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Abstract

Heterozygous missense mutations in human TUBB3 gene result in a spectrum of brain 

malformations associated with defects in axon guidance, neuronal migration and differentiation. 

However, the molecular mechanisms underlying mutation-related axon guidance abnormalities are 

unclear. Recent studies have shown that netrin-1, a canonical guidance cue, induced the interaction 

of TUBB3 with the netrin receptor deleted in colorectal cancer (DCC). Furthermore, TUBB3 is 

required for netrin-1-induced axon outgrowth, branching and pathfinding. Here, we provide 

evidence that TUBB3 mutations impair netrin/DCC signaling in the developing nervous system. 

The interaction of DCC with most TUBB3 mutants (eight out of twelve) is significantly reduced 

compared to the wild type TUBB3. TUBB3 mutants R262C and A302V exhibit decreased 

subcellular colocalization with DCC in the growth cones of primary neurons. Netrin-1 increases 

the interaction of endogenous DCC with wild type human TUBB3, but not R262C or A302V, in 

primary neurons. Netrin-1 also increases co-sedimentation of DCC with polymerized microtubules 

(MTs) in primary neurons expressing the wild type TUBB3, but not R262C or A302V. Expression 

of either R262C or A302V not only suppresses netrin-1-induced neurite outgrowth, branching and 

attraction in vitro, but also causes defects in spinal cord commissural axon (CA) projection and 

pathfinding in ovo. Our study reveals that missense TUBB3 mutations specifically disrupt netrin/

DCC-mediated attractive signaling.
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1. Introduction

During brain development, temporospatial modulation of microtubule (MT) dynamics in the 

growth cone (GC) of developing post-mitotic neurons plays an essential and instructive role 

for axon projection and pathfinding (Buck and Zheng, 2002; Challacombe et al., 1997; Dent 

et al., 2004; Dent et al., 2011; Kalil and Dent, 2005; Lee and Suter, 2008; Lei et al., 2012; 

Liu and Dwyer, 2014; Purro et al., 2008; Sabry et al., 1991; Suh et al., 2004; Tanaka et al., 

1995). Mutations in α- and β-tubulin-encoding genes (e.g. TUBA1A, TUBB2A, TUBB4A, 
TUBB2B, TUBB3 and TUBA8) cause a variety of brain malformations (Abdollahi et al., 

2009; Cushion et al., 2013; Guerrini et al., 2012; Jaglin et al., 2009; Kumar et al., 2010; Liu 

and Dwyer, 2014; Poirier et al., 2010; Tischfield et al., 2010; Tischfield et al., 2011), such as 

lissencephaly, polymicrogyria, hypoplasia of the internal capsule, basal ganglia, the 

hippocampus, cerebellum, brainstem, and cranial nerves, and partial or complete agenesis of 

the commissural fiber tracts and the corticospinal tract. The disease-associated TUBB3 
mutations have recently been shown to impair tubulin heterodimer formation and alter MT 

instability, resulting in a spectrum of axonal guidance defects including agenesis or 

hypoplasia of commissural axon (CA) tracts, the corticospinal tract, the anterior commissure 

and oculomotor nerves (Poirier et al., 2010; Tischfield et al., 2010). TUBB3R262C/R262C 

knock-in disease mouse model further reveals specific axon guidance defects in CAs and 

cranial nerves: partial or complete absence of the corpus callosum and the anterior 

commissure as well as misguidance of multiple cranial nerves (Poirier et al., 2010; 

Tischfield et al., 2010). However, it is unclear why TUBB3 mutations are associated with 

these axon projection defects, such as those involved in CA guidance, when TUBB3, a 

neuron-specific beta III tubulin, is widely expressed in all developing neurons.

Netrins, a family of canonical guidance cues, are known to play an essential role in axon 

guidance and neuronal migration (Alcantara et al., 2000; Colamarino and Tessier-Lavigne, 

1995; Hedgecock et al., 1990; Ishii et al., 1992; Kennedy et al., 1994; Kolodziej et al., 1996; 

Tessier-Lavigne et al., 1988). The mammalian receptors of netrins are deleted in colorectal 

cancer (DCC) (Fazeli et al., 1997; Keino-Masu et al., 1996), neogenin (Keeling et al., 1997; 

Keino-Masu et al., 1996), uncoordinated-5 (UNC5) (Ackerman et al., 1997; Leonardo et al., 

1997), and Down syndrome cell adhesion molecule (DSCAM) (Liu et al., 2009; Ly et al., 

