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Abstract
Stabilized microtubules are required for neuronal morphogenesis and migration. However, the underlying mechanism is not
fully understood. In this study, we demonstrate that myosin X
(Myo10), which is composed of full-length myosin X (fMyo10)
and headless myosin X (hMyo10), is important for axon
development. fMyo10 is involved in axon elongation, whereas
hMyo10 is critical for Tau-1 positive axon formation through
stabilizing microtubules. Furthermore, in vivo studies reveal

that hMyo10-mediated microtubule stability has a profound
effect on both neuronal migration and dendritic arborization in
the mammalian cerebral cortex. Taken together, our ﬁndings
suggest that hMyo10 is involved in neuronal development both
in vitro and in vivo by regulating microtubule stability.
Keywords: apical dendrite, axon, full-length myosin X,
headless myosin X, microtubule stability, neuronal migration.
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Mammalian neurons are highly polarized structures with
long axons to transmit information and multiple short
dendrites to receive information. Microtubules, which are
the primary elements of the cytoskeleton, are composed of aand b-tubulin heterodimers that self-assemble to form
polymers, which act as tracks for organelle and protein
transport and which are involved in organizing the cytoplasm. Microtubules are intrinsically unstable structures that
undergo continual phases of growth and shrinkage, allowing
for rapid morphological changes. However, a stabilized
microtubule cytoskeleton is required for neuronal polarization and morphogenesis. During the earlier developmental
stages of cultured hippocampal neurons, stable microtubules
are proximally located high in the shafts of axons and play an
instructive role in selecting a single neurite as the future
axon, whereas dynamic microtubules, which indicate recent
assembly, accumulate in the distal ends of axons and
throughout the dendrites to regulate neurite elongation and
branching (Li and Black 1996; Witte et al. 2008; Kollins
et al. 2009). As development progresses, microtubule stability in axons and dendrites is required for establishing and
maintaining functional circuits (Gomis-Ruth et al. 2008).

Microtubule-associated proteins (MAPs) and post-translational modiﬁcations (PTMs) combine together to regulate
microtubule stability during neuronal development. Adenomatous polyposis coli-like molecular 2, which is enriched at
the growth cone and axon shafts, modulates axonal projections by regulating microtubule stability (Shintani et al.
2009). Tau regulates microtubule stability, axonal transport
and neurite outgrowth, whereas hyper-phosphorylated Tau
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dissociates from the microtubules, leading to axon degeneration (Yu et al. 2009). The microtubule-associated proteins
Doublecortin (Dcx) and Lis1 have also been shown to
stabilize microtubules and to regulate neuronal branching
and migration (Horesh et al. 1999; Gopal et al. 2010;
Pramparo et al. 2010). A prominent PTM of microtubules
is acetylation on Lys-40 of a-tubulin, which positively
affects microtubule stability by promoting the formation of
interprotoﬁlament salt bridges (Piperno et al. 1987; Cueva
et al. 2012). Furthermore, as acetylation of a-tubulin is
preferably associated with the stable microtubules, acetylated
a-tubulin is usually considered to be the marker of stable
microtubules. a-tubulin acetylation by Elongator, which is a
component of the histone acetyltransferase complex, leads to
increased radial migration and cortical neuron branching
(Creppe et al. 2009). Additionally, the deﬁciency of MEC17, which is a newly discovered acetyltransferase, leads to
reduced a-tubulin acetylation and impaired cortical neuron
migration (Li et al. 2012). Despite the signiﬁcant progress in
identifying numerous microtubule stability-regulating proteins, the molecular mechanisms and biological signiﬁcance
of microtubule stability in neuronal development remain
unclear.
Class X myosin (myosin X, Myo10), which is an
unconventional molecular motor, contains an N-terminal
motor domain that binds actin ﬁlaments (Bohil et al. 2006)
and a PH/Myth4/FERM domain that is capable of binding
PtdIns (3,4,5) P3 (Plantard et al. 2010), microtubules
(Woolner et al. 2008) and diverse cargo molecules (Pi et al.
2007; Zhu et al. 2007). Two isoforms of Myo10 are present
in the brain: full-length Myo10 (fMyo10) and headless
Myo10 (hMyo10). The latter lacks most of the myosin motor
domain and shares the same PH/Myth4/FERM domain with
fMyo10 (Sousa et al. 2006). In our previous study, the
auxoaction of Myo10 in axon outgrowth was demonstrated
in primary cultured hippocampal neurons. Furthermore, a
hMyo10 analog was sufﬁcient to induce Tau-1-positive
axon-like neurite formation, suggesting a unique role for
hMyo10 in neuronal morphogenesis (Yu et al. 2012). In vivo
studies also revealed that hMyo10 and fMyo10 were
involved in distinct neuronal migration processes in the
developing cerebral cortex (Ju et al. 2014). However, thus
far, the underlying mechanisms of hMyo10 in neuronal
development and neuronal migration remain unclear.
In this paper, we demonstrate that fMyo10 is involved in
axon development through promoting axon elongation, while
hMyo10 regulates axon development via stabilizing microtubules. In vivo studies reveal that hMyo10-mediated microtubule stability has a profound effect on neuronal migration
and on dendrite arborization in the mammalian cerebral
cortex. Taken together, our ﬁndings suggest that hMyo10 is
an important regulator of microtubule stability, which is
required for normal neuronal development and for neuronal
migration.

