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Axon regeneration after injury requires the extensive reconstruction, reorganization, and stabilization of the microtubule cytoskeleton in
the growth cones. Here, we identify KIF3C as a key regulator of axonal growth and regeneration by controlling microtubule dynamics and
organization in the growth cone. KIF3C is developmentally regulated. Rat embryonic sensory axons and growth cones contain undetect-
able levels of KIF3C protein that is locally translated immediately after injury. In adult neurons, KIF3C is axonally transported from the
cell body and is enriched at the growth cone where it preferentially binds to tyrosinated microtubules. Functionally, the interaction of
KIF3C with EB3 is necessary for its localization at the microtubule plus-ends in the growth cone. Depletion of KIF3C in adult neurons leads
to an increase in stable, overgrown and looped microtubules because of a strong decrease in the microtubule frequency of catastrophes,
suggesting that KIF3C functions as a microtubule-destabilizing factor. Adult axons lacking KIF3C, by RNA interference or KIF3C gene
knock-out, display an impaired axonal outgrowth in vitro and a delayed regeneration after injury both in vitro and in vivo. Murine KIF3C
knock-out embryonic axons grow normally but do not regenerate after injury because they are unable to locally translate KIF3C. These
data show that KIF3C is an injury-specific kinesin that contributes to axon growth and regeneration by regulating and organizing the
microtubule cytoskeleton in the growth cone.

Introduction
Injury to an axon triggers a series of complex anatomical and
molecular changes, including retraction, terminal enlargement
formation, growth cone reconstruction, and finally axon exten-
sion (Bradke et al., 2012). All of these steps involve the dynamic
microtubule cytoskeleton and controlled delivery of cargos trans-
ported via microtubules. The microtubules extending into the
periphery of the growth cone are considered to be particularly
dynamic and involved in the processes of growth cone turning
and path-finding (Conde and Cáceres, 2009; Lowery and Van
Vactor, 2009). Growth cone regeneration requires precise recon-
struction and remodeling of the axonal microtubule cytoskeleton

(Ertürk et al., 2007; Bradke et al., 2012). However, the factors that
control microtubule restructuring in mammalian growth cones
and axonal regeneration after injury have received less attention.
Furthermore, it is still unclear by what mechanism the cellular
machinery at the growth cone or injured axon tip integrates and
coordinates microtubule stabilization and remodeling during
axon growth and regeneration. The kinesin superfamily of mi-
crotubule molecular motors can affect microtubule dynamics
and structure either by directly acting as microtubule organizers
through their interaction with microtubules, promoting polym-
erization/depolymerization or alignment, or indirectly, through
their role in the selective transport of molecules to the axon tips
(Wu et al., 2006; Hirokawa et al., 2009; Liu et al., 2010; Mattie et
al., 2010; Daire and Poüs, 2011; Drummond, 2011; Su et al.,
2012). Thus, kinesins appear as robust candidates for a role in the
coordination and restructuring of the microtubule network at
the growth cone or axon tip after injury.

We previously found that mRNAs encoding various motor
proteins were enriched in embryonic sensory axons and growth
cones, and their presence in axons is developmentally regulated
(Gumy et al., 2011). Kinesin-2 family member KIF3C is particu-
larly interesting because it is expressed almost exclusively in the
nervous system, being strongly upregulated at the mRNA level
during sensory neuron differentiation and localized to the tip of
outgrowing neurites (Muresan et al., 1998; Yang and Goldstein,
1998; Navone et al., 2001; Yang et al., 2001; Laketa et al., 2007).
This led us to examine whether KIF3C might play a specific role
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during axon regeneration after injury. Here, we show that KIF3C
contributes to sensory axon regeneration by regulating microtu-
bule dynamics and organization in the growth cone. Localization
of KIF3C to the plus-ends of microtubules in the growth cone is
achieved by binding to tyrosinated microtubules and by interact-
ing with EB3. We found that KIF3C functions as a microtubule-
destabilizing factor and that its localization at the tips of growing
microtubules in the growth cone is necessary for the maintenance
of microtubule dynamic behavior at the axonal growth cone.
Importantly, we show that loss of KIF3C function adversely af-
fects axon growth in adult dorsal root ganglia (DRG) neurons
and impairs regeneration after injury in both embryonic and adult
DRG neurons in vitro and in vivo.

Materials and Methods
Neuronal cultures and transfections
DRG explants. Embryonic and adult DRG explants and neurons were
isolated as previously described (Gumy et al., 2008, 2011). Briefly, DRG
explants dissected from adult female Sprague Dawley rats (3–5 months
old) or E16 rat embryos or from adult KIF3C �/� or wild-type (WT) mice
(3–5 months old) or E15 KIF3C �/� or WT mice were plated onto Per-
manox chamber slides (Lab-Tek), which had been coated with poly-D-
lysine (20 �g/ml, Sigma) and laminin (1 �g/ml; Sigma). Explants were
cultured in DMEM containing ITS � (1:100, BD Biosciences), penicillin-
streptomycin-fungizone (1�; Sigma), and 20 ng/ml of NGF (Sigma) or
100 ng/ml for embryonic cultures. Explants were kept at 37°C in 7% CO2.
Axons from the explants were axotomized using a pulled Pasteur pipette.

Dissociated DRG neurons. Dissociated DRG neurons were isolated
from adult female Sprague Dawley rats (3–5 months old) or E16 rat
embryos or from adult KIF3C �/� or WT mice (3–5 months old). The
neurons were dissociated with collagenase type IV (Sigma) and 0.1%
trypsin (Sigma) and centrifuged through a 15% BSA density gradient.
Dissociated neurons were plated on coverslips coated with poly-D-lysine
(20 �g/ml) and 1 �g/ml laminin, and cultured in dissociated DRG cul-
ture medium (DMEM; Sigma), 1% FBS (Invitrogen), penicillin-
streptomycin-fungizone (1�; Sigma), and NGF (20 ng/ml or 100 ng/ml
for E16 neurons; Sigma), and kept at 37°C in 7% CO2. For experiments
requiring taxol treatment (Cytoskeleton), this was added 24 h after plat-
ing to the neurons at a concentration of 100 nM for 3 h. Control neurons
were treated with DMSO.

Compartmentalized embryonic DRG cultures and axotomy. Separation
of the DRG axon and cell body compartments was achieved using
Campenot chambers (Tyler Research). Cultures were set up following an
established protocol (Pazyra-Murphy and Segal, 2008) and using per-
manox chamber slides (Nalge Nunc International). After 24 h at 37°C to
test for leakage, watertight chambers were coated with 1 �g/ml laminin in
both the somatic and axonal compartment for at least 3 h at 37°C. Dis-
sociated cells were then plated into the middle compartment and allowed to
grow axons into the outer compartments. Normal DRG medium was used
for culturing. After 4 d in culture, control medium or medium containing
cycloheximide (25 �M; Calbiochem) was replaced in the cell body compart-
ment, the axonal compartment or both for 1 h. Next, the axons were cut and
1 h later fixed in 4% PFA for immunostainings.

DRG neuron transfection. Dissociated DRG neurons were transfected
using a Microporator (Invitrogen), which electroporates within a micropi-
pette tip. Approximately 1 � 105 cells were transfected per reaction, in a
volume of 10 �l. Transfected cells were plated and cultured as described
above, but without antibiotics for the first 24 h after electroporation.