2008). Netrin-1- and DCC-deficient mice exhibit similar phenotypic defects in axon 

guidance and neuronal migration, including a reduction in the number of CAs, shortening 

and misrouting of axons in the spinal cord, lack of the corpus callosum and hippocampal 

commissure, reduction in the size of the anterior commissure, absence of the pontine nuclei 

in the brain, and optic nerve hypoplasia (Burgess et al., 2006; Deiner et al., 1997; Fazeli et 

al., 1997; Serafini et al., 1996). Our recent studies indicate that netrin-1 can directly regulate 

MT dynamics through the interaction of its receptor DCC to TUBB3 during axon attraction 

(Qu et al., 2013a). Knockdown of TUBB3 not only blocks netrin-1 induced axon outgrowth, 

branching and attraction in vitro, but also inhibits spinal cord CA projection and pathfinding 

in vivo, suggesting that TUBB3 is specifically involved in netrin-1/DCC-mediated axon 

projection (Huang et al., 2015; Qu et al., 2013a).

In the present study, we examined the functional importance of TUBB3 mutations in 

netrin/DCC signaling through in vitro and in vivo approaches. Our results indicate that 
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TUBB3 mutations may disrupt the coupling of netrin/DCC signaling with MT dynamics, 

resulting in specific defects of netrin-mediated axon projection and pathfinding in the 

developing nervous system.

2. Experimental Procedures

2.1. Materials

Plasmids encoding the full-length human TUBB3, DCC and TUBB3 mutants (G82R, 

T178M, E205K, M388V and A302V, gifts from Dr. Jamel Chelly) have been described 

previously (Huang et al., 2015; Li et al., 2004a; Poirier et al., 2010; Qu et al., 2013a; Shao et 

al., 2017). Using wild type human TUBB3 as a template, site-directed mutagenesis was 

performed to generate human missense TUBB3 mutants and verified by sequencing. The 

following oligonucleotide primers were used in the PCR reactions: 5’ forward primer 5’-

GTGCCCTTCCCGCAACTGCACTTCTTC-3’ and 3’ reverse primer 3’-GAAGAAG 

TGCAGTTGCGGGAAGGGCAC-5’ for R62Q; 5’ forward primer 5’-

GTGCCCTTCCCGTGCCTGCA CTTCTTC-3’ and 3’ reverse primer 3’-

GAAGAAGTGCAGGCACGGGAAGGGCAC-5’ for R262C; 5’ forward primer 5’-

AACATGATGGCCACCTGCGACCCGCGC-3’ and 3’ reverse primer 3’-GCGCG 

GGTCGCAGGTGGCCATCATGTT-5’ for A302T; 5’ forward primer 5’-

GGCCGCATGTCCGTTAA GGAGGTGGAC-3’ and 3’ reverse primer 3’-

GTCCACCTCCTTAACGGACATGCGGCC-5’ for M323V; 5’ forward primer 5’-

ATGGAGTTCACCAAAGCCGAGAGCAAC-3’ and 3’ reverse primer 3’-

GTTGCTCTCGGCTTTGGTGAACTCCAT-5’ for E410K; 5’ forward primer 5’-

AGCAACATGAACC ACCTGGTGTCCGAG-3’ and 3’ reverse primer 3’-

CTCGGACACCAGGTGGTTCATGTTGCT-5’ for D417H; and 5’ forward primer 5’-

AGCAACATGAACAACCTGGTGTCCGAG-3’ and 3’ reverse primer 3’-

CTCGGACACCAGGTTGTTCATGTTGCT-5’ for D417N. FLAG-tagged TUBB3 

truncations TUBB3-1-232 and TUBB3-233-449 were constructed between the EcoR I and 

Xba I sites in the pcDNA3.1 (−) vector. The following primers are used for the PCR 

reactions: 5’ forward primer 5’-CCG GAATTCATGAGGGAGATCGTGCACATC-3’ and 3’ 

reverse primer 3’-GCTCTAGATCACTTGTCG 

TCATCGTCTTTGTAGTCGGTGGCCGATACCAGGTG-5’ for TUBB3-1-232; 5’ forward 

primer 5’-CCGGAATTCATGAGCGGAGTCACCACCTC-3’ and 3’ reverse primer 3’-

GCTCTAGATCACTTG TCGTCATCGTCTTTGTAGTCCTTGGGGCCCTGGGC-3’ for 

TUBB3-233-449. TUBB3 shRNAs were designed to target the 3' untranslated region (UTR) 

of human and mouse TUBB3. The targeted sequences of control shRNA and TUBB3 

shRNA #3 and #4 are: 5’-CCCCCACTCCATGTGAGTT-3’ (control shRNA), 5’-

AGGTTAAAGTCCTTCAGTG-3’ (#1) and 5’-GCAGCCAGGGCCAAGACAG-3’ (#4), 

respectively. The oligonucleotide templates were inserted into the mU6pro vector between 

the Xba I and the EcoR I sites and verified by sequencing.

