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Background: Axon growth and regeneration depend on kinesin-1-dependent transport.
Results: JIP3 binding to KHC promotes kinesin-1 motility along microtubules and is essential for axon elongation and

regeneration.

Conclusion: JIP3 regulation of kinesin-1 motility is critical for axon elongation and regeneration.
Significance: Regulation of intracellular transport is important for proper neuronal development.

Kinesin-1 is a molecular motor responsible for cargo trans-
port along microtubules and plays critical roles in polarized
cells, such as neurons. Kinesin-1 can function as a dimer of two
kinesin heavy chains (KHC), which harbor the motor domain, or
as a tetramer in combination with two accessory light chains
(KLC). To ensure proper cargo distribution, kinesin-1 activity is
precisely regulated. Both KLC and KHC subunits bind cargoes
or regulatory proteins to engage the motor for movement along
microtubules. We previously showed that the scaffolding pro-
tein JIP3 interacts directly with KHC in addition to its interac-
tion with KLC and positively regulates dimeric KHC motility.
Here we determined the stoichiometry of JIP3-KHC complexes
and observed approximately four JIP3 molecules binding per
KHC dimer. We then determined whether JIP3 activates tetra-
meric kinesin-1 motility. Using an in vitro motility assay, we
show that JIP3 binding to KLC engages kinesin-1 with microtu-
bules and that JIP3 binding to KHC promotes kinesin-1 motility
along microtubules. We tested the in vivo relevance of these
findings using axon elongation as a model for kinesin-1-depen-
dent cellular function. We demonstrate that JIP3 binding to
KHC, but not KLC, is essential for axon elongation in hippocam-
pal neurons as well as axon regeneration in sensory neurons.
These findings reveal that JIP3 regulation of kinesin-1 motility
is critical for axon elongation and regeneration.

The kinesin-1 molecular motor is essential for cellular func-
tion, transporting cargoes along microtubules to distinct
locales with precision timing. Kinesin-1 conventionally refers
to a heterotetramer consisting of two kinesin heavy chains
(KHC),? which harbor the motor domain, and two non-motile
light chains (KLC) (1-3). However, kinesin-1 can also function
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as a dimer of two motile KHC (4—13). Although KHC contains
the force-generating component and provides motility for the
kinesin-1 molecule, KHC also inhibits its own motility in the
absence of cargo or regulatory proteins (14—17). The KHC tail
can bind to the motor head domain and microtubules, creating
a paused state for kinesin-1 (14). The KLC subunits act both as
a cargo adapter for KHC and as an inhibitor of microtubule
binding and muotility of KHC in the absence of cargo (18, 19).
Because the kinesin-1 tetramer is dually autoinhibited in the
absence of binding partners, regulatory proteins must bind
both KHC and KLC to relieve inhibition and promote binding
and movement along microtubules (20).

Neurons depend on kinesin-1 to transport cargoes along the
extreme length of axons for efficient long distance intracellular
communication. Kinesin-1 plays critical roles during axon spec-
ification (21-23), growth (24), maintenance (25-27), organelle
positioning (28), and regeneration (29-31). Defects in kine-
sin-1 cargo delivery or motility lead to neurological disorders
(32— 40), underscoring the importance of regulating kinesin-1
motility for neuronal function. However, the cellular mecha-
nisms that control kinesin-1 motile properties remain poorly
understood.

We previously showed that the c-Jun N-terminal kinase
(JNK)-interacting protein 3, JIP3 (also known as JSAP1 or Sun-
day Driver) interacts with both KHC and KLC and promotes
motility of dimeric KHC in vitro (5), suggesting that JIP3 regu-
lates kinesin-1 motility in axons. In agreement with this notion,
previous studies have shown that JIP3 mutation leads to axonal
transport defects in Caenorhabditis elegans (41—43) and Dro-
sophila melanogaster (44). Both JIP3 null mice and neuronal
specific conditional JIP3 knock-out mice are perinatal lethal
and display severe axon guidance defects of the telencephalic
commissure (45—47). At the cellular level, an absence of JIP3 in
cerebellar granule neurons reduces axon length but increases
axon branching (48). In cortical neurons, JIP3 absence stimu-
lates neurite elongation and branching (49). Although the local-
ization of JIP3 to axon tips by kinesin-1 correlates with axon
elongation in hippocampal neurons (50), whether modulation

glion; DIVn, day in vitro n; ANOVA, analysis of variance; HSD, honest signif-
icant difference.

SASBMB

VOLUME 290-NUMBER 25-JUNE 19, 2015



of kinesin-1 motile properties by JIP3 contributes to axon elon-
gation remains unknown. We therefore sought to directly
determine whether JIP3 regulates tetrameric kinesin-1 in vitro
and how JIP3 interaction with kinesin-1 subunits regulates
axon elongation.

Experimental Procedures

Antibodies and Reagents—Rhodamine- and biotin-labeled
microtubules were generated using porcine rhodamine- and
biotin-tubulin and bovine unlabeled tubulin, all obtained from
Cytoskeleton (Denver, CO). The antibodies used were as fol-
lows: anti-MAP2 (Millipore, Temecula, CA), anti-Tau clone
5E2 (Millipore), anti-SCG10 (Novus, Littleton, CO), anti-JIP3
(44, 63), anti-GFP (Life Technologies, Inc.), anti-FLAG (Sigma-
Aldrich), anti-a-tubulin (Abcam, Cambridge, MA), phospho-
c-Jun (Cell Signaling, Danvers, MA), and anti-BIII-tubulin
(Sigma-Aldrich). JIP3 knock-out mice were described previ-
ously (45). CD10 timed pregnant mice were obtained from
Charles River Laboratories (O’Fallon, MO) for isolation of
embryonic dorsal root ganglia (DRGs). Sprague-Dawley timed
pregnant rats were obtained from Charles River Laboratories
for isolation of embryonic hippocampal neurons.

