navigating SMN
axons, in addition to its recently discovered role in the regula-
tion of MT plus-end dynamics (Fassier et al., 2018). Indeed, we
showed that cooperative interaction between Fignl1, the kinesin
Kif1bβ, and the dynein/dynactin adaptor Bicd1 is required for
accurate sMN axon pathfinding via the restriction of dynein-
based transport. Interestingly, p60-katanin was shown to di-
rectly bind the dynein motor and its regulators LIS-1 and NDEL1

Figure 8. Fignl1-mediated restriction of dynein activity is required for accurate navigation of RoP-like sMN axons. (A and B) Immunolabeling of sMN
axons in 56-hpf WT larvae treated at 46 hpf with 4 µM of the dynein inhibitor Ciliobrevin D or its vehicle (DMSO) using the Zn-5 antibody. (B) Quantification of
the mean number of missing rostral nerves in Ciliobrevin- and DMSO-treated WT larvae. (C) Immunolabeling of sMN in 56-hpf WT and dynactin1b−/− mutant
larvae. (D and E)Mean number of mistargeted (i.e., caudally oriented; D) or missing (E) rostral nerves in control and mutant larvae. (F) Analysis of sMN in 56-
hpf control and Fignl1-overexpressing larvae. (A–F) Loss of dynein or dynactin 1b function leads to sMN axon pathfinding defects that reproduce those
observed in Fignl1-overexpressing embryos. (G) Immunolabeling of sMN axons in 56-hpf Fignl1 morphant larvae treated with 1 µM Ciliobrevin D or DMSO.
(H)Mean number of defasciculated/split rostral nerves in Ciliobrevin D– or DMSO-treated larvae. Pharmacological reduction of dynein activity partially rescues
the axon pathfinding defects of RoP-like sMN axons in Fignl1-depleted larvae. (A, C, F, and G) Empty arrowheads indicate normal rostral nerves. Arrowheads
and arrows, respectively, point at misguided and missing (A, C, and F) or defasciculated/split (G) rostral nerves. Scale bars, 40 µm. (B, D, E, and H) Quan-
tifications were performed in 24 spinal hemisegments of 28 DMSO-treated and 27 Ciliobrevin D–treated control larvae (B), 39 WT and 37 dynactin1b−/− mutant
larvae (D and E), and 36 DMSO-treated and 36 Ciliobrevin D–treated Fignl1morphant larvae (H) pooled from three independent experiments. **, P ≤ 0.01; ***,
P ≤ 0.001; ns, nonsignificant; Mann–Whitney test (B, D, E, and H). Error bars are SEM.
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(Toyo-Oka et al., 2005). However, while NDEL1-mediated
dynein activity at the axon initial segment was shown to be
critical for polarized cargo transport (Kuijpers et al., 2016),
functional evidence reporting a role for p60-katanin in this
process has not been reported. Similarly, although spastin loss
of function was shown to impair anterograde and retrograde
axonal transport of diverse cargoes, both in vivo and in vitro,
no direct molecular link between this MT-severing enzyme
and a molecular motor has been identified so far. Spastin-
related axonal transport defects were suggested to arise
from primary failure in MT organization, dynamics, and post-
translational modifications (Tarrade et al., 2006; Kasher et al.,
2009; Fassier et al., 2013; Denton et al., 2014; Havlicek et al.,
2014; Plaud et al., 2017), or via a MT-independent and toxic
effect of few spastin pathogenic mutations that affect molec-
ular motor phosphorylation by casein kinase 2 (Leo et al.,
2017). Thus, our analysis reports on the first direct molecu-
lar and functional links between a meiotic clade ATPase and
two opposite teams of molecular motors in the regulation
of bidirectional axonal transport required for neuronal
connectivity.

