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Neurobiology of Disease

Unique Function of Kinesin Kif5A in Localization of
Mitochondria in Axons
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Mutations in Kinesin proteins (Kifs) are linked to various neurological diseases, but the specific and redundant functions of the verte-
brate Kifs are incompletely understood. For example, Kif5A, but not other Kinesin-1 heavy-chain family members, is implicated in
Charcot-Marie-Tooth disease (CMT) and Hereditary Spastic Paraplegia (HSP), but the mechanism of its involvement in the progressive
axonal degeneration characteristic of these diseases is not well understood. We report that zebrafish kif5Aa mutants exhibit hyperexcit-
ability, peripheral polyneuropathy, and axonal degeneration reminiscent of CMT and HSP. Strikingly, although kif5 genes are thought to
act largely redundantly in other contexts, and zebrafish peripheral neurons express five kif5 genes, kif5Aa mutant peripheral sensory
axons lack mitochondria and degenerate. We show that this Kif5Aa-specific function is cellautonomous and is mediated by its C-terminal
tail, as only Kif5Aa and chimeric motors containing the Kif5Aa C-tail can rescue deficits. Finally, concurrent loss of the kinesin-3, kif1b,
or its adaptor kbp, exacerbates axonal degeneration via a nonmitochondrial cargo common to Kif5Aa. Our results shed light on Kinesin
complexity and reveal determinants of specific Kif5A functions in mitochondrial transport, adaptor binding, and axonal maintenance.
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Introduction

Kinesin superfamily proteins (Kifs) are microtubule-based mo-
lecular motors essential for the intracellular transport of various
cargos, including organelles, proteins, and RNAs (Hirokawa et
al., 2009). The extent of functional redundancy between the 45
known mammalian Kifs is not known (Miki et al., 2001). How-
ever, disrupting single kif genes can cause abnormalities in both
mice and humans, suggesting unique roles for some Kifs (Hiro-
kawa et al., 2010).

Kif5s, which dimerize to form Kinesin-1, are critical in neu-
rons. Comprised of the ubiquitously expressed Kif5B and the
neuron-specific Kif5A and Kif5C, the Kif5 family mediates the
transport of diverse cargo (Hirokawa et al., 2010). kif5A (Xia et
al., 2003) and kif5C (Kanai et al., 2000) knock-out (KO) mice
exhibit neuronal loss and dysfunction, whereas kif5B (Tanaka et
al., 1998) KO mice die during embryonic development. Further-
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more, Kif5A mutations in humans cause SPG10, a form of He-
reditary Spastic Paraplegia (HSP; Reid et al., 2002; Fichera et al.,
2004). SPG10 patients display progressive paralysis and spasticity
of the limbs, characteristic of HSP, but can also have complex
symptoms including peripheral polyneuropathy, blindness, deaf-
ness, and cognitive and behavioral changes (Blair et al., 2006;
Schiile et al., 2008; Goizet et al., 2009; Crimella et al., 2012). Kif5A
mutations have also been associated with Charcot-Marie-Tooth
Type 2 (CMT2; Crimella et al., 2012), an axonal peripheral neu-
ropathy characterized by progressive loss of peripheral sensation
and muscle wasting (Vallat et al., 2013). The underlying patho-
logic mechanisms and why the closely related Kif5B and Kif5C do
not compensate for Kif5A mutations in these diseases are unclear.

The integral role of mitochondrial transport in neuronal via-
bility and function can be seen in the myriad of neurodegenera-
tive diseases (NDs) associated with dysregulated transport
(Sheng and Cai, 2012). Kif5s are key effectors implicated in an-
terograde mitochondrial transport mainly via an adaptor com-
plex known in Drosophila as the Kif5-Milton-Miro complex
(Schwarz, 2013). Milton directly binds Kif5 and Mitochondrial
Rho GTPase (Miro), an outer mitochondrial membrane protein
that links Kinesin-1 and mitochondria. Mammals have two Mil-
ton homologs, Trakl and Trak2 (trafficking protein kinesin-
binding), and two Miro homologs, Mirol and Miro2. Recent
biochemical studies have identified two distinct binding sites for
Trakl and Trak2 to Kif5 (Randall et al., 2013), and Trakl and
Trak2 have been proposed to differentially sort mitochondria
(van Spronsen et al., 2013). With three Kif5s, two Traks, and two
Miros, redundancy is possible, although the numerous homologs
also raise the interesting possibility that different Kif5-Trak-Miro
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combinations may support unique functions essential to the
complex vertebrate nervous system.

Here we assess the in vivo function of kif5A in zebrafish. We
find that mutation of kif5Aa, but not its duplicate gene kif5Ab,
leads to larval lethality and sensorimotor deficits similar to hu-
man patients. Furthermore, we demonstrate that peripheral ax-
ons have defective mitochondrial transport and degenerate in
kif5Aa mutants. Surprisingly, no other Kif5 can substitute for
Kif5Aa, and we show that the C-terminal tail of Kif5Aa mediates
its unique, essential function. Moreover, Kif1b, another motor that
has been implicated in mitochondrial transport (Nangaku et al.,
1994; Wozniak et al., 2005) cannot suppress the deficits of kif5Aa
mutant sensory neurons, although kif5Aa and kiflb cooperate to
promote peripheral sensory neuron maintenance. Our genetic anal-
yses reveal that Kif5A fulfills a unique role in axonal transport of
mitochondria, which is essential for axonal maintenance.

Materials and Methods

Animals and fish stocks

The kif5Aa*7'°® and kif5SAb™7°° mutations were obtained from the
Sanger Zebrafish Mutation Project (Kettleborough et al., 2013) and
crossed into Tg(huC:Kaede) (Sato et al., 2006) and Tg(huC:GCaMP5G)
(Ahrens et al., 2013) lines, kindly provided by Alex Schier (Harvard
University, Cambridge, MA). Embryos were obtained from natural pair-
wise matings and were reared according to standard procedures (West-
erfield, 1995). Because sex is not determined by a single chromosome in
zebrafish, it is not possible to predict what the sex of the larvae will be
before sexual differentiation at 1.5-2 months of age. The stages of ze-
brafish development analyzed are before sex determination and differ-
entiation in zebrafish; therefore, larvae that will develop as females, as
well as those that will develop as males were analyzed. All procedures
and experimental protocols were in accordance with NIH guidelines
and approved by the Institutional Review Boards of Albert Einstein
College of Medicine and Stanford University School of Medicine.

Genotyping

Genomic DNA was extracted from adult fins or single larvae using stan-
dard procedures (Westerfield, 1995). The region surrounding the
kif5Aa*7"°® mutation was amplified with primers sa7168-F, sa7168-R1,
and sa7168-R2. Subsequent restriction enzyme (RE) digestion with
Dralll led to a smaller fragment for the mutant allele by dCAPS (Neff et
al., 1998). Two reverse primers were used due to a polymorphism within
the mutant intron. The region surrounding the kif5Ab™”°®> mutation
was amplified with primers sa7055-F and sa7055-R. Subsequent RE di-
gestion with Mval2691 yielded a smaller fragment for the mutant allele.
Primer sequences are in Table 1. kifib**’ (Lyons et al., 2009) and kbp**
(Lyons et al., 2008) were genotyped as previously described.