The following antibodies were used: rabbit anti-FLAG, and rabbit anti-TUBB3 (Abcam, 

Cambridge, MA, USA); mouse anti-DCC (BD Biosciences, San Jose, CA, USA); mouse 

anti-TUBB3 (Covance, Princeton, New Jersey, USA); mouse anti-Myc (Calbiochem, 

Rockland, MA, USA); Alexa Fluor® 488 goat anti-mouse IgG and Alexa Fluor® 647 goat 
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anti-rabbit IgG (Invitrogen, Grand Island, NY, USA); the HRP-conjugated anti-rabbit and 

anti-mouse secondary antibodies (Santa Cruz Biotechnology, Lexington, NY). Purified chick 

netrin-1 protein was either purchased from R&D (Minneapolis, MN, US) or purified with 

anti-Myc tag affinity matrix from conditioned media of HEK cells stably expressing netrin-1 

(Liu et al., 2004; Liu et al., 2007; Liu et al., 2009). The sham-purified control solution was 

made from the conditioned media of HEK cells which do not express netrin-1. Paclitaxel 

(taxol) was obtained from Cayman Chemical (Ann Arbor, MI, USA). Alexa Fluor 555 

phalloidin and DAPI were purchased from Invitrogen (Carlsbad, California).

2.2. Co-immunoprecipitation (co-IP) and Western analysis

HeLa cells were transfected with the PEI method. Primary E15 cortical neurons were 

nucleofected and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 

10 U/ml penicillin/streptomycin overnight. For netrin-1 stimulation, primary neurons were 

further cultured in FBS-free DMEM media supplemented with B27 for 6 h, and then treated 

with either purified netrin-1 protein (250 ng/ml) or sham purified control up to 20 min. For 

Co-IP, primary neurons and HeLa cells were lysed using MLB cell lysis buffer (50mM Tris-

HCl, 100mM NaCl, 1% NP-40, and 0.1% PMSF) mixed with Roche protease inhibitor 

cocktail tablets (cOmplete tablets, Mannheim, Germany) for 20 min on ice. Supernatant was 

collected after centrifugation (at 10,000 × g, 20 min) and incubated with specific antibodies 

and protein A/G-agarose beads (Santa Cruz Biotechnology) overnight at 4 °C. Protein 

extracts were separated with 7.5% SDS-polyacrylamide gel electrophoresis (PAGE) and 

immunoblotted with specific primary antibodies. After incubation with specific secondary 

antibodies, western blots were visualized with the enhanced chemiluminescence kit (Fisher, 

Pittsburgh, PA).

2.3. MT cosedimentation assay

Primary cortical neurons from E15 mouse cortexes were dissociated, nucleofected and 

stimulated with purified netrin-1 (250 ng/ml) or sham-purified control for 20 min as 

previously described (Huang et al., 2015; Qu et al., 2013a). Primary neurons were lysed in 

the MLB buffer mixed with protease inhibitor cocktail tablets. Cell lysates were centrifuged 

at 10,000 × g for 20 min at 4°C and the supernatant was then incubated with 40 µM taxol or 

DMSO in PEMG buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgSO4, 1 mM GTP, pH 6.8) 

at room temperature for 30 min. In a 10% sucrose cushion solution, MTs were pelleted after 

centrifugation at 50,000 × g for 30 min at 20°C as previously described (Huang et al., 2015; 

Qu et al., 2013a; Shao et al., 2017). Both supernatant and pellet fractions were collected, and 

the pellet was then resuspended in tubulin buffer (50 mM HEPES, 1 mM MgCl2, 1mM 

EGTA, 10% glycerol, 150 mM KCl, 40 µM taxol, 1 mM GTP, 5 mM Mg-ATP, 1 mM PMSF, 

1× protease inhibitor mixture). Proteins in the supernatant and the pellet were separated by 

7.5% SDS-PAGE and detected by Western blotting.