Plasmid Construction—KLC-mCit was a generous gift from
Dr. Kristen Verhey. FLAG-KHC and GFP-JIP3 mutants were
described previously (5). Briefly, the cDNA coding sequences
were cloned in-frame downstream of their respective tags in the
multicloning sites of pcDNA3 and GFP-C1 vectors, respec-
tively. Lentiviral JIP3 constructs were generated by excising the
GEFP-JIP3 fusion construct from their C1 vectors and inserting
them into the FUGW vector using Agel/EcoRI cloning sites.

Lentiviral Production—Lentiviral particles were concen-
trated from HEK293T culture medium as described previously
(51). Briefly, HEK293T cells were transfected using Lipo-
fectamine 2000 with the FUGW-JIP3 construct of interest,
pVSV-G, and dR8.91 in a 1:1:3 ratio according to the manufac-
turer’s specifications (Invitrogen). After 2 days, culture me-
dium was collected and filtered through a 0.45-um pore. Fil-
tered culture medium was incubated overnight with Lenti-X
lentiviral concentrator according to the manufacturer’s in-
structions (Clontech) and centrifuged at 1,000 X g for 45 min
to pellet lentiviral particles. Pellets were resuspended in Opti-
MEM before adding to cultures.

In Vitro Motility Assay—An in vitro motility assay was per-
formed as described (5, 20) with minor modifications. COS7
cells were obtained from ATCC (Manassas, VA) and cultured
as recommended. Cells were transfected using Lipofectamine
2000 (KLC-mCit, all FLAG-JIP3 and GFP-JIP3 constructs) or
Lipofectamine 3000 (FLAG-KHC), both from Invitrogen,
according to the manufacturer’s instructions. Twenty-four
hours after transfection, COS7 cells were lysed in ice-cold
buffer (500 mm PIPES, 1 mm EGTA, 1 mm MgSO,, 0.1% Triton
X-100, Roche protease inhibitor tablet, pH 6.9), and superna-
tant was collected by centrifugation at 16,000 X g for 10 min at
4°C. Flow chambers of ~20-ul volume were assembled by
adhering silanized coverslips to glass slides using double-sided
tape. 250 nM rhodamine- and biotin-labeled microtubules were
adhered to the coverslips using 0.01 ug/ul streptavidin (Sigma-
Aldrich). The coverslip surface was then blocked with 5% Plu-
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ronic (Sigma-Aldrich). Motility mix was generated by adding 5
ml of FLAG-JIP3 (or untransfected control lysate), 1 ul of
FLAG-KHC, 1 ul of KLC-mCit, and 1 ul of 40 mm Na-GTP to 8
pl of motility assay buffer (10 mm PIPES, 50 mm KOAc, 4 mm
MgSO,, 1 mm EGTA) supplemented with 1 ul of 1 M DTT, 1 ul
of oxygen scavenging system (250 ug/pl glucose oxidase, 35
pg/ul catalase, and 1 ul of 4.5 mg/ml glucose), and 1 ul of 0.5
mM taxol. KLC-mCit molecules were subsequently visualized at
25°C using total internal reflection fluorescence (TIRF)
microscopy on an inverted microscope (Olympus IX81). 488-
and 532-nm diode-pumped solid-state lasers (Melles Griot)
were used at 5-milliwatt power to visualize mCit and rhoda-
mine, respectively. Images were captured at 1-s intervals on a
back-thinned electron multiplier-CCD camera (ImagEM,
Hamamatsu). KLC-mCit motility was analyzed by kymographs
generated and measured in Slidebook (Intelligent Imaging
Innovations). Vertical lines in the kymographs were scored as
nonmotile events, whereas diagonal lines that lasted longer
than two frames were scored as motile events. Only lines with a
clear on and off event during the 100-s movie were analyzed to
avoid inclusion of aggregates bound to microtubules. We also
did not score landing events for puncta that were unusually
bright, because these most likely represent aggregates.

For the KHC dimer assay, the experimental setup was as
above except 1 ul each of WT-GFP JIP3 and FLAG-KHC were
used. For the stoichiometry experiments, we immobilized
FLAG-KHC to microtubules using AMP-PNP and imaged WT
GFP-JIP3 continuously (i.e. without any interval between
frames) to photobleach GFP. The fluorescence intensity of indi-
vidual GFP-JIP3 puncta was then measured over time, and
clearly detectable unitary bleach steps were used to estimate the
fluorescence intensity of a single GFP molecule. We then cal-
culated the number of GFP molecules in individual puncta as
(initial fluorescence intensity of a punctum — background fluo-
rescence intensity)/fluorescence intensity of a single GFP
molecule.