Cortical neuron culture and transfection. Primary cortical neurons were
isolated from E18 rat brain (Banker and Goslin, 1998). Cells (1 � 10 6)
were transfected using the Amaxa Rat Neuron Nucleofector kit (Lonza)
with 3 �g of plasmid DNA and plated in 6-well plates (5 � 10 5 cells/well)
coated with poly-L-lysine (37.5 �g/ml) and laminin (5 �g/ml) containing
DMEM supplemented with 10% FBS as described previously (Kaech and
Banker, 2006). Cells were allowed to recover and adhere to the surface at
37°C in 5% CO2; after 4 h, the medium was replaced with Neurobasal
medium supplemented with 2% B27, 0.5 mM glutamine, 15.6 �M gluta-

mate, and 1% penicillin/streptomycin. Cells were grown for 4 d at 37°C
in 5% CO2 before lysis.

DNA expression constructs. For transfection, the following mammalian
expression plasmids have been described: EB3-GFP (Stepanova et al.,
2003), GST-EB3 and GST-EB3�C (Komarova et al., 2009), MACF43-
GFP (Honnappa et al., 2009), mRFP-KIF3C, and the dominant-negative
form lacking the motor domain (MD) mRFP-KIF3CDN (Davidovic et
al., 2007). The TagRFP-EB3 construct and the GFP-KIF3C expression
construct and its deletion mutants were generated by cloning and PCR-
based strategies. GFP-KIF3C-SxNN mutation was introduced by over-
lapping PCR.

Short hairpin RNAs. For transfection the following shRNA has been
described, pSuper EB1/EB3 (Jaworski et al., 2009). Suppression of KIF3C
expression was performed by shRNA interference using two specific
GFP-tagged pSuper shRNA vectors purchased from Oligoengine tar-
geted to different regions of the rat KIF3C mRNA sequence. The KIF3C
pSuper shRNA-1 sequence corresponds to 5�-CGAACCGAGCCAAGAA
CAUUCUCUUGAAAUGUUCUUGGCUCGGUUCGGGG-3�, and the
KIF3C shRNA-2 sequence corresponds to 5�-GCUGCCCAAGACC
UUCACUUCUCUUGAAAGUGAAGGUCUUGGGCAGCGGG-3�. For
control experiments, a GFP-tagged or empty pSuper shRNA vector con-
taining a mammalian scramble sequence was used. shRNA vectors tar-
geting KIF3C were transfected into dissociated DRG neurons using the
Microporator.

In vitro experiments: immunohistochemistry
Dissociated adult DRG neurons were fixed in 4% PFA for 20 min. The
cultures were permeabilized in 0.1% Triton X-100 in PBS for 15 min at
room temperature and incubated with the primary antibody diluted in
PBS with 10% normal goat serum for 30 min at room temperature. The
primary antibody dilution was as follows: monoclonal anti-�-tubulin
isotype III 1:400 (Sigma), polyclonal anti-KIF3C, 1:250 (Cytoskeleton),
rat monoclonal anti-tyrosinated tubulin 1:200 (clone YL1/2; Abcam),
monoclonal anti-acetylated tubulin, 1:400 (clone 6-11B-1; Abcam). To
visualize EB3-positive microtubules, dissociated neurons were fixed in
ice-cold methanol followed by 4% PFA for 20 min. The primary antibody
dilution was as follows: polyclonal anti-EB3 (1:500; Jaworski et al., 2009).
The cultures were washed three times in PBS and incubated for 30 min at
room temperature with the secondary antibody Alexa Fluor 488 or Alexa
Fluor 568 (1:500; Invitrogen) diluted in PBS. Coverslips were mounted
with Fluoromount G mounting medium (Southern Biotech).

Microscopy
Standard fluorescent microscopy was performed using a Leica DM6000B
with a Leica DFC350 FX CCD camera or a Leica AF7000 with a
Hamamatsu EM CCD C9100 camera and Leica LAS AF software. Images
for presentation were processed in their entirety with Leica and ImageJ
software. Images acquired for quantification were analyzed raw.

Live cell imaging of adult DRG growth cones. Total internal reflection
fluorescence microscopy was performed as described previously (Jawor-
ski et al., 2009; Kapitein et al., 2010) on an inverted research microscope
(Nikon Eclipse TE2000E; Nikon) with a CFI Apo TIRF 100�, 1.49
numerical aperture (NA), oil objective (Nikon), and using a Du-
alView (Photometrics) to project the RFP and GFP images side-by-
side onto the EMCCD camera (Photometrics Evolve 512).

Live cell imaging of MACF43-GFP in adult DRG growth cones was
performed on an inverted research spinning-disk microscope Nikon
Eclipse Ti-E (Nikon) with perfect focus system (Nikon), equipped with
Nikon CFI Apo TIRF 100� 1.49 NA oil objective (Nikon), Photometrics
Evolve 512 EMCCD (Roper Scientific), and controlled with MetaMorph
7.7 software (Molecular Devices). The microscope’s magnified image
was projected onto the chip of the 16-bit Evolve 512 camera with
intermediate lens 2.5� at final magnification of 0.063 �m/pixel. To
keep cells at 37°C, we used stage top incubator (model INUBG2E-
ZILCS; Tokai Hit).

Time-lapse microscopy of injured axons. DRG explants from KIF3C �/�

and control embryonic and adult mice were cultured as described above
in L15 medium (Sigma) instead of DMEM to prevent pH fluctuations.
Proximal and distal axonal segments from axotomized axons were ob-
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served for 1 h to fully characterize axonal behavior after injury. All time-
lapse analyses were performed on a heated stage and CO2 chamber using
a digital camera (Nikon) and the Lucia Imaging Software (Nikon).
Frames were taken every 2 min.

Analysis of microtubule dynamics
Movies of growth cones labeled with MACF43-GFP and acquired on the
spinning disk confocal microscope were imported into ImageJ software.
Maximum intensity projections of those movies contained easily visible
tracks corresponding to the microtubules growth episodes marked by
MACF43 comets (see Fig. 9C). Kymographs were built along those
curves. On the kymographs, single growth episodes were distinguished as
bright tilted straight lines (see Fig. 9D). The length and the duration of
each growth episode were measured as horizontal and vertical projec-
tions of those lines, respectively. The growth velocity was calculated as a
ratio of those values. The reported mean catastrophe frequency is equal
to the inverse average growth time. The relative SE for the catastrophe
frequency is equal to the relative SE of growth time according to the
propagation of uncertainties (Taylor, 1997).

Analysis of DRG neurite outgrowth and growth cone size
Images of dissociated DRG neurons were acquired using a Leica DM6000
microscope. ImageJ software was used to analyze the images. The draw-
ing tool was used to trace and measure the length of the longest neurite
per cell from the axon hillock to the growth cone. The same method was
used to trace around the growth cone to obtain the area and perimeter in
micrometers. Growth cones containing looped microtubules were
scored as previously reported (Purro et al., 2008). Briefly, growth cone

containing looped microtubules were those
with at least 30% of their microtubules bent
at an angle of at least 90°.

Quantification of immunofluorescence
All images were taken at the same settings for
light and exposure with parameters adjusted so
that the pixel intensities were below saturation.
Images were analyzed by ImageJ analysis soft-
ware. For quantification of intensity levels of
tyrosinated and acetylated microtubules, the
length of an axon or the whole area of a growth
cone was traced using the software and the av-
erage pixel intensity per unit area was calcu-
lated. The intensity of the background was
similarly measured in areas adjacent to the ax-
ons and subtracted from the axon value giving
a final intensity value per axon. For quantifica-
tion of intensity levels of KIF3C, the neuronal
cell body was traced and the pixel intensity per
unit area was calculated. The intensity of the
background was similarly measured in areas
near the cell body and subtracted from the ini-
tial value giving a final intensity value per cell
body.