2.4. Immunofluorescence and colocalization analysis

After nucleofection, primary E15 cortical neurons were grown on PLL-coated coverslips 

overnight, fixed in pre-warmed 4% paraformaldehyde (PFA) in DMEM and permeabilized 

with 0.3% Triton X-100 in PBS at room temperature for 30 min. Cells were then blocked 

with 3% BSA in PBS containing 0.1% Triton X-100 at room temperature for 1h and 
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incubated with mouse anti-DCC (1:1000) and rabbit anti-FLAG (1:5000) primary antibodies 

overnight at 4°C. Neurons were incubated with fluorescent secondary antibodies (Alexa 

Fluor donkey anti-mouse IgG and Alexa Fluor 647 donkey anti-rabbit IgG) for 2 h at 37 °C 

and coverslips with neurons were mounted onto glass slides with Fluorogel (Electron 

Microscopy Sciences). Fluorescent images of axonal growth cones were taken sequentially 

using Leica SP8 confocal microscope with a HyD detector in photon counting mode. The 

Pearson Correlation Coefficient (PCC) in each region of interest (ROI) of the GC was 

obtained using the Leica confocal software and PCC values were analyzed using GraphPad 

Software.

2.5. Primary neuron cultures and analysis of neurite outgrowth and axon branching

The procedures of primary neuron dissociation, culture and nucleofection were conducted as 

described previously with some modifications (Huang et al., 2015). E15 cortical neurons 

were dissociated and nucleofected with Venus YFP plus missense human TUBB3 mutants, 

TUBB3 control shRNA, TUBB3 shRNAs (combination of TUBB3 shRNA #1 and #4), 

TUBB3 shRNAs plus wild type human TUBB3 or TUBB3 shRNAs plus TUBB3 mutants 

(Amaxa Biosystems). After nucleofection, cortical neurons were left settling on the PLL 

coated-coverslips for 3 h in the culture medium (DMEM +10% FBS + Penicillin/

streptomycin) and the culture medium was replaced by fresh DMEM with B27 (Invitrogen). 

For examining neurite outgrowth, primary neurons were cultured at 37°C with 5% CO2 for 

20 h in the presence of either purified netrin-1 (250 ng/ml) or the sham-purified control. 

Neurons were then fixed with 4% pre-warmed PFA dissolved in the DMEM medium for 30 

min at 37°C and stained with the Alexa Fluor® 555 phalloidin (Molecular Probes, NY, 

USA) and a DNA-specific probe DAPI (Invitrogen, CA, US). Images were taken using Leica 

TCS SP8 confocal microscope and the longest neurite (axon) length was examined using 

NIH ImageJ program.

For examining axon branching, primary neurons were cultured on PLL-coated coverslips for 

72 h after nucleofection in the presence of purified chick netrin-1 (250 ng/ml) or sham-

purified control as previously described (Huang et al., 2015). Cells were then fixed with pre-

warmed 4% PFA for 30 min at 37 °C, permeabilized with 0.3% Triton X-100, and blocked 

with 3% BSA in PBS plus 0.1% Triton at room temperature. Neurons were stained with 

DAPI and BODIPY® 558/568 Phalloidin (1;100 in PBS) for 2 h at 37 °C. Fluorescent 

images were taken with a confocal microscope (Leica, TCS SP8) and an axon branching 

point at a clearly polarized axon with a branch longer than 10 µm was calculated using NIH 

ImageJ program.

2.6. Chick Spinal Cord CA Turning Assay

Fertilized White Leghorn chick embryos were incubated and staged as described previously 

(Hamburger et al., 1992; Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009; 

Qu et al., 2013a; Qu et al., 2013b). At stage 12–15, either Venus YFP only or combination of 

Venus YFP with specific plasmids were introduced into the neural tube and the in ovo 
electroporation was performed (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 

2009; Qu et al., 2013a; Qu et al., 2013b; Shao et al., 2017). YFP-labeled spinal cords at 

stage 18–20 were collected and trimmed into rectangular explants. The spinal cord explants 
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with the floor plate were co-cultured with an aggregate of control or netrin-1 secreting HEK 

cells as described previously (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 

2009; Qu et al., 2013a; Qu et al., 2013b; Shao et al., 2017). After fixation with 4% PFA, the 

samples were mounted in Gel/Mount and images were taken under the Leica SP8 confocal 

microscope. Axons turning towards the HEK cell aggregate more than 5° were defined as 

turning axons and the percentage of attracting axons was analyzed using NIH ImageJ 

program.

