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JIP1 Mediates Anterograde Transport of Rab10 Cargos

during Neuronal Polarization
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'Institute of Neuroscience and State Key Laboratory of Neuroscience, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai
200031, China, and 2School of Life Sciences, Shanghai University, Shanghai 200444, China

Axon development and elongation require strictly controlled new membrane addition. Previously, we have shown the involvement of
Rab10 in directional membrane insertion of plasmalemmal precursor vesicles (PPVs) during neuronal polarization and axonal growth.
However, the mechanism responsible for PPV transportation remains unclear. Here we show that c-Jun N-terminal kinase-interacting
protein 1 (JIP1) interacts with GTP-locked active form of Rab10 and directly connects Rab10 to kinesin-1 light chain (KLC). The kinesin-
1/JIP1/Rab10 complex is required for anterograde transport of PPVs during axonal growth. Downregulation of JIP1 or KLC or disrupting
the formation of this complex reduces anterograde transport of PPVs in developing axons and causes neuronal polarity defect. Further-
more, this complex plays an important role in neocortical neuronal polarization of rats in vivo. Thus, this study has demonstrated a
mechanism underlying directional membrane trafficking involved in axon development.
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Introduction

Polarized membrane addition contributes to cell polarization in
various cell types (Lecuit and Pilot, 2003). Neurons are highly
polarized cells with a single long axon sending out information,
and multiple and arborized dendrites receiving information.
Usually, the length and area of the single axon are much larger
than those of total dendrites, and thus it is believed that there is
asymmetric delivery of membrane to these two subcellular com-
partments (Ye et al., 2006). In cultured hippocampal neurons,
which have been used widely as a classical model to study axon
specification and neuronal polarization, axon specification is
preceded by asymmetrically faster growth of one neurite, which
will later become the axon (Céceres et al., 1986; Dotti et al., 1988).
Interestingly, the post-Golgi vesicles are preferentially trans-
ported to this neurite before morphological polarization (Bradke
and Dotti, 1997). Thus, membrane dynamics are not merely a
passive aspect of neuronal morphogenesis, but rather play a pos-
itive role in triggering axonal-dendritic polarization.

It has been postulated that the post-Golgi pleiomorphic plas-
malemmal precursor vesicles (PPVs) provide the sources for lip-
ids and membrane proteins required for the polarized membrane
supply (Pfenninger, 2009). Recently, we have shown that Rab10,
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a member of the Rab family of small GTPases, is associated with
PPVs (Wang et al., 2011), and that Myosin V interaction with
Rab10 controls the sorting of PPVs from the trans-Golgi network
(Liu et al., 2013). Accumulating evidence from cultured hip-
pocampal neurons suggests that the directional and polarized
membrane insertion occurs in the distal regions of developing
axons (Futerman and Banker, 1996; Dupraz et al., 2009; Wang et
al., 2011). However, how the Rab10-positive PPVs are delivered
to the destination places is totally unknown.

Kinesin-1 is a conventional member of the kinesin family,
which is composed of two heavy chains [kinesin heavy chain 5A
(KIF5A), KIF5B, or KIF5C] and two light chains [kinesin-1 light
chain (KLC1) or KLC2; Cai et al., 2007; Verhey and Hammond,
2009]. It has been shown that kinesin-1 can associate with vesicles
directly, or indirectly by interacting with various adaptor pro-
teins, which determine selective transport of cargos in neurons
(Setou et al., 2002; Kanai et al., 2004; Su et al., 2004; Glater et al.,
2006; Blasius et al., 2007; Cho et al., 2007; Grigoriev et al., 2007;
Tayaetal., 2007; Arimura et al., 2009; Yamada et al., 2010; Huang
et al,, 2011). Among these adaptors, c-Jun N-terminal protein
kinase (JNK)-interacting protein 1 (JIP1), a scaffold protein for
JNK signaling pathways (Whitmarsh, 2006), mediates axonal
transport of several cargos (Koushika, 2008). Interestingly, JIP1 is
important for axonal development of cultured cortical neurons
(Dajas-Balador et al., 2008). However, the mechanisms underly-
ing JIP1 action in axon development and its role in vivo have not
been explored.

Here, we show that JIP1 acts as a scaffold protein linking Rab10 to
kinesin-1 and mediates anterograde transport of Rab10-positive ves-
icles during axon development. This study has demonstrated a mo-
lecular mechanism for anterograde transport of Rabl0-positive
PPVs along microtubules to the destination sites, where membrane
fusion occurs to control axon development.
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KLC1 is required for anterograde transport of Rab10-PPVs. A, Cortical neurons were transfected with pSUPER vector or pSUPER-encoding siKLCT or siScr together with KLC1 ",

Endogenous KLC (KLC1 and KLC2) and KLCT ®e* levels were analyzed by 1B with antibody against KLC. Actin and GAPDH were probed as controls. B, Representative kymographs of TD-Rab10 vesicles
in cultured hippocampal neurons transfected with siScr or siKLC1, either alone or together with KLC1 7. Scale bar, 10 wm. €, Quantification for the percentage of anterograde, retrograde, or
immobile TD-Rab10 vesicles in neurons transfected with siScr, siKLC1, or siKLC1 plus KLC ®®°. Data are presented as the mean == SEM. *p << 0.05, **p << 0.01, Student’s t test. D, Quantification for
the mean velocity of TD-Rab10 vesicles in axons of cultured hippocampal neurons transfected with indicated plasmids. Data are presented as the mean == SEM. *p << 0.05, Student’s ¢ test.