Fignl1, a new regulator of bidirectional vesicular trafficking via
dynein speed restriction
Although multiple adaptor proteins and cofactors linking
molecular motors to cargoes are assumed to regulate cargo
movement via the modulation of molecular motor activity
(Schlager and Hoogenraad, 2009; Akhmanova and Hammer,
2010; Jolly and Gelfand, 2011; Fu and Holzbaur, 2014), the
exact identity of all these proteins remains largely unknown.
Bicd proteins have been described in this context as key
regulators of dynein-mediated retrograde transport velocity
(Schlager et al., 2014). We here propose that Fignl1-mediated
coupling between Bicd1 and Kif1bβ plays a crucial role in the
regulation of dynein-based transport, as suggested in vivo by
increased retrograde velocity of Rab3 (a known Kif1bβ cargo;
Niwa et al., 2008) vesicles in Fignl1-depleted navigating ax-
ons. Furthermore, since Fignl1 depletion also reduced Rab3
vesicular anterograde run lengths, this ATPase appears to
participate in the regulation of Kif1bβ processivity or in its
coupling to the dynein/dynactin complex for optimal proc-
essive motility. Further investigations will be required to
determine whether Fignl1-mediated regulation of bidirec-
tional axonal transport could occur via a tug of war or a co-
operative process (Hancock, 2014). Notably, such an impact of
Fignl1 depletion on Rab3 transport—and more specifically on
dynein velocity and Kif1bβ processivity—would not be ex-
pected if Fignl1 were a simple Kif1bβ cargo, as recently re-
ported for the MT regulator SCG10 (Drerup et al., 2016). This
is also consistent with our data demonstrating that, unlike
SCG10, Fignl1 enrichment in the axon distal portion is not
affected by kif1b mutation. Finally, our work strengthens
previous studies reporting a physical (Grigoriev et al., 2007;
Schlager et al., 2010) or genetic (Aguirre-Chen et al., 2011)
interaction between proteins of the bicd family and different
kinesins by showing their physical and functional link in a
physiological context of neuronal circuit wiring.

Fignl1 controls motor axon pathfinding by limiting
dynein activity
Neuronal circuit connectivity relies on precise spatial and
temporal delivery of specific organelles and vesicles to different
neuronal subcellular compartments (Tojima et al., 2007, 2011;
Akiyama et al., 2016). In this context, different regulatory and
adaptor proteins are emerging as critical to assist opposite teams
of molecular motors in their fine-tuned delivery of specific
cargoes in developing neurons (Akhmanova and Hammer, 2010;
Fu and Holzbaur, 2014; Schlager et al., 2014; Cross and Dodding,
2019; Olenick and Holzbaur, 2019). Although in vitro studies
have highlighted the importance of the regulation of cargo
transport velocity for axon outgrowth (Schlager et al., 2010,
2014), an in vivo role for such mechanisms in axon navigation
processes is still lacking. Using in vivo time-lapse imaging, as
well as genetic (i.e., dynactin1b, fignl1, and kif1b mutants and a
dominant-negative approach to disrupt the Bicd1/Fignl1 inter-
action) and pharmacological (i.e., the dynein inhibitor Cilio-
brevin D) approaches, we here provide compelling functional
evidence supporting (1) a causal relationship between Fignl1-
mediated regulation of dynein-based transport and its control
of sMN axon navigation—including the Ciliobrevin D–mediated
rescue of Fignl1-depleted sMN axon pathfinding defects—and
(2) establishing a key role for molecular motor-based axonal
transport in axon navigation processes. Notably, we showed that
Fignl1 binding to Bicd1 is key for Fignl1/Kif1bβ-directed motor
axon pathfinding (Fig. 7), which is strengthened by the re-
stricted expression pattern of bicd1 compared with fignl1 and
kif1bβ profiles (Fig. 7 versus Fig. 2) in this neuronal population.
Altogether, our results support a model in which Fignl1 restricts
dynein-based transport velocity by promoting the coupling of
the dynein/dynactin complex (via Bicd1) with the opposing
motor Kif1bβ (Fig. 9) onto a same vesicle, thereby regulating
bidirectional axonal transport and the delivery of key cargoes
for RoP-like sMN axon targeting (Fig. 9). However, a role for
Fignl1 in the initiation phase of dynein–driven retrograde
transport (Splinter et al., 2012) in addition to its restriction of
dynein velocity cannot be totally excluded, based on its negative
influence on dynactin 1 binding at MT plus ends (Fassier et al.,
2018). Furthermore, given the overlap between the binding sites
for Fignl1 on both Bicd1 and Kif1bβ and their respective binding
sites for Rab6 (Matanis et al., 2002) or DENN/MADD (differ-
entially expressed in normal versus neoplastic/MAPK activating
death domain; Niwa et al., 2008) and IGFR1 (Xu et al., 2018),
Fignl1 could also play a role in the selectivity for transported
cargoes through a competition process, as suggested for Hook1
(Olenick et al., 2018).