Material and methods
Reagents
The anti-Myo10 antibody was prepared as previously described
(Zhu et al. 2007). Mouse monoclonal antibodies against acetylated
a-tubulin, Tau-1 and a-tubulin were purchased from Sigma-Aldrich
(Cambridge, UK), Millipore (Temecula, CA, USA) and Santa Cruz
Biotechnology (Santa Cruz, CA, USA), respectively. The rat
polyclonal antibody against tyrosinated a-tubulin was purchased
from Abcam (Cambridge, UK). The rabbit polyclonal antibodies
against a-tubulin, MAP2 and Synapsin-1 were obtained from Santa
Cruz Biotechnology, Proteintech (Chicago, IL, USA) and Millipore. Alexa Fluor 405-, 488- or 546-coupled secondary antibodies
against mouse or rat IgG and horseradish peroxidase-conjugated
secondary antibodies against mouse, rat or rabbit IgG were
obtained from Invitrogen (Carlsbad, CA, USA). TRITIC-conjugated phalloidin was purchased from Molecular Probes (Eugene,
OR, USA). Taxol, SB414286 and nocodazole were purchased from
Sigma-Aldrich.
Constructs
The Myo10DMotor cDNA was subcloned into mammalian expression
vectors (pEGFP-C1) fused with enhanced green ﬂuorescent protein
(EGFP) at the amino-terminus (Zhu et al. 2007). Myo10 shRNA was
generated using the BLOCK-iT Lentiviral miRNA Expression
System (Invitrogen) as described in our previous work (Zhu et al.
2007). To construct short hairpin RNA (shRNA) vectors, oligonucleotides targeting the mouse fMyo10 or hMyo10 5ʹ-untranslated
region were generated using BLOCK-iTTM RNAi Designer software
(Invitrogen) and inserted into the pSuper vector (Ju et al. 2014).
EGFP-Tubulin and EGFP-TubulinK40Q, which were produced by
Addgene, were provided by Tso-Pang Yao (Department of Pharmacology and Cancer Biology, Duke University, North Carolina).
Neuronal culture and transfection
Dissociated cultures of hippocampal neurons were prepared as
described previously (Zhu et al. 2007). In brief, hippocampi were
dissected from E18.5 mouse, digested with 0.125% trypsin at 37°C
for 25 min and dissociated by pipetting in dulbecco's modiﬁed
eagle’s medium/nutrient mixture F-12 ham (DMEM/F12) with 10%
fetal bovine serum. Immediately after dissociation, neurons were
transfected by electroporation, using a mouse neuron nucleofector
kit (Amaxa, Cologne, Nordrhein-Westfalen, Germany). For electroporation, 2–2.5 9 106 neurons were resuspended in 100 lL of
nucleofectamine solution containing 3 lg of plasmid, transfected
and plated at 1.5 9 105 per coverslip in DMEM/F12 with 10% fetal
bovine serum. After neurons attached to the substrate (approximately 6–8 h), the medium was changed to neurobasal medium
supplemented with 2% B27 and 2 mM glutamine.
Immunofluorescence
To stain for Tau-1, neurons were ﬁxed in 4% paraformaldehyde/
phosphate-buffered saline (PBS) for 15 min at 25°C and permeabilized in 0.1% Triton X-100 for 10 min. To stain acetylated and
tyrosinated a-tubulin integrated into microtubules without unpolymerized tubulin subunits, neurons were simultaneously ﬁxed and
permeabilized in PHEM Buffer (60 mM Pipes, 25 mM Hepes,
5 mM EGTA and 1 mM MgCl2) containing 0.25% glutaraldehyde,
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3.7% paraformaldehyde, 3.7% sucrose and 0.1% Triton X-100 and
quenched in 50 mM ammonium chloride (Witte et al. 2008). Then,
the neurons were blocked in 2% bovine serum albumin at 25°C for
1 h and, subsequently, incubated with primary antibodies, which
were diluted in the blocking solution, for 2 h and washed three times
with PBS. Next, the neurons were incubated with appropriate
ﬂuorochrome-conjugated secondary antibodies for 1 h at 25°C and
washed three times with PBS.
Western blot analysis
Total proteins were extracted in ristocetin-induced platelet agglutination lysis buffer supplemented with protease inhibitor cocktail.
Protein samples were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to polyvinylidene
diﬂuoride membranes. Then, the membranes were incubated with
the primary antibodies overnight at 4°C, washed with PBST (0.05%
Tween-20 in PBS) and incubated with secondary antibodies for 1 h
at 25°C. Detection was facilitated via electrogenerated chemiluminescence (ECL, Amersham) solution and exposure to X-ray ﬁlms.
Microtubule sedimentation assay
Microtubules were precipitated as previously described (Chang
et al. 2006). Brieﬂy, neurons were washed with PBS at 37°C and
extracted with microtubule stabilizing buffer (100 mM Pipes, 2 M
MgCl2, 2 mM EGTA, 100 mM NaF, 0.1% NP-40), supplemented
with complete protease inhibitor cocktail (Roche) at 37°C for
15 min. The extracts were centrifuged at 25°C for 5 min at 1000 g.
The supernatant was boiled in sodium dodecyl sulfate (SDS) sample
buffer. The pellet was lysed with SDS lysis buffer (10 mM Tris pH
7.5, 2 mM EDTA, 1% SDS) and then boiled.