Materials and Methods

Reagents and antibodies. Poly-p-lysine (PDL) hydrobromide was from
Sigma-Aldrich. Neurobasal and B27 media were from Invitrogen.
Ni-NTA agarose was from Qiagen, protein A or protein G agarose was
from Roche, and glutathione-Sepharose was from GE Healthcare Life
Sciences. Antibodies used for immunostaining or immunoblotting
(IB) were as follows: KLC (Millipore Bioscience Research Reagents),
JIP1 (Santa Cruz Biotechnology), Rab10 (Proteintech Group and
Abmart), GM130 (BD Biosciences), Smi312 (Covance), Ki67 (Ab-
cam), Tbr2 (Abcam), HA (Sigma), Flag (Sigma), Myc (Santa Cruz
Biotechnology and Millipore), glutathione S-transferase (GST; Pro-
teintech Group), His (Abcam and Abmart), GFP (Invitrogen,
Abmart, and Aves Labs), actin (Sigma), and GAPDH (KangChen),
and DAPI (Beyotime Institute of Biotechnology). Alexa Fluor 488-,
Alexa Fluor 555-, or Alexa Fluor 647-conjugated secondary antibod-
ies against mouse or rabbit IgG [heavy and light chain (H+L)] were
purchased from Invitrogen. HRP-conjugated secondary antibodies
against mouse or rabbit IgG (H+L) were from Millipore.

Constructs. Flag-JTP1 and HA-KLCI constructs were provided by Dr.
K. J. Verhey (University of Michigan Medical School, Ann Arbor, MI).
JIP1 was subcloned into pCS2+MT in frame with 6 X Myc epitopes at the
N terminus or into pGEX-2T to produce GST fusion proteins. KLC1 was
amplified by PCR and subcloned into pECFP-C1 or pCS2+MT vectors,
respectively. Different domains of KLCI and JIP1 were inserted into
pCS2+MT with 6 XMyc epitopes at the N terminus. The small interfer-
ing RNA (siRNA)-resistant form of KLC1 or JIP1 was generated using
Site-Directed Mutagenesis Kit (Stratagene) without changing the amino

acid sequences. TD-Rab10 was constructed by inserting tdTomato se-
quence into pKH3-Rab10 plasmid at the HindIII site. Constructs for
other Rabs (Rab5a, Rab8a, Rab8b, Rab11, and Rab13) were introduced in
the previous study (Wang et al., 2011).

Small interfering RNAs. siRNAs were designed against the rat KLC1
sequence 5'-ATACGACGACGACATCTCT-3" and the JIP1 sequence 5'-
GGTACCATCCAAAGAACAACA-3'. All double-stranded oligonucleo-
tides against KLC1, JIP1, and scrambled sequences were synthesized by
GenePharma (Shanghai, China), and were inserted between the BglII
and HindIII sites of pSUPER vector.

Recombinant protein purification. Rab10 was subcloned into pET32a
vector to produce His-tagged fusion proteins. JIP1 was subcloned into
PGEX-2T vector to produce GST fusion proteins. Recombinant proteins
were expressed in Escherichia coli BL21 (DE3) and purified using a Ni-
NTA agarose column or glutathione-Sepharose, respectively.

Immunoprecipitation and pull-down assays. HEK 293 cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum and trans-
fected with lipofectamine 2000 following the manufacturer’s instruction.
Transfected HEK293 cells were lysed in buffer A containing 50 mm Tris,
pH 7.4, 150 mm NaCl, 1% Nonidet P40, and protease inhibitors. Immu-
noprecipitation was performed as described previously (Zhang et al.,
2007). To determine the formation of the kinesin-1/JIP1/Rab10 complex
in vivo, postnatal day 0 (P0) rat brains were homogenized in buffer A.
After clarification by centrifugation (15,000 X g for 30 min at 4°C), the
supernatants were incubated with indicated antibodies or control IgGs
for 2 h at 4°C and then incubated with protein G agarose beads overnight
at 4°C. Beads were washed three times with buffer A, and the proteins
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bound to beads were eluted by boiling in 2X SDS loading buffer and were
analyzed by immunoblotting with indicated antibodies.

The guanine nucleotide-selective binding assay was performed ac-
cording to a previous report (Arimura et al., 2009). Briefly, affinity-
purified hexahistidine (His6)-Rab10 (2 ug) was incubated with 30 um
GTP+S (anonhydrolyzable GTP analog) or GDP for 1 h at 30°C in buffer
B (25 mm Tris/HCI, pH 7.5, 10 mm EDTA, 1 mm DTT, and 5 mm MgCl,)
before incubating with GST-JIP1 (5 ug) immobilized on glutathione-
Sepharose beads for 1 h at 30°C. Next, beads were washed at least three
times with buffer B and subjected to immunoblotting.

Immunostaining. Cultured neurons were fixed with 4% paraformalde-
hyde in PBS at room temperature (RT) for 20 min and permeabilized
with 0.1% Triton X-100 in PBS for 10 min. After extensive washing,
neurons were blocked in PBS supplemented with 10% goat serum at RT
for 1 h, followed by incubation with primary antibodies overnight at 4°C,
washes, and incubation with Alexa Fluor 488-, Alexa Fluor 555-, or Alexa
Fluor 647-conjugated secondary antibodies for 2 h at RT.

Immunohistochemical staining of brain sections was performed fol-
lowing a free-floating protocol. Briefly, brain sections were incubated
with primary antibodies overnight at 4°C after treatment with 0.3% Tri-
ton X-100 and 10% goat serum in PBS at RT for 1 h, followed by three
washes and then incubation with Alexa 488-, Alexa 555-, or Alexa 647-
conjugated secondary antibodies for 2 h at RT, and finally counterstained
with DAPI for 10 min at RT before imaging.

Neuron culture, transfection, and imaging. The culture of cortical or
hippocampal neurons was performed as described previously (Chen et
al., 2006). Neurons were electroporated with the indicated plasmids us-
ing the Amaxa Nucleofector device before plating. In some experiments,
testing plasmids were cotransfected with pEGFP-N1 plasmid at a ratio of
4:1. Neurons were cultured on coverslips coated with PDL. After cultur-
ing for 4 h, the medium was changed to Neurobasal medium supple-
mented with 1% glutamate and 2% B27.

To quantify neuronal polarity, cultured hippocampal neurons were
fixed 72 h after plating, and were stained with antibody against axonal
marker Smi312. The images of neurons were captured with the Neuro-
lucida system (Nikon). Neurites positive for Smi312 and longer than 100
um were considered as axons.