Finally, regarding the nature of the transported cargo, neu-
rotrophin receptors, which have been implicated in axon path-
finding processes (Marler et al., 2008, 2010; Poopalasundaram
et al., 2011), and were shown to be trafficked through kif1bβ-
(Tanaka et al., 2016; Fell et al., 2017), dynein- (Olenick et al.,
2018), or bicd1-dependent processes (Terenzio et al., 2014), ap-
pear as promising candidates. Alternatively, bone morphoge-
netic protein signaling, which recently emerged as a key
guidance pathway in zebrafish RoP-like sMN axon targeting
(Jardin et al., 2018) and relies on dynein-based retrograde
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transport to regulate synaptic growth at the Drosophila mela-
nogaster neuromuscular junction (McCabe et al., 2003; Ball et al.,
2010), also comes out as an attractive candidate.

Finally, defective axonal transport of specific cargoes is
a major feature of many neurodegenerative disorders
(Millecamps and Julien, 2013). Notably, both KIF1Bβ and BICD
loci have been involved in neurodegenerative disorders affect-
ing the motor system (Zhao et al., 2001; Pantelidou et al., 2007;
Neveling et al., 2013; Martinez-Carrera and Wirth, 2015). This
molecular complex may thus be critical not only for the estab-
lishment of motor circuits but also for the maintenance of their
homeostasis. Our work may therefore provide new insight into

the molecular processes implicated in axonal transport-related
disorders.

Materials and methods
Yeast two-hybrid screen
The yeast two-hybrid screen was conducted by Hybrigenics.
cDNA encoding the N-terminal part of the mouse fignl1 (aa
1–441) was used as bait to screen an E16 mouse embryonic brain
cDNA library. A total of three and two independent clones
containing kif1bβ or bicd1 cDNA fragments were respectively
isolated from this screen.

Antibodies and plasmid constructs
The following primary antibodies were used in this study:
mouse Zn-5 (Zebrafish International Resource Center [ZIRC];
University of Oregon), mouse F310 (Developmental Studies
Hybridoma Bank; F310 was deposited to the bank by F.E.
Stockdale, Stanford University School of Medicine, Stanford,
CA), mouse RMO44 (130500; Invitrogen), rabbit Fignl1 3353
(Fassier et al., 2018), rabbit GFP (A11122; Invitrogen), Alexa Fluor
488–conjugated phalloidin (A12379; Invitrogen), mouse tyrosi-
nated tubulin (T9028; Sigma-Aldrich), rat HA (11867423001;
Roche), rabbit Flag (F7425; Sigma-Aldrich), rabbit KIF1B (sc-
376246; Santa Cruz Biotechnology), andmouse dynactin 1 (610473;
BD Transduction Laboratories).

Mouse and zebrafish constructs of full-length and N-terminally
truncated Fignl1 (Dr_Fignl1-HA; Dr_Fignl1Δ1-173-HA) had been
generated for previous studies in the laboratory (Fassier et al.,
2018).

pEYFP-C1Hu_KIF1Bβ and UAS:Rab3-Dendra2 constructs were
provided by N. Santama (University of Cyprus, Nicosia, Cyprus;
Charalambous et al., 2013) and V. Bercier and F. Del Bene (In-
stitut Curie, Paris, France), respectively. The p14UAS:Dr_Fignl1-
TRFP and p14UAS:YFP-Hu_KIF1Bβ were generated using the
NEBuilder HiFi DNAAssembly Cloning kit (NEB) in the pT1UciMP
plasmid containing a 14xUAS-E1b promoter and UbC intron with
tol1 sites (Horstick et al., 2015) and linearized with NcoI. Dr_Fignl1
cDNA was PCR-amplified from a pCS2+ FL-Fignl1-HA vector
(Fassier et al., 2018) and fused with an TagRFP-Tag sequence with
the GCCGGCGGCGGCGGATCC linker. YFP-Hu_KIF1Bβ was PCR-
amplified from the pEYFP-C1Hu_KIF1Bβ vector provided by N.
Santama (Charalambous et al., 2013).