In utero electroporation
In utero electroporation was performed as described previously (Yu
et al. 2012). Brieﬂy, 1–3 lg of the indicated plasmids was
microinjected into the lateral cerebral ventricle of E15.5 mouse
embryos through the uterine wall. Then, a 30 V square-wave pulse
was delivered across the head ﬁve times using electrodes placed
parallel to the median raphe nucleus. Then, embryos were allowed
to develop to E18.5 or to P9. The transfected brains were ﬁxed with
4% paraformaldehyde/PBS overnight at 4°C and placed in 30%
sucrose in PBS overnight. The brain samples were sectioned into
approximately 12 lm sections using a Leica freezing microtome
(Leica Microsystems GmbH, Wetzlar, Germany).
For animal experiments, C57BL/6 mice were purchased from the
Experimental Animal Center of Jilin University. All mice were
handled according to the Guidelines for the Care and Use of
Laboratory Animals (NIH, Bethesda, MD, USA). This project was
approved by the Institution Animal Care and Use Committee of
Northeast Normal University, Changchun, P. R. China.
Microscope image acquisition
Images were captured using an Olympus FV1000 Viewer laser
confocal scanning microscope with FV10-ASW 1.7 software
(Olympus, Tokyo, Japan). Neuronal morphometric analysis and
densitometry measurements of western images were performed
using Image J software (National Institutes of Health, Bethesda,
Maryland, USA). Fluorescence intensity was measured using
Image-Pro Plus software (Media Cybernetics, Silver Spring, MD,
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USA). The mean ﬂuorescence intensities of acetylated or tyrosinated
a-tubulin in neurites or in the soma of developing cortical neurons
were quantiﬁed after background subtraction.
Statistical analysis
Statistical analysis was performed using either Student’s t-test or a
one-way ANOVA with SPSS 17.0 software. Data were shown as the
mean  SEM and differences were considered statistically significant at p < 0.05.

Results
Myo10 knockdown decreased microtubule stability
Hippocampal neurons in culture are a classical model for
studying axon development (Dotti et al. 1988). Previous
studies from our group found that Myo10 knockdown in
cultured hippocampal neurons led to the loss of Tau-1positive axons (Fig. 1a and b) (Yu et al. 2012). Given that
microtubule stability plays a key role in axon speciﬁcation,
we ﬁrst examined microtubule stability in the Myo10
knockdown neurons.
Neurons transfected with scramble shRNA or Myo10
shRNA were extracted to remove unpolymerized tubulin
subunits 24 h after plating. The silence speciﬁcity and
efﬁcacy of Myo10 shRNA have been veriﬁed in cortical
neurons (Zhu et al. 2007; Yu et al. 2012). Then, doublelabeling immunoﬂuorescence was performed using antiacetylated a-tubulin antibodies and anti-tyrosinated a-tubulin
antibodies, which are markers of stable and dynamic
microtubules, respectively (Fig. 1c). Because Myo10 knockdown inhibited axon formation, we speciﬁcally selected stage
2 unpolarized neurons for the microtubule stability assay.
Microtubule stability was assessed based on the ﬂuorescence
intensity of acetylated microtubules compared with tyrosinated microtubules (Witte et al. 2008). When the ratio of
acetylated to tyrosinated microtubules in all the neurites of
scramble shRNA transfected neurons was normalized to
1  0.09, the ratio in the neurites of Myo10 shRNA
transfected neurons was 0.73  0.06 (Fig. 1d, p < 0.05).
Since previous studies suggested that microtubule stability
speciﬁed initial neuronal polarization (Witte et al. 2008), we
selected neurites with the highest ratio as the future axons for
further assay. The relative ﬂuorescence intensity in neurites
with the highest ratio was found to be 0.59  0.07 in the
Myo10 shRNA group compared with 1  0.10 in the
scramble shRNA group (Fig. 1e, p < 0.01). To further
validate the immunoﬂuorescence results, above, we performed microtubule sedimentation assay followed by western
blot to examine the expression levels of acetylated and
tyrosinated microtubules between control and Myo10 knockdown neurons. We found that knockdown of Myo10
decreased expression of acetylated microtubules, but
increased expression of tyrosinated microtubules in the pellet
fraction. However, knockdown of Myo10 did not change the
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(a)