For the analysis of subcellular localization, neurons were cotransfected
with testing plasmids and pEGFP at a ratio of 4:1, then fixed and stained
with indicated antibodies. Images were captured using a Nikon AIR
inverted confocal microscope with 60X Plan Apo objective lens [numer-
ical aperture (NA) 1.4 oil-immersion). To plot the relative immunoflu-
orescence intensity of Rab10 in axons, acquired images were analyzed
using ImageJ software. Cotransfected GFP was used to mark neuronal
morphology.

Live cell imaging. Dissociated neurons were transfected with TD-
Rab10 together with indicated plasmids. At 3 d in vitro (DIV3), cultures
were switched to phenol red-free Neurobasal medium and maintained in
an incubator at 37°C with 5% CO, during imaging process. Time-lapse
images were acquired by capturing frames every 2 s continuously for 15
min using Nikon A1R inverted confocal microscope with 60X Plan Apo
objective lens (NA 1.4 oil-immersion). Kymographs of TD-Rab10 vesi-
cles were generated by ImageJ with a Neuron] plugin.

In utero electroporation. In utero electroporation was performed as
described previously (Saito and Nakatsuji, 2001; Wang et al., 2011).
Briefly, targeting plasmids [siJIP1, scrambled siRNA (siScr), JIP1-M, or
pCS2 vector] were mixed with pCAG-internal ribosomal entry site
(IRES)—enhanced yellow fluorescent protein (EYFP) vector at a 4:1 ratio
(in micrograms) in fast green and injected (1-2 ul) into the lateral ven-
tricles of the SD rat embryonic brains at embryonic day 15.5 (E15.5) of
either sex. A pair of forceps electrodes was placed at the head position
of each embryo and five square wave pulses (60 V, 50 ms) with an interval
of 1 s (ECM830; BTX) were applied to the embryonic brains. At appro-
priate time points after electroporation, rat brains were dissected and
fixed in 4% paraformaldehyde in PBS for tissue sectioning and immuno-
staining. Neuronal morphology was traced and analyzed by Image] with
the Simple Neurite Tracer plugin.
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Movie 1. Live imaging of TD-Rab10-positive vesicles in the axons of DIV3 hippocampal
neurons transfected with siScr or siKLCT, either alone or together with KLC1 %, Scale bar, 10

m.

Results

Anterograde transport of Rab10-positive PPVs is mediated

by kinesin-1

Recently, we have shown that membrane addition mediated by
the insertion of Rabl0-positive PPVs into specific sites of
plasma membrane is critical for neuronal polarization and
axonal growth. However, the mechanism underlying the di-
rectional trafficking of PPVs remains largely unknown. The
combined observation of the selective positioning of kinesin-1
in nascent axons and the role of Rab10 in axon development
inspired us to investigate whether anterograde transport of
Rab10-positive PPVs in axons is mediated by kinesin-1 motor
protein.

To study the role of kinesin-1 in anterograde transport of
Rab10-positive PPVs, we generated a specific siRNA targeting
against rat KLCI (siKLC1), and determined its efficacy in cul-
tured cortical neurons. As shown in Figure 1A, transfection with
siKLC1, but not siScr, markedly downregulated the expression of
endogenous KLC1. Then we monitored the displacement of TD-
Rab10-containing vesicles in axons by time-lapse fluorescence
microscopy (Fig. 1B; Movie 1), and found that downregulation of
KLC1 caused a marked decrease in the percentage of the antero-
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Figure 2.

Rab10 associates with KLC via JIP1. A-C, Association of Rab10, JIP1, and KLCin the rat brain. Homogenates of PO rat brains were incubated with indicated antibodies. The same amount

of control IgG (Ctrl IgG) was used as the control. Resulting immunocomplexes were subjected to IB with indicated antibodies. D, Purified His6-Rab10 (2 1.g) was incubated with glutathione-
Sepharose beads immobilized with the same amount of GST or GST-JIP1 (5 g). Bound proteins were subject to IB with anti-His antibody. E, Purified His6-Rab10 (2 r.g) preloaded with GTP+S or
GDP was incubated with beads coupled with GST-JIPT (5 r.g). Bound proteins were subjected to IB with anti-His or GST antibody. F, G, Lysates of HEK293 cells transfected with Rab10 (WT or Q68L
form) and Flag-JIP1 were subjected to IP and IB with indicated antibodies. H, Formation of the KLC1/JIP1/Rab10 complex in HEK293 cells transfected with indicated constructs. /, J, JIP1 enhances
Rab10 association with KLCT in HEK293 cells. Low and high exposures were used to display differences in band intensity, in the absence and presence of JIP1 expression. K, L, Cell lysates from HEK293
cells transfected with Flag-JIP1 and HA-Rabs were subjected to IP and then IB with anti-Flag or HA antibody. Note that only Rab10 is associated with JIP1.

gradely (from soma to neurite tips) transported vesicles and a
corresponding increase of immobile vesicles (Fig. 1C; Movie 1).
Notably, in siKLC1 neurons that exhibited an obvious axon, a
large fraction of TD-Rab10 accumulated in the axon hillock and
failed to be transported distally (Movie 1). As a consequence, the
mean velocity of vesicle movement in axons also declined in
siKLC1-transfected neurons, compared with control cells (Fig.
1D). The above defects in anterograde transport of TD-Rab10
vesicles caused by siKLC1 were prevented by coexpression of

KLC1%, the siRNA-resistant form of KLC1 (Fig. 1A-D;
Movie 1), thus excluding the potential off-target effects of
siKLC1. These results suggest that kinesin-1 mediates the an-
terograde transport of Rab10-positive PPVs in the nascent
axons of cultured neurons.