2.7. Chick Spinal Cord CA Projection in Vivo

The chick in ovo neural tube electroporation at stage 12–15 was performed and YFP-

labelled spinal cords between stages 22–23 after electroporation were isolated as previously 

described (Fitzli et al., 2000; Li et al., 2008; Liu et al., 2007; Liu et al., 2009; Qu et al., 

2013a; Qu et al., 2013b; Shao et al., 2017; Stoeckli et al., 1997). The lumbosacral region of 

the spinal cord with YFP fluorescence was collected, fixed with 4% PFA, and sectioned 

transversely at a thickness of 200 µm. The spinal cord slices were transferred on slides and 

mounted in Fluorogel. Images were taken under the Leica SP8 confocal microscope. The 

number of fluorescent axons reaching or crossing over the midline, the total numbers of 

axons and the axon distance from the midline were calculated as previously described (Li et 

al., 2008; Liu et al., 2007; Liu et al., 2009; Qu et al., 2013a; Qu et al., 2013b; Shao et al., 

2017). The percentage of axons reaching the spinal cord midline, average axonal distance 

from the midline and percentage of embryos with misguided axons were analyzed using the 

Leica confocal software (LAS AF Lite).

3. Results

3.1. TUBB3 mutations impair the interaction of DCC with TUBB3

Our recent studies have shown that the direct interaction of DCC with TUBB3 is required 

for netrin/DCC signaling (Qu et al., 2013a). To determine whether missense TUBB3 
mutations affect the interaction with DCC, plasmids expressing full-length human DCC 

(DCC-Myc) were co-transfected with either full-length human TUBB3 tagged with FLAG 

(TUBB3-FLAG) or FLAG-tagged TUBB3 mutants (G82R, T178M, E205K, A302V, A302T, 

M388V, R262C, R62Q, M323V, E410K, D417H and D417N) into HeLa cells. The 

interaction of DCC with TUBB3 was assessed by co-immunoprecipitation (co-IP). Eight out 

of twelve TUBB3 missense mutations (G82R, T178M, A302V, A302T, R262C, M323V, 

D417H and D417N) showed reductions in the interaction with DCC (Fig. 1A–C). To 

characterize which domain of TUBB3 interacts with DCC, wild type TUBB3, 

TUBB3-1-232 (a C-terminal truncation mutant) or TUBB3-233-449 (an N-terminal 

truncation mutant) cDNAs were co-transfected with DCC into HeLa cells. DCC could 

interact with TUBB3-233-449, but not TUBB3-1-232 (Fig. 1D). To further examine the 

interaction of endogenous DCC with TUBB3 missense mutants in primary neurons, we 

planned to transfect TUBB3 mutants A302V and R262C, two common mutant substitutions 

associated with defects in axon guidance and neuronal migration (Poirier et al., 2010; 

Tischfield et al., 2010), into E15 cortical neurons. To minimize the interference of 

endogenous TUBB3 on the interaction with DCC, several short hairpin based RNAi 

constructs (shRNAs) targeting 3’UTR of common human and mouse TUBB3 were designed 

Huang et al. Page 6

Neuroscience. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and transfected into primary E15 cortical neurons (Fig. 2A). Two shRNA constructs (#1 and 

#4) could significantly knock down the level of TUBB3 protein, whereas another (#6) could 

not (Fig. 2A). We used these RNAi constructs as TUBB3 shRNAs (combination of shRNAs 

#1 and #4) and TUBB3 control shRNA (#6), respectively. E15 cortical neurons were 

transfected with control shRNA, TUBB3 shRNAs, TUBB3 shRNAs plus either wild type 

TUBB3 or TUBB3 shRNA plus A302V or R262C. As expected, TUBB3 shRNAs 

dramatically knocked down endogenous TUBB3 (Fig. 2A–B). Expression of either A302V 

or R262C could restore TUBB3 protein levels in primary neurons after knockdown of 

endogenous TUBB3 compared to the wild type TUBB3 group (Fig. 2B).

TUBB3 colocalizes with DCC in the GC of primary cortical neurons (Qu et al., 2013a). To 

determine whether missense mutations in human TUBB3 affect this colocalization, E15 

mouse cortical neurons were nucleofected with TUBB3 shRNAs plus either wild type 

TUBB3 or two TUBB3 mutants, R262C and A302V. Quantitative colocalization analysis of 

confocal images showed partial overlap of immunofluorescent signals of DCC and wild type 

TUBB3 in the peripheral region of GCs (Fig. 2 C–E, quantification in Fig. 2L). However, 

expression of R262C or A302V decreased the overlap of DCC with these TUBB3 mutants 