Molecular analysis of kif5Aa*"'°® and kifsAb**"°> mutations

To determine the effect of the mutations on the kif5Aa and kif5Ab mRNA
transcripts, total RNA was extracted from 6 d postfertilization (dpf) lar-
vae from AB WT, kif5AaW” saz7168 and kif5AbS”7 055/5a7055 intercrosses us-
ing TRIzol Reagent (15596-026, Invitrogen). kif5Aa™'¢%+1716% mutant
larvae were sorted from siblings based on phenotype. cDNA synthesis
was performed using SuperScript III First-Strand Synthesis System
(18080-051, Invitrogen) according to the manufacturer’s instructions.
The absorbance at 260 nm and concentration of cDNA was determined
using a Nanodrop ND-1000 Spectrophotometer (0.25 pg/reaction was
used). Exons 21-25 of kif5Aa were amplified using primers kif5Aaex21-F
and kif5Aaex25-R. Exons 1-8 of kif5Ab were amplified using primers
kif5Abex1-F and kif5Abex8-R. efla was amplified as a loading control
using primers efl a-F and efl -R. PCRs were performed using Taq poly-
merase and an Eppendorf Mastercycler with the following conditions:
95°C for 2 min followed by 40 cycles of 95 °C for 30 s, 59 °C for 30 s, and
72°C for 1 min, and a final extension of 72 °C for 10 min. PCR products
were gel extracted (28704, Qiagen) and either sequenced directly or
cloned into pGEM-T (A3600, Promega) and sequenced (Macrogen).
Primer sequences are in Table 1.
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Table 1. Primer sequences (5" to 3’)

Genotyping
sa7168-F TGGAGAAACGTCTTCGTTCTACG
sa7168-R1 GTGTGTGAATGTGAATGCAGTGCACAGTGT
5a7168-R2 GTGTGTGAATGTGAATGCAGTGCACAGCGT
sa7055-F AGACCGAGCAGAAACTCTGTGG
sa7055-R CCGTAAACCTTCCTGTGGAGAA

RT-PCR
kif5Aaex21-F GAGCAGTCCAAACAGGATCTCA
kif5Aaex25-R GAATCGGGCATTGCTGTAAGAC
kif5Abex1-F TGATATCAGCGCAGAATGCAATA
kif5Abex8-R TTCCTTCAGCCAGAGCTGAGAT
efla-f AGCCTGGTATGGTTGTGACCTTCG
eflo-R CCAAGTTGTTTTCCTTTCCTGCG

3" RACE
kif5ADRACE-F1 AAGAGTCGGGAACATGAGAAAA
kif5ADRACE-F2 GGAAGCTGTTCGTTCAAGACCT

Full-length cDNAs
kif5AafL-F ATGACGGACGCCGCCGCGGAG
kif5AafL-R TTAACTGGCTGCAGTCTCCTGCTGCATGATGT
Kif5AbFL-F CCTCTGTTGCGTTTCTTGTGCT
kif5AbFL-R (CGTTAGTAATGTGGAGTTTCTGTG
kif5BaFL-F ATGGCGGACCCGGCGGAGT
kif5BaFL-R TCAGCTCTTCTCTTGTTTAGTGC
kif5BbFL-F CAGCTGAAGATGGCGGACC
kif5BbFL-R AATATTGAACCCTCCCGTGCTG
kif5CFL-F ATCAAACCAGGATCATACACGA
kif5CFL-R TTTTCACTTGCTCCTGTGATGG
kif1b-o/B-FL-F ATGTCTGGCGCCTCAGTGAAA
kif1b-ce-FL-R GTACATGAACCTATAGCCCTGC
kif1b--FL-R TGGTACGCTGTAAAGGTAGACA

Other cloning
kozakCherry-F GCCACCATGGTGAGCAAGGGCGAGGA
kifsAaTeSTOP R TTATTACTTCTGGGTGTTAGACCCCC
kifsAa™"-F CAGAAGCAGAAGATTTCCTTTCTT

kifSA aA TailNOSTOP_ R
EcoNI-kifsAa"™"-F
par8-Prul-R
BsaBl-kifSAa™"-F

CTTCTGGGTGTTAGACCCCC
(TAGTACCTCGAGGAGGCGCTGAAGGATGCCAAACAGGG
TCTATTGCTTTTGTCAGCAAGAT
(TAGTAGATAAGAATCAGGCTCTGGAGT

DNA rescue constructs and cloning
Zebrafish kif5Ba cDNA was received from Masahiko Hibi (Nojima et al.,
2010).

Full-length zebrafish cDNAs. Because the 3" region of kif5Ab was not
fully annotated, we performed 3'RACE (18373-019, Invitrogen) using
c¢DNA prepared, as above, from adult brain. Nested PCR was performed
by first amplifying with kifSAbRACE-FI and the abridged universal am-
plification primer (AUAP), and then kif5ADRACE-F2 and the AUAP.
The fragment was cloned into pPGEM-T and sequenced. WT cDNAs were
amplified from cDNA, prepared as above, from 6 dpflarvae from ABWT
intercrosses. Full-length (FL) kif5Aa, kif5Ab, kif5Bb, kif5C, kiflb-a, and
kif1b-B were amplified with the primers in Table 1. FL-kif5Ba was PCR-
amplified from pes2-HA-Kif5Ba (Nojima et al., 2010). FL-kif5Aa*7%
was PCR-amplified from 6 dpf kif5Aa**”'** mutant cDNA using the same
primers as for FL-kif5Aa. To flank the cDNAs with attL1 and attL2 sites
(Hartley et al., 2000; Walhout et al., 2000) cDNAs were then TOPO
cloned into pCR8/GW/TOPO (K250020, Invitrogen). 1xXFLAG-tags were
added to constructs by PCR. GEP, Cherry, and Myc fusions were made by
recombining pCR8 constructs with appropriate pCSDest vectors (Ville-
franc et al., 2007) following the manufacturer’s instructions (11791-020,
Invitrogen).

Truncated kifsAas. pCR8-Cherry-FLAGKif5Aa®™", which contains
amino acids 1-837 of zKif5Aa, was made by PCR-amplifying cherry-
FLAGKif5Aa®™" from pCSDest-Cherry-FLAGKif5Aa using primers
kozakCherry-F and kif5Aa®T*"STOP_R and TOPO cloning into pCR8/
GW/TOPO. pCR8—Kif§AaT“”, which contains amino acids 836-1033
of zKif5Aa, was made by PCR-amplifying kif5Aa™"! from pCRS-
FLAGKif5Aa-FL using primers kif5Aa’*"-F and kif5AaFL-R and TOPO
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cloning into pCR8/GW/TOPO. A cherry-Kif5Aa™" fusion was made by
recombining the pCR8 construct with pCSDest-Cherry. Cherry-
Kif5Aa™" was then amplified from pCSDest-Cherry-Kif5Aa™" using
primers kozakCherry-F and kif5AaFL-R and TOPO cloned into pCR8/
GW/TOPO.

Chimeric kif5s. To make FLAG—ki]"SAhA”T“i’, which contains amino
acids 1-871 of zKif5Ab fused to amino acids 888—1033 of zKif5Aa, the
kif5Aa™" was first amplified from pCR8-FLAGkif5Aa-FL using primers
EcoNI-kif5Aa™"-F and pcr8-Pvul-R. This fragment was then digested
with EcoNI/Pvul and ligated into the corresponding sites in pCR8-
FLAGKkif5Ab-FL. To make FLAG—kif5BaA“T“”, which contains amino ac-
ids 1-742 of zKif5Ba fused to amino acids 747-1033 of zKif5Aa, the
kif5Aa™" was first amplified from pCR8-FLAGkif5Aa-FL using primers
BsaBI-kif5Aa" "-F and pcr8-Pvul-R. This fragment was then digested
with BsaBI/Pvul and ligated into the corresponding sites in pCRS-
FLAGkif5Ba-FL.

