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ABSTRACT  30 

Myosin X (Myo X) transports cargos to the tip of filopodia for cell adhesion, migration, and neuronal axon 31 

guidance. Deleted in Colorectal Cancer (DCC) is one of Myo X cargos essential for Netrin-1-regulated axon 32 

pathfinding. Myo X’s function in axon development in vivo and the underlying mechanisms remain poorly 33 

understood. Here, we provide evidence for Myo X’s function in Netrin-1-DCC regulated axon development 34 

in mouse neocortex. Knocking-out (KO) or knocking-down (KD) Myo X in embryonic cortical neurons 35 

impairs axon initiation and contralateral branching/targeting. Similar axon deficits are detected in 36 

Netrin-1-KO or DCC-KD cortical neurons. Myo X interacts with KIF13B (a kinesin family motor protein), 37 

which is induced by Netrin-1. Netrin-1 promotes anterograde transportation of Myo X into axons in KIF13B 38 

dependent manner. KIF13B-KD cortical neurons exhibit similar axon deficits. These results suggest Myo 39 

X-KIF13B as a critical pathway for Netrin-1 promoted axon initiation and branching/targeting.   40 

 41 
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INTRODUCTION  45 

Neurons are highly polarized cells typically with a single axon and multiple dendrites. Axon development is 46 

crutial for the establishement of neuronal connections, especially for the connection between different brain 47 

regions. Axon development includes three main steps: (1) axon specification/initiation during neuronal 48 

polarization; (2) axon growth and guidance; and (3) axon branching and presynaptic differentiation. During 49 

early development of mammalian cortex, the migrating neurons in the intermediate zone (IZ) transit from 50 

multipolar to bipolar, with a leading process towards the pia and a trailing process towards the ventricle. 51 

Once localized into the cortical plate (CP), the leading processes will develop into highly branched dendrites 52 

and the trailing processes will become long axons projecting to target regions for further bifurcation (Barnes 53 

and Polleux, 2009; Yogev and Shen, 2017). Eventually, axons connect with target neurons to form synapses 54 

that are crucial for neuro-transimission.  55 

Axon development is regulated by intrinsic factors in neurons as well as the micro-envirenmental 56 

factors or extracellular guidance cues. Netrin-1 belonges to the netrin family of extracellular guidance cues, 57 

which is crucial for axon pathfinding (Colamarino and Tessier-Lavigne, 1995; Braisted et al., 2000). 58 

Netrin-1 exerts attractive and repulsive effects through two families of receptors, DCC and UNC-5, 59 

respectively (Hedgecock et al., 1990; Ackerman et al., 1997; Leonardo et al., 1997; Culotti and Merz, 1998; 60 

Hong et al., 1999; Keleman and Dickson, 2001). Various signaling cascades are involved in 61 

Netrin-1-DCC-induced neurite outgrowth and/or growth cone guidance in cultured neurons, which include 62 

Rho family GTPases (Li et al., 2002; Shekarabi and Kennedy, 2002), phospholipase C (PLC) (Xie et al., 63 

2006), phosphoinositol 3-kinase (PI 3-kinase) (Ming et al., 1999), extracellular regulated kinase (ERK) 64 

(Campbell and Holt, 2003; Forcet et al., 2002; Ming et al., 2002), FAK (Ren et al., 2004; Liu et al., 2004; Li 65 

et al., 2004), PITPalpha (Xie et al., 2005), and Myosin X (Myo X) (Zhu et al., 2007). Recent studies using 66 

Netrin-1 CKO mice suggest that the ventricular-zone-derived Netrin-1 contributes to commissural axon 67 

projection by bounding to commissural axons near the pial surface (Dominici and Moreno-Bravo, et al., 68 

2017). This finding makes the locally produced Netrin-1’s function in commissural axon development more 69 

prominent. However, how Netrin-1 regulates cortical neuronal axon development or projection remains to be 70 

determined.  71 

Myo X, an unconventional actin based motor protein, is primarily localized at the tips of filopodia or 72 

the edges of lamellipodia and membrane ruffles (Berg and Cheney, 2002; Berg et al., 2000; Tokuo and Ikebe, 73 

2004; Zhang et al., 2004). It undergoes forward and rearward movements within filopodia and promotes 74 

filopodia formation, elongation, and sensing, possibly by transporting actin binding proteins and cell 75 

adhesion receptors to the leading edge of the cells (Berg and Cheney, 2002; Tokuo and Ikebe, 2004; Tokuo 76 

et al., 2007; Zhang et al., 2004; Zhu et al., 2007). Myo X has a unique protein structure feature, containing a 77 

motor domain at its amino-terminus, three calmodulin-binding IQ motifs, three PH domains, one myosin tail 78 

homology (MyTH) domain, and one band 4.1-ezrin-radixin-meosin (FERM) domain (Berg et al., 2000; 79 

Yonezawa et al., 2000). Via these domains, Myo X not only binds to F-actin filaments, but also interacts 80 

with phosphoinositol lipids, microtubules, and transmembrane receptors (e.g., integrins and DCC family 81 

receptors) (Cox et al., 2002a; Plantard et al.; Tokuo and Ikebe, 2004; Weber et al., 2004; Zhang et al., 2004; 82 

Zhu et al., 2007). In cultured neurons, Myo X is gradually accumulated to nascent axons, where it regulates 83 
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axon outgrowth (Yu et al., 2012). In Chicken embryos, expression of motor less Myo X impairs axon growth 84 

and commissural axon midline crossing (Zhu et al., 2007). Notice that Myo X is critical for transporting 85 

DCC to the dynamic actin-based membrane protrusions (Zhu et al., 2007), and on the other hand, Myo X’s 86 

motor activity and distribution are also reciprocally regulated by DCC and neogenin (Liu et al., 2012). 87 

Whereas these observations support the view for Netrin-1-DCC-Myo X pathway to be critical for axon 88 

development, whether and how they regulate axon development in vivo remain to be further elucidated.  89 

Here, we present evidence for Myo X interaction with KIF13B to be crucial for Netrin-1-induced axon 90 

initiation and branching/targeting in developing mouse cortical brain. Myo X interacts with KIF13B (also 91 

called GAKIN), a kinesin family member that is essential for delivery of PI(3,4,5)P3 to axons and axon 92 

outgrowth (Horiguchi et al., 2006; Yoshimura et al., 2010). Netrin-1 increases Myo X interaction with 93 

KIF13B, and thus promoting anterograde transport and axonal targeting of Myo X in neurons. Such 94 

Netrin-1’s function requires Myo X interaction with DCC and KIF13B, as well as PI3K activity. 95 

Additionally, as Netrin-1 and DCC, both Myo X and KIF13B are required for axon initiation and 96 

contralateral branching/targeting in developing cerebral cortex. Taken together, these results suggest that by 97 

promoting KIF13B-mediated axonal transport of Myo X, Netrin-1 plays critical roles in inducing axonal 98 

initiation and enhancing axonal contralateral branching, revealing unrecognized functions and mechanisms 99 

underlying Netrin-1 signaling pathway in axon development.  100 

101 
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RESULTS 102 

 103 

Myo X regulating axonal initiation and contralateral branching/targeting in developing cerebral 104 

cortex 105 

To investigate Myo X’s function in axon development in vivo, we used Cre-LoxP recombination technology 106 

in combination with in utero electroporation (IUE) to delete Myo X in portions of projection neurons in 107 

developing neocortex, and then examined their axon development. Specifically, three processes during axon 108 

development, including axon initiation, growth, and branching/targeting, were evaluated as illustrated in 109 

Figure 1A. We first evaluated axonal growth and midline crossing in control and MyoX-KO cortical neurons. 110 

MyoX-KO cortical neurons were achieved by IUE of Cre-GFP or GFP (as a control) into the neocortex of 111 

Myo X
f/f

 embryos (at E15.5) (Wang et al., 2018); and the electroporated brain samples were examined at 112 

postnatal day 7 (P7), a critical time window for cortical neuronal axon growth and midline crossing (Figure 113 