Western blotting
Samples were eluted in SDS sample buffer,
equally loaded onto SDS-PAGE gels, and sub-
jected to Western blotting on polyvinylidene
difluoride membrane. Blots were blocked with
2% BSA/0.05% Tween 20 in PBS and incu-
bated with the primary antibodies at 4°C over-
night. Blots were washed with 0.05% Tween 20
in PBS three times for 10 min at room temper-
ature and incubated with either anti-rabbit or
anti-mouse IgG antibody conjugated to horse-
radish peroxidase (Dako). Blots were devel-
oped with enhanced chemiluminescent
Western blotting substrate (Pierce).

Antibodies used for Western blotting
Antibodies used for Western blotting in-

cluded the following: rabbit polyclonal anti-KIF3C 1:500 (Cytoskel-
eton), mouse monoclonal anti-�-tubulin 1:5000 (clone B5121,
Sigma), mouse monoclonal anti-EB3 1:1000 (BD Biosciences), and
rabbit polyclonal anti-GFP 1:5000 (Abcam).

Pull-down assays
GST pull-down assays. GST-tagged fusions of EB3 and EB3 �C acidic tail
were described previously (Komarova et al., 2009). GST fusion proteins
were induced in BL21 Escherichia coli, as described previously (Smith and
Johnson, 1988) and purified on glutathione-Sepharose 4B beads (GE
Healthcare), according to the instructions of the manufacturer. GFP-
KIF3C fragment constructs were expressed in HEK293 cells for 24 h;
lysates were prepared in a lysis buffer containing 20 mM Tris-HCl, pH 7.5,
100 mM NaCl, 0.5% Triton X-100, and protease inhibitors (Complete;
Roche) and mixed with GST-fusion proteins. After incubation for 2 h on
a rotating wheel at 4°C, beads were separated from the supernatant by
centrifugation and washed several times with wash buffer containing 20
mM Tris, pH 8, 150 mM NaCl, 1 mM DTT, and 0.05% Triton X-100. Beads
were resuspended in 2� Laemmli buffer and boiled at 95°C for 5 min.
The proteins retained on the beads were analyzed by Western blotting as
described above.

GFP pull-down. GFP-KIF3C fragments were cotransfected with
TagRFP-EB3 into HEK293T cells. One day after transfection, cells were
lysed in a buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
Triton X-100, and protease inhibitors (Complete; Roche) and purified
with GFP-Trap magnetic beads (Chromotek) according to the manufac-
turer’s instructions. The proteins retained on the beads were analyzed by
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Western blotting (TagRFP-EB3) using a rabbit
polyclonal anti-EB3 antibody.

In vitro microtubule binding protein assay
Microtubule-binding assays were performed
with the Microtubule Associated Protein spin-
down biochemical assay kit (Cytoskeleton).
Briefly, for each assay, 100 �g of pure tubulin
(isolated from bovine brain; Cytoskeleton) was
incubated at 35°C for 20 min in 20 �l of buffer
containing 1 mM GTP, 5% glycerol to assemble
the microtubules. In a cohort, carboxypepti-
dase A (10 �g/ml, Sigma) was added during
polymerization to generate detyrosinated mi-
crotubules. Immediately after incubation, the
assembled tyrosinated and detyrosinated mi-
crotubules were stabilized in 200 �l of warm
buffer � 20 �M taxol. Then, the tyrosinated
and detyrosinated microtubules (4 �M tubu-
lin) were incubated with human KIF3C MD
(100 �g/ml; Cytoskeleton) in a total volume
of 50 �l at room temperature for 30 min. The
reaction mixtures were then centrifuged
through a 50% glycerol cushion containing
buffer and taxol at 100,000 � g at 25°C for 15
min. The pellet was resolved on 10% SDS-
PAGE, and the presence of KIF3C MD was
detected by immunoblot analysis. Total tu-
bulin abundance was determined by amido
black staining and densitometry. This assay
was repeated in the presence of 100 mM KCl.

Statistical analysis
Statistical analysis was performed using two-
way ANOVA followed by calculation of statis-
tical significance using two-tailed unpaired t
test or Mann–Whitney test for analysis of mi-
crotubule dynamics parameters.

In vivo experiments: mutant mice
KIF3C�/� mice (B6; 129-KIF3Ctm3Gsn/Mmcd)
were obtained from the Mutant Mouse Regional
Resource Center at University California Davis
and were originally donated by L.S.B Goldstein (Yang et al., 2001).

Animals
Adult male WT mice (20 –30 g, n � 18) and KIF3C KO mice (20 –30 g,
n � 18) were used in this surgical study. All procedures were performed
in accordance with the United Kingdom Home Office regulations (Ani-
mals Scientific Procedures Act, 1986).

Surgery
Mice were anesthetized with 5% isoflurane (Abbot Laboratories) in ox-
ygen and nitrous oxide and maintained at 2% during the procedure.
After left hindlimb incision, the sciatic nerve was exposed, from the
sciatic notch to the trifurcation point. The nerve was crushed just distal to
the sciatic notch using no. 5 Dumont forceps (Fine Science Tools) for
20 s, and the crush site marked with charcoal powder.

Tissue preparation
Mice were killed at 3, 5, and 8 d after sciatic nerve crush (N � 6 per
group). Mice received a terminal intraperitoneal injection of pentobar-
bitone and transcardially perfused with 10 ml of saline followed by 50 ml
of chilled PFA (4% in 0.1 M phosphate buffer, pH 7.4). Sciatic nerves were
dissected, postfixed in 4% PFA for 2 h at 4°C, and stored in 20% sucrose
(in 0.1 M phosphate buffer) for 2 d. Tissue was the blocked in OCT
embedding compound and stored at �80°C before sectioning. Longitu-
dinal sections of sciatic nerve were cut on a cryostat (Leica) at 8 �m
thickness and mounted on superfrost Plus slides (VWR).

Immunohistochemistry
Slides were removed from �80°C, left for 2 h at room temperature,
and washed twice for 10 min each in 1� PBS. Slides were then incu-
bated for 1 h in 10% normal donkey serum with 2% BSA (diluted in
1� PBS), followed by �-rabbit GAP43 (1:1000 in 10% normal donkey
serum; Abcam). Slides were incubated in a humid chamber at room
temperature for 24 h. Slides were washed in 1� PBS � 0.2% Triton
X-100, three times for 5 min each. Donkey �-rabbit Alexa Fluor 488
(1:1000 diluted in 1� PBS; Invitrogen) was then applied to the slides
for 2 h. Slides were washed 3 times for 5 min each and mounted with
Fluorsave (Merck).

Microscopy
Within sections of the sciatic nerve, three areas distal to the crush site
were analyzed for axon count (2, 4, and 6 mm, at each time point, three
sections per animal). Focusing through the tissue section using the
z-plane on a Leica CRT 6000 fluorescence microscope (Leica), the num-
ber of GAP-43-positive axons within the nerve crossing these three dis-
tances was counted. Photomicrographs for figure illustration were taken
at 20� magnification.