Mouse bicd1 cDNA (NM_009753) was reverse-transcribed,
PCR-amplified (forward primer: 59-ATCCGGAATTCATGGACT
ACAAAGACGATGACGACAAGGCCGCAGAGGAGGCGCTGAAGA
CG-39; reverse primer: 59-CTAGTCTAGACTAGTTGTGAGCAC
TGTGGCGGTACGGA-39) and Flag-tagged using the SuperScript
III One-Step RT-PCR System with Platinum Taq High Fidelity
(Thermo Fisher Scientific) from a total RNA extract of E16.5
mouse embryonic brain following the manufacturer’s in-
structions. The PCR product was subsequently cloned in the
pCS2+ vector using EcoRI and XbaI restriction sites. Mouse bicd1
cDNA was additionally PCR-amplified (forward primer: 59-CCG
CTCGAGTGGCCGCAGAGGAGGCGCTGAAGACG-39 and reverse
primer: 59-CGCGGATCCCTAGTTGTGAGCACTGTGGCGGTACGG
AGG-39) and cloned in the pEGFP-C1 vector using the XhoI and

Figure 9. Hypothetical model of Fignl1-mediated regulation of dynein-
based retrograde transport velocity during motor axon pathfinding. (A
and B) Left-hand panels schematize the physiological consequences of Fignl1
loss of function (B) on SMN axon pathfinding compared with normal con-
ditions (A). Schemes represent lateral views of two zebrafish hemisegments,
anterior to the left. Ant, anterior; Post, posterior. Boxed right-hand panels
focus on the molecular model that might underlie SMN navigational behavior
in each condition. (A) In healthy conditions, Fignl1 may promote the re-
cruitment of Kif1bβ onto dynein-bound cargoes—or vice versa—which could
decrease the velocity of the dynein/dynactin complex through a tug of war or
a cooperative mechanism. Fignl1-mediated inhibition of dynein velocity may
then regulate the delivery of cargoes required for accurate rostral nerve
targeting. (B) Fignl1 depletion could reduce the number of dynein-attached
cargoes associated with Kif1bβ and would thus increase dynein-mediated
retrograde axonal transport velocity, ultimately affecting the distribution of
cargoes critical for rostral nerve fasciculation and pathfinding.
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BamHI restriction sites (pEGFP-C1Ms_bicd1). The bicd1 (683–813),
(683–712), (713–802), and (803–813) constructs were PCR-
amplified from the pEGFP-C1 Ms_bicd1 construct using the
AccuPrime Taq DNA Polymerase System (Thermo Fisher Scien-
tific) and subcloned into the pEGFP-C1 vector using the XhoI and
BamHI restriction sites or into the UAS_self vector (kindly pro-
vided by S. Gerety, D. Wilkinson’s laboratory, The Francis Crick
Institute, London, UK) using the EcoRI and AvrII restriction sites.
The UAS_self:EGFP construct was generated and kindly provided
by S. Couvet fromX. Nicol’s laboratory (Institut de la Vision, Paris,
France).

All clones were sequenced before use and the plasmids were
purified using a QIAfilter EndoFree Plasmid Maxi Kit (QIAGEN).

Cell culture, transfection, and immunocytochemistry
COS-7 cells were cultured in DMEM supplemented with 10%
fetal calf serum at 37°C under 5% CO2. cDNA constructs were
transfected using Lipofectamine 2000 according to the manu-
facturer’s instructions (Life Technologies) with a DNA:Lip-
ofectamine ratio of 1:1.5. Cells were fixed 24 h after transfection
in ice-cold methanol for 10 min at −20°C and post-fixed with a
4% PFA/4% sucrose solution for 20 min at room temperature.
Cells were then blocked in PBS–3% BSA supplemented with 5%
normal goat serum and incubated with HA (1/100), GFP (1/
1,000), and tyrosinated tubulin (1/4,000) antibodies. After
several washes in PBS, cells were incubated with appropriate
Alexa Fluor–conjugated secondary antibodies. Images were ac-
quired using an inverted fluorescence microscope equipped
with an Apotome module (Axiovert 200M; Zeiss), the AxioCam
MRm camera (Zeiss), a 20× objective (NA 0.5), and the Axio-
vision software (Zeiss). Images were processed with the Na-
tional Institutes of Health ImageJ software. Figure panels
correspond to a projection image from a z-stack of 0.3-µm
sections.