(Fig. 2F–K, quantification in Fig. 2L). To rule out artificial overlaps of random signals, PCC 

value was recalculated after rotating one fluorescent channel of the same confocal image by 

90 degrees (Shao et al., 2017; Tischfield et al., 2010). The PCC approximated zero in each 

group, indicating that the red and green signals are specifically correlated (Fig. 2M). These 

results suggest that TUBB3 mutations reduce the overlap of DCC with mutated TUBB3 

proteins in the GC of primary cortical neurons. Interestingly, R262C and A302V appeared to 

mainly localize in the core region of the GC, whereas immunofluorescent signals of wild 

type TUBB3 widely distributed in the peripheral region of GC including lamellipodia and 

filopodia (Figs. 2D, 2G and 2J), suggesting that TUBB3 mutations may change intracellular 

distribution of mutated proteins (monomer mutated TUBB3 and/or polymerized TUBB3 in 

MTs) in the GC of primary neurons.

TUBB3 is strongly expressed in E15 cortical neurons (Huang et al., 2015; Qu et al., 2013a) 

and the disease-associated mutations in TUBB3 could decrease the level of TUBB3 protein 

in brains (Tischfield et al., 2010). To mimic this reduction and minimize the interference of 

endogenous TUBB3 on the interaction with DCC with TUBB3 mutants, TUBB3 shRNAs 

were co-transfected with wild type TUBB3, R262C or A302V into primary E15 cortical 

neurons. Data from co-IP experiments indicated that netrin-1 increased the interaction of 

DCC with wild type TUBB3 (Fig. 3A–D), but not R262C (Fig. 3A and 3B) and A302V 

(Fig. 3C–D). Interestingly, expression of A302V alone in primary cortical neurons without 

knockdown of endogenous TUBB3 did not affect the interaction with DCC, but inhibited 

netrin-1 induced interaction of DCC with mutated TUBB3 (Fig. 3E–F). Altogether, these 

results suggest that A302V and R262C amino acid substitutions impaired the netrin-1-

induced interaction of DCC with TUBB3. It is also possible that disruption of subcellular 

localization of mutated TUBB3 may prevent this interaction.
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3.2. TUBB3 mutations perturb netrin-1-induced interaction of DCC with polymerized 
TUBB3 in MTs

Coupling netrin-1/DCC signaling to MTs via polymerized TUBB3 is essential for netrin-1-

mediated axon guidance (Qu et al., 2013a). To determine whether TUBB3 mutations affect 

interaction of DCC with polymerized TUBB3, DCC-Myc was co-transfected with wild type 

human TUBB3-FLAG, R262C-FLAG or A302V-FLAG into HeLa cells and a co-

sedimentation assay was performed as previously described (Fig. 4A–B) (Huang et al., 

2015; Qu et al., 2013a; Shao et al., 2017). Cell lysates were incubated with taxol to stabilize 

MT against depolymerization under cold conditions. Monomerized TUBB3 subunits in the 

soluble supernatant (S) and polymerized TUBB3 in the pellet (P) were separated after 

centrifugation. The ratio of TUBB3 in P to S showed no significant difference among the 

wild type, A302V and R262C groups (Fig. 4A–B), suggesting that these mutants could be 

properly incorporated into MTs. However, expression of A302V and R262C inhibited the 

interaction of DCC with MTs with more DCC remained in the S than in the P compared to 

the wild type TUBB3 group (Fig. 4A–B). These data suggest that both A302V and R262C 

may alter the interaction of DCC with MTs. To further determine whether TUBB3 mutations 

could interfere with netrin-1-induced interaction of endogenous DCC with polymerized 

TUBB3 in MTs, primary E15 cortical neurons were co-transfected with TUBB3 shRNAs 

plus wild type human TUBB3, A302V or R262C and stimulated with purified netrin-1 or 

sham-purified control. Cell lysates were treated with taxol in vitro to prevent polymerized 

MTs from depolymerization and a MT cosedimentation assay was performed. Without 

netrin-1, the P/S ratio of wild type TUBB3, A302V and R262C did not show any difference 

indicating that these mutants could be incorporated into MTs just like wild type TUBB3 

(Fig. 4C–F). Netrin-1 stimulation could also increase P/S ratio of wild type TUBB3, R262C 

and A302V, suggesting that netrin-1 induced polymerization of these mutants into MTs (Fig. 

4C–F). However, netrin-1 stimulation could not increase the P/S ratio of DCC in both 

A302V and R262C groups (Fig. 4C–F). As expected, netrin-1 induced the interaction of 

DCC with polymerized MTs in the wild type TUBB3 group (Fig. 4C–F). Altogether, these 

data indicate that A302V and R262C impair netrin-1-induced interaction of DCC with 

polymerized TUBB3 in MTs.