Rab10 associates with KLC via JIP1
Molecular motors load the membrane organelles directly or in-
directly via adaptor proteins. Coimmunoprecipitation (co-IP)
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Figure 3.  Mapping of the KLC1 and JIP1 domains mediating the formation of the KLC1/JIP1/Rab10 complex. A, Schematic structures of KLCT full-length and various fragments. B, Lysates of

HEK293 cells transfected with Flag-JIP1, together with Myc-tagged KLC1 fragments were subjected to IP with anti-Flag antibody, and then IB with anti-Myc or Flag antibody. €, Schematic structures
of JIP1 full-length and various fragments. D, Lysates of HEK293 cells transfected with CFP-KLCT, together with control plasmid or that encoding indicated Myc-tagged JIP1 fragments were subjected
to P with antibody against GFP, and then IB with Myc or GFP antibody. E, Lysates of HEK293 cells transfected with HA-Rab 10 and Myc-tagged JIP1 domains were subjected to IP with antibody against
HA, and then IB with Myc or HA antibody. F, Summary of interactions between JIP1 fragments and KLC1 or Rab10. G, Effects of JIP1 fragments on KLC1 association with Rab10. HEK293 cells were
cotransfected with CFP-KLC and HA-Rab10, together with vehicle vectors or that encoding various JIP1 fragments. Cell lysates were subjected to IP and then IB with indicated antibodies.

experiments showed that KLC and Rab10 formed a complex in
the rat brain (Fig. 2A, B). Interestingly, JIP1 was also present in
this complex (Fig. 2A—C). The Rab10 interaction with JIP1 is
direct, because beads coupled with GST-JIP1 fusion protein, but
not GST alone, could pull down His6-tagged Rab10 (Fig. 2D).
Notably, GST-JIP1 pulled down more Rabl0 preloaded with
GTP+S than that preloaded with GDP (Fig. 2E), indicating that
JIP1 favors the active form of Rab10. In line with this notion,
co-IP experiments showed that Flag-JIP1 expressed in HEK293
cells preferentially interacted with Rab102°®", the GTP-locked
active form of Rabl0, compared with wild-type Rab10 (Fig.
2F,G). Given that JIP1 is a typical adaptor linking kinesin-1 to
cargos, we speculated that Rab10 might associate with KLC via

JIP1. To test this possibility, we determined the association be-
tween Rab10 and KLC under conditions with increased levels of
JIP1. As shown in Figure 2H, when coexpressed in HEK293 cells,
ectopic Rab10, JIP1, and KLC1 formed a ternary complex. Inter-
estingly, the association between KLC1 and Rab10 was increased
in cells with JIP1 overexpression (Fig. 21,]J). Thus, JIP1 links
Rab10 to KLC. Among >60 mammalian Rabs, Rab5a, Rab8a,
Rab8b, Rab11, and Rab13 have high homology with Rab10, and,
of note, none of them was associated with JIP1 when coexpressed
in HEK293 cells (Fig. 2K, L). This result indicates the specificity
of the JIP1-Rab10 interaction.

To further investigate the role of kinesin-1/JIP1 complex in
transporting Rab10 vesicles, we mapped domains of KLC1 and
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Figure4. JIP1interaction with KLC regulates the localization of Rab10 in axonal tips. A, GFP-transfected hippocampal neurons at different stages were stained for Rab10 and JIP1. Scale bar, 20
um. B, Relative immunofluorescence intensity of Rab10 and JIP1 along the axon of a hippocampal neuron at stage 3. €, Cortical neurons were transfected with siScr, siJIP1, or siJIP1 plus Myc-JIP1 e,
the siRNA-resistant form of JIP1. Cell lysates were blotted with anti-JIP1 antibody, with actin and GAPDH as loading controls. D, Cortical neurons were transfected with CFP-KLC and HA-Rab10,
together with siScr or siJIP1 constructs. Cell lysates were subjected to IP with antibody against HA, followed by IB with indicated antibodies. Note the almost complete disruption of the KLC1-Rab10
association under the condition with JIP1 knockdown. E, DIV3 hippocampal neurons transfected with siScr or siJIPT were stained with anti-Rab10 antibody. Shown are representative images of the
Rab10 signals at distal regions of axons or the longest neurites. Scale bar, 10 wm. F, G, Distributions of Rab10 along axons or longest neurites in siScr (F) or siJIP1 (G) neurons. Shown are plots of
relative intensity of Rab10 in the axon compared with that of the soma. Each color line represents an example neuron. H, Distributions of Rab10 in distal regions of axons or longest neurites of DIV3
hippocampal neurons transfected with indicated plasmids. Scale bar, 10 em. /=L, Distributions of Rab10 along axons or longest neurites in DIV3 hippocampal neurons transfected with vehicle (/),
KLCT-AN (J), KLC1-TPR1 (K), or JIP1-M (L). Data are presented as the ratio of the Rab10 intensity along the neurite to that of the soma with each color line representing an example cell. M, N,
Quantification for relative intensities of Rab10 at distal regions of axons or the longest neurites (10 wm from the tip) of hippocampal neurons transfected with indicated constructs. Data are
presented as the mean == SEM. ***p < 0.001, Student’s t test.
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Figure 5. JIP1 mediates anterograde transport of Rab10 vesicles. A, Hippocampal neurons were transfected with TD-Rab10, together with siScr, siJIP1, or siJIP1 plus JIP1Re, At DIV3,
transportation of individual TD-Rab10 vesicles was recorded with live-imaging microscopy. Shown are representative kymographs of TD-Rab10in axons or the longest neurites. Scale bar,
10 wm. B, Quantification for the percentage of anterograde, retrograde, or immobile TD-Rab10 vesicles for axons or longest neurites, in transfected hippocampal neurons. Data are
presented as the mean == SEM. **p << 0.01, ***p << 0.001, Student’s t test. C, Quantification for the mean velocity of TD-Rab10 vesicles in axons of hippocampal neurons of indicated
groups. Data are presented as the mean = SEM. *p << 0.05, Student’s ¢ test. D, Hippocampal neurons were transfected with TD-Rab10, together with vehicle plasmid or that encoding
KLCT-AN or JIP1-M, followed by live imaging at DIV3. Shown are representative kymographs of TD-Rab10 vesicles in axons or longest neurites. Scale bar, 10 wm. E, Quantification for
the percentage of anterograde, retrograde, and immobile TD-Rab10 vesicles. Data are presented as the mean == SEM. *p << 0.05, **p << 0.01, ***p << 0.001, Student’s ¢ test.