Co-IP assays and Western blot analysis
For co-IP assays, transfected COS-7 cells were lysed in ra-
dioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 20 mM EGTA, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS) supplemented with a
cocktail of protease inhibitors (Roche). Co-IPs were per-
formed by incubating 1 mg of precleared protein extracts
with 40 µl of GFP-Trap_A (Chromotek) or 20 µl of HA-trap
agarose beads (Pierce) for 4 h at 4°C. Immunoprecipitation of
endogenous kif1bβ was performed by subsequently incu-
bating 1 mg of precleared protein extract with 4 µg of KIF1B
antibody (Sc-376246; Santa Cruz Biotechnology) and 40 µl of
Protein G-sepharose (GE Healthcare). Beads were washed
several times in RIPA buffer and resuspended in 2X Laemmli
buffer. Proteins retained on the beads were then electro-
phoresed into a 10% SDS-PAGE gel and transferred onto ni-
trocellulose membranes. Immunoblotting was performed
after overnight incubation at 4°C with HA (1/5,000), Flag
(1/1,000), GFP (1/8,000), KIF1B (1/1,000), or dynactin 1
(1/2,000) antibodies. Immunostained proteins were visual-
ized using appropriate peroxydase-labeled secondary anti-
bodies (Jackson ImmunoResearch) and the SuperSignal

West Pico PLUS Chemiluminescent substrate (Thermo
Fisher Scientific).

Zebrafish lines, care, and maintenance
Zebrafish embryos (Danio rerio) were obtained from natural
spawning of WT, kif1bst43 (Lyons et al., 2009), fignl1sa22254 (Sanger
Institute, purchased from the ZIRC), dynactin1b−/− mutants,
Tg(mnGFF7) (Asakawa et al., 2008, 2013), or Tg (HuC:GAL4)
(Akerboom et al., 2012) transgenic fish. For CRISPR/Cas9-me-
diated knock-in of dynactin1b, the target site for guide RNA se-
quences (CCATGTAACGCTCTTTAGCT) was the exon 5 of the
dynactin1b transcript dctn1b-202 (ENSDART00000169953.1) and
the exon 8 of the dctn1b-201 transcript (ENSDART00000102411.4).
We identified an allele with an insertion of 157 bp leading to a
premature stop codon at the position 253 aa of the WT protein.
The founder was out-crossed to WT fish, and subsequent gen-
erations were in-crossed to generate a homozygous mutant line.
The guide RNAs were synthesized using the Megascript T7 tran-
scription kit (Ambion) and purified using the RNAeasy Mini Kit
(QIAGEN). The cas9 mRNA was transcribed using the mMessage
mMachine T7 kit (Life Technologies), followed by a DNase-I
polyA-tailing reaction.

All embryos were maintained at 28°C in E3 medium and
staged by hpf and gross morphology according to Kimmel et al.
(1995). Pigment formationwas prevented by adding 0.2mMof 1-
phenyl-2-thiourea (Sigma-Aldrich) to the E3 medium past the
prim-5 stage. Pharmacological inhibition of the dynein motor
was performed by adding either 4 or 1 µM of Ciliobrevin D
(Calbiochem) or equivalent volumes of the vehicle (DMSO) to
the E3 medium of dechorionated 46-hpf WT or Fignl1 morphant
embryos.

All our experiments were made in agreement with the Eu-
ropean Directive 210/63/EU on the protection of animals used
for scientific purposes, and the French application decree
“Décret 2013–118.” The fish facility has been approved by the
French “Service for Animal Protection and Health,” with the
approval number A-75-05-25.

Genomic DNA isolation and genotyping
Genomic DNA was isolated by incubating larval heads overnight
at 55°C in lysis buffer (100 mM Tris HCl, 2 mM EDTA, pH 8,
0.2% Triton X-100, and 250 µg/ml proteinase K). Homozygous
kif1bst43 mutants were identified using established genotyping
protocols (Lyons et al., 2009). Dynactin1b and fignl1sa22254mutants
were respectively identified by PCR amplification of their ge-
nomic DNA followed by RsaI digestion or DNA sequencing
(GENEWIZ). The following primerswere used for PCR: dnct1b_FOR:
59-CTGCTCCACTGCTTTAAAGGCCAC-39; dnct1b_ REV: 59-GTGAGC
GAGGCGCTGGCGGACAG-39; fignl1sa22254_FOR: 59-GGATGCGCT
CTCCCTGTAGATCC-39; and fignl1sa22254_REV: 59-AACATTGCC
TGGAGAACCTCGTTGG-39.