UAS/Gal4 vectors. pBH:huC:Gal4 was derived by cloning huC:Gal4
(Paquet et al., 2009) into a Tol2 vector. Bidirectional UAS:DsRed; UAS:
Kif5 rescue constructs were made by recombining pCR8 constructs with
pT2d-DEST pA_DsRed. T4 _E1b_UAS_E1b_GW-RI-R2_pA (DsRed-UAS-
attRI-attR2; Paquet et al., 2009).

Primers
Table 1 shows all primer sequences used in this study.

Imaging
Confocal. For fixed samples, larvae were mounted in 1% low-melting
agarose (A9414, Sigma-Aldrich) in PBS on a glass coverslip bottomed
dish. For live samples, larvae were anesthetized with Tricaine (A5040,
Sigma-Aldrich) and mounted in 1% low-melting agarose in 1X embryo
medium on a glass coverslip bottomed dish. Unless otherwise stated, all
fluorescent images were acquired with a Zeiss 5Live Duoscan line-
scanning confocal microscope at room temperature (RT). Images were
acquired using 10X/0.45, 20X/0.8, 63X/1.4, and 100X/1.4 lenses, and
405, 488, and 561 nm excitation lasers. Images were processed in Image]
and represent maximum projection z-stacks unless otherwise stated.
Live whole-mount. Gross phenotypes were imaged with an Olympus
SZ61 dissecting microscope and a high-resolution digital camera
(model S97809, Olympus America) and Picture Frame 2.0 or 3.0
software (Optronics).

IF labeling

For whole-mount immunofluorescence (IF), larvae were fixed in 2%
trichloroacetic acid (T6399, Sigma-Aldrich) in PBS for 2-3 h at RT or 4%
paraformaldehyde overnight at 4°C and permeabilized by placing in ac-
etone at —20°C for 7 min. Anti-acetylated Tubulin (T6793, Sigma-
Aldrich) was diluted at 1:1000, Anti-DsRed at 1:250 (632496, Clontech),
anti-NF-M RMO44 at 1:50 (13-0500, Life Technologies), and anti-FLAG
at 1:500 (F3165, Sigma-Aldrich). AlexaFluor488 and AlexaFluor568 (In-
vitrogen) secondaries were diluted at 1:500.

PTZ seizure susceptibility assay

The behaviors of 3 dpf larvae were recorded using a JVC camcorder
(model GZ-MS230AU). Baseline activity was recorded for 10 min, dur-
ing which time no seizure-like behaviors were observed. After 10 min,
larvae were placed in 2.5 mM pentylenetetrazole (PTZ) and embryos
were recorded for 17 min. Videos were scored for seizure-like behavior
according to established methods (Baraban et al., 2005, 2007). Stage 2
and 3 seizure-like behaviors were scored for each minute interval, with
the majority being Stage 2. Behavioral scoring of individual larvae was
conducted while blinded with respect to genotypes.

Touch response assay

Two or 6 dpf embryos from heterozygous intercrosses were placed in
individual wells in 1X embryo medium. Embryos were touched on the
tail with a probe five times and the number of escape responses was
recorded.

Axonal coverage of the fin

Maximal z-projections of a-AcTub immunostaining were thresholded
using Image] and the percentage area covered signal was calculated with
the Analyze Particles feature.
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TEM

Transmission electron microscopy (TEM) was performed according to
previous protocols (Lyons et al., 2008). Briefly, grids were stained with
50% uranyl acetate/50% ethanol, followed by Sato’s lead stain and im-
aged on a JEOL JEM-1400 transmission electron microscope. Five sibling
control nerves and 6 kif5Aa*"”°%%71%% mytant nerves (1 = 3 animals
each) were analyzed. Diameters of axons were measured using Image].

Mitochondria, synaptic vesicle, and lysosome labeling

To colabel axons and mitochondria, circular pBH-huC:Gal4 and pT2d-
EXP_pA_memYFP_E1b_UAS_E1b_mitoCFP_pA  (memYFP-UAS-mi-
toCFP; Plucinska et al., 2012) plasmid DNA and Tol2 Transposase RNA
transcribed from pCS2FA-transposase (Kwan et al., 2007) were combined
(10-25 ng/ul each). Approximately 1 nl of solution was injected into
one-cell stage embryos. Embryos were placed in 0.003% phenylthiourea
in 1X embryo medium at 24 h postfertilization (hpf) to block pigmen-
tation and screened for the reporter. To colabel axons and synaptic ves-
icles, circular pBH-huC:Gal4 and syn:GFP-DSR (Meyer and Smith, 2006)
plasmid DNA and Tol2 Transposase RNA were combined (10-25 ng/ul
each) and injected as above. To colabel axons and lysosomes, circular
Crest3:Gal4; UAS:mCherry (Palanca et al., 2013) and pDEST-5kbneurod-
Lamp1-eGFP (Drerup and Nechiporuk, 2013) plasmid DNA and Tol2
Transposase RNA were combined (10-25 ng/ul each) and injected as
above.

Mitochondrial, synaptic vesicle and lysosomal distribution and
mitochondrial dynamics

Axons and mitochondria were colabeled with mitochondria-targeted
CFP (mitoCFP) and membrane-targeted YFP (memYFP) as above.
Embryos were sorted for expression in the fin and, for calculating mito-
chondrial density, 1-2 confocal z-stacks were obtained/embryo. Mito-
chondria were manually counted; axon length was calculated using the
Simple Neurite Tracer plugin in Image]. Two hundred to 1000 um of
axon was visualized/embryo. Rescue experiments were performed simi-
larly with a coinjected rescue plasmid. Synaptic vesicle and lysosomal
distribution analysis was performed similarly using syn:GFP-DSR and
PDEST-5kbneurod-Lamp1-eGFP plasmids to label as described above. To
analyze mitochondrial dynamics, fin axons were traced back to their
main stem axon near the spinal cord. Time lapses were performed in a
single z-plane for 5 min with one image/15 s. Dynamics were analyzed
using the Image] MTrack]J plugin. Mitochondria that moved >0.5 um
between frames were defined as mobile.

Alignment of zebrafish Kif5 sequences

Cloned FL zebrafish Kif5 amino acid sequences were aligned using Clust-
alW2 multiple-sequence alignment (Larkin et al., 2007; McWilliam et al.,
2013). Protein alignments were generated using Jalview v2 (Waterhouse
et al., 2009).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6. Unless oth-
erwise stated, error bars represent =SEM and statistical significance was
estimated by either two-tailed unpaired Student’s ¢ test to compare two
populations or one-way ANOVA followed by Tukey’s multiple-
comparison test to compare more than two populations.

Results

kif5Aa, but not kif5Ab, is essential for nervous system
function in zebrafish

Loss of kif5A in mouse is perinatal lethal (Xia et al., 2003), but its
physiological role was unclear because kif5A mutant embryos
displayed limited pathologic signs. Due to a genome-wide dupli-
cation event, zebrafish have two kif5A genes, kif5Aa and kif5Ab,
with overlapping expression (Campbell and Marlow, 2013). Here
we characterized kif5Aa and kif5Ab mutant alleles, kif5Aa**’'%
and kif5Ab*7%>° respectively (Fig. 1A, and data not shown), found
by the Sanger Zebrafish Mutation Project (Kettleborough et al.,
2013). Sequencing confirmed that both mutations are single base
pair substitutions predicted to disrupt essential splice donor sites
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in each gene (Fig. 1B, and data not
shown). RT-PCR analysis revealed two
novel kif5Aa transcripts in kif5Aa*'%
mutant larvae (Fig. 1C). The more abun-
dant transcript included the intron between
exons 24 and 25, and the less abundant
transcript lacked exon 24 (Fig. 1D). Both
transcripts contained nonsense codons
truncating the tail domain. In homozygous
kif5Ab*”%° mutants, use of an alternative
splice donor site resulted in retention of 8
base pairs of intronic sequence and a non-
sense codon within the motor domain.