JIP1 that were responsible for mediating the formation of the
triple complex. First, we mapped the KLC1 domains that interact
with JIP1. Previous studies have shown that KLC1 binds to KIF
via the N-terminal heptad repeats and to JIP1 via the six tet-
ratricopeptide repeats (TPRs; Verhey et al., 1998, 2001). To
gain insights into the minimal sequence of KLC sufficient for
its interaction with JIP1, we generated myc-tagged fragments
of KLC1 (Fig. 3A). We found that the first TPR motif (TPRI,
amino acids 177-237) was sufficient to bind JIP1 when ex-
pressed in HEK293 cells (Fig. 3B). JIP1 contains JNK binding
domain (JBD) at the N terminus, and the extreme C-terminal
11 aa are required for its interaction with KLC (Verhey et al.,
2001). To map the JIP1 regions mediating the interaction with
Rab10 or KLC, HEK293 cells were transfected with Myc-
tagged JIP1 fragments (Fig. 3C) together with HA-Rab10 or
CFP-KLC1, followed by co-IP analysis. We found that the JIP1
fragment with the deletion of the N and C termini, hereafter

referred to as JIP-M, associated with Rab10, but not KLC1
(Fig. 3D-F). Similar to full-length JIP1, JIP1-AN, the con-
struct with deletion of the N-terminal JBD domain, is also
associated with both KLC1 and Rab10 (Fig. 3D-F). To this
end, we have mapped the KLC1 and JIP1 domains that medi-
ate the formation of the KLC/JIP1/Rab10 complex. Based on
the information above, we screened dominant-negative con-
structs of JIP1 that could disrupt the coupling of Rab10 with
kinesin-1 motors. As shown in Figure 3G, overexpression of
Myc-JIP1-M, which interacts with Rab10 but not KLC1, dis-
rupted the association between KLC1 and Rab10 (Fig. 3G, lane
4), and thus can be used as a dominant-negative construct.
Interestingly, overexpression of JIP1-AN, which contains both
Rab10 and KLC binding regions, markedly increased the asso-
ciation between KLC1 and Rab10 (Fig. 3G, lane 3). This result
indicates that JNK binding is dispensable for the role of JIP1 in
bridging the KLC1-Rab10 interaction.
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Movie 2.  Live imaging of TD-Rab10-positive vesicles in the axons of DIV3 hippocampal
neurons transfected with vehicle plasmid or that encoding KLC1-AN or JIP1-M. Scale bar, 10

um.

JIP1 interaction with KLC regulates the localization of Rab10
in axonal tips

Having shown the physical composition of the KLC/JIP1/Rab10
complex, we next determined the role of this complex in axonal
transport of Rabl0 vesicles. First, we analyzed the spatial-
temporal localization of JIP1 and Rab10 during axon develop-
ment in cultured hippocampal neurons. In agreement with
previous observations (Dajas-Balador et al., 2008; Wang et al.,
2011), we found that both JIP1 and Rab10 are specifically en-
riched in nascent and mature axonal terminals of cultured hip-
pocampal neurons (Fig. 44, B). Interestingly, JIP1 localized to a
single neurite of neurons at stage 2 before any of the processes
were morphologically distinct (Fig. 4A, second row), and Rab10
began exhibiting polarized distribution during transition from
stage 2 to stage 3 (Fig. 4A, third row from top). This pattern along
with the identification of the KLC/JTP1/Rab10 complex prompted us
to determine the role of JIP1 and its interaction with KLC or Rab10
in axonal localization of Rab10. After the screening of several se-
quences, a vector encoding an siRNA against rat JIP1 (siJIP1) was
generated, and its effectiveness in suppressing JIP1 expression was
shown in primary neurons. As shown in Figure 4C, transfection with
the siJIP1 construct, but not that encoding a scrambled sequence
(siScr), markedly decreased the expression of endogenous JIP1. The
association between KLCI and Rab10 was disrupted in cells with
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JIP1 knockdown (Fig. 4D). In DIV3 hippocampal neurons trans-
fected with siScr, Rab10 exhibited polarized distribution in distal
axons (Fig. 4 E, F ). However, this pattern did not occur in any neurite
of siJIP1-transfected neurons (Fig. 4 E, G). The intensity of Rab10 in
the tips of axons or the longest neurites in siJIP1 cells was much lower
than that of control cells (Fig. 4M ). These results suggest that JIP1 is
required for polarized distribution of Rab10 during axon develop-
ment. Similar to siJIP1, the overexpression of the dominant-negative
mutant of KLC (KLC1-AN), KLC1-TPRI, or JIP1-M prevented the
polarized distribution of Rab10 (Fig. 4H-L,N), most likely by dis-
rupting the KLC/JIP1/Rab10 complex. Thus, JIP1 interaction with
kinesin-1 motors determines the polarized distribution of Rab10
that is required for axon development.

JIP1 and its interaction with KLC regulate anterograde
transport of Rab10-positive vesicles

Having shown the effects on Rab10 localization in fixed cells, we
next determined the behavior of TD-Rab10 vesicles in living neu-
rons after manipulation of the JIP1 level or the integrity of the
KLC/JIP1/Rab10 complex. First, we monitored the movement of
TD-Rab10 vesicles in the axon or the longest neurite of cultured
hippocampal neurons transfected with siJIP1 or siScr (Fig. 5A).
We found that the percentage of anterograde vesicles was signif-
icantly decreased and that of immobile vesicles was increased
correspondingly in JIP1-depleted neurons (Fig. 5B). Notably,
JIP1 knockdown had no apparent effect on the percentage of
retrograde vesicles (Fig. 5B). JIP1 knockdown also caused a de-
crease in the velocity of TD-Rab10 vesicles (Fig. 5C). The effect of
siJIP1 was specific, because cotransfection with the siRNA-
resistant form of JIP1 (JIP1 R, Fig. 4C) prevented the changes in
the behaviors of TD-Rab10 vesicles (Fig. 5A-C).