Statistical analysis
Results are expressed as mean � SEM, with statistical comparisons be-
tween WT and KIF3C KO groups made using two-tailed Student’s t test.
The levels of significance are indicated above each data point as follows:
*p � 0.05; **p � 0.005; ***p � 0.001.
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Embryonic axons after axotomy

TUBB3/KIF3C

Adult axons after axotomy

TUBB3/KIF3C

Figure 2. KIF3C is enriched in the newly formed embryonic and adult growth cone after axotomy. A, Immunostaining of KIF3C
and TUBB3 in embryonic axons 30 min after axotomy. KIF3C is enriched at the newly formed growth cone of the regenerating
axons. Scale bar, 10 �m. B, Immunostaining of KIF3C and TUBB3 in adult axons 1 h after injury. KIF3C is localized to the new growth
cone. Scale bar, 20 �m.
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Results
KIF3C is present in adult, but not embryonic, sensory axon
growth cones
The localization of endogenous KIF3C protein during axon
growth was characterized in embryonic and adult DRG neurons
by immunostaining. In embryonic neurons, KIF3C expression in
the axons and growth cones was almost undetectable despite the
fact that the protein was being expressed in the cell body (Fig.
1A). However, in adult DRG neurons, KIF3C was enriched in
both splayed and pointy growth cones (Fig. 1B) and decorating
the plus-ends of a subset of microtubules (Fig. 1B, boxed re-
gions). To explore the difference in KIF3C expression between

embryonic and adult DRG neurons, we
asked whether axotomy would influence
the presence and localization of KIF3C in
the injured axon tip.

KIF3C is an injury-associated kinesin
that is locally translated in
embryonic axons
The formation of a new growth cone after
axotomy has many differences compared
with axonogenesis from the cell body.
Cutting the axon causes extracellular
fluids to flood in and initiates many lo-
cal signaling events. To examine KIF3C
localization in injured embryonic axons,
E16 DRG explants were cultured for 3 d
and then axotomized, following which al-
most all axons regenerated a growth cone
within 1 h (Chierzi et al., 2005; Verma et
al., 2005). The cultures were fixed 30 min
after axotomy and immunostained for
KIF3C. Surprisingly, we found that axo-
tomy triggered the enrichment of KIF3C
in the newly formed growth cones (Fig.
2A). Thus, KIF3C localization to embry-
onic growth cones is injury-associated.
Adult sensory axons also regenerate in
vitro after axotomy within 1 h. We exam-
ined the localization of Kif3C in these re-
generating growth cones and found it
enriched at the newly formed growth cone
(Fig. 2B). Because embryonic axons con-
tain undetectable levels of KIF3C protein
but the mRNA of KIF3C is present, we
asked whether axotomy induced the local
translation of KIF3C at the proximal cut
end (Gumy et al., 2011). Compartmental-
ized embryonic DRG cultures were estab-
lished using Campenot chambers, which
allow the separation of the cell body from
the axonal compartment. Under control
conditions, KIF3C readily localized to the
newly formed growth cone after the axons
were cut (Fig. 3A,B). However, when the
protein synthesis inhibitor cycloheximide
was added to both the cell body and ax-
onal compartment, KIF3C did not local-
ize anymore to the growth cones (Fig.
3A,B). To determine whether KIF3C was
being synthesized in the cell body, in the
axons, or in both after axotomy, cyclohex-

imide was added to either the cell body compartment or the
axonal compartment. Surprisingly, cycloheximide added to the
cell body compartment did not prevent KIF3C localization to
the growth cones after injury (Fig. 3 A, C). However, cyclohexi-
mide added to the axonal compartment significantly abolished
the enrichment of KIF3C in the growth cones demonstrating that
KIF3C is locally translated in embryonic axons after axotomy
(Fig. 3 A, C). The lack of KIF3C in embryonic axons and
growth cones outgrowing from the cell body and its presence
after axotomy highlights the differences in mechanisms be-
tween the two processes and shows that adult and embryonic
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neurons share common mechanisms of
KIF3C localization after axotomy.

EB3 targets KIF3C to the plus-ends of
microtubules in the growth cone
KIF3C is found at the tip of some, but not
all, microtubules in growth cones. We
therefore asked whether these decorated
microtubules were specialized dynamic
microtubule plus-ends. The plus-ends
of dynamic growing microtubules are
marked by End-Binding protein 3 (EB3)
(Stepanova et al., 2003), so adult DRG
neurons were transfected with a GFP-
tagged cDNA construct encoding this
protein (EB3-GFP). Analysis of images of
fixed growth cones revealed that 98 �
1.1% of endogenous KIF3C protein colo-
calized with EB3-labeled microtubule
plus-ends, whereas only 64 � 12.4% of
EB3-labeled microtubule plus-ends colo-
calized with KIF3C in pointy and splayed
growth cones combined (n � 287 and n �
302, respectively, compiled from three in-
dependent experiments) (Fig. 4A). The
ability of KIF3C to associate with EB3-
positive microtubule plus-ends was further
confirmed by simultaneous dual-color
TIRF live-imaging of mRFP tagged full-
length KIF3C (mRFP-KIF3C) and EB3-
GFP in DRG growth cones (Fig. 4B).
mRFP-KIF3C was observed on a subset of
EB3-GFP comets located at the periphery
of the growth cone (Fig. 4B, arrows),
whereas EB3-GFP comets in the central
region of the growth cone did not coin-
cide with mRFP-KIF3C (Fig. 4B, arrow-
heads). Analysis of the position of the
maximum fluorescence intensity value of
mRFP-KIF3C and EB3-GFP along the
comet trajectory obtained from the time-
lapse recording showed that both proteins
move together (Fig. 4C). To determine
whether EB3 targeted KIF3C to the micro-
tubule plus-ends, we knocked down EB1
and EB3 expression in adult DRG neurons
using a previously published shRNA that
targeted mRNA regions of EB1 and EB3
(Jaworski et al., 2009) (Fig. 4D). As a con-
trol, we used an shRNA vector that con-
tained a mammalian scramble sequence
that does not target any specific mRNA.
Neurons were cotransfected with an
empty vector expressing GFP to define
transfected cells. Interestingly, knock-
down of EB1 and EB3 impaired KIF3C lo-
calization at the microtubule tips (Fig.
4D,E). However, it did not prevent the
enrichment of KIF3C in the growth cone,
suggesting that EB3 is required for localizing KIF3C at the micro-
tubule plus-ends in the growth cone (Fig. 4D,E). We further
explored the possibility that an interaction between KIF3C and
EB3 mediated the localization of KIF3C at the microtubule tips.

We performed GFP pull-down assays in Hek293T cells with GFP-
KIF3C full-length (FL), GFP-KIF3C motor domain (MD), GFP-
KIF3C tail domain (T), GFP-KIF3C–FL-mut where a putative
EB3 binding site on the MD was mutated from SxIP to SxNN (Hon-
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(arrows). Scale bar, 5 �m. B, Simultaneous imaging of mRFP-KIF3C (red in overlay) and EB3-GFP (green in overlay) in transfected
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nappa et al., 2009), GFP-KIF3C-MD-mut and tagRFP-EB3 (Fig.
5A). Our results show that GFP-KIF3C-FL, GFP-KIF3C-FL-
mut, and GFP-KIF3C-T interacted with EB3 (Fig. 5B). Inter-
estingly, the MD of KIF3C failed to interact with EB3. These
data suggest that KIF3C interacts with EB3 through its tail
domain and that the SxIP motif found in the MD does not
bind to EB3 (Fig. 5B). To further validate these results, we
performed GST-EB3 and GST-EB3�C pull-down assays with
GFP-KIF3C-MD and GFP-KIF3C-T (Fig. 5C). The data con-
firmed our previous findings showing that KIF3C interacts
with EB3 through its tail domain.