To assess the developmental functions
of kif5A genes, we analyzed progeny from
heterozygous intercrosses for each allele.
kif5Aa*”'%® homozygous mutants did not
inflate their swim bladder by 5 dpf (Fig.
1E,F), and died between 8—12 dpf. Fur-
thermore, kif5Aa™’'® mutants appeared
heavily pigmented from 5 dpf onward
(Fig. 1E-H), indicating defective back-
ground adaptation. Background adapta-
tion involves redistributing melanosomes
in melanophores to adapt to ambient
light, a process defective in blind mutants.
In kif5Aa*”'%® mutants, impaired back-
ground adaptation is likely due to defec-
tive visual processing because the retina
appeared properly patterned (data not
shown). We also noted a diminished touch
response in kif5Aa*’'*® mutants at 6 dpf
(Fig. 1I). At 2 dpf, however, kifsAa*”'%®
mutant touch responses resembled WT and
heterozygous siblings, suggesting that the
touch response circuit forms normally but
becomes compromised in early larvae.

In contrast to kifsAa mutants, kif5Ab™*°
mutants were viable, fertile as adults, and
showed no maternal-zygotic deficits. In
addition, we observed no enhancement of
kif5Aa single mutant phenotypes or addi-
tional phenotypes in kif5Aa;kif5Ab com-
pound mutants. Because kif5Aa single and
kif5Aa;kif5Ab double-mutants were indis-
tinguishable, we focused on kif5Aa*”%
single mutants, referred to as kif5A mu-
tants hereafter.

kif5A mutations in humans are associ-
ated with sensorimotor and cognitive def-
icits. During free-swimming bouts, WT
larvae exhibit synchronous beat-and-
glide movements (Buss and Drapeau,
2001). In contrast, kif5A mutants were
uncoordinated with asynchronous pecto-
ral fin beating. Reminiscent of motor-

circuit deficiencies in human patients with Kif5A mutations,
kif5A mutants displayed complex spastic behaviors. From 4 dpf
and thereafter, exaggerated and frequent gulping, and jaw and
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Figure 1.  The kif5Aa*”"% mutant allele results in sensorimotor deficits. A, KifSAa protein structure. Red asterisk denotes
mutation. KLC, Kinesin light chain; MT, microtubule. B, Chromatogram for WT and mutant exon—intron boundaries depicting loss
of GT splice donor site in kif5Aa*"®® mutant. €, RT-PCR analysis of kif5Aa**’"®® mutant reveals improper splicing of mutant
transcripts. D, Novel kif5Aa*® 7% mutant transcripts are predicted to lead to premature stop codons and truncated proteins. E, F,
Lateral view of 6 dpf larval zebrafish. Red dotted circles denote swim bladder, which is not inflated in kif5Aa** "% mutants. Black
arrowheads denote elevated lateral pigmentation in kif5Aa*”"®® mutants. G, H, Dorsal view of 6 dpf larval zebrafish. White dotted
line denotes elevated dorsal pigmentation in kif5Aa**”’% mutants. A, Anterior; P, Posterior. I, Touch response of kif5Aa*® "%
mutants at 6 dpf. Error bars indicate ==SD; ****p << 0.0001 (one-way ANOVA, Tukey's post-test). J, K, Quantification of PTZ
seizure-like induction. J, Cumulative bouts of seizures and (K) seizure latency. Error bars indicate = SD; *p << 0.05, **p << 0.01,
**¥%1) <0.001 (one-way ANOVA, Tukey's post-test).

Seizures occur with postnatal loss of kif5A in mice (Xia et al.,
2003; Nakajima et al., 2012) and in some HSP cases (Finsterer et
al., 2012). The abnormal behaviors observed in kif5A mutants are

pectoral fin twitching were evident in kif5A mutants, whereas ~ consistent with a hyperexcited state and potential seizures. We
these behaviors were rare in siblings. Furthermore, at 5 dpfand ~ tested whether kif5A mutants were predisposed to seizures, using
thereafter, kif5A mutants underwent episodes of repetitive trunk  the established PTZ seizure model (Baraban et al., 2005, 2007;
contractions followed by periods of inactivity. Baxendale et al., 2012; Afrikanova et al., 2013) and found that
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cumulative seizure-like behaviors were significantly increased in
GABA, receptor antagonist (PTZ)-treated kif5A mutants com-
pared with siblings (Fig. 1]). Moreover, the first seizure-like be-
havior occurred earlier in mutants (Fig. 1K). Therefore, kif5A
mutants are more prone to PTZ-induced episodes, exhibiting
more total events and shorter latency. We detected no defects in
motoneuron innervation of somites (Fig. 2C,D) nor overt differ-
ences in cranial ganglia or brain axonal architecture (Fig. 2E-] ) in
kif5A mutants, suggesting that, although they may be present, the
neurons controlling motor function are dysfunctional.

Polyneuropathy and axonal degeneration in kif5Aa mutants
Kif5A mutations have been associated with CMT2 (Crimella et
al., 2012), which may explain peripheral polyneuropathy among
some SPG10 patients (Kawaguchi, 2013). Given the peripheral
nerve disruptions in human CMT?2 patients, progressive loss of
cutaneous sensory innervation might underlie diminished touch
reflexes of kif5A mutants. Consistent with this notion, exam-
ination of cutaneous axons in the fin revealed reduced fine
cutaneous nerve arbors in kif5A mutants (Fig. 3B—D). Reduced
innervation was also apparent in another peripheral sensory ner-
vous system component, the posterior lateral line nerve (pLLn).
Stretching the length of the larvae, the pLLn is among the longest
nerves, and thus, should be especially sensitive to axonal trans-
port deficits. At 8 dpf, the pLLn was thinner and shorter in kif5A
mutants than in siblings (Fig. 3E-G), whereas other axonal tracts
appeared to be of similar thickness. Furthermore, the pLLn ex-
hibited a “dying back” axonal degeneration phenotype (Cole-
man, 2005), with axonal swellings and acetylated tubulin
(AcTub) accumulations (Fig. 3H,I). Though this phenotype
likely reflected axonal degeneration, impaired pLLn outgrowth,
as occurs in kiflb (Lyons et al., 2009) and kifl-binding protein
(kbp; Lyons et al., 2008) zebrafish mutants, was also possible.
Analysis of the pLLn in live Tg(huC:Kaede) transgenic embryos
(Sato et al., 2006) at 50 hpf revealed no significant difference in
pLLn outgrowth (Fig. 3E); thus, compromised pLLn mainte-
nance was likely. Furthermore, we detected no outgrowth defects
in axons in the ventral spinal cord (Fig. 2A, B) as is seen in kiflb
zebrafish mutants. To delineate the timeframe of degeneration,
we imaged a-AcTub labeled pLLns of 4 dpflarvae. Although the
nerve extended the length of the larvae, it was thinner in kif5A
mutants (Fig. 3],K) and had swellings with accumulations of
AcTub in pLLn axons (Fig. 3H ). Consistent with a role in periph-
eral sensory axon maintenance as opposed to outgrowth, we saw
no difference between kif5A mutants and siblings in axonal cov-
erage of 50 hpf fins (Fig. 3D). In ultrastructural studies, kif5A
mutant pLLns had evidence of degenerating axons (Fig. 4B) and
significantly fewer large caliber axons, both unmyelinated and
myelinated (Fig. 4E-H ). Conversely, numbers of small unmyeli-
nated and myelinated axons were similar in kif5A mutants and
siblings. These results indicate kif5A is required for maintenance
of peripheral axons.