We also determined the effects of KLC1-AN and JIP1-M on
the transport of TD-Rab10 vesicles (Fig. 5D; Movie 2). Similar to
siJIP1 or siKLC1, expression of JIP1-M also impaired antero-
grade transport of Rab10 vesicles, increased the ratio of immobile
vesicles, and had no effect on that of retrograde vesicles (Fig. 5E).
Notably, while the expression of KLC-AN also decreased the fre-
quency of anterograde transport of Rab10 vesicles, it led to a
significant increase in the frequency of retrograde transported
vesicles and had no effect on that of immobile vesicles (Fig. 5E).
The enhancement of retrograde transport caused by KLC1-AN
might be due to the switch of motor proteins associated with JIP1
cargos, as shown in a recent report (Fu and Holzbaur, 2013).
Together, these results support the conclusion that JIP1 mediates
anterograde transport of Rab10 vesicles through association with
kinesin-1 motors.

JIP1 and the kinesin-1/JIP1/Rab10 complex are required for
neuronal polarization and axonal extension in cultured
hippocampal neurons

We have shown recently that Rab10 vesicles are required for di-
rectional membrane addition during axon development (Wang
etal.,2011; Liuetal., 2013). We predicted that the impairment in
the anterograde transport of Rab10 cargos might affect axon
specification and/or extension. Indeed, JIP1 has been shown to be
required for axon development in cultured cortical neurons
(Dajas-Balador et al., 2008). In agreement with this finding,
transfection of hippocampal neurons with siJIP1 before plating
resulted in a marked impairment in axon development at DIV3,
compared with cultures transfected with control siRNA (i.e.,
siScr; Fig. 6 A, B). The reduction in axon development was re-
flected from the reduced percentage of neurons with a single axon
(1 axon), which was positively stained with axonal marker
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KLC/JIP1/Rab10 complex isimportant for axon development. 4, D, Hippocampal neurons were transfected with indicated plasmids, together with EGFP, and then stained with Smi312

antibody at DIV3. Shown are representative images for neurons in each group. Scale bar, 20 wm. B, E, Quantification for the percentage of cells with different morphology (0 axon, neurons without
axon; 1axon, neurons with a single axon positive for Smi312 and longer than 100 pum; =2 axons, neurons with >>2 axons). Data are presented as the mean = SEM. **p << 0.01, ***p < 0.001,
Student's t test. €, F, Quantification for average length of axons in each group. *p << 0.05, **p << 0.01, ***p < 0.001, Student’s ¢ test.

Smi312 and increased the percentage of neurons without axon (0
axon; Fig. 6B). In addition, the length of axons was significantly
shorter in neurons with JIP1 knockdown (Fig. 6C). Interestingly,
siJIP1 neurons exhibited many minor neurites with excessive
branches (Fig. 6A, middle row), reminiscent of undirectional
transport of membrane cargos. This result is in line with the role
of JIP1 in anterograde transport of Rab10-positive PPVs. The
effect of siJIP1 on axon development could be significantly pre-
vented by the coexpression of JIP1*** (Fig. 6A-C), thus excluding
potential off-target effects of siRNA. Next, we determined the

effect of increased JIP1 in cultured hippocampal neurons and
found that the overexpression of JIP1 slightly increased axon
length but had no effect on neuronal polarity (Fig. 6A—C). The
amount of available endogenous cargos or motor proteins may
limit the effect of ectopic JIP1.

We also determined the effects of dominant-negative mutants
of KLC1 or JIP1 on neuronal polarity and axon development of
cultured hippocampal neurons (Fig. 6D—F). As shown in Figure
6E, transfection with KLC1-AN, KLC1-TPRI1, or JIP1-M caused
impairment in the neuronal polarity of DIV3 neurons, as re-
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The Role of JIPTin neocortical development in vivo. A, Representative images of E18.5 neocortical slices from rat embryos, which were electroporated at E15.5 with plasmids encoding

siScr or silIP1, together with pCAG-EYFP. Scale bar, 200 wm. Enlarged areas show YFP-positive neurons in the IZ of siScr- or siJIP1-electroporated cortical sections. Scale bar, 10 wm. B,
Representative reconstructed images of YFP-positive cells in the IZ regions of electroporated cortical sections. Scale bar, 20 wm. €, Quantification for the percentage of monopolar/bipolar and
multipolar YFP-positive neurons in the SVZ and IZ regions of electroporated cortical sections. Data are presented as the mean = SEM. ***p << 0.001, Student's ¢ test. (Figure legend continues.)



1720 - J. Neurosci., January 29,2014 - 34(5):1710-1723

flected in the increase in neurons without axons and the decrease
of neurons with a single axon (1 axon). Moreover, the length of
axons was markedly decreased in KLC1-AN, KLCI-TPRI, or
JIP1-M neurons (Fig. 6F). These results suggest an important
role of the kinesin-1/JIP1/Rab10 complex in neuronal polariza-
tion and axon extension.

JIP1 is required for neuronal migration and polarization of
cortical neurons in vivo
After the final division, the postmitotic neocortical pyramidal
cells migrate along the radial glia following the inside-out pattern
to form the cortical plate, which can be further divided into upper
layers (layers II/IIT) and lower layers (layers IV=VI). During the
radial migration, the neocortical pyramidal neurons experience a
series of morphological maturation changes, including a transi-
tion from multipolar to monopolar/bipolar stages at the interme-
diate zone (IZ), followed by elongation of the trailing process that
will later become the single axon, and then elaboration of den-
dritic arbors from leading processes (Nadarajah et al., 2001; Noc-
tor et al., 2004; Barnes and Polleux, 2009). It is generally believed
that the transition from the multipolar to monopolar/bipolar
stages is a critical period for the establishment of neuronal polar-
ity. To determine the role of JIP1 in polarization of newborn
cortical neurons, we applied in utero electroporation to introduce
siJIP1 or siScr construct, together with pCAG-IRES-EYFP into
rat cortical progenitors at E15.5, when layer II/III neurons are
born (Fame et al., 2011). The morphology of YFP-positive cells
was analyzed 72 h after electroporation. In a control group trans-
fected with siScr, ~60% of the YFP-positive cells had finished the
transition from the multipolar to monopolar/bipolar stages, and
some of them already had migrated into the cortical plate (CP).In
contrast, most JIP1 knockdown neurons (~90%) remained at
the multipolar stage and failed to migrate out of the subventricu-
lar zone (SVZ; Fig. 7A-C). To determine whether this delayed
migration is due to the interference in the exit of the cell cycle or
the differentiation of newborn neurons, we analyzed cell fate after
electroporation by staining with antibodies against Ki67, which
labels proliferating cells, or Tbr2, a T-domain transcription fac-
tor that marks intermediate progenitor cells for postmitotic pro-
jection neurons. We found that JIP1 knockdown had no effect on
the percentage of either Ki67-positive cells or Tbr2-positive cells
(Fig. 7D-G), suggesting that JIP1 unlikely affects differentiation
of neuronal precursors in the SVZ.