Most proteins that localize to the plus-tips of microtubules
bind the C terminus of EB3 through their SxIP motif. However,
we found that KIF3C does not interact with EB3 via its putative
SxIP motif. Moreover, the fact that GFP-KIF3C-T interacts with
full-length EB3, but not with EB3�C (EB3 without the

C-terminus), suggests that the interaction
between KIF3C and EB3 is either a nonca-
nonical direct interaction or most likely
mediated by an additional factor contain-
ing an SxIP motif. Future work will need
to determine the identity of this SxIP-
containing factor. Thus, KIF3C requires
EB3 for it to localize to the plus-ends of
microtubules in the growth cone.

Microtubule tyrosination contributes
to the enrichment of KIF3C in the
growth cones
In adult sensory neurons, KIF3C is en-
riched at the growth cone where it also
localizes to a subset of EB3-decorated mi-
crotubules at the growth cone periphery.
Binding to EB3 cannot therefore be the
only factor that determines KIF3C growth
cone localization. Kinesins bind to the mi-
crotubule lattice via their MD (Vale and
Fletterick, 1997), and microtubule post-
translational modifications can regulate the
interaction and localization of kinesin-1 on
neuronal microtubules (Witte et al., 2008;
Konishi and Setou, 2009; Hammond et al.,
2010). Furthermore, recent studies have
demonstrated that axon injury induces a de-
crease in tubulin acetylation and a signifi-
cant increase in tubulin tyrosination at the
injury site of embryonic DRG axons, and
that tyrosinated tubulin is found predomi-
nantly in the growth cone of axons
(Gordon-Weeks and Lang, 1988; Cho and
Cavalli, 2012). We therefore asked whether
tubulin tyrosination might contribute to the
enrichment of KIF3C in embryonic growth
cones after injury and in adult growth cones.
We examined whether KIF3C colocalized
with microtubule modifications associated
with stable (acetylation) or with dynamic
(tyrosination) microtubules in adult DRG
axons (Fig. 6A). Coimmunostaining of ty-
rosinated and acetylated tubulin showed
that the growth cones contained higher lev-
els of tyrosinated (dynamic) microtubules
compared with the axon, whereas acetylated

(stable) microtubules were almost undetectable in the growth cone
(Fig. 6A,B). KIF3C staining was also enriched at the growth cone
and colocalized with tyrosinated but not with acetylated microtu-
bules (Fig. 6A,B). The levels of acetylated microtubules were highest
in the middle and proximal axonal segments near the cell body as
reported previously (Robson and Burgoyne, 1989) (Fig. 6A,B). To
determine whether the colocalization of KIF3C with tyrosinated mi-
crotubules was the result of their preferential binding, we performed
an in vitro cosedimentation assay using tyrosinated or detyrosinated
brain-derived microtubules and a purified KIF3C protein MD (Fig.
6C,D). At saturation, 	50% less KIF3C MD was bound to detyrosi-
nated microtubules compared with tyrosinated microtubules (Fig.
6E). This result was corroborated when the assay was conducted
under stringent conditions, in the presence of 100 mM KCl (Fig.
6F,G), which triggers the dissociation of most microtubule-
associated proteins from microtubules, indicating that KIF3C pref-
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experiments). N, Quantification of the effect of taxol on the percentage of growth cones with looped microtubules (n�255 and n�305, respectively, compiled from three independent experiments). Error bars
indicate SD. *p � 0.05. **p � 0.01. ***p � 0.001.

11336 • J. Neurosci., July 10, 2013 • 33(28):11329 –11345 Gumy et al. • KIF3C Is Required for Axon Regeneration



erentially binds to tyrosinated microtubules in the absence of
other microtubule-associated proteins.

To confirm that KIF3C was preferentially bound to tyrosi-
nated microtubules in cultured living neurons, we treated adult
DRG neurons with taxol (100 nM), a microtubule-stabilizing
drug that induces changes in the microtubule modification pat-
terns (Robson and Burgoyne, 1989; Hammond et al., 2010) (Fig.
6H). After 3 h of taxol treatment, the fluorescence intensity levels
of tyrosinated microtubules in the growth cones of adult DRG
neurons had decreased compared with controls, whereas there
was a simultaneous increase in the levels of acetylated
microtubules (Fig. 6J), consistent with increased microtubule
stabilization. In addition, taxol induced significant KIF3C re-
moval from the microtubule tips with a concomitant increase in
the number of looped microtubules and an increase in growth
cone area and circumference (Fig. 6 I,K–N). These results indi-
cate that the high levels of tubulin tyrosination in the adult DRG
distal axon contribute to enriching KIF3C to the growth cone and
to localizing it to the plus-ends of growing microtubules.

KIF3C is required for axon outgrowth
in adult, but not embryonic,
sensory axons
To establish whether KIF3C plays a func-
tional role during neurite outgrowth, we
knocked down KIF3C expression using two
independent shRNA vectors that targeted
different regions of the KIF3C mRNA. As a
control, we used an shRNA vector that con-
tained a mammalian scramble sequence
that does not target any specific mRNA. All
vectors expressed GFP to define transfected
cells. As might be predicted from the lack of
developmental phenotype in the KIF3C
knock-out mouse and from the lack of
KIF3C protein in embryonic sensory axons,
knockdown of KIF3C had no effect on em-
bryonic DRG neuron morphology or axon
length, suggesting that KIF3C is not neces-
sary for normal embryonic axon growth
(Fig. 7A,C). However, overexpression of
KIF3C considerably impaired growth of
embryonic axons, leading to very short neu-
rites (Fig. 7B,C).

Adult DRG neurons transfected with
KIF3C shRNA 1 or KIF3C shRNA 2 con-
tained significantly lower levels of KIF3C
protein in the cell body compared with the
scramble controls, indicating that the
shRNA-KIF3C constructs significantly
knocked down KIF3C expression (	85%
knockdown; Fig. 8A,B). Significant
KIF3C knockdown was further corrobo-
rated by Western blotting of cortical neu-
rons transfected with the scramble control
and the two KIF3C shRNA constructs
(Fig. 8D). Strikingly, after KIF3C knock-
down, adult DRG axons showed aberrant
morphology with enlarged and flattened
cell bodies and thick and short neurites,
whereas scramble controls were unaf-
fected (Fig. 8A,C).

Quantificationofneurite lengthafter3din
culture revealed that KIF3C knockdown neu-

rites were significantly shorter than control ones (Fig. 8E). In addition,
KIF3C knockdown adult DRG neurons displayed enlarged growth
cones with a significantly increased area and perimeter compared with
controls(Fig.8F,G). Interestingly,overexpressionofmRFP-KIF3Chad
no obvious effect on neuron morphology or neurite growth; however,
adult DRG neurons transfected with a cDNA expressing a dominant-
negativeversionofKIF3Cthat lacksthemicrotubulebinding MD and
accumulates in the cell body (mRFP-KIF3CDN) displayed a
very similar phenotype to KIF3C knockdown neurons consist-
ing of short, thick neurites with enlarged growth cones (Fig.
8 H, I ). These data demonstrate that enrichment of KIF3C in
the growth cone is required for the maintenance of neuronal
morphology and axon outgrowth in adult DRG neurons.