1A). To our surprise, axons of Myo X-KO (Cre-GFP
+
) neurons crossed the midline, and their lengths were 114 

comparable to those of control axons (Figure 1B), suggesting little role, if there is any, for Myo X to play in 115 

axon growth or middling crossing. We second examined axon contralateral branching/targeting in P14 116 

control and Myo X-KO cortical brains. As shown in Figure 1C and 1D, axon branching/targeting to the 117 

contralateral cortex was detected in control neurons; but, this process was largely impaired in Myo X-KO 118 

neurons. In addition, axon ipsilateral branching was also impaired in the mutant neurons (Figure 1-Figure 119 

Supplement 1A and 1B). These results suggest Myo X’s necessity in promoting axon branching/targeting. 120 

Third, we accessed Myo X’s function in axon initiation. To this end, Cre-GFP was electroporated into the 121 

neocortex of Myo X
f/f

 and wild type (WT) embryos at E14.5, and their axon intensity ratio (defined by 122 

Takashi Namba) (Namba et al., 2014) was analyzed at E18.5, a critical time window for axon initiation. As 123 

shown in Figure 1E and F, Myo X-KO resulted in a reduction in the axon intensity ratio in the brain, 124 

suggesting a role of Myo X in this event. Accordingly, axons in control neurons crossed the midline as early 125 

as P3, while axons in MyoX-KD neurons failed to do that (Figure 1-Figure Supplement 1C and 1D). In 126 

addition, neuronal migration appeared to be impaired (Figure 1E and G), as reported previously using RNA 127 

interference technology (Lai et al., 2015). Given that MyoX KO neurons exhibited normal axonal length and 128 

midline crossing at P7, these results suggest a delayed initial axonal outgrowth. Taken together, these results 129 

reveal unrecognized roles of Myo X in axon initiation and contralateral branching/targeting in developing 130 

cerebral cortex.   131 

 132 

Netrin-1 promoting Myo X-regulated axonal initiation and branching 133 

Given the specific orientation of the trailing processes or nascent axons, we speculate that extracellular 134 

signals from ventricular zone and sub-ventricular zone (VZ/SVZ) modulate intrinsic signaling (e.g., Myo X) 135 

for axon initiation and development, and Netrin-1, an upstream Myo X regulator (Zhu et al., 2007), may be 136 
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involved in axon initiation and branching. To test this speculation, we examined Netrin-1’s function in axon 137 

development by IUE of Cre-GFP into Netrin-1
 
floxed (NTN1

f/f
) embryos at E14.5 (Figure 2-Figure 138 

Supplement 1A). The electroporated brain samples were examined at E18.5 to evaluate the neuronal axon 139 

intensity ratio. Indeed, a reduction in the axon intensity ratio of cortical neurons was detected in Netrin-1 140 

KO embryos (Figure 2A and 2B), revealing a similar role of Netrin-1 as that of Myo X in axon initiation. 141 

Neuronal migration was not affected by Netrin-1 KO (Figure 2A and 2C). We next asked if 142 

Netrin-1-regulated axon initiation depends on Myo X. To this end, plasmids encoding Myc-Netrin-1 and 143 

Myo X miRNA were co-electroporated into the E14.5 embryos (Figure 2D). Netrin-1 ectopic expression 144 

restored the axon intensity ratio in Myo X-KD neurons (Figure 2D and 2E), supporting the view for 145 

Netrin-1-Myo X pathway in promoting axon initiation.  146 

We then asked whether Netrin-1-DCC pathway play a role in axon branching/targeting as Myo X 147 

does. Netrin-1 or DCC expression in E15.5 cortical neurons were suppressed by IUE of their shRNAs, 148 

respectively. Their axons at age of P14 were examined. Netrin-1-KD in E15.5 cortical neurons had little 149 

effect on the axonal contralateral branching/targeting (Figure 2F and 2G) or ipsilateral branching (Figure 150 

2-Figure Supplement 1B and 1C). However, DCC KD impaired axonal contralateral branching/targeting 151 

(Figure 2F) as well as ipsilateral branching (Figure 2-Figure Supplement 1B and 1C). These results, in line 152 

with our hypothesis, suggest that DCC and Myo X in neurons are necessary to promote axon branching, but, 153 

Netrin-1, an extracellular cue, regulates axon development in cell non-autonomous fashion.  154 

 155 

Netrin-1 increasing axonal distribution and transport of Myo X in cultured neurons 156 

To understand how Netrin-1 regulates Myo X’s function in axon development, we examined Netrin-1’s 157 

effect on exogenous Myo X (GFP-Myo X) distribution in cultured neurons. To our surprise, GFP-Myo X 158 

was largely distributed in the soma and the tips of dendritic like filopodia, but nearly undetectable in Tau-1 159 

positive axonal compartments in the absence of Netrin-1(Figure 3A). Upon Netrin-1 stimulation, an obvious 160 

increase of GFP-Myo X in Tau-1 positive axons with a slight decrease of GFP-Myo X in MAP2 positive 161 

dendritic neurites were detected (Figure 3A, 3B, 3C and 3D), suggesting a role of Netrin-1 in regulating 162 

GFP-Myo X distribution in axons and dendrites. 163 

GFP-Myo X in axons appeared to be diffusible (Figure 3A), exhibiting the characteristics of slow 164 

anterograde transport (Brown, 2003; Maday et al., 2014). We thus examined the dynamics of GFP-Myo X in 165 

axons by fluorescence recovery assay after photo bleaching (FRAP) (Figure 3E). The fluorescence recovery 166 

of GFP-Myo X in control axons was much slower and incomplete than that of Netrin-1 treated axons (Figure 167 

3E, 3F and 3G), supporting the view for Netrin-1 to enhance GFP-Myo X movement. In contrast from 168 

axonal GFP-Myo X, GFP-Myo X in dendrite-like filopodia exhibited puncta pattern (Figure 3H). Time-lapse 169 

imaging and analyzing the motility of GFP-Myo X in these filopodia showed both extension and retraction 170 
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movements of GFP-Myo X puncta in control neurons (Figure 3H, bottom panels). Upon Netrin-1 171 

stimulation, the travelling path and the average velocity of GFP-Myo X puncta were all reduced (Figure 3H, 172 

bottom panels, and 3I), with an increase in the percentage of stationary puncta (Figure 3J). Together, these 173 

results suggest that while Netrin-1 increases anterograde movement of GFP-Myo X in axons, it decreases 174 

GFP-Myo X’s motility in dendrite-like filopodia.  175 

 176 
Requirement of DCC and PI3K activation for Netrin-1-increased axonal distribution of Myo X  177 

To further understand how Netrin-1 regulates Myo X’s axonal distribution, we first mapped domains in 178 

GFP-Myo X that are necessary for this event. Myo X is a multi-domain containing unconventional myosin, 179 

containing 3 PH domains, a myosin tail homology 4 (MyTh4) domain, and a band 4.1–ezrin–radixin–moesin 180 

(FERM) domain in the C-terminus, in addition to the motor domain in the N-terminus (Berg et al., 2000; 181 

Kerber and Cheney, 2011). GFP-Myo X deletion mutants were generated as illustrated in Figure 3-Figure 182 

Supplement 1A (left panel). In the absence of Netrin-1, Myo X mutants containing the motor domain 183 

showed a similar distribution pattern as that of full length Myo X, with predominant localizations in the 184 

soma and dendritic filopodia (Figure 3-Figure Supplement 1A and 1B). However, in the presence of 185 

Netrin-1, Myo X deletions in the second PH domain (Myo X
ΔPH2

) or in the FERM domain (Myo X
ΔFERM

) 186 

abolished Netrin-1-induced axonal distribution (Figure 3-Figure Supplement 1A and 1B). These results 187 

suggest a requirement of both PH and FERM domains in Myo X for Netrin-1-induced Myo X’s axonal 188 

distribution. 189 

As the FERM domain in Myo X binds to DCC (Zhu et al., 2007), we thus speculate that DCC-Myo 190 