(b)

(c)

(d)

(e)

(f)

expression levels of acetylated or tyrosinated microtubules in
the supernatant fraction (Fig. 1f). Since most PTMs occur on
microtubules rather than on unpolymerized tubulin (Hammond et al. 2008), knockdown of Myo10 decreased the ratio

of acetylated to tyrosinated microtubules in the pellet
fraction, which is consistent with our immunostaining
results. Taking together, our data suggested that Myo10
regulated microtubule stability in neurons.
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Fig. 1 Microtubule stability decreased in Myo10 knockdown neurons
compared with controls. (a) Neurons transfected with scramble shRNA
or Myo10 shRNA were stained with the anti-Tau-1 and anti-MAP2
antibodies at DIV 5. (b) Percentage of neurons with ≥1 Tau-1-positive
axon. n = 30 for each. **p < 0.01; Student’s t-test. (c) Stage 2 neurons
transfected with scramble shRNA or with Myo10 shRNA were stained
with anti-acetylated a-tubulin and anti-tyrosinated a-tubulin antibodies
24 h after plating, respectively. (d) Relative immunoﬂuorescence
intensity of acetylated a-tubulin compared with tyrosinated a-tubulin
in all neurites. For quantiﬁcation, the average value of acetylated atubulin/tyrosinated a-tubulin in neurons transfected with scramble

shRNA was normalized to 1  0.09. n = 30 for each. *p < 0.05;
Student’s t-test. (e) Relative immunoﬂuorescence intensity of acetylated a-tubulin compared with tyrosinated a-tubulin in neurites with the
highest ratio per neuron. The average value of acetylated a-tubulin/
tyrosinated a-tubulin in neurons transfected with scramble shRNA was
normalized to 1  0.1. n = 30 for each. **p < 0.01; Student’s t-test. (f)
Western blot indicating the down-regulation of acetylated a-tubulin by
Myo10 shRNA in cultured hippocampal neurons. The data are
presented as the meansSEM. Scale bar, 10 lm.

Axon deficiency caused by Myo10 knockdown was rescued
by microtubule-stabilizing drugs
To examine whether the loss of axon formation was linked to
decreased microtubule stability, we treated Myo10 knockdown neurons with a low dose of taxol to modestly stabilize
microtubules and to monitor any rescue of axon formation. In
total, 10 nM of the microtubule-stabilizing drug taxol was
added to the culture medium 24 h after plating, and both
neurons transfected with scramble shRNA and neurons
transfected with Myo10 shRNA were incubated in the

presence of dimethylsulfoxide (DMSO) or taxol to DIV 2.
Using the axon marker anti-Tau-1 antibody, we analyzed the
percentage of neurons with one or more Tau-1-positive axons
(Fig. 2a) (Neukirchen and Bradke 2011). Consistent with our
previous studies, the majority of neurons transfected with
Myo10 shRNA were negative for Tau-1. Only 33.8  0.5%
of Myo10 shRNA neurons displayed one or more axons,
which was much lower compared with 88.8  2.4% of the
scramble shRNA neurons displaying one or more axons
(Fig. 2b, p < 0.001). In the presence of taxol, 89.7  3.7%

(a)

(b)

(c)

Fig. 2 Application of taxol rescued the Tau-1-negative phenotype
caused by Myo10 knockdown. (a) Neurons transfected with scramble
shRNA or Myo10 shRNA were cultured in the presence of dimethylsulfoxide (DMSO) or 10 nm taxol, respectively, for 24–48 h and
labeled with the anti-Tau-1 antibody at DIV 2. (b) Percentage of