Hippocampal Electroporation and Culture—Hippocam-
puses were isolated from pups and dissociated with papain
(Worthington) and DNase for 30 min and triturated in neuro-
basal culture medium supplemented with B-27 (1%), penicillin/
streptomycin (1%), and L-glutamate (0.25%). Neurons were iso-
lated by centrifugation and resuspended in electroporation
solution. Electroporation was carried out using 5 g of
DNA in 100 ul of isotonic solution (2% Buffer I (2 g of ATP-
disodium salt, 1.2 g of MgCl,:6H,0 into 10 ml of H,O) into
Buffer II (6 g of KH,PO,, 0.6 g of NaHCO,, 0.2 g of glucose
into 300 ml of H,O, pH 7.4)) using an Amaxa Nucleofector II
system (Lonza, Basel, Switzerland) factory-preset for mouse
hippocampal neurons. Neurons were rapidly centrifuged
after electroporation and resuspended in culture medium for
plating. Neurons were cultured on poly-D-lysine-coated
glass coverslips that had been etched for 3 h in nitric acid.
Using this method, less than 20% of neurons are transfect-
ed. Neurons were allowed to grow for 5 days before fixing
and staining. Neurons were fixed with 4% phosphate-buft-
ered paraformaldehyde and stained with the indicated anti-
bodies in blocking buffer containing 10% goat serum, 0.1%
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FIGURE 1.JIP3 interacts with dimeric KHC in at least a 2:1 ratio to promote KHC motility. A, schematic representation of the TIRF-based dimeric KHC
motility assay. Rhodamine- and biotin-labeled microtubules (red line) are adhered to coverslips (black line) with streptavidin. A motility mix with
GFP-JIP3 and FLAG-KHC protein lysates is added to the chamber. B, schematic representation of JIP3 mutants used in this study. JIP3AKLC removes
amino acids 429-459, corresponding to the KLC binding domain. JIP3AKHC removes amino acids 5-81 corresponding to the KHC binding domain.
JIP3AA removes both the KLC and KHC binding domains. KBD, KHC binding domain; JBD, JNK binding domain; LZ, leucine zipper (KLC binding domain).
C, representative kymographs of motile FLAG-KHC events in the presence of the indicated JIP3 construct. Motile events are less frequent and shorter
when JIP3 cannot bind KHC, as with JIP3AKHC. D, velocity of motile events. Activation of the KHC dimer by WT GFP-JIP3 in this replication was 0.25 um/s,
compared with JIP3AKHC, which cannot bind KHC and significantly reduces run velocity. #, p < 0.001; Student’s t test. E, run length of motile events. No
significant difference was detected in run length of motile events; p = 0.07, Student’s t test. F, motile fraction was calculated as described by Sun et al.
(5). Inability to bind KHC significantly reduces motile fraction compared with WT JIP3. #, p < 0.001, Student’s t test. G, representative trace of the
fluorescence intensity over time of a GFP-JIP3 punctum. Fluorescence intensity decreases in distinct steps (red lines), representing photobleaching of
single GFP molecules. The total number of GFP-JIP3 molecules can then be calculated by dividing the overall drop in fluorescence intensity (blue line)
by the intensity of a single GFP molecule. This example shows a punctum that is calculated to contain four GFP molecules. H, histogram of the number
of GFP molecules in GFP-JIP3 bound to FLAG-KHC. Counts below 4 were rarely observed, suggesting that JIP3 associates with KHC with at least 2:1

stoichiometry. AU, arbitrary units; error bars, S.E.

Triton X-100 in PBS. Cultures were mounted with Prolong
mounting medium (Life Technologies, Inc.).

DRG Infection and Culture—DRG neurons were isolated
from el3 mouse pups and dissociated with 0.05% trypsin-
EDTA for 20 min. The trypsin was replaced with neurobasal
culture medium supplemented with B27 (2%), penicillin/strep-
tomycin (1%), Glutamax (1%), 5-fluorodeoxyuridine (0.5%),
and NGF (0.1%), and neurons were triturated 25 times with a
p1000 pipette tip. Medium was removed, and neurons were
triturated an additional two cycles. Neurons were resuspended
in enough medium to plate 5 ul/10,000 cell spots and allowed to
sit on the poly-p-lysine- and laminin-coated culture surface for
5 min before a full volume of culture medium was added to the
culture surface. For growth assays, neurons were infected at
DIV1 and fixed and stained at DIV3 for a-tubulin. For injury
assays, neurons were infected at DIV3 with lentiviral JIP3 con-

15514 JOURNAL OF BIOLOGICAL CHEMISTRY

structs. Lentiviral infection typically provides >90% infection
efficiency. At DIV7, neurons were lysed for Western blots or
injured with a metal probe. 12 h after injury, neurons were fixed
and stained for the axonal regeneration marker SCG10 or
BUI-tubulin.

Image Acquisition and Analysis—Images were acquired with
fluorescence microscopy (Nikon, Eclipse TE 200-E) and ana-
lyzed using Image]. For hippocampal axon morphology, neu-
rites were traced, and length was measured using the Neu-
ron] plugin. Neuron]J-produced tracings were then used as
input for the Sholl Analysis plugin. For DRG axon regener-
ation, the regeneration index was measured as described
previously (51). Briefly, SCG10 images were thresholded to
create a binary image that eliminated background fluores-
cence. Then fluorescence intensity distal to the site of injury
was measured as a percentage of fluorescence intensity prox-
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FIGURE 2. JIP3 regulates distinct aspects of kinesin-1 motility via differential binding to KLC and KHC subunits. A, schematic representation of the
tetrameric kinesin-1 motility assay. FLAG-KHC and KLC-mCit are used with FLAG-JIP3 mutants as described in the legend to Fig. 1B. Because KLC has no intrinsic
motility along microtubules, mCit puncta move along microtubules only when kinesin-1 is functioning as a heterotetramer. B, representative Western blot of
KLC-mCit and FLAG-KHC lysates. FLAG-KHC and KLC-mCit were both present in their expected size ranges (n = 3). C, representative Western blot of FLAG-JIP3
lysates, including a control lysate lacking JIP3 and FLAG-KHC for comparison. 1 ul of each of the JIP3 mutants and control lysate and 3 ul of the FLAG-KHC were
loaded in the gel. All JIP3 constructs were expressed at much greater levels than FLAG-KHC (n = 3). D, representative kymographs from TIRF experiments. Each
y axis represents 100 s of imaging time. Scale bar, 2 um. E, binding frequency was measured as the number of motile and nonmotile binding events per micron
of microtubule. WT JIP3 and JIP3AKHC significantly increased the microtubule binding frequency of kinesin-1 compared with untransfected controls, but
JIP3AKLC did not. Fand G, n = 74 (control), 93 (WT JIP3), 85 (JIP3AKLC), and 92 (JIP3AKHC) microtubules analyzed in four replicates (ANOVA, p = 1.65 X 10~ %;
#, p << 0.001 compared with control; Tukey’s HSD). F, motile efficiency was measured as the number of motile events per 10 um of microtubule. All JIP3
mutants increased motile efficiency compared with control, but JIP3AKHC produced a significantly lower motile efficiency than WT JIP3 (ANOVA, p = 0.01; *,
p < 0.05; ***, p < 0.001; n.s., not significant; Tukey’s HSD). G, velocity of motile events. WT JIP3 and JIP3AKLC significantly increase run speed compared with
control, but JIP3AKHC did not. G-J, n = 41 (control), 108 (WT JIP3), 80 (JIP3AKLC), or 86 (JIP3AKHC) motile events in four replicates (ANOVA, p = 9.65 X
1072 %%, p < 0.01; ***, p < 0.001 compared with control; Tukey’s HSD). H, run length of motile events. WT JIP3, JIP3AKLC, and JIP3AKHC all significantly
increase run length compared with controls, but JIPAKHC does not increase run length to the extent that WT JIP3 does (Kruskal-Wallis,p = 4.2 X 10™>;
*,p < 0.05; **, p < 0.01; #, p << 0.001; Mann-Whitney U test). /, histogram of velocity of motile events. J, histogram of run length of motile events. Error
bars, S.E.