X interaction may be critical for this event. Indeed, this view is supported by the observations that 191 

DCC-Myo X interaction is up-regulated by Netrin-1 (Figure 3-Figure Supplement 2A and 2B), and neurons 192 

suppressing DCC expression by its miRNA failed to response to Netrin-1 in targeting Myo X to axons 193 

(Figure 3-Figure Supplement 2C, 2D and 2E).  194 

Myo X’s PH domains are known to bind to multi-phosphoinositols, including PI(4,5)P2, PI(3,4)P2, 195 

and PI(3,4,5)P3 (Cox et al., 2002; Umeki et al., 2011). The second PH domain is crucial for binding to 196 

PI(3,4,5)P3/PI(3,4)P2, products of PI3K activation (Umeki et al., 2011). As this PH domain in Myo X is 197 

necessary for Netrin-1-induced axonal distribution of Myo X, we wondered if PI(3,4,5)P3/PI(3,4)P2 are 198 

involved in Myo X’s axonal distribution. To this end, neurons expressing GFP-Myo X were treated with 199 

Netrin-1 in the presence or absence of wortmannin (10 nM), an inhibitor of PI3K that blocks production of 200 

PI(3,4,5)P3 and PI(3,4)P2. Such an inhibition abolished Netrin-1-induced Myo X’s axonal distribution 201 

(Figure 3-Figure Supplement 2F, 2G and 2H), supporting a role for PI3K activation and its products, 202 

PI(3,4,5)P3/PI(3,4)P2, in this event.  203 

 204 

Myo X interaction with KIF13B, a kinesin family motor protein 205 
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Given that anterograde transport is powered by kinesin family motor, and Myo X binds to microtubules 206 

(Weber et al., 2004), we asked if Myo X acted as a cargo of kinesin motor protein to be transported along 207 

microtubules in axons. Immunoprecipitation assay was used to screen for GFP-Myo X-binding kinesins, 208 

including KIF1B, KIF3A, KIF3C, KIF5 and KIF13B/GAKIN, which are well recognized kinesin motor 209 

proteins in axonal anterograde transportation (Hirokawa, 2009). Interestingly, KIF13B, which is essential for 210 

anterograde transport of PI(3,4,5)P3 for axonal outgrowth and formation (Yoshimura et al., 2010), was 211 

detected in the GFP-Myo X immunoprecipitates in primary cultured neuronal lysates (Data not shown).  212 

We then mapped the domains in KIF13B for its interaction with Myo X by coimmunoprecipitation 213 

assay. KIF13B contains a motor domain at the NH2 terminus, a forkhead-associated (FHA) domain, a 214 

MAGUK binding stalk (MBS) domain, two domains of unknown function (DUF) and a CAP-Gly motif at 215 

the COOH terminus (Figure 4A). As shown in Figure 4A, C terminal regions of KIF13B (Myc tagged) 216 

(including KIF13B
558-1826

, KIF13B
990-1826

 and KIF13B
1532-1826

), but not the N-terminus (KIF13B
1-557

), were 217 

detected in Myo X immunoprecipitates. Further analysis of their interaction identified that the C-terminal 218 

domain, KIF13B
1532-1826

, is involved in the interaction with Myo X.  219 

The Myo X-KIF13B interaction was further verified by a glutathione S-transferase (GST) pulldown 220 

assay. The recombinant GST-KIF13B
1532-1826

 fusion protein was produced (Figure 4B), which was used to 221 

pull down lysates expressing various GFP-Myo X mutants (including Myo X
Head

, hMyo X, hMyo X
ΔPH2

, 222 

hMyo X
ΔPH3

, hMyo X
KK1225/6AA

, Myo X
Myth4-Ferm

 and Myo X
Ferm

). hMyoX is an abbreviation of headless 223 

MyoX, which contains amino acids from 860 to 2062. hMyoX
KK1225/6AA

 means that the 1225/1226 Lysine 224 

was further mutated to Alanine. These two lysines are located in the second PH domain and required for 225 

MyoX binding with PI(3,4,5)P3. Note that only hMyo X and hMyo X
KK1225/6AA

 were pulled down by 226 

GST-KIF13B
1532-1826

, suggesting the requirement of the second and third PH domains of Myo X for its 227 

binding to the C-terminal domain in KIF13B (Figure 4B). By this assay, the effective Myo X binding region 228 

in KIF13B was further mapped to the last 74 amino acids in its C-terminus (Figure 4C). It is noteworthy that 229 

while the site KK1225/6 in Myo X is critical for binding to PI(3,4,5)P3 (Plantard et al., 2010), it was not 230 

required for Myo X interaction with KIF13B.  231 

Finally, we examined Myo X-KIF13B interaction by co-immunostaining analysis. As shown in 232 

Figure 4D, GFP-Myo X was co-localized with Myc-KIF13B in filopodia tips in NLT cells and in axon and 233 

dendrite-like filaments in cultured cortical neurons. In addition, their interaction was reconfirmed by 234 

co-immunoprecipitation analysis of exogenously expressed GFP-Myo X and Myc-KIF13B (Figure 4E), as 235 

well as endogenous KIF13B with Myo X in primary neuronal lysates (Figure 4F). Interestingly, Netrin-1 236 

stimulation increased Myo X-KIF13B interaction in neurons (Figure 4F). Taken together, these results 237 

suggest that Myo X interacts with KIF13B, implicating KIF13B in Netrin-1-induced Myo X distribution in 238 

axons. 239 
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 240 

Myo X as a cargo of KIF13B for its axonal distribution  241 

To investigate KIF13B’s function in Netrin-1 induced Myo X anterograde transportation, we first examined 242 

whether GFP-Myo X’s distribution in Tau-1 positive axons was affected by KIF13B expression. Indeed, 243 

expression of KIF13B was sufficient to increase GFP-Myo X’s localization in axons and decrease GFP-Myo 244 

X’s localization in dendrites in the absence of Netrin-1(Figure 5A, 5B and 5C). In line with this view was 245 

the observation by the FRAP assay that the recovery of GFP-Myo X after photo-bleaching in axons was 246 

speed up by KIF13B expression (Figure 5D, 5E and 5F). Furthermore, KIF13B’s effect on GFP-Myo X 247 

distribution was examined by time lapse imaging analysis. As shown in Figure 5G, GFP-Myo X puncta 248 

exhibited high motility in both dendrite-like neurites and growth cones. Such actin-based motility of 249 

GFP-Myo X was decreased in neurons co-expressing KIF13B (Figure 5G, 5H and 5I).  250 

Second, we determined whether KIF13B was necessary for Netrin-1-induced Myo X axonal 251 

distribution. Plasmid encoding KIF13B shRNA was generated, which selectively suppressed KIF13B 252 

expression (Figure 5-Figure Supplement 1A and 1B). GFP-Myo X with KIF13B shRNA or control shRNA 253 

were co-transfected into neurons treated with or without Netrin-1. In control neurons (GFP-Myo X with 254 

control shRNA), GFP-Myo X’s distribution in axons was increased and in dendrites was decreased by 255 

Netrin-1 stimulation (Figure 5-Figure Supplement 1C, 1D and 1E). However, such an increase of Myo X’s 256 

axonal distribution was abolished in neurons co-transfected with KIF13B shRNA (Figure 5-Figure 257 

Supplement 1C and 1D). Moreover, KIF13B-KD in embryonic mouse cortical neurons significantly 258 

suppressed GFP-Myo X distribution in axon-like neurites (Figure 5-Figure Supplement 1F and 1G). Taken 259 

together, these results suggest that KIF13B is not only sufficient, but also necessary for Netrin-1-induced 260 

Myo X distribution in axons. In line with this view, KIF13B’s distribution in axons was increased by 261 