3.3. TUBB3 mutations block netrin-1-induced neurite outgrowth

TUBB3 is required for netrin-1-induced neurite outgrowth (Qu et al., 2013a). To examine 

the functional role of TUBB3 mutations in netrin signaling, constructs encoding Venus 

yellow fluorescent protein (Venus YFP) were cotransfected with control shRNA (Fig. 5A–

B), TUBB3 shRNAs (Fig. 5C–D), TUBB3 shRNAs plus wild type TUBB3 (Fig. 5E–F), 

TUBB3 shRNAs plus R262C (Fig. 5G–H) or TUBB3 shRNA plus A302V (Fig. 5I–J) into 

E15 mouse cortical neurons as previously described (Huang et al., 2015; Li et al., 2008; Liu 

et al., 2004; Liu et al., 2007; Liu et al., 2009; Qu et al., 2013a; Qu et al., 2013b). Primary 

neurons were cultured in the presence of either netrin-1 or sham-purified control for 20 h. As 

reported previously (Qu et al., 2013a), netrin-1 promoted neurite outgrowth in neurons 

transfected with Venus YFP plus control shRNA, but not TUBB3 shRNAs (Figs. 5A–D and 

5K). The expression of wild type human TUBB3 (Fig. 5E–F) (Qu et al., 2013a), but not 

R262C (Fig. 5G–H) or A302V (Fig. 5I–J), rescued the netrin-1-induced neurite outgrowth in 

neurons transfected with TUBB3 shRNAs (Fig. 5E–K). Basal axon outgrowth did not 
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change among the wild type, R262C and A302V groups (Fig. 5K). Interestingly, expression 

of either R262C or A302V alone in primary E15 cortical neurons without knocking down 

endogenous TUBB3 also inhibited netrin-1 induced neurite outgrowth (Fig. 6), suggesting 

that these missense mutations could function as dominant negative or gain-of-function 

regulators in netrin signaling. Altogether, these results indicate that R262C and A302V 

specifically block netrin-1-induced neurite outgrowth.

3.4. TUBB3 mutations affect netrin-1-induced axon branching

Axon branching is a key event that allows neurons to interact with multiple synaptic targets 

to form functional neural circuits (Huang et al., 2015; Tymanskyj et al., 2017). Our previous 

work showed that TUBB3 is involved in netrin-1-induced axon branching (Huang et al., 

2015). To examine whether TUBB3 mutations disrupt this effect, mouse E15 cortical 

neurons were dissociated and nucleofected with Venus YFP together with control shRNA 

(Fig. 7A–B), TUBB3 shRNAs (Fig. 7C–D), TUBB3 shRNAs plus wild type TUBB3 (Fig. 

7E–F), TUBB3 shRNAs plus A302V (Fig. 7G–H) or TUBB3 shRNAs plus R262C (Fig. 7I–

J), respectively (Huang et al., 2015; Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et 

al., 2009; Qu et al., 2013a; Qu et al., 2013b). After transfection, primary neurons were 

cultured and stimulated with netrin-1 or sham-purified control for 72 h. As predicted, 

netrin-1 increased axon branching in the control shRNA-transfected neurons (Fig. 7A–B), 

but not in the TUBB3 shRNA-transfected neurons (Fig. 7C–D), and expression of wild type 

human TUBB3 (Fig. 7E–F) rescued the effect of TUBB3 knockdown on netrin-1-induced 

axon branching (quantification in Fig. 7K), which is consistent with our recent study (Huang 

et al., 2015). Importantly, netrin-1-promoted axon branching was dramatically inhibited in 

neurons transfected with TUBB3 shRNAs plus either A302V (Fig. 7G–H) or R262C (Fig. 

7I–J, quantification in Fig. 7K). The induction of axon branching by netrin-1 was totally 

abolished in the A302V group, whereas expression of R262C could partially rescue netrin-1-

induced axon branching after TUBB3 knockdown (Fig. 7K). In addition, expression of 

either R262C or A302V alone in primary cortical neurons without knockdown of 

endogenous TUBB3 also inhibited netrin-1-induced axon branching compared to the wild 

type TUBB3 group (Fig. 8). Altogether, these results indicate that TUBB3 mutations disrupt 

netrin-1-induced axon branching.