KIF3C is a microtubule-destabilizing factor that regulates
microtubule dynamics and organization in the growth cone
We next asked whether the abnormal axonal and growth cone mor-
phology caused by KIF3C knockdown was a direct consequence of
changes inthemicrotubulecytoskeleton.Amoredetailedanalysisof the
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Figure 7. KIF3C is dispensable for embryonic DRG neuronal development. A, Fluorescence images of control (Scr shRNA) and
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microtubules in the growth cones revealed that a high proportion of
adult KIF3C knockdown growth cones contained looped microtubules
(Fig. 9A, enlarged box, B). This observation correlates with our results
obtained in neurons treated with taxol where tyrosinated microtu-
bule levels decreased and with the finding that looped microtu-
bules are also found in pausing and static growth cones (Purro et
al., 2008). We next examined microtubule dynamics between
control, KIF3C-depleted, and KIF3C-overexpressing adult sen-

sory growth cones. As a marker of growing microtubule ends, we
used the dimeric version of the C-terminal 43-amino acid-long
microtubule plus-end tracking fragment of the spectraplakin
MACF2 (MACF43-GFP) (Honnappa et al., 2009). Microtubule
plus-end tracking behavior of MACF43-GFP was observed in
control, KIF3C-depleted, and KIF3C overexpressing growth
cones (Fig. 9C). Strikingly, in the absence of KIF3C, microtubules
in the growth cone experienced almost persistent growth because
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of a strong decrease in the frequency of catastrophes (Fig. 9D–F).
Microtubule instantaneous growth rate was also reduced, sug-
gesting that KIF3C might also play a role in the polymerization of
microtubules (Fig. 9G). Overexpression of KIF3C had no signif-
icant effects on microtubule dynamics compared with controls
(Fig. 9D–G), in line with its negligible effect on neuronal mor-

phology. Thus, these data demonstrate that, in the growth cone,
KIF3C functions as a microtubule-destabilizing factor that par-
ticipates in the regulation of microtubule dynamics. Removal of
KIF3C leads to stable overgrown and looped microtubules. Our
data suggest that the abnormal axonal and growth cone pheno-
type observed in neurons lacking KIF3C results from impair-

ments in microtubule dynamics and
organization.

KIF3C knock-out adult neurons show
impaired neurite outgrowth and
increased levels of stable microtubules
in the growth cone
We next investigated whether the changes
in growth cone morphology and axon
growth that we observed in KIF3C knock-
down neurons occurred in adult DRG
neurons from a KIF3C knock-out (KO)
mouse, where the KIF3C gene had been
completely deleted (Yang et al., 2001). Af-
ter 1 d in culture, neurites from adult
DRG KIF3C KO neurons had a similar ap-
pearance to those of the WT control (Fig.
10A). However, quantification of neurite
length showed that KIF3C KO neurites
were significantly shorter (Fig. 10A,B).
After 2 d in culture, 	40% of KIF3C KO
neurons displayed significant aberrant
morphology similar to the KIF3C knock-
down neurons. Flattened cell bodies with
short, thick neurites and enlarged growth
cones were observed (Fig. 10A–D). After
3 d in culture, 	60% of KIF3C KO DRG
neurons displayed this phenotype. To test
whether the abnormal morphology was
specifically the result of a lack of KIF3C
protein, we transfected KIF3C KO DRG
neurons with mRFP-KIF3C using cDNA-
expressing mRFP as control (Fig. 10E).
Expression of mRFP-KIF3C protein in
KIF3C KO neurons rescued the abnormal
neuronal and growth cone morphology
and restored neurite length, whereas over-
expression of mRFP alone did not rescue
the KIF3C KO phenotype (Fig. 10E,F).

To examine whether the observed im-
pairment in axon growth was associated
with changes in microtubule stability, as
suggested by our previous experiments,
KIF3C KO cultures were stained with the
respective antibodies, and the ratio of
acetylated to tyrosinated microtubules
was measured (Fig. 11A,B). Interestingly,
growth cones of adult KIF3C KO neurons
contained higher levels of acetylated (sta-
ble) microtubules, which were already de-
tected in neurons cultured for 1 d before
they showed morphological changes (Fig.
11A,B). By 2 d, the ratio of Ac/Tyr micro-
tubules was increased by 45% in the
growth cones where looped microtubules
were also observed (Fig. 11A,B). To ob-
tain a more direct quantification of the
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levels of dynamic microtubules in the
growth cone, we examined the number of
endogenous EB3 comets (Stepanova et al.,
2003) (Fig. 11C). After 2 d in vitro, KIF3C
KO growth cones contained significantly
fewer EB3 comets compared with controls
(a reduction of 	70% despite the larger
growth cones in KIF3C KO neurons),
demonstrating a specific decrease in the
number of growing microtubule plus-
ends in KIF3C KO adult growth cones
(Fig. 11C,D). These data further confirm
our findings that KIF3C is required for
regulating microtubule dynamics and
organization in the growth cones.

KIF3C is required for regeneration of
both embryonic and adult axons
after injury
In this study, we found that, although
KIF3C is undetectable in normally grow-
ing embryonic sensory axons, injury trig-
gered the enrichment of KIF3C at the
embryonic growth cone. Thus, to investi-
gate the role of KIF3C in the regeneration
of embryonic axons, WT and KIF3C KO
E16 DRG neurons were axotomized as
previously described and immediately
photographed after injury, and the subse-
quent events were recorded by time-lapse
video microscopy for 1 h (Fig. 12A) (Chi-
erzi et al., 2005; Verma et al., 2005). Pre-
vious experiments have shown that, if
DRG axons regenerate, they will do so
within 1 h (Chierzi et al., 2005; Verma et
al., 2005). We found that the percentage of
KIF3C KO axons that elongated forward
and that reformed new growth cones was
significantly lower compared with WT ax-
ons (Fig. 12A,B). Together, these data
demonstrate that, although KIF3C is dis-
pensable during developmental growth,
the axotomy-induced appearance of
KIF3C in the axon stump in embryonic
axons is required for regeneration.

We next assessed the physiological im-
portance of KIF3C in adult axon regeneration. To examine this,
we used the in vitro axotomy assay mentioned above, and the
subsequent events were recorded by time-lapse video microscopy
for 1 h (Fig. 13A). We analyzed four parameters to determine the
regenerative ability of the adult axons: (1) the percentage of axons
that retracted after injury, (2) the percentage of axons that re-
formed a growth cone, (3) the percentage of axons that elongated
forward after the retraction period, and (4) the percentage of
axons distal to the cut that degenerated after injury. Both WT and
KIF3C KO neurons reformed growth cones at a similar rate after
injury (Fig. 13B). However, the percentage of KIF3C KO axons
that elongated forward was significantly lower compared with
WT axons (Fig. 13C). Interestingly, most of the WT axons re-
tracted after injury, but only a small percentage of KIF3C KO
axons retracted (Fig. 13D). In addition, a lower percentage of
KIF3C KO distal axons disconnected from the cell body degener-
ated after injury compared with controls (Fig. 13E). Thus, al-

though KIF3C KO-injured axons were capable of reforming a
growth cone, they failed to elongate or grow as efficiently as WT
axons, which suggests that the axonal and growth cone microtu-
bule cytoskeleton is less dynamic.