Netrin-1 (Figure 5-Figure Supplement 1H, 1I and 1J). 262 

 263 

KIF13B, as Myo X, promoting axonal initiation and contralateral branching/targeting in developing 264 

cerebral cortex 265 

The important role of KIF13B in Netrin-1 induced Myo X axonal distribution led us to speculate a similar 266 

role that KIF13B plays as that of Myo X in Netrin-1-induced axonal initiation and targeting in vivo. To test 267 

this speculation, KIF13B shRNA and Myo X miRNA were IUEed into the progenitor cells of cortical 268 

neurons in E14.5 mouse embryos, and their brain sections at E18.5 were examined (Figure 6A). As shown in 269 

Figure 6A and 6B, KIF13B-KD resulted in a decrease in axon intensity ratio in the cortical brains, a similar 270 

impairment in axon initiation as that of Myo X-KD neurons. Besides, the percentage of Myo X or KIF13B 271 

deficient neurons into CP was decreased, as compared with that of control neurons (Figure 6A and 6C). 272 

Furthermore, we analyzed the polarization of neurons in IZ and defined the longest neurites as axons by two 273 
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criteria: the length of longest neurite is >50 μm; and 2 times more than that of the second longest one. Based 274 

on these criteria, the percentages of polarized neurons in both Myo X-KD and KIF13B-KD groups were 275 

decreased (Figure 6D and 6E) and their axons were also shorter (Figure 6D and 6F)). These results suggest 276 

that KIF13B plays a similar role as that of Myo X in axon initiation.  277 

We next determined if KIF13B regulates axon projection and branching, as Myo X does. To this end, 278 

KIF13B was suppressed in E15.5 embryos by IUE of its shRNA (GFP). At neonatal age (e.g., P7 and P14), 279 

the IUEed neurons were mostly migrated into cortical L2/3 pyramidal neurons whose axons project to the 280 

contralateral side via corpus callosum (CC) (Alcamo et al., 2008). As that of Myo X-KD axons, axons of 281 

KIF13B-KD neurons crossed the midline at P7, without an obvious reduction in their axonal length (Figure 282 

6G and 6H). However, at P14, the axonal contralateral branches were severely diminished in KIF13B-KD 283 

neurons, compared with that of controls (Figure 6I and 6J). Taken together, these results suggest that 284 

KIF13B is necessary to promote axon initiation and branching/targeting in developing cortical neurons, 285 

providing additional support for KIF13B as an important mediator for Netrin-1-induced and Myo 286 

X-regulated axon initiation and targeting. 287 

288 
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DISCUSSION 289 

In this study, we present evidence that Netrin-1 increases axonal targeting of Myo X in neurons. This event 290 

is essential for axon initiation and contralateral branching, but not midline-crossing. Further mechanical 291 

studies suggest that Netrin-1 increases Myo X interaction with KIF13B, thus promoting axonal transport of 292 

Myo X, axonal initiation and branching/targeting. These results reveal a new mechanism underlying 293 

Netrin-1-regulated axon pathfinding. 294 

As an unconventional Myosin family protein, Myo X is widely expressed and implicated in multiple 295 

cellular functions in different cell types, including Netrin-1-induced neurite outgrowth and growth cone 296 

guidance ) (Zhu et al., 2007), BMP6-dependent filopodial migration and activation of BMP receptors (Pi et 297 

al., 2007), and migration of Xenopus cranial neural crest cells (Hwang et al., 2009; Nie et al., 2009). While it 298 

is evident that Myo X modulates growth cone actin dynamics and promotes axon specification in cultured 299 

neurons (Yu et al., 2012), the in vivo evidence for this view is limited. Here, we found that Myo X is critical 300 

for axon initiation and terminal branching/targeting in developing neocortex. Myo X KD (by RNA 301 

interference) or KO (by Cre-Loxp Combination) decreased axon intensity ratio, suggesting a deficit in axon 302 

initiation (Figure 1E and 6A). Morphology analysis of individual neurons suggested an impairment of axon 303 

genesis (Figure 6D, 6E and 6F). In addition to axon initiation, Myo X KD or KO also impaired axon 304 

terminal branching/targeting (Figure 1C and 6I). This Myo X’s function is in line with the observations that 305 

Myo X plays an important role in regulating axon filaments and actin filaments in the leading margin of 306 

growth cones which are responsible for perceive extrinsic guidance factors or adhesive signals and 307 

producing traction for axon terminal elongation towards its target (Yu et al., 2012; Dent and Gertler, 2003). 308 

Interesting, Netrin-1 KD in cortical neurons had little effect on the axonal contralateral branching/targeting, 309 

while DCC KD impaired axonal contralateral branching/targeting (Figure 2F and 2G). These results together 310 

suggest that DCC and Myo X in neurons play a cell autonomous role in promoting axon branching, while 311 

Netrin-1, as an extracellular cue, regulates axon development in a non-autonomous way. Although 312 

Netrin-1-DCC-Myo X was involved in axon branching, it is not the only pathway underlying axon 313 

branching. It is of interest to note that Netrin-1 promotes exocytosis and plasma membrane expansion for 314 

axon branching via TRIM9 release of SNAP25 and SNARE-mediated vesicle fusion (Winkle et al., 2014). It 315 

will be of interest to investigate if Myo X is involved in Netrin-1 stimulated exocytosis for axon branching. 316 

Notice that Myo X-KO or KD has little effect on axon midline crossing, so does in Netrin-1-KO or 317 

DCC-KD axons (Figure 2F and 2G). These results suggest a neuronal DCC-Myo X independent mechanism 318 

for axon midline crossing. 319 

Axons contain abundant microtubules, although their growth cones have enriched actin filaments 320 

(Dent and Gertler, 2003). How is Myo X, an actin-filament based motor protein, transported to the growth 321 

cones of axons? Although Myo X interacts with microtubules with its MyTH4 domain (Weber et al., 2004; 322 
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Woolner et al., 2008; Wuhr et al., 2008), little evidence demonstrates that Myo X has microtubule based 323 

motor activity. Thus, we speculate that microtubule dependent motor protein, kinesin, may be responsible 324 

for Myo X anterograde transportation in axons. To this end, KIF13B was identified as a Myo X binding 325 

partner to be responsible for Myo X anterograde transportation. Interesting, KIF13B, a kinesin family motor 326 

protein, plays an essential role in anterograde transport of PI(3,4,5)P3 (Horiguchi et al., 2006), a binding 327 

partner and regulator of Myo X (Figure 4 and Figure 5). Moreover, KIF13B exerts similar functions as Myo 328 

X in promoting axon initiation and terminal targeting. In aggregates, our results suggest that Myo X appears 329 

to be a cargo of KIF13B during its axonal transportation, and at the same time, Myo X’s actin based motor 330 

activity is suppressed by KIF13B.  331 

Netrin-1/DCC signaling is involved in many aspects of axon development, including axon outgrowth 332 

and guidance, growth cone steering and axon branching. The canonical model for Netrin-1’s function in 333 

axon guidance is that Netrin-1 acts as a long-range diffusible guidance cue, centered in the midline (e.g., 334 

floor plate in the developing spinal cord), attracting or repulsing axons for their midline crossing. Recent 335 

studies have shown that Netrin-1 is produced not only in the midline, but also in neural progenitor cells 336 

(NPCs) in the ventricular zone (VZ), and deposited on the pial surface as a haptotactic adhesive substrate, 337 

where it guides DCC
+
 axon growth (Dominici et al., 2017). In developing cerebral cortex, Netrin-1 mRNA is 338 

highly expressed in VZ/SVZ (Zhang et al., 2018). These results implicate that Netrin-1/DCC signaling in 339 

local microenvironment surrounding new-born neurons is important for axon development. In line with this 340 

view, we found that the axon initiation was slowed down by Netrin-1 KO in the local region (Figure 2A and 341 

2B), and Netrin-1 overexpression diminished Myo X-deficiency-induced axon initiation deficit.  342 