imal to the site of injury for a given area (i.e. fluorescence Statistical Analysis—Western blots were scanned and quan-
intensity was measured over an equal sized area for proxi- tified by Image], and Student’s ¢ test was used for statistical
mal/distal comparisons). analysis of band intensities. Neuron] and Sholl Analysis plugins
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whole brain lysates. B, quantification of A. JIP3 heterozygosity results in an ~50% reduction of JIP3 expression compared with WT. n = 5 pups in each group,
litter-matched. C, Tau (axons) and MAP2 (dendrites) staining of littermate WT, heterozygous, and KO embryonic hippocampal neurons at DIV5. Most neurons
produce one Tau-positive axon and multiple MAP2-enriched dendrites. Scale bar, 50 uwm. D, quantification of axon number from C. Axons were defined as
Tau-positive neurites. No difference in axon number was detected between any of the groups (Kruskal-Wallis, p = 0.22). D-H, n = 100 neurons/group over two
replicates. £, quantification of total axon length from C. Heterozygous and KO axons are significantly shorter than WT (ANOVA, p = 0.018; *, p < 0.05; **, p < 0.01
compared with WT; Tukey’s HSD). F, quantification of axon branching from C by Sholl analysis. No differences in axon branching were detected in any of the
groups (ANOVA, p = 0.23). G, total dendrite length quantification of C. No differences in dendrite length were detected in any group (ANOVA, p = 0.81). H,
dendrite branching quantification of C by Sholl analysis. No difference in dendrite branching was detected in any group (ANOVA, p = 0.87). n.s., not significant;

Error bars, S.E.

for Image] were used to measure fluorescence intensities in
images of neurons. ANOVA followed by Tukey’s test and
Student’s ¢ test were used for statistical analysis between exper-
imental sets as stated throughout.

Results

JIP3 Binds to KHC Dimers in at Least a 2:1 Relationship—We
previously showed that the scaffolding protein JIP3 interacts
directly with KHC in addition to its interaction with KLC and
positively regulates dimeric KHC motility (5). However, the
stoichiometry of JIP3-KHC complexes remains unknown. To
determine the stoichiometry of JIP3 and KHC complexes in
vitro, we first established that JIP3 movement depends on its
interaction with KHC. To this end, we used a TIRF-based
motility assay to measure dimeric KHC velocity by imaging
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GFP-JIP3 puncta in the presence of FLAG-KHC, as described
previously (5, 20, 52) (Fig. 14). COS7 cells were used to express
WT GFP-JIP3 and a mutant lacking the KHC binding site (Fig.
1B). We observed that WT GFP-JIP3 puncta moved at 0.25 * 0.02
wm/s, which was significantly faster than the speed of GFP-
JIP3AKHC puncta, which moved at 0.16 = 0.01 um/s (Fig. 1, Cand
D). The run speed for WT GFP-JIP3 is ~50% lower than our pre-
viously reported values (5). Although the reason for this differ-
ence is not clear, it might result from differences in the COS7
cell batches used between the experiments. Nevertheless, we
found that JIP3 activates dimeric KHC for motility via its
KHC-binding domain, which replicates our primary findings
(5). The motile fraction of WT GFP-JIP3 was also higher
compared with GFP-JIP3AKHC (Fig. 1F), whereas the run
length was not statistically different (Fig. 1E). Together,
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FIGURE 4.JIP3 binding to KHC is required to promote axon elongation. A, rescue of axon length defects in JIP3 KO mouse hippocampal neurons by JIP3 WT
and mutants shown in Fig. 1B. Top, Tau (axons) and MAP2 (dendrites) staining of mouse JIP3 KO hippocampal neurons. Bottom, GFP signal produced by the
GFP-JIP3 fusion constructs. As in Fig. 2C, most neurons extend a single axon. Arrowheads, cell bodies; arrows, tip of the longest axon. Scale bar, 50 um. B,
quantification of axon number from A. No differences in axon number were detected between groups (p = 0.15, Kruskal-Wallis). C, quantification of total axon
length from A. WT JIP3 and JIP3AKLC rescued axon length defects of the JIP3 KO, but JIP3AKHC and JIP3AA did not. B-F, n = 59 (vector), 66 (WT JIP3), 71
(JIP3AKLCQ), 67 (JIP3AKHCQ), or 53 (JIP3AA) neurons from three replicates (ANOVA, p = 0.065; *, p < 0.05; **, p < 0.01 compared with vector; Tukey’s HSD). D,
quantification of axon branching from A by Sholl analysis. No changes in axon branching was detected among any of the groups (ANOVA, p = 0.35). £, total
dendrite length quantification from A. No change in dendrite length was detected between any of the groups (ANOVA, p = 0.25). F, dendrite branching from

A analyzed by Sholl analysis. No change in dendrite branching was measured between any groups (ANOVA, p = 0.34). n.s., not significant; error bars, S.E.

these results indicate that the movement of GFP-JIP3
observed in these conditions is mediated by its interaction
with FLAG-KHC.