neurons with ≥1 Tau-1-positive axon. n = 50 for each. **p < 0.01;
***p < 0.001; one-way ANOVA. (c) Western blot indicating the effect of
taxol and SB 415286 on microtubule stability. The data are presented
as the meansSEM. Scale bar, 20 lm.
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of the Myo10 shRNA neurons developed at least one axon
(Fig. 2b, p < 0.001), reaching a level of axon-bearing cells
similar to that of the control cells. We also performed a rescue
experiment with 25 mM SB415286 (Witte et al. 2008), which
is an inhibitor of glycogen synthase kinase-3b (GSK-3b), and
a rescue effect similar to that of taxol was observed (Fig. 2b).
GSK-3b can act upstream of MT dynamics by controlling the
afﬁnity of MAPs. Inactivation of GSK-3b induces MAPsmediated microtubule stability (Meijer et al. 2004). However,
taxol stabilizes microtubules by binding to b-tubulin and
changing tubulin conformation (Xiao et al. 2006). We found
that SB415286 treatment, but not Taxol, increased the
expression levels of tyrosinated microtubules in the supernatant fraction, which may be because of their differential
effect on microtubule PTMs (Kim et al. 2011). However, cells
treated with Taxol or SB415286 had increased expression
levels of acetylated and tyrosinated tubulin in the pellet
fraction, but their expression in the supernatant fraction did not
change, which is consistent with the previous ﬁndings that
Toxol or SB415286 enhanced the stabilization of microtubules
(Parness and Horwitz 1981; Witte et al. 2008). Taken
together, these results suggested that axon deﬁciency caused
by Myo10 knockdown was as a result of decreased microtubule stability.
hMyo10, but not fMyo10, regulated axon development
through stabilizing microtubules
Two isoforms of Myo10 are present in the brain: fMyo10 and
hMyo10. To examine the function of each Myo10 isoform on
axon development, fMyo10 and hMyo10 were individually
knocked down in cultured neurons using RNA interference.
Two shRNA sequences were designed to speciﬁcally target
the unique 5ʹ-untranslated region of fMyo10 mRNA or
hMyo10 mRNA, and the silence effect has been described in
our previous work (Ju et al. 2014). First, we analyzed the
percentage of neurons with no, single and multiple axons at
DIV 5 using the axon marker anti-Tau-1 antibody (Fig. 3a).
In the scramble shRNA group, 71.4  2.3% of the neurons
developed a single axon, 14.3  2.5% of the neurons
exhibited no axons, and the rest developed multiple axons.
However, when fMyo10 or hMyo10 was knocked down, the
percentage of neurons with a single axon decreased, with
58.8  2.1% of neurons displaying a single axon in the
fMyo10 shRNA group (Fig. 3b, p < 0.05) and with only
26.9% of neurons displaying a single axon in the hMyo10
shRNA group (Fig. 3b, p < 0.01). It was suggested that
hMyo10 played an important role in the formation of Tau-1
positive axons.
In addition, we examined the lengths of the longest neurites
among the three groups. The average length of the longest
neurites in the control neurons was 168.2  24.7 lm. When
fMyo10 was knocked down, the average length of the longest
neurites decreased to 82.0  26.7 lm (Figure S1a,
p < 0.01). However, when hMyo10 was knocked down, the

average length of the longest neurites increased to
232.3  20.8 lm (Figure S1a, p < 0.01). Primary branching
of the longest neurites also increased in the hMyo10-deﬁcient
neurons (Figure S1b, p < 0.01). The total number of primary
neurites was not signiﬁcantly different, suggesting that the
axon defects caused by fMyo10 or hMyo10 deﬁciency were
not because of deleterious effects on neuronal health
(Figure S1c, p > 0.05). Using another axon marker antiSynapsin-1 antibody, we found that the longest neurites in the
hMyo10-deﬁcient neurons were also negative for Synapsin-1
at DIV 11 (Figure S1d).
Next, we wanted to know which isoform of Myo10 was
involved in microtubule stability regulation. First, microtubule sedimentation assay was performed. Both fMy10 and
hMyo10 were cosedimented with microtubules (Fig. 3c).
Then, immunoﬂuorescence staining and western blot conﬁrmed that hMyo10 knockdown markedly reduced the level
of acetylated a-tubulin (Fig. 3d–f, p < 0.01), whereas fMyo10 deﬁciency did not affect the level of acetylated a-tubulin
(Fig. 3d–f, p > 0.05). Consistently, over-expression of
Myo10DMotor, which is an analog of hMyo10, increased the
level of acetylated a-tubulin (Fig. 3g and h, p < 0.05).
Additionally, neurons transfected with Myo10DMotor were
cultured for 24 h and treated with 5 lM nocodazole for
5 min. With phalloidin outlining F-actin in the neurite tips,
we analyzed the length of the microtubule retraction in the
axons, which was deﬁned as the distance between the axon
tips and the end of acetylated a-tubulin. The results indicated
that nocodazole-treated neurons retracted a greater distance
than dimethylsulfoxide-treated neurons, verifying the effect
of nocodazole on microtubule depolymerization. As
expected, neurons transfected with Myo10DMotor resisted
nocodazole-induced microtubule retraction (Figure S1e and
f, p < 0.01). Collectively, these results indicated that hMyo10 was an important regulator of microtubule stability
during axon development.
hMyo10 deficiency decreased microtubule stability in
developing cortical neurons
To investigate the role of hMyo10 in microtubule stability
during cortical development, we ﬁrst analyzed the distribution
of acetylated a-tubulin in the developing cerebral cortex in
mice. Immunoﬂuorescence staining indicated that acetylated
a-tubulin was widely expressed in the E15.5 cerebral cortex,
with a higher level in the intermediate zone (IZ). Acetylated
a-tubulin expression levels increased in the cortical plate (CP)
and in the marginal zone (MZ) in the E18.5 cerebral cortex.
At P3, a much higher level of acetylated a-tubulin expression
was observed in the MZ (Figure S2). These results suggested
that microtubule stability might play an important role in
neuronal migration during embryonic stages and in dendritic
development during postnatal stages.
The expression patterns of acetylated a-tubulin and
hMyo10 in the cerebral cortex at different developmental
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(a)
(b)