In light of our results, we speculate the existence of DCC-Myo X-KIF13B complex. Netrin-1 may 343 

increase the complex formation by generating more PI(3,4,5)P3, which binds to Myo X, changes Myo X 344 

conformation for DCC and KIF13B binding and then undergoes anterograde transport along microtubules 345 

(Figure 7). Myo X’s motor activity may be suppressed by disconnecting Myo X with F-actin filaments, as 346 

we can see that KIF13B suppress Myo X motility in dendrite-like actin filaments. In this complex, Myo X 347 

acts as a central adapter protein to link its cargos of DCC and PI(3,4,5)P3/PI(3,4)P2 with KIF13B. Such 348 

Myo X containing complex may be crucial for Netrin-1 induced axonal outgrowth and growth cone 349 

attractive response.350 
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MATERIALS and METHODS  351 

Animals 352 

Myo X
f/f 

mice were generated as previously described (Wang et al., 2018) and NTN1
f/f

 mice were generated 353 

as illustrated in Figure2-Figure Supplement 1A. All the mouse lines indicated above were maintained in 354 

C57BL/6 background for >6 generations. Timed pregnant female mice were obtained by crossing with male 355 

mice overnight, and the noon of the following day was designated as E0.5 if the vaginal plug was detected.  356 

Reagents 357 

For immunostaining analysis, the following primary antibodies were used: mouse monoclonal anti-Tau-1 358 

(05-838, 1:1000), mouse monoclonal anti-MAP2 (05-346, 1:500), rat monoclonal anti-tubulin (MAB1864, 359 

1:500) from Millipore; chicken polyclonal anti-GFP (ab13970, 1:1000), mouse monoclonal anti-c-Myc 360 

(ab32, 1:200) from Abcam. For immunoblotting analysis, the following primary antibodies were used: goat 361 

polyclonal anti-DCC (sc-6535, 1:200) from Santa Cruz Biotechnology; rabbit polyclonal anti-KIF13B 362 

(PA540807,1:500) from Invitrogen; mouse monoclonal anti-α-tubulin (T5168, 1:4000) and mouse 363 

monoclonal anti-GFP (11814460001,1:2000) from Sigma-Aldrich; rabbit polyclonal anti-Myc (ab9106, 364 

1:1000) from Abcam; rabbit polyclonal anti-MyoX was prepared as previously described (Zhu et al., 2017); 365 

the polyclonal anti-KIF13B antibody was kindly provided by Dr. Hiroaki Miki (Osaka University, Japan). 366 

For immunoprecipitation assay, rabbit polyclonal anti-GFP (A11122) was purchased from Invitrogen. Alexa 367 

Fluor 488-, 555- and 647-coupled secondary antibodies against mouse, rat, chicken or goat and 368 

HRP-conjugated secondary antibodies against mouse or rabbit were purchased from Jackson 369 

ImmunoReseach. Alexa Fluor 350-phalloidin (A22281) and lipofectamine 2000 (11668-019) were obtained 370 

from Invitrogen. Wortmannin was from Millipore. 371 

Expression vectors 372 

The cDNA of mouse Myo X was subcloned into mammalian expression vector (pEGFP-C1) fused with GFP 373 

at the amino-terminus, as described previously (Zhu et al., 2007). GFP-MyoXΔPH and GFP-MyoXΔFERM 374 

were generated with Q5 Site-Directed Mutagenesis Kit (New England Biolabs, E0554S), where the amino 375 

acids (1212-1253) and (1799-2058) were deleted, respectively. Myo X-Head, Myo XΔMotor (headless Myo 376 

X, hMyo X), Myo X MyTH4-FERM and MyoX FERM were amplified and subcloned into pEGFP-C1. 377 

GFP-hMyoXΔPH2 and GFP-hMyoXΔPH3 were generated with Q5 Site-Directed Mutagenesis Kit, where 378 

the amino acids (1215-1316) and (1381-1506) were deleted, respectively. Also, GFP-hMyoX (KK1225/6AA) 379 

were generated with Q5 Site-Directed Mutagenesis Kit. The cDNA of human KIF13B was subcloned into 380 

mammalian expression vector (pRK5) fused with a Myc tag at the amino terminus. KIF13B
1-557

, 381 

KIF13B
1-1531

, KIF13B
558-1826

, KIF13B
990-1826

 and KIF13B
1532-1826 

were amplification by PCR and subcloned 382 

into pRK5 though corresponding restriction enzymes or exonuclease Ⅲ. The expression vector s of all GST 383 
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fusion proteins was constructed by ligation into pGEX-6p-1. mCherry-Myo X was kindly provided by Dr. 384 

Staffan Strömblad (Karolinska Institutet, Huddinge, Sweden). 385 

 The miRNA expression vectors for Myo X and DCC were generated by the BLOCK-iT Lentiviral miR 386 

RNA Expression System (Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction as 387 

previously described (Liu et al., 2012; Zhu et al., 2007). The shRNA expression vectors for mouse KIF13B 388 

were generated using pll3.7 lentiviral vector, and the target sequences for KIF13B shRNAs are below: 5’- 389 

GCAGATAACTATGACGAAACC-3’ (KIF13B shRNA-1); 5’- GGATTTAGCTGGCAGTGAACG-3’ 390 

(KIF13B shRNA-2). Netrin-1 shRNA was constructed into pll3.7 lentiviral vector as previously reported and 391 

the target sequence was 5’-GGGTGCCCTTCCAGTTCTA-3’ (Chen et al., 2017). In addition, we also 392 

generated the RFP-Scramble shRNA and RFP-KIF13B shRNA expression vectors by replacing GFP with 393 

RFP in the pll3.7 plasmids. The authenticity of all constructs was verified by DNA sequence.  394 

Cell cultures and transfections 395 

Primary cortical neurons were cultured as described previously (Zhu et al., 2007). In brief, embryos (E17) 396 

were removed from anesthetized pregnant mice. Cerebral cortices were separated and chopped into small 397 

pieces. After incubation in 0.125% Trypsin plus with 0.05% DNase in HBSS at 37
o
C for 20 mins, cells were 398 

triturated with fire-polished glass Pasteur pipet and filted with 40 μm filter. Dissociated cells were suspended 399 

in DMEM with 10% FBS and plated on poly-D-lysine coated dishes or glass coverslips at 37 °C in a 5% CO2 400 

atmosphere. 4 hours later, the medium was changed into Neurobasal medium with 2% B27 supplement and 2 401 

mM Glutamax. For transfection, neurons were electroporated immediately after dissociation using the Mouse 402 

Neuron Nucleofector Kit (Amaxa). In brief, 3×10
6
 neurons were resuspended in 100 µl of nucleofectamine 403 

solution containing 3 µg of plasmid and electroporated with Program O-003 of Nucleofector™ Ⅱ.  404 

NLT cells and HEK293 cells were grown in DMEM supplemented with 10% FBS and 100 units ml
-1

 405 

penicillin-streptomycin. For imaging experiments, 50%-70% confluent NLT cells in 12-well plate were 406 

transfected with 1.6 μg indicated plasmids using 3ul lipofectamine in DMEM without FBS and antibiotics. 407 

For Western blot and co-immunoprecipitation, HEK293 cells were transfected using polyetherimide 408 

(PEI). Stable HEK 293 cell line expressing human netrin-1 was used as described previously (Ren et al., 409 

2004; Xie et al., 2005; Zhu et al., 2007). 410 

In Utero electroporation  411 

The in utero electroporation was carried out as described previously with some modifications (Yu et al., 412 

2012). Briefly, plasmids were microinjected into the lateral cerebral ventricle of E 14.5 or E15.5 mouse 413 

embryos through the uterine wall. Then, 35 V square-wave pulse was delivered across the head for 5 times 414 

through ECM-830 (BTX, Holliston, MA). Embryos were then allowed to develop to E18.5, P7 or P14. The 415 

transfected brains were then fixed with 4% PFA/PBS overnight at 4°C. The brains were sectioned with a 416 
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freezing microtome at about 50 µm. 417 