Extracellular Ca*" influx into the distal axon occurs during
degeneration (Coleman, 2005; Wang et al., 2012). Elevated intra-
cellular Ca®" can activate Calpain, a serine-threonine protease,
leading to cleavage and disruption of structural components like
neurofilaments and microtubules (Billger et al., 1988; Johnson et
al., 1991). To test whether this occurs in kif5Aa mutant pLLns, we
crossed the mutation into the Tg(huC:GCaMP5G) background
(Ahrens et al., 2013), which expresses a Ca?"-sensitive GFP vari-
ant, GCaMP5G, in neurons (Akerboom et al., 2012). Whereas
WT and heterozygotes had weak GCaMP5G fluorescence in the
pLLn, kif5A mutants had swellings with strong GCaMP5G signal
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Figure2. Intactventral spinal cord axon tracts, cranial axon tracts, and motoneurons in
kif5Aa*”"%8 mutants. A, B, Lateral view of spinal cord at somite 15 in Tg(huc:Kaede)
background shows intact ventral axon tracts denoted by the brackets. Scale bar, 15 um. C,
D, Lateral view of larval zebrafish shows intact axonal architecture of motor neurons by
a-AcTub. E, F, Ventral view of larval zebrafish showing comparable axonal architecture of
jaw stained by a-AcTub. Scale bar, 75 wm. G, H, Dorsal view of larval zebrafish showing
intact axonal architecture of brain stained with a-AcTub. Scale bar, 75 wm. 1, J, Lateral
view. No deficits were apparent in the axonal architecture of brain and cranial nerves
stained with -AcTub. Scale bar, 75 wm. Rostral is to the left in all panels.
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kif5Aa requlates peripheral sensory neuron maintenance but not outgrowth. 4, Diagram of lateral view of larval zebrafish. Blue, pink, and orange boxes denote areas shownin B, C; F,

G; and H—M; respectively. B, C, Lateral view of fin showing PCA arbors at 6 dpf. Yellow dotted line marks area of axonal loss. Scale bar, 50 pm. D, Quantification of fin axonal coverage. Error bars
indicate == SEM; ****p < 0.0001 (one-way ANOVA, Tukey's post-test). E, Quantification of pLLn length over time shows pLLn outgrowth (50 hpf), and eventual degeneration (8 dpf). Error bars
indicate == SEM; ***p < 0.001 (one-way ANOVA, Tukey's post-test). F, G, Lateral views of hindbrain and first few somites. Note the thinner pLLn at 8 dpfand other axon tracts. Scale bar, 75 pm.
H, I, Higher-magnification of pLLn shows axonal accumulations of AcTub (arrowheads), in kif5Aa* " mutants at (F) 4 dpf and (G) 8 dpf, and (G) the truncated pLLn at 8 dpf. Scale bars, 10 um. J,
K, Higher-magnification of pLLn at 4 dpf at somite 15 shows reduced thickness, denoted by blue bracket. Scale bar, 10 wm. L, M, Transgenic fluorescent Ca* indicator GCaMP5G shows elevated

Ca" levels in axonal accumulations of kif5Aa*”’"® mutants. Scale bar, 10 um.

(Fig. 3L, M), implicating high Ca** in degeneration of mutant
$eNnsory axons.

kif5Aa mutant pLLn axons and cutaneous nerve arbors

lack mitochondria

A conditional kif5A KO mouse associated sensory neuron degen-
eration with impaired axonal transport of neurofilaments (NF;
Xia et al., 2003); however, another conditional kif5A KO mouse
showed no NF deficits (Nakajima et al., 2012). Our TEM analysis
of the pLLn revealed no obvious defects in either NF or microtu-
bule architecture (Fig. 4C,D), nor did we detect defects in me-
dium NF (NF-M) distribution in zebrafish kif5A mutants (Fig.
41,]). Therefore, kif5Aa*” 168 mutant sensory defects may result
from altered transport of another cargo.

Kinesin-I is the key molecular motor thought to transport
axonal mitochondria (Tanaka et al., 1998; Kanai et al., 2000;
Karle et al., 2012) and defective axonal mitochondrial transport
hasbeen linked to NDs (Sheng and Cai, 2012; Hinckelmann et al.,
2013). Ultrastructural analysis of pLLn axons showed abundant
mitochondria in siblings, and their marked reduction in kif5>A mu-
tants (Fig. 4 A, B). The total numbers of mitochondria per nerve and
per axon >0.1 um? were significantly reduced in mutants as com-

pared with siblings (Fig. 4K). This suggested that defective mito-
chondrial transport might cause pLLn degeneration.

To test whether peripheral cutaneous axon (PCA) arbors were
also devoid of mitochondria, we labeled mitochondria and the
axons using a huC:Gal4 driver construct to express mosaically a
bidirectional UAS plasmid encoding mitoCFP and memYFP
(Plucinska et al., 2012) in neurons (Fig. 5A). Mitochondrial den-
sity in kif5A mutant PCAs was greatly reduced at 6 dpf (Fig.
5B-H). Because mutant axons were degenerating at this time,
mitochondria deficits could be secondary to axonal degenera-
tion, rather than a primary defect. However, at times before and
when axonal degeneration and behavioral defects were first ap-
parent, mitochondrial density was significantly reduced, indicat-
ing mitochondrial deficiency precedes behavioral abnormalities
and axonal degeneration (Fig. 5H ). Unlike mitochondria, no dif-
ference was observed in the density of synaptic vesicles or lyso-
somes in mutant and sibling PCAs (Fig. 6). Thus, the kif5A
mutation specifically disrupts mitochondria localization.

Because mitochondria were present in the main stem axons of
the PCAs located near the spinal cord (Fig. 5I,K) we performed
time-lapse analysis of mitochondrial dynamics in this region.
Consistent with loss of a molecular motor required for transport,
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pLLn (orange dotted circle), a degenerating axon (yellow dotted circle), and axonal mitochondria (yellow arrowheads). Scale bar, 0.5 wm. C, D, Higher-magnification TEM images of
cross-sections of the pLLn showing intact microtubule and neurofilament networks in (€) WT and (D) kif5Aa mutant axons. E, F, Quantification of total, small diameter, and large diameter
(E) unmyelinated and (F) myelinated axons in the pLLn. G, H, Quantification of the (G) area of all myelinated axons in the pLLns and (H) average area of myelinated axons in each pLLn.
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the fraction of motile mitochondria was reduced in mutants, with
no motile mitochondria observed in most cases (Fig. 51,]). Fur-
thermore, the few mitochondria that moved had altered kinetics
with anterograde run velocities on the low end of the normal
range (Fig. 5L, M). Surprisingly, the density of immotile mito-
chondria between siblings and mutants was comparable (Fig.
5K), indicating that localization to the main stem is kif5A
independent.

Kif5Aa acts in neurons to localize mitochondria and prevent
axonal degeneration

kif5Aa is expressed in neural tissues (Campbell and Marlow,
2013), but it is unclear whether it is limited to neurons. To test

whether kif5Aa acts cell autonomously in neurons to prevent
degeneration of the pLLn, we mosaically coexpressed full-length
FLAG-tagged zebrafish Kif5Aa (FLAG-Kif5Aa) with a DsRed re-
porter (Paquet et al., 2009) to label the axons (Fig. 7A). FLAG-
Kif5Aa caused no defects in sibling pLLn axons (Fig. 7B—D, H).
In kif5SA mutant pLLns, FLAG-Kif5Aa-expressing axons ex-
tended the length of the larvae while the others showed signs of
axonal degeneration (Fig. 7E-H). These results indicate that
kif5Aa acts cell autonomously in neurons to prevent pLLn axonal
degeneration.