To determine the stoichiometry of JIP3 and KHC complexes
in vitro, we immobilized dimeric KHC and its associated WT
GFP-JIP3 molecules on rhodamine-labeled microtubules by
using AMP-PNP and conducted single-molecule photobleach-
ing assays as described previously (53). This TIRF-based pho-
tobleaching experiment is an extremely well established tech-
nique (54—57), and it offers the great advantage of determining
stoichiometry specifically for motile, microtubule-bound KHC-
JIP3 complexes, as opposed to non-motile complexes that
might exist in the cytoplasm. In these assays, the most frequent
number of photobleaching steps was four, indicating four JIP3
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molecules per KHC dimer (Fig. 1, G and H). We also measured
up to eight photobleaching steps, which may result from unre-
solved KHC dimers bound to a microtubule and photobleach-
ing of all or some of the associated GFP-JIP3 molecules. We
rarely measured photobleaching steps fewer than four. Based
on this analysis, we conclude that at least four JIP3 molecules
bind each KHC dimer, and therefore the stoichiometry for JIP3/
KHC is likely to be at least 2:1.

JIP3 Differentially Regulates Kinesin-1 for Microtubule Bind-
ing and Motility—By virtue of its non-overlapping KLC and
KHC binding domains, JIP3 has the potential to activate tetra-
meric kinesin-1 for microtubule binding and motility (5, 20). To
test this possibility, we modified our TIRF assay by expressing
FLAG-tagged WT JIP3 or JIP3 mutants (5) (Fig. 1B) as well as
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FIGURE 5. JIP3 mutants unable to bind KHC are dominant negative. Analysis of JIP3 deletion mutants shown in Fig. 18 in WT rat hippocampal neurons. A,
WT rat hippocampal neurons electroporated with the indicated constructs were fixed and stained for Tau/MAP3 (axons/dendrites) at DIV5 (top). Arrowheads,
cell bodies; arrows, tip of the longest axon. Scale bar, 50 um. B, axon number was not significantly different between groups (p = 0.09, Kruskal-Wallis). C, total
axon length quantification of A. Expression of JIP3AKHC or JIP3AA, but not WT JIP3 or JIP3AKLC, significantly reduced axon length compared with vector
controls. B-F, n = 70 (vector), 68 (WT JIP3), 72 (JIP3AKLC), 73 (JIP3AKHC), or 66 (JIP3AA) neurons from five replicates (ANOVA, p <<0.001; #, p << 0.001
compared with vector; Tukey's HSD). D, axon branching quantification by Sholl analysis of A. Expression of JIP3AKHC and JIP3AA reduced axon branching, but
expression of WT JIP3 or JIP3AKLC did not (ANOVA, p << 0.001; #, p << 0.001 compared with vector; Tukey’s HSD). E, total dendrite length quantification of A.
No difference in dendrite length was measured between any groups (ANOVA, p = 0.42). F, dendrite branching of A by Sholl analysis. Expression of JIP3AKHC
and JIP3AA significantly reduced the number of dendrite branches but to a much smaller extent than axon branches (see Fig. 5C) (ANOVA, p = 2.0 X 10 % **,
p < 0.01; Tukey’s HSD). n.s., not significant; error bars, S.E.

KLC-mCit and FLAG-KHC (Fig. 2, A-C). Cell lysates were
mixed before the motility assay, and an excess of FLAG-JIP3
(WT or deletion mutants) was used. Because KLC has no intrin-
sic motile activity, mCit-positive puncta moving along rhoda-
mine-labeled microtubules represent KLC-KHC complexes
(i.e. tetrameric kinesin-1) (20).

When mixed with control lysates lacking JIP3, KLC-mCit
rarely displayed motile events (supplemental Video S1), in
agreement with previous findings (20). This was expected
because KLC inhibits the microtubule binding and motility of
KHC (19, 20, 58). Under control conditions, the binding fre-
quency of KLC-mCit is 0.11 = 0.01 events/um, and the motile
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efficiency is 0.22 * 0.04 events/10 wm of microtubule (Fig. 2,
D-F). The presence of WT JIP3 lysate doubled both the binding
frequency (0.22 £ 0.02 events/um) and motile efficiency
(0.50 = 0.07 events/10 um) of KLC-mCit (Fig. 2, D-F, and
supplemental Video S2), indicating that WT JIP3 activates
kinesin-1 for microtubule binding and motility. JIP3AKLC
lysates were unable to significantly increase the binding fre-
quency of KLC-mCit (0.15 = 0.02 events/um) compared with
control lysates, but they increased the motile efficiency of
KLC-mCit close to the levels obtained using WT JIP3 lysates
(0.42 = 0.08 events/10 wm) (Fig. 2, D—F, and supplemental
Video S3). In contrast, JIPAKHC lysates resulted in a high
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binding frequency that is similar to WT JIP3 lysates (0.21 % 0.02
events/um) but only modestly increased the motile efficiency
compared with control lysates (0.34 * 0.05 events/10 um) (Fig. 2,
D-F, and supplemental Video S4). Together, these data sug-
gest that JIP3 interaction with KLC promotes binding of
kinesin-1 to microtubules and that JIP3 interaction with
KHC binding promotes motility of kinesin-1 along
microtubules.

To explore further how JIP3 regulates kinesin-1 motility, we
measured the velocity and run length of motile events (Fig. 1,
G-/, and supplemental Videos S1-S4). Rare motile events
observed in the presence of control lysates moved at an average
velocity of 0.17 £ 0.01 um/s and an average run length of 0.44 =
0.02 um. In the presence of WT JIP3, we observed a significant
increase in the velocity (0.21 £ 0.01 wm/s) and run length
(0.64 = 0.03 um) of motile events compared with control
lysates. The velocities of KLC-mCit puncta were comparable
with those reported using a similar in vitro assay (20) and sim-
ilar to those measured in our dimeric kinesin assay (Fig. 1D).
Importantly, we observed statistically significant differences in
kinesin-1 velocity and run length in the presence of the differ-
ent JIP3 constructs. JIP3AKLC lysate increased the velocity of
KLC-mCit puncta similar to WT JIP3 lysate, whereas
JIP3BAKHC lysate did not (Fig. 1, G and /). These data indicate that
JIP3 binding to KHC, but not KLC, contributes to regulation of
kinesin-1 velocity. Run lengths of KLC-mCit puncta were highest
in the presence of WT JIP3 lysate and were modestly lower in the
presence of JIP3AKHC lysates (Fig. 1, H and J), indicating that the
binding of JIP3 to KHC regulates the off-rate of kinesin-1. In
the presence of JIP3AKLC lysate, we measured slightly but not
significantly lower run lengths than with WT JIP3 lysate (p = 0.08),
indicating that JIP3 binding to KLC might also be important for
kinesin-1 off-rates. Importantly, all JIP3 constructs significantly
increased run lengths compared with controls.