Immunostaining analysis 418 

Cells were fixed in 4% PFA for 10 min at room temperature, permeabilized with 0.1% Triton X-100 for 8 419 

min and blocked in 2% bovine serum albumin for 1 h in 0.01 M phosphate-buffered saline (PBS; pH 7.4). 420 

Subsequently, cells were incubated with primary antibodies diluted in the blocking solution for 2 hours and 421 

washed three times with PBS. And they were incubated with appropriate fluorochrome-conjugated 422 

secondary antibodies for 1 h and washed 3 times. 423 

Live cell time-lapse imaging and kymography analyses 424 

Transfected neurons were grown on Lab-Tek II Chambered Coverglass (Thermo Fisher Scientific, USA) in 425 

DMEM supplemented with 10% FBS and antibiotics. For visualizing GFP-Myo X movement, the Lab-Tek 426 

II Chambered Coverglass were then fitted into a temperature-controlled chamber on the microscope stage of 427 

LSM 710 confocal laser scanning microscopy (Carl Zeiss, Germany) for observation at 37 °C in a 5% CO2 428 

atmosphere. Time-lapse intervals were 5s and neurons were imaged over periods of 10 minutes. Imagines 429 

were acquired with an X63/1.4 N.A. objective at a resolution of 1,024 X 1,024 pixels. The software ImageJ 430 

(FIJI) was used for Tracking analysis and Kymographic analysis. In brief, the travelling path and velocity of 431 

GFP-Myo X puncta were recorded with the “Manual Tracking” plugin by clicking on the GFP-Myo X 432 

puncta on the temporal stacks. For kymographic analysis, a segmented line was used to draw a region of 433 

interest (ROI) and then the “KymographBuilder” plugin was used to produce kymographs for the selected 434 

segments. 435 

Fluorescence recovery after photobleaching 436 

The experiments were performed using the LSM 710 confocal laser scanning microscopy. Imagines were 437 

acquired with an X63/1.4 N.A. objective at a resolution of 1,024 X 1,024 pixels. A region at the proximal 438 

axon was bleached with high laser power and fluorescence recovery was observed for a period of 10min. For 439 

FRAP analysis, the mean intensity of the bleached area was normalized with the initial fluorescence 440 

intensity before bleaching.  441 

Protein–protein interaction assays. 442 

Immunoprecipitation was carried out as previously described (Ren et al., 2001). Cell lysates (1 mg protein) 443 

were incubated at 4 °C for 6 hours with the indicated antibodies (1–2 μg) in a final volume of 1 mL modified 444 

RIPA lysis buffer with protease inhibitors. After the addition of protein A-G-agarose beads, each reaction 445 

was incubated at 4 °C for 1 h. The immunoprecipitate complexes were collected by centrifugation and 446 

washed 3 times with washing buffer (20 mM Tris-HCl, 10 mM NaCl, 1 mM EDTA, 0.5% NP40). Immune 447 

complexes were resolved by SDS–PAGE and subjected to immunoblotting. GST pulldown assay was carried 448 

out as described previously (Ren et al., 2001). Transiently transfected HEK 293 cells were lysed in the 449 
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modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 1% NP-40, 0.25% 450 

sodium-deoxycholate, and proteinase inhibitors). Cell lysates were precleared with GST immobilized on 451 

glutathione–Sepharose 4B (GE Healthcare) and then incubated with the indicated GST fusion proteins (2–5 452 

μg) immobilized on glutathione–Sepharose beads at 4°C overnight with constant rocking. The beads were 453 

washed three times with modified RIPA buffer, and bound proteins were resolved by SDS–PAGE and 454 

subjected to immunoblotting. 455 

Imaging quantification and statistical analyses 456 

Immunostaining sections and cells were observed under a Zeiss LSM 710 confocal microscope with ZEN 457 

2012 software, and only the brightness, contrast, and color balance were optimized after imaging. The 458 

software ImageJ was used to measure fluorescence intensity in all fixed images. The software ImageJ was 459 

used to measure fluorescence intensity in all fixed images. In brief, the RGB images were converted into 460 

8-bit grayscale images and inverted to negative images for analysis. After converted to uncalibrated optical 461 

density value, the area of axons, soma and dendrites was selected with ROI tools and calculated. GFP-MyoX 462 

intensity in axons or dendrites was normalized by that in its soma regions.  Statistical analyses were 463 

performed using either unpaired 2-tailed Student’s t test or 1-way analysis of variance (ANOVA) followed 464 

by a protected least significant difference Fisher’s post hoc test for multiple comparisons. Statistical 465 

evaluations were performed with the software Graph Pad Prism version 5.0. The data are presented as the 466 

mean ± standard error of the mean (SEM). P values less than 0.05 were considered significant.                                                      467 

468 
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Figure Legends 601 

Figure 1. Defective axon initiation and contralateral branching in Myo X-KO cortical neurons. 602 

(A) Schematic diagram of IUE assay for axon development in neocortex.  603 

(B-D) P7 (B) and P14 (C-D) cerebral cortex that were electroporated with GFP (Control) or Cre-GFP (Myo 604 

X KO) plasmids into Myo X
f/f

 embryos at E15.5. Representative images were shown in B and C. Scale 605 

Bar=500μm. Quantifications of axon elongation and axon intensity in the contralateral cortex (as indicated 606 

by a and b in C) were presented in B (right panel) and D, respectively. For (B), student’s t test, p = 0.8405; 607 

for (D), student’s t test, p = 0.0074. 608 

(E-G) E18.5 cerebral cortex that were electroporated with Cre-GFP plasmids into Myo X
f/f

 embryos or wild 609 

type embryos at E14.5.  610 

E, Representative images. Scale Bar=100μm.  611 

F, Quantification of axon initiation by using the axon intensity ratio, which is defined as axonal GFP 612 

intensity (marked by a red square) over the total GFP intensity (marked as a blue square), as illustrated in the 613 

schematic diagram. Student’s t test, p = 0.0379. 614 

G, Quantification of GFP
+
 cells in CP. Student’s t test, p<0.0001. 615 

Data are presented as the means ± SEM. The numbers of brain sections scored are from 3 different brains for 616 

each group and indicated on the graphs. ns, no significant difference; *, P<0.05; **, P<0.01; ***, P<0.001. 617 

 618 

Figure 2. Netrin-1 rescue of axon initiation defect caused by Myo X deficiency.  619 

(A-C) E18.5 cerebral cortex that were electroporated with GFP (Control) or Cre-GFP (Netrin-1 KO) 620 

plasmids into NTN1
f/f

 embryos at E14.5.  621 

A, Representative images. Scale Bar=100μm.  622 

B, Quantification of axon intensity ratio. Student’s t test, p = 0.0425. 623 

C, Quantification of GFP
+
 cells in CP. Student’s t test, p =0.3970. 624 

(D) Representative images of E18.5 cerebral cortex electroporated with Control miRNA (Control), Myo X 625 

miRNA (Myo X KD) or Myo X miRNA together with Myc-Netrin-1 plasmids (Myo X KD + Netrin-1) at 626 

E14.5. Scale Bar=100μm.  627 

(E) Quantification of axon intensity ratio. One-way ANOVA, p =0.0303 for MyoX KD group, p=0.7385 for 628 

Myo X KD+Netrin-1 group. 629 

(F) Representative images of P14 cerebral cortex electroporated with Control miRNA (Control), Netrin-1 630 

shRNA (Netrin-1 KD), DCC miRNA (DCC KD) at E15.5. Scale Bar=500μm.  631 

(G) Quantification of axon contralateral branching. Student’s t test, p =0.398. 632 

Data are presented as the means ± SEM. The numbers of brain sections scored are from 3 different brains for 633 

each group and indicated on the graphs. ns, no significant difference; *, P<0.05; **, P<0.01. 634 