To test whether kif5Aa was required in neurons to distribute
mitochondria we mosaically coexpressed FLAG-Kif5Aa/DsRed
with the mitoCFP/memYFP reporter and examined mitochon-
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(one-way ANOVA, Tukey's post-test).

drial density in the PCA arbors of the fin (Fig. 7A). Asin the pLLn,
mitochondrial density was only rescued in kif5A mutant PCAs
marked by the DsRed reporter and not in adjacent axons (Fig.
7M-Q). Furthermore, overexpression (OE) of FLAG-Kif5Aa in
sibling axons had no effect on mitochondrial density (Fig. 7I-
L, Q). These results indicate that kif5Aa acts cell autonomously to
distribute mitochondria in PCAs and suggest that its function is
tightly regulated.

Using this assay we investigated the nature of the kif5Aa
allele. In WT genotypes, mitochondrial density in cells expressing
FLAG-Kif5Aa%"'°® and the mitochondrial reporter resembled
neighbors expressing only the reporter (Fig. 7Q). Moreover, OE
of FLAG-Kif5Aa**"'*® suppressed the mitochondrial defect of
mutant cells, albeit less so than FLAG-Kif5Aa and with significant
variance (Fig. 7Q). These data show that in terms of mitochon-
drial transport, the kif5Aa*”"*® mutation is hypomorphic and not
dominant-negative.

sa7168

Other Kif5s and Kiflb are not sufficient to localize axonal
mitochondria in kif5A mutants

Kif5s are thought to act redundantly in mitochondrial transport
because Kif5A, Kif5B, and Kif5C can all bind to the known mitochon-

Distributions of lysosomes and presynaptic vesicles are unaffected in peripheral cutaneous axon arbors of kif5A
mutants. A, Schematic depicts strategy to mosaically label neurons with the presynaptic vesicle reporter and the lysosomal
reporter. Black box denotes region imaged in B—E and G-J. G—K, Presynaptic vesicles are present in both (G, H) WT and (/, J)
kif5Aa mutant peripheral cutaneous axon arbors at 6 dpf and there is (K) no difference in density. Scale bars, 10 wm. Error bars
indicate == SEM (one-way ANOVA, Tukey's post-test). B—F, Lysosomes are present in both (B, €) sibling and (D, E) kif5Aa mutant
peripheral cutaneous axon arbors at 6 dpf and there is (F) no difference in density. Scale bars, 10 wm. Error bars indicate +SEM
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drial adaptors Trakl and Trak2 (Brickley et
al., 2005; Smith et al., 2006; Brickley and
Stephenson, 2011; Chen and Sheng, 2013;
Randall et al., 2013; van Spronsen et al.,
2013), and very few Kif5 isoform-specific
functions are known. All five zebrafish
kif5s are expressed in the nervous system
(Campbell and Marlow, 2013). Thus,
since the mutation did not act antimor-
phically, the profound axonal mitochon-
drial deficit in kif5Aa*”'®® mutants was
surprising. We considered two main ex-
planations for this striking phenotype.
First, the other kif5s may simply be less
abundant but could substitute if ex-
pressed at a higher level. Second, kif5Aa
could have a unique function in axonal
mitochondria localization that other Kif5
proteins cannot fulfill. Attempts to sup-
press the mitochondrial deficit of kif5A
mutants by expressing the five zebrafish
Kif5s in peripheral sensory axons indicate
the latter. OE of FLAG-Kif5Aa robustly res-
cued the mitochondrial density, but no
other FLAG-tagged Kif5 rescued mito-
chondrial density in kif5A mutant PCAs
(Fig. 8P), despite robust OF and localiza-
tion within axons (Fig. 8B-K). Moreover,
none of the Kif5s affected mitochondrial
density in WT siblings.

The Kinesin-3 motor Kiflb has also
been implicated in mitochondrial trans-
port in some cell types (Nangaku et al.,
1994; Wozniak et al., 2005), though kif1b
zebrafish mutants do not display overt
mitochondrial deficits (Lyons et al,
2009). kiflb has two main splice forms,
kiflbae and kif1bB (Nangaku et al., 1994;
Zhao et al., 2001). Like the other Kif5s,
neither OF of Kiflba nor Kiflbf affected
mitochondrial density in kif5A mutants or
siblings (Fig. 8P), despite robust OE and localization to axons
(Fig. 8L-0). These results indicate that only Kif5Aa can distribute
mitochondria in these sensory axons.

kif5Agsa7168/sa7168
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Mut
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WT Het Mut
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Kif5Aa’s C-tail is necessary but not sufficient to

distribute mitochondria

Although zebrafish Kif5 proteins are highly similar (Campbell
and Marlow, 2013), their C-terminal tails (C-tail) vary, with
Kif5Aa and Kif5Ab both having extended, though dissimilar, tails
(Fig. 8A). Four points implicate the Kif5Aa C-tail in mitochon-
drial transport in sensory neurons. (1) The kif5Aa™"%® mutation
truncates the C-tail and disrupts axonal localization of mito-
chondria. (2) Among the Kifs tested, Kif5Aa alone rescued the
mitochondrial defect in kif5A mutants. (3) The binding domains
of two mitochondrial adaptors, Trakl and Trak2, reside within
the Kif5 C-tail domain (Randall et al., 2013). (4) Mutation of the
conserved auto-inhibitory IAK motif (Coy et al., 1999; Friedman
and Vale, 1999; Hackney and Stock, 2000; Hackney et al., 2009),
disrupted by the kif5Aa*”'®® mutation, similarly disrupts mito-
chondrial transport in Drosophila (Moua et al., 2011). We tested
and found that the Kif5Aa C-tail was required to suppress mito-
chondrial density deficits using a Kif5Aa construct lacking the
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entire C-tail (Kif5Aa®™! Fig. 8Q,R). Expression of the Kif5Aa
C-tail alone (Kif5Aa ™! Fig. 8Q) also did not rescue the defects
(Fig. 8R), indicating that the C-tail is necessary but not sufficient.
To determine whether the Kif5Aa C-tail could confer rescue ac-
tivity to other Kif5s, we expressed a chimeric Kif5 with the Kif5Ab
motor and stalk domains and the C-tail of Kif5Aa (Kif5Ab**Ta,
Fig. 8Q). Surprisingly, Kif5Ab**™! did not suppress the mito-
chondrial deficit. However, because kif5Ab mutants had no phe-
notype and Kif5Ab did not rescue mitochondrial abundance, it is
possible that Kif5Ab lacks a functional motor. Therefore, we ex-
pressed another chimeric Kif5 with the Kif5Ba motor and stalk
domains and the C-tail of Kif5Aa (Kif5Ba”* 2l Fig. 8Q).
Kif5Ba ™! suppressed mitochondrial deficits (Fig. 8R) suggest-
ing that the Kif5Aa C-tail confers the capacity to distribute mito-
chondria to other Kif5s.