(c)

(f)
(d)

(e)

(g)

(h)

Fig. 3 hMyo10 regulated axon development through stabilizing microtubules. (a) Neurons transfected with scramble shRNA, fMyo10 shRNA
or hMyo10 shRNA were stained with the Tau-1 and MAP2 antibodies
at DIV 5. (b) Percentage of neurons with no, single and multiple axons.
**p < 0.01; ***p < 0.001; ns, no signiﬁcant difference; one-way ANOVA.
(c) NLT cells were treated with dimethylsulfoxide (DMSO), taxol and
nocodazole for 30 min and collected for cytoskeletal microtubuleenriched (pellet, P) and cytosolic (supernatant, S) fractionation as
described in ‘Materials and methods’. Immunoblotting with antibodies
to Myo10 and a-tubulin showed that both fMyo10 and hMyo10
cofractionated with microtubules. (d) Neurons transfected with scramble shRNA, fMyo10 shRNA or hMyo10 shRNA were stained with the

anti-acetylated a-tubulin antibody at DIV 3. (e) Western blot indicating
that hMyo10 knockdown decreased the level of acetylated a-tubulin. (f)
Quantitative analysis of the relative level of acetylated a-tubulin. The
value of acetylated a-tubulin/a-tubulin in scramble shRNA group was
normalized to 1. n = 3 for each. **p < 0.01; ns, no signiﬁcant
difference; one-way ANOVA. (g) Western blot indicating that Myo10DMotor
over-expression increased the level of acetylated a-tubulin. (h)
Quantitative analysis of the relative level of acetylated a-tubulin. The
value of acetylated a-tubulin/a-tubulin in pEGFP-C1 group was
normalized to 1. n = 3 for each. *p < 0.05; Student’s t-test. The data
are presented as the meansSEM. Scale bar, 20 lm.

stages were analyzed by western blot. As shown in Fig. 4a,
the acetylated a-tubulin expression level increased from
E13.5 to E17.5, and this level was maintained until the
second week after birth. The acetylated a-tubulin expression

level peaked at P12. To clarify the results shown in Fig. 4a,
densitometry analysis was performed, and the relative
abundance of acetylated a-tubulin was quantiﬁed (Fig. 4b).
Similarly, the hMyo10 expression level increased from E13.5
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Fig. 5 hMyo10-mediated microtubule stability was critical for neuronal
migration. In utero electroporation was performed at E15.5, and
cerebral cortices were examined at E18.5 and P9. (a and b) hMyo10
knockdown suppressed neuronal migration from the IZ into the cortical
plate (CP) at E18.5, whereas tubulinK40Q over-expression rescued the
migration stagnate. (c and d) hMyo10 knockdown interfered with the

position of neurons into layer II/III at P9, whereas tubulinK40Q overexpression rescued this abnormal neuron positioning. n = 3 separate
brains for each treatment group. **p < 0.01; ***p < 0.001; ns, no
signiﬁcant difference; one-way ANOVA. The data are presented as the
means  SEM. Scale bar, 100 lm.

(a)

(c)

(b)

(d)

(e)

(f)

Fig. 4 Loss of hMyo10 resulted in a decreased level of acetylated atubulin in developing cortical neurons. (a) Immunoblot analysis of
acetylated a-tubulin in the cerebral cortex at different stages. (b)
Densitometry analysis of Fig. 4a was performed, and the relative
abundance of acetylated a-tubulin was quantiﬁed. (c) Immunoblot
analysis of hMyo10 in the cerebral cortex at different stages. (d)
Densitometry analysis of Fig. 4c was performed, and the relative
abundance of acetylated a-tubulin was quantiﬁed. (e) Neurons

transfected with scramble shRNA or with hMyo10 shRNA were stained
with the anti-acetylated a-tubulin antibody. (f) Relative immunoﬂuorescence intensity of acetylated a-tubulin in GFP+ neurons. For quantiﬁcation, the average value of acetylated a-tubulin in neurons transfected
with scramble shRNA was normalized to 1  0.22. n = 30 for each.
**p < 0.01; Student’s t-test. The data are presented as the
means  SEM. Scale bar, 10 lm.
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Fig. 6 hMyo10 knockdown suppressed apical dendrite development.
In utero electroporation was performed at E15.5, and cerebral cortices
were examined at P9. (a) Representative electroporated neurons in
layer II/III (left panels) and tracings of representative GFP+ neurons for
each condition (right panels). Axons are not represented. (b) Quan-

tiﬁcation of the average length of apical dendrites. (c) Quantiﬁcation of
the primary branches of apical dendrites. n = 3 separate brains for
each treatment group. **p < 0.01; ***p < 0.001; ns, no signiﬁcant
difference; one-way ANOVA. The data are presented as the
means  SEM. Scale bar, 100 lm.