 635 
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Figure 3. Increase of axonal distribution and anterograde transport of GFP-Myo X by Netrin-1.  636 

(A-D) Immunostaining analysis using indicated antibodies at DIV 3 neurons that were transfected with 637 

GFP-Myo X at DIV 1 and treated with vehicle or Netrin-1 for 1 hr.  638 

A, Images marked in rectangular were amplified and showed in the right panels. White arrow heads indicate 639 

the axonal distribution of GFP-Myo X. Scale Bar=10μm.  640 

B, Quantification of GFP-Myo X intensity in axons. The axonal GFP-Myo X level was normalized to 641 

somatic GFP-Myo X. Student’s t test, p = 0.0012.  642 

C, Yellow arrows indicate GFP-Myo X distribution in MAP2 positive dendrites. Scale Bar=10μm. 643 

D, Quantification of GFP-Myo X intensity in dendrites. The dendritic GFP-Myo X level was normalized to 644 

somatic GFP-Myo X. Student’s t test, p = 0.0471. 645 

(E-G) Analysis of axonal GFP-Myo X mobility with fluorescence recovery after photobleaching (FRAP) 646 

assay.  647 

E, Images of FRAP analysis in GFP-Myo X expressing neurons in the presence of vehicle or Netrin-1 and 648 

the quantification (normalized GFP-Myo X intensity of the photobleached axon compartment). Scale 649 

Bar=20μm.  650 

F, Quantification of half-time of maximum recovery (t1/2). Student’s t test, p = 0.0446, n=6 neurons from 3 651 

different experiments. 652 

G, Percentage of GFP-Myo X recovery. Student’s t test, p<0.0001, n=6 neurons from 3 different 653 

experiments. 654 

(H-J) Time-lapse imaging analysis of GFP-Myo X expressing neurons in the presence of vehicle or 655 

Netrin-1.  656 

H, the mCherry was co-transfected to visualize neuronal processes. Images marked in rectangular were 657 

amplified and showed in the middle panels. Mobile trajectory of indicated GFP-Myo X puncta was 658 

presented in the bottom panels. Scale Bar=20μm. 659 

I, Quantification of mean velocity of GFP-Myo X puncta. Student’s t test, p <0.0001. 660 

J, Quantification of stationary GFP-Myo X. Student’s t test, p = 0.021.  661 

Data are presented as the means ± SEM. The numbers of neurons scored are from 3 different experiments 662 

for each group and indicated on the graphs. *, P<0.05; **, P<0.01; ***, P<0.001. 663 

 664 

Figure 4. Interaction of Myo X with KIF13B. 665 

(A) Co-immunoprecipitation of GFP-hMyo X and Myc-KIF13B
1532-1826

. GFP-hMyo X was co-expressed 666 

with Myc-KIF13B and its deletion mutants in HEK293T cells and immunoprecipitated by anti-Myc 667 

antibody.  668 

(B) Immunoblotting of the pulled down fraction by the GST-KIF13B C-terminus fusion protein and GST 669 

alone. The amounts of GST fusion proteins and GST were revealed by coomassie blue staining (lower 670 
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panel).  671 

(C) Immunoblotting of the pulled down fraction by the truncated C-terminal domains fused with GST and 672 

GST alone. The amounts of different GST fusion proteins and GST alone were revealed by coomassie blue 673 

staining (lower panel).  674 

(D) Co-localization of GFP-Myo X and Myc-KIF13B in filopodia tips of NLT cells (upper panels) and in 675 

axon and dendrite-like filaments in cultured cortical neurons (lower panels). Images marked in rectangular 676 

was amplified and included as insert. Scale Bar=20μm.  677 

(E) Co-immunoprecipitation of exogenous Myc-KIF13B and GFP-Myo X. HEK293T cell lysates were 678 

immunoprecipitated with anti-Myc antibody and with IgG as control.  679 

(F) Immunoprecipitation of endogenous Myo X and KIF13B with or without Netrin-1 stimulation. Neurons 680 

treated with vehicle or Netrin-1 were lysed and incubated with anti-Myo X antibody (upper panel). 681 

Quantifications of KIF13B binding with MyoX were presented in lower panel. student’s t test, p = 0.0089. 682 

Data are presented as the means ± SEM. For statistical analysis, three independent experiments were 683 

performed and indicated on the graphs. **, P<0.01. 684 

 685 

Figure 5. Involvement of KIF13B in Myo X anterograde transportation.  686 

(A-C) Immunostaining analysis using indicated antibodies at DIV 3 neurons that were transfected with 687 

GFP-Myo X or GFP-Myo X together with Myc-KIF13B at DIV 1. 688 

A, Images marked in rectangular were amplified and showed in the right panels. Scale Bar=20μm.  689 

B, Quantification of GFP-Myo X intensity in axons. The axonal GFP-Myo X level was normalized to 690 

somatic GFP-Myo X. Student’s t test, p <0.0001. 691 

C, Quantification of GFP-Myo X intensity in dendrites. The dendritic GFP-Myo X level was normalized to 692 

somatic GFP-Myo X. Student’s t test, p=0.0013. 693 

(D-F) Analysis of KIF13B effect on axonal GFP-Myo X mobility with FRAP assay. 694 

D, Images of FRAP analysis in DIV 3 cortical neurons that were transfected with GFP-Myo X or GFP-Myo 695 

X together with Myc-KIF13B at DIV 1 and the quantification (normalized GFP-Myo X intensity of the 696 

photobleached axon compartment). Scale Bar=20μm. 697 

E, Quantification of half-time of maximum recovery. Student’s t test, p=0.0213, n=6 neurons from 3 698 

different experiments. 699 

F, Percentage of GFP-Myo X recovery. Student’s t test, p<0.0001, n=6 neurons from 3 different experiments. 700 

(G-I) Time-lapse imaging analysis of GFP-Myo X together with vector or GFP-Myo X together with 701 

Myc-KIF13B transfected neurons.  702 

G, The marked rectangular in G were further analyzed by kymographs (see lower panels), which show the 703 

mobility of GFP-Myo X positive vesicles during 5-min recordings. Vertical lines represent stationary Myo 704 

X-vesicles; oblique lines or curves to the right represent anterograde movements and lines to the left indicate 705 
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retrograde transport. Scale Bar=20μm. 706 

H, Quantification of mean velocity of GFP-Myo X puncta. Student’s t test, p = 0.0026. 707 

I, Quantification of stationary GFP-Myo X. Student’s t test, p = 0.0001. 708 

Data are presented as the means ± SEM. The numbers of cells scored are from 3 different brains for each 709 

group and indicated on the graphs. *, P<0.05; **, P<0.01; ***, P<0.001. 710 

 711 

Figure 6. Similar role of KIF13B in axon initiation and branching as Myo X. 712 

(A) Representative images of E18.5 cerebral cortex electroporated with control shRNA (Control), KIF13B 713 

shRNA (KIF13B KD) and Myo X miRNA (Myo X KD) plasmids at E14.5. Scale Bar=100μm.  714 

(B) Quantification of axon initiation by using the axon intensity ratio. Student’s t test, for Myo X KD group, 715 

p=0.0150, for KIF13B KD group, p=0.0102. 716 

(C) Quantification of GFP
+
 cells in CP. Student’s t test, for Myo X KD group, p=0.0002, for KIF13B KD 717 

group, p<0.0001. 718 

(D) Neurons in the IZ of E18.5 cerebral cortex in each group. Mouse cortices electroporated with indicated 719 

plasmids were presented in the upper panels. Tracing of representative GFP+ neurons in each group were 720 

presented in the lower panels. Scale Bar=100μm. 721 

(E) Quantification of polarized neurons in IZ. Student’s t test, for Myo X KD group, p<0.0001, for KIF13B 722 

KD group, p<0.0001. 723 

(F) Quantification of the length of longest neurites. Student’s t test, for Myo X KD group, p=0.0003, for 724 