Mitochondrial transport-independent role for Kif1b/KBP in
peripheral sensory neuron maintenance

Kif1b and its adaptor molecule Kif1-binding protein (KBP) have
been implicated in mitochondrial transport in certain cell types
(Nangaku et al., 1994; Wozniak et al., 2005). However, to what
extent, if at all, this occurs in neurons in vivo is unclear. Zebrafish
kiflb (Lyons et al., 2009) and kbp (Lyons et al., 2008) mutants
display peripheral nervous system outgrowth deficits, and kbp is
additionally implicated in pLLn axonal maintenance. To test
whether kifIb also has a role in axonal maintenance and, if so,
whether the kif1b/kbp maintenance roles are associated with mi-
tochondrial transport, we analyzed PCA arbors and pLLns of
kif5Aa**”'%%kif1b™* (Lyons et al., 2009) and kif5Aa™""%%kbp*'*
(Lyonsetal., 2008) compound mutants at 6 dpf. Whereas kif1b"*
single mutant PCA arbors were indistinguishable from WT (Figs.
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Kif5Aa, but not other motors implicated in mitochondrial transport, restores mitochondria in a tail-dependent fashion. A, Alignment of zebrafish Kif5 C-terminal tail domains reveals

significant sequence variation. Orange box denotes conserved IAK motif. Red dotted line denotes site of kif5Aa** "% mutation. B0, Lateral views with dorsal to the top and anterior to the left of
a-FLAG and «-DsRed staining of embryos injected with FLAG-Kif rescue constructs in the (B—G) hindbrain at 54 hpf and the (H-0) spinal cord at 24 hpf. All FLAG-Kifs are robustly expressed and
DsRed expression coincides with FLAG expression. All FLAG-Kifs are present in axons (arrowheads) and cell bodies, as expected. Dotted line denotes boundary of CNS. Scale bars, 25 wm. P, Effects
of overexpressing Kif5 family members and Kif1b splice variants on mitochondrial density in WT and kif5Aa*”"®® mutant PCAs. Error bars indicate = SEM; **p << 0.01, ***p << 0.001, ****p <
0.0001 (one-way ANOVA, Tukey's post-test). Q, Kif5 truncations and chimeras used in R. R, OE of Kif5 truncations and chimeras in PCAs variably affects mitochondrial density. Error bars indicate

=+ SEM; *p < 0.05, **p < 0.01, ***p << 0.001, ****p << 0.0001 (one-way ANOVA, Tukey's post-test).

9A,G, 3B), concomitant loss of one copy of kif5Aa in kiflb**
mutants led to reduced PCA arbors, like kif5Aa*”'*® mutants
(Figs. 9B, G, 3C). Even more strikingly, PCAs were completely
absent in kif5Aa**”"%;kif1°**> homozygous double-mutants (Fig.

9C,G). In addition, the pLLn of kif5Aa*’ 168;kif1 b double-
mutants was shorter than kifib** single mutants (Fig. 9I). In
contrast to kif1b** single mutants, PCAs were reduced in kbp*'*’
single mutants (Fig. 9D,K); however, as in kif5Aa™"%;kif1b**
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double-mutants, PCAs were completely absent in kif5Aa*’"%%
kbp*?* double-mutants (Fig. 9F,K). Furthermore, the pLLn of
kif5Aa**”'%%kbp™** double-mutants was shorter than kbp** sin-
gle mutants (Fig. 9L). Because both kbp and kiflb contribute to
axonal outgrowth, we performed similar experiments at 50 hpf to
determine whether these interactions were at the level of mainte-
nance or outgrowth. We observed no axons in the fin of
kif5Aa*”"%%;kbp™®® double-mutants at 6 dpf, but they were indis-
tinguishable from siblings at 50 hpf (Fig. 9K). Furthermore, we
observed no enhancement of kbp™*’ pLLn outgrowth defects
in kif5Aa*”'%kbp™*®> double-mutants (Fig. 9L). Similarly,
kif5Aa*71¥" kif1b"*"*3 embryos, which had PCA deficits at 6
dpf, showed no enhancement of outgrowth defects in either the
PCA arbors or the pLLn at 50 hpf (Fig. 9 H, ), suggesting defects
in axonal maintenance rather than outgrowth because kiflb
single-mutant PCA arbors appear normal at 6 dpf. To determine
whether this maintenance role involved mitochondria as in
kif5Aa single mutants, we quantified the number of mitochon-

dria in kif5Aa*”"%%*kif16°*7"* and kbp******* embryos, both of
which showed maintenance defects. Surprisingly, mitochondria
numbers in the PCAs were not reduced in either genotype (Fig.
9M,N), indicating that reduced arborization is, unlike in kif5Aa
single mutants, independent of mitochondrial density. These data
indicate that both kif5Aa and kif1b/kbp play roles in peripheral sen-
sory axon maintenance and that there are two independent mecha-
nisms, mitochondrial-dependent and mitochondrial-independent,
for maintaining sensory axons.

Discussion

We have shown that zebrafish kif5Aa mutants exhibit hyperexcit-
ability and peripheral polyneuropathy, reminiscent of patients
with SPG10 and CMT2. Additionally, OE of Kif5Aa in pLLn ax-
ons and peripheral cutaneous axons rescues degeneration and
mitochondrial deficits. We show that kif5Aa acts in neurons to
maintain mitochondrial density in peripheral sensory axons in a
C-tail-dependent manner, and that other Kif5s and Kif1b cannot
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Figure 10.  Kif5Aa, Kif1b, and KBP cooperate to maintain peripheral sensory axons. Kif5Aa
transports mitochondria into peripheral sensory axons likely via interaction with known Kif5
mitochondrial adaptors, such as TRAK1, and is required for their maintenance. A secondary
KBP-dependent mechanism, possibly involving transport of an unknown cargo common to
Kif1b and Kif5Aa, further supports maintenance of peripheral sensory axons.

suppress deficits, providing a mechanism for peripheral sensory
axonal degeneration in patients with kif5A mutations. We pro-
pose that a distinct Kif5A complex formed via interaction with
the Kif5A tail is specifically required for mitochondrial transport
in sensory neurons and that distinct Kif5 complexes may mediate
mitochondrial transport within discrete neuronal types. Finally,
cooperation between Kinesin-1 and Kinesin-3 motors mediates
distinct aspects of axonal maintenance, revealing roles for these
kinesins in transporting mitochondria and other cargo to main-
tain diverse axonal architectures and neuronal functions.

Specific role for Kif5Aa C-terminal tail in

mitochondrial distribution

Studies of invertebrates have provided a wealth of knowledge
about Kinesin-1 functions. However, invertebrates possess only
one kif5 gene, khc in Drosophila (Saxton et al., 1991) and unc-116
in Caenorhabditis elegans (Patel et al., 1993), which precludes
analysis of Kif5 isoform-specific functions that may be essential
to the complexity of the vertebrate nervous system. Due to their
similar protein structures and functions in vitro, Kif5A, Kif5B,
and Kif5C are thought to act largely redundantly in neurons.
However, as evidenced by the distinct kif5A (Xia et al., 2003),
kif5B (Tanaka et al., 1998), and kif5C (Kanai et al., 2000) KO
mouse phenotypes, and the diverse consequences of human kif5A
(Kawaguchi, 2013) and kif5C mutations (Poirier et al., 2013), it is
evident that kif5 genes are not fully redundant. Nonetheless, the
functional differences among Kif5 proteins have remained largely
unknown.