Having shown defective axon regeneration in vitro, we asked
whether KIF3C KO axons regenerate normally after a sciatic
nerve crush injury in vivo. The sciatic nerves of WT and KIF3C
KO mice were crushed, and the time course of axonal regenera-
tion was analyzed at 3, 5, and 8 d after injury. The extent of axon
regeneration was assessed close to (2 mm) and farther from (4
and 6 mm) the injury site in cryosections of sciatic nerves immu-
nostained with an antibody against GAP43, which is upregulated
in regenerating peripheral nervous system axons (Fig. 13F). At
3 d after injury, a few axons had regenerated to the 2 or 4 mm
point in both WT and KIF3C KO sciatic nerves, but very few
axons were seen at 6 mm distal to the injury (Fig. 13F,G). How-
ever, 5 d after injury, 	45% fewer axons reached the distance of 6
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mm from the crush site in the KIF3C KO nerve compared with
axons in control nerves (Fig. 13F,G). This trend of delayed re-
generation was also observed at 8 d after injury, where 30% fewer
axons regenerated to 6 mm in the KIF3C KO sciatic nerve com-
pared with WT controls (Fig. 13F,G). Thus, KIF3C KO axons in
vivo display a significant delay in the time course of axon regen-
eration after crush injury. These results corroborate our in vitro
findings and reinforce the notion that KIF3C is required for axon
regeneration after injury.

Discussion
Axon regeneration after injury relies on the reconstruction,
reorganization, and stabilization of the microtubule cytoskel-
eton at the axon tip, where a correct equilibrium between
microtubule polymerization and depolymerization is neces-
sary for normal axon growth (Conde and Cáceres, 2009; Low-
ery and Van Vactor, 2009; Bradke et al., 2012). Strong
microtubule stabilization leads to static growth cones, whereas
microtubule destabilization leads to retraction bulbs with
consequent impaired axonal elongation (Tanaka et al., 1995;
Ertürk et al., 2007). An increasing number of microtubule plus-
end regulators (Akhmanova and Steinmetz, 2008), including ki-
nesin motor proteins (Wu et al., 2006), have been reported, but
there is little information about how they might regulate micro-
tubule dynamics after axonal injury. Here we have shown that
KIF3C is an injury-associated kinesin that plays a part in sensory
axon regeneration through an effect on the stability of micro-
tubules and their organization. KIF3C’s interaction with EB3

through its tail domain is necessary for
KIF3C localization at the tips of a subset
of growing microtubules in the periph-
ery of the growth cone, where dynamic
microtubule behavior is necessary for
axon growth. Importantly, we show that
loss of KIF3C function adversely affects
axon growth in adult DRG neurons and
impairs regeneration after injury in both
embryonic and adult DRG neurons in
vitro and in vivo. Our data show that
KIF3C regulates microtubule dynamics
by participating as a microtubule-
destabilizing factor in growth cones.

Kinesins and microtubule control
Our observations show that the plus-end-
directed kinesin KIF3C is involved in the
regulation of microtubule dynamics dur-
ing mammalian axon regeneration.
KIF3C has effects during the retraction
and growth cone reconstruction phase af-
ter axotomy as well as during subsequent
axon growth. In growing adult axons, we
found that growth cones lacking KIF3C
contained higher levels of stable, over-
grown, and looped microtubules and that
many of these growth cones also had a
stunted growth phenotype, suggesting
that the impairment in microtubule dy-
namics led to the abnormal phenotype. In
the absence of KIF3C, the enlarged growth
cones contained microtubules with a re-
duced number of dynamic (EB3-positive)
tips, similar to those observed in develop-
ing hippocampal neurons and glia from

mice lacking KIF2A, a depolymerizing plus-end-directed kinesin
involved in axon pathfinding and axonal branching (Homma et
al., 2003). In embryonic DRG neurons, KIF3C does not localize
to the growth cone; therefore, other proteins must regulate
growth cone microtubule dynamics at this stage during normal
axon growth. However, KIF3C is produced locally after axotomy
and is needed for axon regeneration. Further work will determine
how developmental changes contribute to microtubule dynamics
in axon growth and regeneration. How does KIF3C localize to the
dynamic tips of microtubules in the growth cone? Microtubules
in adult growth cones are highly tyrosinated (dynamic), whereas
embryonic DRG axons and growth cones contain lower levels of
tyrosinated microtubules relative to acetylated (stable) microtu-
bules (Bouquet et al., 2004; Jones et al., 2006). Interestingly
though, axon injury induces a significant increase in tubulin ty-
rosination at the injury site in embryonic DRG axons (Cho and
Cavalli, 2012). We found that KIF3C preferentially binds to ty-
rosinated microtubules in the absence of other binding partners
or microtubule-associated proteins. Moreover, when microtu-
bule detyrosination is induced by treating the cells with taxol,
KIF3C is released from the microtubule tip. The microtubule
stabilization by taxol led to large growth cones with looped mi-
crotubules in their periphery, very similar to those seen in axons
lacking KIF3C. It is probable that the preferential binding of
KIF3C to tyrosinated microtubules is responsible for its enrich-
ment at the growth cone where KIF3C will interact with EB3 and
localize to the tips of dynamic microtubules in the growth cone
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periphery. Notably, binding of KIF3C to tyrosinated microtu-
bules could regulate its destabilizing activity, as observed with the
kinesin depolymerizers MCAK or KIF2A, which preferentially
depolymerize tyrosinated microtubules in mouse embryonic fi-
broblasts and developing hippocampal neurons (Homma et al.,
2003; Peris et al., 2009). Microtubule detyrosination removes
bound MCAK or KIF2A from the microtubule plus-ends with a
consequent increase in microtubule overgrowth and looping,
similar to the stabilization of microtubules we observed when
KIF3C is absent. Our data suggest that KIF3C preferential bind-
ing to tyrosinated microtubules might be necessary for its enrich-
ment in the growth cone and that further interactions with EB3
are required for localizing KIF3C specifically to growing micro-
tubule tips in the growth cone.

Growth cone reconstruction
After axonal injury, a complex process of restructuring takes
place in which the remodeling of the microtubule cytoskeleton
accompanies morphological changes in the axon (Gumy et al.,
2010). Calcium from the surrounding environment enters the
axon, activating calpains and inducing microtubule depolymer-
ization and axon retraction (Ziv and Spira, 1997; Gitler and Spira,
1998; Kamber et al., 2009). After the cut membrane has resealed,
microtubules repolymerize, the new growth cone is formed, and
the newly polymerized dynamic microtubules invade and explore
the growth cone (Bradke et al., 2012). In vitro, when we cut DRG
axons, rapid retraction took place. However, in the absence of
KIF3C, most axons did not retract, supporting our suggestion
that the microtubules are less prone to depolymerization and are
more stable. In KIF3C KO-injured adult axons observed in vitro,
the growth cone was able to reform, but the axons then failed to
elongate during the 1 h that we observed them. Embryonic
growth cones lack KIF3C unless the axon is cut and the kinesin is
locally synthesized in the newly formed growth cone. Again, lack
of KIF3C local protein synthesis prevents normal regeneration.
In vivo regeneration is delayed in KIF3C KO animals. Growth
cone formation can be achieved in the absence of polymerizing
microtubules by the restructuring of the actin cytoskeleton and
by the anterograde transport of vesicles that fuse with the plasma
membrane (Sahly et al., 2003; Erez et al., 2007; Erez and Spira,
2008), and these processes can presumably still continue in the