KIF13B KD group, p=0.0003. 725 

(G-H) Representative images of P7 cerebral cortex electroporated with above indicated plasmids at E15.5 as 726 

well as quantification of axon elongation. Scale Bar=500μm. Student’s t test, for Myo X KD group, 727 

p=0.9059, for KIF13B KD group, p=0.6466. 728 

(I-J) Representative images of P14 cerebral cortex electroporated with above indicated plasmids at E15.5 as 729 

well as quantification of axon contralateral branching. Scale Bar=100μm. Student’s t test, for Myo X KD 730 

group, p=0.0013, for KIF13B KD group, p=0.0067. 731 

Data are presented as the means ± SEM. The numbers of brain sections or cells scored are from 3 different 732 

brains for each group and indicated on the graphs. ns, no significant difference; *, P<0.05; **, P<0.01; ***, 733 

P<0.001. 734 

 735 

Figure 7. Graphical abstract. 736 

 737 

Figure 1-Figure Supplement 1. Defective axon ipsilateral branching in Myo X-KO cortical neurons. 738 

(A) Representative images of P7 cerebral cortex electroporated with GFP (Control) or Cre-GFP (Myo X KO) 739 

plasmids at E15.5. Scale Bar=500μm.  740 
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(B) Quantification of axon ipsilateral branching. Student’s t test, p =0.0356. 741 

(C) Representative images of P3 cerebral cortex electroporated with MyoX miRNA (Myo X KD) or control 742 

miRNA (Control) at E15.5. Scale Bar=200μm. 743 

(D) Axon distribution was illustrated and quantified. Student’s t test, p<0.0001. 744 

Data are presented as the means ± SEM. The numbers of brain sections scored are from 3 different brains for 745 

each group and indicated on the graphs. **, P<0.01; ***, P<0.001. 746 

 747 

Figure 2-Figure Supplement 1. Axon ipsilateral branching in Netrin-1 and DCC-KO cortical neurons. 748 

(A) Diagram of how to generate NTN1
f/f

 and NTN1 CKO mice. 749 

(B-C) Representative images of P14 cerebral cortex electroporated with Netrin-1 shRNA, DCC miRNA or 750 

Control plasmids at E15.5 as well as quantification of axon ipsilateral branching. Scale Bar=100μm. 751 

Student’s t test, for Netrin-1 KD group, p=0.9206, for DCC KD group, p=0.0155. 752 

Data are presented as the means ± SEM. The numbers of brain sections scored are from 3 different brains for 753 

each group and indicated on the graphs. ns, no significant difference; *, P<0.05. 754 

 755 

Figure 3-Figure Supplement 1. Requirement of Myo X’s PH and FERM domains for Netrin-1 increase 756 

of axonal distribution of exogenous GFP-Myo X.  757 

(A) Neurons transfected with GFP-Myo X and its deletion mutants (illustrated in the left panels) were 758 

treated with vehicle or Netrin-1 and then stained with anti-Tau-1 antibody at DIV 3. Scale Bar=10μm.  759 

(B) Quantification of axonal distribution of GFP-Myo X or its deletion mutants. Student’s t test, for Myo X 760 

group, p =0.0003, for Myo Δ PH group, p=0.8293, for Myo Δ FERM group, p=0.4571. 761 

Data are presented as the means ± SEM. The numbers of neurons scored in these groups are from 3 different 762 

experiments and indicated on the graphs. ns, no significant difference; ***, P<0.001. 763 

      764 

Figure 3-Figure Supplement 2. DCC and PI3K activity dependent axonal distribution of GFP-Myo X 765 

in response to Netrin-1.  766 

(A) Immunoprecipitation analysis of DCC association with Myo X in cultured cortical neurons.  767 

(B) Quantifications of DCC binding with MyoX. student’s t test, p = 0.0122. 768 

(C) Neurons transfected with GFP-Myo X or GFP-Myo X together with DCC miRNA were treated with 769 

vehicle or Netrin-1 and then stained with anti-Tau-1 antibody at DIV 3. Scale Bar=10μm. 770 

(D) Quantification of axonal distribution of GFP-Myo X. One-way ANOVA, for Myo X group with vehicle 771 

stimulation and Myo X group with Netrin-1 stimulation, p <0.0001; for Myo X and Myo X+DCC KD 772 

groups, p <0.0001. 773 

(E) Quantification of dendritic distribution of GFP-Myo X. One-way ANOVA, for Myo X groups with 774 

vehicle and Myo X group with Netrin-1 stimulation, p=0.0305, for Myo X and Myo X+DCC KD groups, 775 
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p=0.0318. 776 

(F) GFP-Myo X-expressing neurons were treated with vehicle and Netrin-1 with or without PI3 kinase 777 

inhibitor, wortmannin (10 nM) for 1 hr and subjected to immunostaining with anti-Tau-1 antibody at DIV 3. 778 

Scale Bar=10μm. 779 

(G) Quantification of axonal distribution of GFP-Myo X. One-way ANOVA, p<0.0001 for both groups. 780 

(H) Quantification of dendritic distribution of GFP-Myo X. One-way ANOVA, for vehicle and Nerin-1 781 

groups, p=0.0023; for Netrin-1 and Netrin-1+wortmannin groups, p=0.0124. 782 

Data are presented as the means ± SEM. The numbers of brain sections scored are from 3 different brains for 783 

each group and indicated on the graphs. ns, no significant difference; *, P<0.05; **, P<0.01; ***, P<0.001. 784 

 785 

Figure 5-Figure Supplement 1. Requirement of KIF13B for Netrin-1 induced axonal distribution of 786 

GFP-Myo X. 787 

(A) Western blot showing the silence effect of KIF13B shRNA in cultured cortical neurons. 788 

(B) Quantification of KIF13B knockdown efficiency. One-way ANOVA, p=0.0036 for KIF13B shRNA-1 789 

group; p=0.0015 for KIF13B shRNA-2 group. 790 

(C) Neurons transfected with GFP-Myo X together with control shRNA or KIF13B shRNA respectively 791 

were treated with vehicle or Netrin-1 for 1 hr and subjected to immunostaining at DIV 3. Scale Bar=10μm. 792 

(D) Quantification of GFP-Myo X intensity in axons. The axonal GFP-Myo X level was normalized to 793 

somatic GFP-Myo X. One-way ANOVA, p<0.0001 between GFP-Myo X+Control groups; p=0.9059 794 

between GFP-Myo X+KIF13B KD groups. 795 

(E) Quantification of GFP-Myo X intensity in dendrites. The dendritic GFP-Myo X level was normalized to 796 

somatic GFP-Myo X. One-way ANOVA, p=0.0293 between GFP-Myo X+Control groups; p=0.8791 797 

between GFP-Myo X+KIF13B KD groups. 798 

(F) Representative images of cortical neurons electroporated with indicated plasmids at E15.5. Scale 799 

Bar=10μm. 800 

(G) Quantification of mCherry-Myo X intensity in axons. The axonal mCherry-Myo X level was normalized 801 

to somatic mCherry-Myo X. Student’s t test, p=0.0331. 802 

(H) Neurons transfected with Myc-KIF13B were treated with vehicle or Netrin-1 for 1 hr and subjected to 803 

immunostaining with indicated antibodies at DIV 3. Images marked in rectangulars were amplified and 804 

showed in the right panels. Scale Bar=20μm. 805 

(I) Quantification of Myc-KIF13B intensity in axons. The axonal Myc-KIF13B level was normalized to 806 

somatic Myc-KIF13B. Student’s t test, p=0.0026. 807 

(J) Quantification of Myc-KIF13B intensity in dendrites. The dendritic Myc-KIF13B level was normalized 808 

to somatic Myc-KIF13B. Student’s t test, p=0.591.  809 
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Data are presented as the means ± SEM. The numbers of neurons scored in these groups are from 3 different 810 

experiments and indicated on the graphs. ns, no significant difference; *, P<0.05; **, P<0.01; ***, P<0.001. 811 
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