Whole-mount in situ hybridization
The cDNA fragments of kif1bβ, bicd1(K18) and bicd1(K4) were re-
verse transcribed and PCR amplified using the SuperScript III
One-Step RT-PCR System with Platinum Taq High Fidelity
(Thermo Fisher Scientific) from total RNA extracts of 24-hpf
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zebrafish embryos following the manufacturer’s instructions.
The following primerswere used: zKif1bβ forward: 59-AATTGTAAT
ACGACTCACTATAGGGAGGAGGATGAAGTGCCCTGG-39; zKif1bβ
reverse: 59-TCAGAATTAACCCTCACTAAAGGGATAGGTGAGCTC
CCAACCAGC-39; zBicd1(K18) (Ensembl; ENSDART00000112671.3)
forward: 59-AATTGTAATACGACTCACTATAGGGGTTACATTTAG
CGAGGAACTTGC-39; zBicd1(K18) reverse: 59-TCAGAATTAACCCTC
ACTAAAGGGAGTTACATACTCATCACATCTTGTTGC-39 ;
zBicd1(K4) (Ensembl; ENSDART00000168633.1) forward: 59-AAT
TGTAATACGACTCACTATAGGGGCATTGGAGACGCATGGAATTCT
GG-39; and zBicd1(K4) reverse: 59-TCAGAATTAACCCTCACTAAA
GGGAGCTCAGGAGAGACTTGAGTTTGAGG-39. Digoxigenin-
labeled kif1bβ, bicd1(K18), and bicd1(K4) antisense RNA probes
were synthesized from purified RT-PCR products using the T3
RNA polymerase (Promega) according to the supplier’s in-
structions. Whole-mount in situ hybridization experiments
were performed using standard procedures (Macdonald et al.,
1994). Pictures were acquired with a binocular stereomicro-
scope (Leica M165C) combined with a high definition camera
(Leica IC80 HD), then adjusted for brightness and contrast with
ImageJ software.

Morpholinos and RNA injections
Antisense MOs targeting specific splice junctions of kif1bα or
kif1bβ transcripts were kindly provided by D. Lyons (University
of Edinburgh, Edinburgh, Scotland; Lyons et al., 2009). The ef-
ficiency of these splice site MOs was assessed by RT-PCR from
26-hpf MO Kif1bα- or Kif1bβ-injected larvae using the Super-
Script III One-Step RT-PCR System with Platinum Taq (Thermo
Fisher Scientific) and the following primers: RT-PCR 1: Kif1bα
MO RT-PCR_FOR and Kif1bα MO RT-PCR_REV (Lyons et al.,
2009); RT-PCR2: Kif1bα MO RT-PCRjct_FOR (59-AGAGATGGA
GAAGAGGCTTACAG-39) and Kif1bα MO RT-PCR_REV (Lyons
et al., 2009); RT-PCR3: Kif1bβ MO RT-PCR_FOR and Kif1bβ MO
RT-PCR_REV (Lyons et al., 2009); RT-PCR4: Kif1bβ MO
RT-PCRjct_FOR (59-CCCTGGAGAAGCTGAAGCAGAGG-39) and
Kif1bβ MO RT-PCRjct_REV (59-TACTCAGGTACACGAAGGCTC
TGC-39).

The universal control MO (59-CCTCTTACCTCAGTTACA
ATTTATA-39) was developed and designed by GeneTools
(Philomath).

All MOs were injected at the two-cell stage. MO Kif1bβ and
MO Kif1bα were respectively injected at 1.4 and 0.7 pmol/em-
bryo, while MO Fignl1 (Fassier et al., 2018) was injected at 0.4
pmol/embryo. For Fignl1 gain-of-function experiments, mRNAs
were in vitro transcribed from linearized pCS2+ constructs using
the SP6 mMessage mMachine kit (Ambion) and injected at the
one-cell stage as previously described (Fassier et al., 2018).

Whole-mount immunohistochemistry and data analysis
Zebrafish embryos or larvae were fixed in 4% PFA for 2 h at
room temperature, washed with 1% Triton X-100 in PBS (PB-
T1%), permeabilized in a 0.25% trypsin solution (at 25°C) after
24 hpf, blocked for 2 h in PB-T1% supplemented with 10% nor-
mal goat serum, and subsequently incubated overnight with
Zn-5 (1/200), GFP (1/1,000), and F310 (1/100) antibodies. After
several washes in PB-T1%, larvae were incubated overnight at