We show that kif5Aa has a unique function in mitochondrial
localization, axonal maintenance, and other aspects of sensori-
motor function. One simple explanation for these phenotypes
and the varied mouse and human phenotypes could be differen-
tial expression of kif5s. Strikingly, however, no other Kif5 protein
can rescue mitochondrial transport deficits of kif5Aa mutants. In
contrast, previous work in mammals shows that Kif5A and Kif5C
can suppress mitochondrial deficits in Kif5B knock-outs (Tanaka
et al., 1998; Kanai et al., 2000). Because neurons were not exam-
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ined in those studies, it is possible that Kif5 proteins have redun-
dant roles in some cell types, but not others. Alternatively, Kif5A
may substitute for Kif5B or Kif5C but also have unique functions.
Supporting this notion, we find that the Kif5Aa C-tail is required
for rescue and that it confers the capacity to rescue to Kif5Ba.
Similarly, the mouse Kif5A C-tail is required for GABA , receptor
transport via the Kif5A specific adaptor GABARAP (Nakajima et
al., 2012). It is possible that a similar Kif5Aa specific adaptor may
exist for mitochondrial transport as all Kif5s examined have been
shown to bind to the known adaptors (Traks and Syntabulin)
involved in mitochondrial transport (Smith et al., 2006; Brickley
and Stephenson, 2011; Chen and Sheng, 2013; Randall et al.,
2013; van Spronsen et al., 2013). An alternative possibility is that
the C-tail regulates Trak1/2 or Miro1/2 binding and activity, such
that the Kif5Aa-Trak-Miro complex has a distinct activity from
other Kif5 complexes. Notably, distinct domains of mammalian
Kif5A are used for its binding to Trakl and Trak2 (Randall et al.,
2013). Coupled with a recent report suggesting distinct functions
for Trakl and Trak2 (van Spronsen et al., 2013), and because
Kif5A is the only Kif5 with an extended C-tail, the domain by
which Kifs interact with Traks, it is plausible that different Kif5
proteins form specific Kif5-Trak-Miro complexes with unique
activities required for mitochondrial transport within neuronal
subdomains or cell types.

Recent analyses show that transport can be stepwise in
fashion, with one motor conducting short-range and another
long-range transport steps (Hoerndli et al., 2013). Because
mitochondria persist in the main stem axons in kif5Aa mutants, it
is possible that other Kif5s facilitate this short-range mitochon-
drial transport, whereas Kif5Aa is dedicated to long-range trans-
port into axonal arbors. This function could be achieved via
specific Kif5 complexes that form according to the cell type and
subcellular location.

Kinesins, mitochondrial transport, and axonal maintenance
Mitochondria are crucial for cellular ATP production and regu-
lation of Ca?* homeostasis (Sheng and Cai, 2012; Schwarz,
2013). Deficits in mitochondrial axonal transport have been as-
sociated with several neurodegenerative diseases (Sheng and Cai,
2012), suggesting that axonal mitochondria are critical. In most
cases, it is unclear whether the alterations in transport precede or
result from pathological changes in the axons. kif5A mutant ax-
ons grow normally, have normal distribution of synaptic compo-
nents and lysosomes, and normal overall structure. Nonetheless,
axons of kif5A mutants lack mitochondria and later degenerate.
This loss of axonal mitochondria may lead to drastic decreases of
local ATP concentrations. Interestingly, mutant pLLns lack both
myelinated and unmyelinated large caliber axons; thus, mito-
chondria may provide ATP required for formation or mainte-
nance of large caliber axons. Furthermore, loss of axonal
mitochondria can elevate Ca®" concentrations. Increased Ca**
might exacerbate the mitochondrial deficits, as the Ca** sensitive
Miro releases mitochondria from Kif5 transport machinery in
high Ca’" concentrations (Saotome et al., 2008). Indeed, our
data show that kif5A mutant main stem axons have very few
motile mitochondria. Our data illustrates a crucial role for axonal
mitochondria in maintaining axons and suggests that restoring
mitochondrial density or activity may represent a therapeutic
avenue in diseases characterized by axonal degeneration, such as
HSP or CMT2.

Kiflb and its adaptor molecule KBP have been implicated in
mitochondrial transport in certain cell types (Nangaku et al.,
1994; Wozniak et al., 2005), and zebrafish kiflb (Lyons et al.,
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2009), mouse kiflb (Zhao et al., 2001), and zebrafish kbp (Lyons
et al., 2008) mutants all display peripheral nervous system defi-
cits. However, whereas zebrafish kif5A mutants display a striking
loss of mitochondrial density in axons destined to degenerate,
kif5Aa*718 1" kif15*"* and kbp™*'** mutants, both of which
show similar PCA reduction to kif5A mutants, do not. The strik-
ing lack of cutaneous axon arbors in kif5Aa*”'*%kif16™* double-
mutants indicates that kif5Aa has an additional role in axonal
maintenance that is only required when kif1b is lost. Conversely,
the maintenance role of kiflb is only necessary when kif5Aa is
reduced, because kif1b single-mutant PCAs appear normal. Like
kif5Aa;kiflb double-mutants, kif5Aa;kbp double-mutants also
lack PCAs. Previous work implicates KBP as a Kiflb binding
partner critical for axonal maintenance (Wozniak et al., 2005;
Lyons et al., 2008). Our genetic analysis suggests that in addition
to Kif5A mediated mitochondria associated axon maintenance, a
KBP-dependent mechanism promotes maintenance of peripheral
sensory axons by carrying a nonmitochondrial cargo common to
Kiflb and Kif5Aa (Fig. 10). Furthermore, because kbp****% single
mutants have deficits in axonal maintenance that are not associated
with mitochondria transport, are not observed in kif1b** single
mutants, and are not worsened by loss of a single copy of kif5Aa,
it is likely that KBP serves as the adaptor molecule for both Kiflb
and Kif5Aa for this unknown nonmitochondrial cargo. These
findings shed new light on the complexity of Kinesin redundancy
and demonstrate at least two different means to maintain sensory
axons and to prevent degeneration.

Kif5A and human disease

Mutations in human kif5A can cause both motor and sensory
dysfunction characterized as SPG10 (Reid et al., 2002), a form of
HSP (Finsterer et al., 2012), or CMT2 (Crimella et al., 2012),
depending on the predominant modality affected. kif5A zebrafish
mutants display phenotypes consistent with motor and sensory
dysfunction characteristic of a mixed model of SPG10 and
CMT2.

Similar to SPG10 patients, kif5Aa™"'® mutants display strik-
ing motor dysfunction. Generally, HSP-like symptoms have been
explained by degeneration of the longest corticospinal tracts (De-
lucaetal., 2004; Hedera et al., 2005). Similar to the axonal degen-
eration seen in HSP corticospinal tracts, zebrafish kif5A mutant
peripheral sensory axons degenerate, suggesting that specific sub-
sets of central axons that have not been analyzed here may simi-
larly degenerate, and thus contribute to the observed spasticity.
Susceptibility of zebrafish kif5A mutants to PTZ-induced seizures
indicates potential involvement of GABA, receptors in the pa-
thology. Moreover, conditional postnatal kif5A KO mice, which
also develop seizures and motor abnormalities (Xia et al., 2003),
associated pathology with impaired GABA, receptor transport
(Nakajima et al., 2012). Therefore, hyperactivity due to dimin-
ished GABA , receptor transport may be an alternative pathway
to spastic behaviors in kif5A mutants and SPG10 patients.

Though the pathogenesis of these disorders is unknown, two
proposed mechanisms involve abnormal neurofilament (Xia et
al., 2003) or mitochondrial transport caused by kif5A mutations
(Karle et al., 2012; Kawaguchi, 2013). We show that mutation of
kif5Aa diminishes axonal mitochondria density in peripheral
sensory neurons while sparing localization of other known Kif5
cargos examined. Furthermore, loss of mitochondrial density
correlates with axonal degeneration and decreased sensory func-
tion. Because no defects in Neurofilament-M localization or axon
architecture suggestive of loss of neurofilament transport were
observed, impaired mitochondrial transport is likely the main
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defect in sensory neurons of patients with kif5A mutations.
Moreover, the interactions between motor mutants point toward
other shared cargos that are required for axonal maintenance and
may be disrupted in other pathological contexts.
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