JIP3 Is Required for Axon Elongation—To test whether mod-
ulation of kinesin-1 motile properties by JIP3 contributes to
axon elongation, we first evaluated axon morphology of cul-
tured hippocampal neurons isolated from JIP3 knock-out (KO)
(45) or littermate control embryonic day 18 embryos (Fig. 3, A
and B). After 5 days in culture, neurons were fixed and stained
for Tau, an axonal marker, and MAP2, which is enriched in
dendrites (Fig. 3C). Given the possible function of JIP3 at the
axon initial segment (43) and the role of the JIP1 in axon spec-
ification (59), we first determined whether absence or reduc-
tion of JIP3 affects axon specification by measuring the number
of Tau-positive axons. No effect on the number of Tau-positive
axons was detected between the groups, indicating that JIP3 is
dispensable for axon specification (Fig. 3D). We next measured
the length and branching of both axons and dendrites. Absence
of JIP3 significantly reduced axon length (379 £ 18 um for WT
versus 322 = 15 um for KO) (Fig. 3E), in agreement with what
was reported in cerebellar granule neurons (48). JIP3 heterozy-
gous neurons also showed a reduction in axon length compared
with WT (332 £ 13 wm). We observed no effect on axon
branching (ANOVA, p = 0.23; Fig. 3F), in contrast to what has
been reported in cerebellar granule and cortical neurons (48,
49). Importantly, neither length nor branching of MAP2-posi-
tive dendrites were affected by the absence of JIP3 (ANOVA,
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FIGURE 6.JIP3 binding to KHC is not essential for axon outgrowth in DRG
neurons. A, representative Western blot of spot cultures infected with lenti-
viral vector, GFP-tagged WT JIP3, JIP3AKLC, JIP3AKHC, or JIP3AA. GFP was
used to probe for transgenic JIP3 expression. Note that the gel used did not
allow for resolution of molecular weight changes between mutants and WT.
B, axon growth of DRG neurons infected at DIV1 with mutant JIP3 lentivirus
and assessed for axon growth at DIV3. Dotted lines indicate the boundary of
the cell body spot and the point from which axon length was assessed.
Expression of JIP3 mutants did not affect growth of DRG neurons. The gridlike
overlay is an artifact of stitching images together to visualize the entire spot
field. C, quantification of B. No significant differences in maximum axon pro-
jection from the spot culture boundary were detected between different con-
ditions. n = 17 (vector), 19 (WT JIP3), 24 (JIP3AKLC), 21 (JIP3AKHC), or 17
(JIP3AA) fields of view analyzed from three replicates (4 spots/group/repli-
cate); ANOVA, p = 0.30. n.s., not significant; error bars, S.E.

p = 0.81 and 0.86, respectively; Fig. 3, G and H), indicating that
JIP3 contributes specifically to axon elongation in mouse hip-
pocampal neurons.

JIP3 Binding to KHC Is Required to Promote Axon Elon-
gation—To determine whether binding of JIP3 to KHC and
KLC differentially affects axon elongation, we performed res-
cue experiments with JIP3 deletion mutants. GFP-tagged WT
JiP3, JIP3AKLC, JIPBAKHC, and JIP3AA (Fig. 1B) were
expressed in hippocampal neurons isolated from JIP3 KO
embryonic day 18 embryos. At DIV5, neurons were fixed and
stained for Tau and MAP2 to assess axon morphology (Fig. 4A).
We note that electroporated JIP3 KO neurons consistently
grew more robustly than non-electroporated neurons (com-
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pare Figs. 3E and 4C). Only neurons with GFP signal evident in
the axon were selected for analysis. Both JIP3AKLC and
JIP3AKHC localized to the axon and were enriched at the axon
tip, similar to WT JIP3, whereas JIP3AA primarily localized to
the cell body and initial portion of the axon (Fig. 4A4), as
reported previously (5, 50). Compared with the GFP vector
control, neurons expressing WT JIP3 and JIP3AKLC extended
longer axons, indicating that both constructs rescued the axon
elongation defects (441 *= 40, 577 = 53, and 636 * 62 um,
respectively; Fig. 4, A and C). In contrast, expression of
JIP3BAKHC or JIP3AA failed to rescue axon length defects
(498 * 44 and 505 * 54 um, respectively). We observed no
significant effect on axon branching (ANOVA, p = 0.35; Fig.
4D) or on the length and branching of MAP2-enriched den-
drites (ANOVA, p = 0.25 and 0.33, respectively; Fig. 4. E and F).
These results suggest that JIP3 binding to KHC, but not KLC, is
sufficient to promote axon elongation.