Abnormal neuronal morphogenesis may affect cell position-
ing. We analyzed the effects of siJIP1 at different developmental
stages and found that siJIP1 indeed markedly impaired neuronal

<«

(Figure legend continued.) D, F, Cortical sections from rat embryos electroporated at E15.5
with EYFP together with indicated plasmids were stained with Ki67 antibody (D) or Tbr2 anti-
body (F). Scale bars: D, 20 um; F, 10 wm. E, G, Quantification for the percentage of Ki67-
positive (Ki67+; E) or Thr2-positive (Tbr2+; G) cells among YFP-positive cells in VZ/SVZ/IZ
regions of cortical sections. n.s., Not significant, Student's t test. H, Representative images of rat
neocortical slices from PO, P3, P7, or P14, after electroporation at E15.5. Scale bar, 100 pm. /,
Quantification for the percentages of YFP-positive neurons in each cortical zone of rat neocor-
tical slices at different stages. Data are presented as the mean == SEM. *p << 0.05, **p < 0.01,
**¥p <0.001, Student's ¢ test. J, P14 neocortical slices from rat embryos, which were electro-
porated at E15.5 with plasmids encoding siJIP1, together with pCAG-EYFP. Scale bar, 200 m.
Enlarged areas show YFP-positive neurons in layers IV=VI of siJIP1-electroporated cortical sec-
tions with various morphologies. Scale bar, 50 pm. K, P14 neocortical slices from rat embryos
electroporated at E15.5 with plasmids encoding siScr or siJIP1, together with pCAG-EYFP, were
stained with GM130 antibody. Scale bar, 20 wm. L, Representative tracings of YFP-positive
neurons in layers IV=VI of siJIP1-electroporated cortical sections. Scale bar, 50 wm.
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migration in every observation stage—P0, P3, P7, and P14 (Fig.
7H). The migration defects were reflected from a decreased per-
centage of cells arriving at the CP and an increased percentage of
cells accumulated in VZ/SVZ/WM (white matter) regions (Fig.
7I). As indicated by an example and quantification for rats at P7,
the migratory defect could be partially rescued by coexpression of
JIP1 Res (Fig. 7H,I). The observed effects on neuronal migration
caused by JIP1 downregulation are presumably attributed to de-
fects in neuronal polarization.

Next, we analyzed single-cell morphology when JIP1 was
downregulated. At P14, ~90% of control cells electroporated at
E15.5 had already arrived at layer II/IIT (Fig. 7H,I), with the
morphology of a typical pyramidal neuron emanating a thick
apical dendrite toward the pia and a thin axon toward the ventri-
cle. Interestingly, more than half of siJIP1 neurons failed to arrive
at upper layers and remained at lower layers or accumulated in
VZ/SVZ/WM regions. We analyzed the morphology of single
cells remained in layers IV-VI. Notably, we found that only a
small fraction (20.7 = 2.9%) exhibited normal pyramidal cell
morphology, and some of them still remained at nascent inter-
mediate stages—bipolar (19.6 * 2.8%) or multipolar (21.8 =
4.0%). More strikingly, a considerable fraction of them (37.8 =
4.0%) extended a thick process toward the ventricle, which is
morphologically similar to apical dendrites (Fig. 7J,L). Notably,
most (70.1 £ 6.4%) of these apical dendrite-like processes con-
tained the cis-Golgi marker GM130 (Fig. 7K), which has been
shown to be localized in leading processes that are destined to
become apical dendrites (Horton et al., 2005). To our knowledge,
this type of reversal of neuronal polarity has never been reported
before, and might be the result of the mistargeting of membrane
cargos due to JIP1 knockdown.

Blockade of KLC/Rab10 association by JIP1-M inhibits
neuronal polarity and axon development in vivo

Using the above approaches, we also determined the effect of
JIP-M, whose expression was able to disrupt the association of
Rab10 with KLC1. Similar to siJIP1, electroporation of JIP1-M
also inhibited the morphological transition of newborn cortical
neurons from multipolar to monopolar/bipolar stages during
crossing of the IZ regions (Fig. 8A—C), without affecting precur-
sor proliferation and neuronal fate determination (Fig. 8D-G).
In addition, the expression of JIP1-M slightly affected neuronal
migration at the embryonic stages. However, the defects in neu-
ronal migration were not seen in postnatal rats (Fig. 8H). Given
that upper layer cortical neurons send out callosal axons that
form the corpus callosum, one of the main axonal tracts linking
two hemispheres (Mitchell and Macklis, 2005; Fame et al., 2011),
we determined the effects of JIP1-M on the development of cal-
losal axons from P3 rats electroporated at E15.5. The develop-
ment of callosal axons was evaluated by the following two
parameters: (1) the fluorescence intensity of axon bundles in the
midline and contralateral side of the brain; and (2) the distance
from midline to the forefront of the contralateral axonal tracts. As
shown in Figure 8, H and I, labeled callosal axons in control
animal at P3 had crossed the midline and extended to the con-
tralateral side of the cortex, whereas such axon projection was
severely impaired in JIP1-M-transfected animals. Quantitatively,
the intensity of YFP signals at the midline and the distance from
midline to the end of axonal tracts were markedly decreased in
the JIP1-M group compared with the vehicle control group (Fig.
8J,K). These results suggest that JIP1 interaction with Rab10 is
important for callosal axon extension.
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The KLC/JIP1/Rab10 complex is required for neuronal polarization and axon growth in vivo. A, Representative images of YFP-positive neuronsin the IZ of E17.5 cortical sections from rat