to E17.5 and peaked during the second week after birth
(Fig. 4c and d). Nevertheless, the fMyo10 expression level
decreased from E13.5 to E17.5 and was maintained at a
much lower level from P1 to adult.
To conﬁrm the role of hMyo10 in microtubule stability
regulation in vivo, scramble shRNA or hMyo10 shRNA was
introduced into mouse embryos on embryonic day 15.5
(E15.5) via in utero electroporation. Thereafter, the acetylated a-tubulin in GFP-positive neurons was analyzed at
E17.5. And the neuronal identity of GFP-positive cells was
conﬁrmed by Tuj-1 staining (Figure S3). The immunostaining intensity of acetylated a-tubulin decreased in the
hMyo10-deﬁcient neurons (Fig. 4e and f), indicating that
hMyo10 is involved in regulating microtubule stability in
developing cortical neurons.

neuronal migration was completed, GFP+ neuron localization
was analyzed (Fig. 5c). The majority of neurons transfected
with scramble shRNA were localized at layer II/III, whereas
only 1% of neurons were ectopically localized at layer IV/VI
or white matter (WM). However, when hMyo10 was knocked
down, 8% of the neurons were retained at layer IV/VI or WM
(Fig. 5d, p < 0.01), and tubulinK40Q over-expression rescued
the migratory defect (Fig. 5d, p < 0.01). Taken together, the
role of hMyo10 in microtubule stability regulation was
critical for neuronal migration.

Microtubule instability caused by hMyo10 deficiency
impaired neuronal migration
In our previous studies, we reported that hMyo10 was
involved in neuronal migration (Ju et al. 2014). However, the
underlying mechanism remained unclear. Because microtubule stability is critical for cortical neuron migration, we
sought to determine whether the neuronal migration defects
caused by hMyo10 knockdown were as a result of microtubule instability. Therefore, we employed an acetylationmimicking mutant, tubulinK40Q, to rescue the migration
defect caused by hMyo10 knockdown (Gao et al. 2010; Li
et al. 2012). Visual cortical neurons in E15.5 mouse embryos
were electroporated with either scramble shRNA or hMyo10
shRNA. For the rescue experiment, plasmids expressing wildtype tubulin or tubulinK40Q were electroporated alone or
together with hMyo10 shRNA into the visual cortical
neurons. Three days later, GFP+ neuron distribution was
analyzed (Fig. 5a). Only 8.8  2.7% of the neurons transfected with hMyo10 shRNA were located in the CP, which
was much lower compared with the control group, in which
28.6  3.6% of the neurons were located in the CP (Fig. 5b,
p < 0.01). Wild-type tubulin or tubulinK40Q over-expression
did not affect the radial migration of the cortical projection
neurons (Fig. 5b, p > 0.05), suggesting that the level of atubulin acetylation under physiological conditions was sufﬁcient for microtubule function. TubulinK40Q over-expression
in the cortical neurons rescued the migratory defect caused by
the loss of hMyo10, with 32.6  2.4% of the neurons located
in the CP compared with controls (Fig. 5b, p < 0.01).
However, wild-type tubulin over-expression had no remedial
effect on neuronal migration (Fig. 5b, p > 0.05). At P9, when

hMyo10 had a profound effect on apical dendritic
arborization
The high expression of acetylated a-tubulin in the MZ of the
cerebral cortex suggested a role for stabilized microtubules in
dendritic development that is critical for establishing functional neural circuits. Using in utero electroporation at E15.5,
we targeted constructs to the neuronal lineage of the CP that
speciﬁes future excitatory neurons and allowed the embryos
to be born. We analyzed the neuronal morphology complex
of the apical dendrites at P9 (Fig. 6a). The total length and
branch numbers of the apical dendrites decreased in the
hMyo10 knockdown neurons compared with the controls
(Fig. 6b and c, branch number: 2.8  0.4 for scramble
shRNA neurons, and 1.2  0.2 for hMyo10 shRNA neurons, p < 0.01; total length: 183.8  12.6 lm for scramble
shRNA neurons, and 114.5  20.0 lm for hMyo10 shRNA
neurons, p < 0.05). When tubulinK40Q was cotransfected
with hMyo10 shRNA, the apical dendrite length was restored
to 195.8  19.8 lm (Fig. 6c, p < 0.05), and branch numbers were restored to 2.6  0.2 (Fig. 6b, p < 0.01). Taken
together, these results indicate that hMyo10-mediated microtubule stability plays a profound role in dendrite development.