4°C with Alexa Fluor 488– or 555–conjugated goat anti-mouse
antibodies (1/1,000, Molecular Probes) and/or Alexa Fluor
488–conjugated phalloidin (1/100). For RMO44 immunolabeling,
larvae were fixed overnight in methanol at −20°C; per-
meabilized in ice-cold acetone for 5 min at −20°C; blocked 1 h in
PBS supplemented with 2% normal goat serum, 1% BSA, 1%
DMSO, and 0.1% Triton X-100; and incubated overnight at 4°C
with the RMO44 antibody (1/50). Images were acquired using a
fluorescence microscope equipped with an Apotome module
(Axiovert 200M; Zeiss), a 20× objective (NA 0.5), the AxioCam
MRm camera (Zeiss), and the Axiovision software (Zeiss). Im-
ages were processed with ImageJ software. Each figure panel
corresponds to a projection image from a z-stack of 2-µm sec-
tions. The number of rostral nerve defect per embryo was
estimated in 12 (for fignl1sa22254 mutants) or 24 spinal hemiseg-
ments located around the yolk tube. At least 18 embryos pooled
from three to four independent experiments were analyzed per
condition.

For Fignl1 immunolabeling, 26-hpf embryos were fixed for 4 h
at 4°C; blocked in PBS supplemented with 5% normal goat serum,
4 mg/ml BSA, and 0.5% Triton X-100; and incubated overnight at
4°C with Fignl1 3353 antibody diluted in the blocking buffer
(1/200). Z-stacks of 0.33-µm sections were acquired with the
63× immersion objective (NA 1.4) of the same microscope
(i.e., described in the cell culture section) using identical settings
(exposure time, z-stack thickness) for control and kif1bst43 mutant
embryos. The fluorescence intensity profile of Fignl1 in the distal
portion of SMN axons was estimated along a 15-µm-length lane
starting from the GC (n = 35 control axons, and n = 78 kif1bst43

mutant axons). Fignl1 fluorescence intensity within SMN GCs was
estimated with respect to the GC area (ImageJ software). The
fluorescence intensity background was measured in an adjacent
region of the GC using the same region of interest and was sub-
tracted from each Fignl1 value before statistical analysis. At least 41
GCs from control (n = 9) and kif1bst43mutant (n = 13) embryos were
analyzed from two independent experiments.

Touch-evoked escape response test and manual tracking
Locomotor behavior of zebrafish larvae injected with control,
Kif1bβ, or Kif1bα morpholinos was assessed at 56-hpf using the
touch-evoked escape response test. A tactile stimulus was ap-
plied on each larva with a pair of forceps, and their escape
behavior was recorded under a Leica M165 C binocular stereo-
microscope equipped with a Leica IC80 HD camera. Swimming
speed and covered distance for each larva were quantified using
theManual Tracking plugin (ImageJ software). At least 45 larvae
from three independent experiments were analyzed per
condition.

In vivo time-lapse recording of Rab3 vesicles and data analysis
For Rab3-Dendra2 transport analysis, Tg(mnGFF7) transgenic
embryos were injected at the one-cell stage with a solution
containing 25 ng/µl of a Tol2 UAS:Rab3-Dendra2 plasmid and
25 ng/µl of Tol2 transposase mRNAs. Embryos were subse-
quently injected at the two-cell stage with control, Kif1bβ, or
Fignl1 morpholinos. For Fignl1-TRFP transport analysis, Tg(HuC:
GAL4) transgenic embryos were injected at the one-cell stage with a
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solution containing 30 ng/µl of a Tol1 UAS14:Fignl1-TRFP plasmid
and 30 ng/µl of Tol1 transposase mRNAs. In vivo colocalization
analysis between Fignl1 andKIF1Bβwas performed by injecting one-
cell stage Tg(HuC:GAL4) transgenic embryos with a solution con-
taining 15 ng/µl of a Tol1 UAS14:Fignl1-TRFP, 35 ng/µl of Tol1 UAS14:
YFP-Hu_KIF1Bβ, and 50 ng/µl of Tol1 transposase mRNAs.