absence of KIF3C-induced microtubule dynamics. However,
only growth cones whose lamellipodia are invaded by dynamic
microtubules will achieve axonal elongation (Tanaka et al.,
1995). The KIF3C KO mouse is viable and develops normally
(Yang et al., 2001); and in agreement with this, we show that
knockdown of KIF3C in embryonic DRGs does not affect neurite
outgrowth from the cell body. However, overexpression of
KIF3C during embryonic stages is detrimental to axon growth as
the protein is unable to go into the axon and accumulates prox-
imally, perhaps affecting trafficking of other proteins important
for axon growth. Thus, the protein levels of KIF3C must be tightly
regulated during development in concert with other processes
that are taking place in the cell, such as tubulin modifications. In
adult DRGs, KIF3C moves into axons, and overexpression of
KIF3C has no effect on axon growth. However, KIF3C knock-
down impairs axon growth as well as regeneration. Perhaps dur-
ing neuronal maturation, as changes in tubulin modifications
take place and KIF3C enters the axon, the protein acquires also an
important role in the transport of cargos from the cell body into
the axon. Therefore, knockdown of KIF3C might also impair
axonal transport. Together, our data support the notion that
KIF3C is dispensable for the development of sensory neurons but
is required for embryonic and adult regeneration after injury,
making it a specific injury-associated kinesin.

Mechanism of action of KIF3C
Two main factors appear to underlie a successful axon regenera-
tion program. One is the achievement of the correct balance be-
tween microtubule stabilization/destabilization. The other one is
the attainment of microtubules growing in the correct direction
in the growth cone. Changes in the directionality of microtubule
growth could result from excessive microtubule stabilization as
seen in static growth cones or from microtubule destabilization
as observed in retraction bulbs (Tanaka et al., 1995; Ertürk et al.,
2007). Drugs that modulate microtubule dynamics have been
used to alter the levels of microtubule stability in the axons and
growth cones, and the general consensus is that microtubule sta-
bilization promotes axon regeneration, whereas microtubule de-
stabilization inhibits regrowth (Ertürk et al., 2007). However,
uncertainty remains as to which are the parameters that define
the appropriate level of microtubule stabilization necessary for
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successful axon regeneration. We have found that KIF3C is a
microtubule-destabilizing factor required for axon regeneration.
How to reconcile this finding with those demonstrating that mi-
crotubule stabilization is required for regrowth? Analysis of mi-
crotubule dynamics from KIF3C knockdown growth cones
shows that microtubules experience almost persistent growth
with no shrinkage events. KIF3C knockdown does not suppress
microtubule dynamics, as the microtubules still do grow, but the
balance is tilted toward a steady microtubule growth. How much
microtubule stabilization is required for axon regeneration? A
better understanding of the parameters that control microtubule
dynamics in the growth cone will determine this.

To support axon extension, microtubules in the growth cone
periphery or injured axonal tip must have directed and polarized
growth. Our data demonstrate that microtubule looping is a re-
sult of overgrown microtubules that might bend backwards when
they reach the cortex of the growth cone. An additional factor
influencing microtubule growth orientation is the interaction of
KIF3C with EB3. In Drosophila dendrites, the alignment of mi-
crotubules is reached by the interaction of KLP64D, a Kinesin-2
family member, with the EB1 and APC complex on a neighboring
growing microtubule plus-end (Mattie et al., 2010). It is also
possible that KIF3C contributes to maintaining microtubule
growth direction in the growth cone by binding to one micro-
tubule through its MD and by interacting indirectly with a neigh-
boring microtubule through EB3 via its tail domain. In this way,
the cytoskeleton can be organized in parallel microtubules to
achieve directed microtubule growth. We suggest that, after
axonal injury, KIF3C contributes to growth cone motility and
axonal regeneration by the following: (1) regulating the dy-
namic state of microtubules through destabilization and (2)
organizing and directing the growth of microtubules. In the
future, we will need to understand how KIF3C microtubule-
destabilizing activity is regulated in concert with other micro-
tubule dynamics-related processes that are required for axon
regeneration (Fig. 14).
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Daire V, Poüs C (2011) Kinesins and protein kinases: key players in the
regulation of microtubule dynamics and organization. Arch Biochem
Biophys 510:83–92. CrossRef Medline

Davidovic L, Jaglin XH, Lepagnol-Bestel AM, Tremblay S, Simonneau M,
Bardoni B, Khandjian EW (2007) The fragile X mental retardation pro-
tein is a molecular adaptor between the neurospecific KIF3C kinesin and
dendritic RNA granules. Hum Mol Genet 16:3047–3058. CrossRef
Medline

Drummond DR (2011) Regulation of microtubule dynamics by kinesins.
Semin Cell Dev Biol 22:927–934. CrossRef Medline

Erez H, Spira ME (2008) Local self-assembly mechanisms underlie the dif-
ferential transformation of the proximal and distal cut axonal. J Comp
Neurol 1030:1019 –1030. CrossRef Medline

Erez H, Malkinson G, Prager-Khoutorsky M, De Zeeuw CI, Hoogenraad CC,
Spira ME (2007) Formation of microtubule-based traps controls the
sorting and concentration of vesicles to restricted sites of regenerating
neurons after axotomy. J Cell Biol 176:497–507. CrossRef Medline

Ertürk A, Hellal F, Enes J, Bradke F (2007) Disorganized microtubules un-
derlie the formation of retraction bulbs and the failure of axonal regener-
ation. J Neurosci 27:9169 –9180. CrossRef Medline

Gitler D, Spira ME (1998) Real time imaging of calcium-induced localized
proteolytic activity after axotomy and its relation to growth cone forma-
tion. Neuron 20:1123–1135. CrossRef Medline

Gordon-Weeks PR, Lang RD (1988) The alpha-tubulin of the growth cone
is predominantly in the tyrosinated form. Brain Res 470:156 –160.
Medline

Gumy LF, Bampton ET, Tolkovsky AM (2008) Hyperglycaemia inhibits
Schwann cell proliferation and migration and restricts regeneration of
axons and Schwann cells from adult murine DRG. Mol Cell Neurosci
37:298 –311. CrossRef Medline

Gumy LF, Tan CL, Fawcett JW (2010) The role of local protein synthesis and
degradation in axon regeneration. Exp Neurol 223:28 –37. CrossRef
Medline

Gumy LF, Yeo GS, Tung YC, Zivraj KH, Willis D, Coppola G, Lam BY, Twiss
JL, Holt CE, Fawcett JW (2011) Transcriptome analysis of embryonic
and adult sensory axons reveals changes in mRNA repertoire localization.
RNA 17:85–98. CrossRef Medline

Hammond JW, Huang CF, Kaech S, Jacobson C, Banker G, Verhey KJ (2010)
Posttranslational modifications of tubulin and the polarized transport of
kinesin-1 in neurons. Mol Biol Cell 21:572–583. CrossRef Medline

Hirokawa N, Noda Y, Tanaka Y, Niwa S (2009) Kinesin superfamily motor
proteins and intracellular transport. Nat Rev Mol Cell Biol 10:682– 696.
CrossRef Medline

Homma N, Takei Y, Tanaka Y, Nakata T, Terada S, Kikkawa M, Noda Y,
Hirokawa N (2003) Kinesin superfamily protein 2A (KIF2A) functions
in suppression of collateral branch extension. Cell 114:229 –239. CrossRef
Medline

Honnappa S, Gouveia SM, Weisbrich A, Damberger FF, Bhavesh NS, Jawhari
H, Grigoriev I, van Rijssel FJ, Buey RM, Lawera A, Jelesarov I, Winkler FK,
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