Discussion
fMyo10 has been characterized as a molecular motor, serving
to transport cargo proteins toward the tip of the ﬁlopodia.
Because hMyo10 over-expression inhibits the function of
fMyo10 in ﬁlopodia extension and in cell motility, hMyo10
is traditionally considered to be a dominant negative protein.
In this study, we provide experimental evidence that hMyo10
is required for neuronal development both in vitro and in vivo
via microtubule stability modulation.
When Myo10 shRNA targeting both fMyo10 and hMyo10
was transfected into neurons, we found a decrease in the level
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of acetylated a-tubulin, which is the marker of microtubule
stability. The application of a low concentration of the
microtubule-stabilizing drug taxol restored Tau-1 staining,
suggesting that the loss of axons caused by Myo10 knockdown
was as a result of decreased microtubule stability. It is
surprising to ﬁnd that the axon deﬁciency caused by Myo10
knockdown is also reversed by the application of cytochalasin
D, since previous studies revealed this to be an actindepolymerizing drug (Yu et al. 2012). Another instance of
both taxol and cytochalasin D reversing axon defects was
previously observed in defects caused by cytoplasmic linker
proteins (Neukirchen and Bradke 2011). A possible explanation is that microtubule stability and actin instability are not
independent but rather supplementary to axon determination.
One hallmark of the future axon is the decreased stability of
actin cytoskeleton in its growth cone (Bradke and Dotti 1999).
Such local actin instability may cause reduced obstruction of
microtubule protrusion, which enables engorgement of microtubules and delivery of proteins into the protruded area. Stable
microtubules in the distal end might exert pushing forces on
the actin cytoskeleton and thus trigger a positive feedback loop
(Witte and Bradke 2008). This would be why pharmacological
microtubule stabilization or pharmacological actin depolymerization is sufﬁcient to induce the formation of multiple
axons. Alternatively, Myo10 plays regulatory roles in both
actin dynamics and microtubule stability, because the motor
domain and the Myth4 domain are capable of binding actin
ﬁlaments and microtubules, respectively.
Because two isoforms of Myo10 are present in the brain,
we designed fMyo10 shRNA and hMyo10 shRNA to
knockdown fMyo10 and hMyo10, respectively. The majority
of the fMyo10-deﬁcient neurons were positive for Tau-1,
with a small proportion of the neurons negative for Tau-1.
The elongation of the longest neurites was notably inhibited.
Inversely, the majority of hMyo10-deﬁcient neurons possessed a highly polarized morphology with the longest
neurites extending further than the control ones, however,
they were negative for Tau-1 and Synapsin-1 staining.
Intriguingly, the longest neurites of hMyo10 knockdown
neurons were also negative for MAP2 staining, which
excluded the transformation of axons into dendrites. Moreover, over-expression of an analog of hMyo10 induced
multiple Tau-1 positive axon-like neurites, which has been
published in our previous study (Yu et al. 2012). These
results together suggest that fMyo10 is primarily responsible
for axon elongation and that hMyo10 is primarily involved in
axon molecular properties. Subsequently, we found that
hMyo10 was involved in microtubule stability regulation,
whereas fMyo10 had no effect on microtubule stabilization.
Because fMyo10 is traditionally localized at actin–rich
peripheral protrusions and promotes actin reorganization
(Bohil et al. 2006), we proposed that fMyo10 regulates axon
elongation by modulating actin dynamics in the growth cone
and that hMyo10 regulates axon properties by modulating

microtubule stability. Because hMyo10 knockdown promotes the extension of the longest neurites, we have not
eliminated the possibility that hMyo10 can simultaneously
function as a dominant negative protein by antagonizing
fMyo10 in dynamic actin regulation. The mechanism of
hMyo10 microtubule stability regulation might be tightly
associated with the Myth4 domain, which is found not only
in myosins but also in a plant kinase, as well as in a
nonmotor protein involved in the axon guidance signaling
processes (Gotesman et al. 2011). Although preliminary
evidence suggests the binding of the Myth4 domain to
microtubules, the precise mechanism remains unknown.
The involvement of microtubule stability in neuronal
migration has been conﬁrmed in several studies. In this
study, by using in utero electroporation, our experiments
demonstrated that hMyo10 knockdown interferes with neuronal migration, with much fewer neurons migrating into the
CP at E18.5. The suppression of neuronal migration by
hMyo10 knockdown is remarkable even at P9, suggesting an
indispensable role of hMyo10 in neuronal migration and in
the ﬁnal position. Moreover, the dendritic development,
which is critical for establishing functional neural circuits,
was also disrupted. Previous studies reported that substituting
the acetylated amino acid lysine with glutamine in a-tubulin
mimics constitutive acetylated protein, because glutamine is
hydrophilic and uncharged, similar to the acetylated lysine
(Scroggins et al. 2007; Chu et al. 2011). Then, we introduced an acetylation-mimicking mutant, tubulinK40Q, to
reproduce the function of acetylated a-tubulin. The results
demonstrated that tubulinK40Q rescued the migration defect
caused by hMyo10 knockdown at both E18.5 and P9. As
expected, tubulinK40Q over-expression also rescued the
dendritic defect caused by hMyo10 knockdown.
In summary, we conclude that hMyo10 plays a key role in
axon development, neuronal migration and dendrite arborization by regulating microtubule stability, which is independent
of fMyo10 function.
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