Deletion of the KHC Binding Domain in JIP3 Has a Dominant
Negative Effect—Because JIP3 can homo-oligomerize (5, 60) we
next determined whether JIP3 lacking the KHC binding
domain had dominant negative effects on axon morphology in a
WT background. For these experiments, we used rat hip-
pocampal neurons and assessed axon and dendrite morphology
at DIV5 with Tau/MAP?2 staining as above (Fig. 54). Only neu-
rons with GFP signal present in the axon were analyzed. As
observed in mouse hippocampal neurons, both JIP3AKLC and
JIP3AKHC localized to the axon and were enriched at the axon
tip, whereas JIP3AA primarily localized in a punctate pattern in
the cell body and initial portion of the axon (Fig. 54). Whereas
expression of WT JIP3 and JIP3AKLC had no effect on axon
length when compared with vector controls (655 = 39, 626 +
38, and 562 = 36 um, respectively; Fig. 5, A and C), expression
of JIPBAKHC or JIP3AA essentially halved the total axon length
compared with vector controls (347 = 25 and 326 = 24 um,
respectively). These results suggest that JIP3AKHC and JIP3AA
act as dominant negative mutants. The dominant negative
effect of JIP3AA on axon growth has been reported previously
(50) and attributed to its inability to localize to axon tips. How-
ever, we observed that JIP3AKHC, which localized to the axon
tip, also reduced axon elongation (Fig. 5, A and C). The domi-
nant negative effect therefore seems attributable to lack of JIP3
interaction with KHC and not solely due to the mislocalization
of JIP3. In this rat hippocampal assay, JIP3AKHC and JIP3AA
reduced axon branching compared with vector controls (6.8 =
0.4, 6.5 = 0.5, and 9.8 = 0.4 branches, respectively; Fig. 5D),
suggesting that JIP3 can regulate axon branching in certain
cases, as reported previously (48, 49). Importantly, dendrite
length was not different between any of the groups (ANOVA,

JIP3 Activates Kinesin-1 Motility

p = 0.42), and dendrite branching, although reduced by the
expression of JIP3BAKHC and JIP3AA compared with controls
(4.9 £0.2,4.6 = 0.2,and 5.7 £ 0.3 branches, respectively), was
affected to a much smaller degree than axon branching (Fig. 5,
E and F). These data provide further evidence for the impor-
tance of JIP3 binding to KHC, but not KLC, for axon elongation
and, in some cell types, branching.

JIP3 Interaction with KHC Is Required for Axon Regen-
eration—To test if ]IP3-dependent regulation of kinesin-1 con-
tributes to axon growth following injury, we used axon regen-
eration assays. Axon growth after injury is distinct from axon
growth during development, but both processes depend on
kinesin-1-driven transport (29-31). We used embryonic DRG
neurons to test for axon regeneration. This neuronal type
extends only axons (61) and can be cultured in a “spot,” which
leads to large numbers of radially growing axons that are ame-
nable to measuring growth and regeneration (51). To establish
a baseline for the effects of JIP3 mutants in this neuronal sub-
type, we used a lentiviral system to infect DRGs with GFP-tagged
WT and mutant JIP3 on DIV1 and then assayed their growth on
DIV3. WT JIP3 and JIP3 deletion mutants were expressed at a
similar level (Fig. 6A4). However, none of the JIP3 mutants had an
effect on axon outgrowth during normal development of DRG
neurons (Fig. 6, B and C), in contrast to our hippocampal neuron
results (Figs. 3—5). This finding indicates that JIP3 function prob-
ably differs in different neuronal subtypes.

Nevertheless, we tested the effect of JIP3/kinesin-1 interac-
tions on axon regeneration, using an assay we developed previ-
ously (51). Embryonic DRG neurons were plated in a spot cul-
ture and infected with lentiviral GFP-tagged WT or mutant
JIP3 at DIV3. At DIV7, axons were injured mechanically, and
12 h later, cultures were fixed and stained with the regenerating
axon marker SCG10 (62). Axon regeneration was assessed by
measuring the regeneration index, normalizing SCG10 inten-
sity distal to the site of injury to SCG10 intensity proximal to the
site of injury. A regeneration index of 0 would indicate a com-
plete lack of regeneration. Vector-treated embryonic DRGs
produced a regeneration index of 36 * 4%, indicating that these
neurons produce robust axon regeneration in response to
injury (Fig. 7, A and B). WT JIP3 and JIPBAKLC produced mod-
estly but not significantly lower regeneration indices of 28 = 3
and 28 * 3%, respectively, compared with vector controls.
Expression of either JIP3BAKHC or JIP3AA significantly reduced
the regeneration index compared with vector controls (21 * 2
and 22 * 3%, respectively). Importantly, the reduction in the
regeneration index was not due to mislocalization of the regen-
eration marker SCG10 (Fig. 7C).

FIGURE 7. JIP3 binding to KHC is required for axon regeneration in DRG neurons. A, representative images of infected spot cultures 12 h after axon injury,
stained for the regenerating axon marker SCG10. Vector-, WT JIP3-, and JIP3AKLC-infected neurons undergo robust regeneration after injury, which is markedly
reduced with expression of JIP3AKHC or JIP3AA. Dashed lines, site of injury. Scale bar, 100 wm. B, quantification of A. WT JIP3 and JIP3AKLC slightly, but not
significantly, reduce axon regeneration compared with vector controls (p = 0.077 and 0.088, respectively). In contrast, JIP3AKHC and JIP3AA attenuate axon
regeneration after injury.n = 15 (vector), 18 (WT JIP3), 23 (JIP3AKLC), 30 (JIP3AKHC), or 31 (JIP3AA) fields of view analyzed from four replicates (4 spots/group/
replicate); ANOVA, p = 0.002; **, p < 0.01; ***, p < 0.001; Tukey’s HSD). C, staining of the regeneration marker SCG10 compared with total tubulin. Note that
SCG10 is present in regenerating tips in all groups, indicating that transport of SCG10 was not affected by JIP3 expression. However large tubulin-positive,
SCG10-negative axon debris was noted in all groups (arrowheads), indicating that SCG10 is a suitable marker for axon regeneration. Scale bar, 50 um. Dotted
line, axotomy. D, top two rows, staining of activated phosphorylated c-Jun (p-cJun) after axotomy in JIP3 mutant-expressing neurons. All groups display strong
nuclear staining of phospho-c-Jun, as indicated, with the DAPI counterstain. Bottom row, uninjured controls display no phospho-c-Jun staining in DAPI-positive

cell bodies. Error bars, S.E.
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Because JIP3 also plays a role in retrograde injury signaling
and activation of the proregenerative program (62, 63), we
tested whether JIP3AKHC and JIP3AA reduced axon regener-
ation by decreasing retrograde injury signaling. We used the
phosphorylation of c-Jun, a regeneration-associated protein
(64), as a readout for retrograde injury signaling, as de-
scribed (65). DRG neurons were cultured and infected as described
above and immunostained for phosphorylated c-Jun (p-c-Jun)
(Fig. 7D). Compared with uninjured controls, injury elicited a
robust phospho-c-Jun staining in all cases. These results indicate
that the reduced axon regeneration observed in the presence of
JIP3AKHC or JIP3AA does not result from defects in retrograde
signaling after injury and probably involves other activities that
rely on the JIP3-KHC interaction.