For all experiments, injected larvae were screened and sorted
at 48 hpf for mosaic expression of the transgenes in SMN using a
Macroscope Axio Zoom V 16 (Carl Zeiss). Selected larvae were
anesthetized at 50 hpf with tricaine and embedded in 0.8% low
melting agarose in a 35-mm glass dish (Ibidi). Time-lapse re-
cordings of Rab3-Dendra2 or Fignl1-TRFP vesicles were acquired
at 28°C in E3medium (supplemented with tricaine) using a Leica
DMI 6000B inverted spinning-disk microscope with a 63× im-
mersion objective (NA 1.4) and a 491-nm 100-mWCobolt calypso
laser. Z-stacks of 4.8-µm thickness were acquired every 4 s over
a 5-min period with a step size of 0.8 µm using an EMCCD
camera (Photometrics Quantem 512 SC) and the Metamorph
software (Molecular Devices), and combined into time-lapse
movies. Quantifications of Rab3-Dendra2 vesicle velocity and
run length were performed in 20 individual sMN axons per
genotype, monitored in at least 10 Tg(mnGFF7) transgenic larvae
injected with control, Kif1bβ, or Fignl1 morpholinos. Quantifica-
tions of both anterograde and retrograde velocities of Fignl1-
TRFP–positive vesicles were performed in six individual sMN
axons from four different Tg(HuC:GAL4; 14UAS:Fign1-TRFP)
transgenic larvae. Both Rab3-Dendra2 and Fignl1-TRFP motility
parameters were analyzed on axonal segments from maximum
z-projection movies, using the KymographClear 2.0 macro
toolset (Fiji software; Mangeol et al., 2016) to generate kymo-
grams. Slopes and covered distance between two pauses were
extracted from segmental manual traces (n = 20–50) on each
kymogram and used to determine the mean axonal velocities
and run lengths, respectively. Average values obtained for each
individual axon were used for statistical analysis. The mean
number of Rab3-Dendra2 static particles was determined by
counting the number of vertical lines per kymogram, normal-
ized to the length of the imaged axonal segment and the
imaging time.

Statistical analysis
All data were obtained from at least three independent experi-
ments and are presented as mean ± SEM. Statistical significance
of the data was evaluated using the parametric unpaired two-
tailed t test or the nonparametric Mann–Whitney test when
comparing two groups assuming Gaussian or non-Gaussian
distributions, respectively. The Kruskal–Wallis ANOVA test
with Dunn’s post-test or the one-way ANOVA test with Bon-
ferroni’s post-test were used when comparing more than two
groups assuming non-Gaussian or Gaussian distribution, re-
spectively. Statistical analysis of sMN defects in GFP-positive or
-negative hemisegments of Tg(HuC:GAL4; UAS:GFP) and Tg
(HuC:GAL4; UAS:GFP-bicd1713-802) was performed using the two-
way ANOVA test. Data distribution was tested for normality
using the D’Agostino and Pearson omnibus normality test. All
statistical analyses were performed using Prism 5.0 (GraphPad
Software).

Online supplemental material
Fig. S1 shows that pMN axons of kif1bst43 mutants develop normally,
unlike sMN axons (described in Fig. 2), which fail to navigate prop-
erly in a normal muscle environment. Fig. S2 shows Kif1bα and Kif1bβ
knockdown strategy and efficiency. Fig. S3 shows Kif1bβ morphant
locomotor behavior, muscle fiber development, and reticulospinal
axon pathfinding. Video 1 shows Fignl1-TRFP bidirectional axonal
transport in navigating sMN axons of 56-hpf transgenic larvae.
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Mittag, M.A. Henriksson, et al. 2017. Neuroblast differentiation during
development and in neuroblastoma requires KIF1Bβ-mediated transport
of TRKA. Genes Dev. 31:1036–1053. https://doi.org/10.1101/gad.297077.117

Fu, M.M., and E.L.F. Holzbaur. 2014. Integrated regulation of motor-driven
organelle transport by scaffolding proteins. Trends Cell Biol. 24:564–574.
https://doi.org/10.1016/j.tcb.2014.05.002

Grabham, P.W., G.E. Seale, M. Bennecib, D.J. Goldberg, and R.B. Vallee. 2007.
Cytoplasmic dynein and LIS1 are required for microtubule advance
during growth cone remodeling and fast axonal outgrowth. J. Neurosci.
27:5823–5834. https://doi.org/10.1523/JNEUROSCI.1135-07.2007

Grigoriev, I., D. Splinter, N. Keijzer, P.S. Wulf, J. Demmers, T. Ohtsuka, M.
Modesti, I.V. Maly, F. Grosveld, C.C. Hoogenraad, and A. Akhmanova.
2007. Rab6 regulates transport and targeting of exocytotic carriers. Dev.
Cell. 13:305–314. https://doi.org/10.1016/j.devcel.2007.06.010

Hancock, W.O. 2014. Bidirectional cargo transport: moving beyond tug of war.
Nat. Rev. Mol. Cell Biol. 15:615–628. https://doi.org/10.1038/nrm3853

Havlicek, S., Z. Kohl, H.K. Mishra, I. Prots, E. Eberhardt, N. Denguir, H.
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