embryos, which were electroporated at E15.5 with vehicle or JIP1-M plasmids, together with pCAG-EYFP. Scale bar, 20 wm. B, Representative tracings of YFP-positive cells in IZ regions of
electroporated cortical sections. Scale bar, 20 wm. €, Quantification for the percentage of monopolar/bipolar and multipolar YFP-positive neurons in the SVZ and IZ of cortical sections with
electroporation. Data are presented as the mean == SEM. ***p << 0.001, Student's t test. D, F, Neocortical slices from rat embryos electroporated at E15.5 with EYFP together with indicated plasmids
were stained with Ki67 antibody (D) or Tbr2 antibody (F). Scale bars: D, 20 um; F, 10 wm. E, G, Quantification for the percentage of Ki67-positive (Ki67 +; E) or Tbr2-positive (Tbr2 +; G) cellsamong
YFP-positive cells in VZ/SVZ/IZ regions of cortical sections. n.s., Not significant, Student’s ¢ test. H,Representative images for P3 neocortical slices from rat (Figure legend continues.)
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Discussion

It is well known that kinesin superfamily motor proteins largely
govern intracellular transport of various cargos along microtu-
bules, typically in a direction from the minus end to the plus end
(Hirokawa et al., 2009). Indeed, the assembly of axonal microtu-
bules displays a polarity, with their plus end pointing uniformly
toward the growth cones of mature neurons, as opposed to the
mixed polarity of dendritic microtubule polymerization (Baas,
1998). Actually, polarized microtubule assembly happens before
morphological polarization (Witte et al., 2008; Lei et al., 2012).
This raises a possibility that directional transport of membrane
cargos following polarized microtubule assembly may determine
neuronal polarization. This hypothesis is also in line with the
observation that selective translocation of conventional kinesin-1
marks the initial specification of the axon (Jacobson et al., 2006).
In this study, we find that directional transport of Rab10-positive
vesicles is essential for polarized membrane addition during axon
development.

As a scaffold protein for JNK signaling pathways, JIP1 has
been shown to be a mediator for several neuronal cargos, such as
JNK cascade kinases, RhoGEF190, B-amyloid precursor protein,
or apolipoprotein E receptor-2 (Meyer et al., 1999; Stockinger et
al., 2000; Matsuda et al., 2001; Verhey et al., 2001; Koushika,
2008). Here, we have identified Rab10 as another cargo associated
with JIP1. Through direct interaction with KLC and Rab10, JIP1
couples Rab10-positive vesicles to knesin-1 motor protein, which
runs along microtubules toward the distal end of nascent axon to
provide the source of materials required for neuronal polariza-
tion and axon growth (Fig. 8L, model).

Different Rab proteins regulate various aspects of membrane
trafficking events in eukaryotic cells (Grosshans et al., 2006; Sten-
mark, 2009). Several Rab proteins have been shown to be in-
volved in neuronal development and functions. For example,
Rab3 is known to regulate membrane trafficking and the fusion
of presynaptic vesicles (Geppert et al., 1997; Schliiter et al., 2004).
Rab5, Rab7, and Rab11 control endocytic pathways, which regu-
late neuronal morphogenesis (Shirane and Nakayama, 2006; Liu
et al., 2007), migration (Kawauchi et al., 2010), or recycling of
postsynaptic neurotransmitter receptors (Wang et al., 2008). We
have shown recently that Rab10 is involved in polarized mem-
brane insertion during axon development (Wang et al., 2011).
JIP1 specifically interacts with Rab10 rather than other Rabs,
suggesting the strictly controlled transport of individual Rab
cargos.

Kinesin-1 switches from the autoinhibitory state to the active
state upon loading of cargos such as JIP1 or Alcadein (Verhey et
al., 2001; Araki et al., 2007). In the case of JIP1, this switch re-
quires the cooperation of fasciculation and elongation protein {1,
a binding partner of KIF (Blasius et al., 2007). Another layer of
complexity is the phosphorylation modification of JIP1. Indeed,
the JIP1-kinesin interaction has been shown to be controlled by
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(Figure legend continued.)  embryos electroporated at E15.5 with vehicle or JIP1-M plasmids,
together with pCAG-EYFP. Enlarged areas show contralateral corpus callosum axon bundles.
Scale bar, 500 wm. I, Intensity distribution of YFP expressed in contralateral axon bundles
against the distance from the midline. The YFP intensity at the midline of the control group was
normalized as 1.0.J, Quantification for the intensity of YFP in the midline. Data are presented as
themean == SEM. *p << 0.05, Student’s t test. K, Quantification of the length of axons measured
from the midline to the end of axonal tracts. The value of the control group was normalized as
1.0. Data are presented as the mean == SEM. *p << 0.05, Student's t test. L, Proposed model for
anterograde transport of Rab10-PPVs along the axon. Rab10-PPVs are loaded to KIF5 by JIP1,
which binds to KLC directly, and transported along microtubules during axon development.
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JNK pathway kinases in Drosophila (Horiuchi et al., 2007). It
would be of interest to determine whether Rab10 interaction with
JIP1 controls kinesin-1 activity and whether JIP1 phosphoryla-
tion or other modifications regulates Rab10 loading.

Among four known JIPs, JIP3, which is structurally distinct
from JIP1, also plays complex roles in axonal transport of various
cargos via interaction with either KLC or KIF in Drosophila or
cultured mammalian neurons (Bowman et al., 2000; Koushika,
2008; Huang et al., 2011; Sun et al., 2011). A recent report shows
that, unlike JIP1, JIP3 only controls axon growth but not neuro-
nal polarization (Sun et al., 2013). Notably, our unpublished data
show that Rab10 does not interact with JIP3. Together, this study
has identified Rab10 as a novel cargo carried by the JIP1 scaffold
protein, which mediates anterograde transport of Rab10-PPVs,
and this process is required for polarized membrane insertion
during axon development.
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