Discussion

Here, we show that JIP3 activates tetrameric kinesin-1 in two
different ways, depending on whether it binds to KLC or KHC.
Specifically, interaction of JIP3 with KLC promotes binding of
kinesin-1 to microtubules, whereas interaction of JIP3 with
KHC promotes motility of kinesin-1 along microtubules.
Although this dual action of JIP3 might be important for max-
imally activating kinesin-1 motility, our in vivo experiments
show that JIP3 binding to KHC, but not KLC, is sufficient to
rescue axon elongation defects caused by the loss of JIP3 in
cultured neurons. In addition, expression of a JIP3 mutant lack-
ing the KHC binding domain reduces axon elongation and axon
regeneration. Our data reveal that regulation of kinesin-1
motility by JIP3 is critical for axon growth. Together with the
recent observation that modulation of dynein’s velocity affects
axon elongation (66), our study underscores the importance of
regulation of intracellular transport for neuronal development.

Binding of JIP3 to KLC enhanced kinesin-1 binding to micro-
tubules in vitro, indicating that JIP3 probably relieves KLC-
based inhibition of KHC-microtubule binding. This is consis-
tent with previous findings that KLC inhibits binding of KHC to
microtubules (19) and that KLC must be bound by regulatory
proteins in order for kinesin-1 to efficiently dock on microtu-
bules (20). However, the absence of JIP3-KLC binding did not
have any effect on axon elongation or regeneration. One possi-
ble reason for this observation is that cargoes associated with
KLC might compensate for loss of JIP3 interaction with KLC.
Binding to the tetratricopeptide domain of KLC is sufficient to
activate kinesin-1 transport (67), and several neuronal proteins
interact with KLC via its tetratricopeptide domain, including
amyloid precursor protein (68), calsyntenin (69), alcadein (25),
and caytaxin (70). Alternatively, other JIPs may compensate for
loss of JIP3-KLC interactions in cells. Indeed, JNK-interacting
protein 1 (JIP1), a protein functionally and structurally related
to JIP3, also regulates kinesin-1 microtubule binding and motil-
ity (20), regulates cortical axon development (59), and can par-
tially rescue the axon projection defects present in JIP3 KO
mice (47). Therefore, neurons seem to have multiple means of
ensuring kinesin-1 docking to microtubules.

JIP3 interaction with KHC specifically promoted kinesin-1
motility in our TIRF assay. This is in agreement with reports
that the tail domain of KHC autoinhibits its motility along
microtubules and must be bound by regulatory proteins for

15522 JOURNAL OF BIOLOGICAL CHEMISTRY

efficient motility (14—17, 20). Exactly how JIP3 regulates kine-
sin-1 motility remains to be studied, but our stoichiometry
experiments, which show that at least four JIP3 molecules bind
per KHC dimer, suggest that JIP3 oligomerization may be
important. Our finding that neurons cultured from heterozy-
gous JIP3 KO mice show significant axon elongation defects
also suggests that the amount of JIP3 protein is important for its
function. Our experiments in neurons further indicate that JIP3
binding to KHC is a key event for axon growth and elongation.

Previously, we reported that JIP3 lacking both KHC and KLC
binding domains fails to localize to axon tips (5), and subsequently
this inability was posited to be responsible for the failure of JIP3AA
neurons to promote axon elongation (50). However, we show that
JIP3BAKHC, which is present in axon tips, is defective for axon
growth and regeneration. These results suggest that regulation of
kinesin-1 motility by JIP3 in addition to its subcellular localization
is important for axonal outgrowth. Our data do not rule out the
possibility that the axonal growth defects of IP3AKHC may be due
to compromised ability to serve as a JNK scaffolding protein,
although we think this is unlikely because the KHC and JNK bind-
ing domains of JIP3 do not overlap (5, 71).

We found that JIP3 promotes axon elongation in mouse hip-
pocampal neurons but not in mouse DRG neurons, indicating
that JIP3 functions differentially in different cell types. In addi-
tion, the effect of JIP3 can also vary between species because
JIP3 promotes axon elongation but not axon branching in
mouse hippocampal neurons, whereas it induces both axon
elongation and branching in rat hippocampal neurons. Our
findings are consistent with previous work, which showed that
JIP3 promotes axon length in rat hippocampal neurons (50) but
reduces axon length and branching in mouse cortical neurons
(49) and restricts axon branching in rat cerebellar granule neu-
rons (48). The diversity of neuronal responses to JIP3 is proba-
bly a reflection of the multiple functions of JIP3, as a JNK scaf-
folding protein (60, 72-75), a transport regulator (41, 42, 44),
and an axon gatekeeper (43). We propose that different neuro-
nal subtypes in different species may be selectively sensitive to
one or more functional modules of JIP3.

Why does modulation of kinesin-1 motility on microtubules
affect axon growth, especially axon length? A simple explana-
tion is that delivery of trophic cargoes to the axon tip is disrupted
when kinesin-1 motility is disrupted. However, our results are
interesting in light of a recent model of axon length-sensing pro-
posed by Rishal ez al. (24). This model posits a frequency-based
signaling module, whereby a cell senses the length of an axon based
on the frequency of an oscillating signal sent anterogradely to the
axon tip and returned via retrograde transport. Given that JIP3
associates with both kinesin-1 and dynein during axon growth and
after injury (63, 76 —78), JIP3 may be a promising lead to elucidate
possible oscillating signaling modules.
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