3.5. TUBB3 mutations inhibit netrin-1-promoted CA attraction

TUBB3 plays an important role in netrin-1-mediated axon attraction (Qu et al., 2013a). To 

determine whether TUBB3 mutations specifically perturb netrin-1 attraction on spinal cord 

CAs, we performed an open book turning assay with CAs from the neural tube of chick 

embryos (Fig. 9A) as previously described (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; 

Liu et al., 2009; Qu et al., 2013a). The Venus YFP construct plus wild type TUBB3, R262C 

or A302V were electroporated into the chick neural tube at stage 12–15. An explant of the 

neural tube was co-cultured with an aggregate of either control HEK cells or HEK cells 

stably secreting netrin-1 (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009; 

Qu et al., 2013a). Most CAs turned towards netrin-1 secreting HEK cells in explants 

transfected with Venus YFP together with wild type human TUBB3, whereas control HEK 

293 cells could not attract CAs with most of axons projecting straight towards the floor plate 

(Fig. 9B–C, quantification in Fig. 9L). Co-transfection of Venus YFP with either R262C 

Huang et al. Page 9

Neuroscience. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 9D–E) or A302V (Fig. 9F–G) did not affect axon turning in the control HEK cell 

group, but significantly inhibited axon turning towards netrin-1 secreting HEK cells (Fig. 

9L). These results demonstrate that TUBB3 mutations disrupt CA attraction induced by 

netrin-1.

3.6. TUBB3 mutations impair spinal cord CA projection in vivo

To determine the functional role of TUBB3 mutations in vivo, we examined CA projection 

in the developing chicken spinal cord (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et 

al., 2009; Qu et al., 2013a; Qu et al., 2013b) (Fig. 10A). Venus YFP only (Fig. 10B), Venus 

YFP plus wild type human TUBB3 (Fig. 10C), Venus YFP plus A302V (Fig. 10D) or Venus 

YFP plus R262C (Fig. 10E) were introduced into the neural tube of chick embryos at stages 

12–15 by in ovo electroporation (Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 

2009; Qu et al., 2013a). YFP-labeled chick spinal cords were collected at stage 23 and 

transverse sections of the lumbosacral segments of the spinal cord were prepared. In the 

neural tube transfected with Venus YFP alone (Fig. 10B) and Venus YFP plus the wild type 

TUBB3 (Fig. 10C), CAs projected normally toward the floor plate with most axons reaching 

the floor plate (quantification in Fig. 10F). In contrast, expression of either A302V or 

R262C not only inhibited CA projection, but caused axon misguidance (Figs. 10D–E and 

10F–H). These findings indicate that TUBB3 mutations perturb spinal cord CA projection 

and pathfinding in the developing spinal cord.

4. Discussion

4.1. Missense mutations in TUBB3 disrupt the interaction of DCC with polymerized TUBB3 
in netrin signaling

Netrins are key guidance cues in the developing nervous system. Our recent data indicate 

that TUBB3, the highly dynamic β–tubulin isoform in neurons, directly links netrin-1/DCC 

signaling to MT dynamics and plays an important role in netrin-1-induced axon outgrowth, 

branching and attraction in vitro and spinal cord CA projection in the chicken embryo 

(Huang et al., 2015; Qu et al., 2013a). TUBB3 interacts directly with DCC and netrin-1 

induces this interaction in primary neurons (Qu et al., 2013a). To reveal whether the disease-

associated missense mutation in human TUBB3 gene affects this interaction, either wild 

type TUBB3 or a single TUBB3 mutant was transfected into HeLa cells. Results from co-IP 

experiments indicate that the interaction of DCC with most of the TUBB3 mutants (8 out of 

12) was reduced compared to the wild type TUBB3, suggesting that TUBB3 mutations may 

differentially disrupt the interaction with DCC (Fig. 1). As expected, DCC partially 

overlapped with TUBB3 in the P region of developing cortical neuron GCs (Fig. 2C–E) (Qu 

et al., 2013a). However, expression of either R262C or A302V, two common mutant 

substitutions associated with TUBB3 syndromes (Poirier et al., 2010; Tischfield et al., 

2010), inhibited the colocalization of DCC with these mutants (Fig. 2). Netrin-1 

dramatically increased the interaction of endogenous DCC with wild type TUBB3, but not 

R262C and A302V, in primary neurons (Fig. 3). Results from an MT cosedimentation assay 

demonstrated that DCC failed to interact with MTs containing polymerized R262C and 

A302V (Fig. 4). Expression of these mutants also blocked netrin-1-induced cosedimentation 

of DCC with stabilized MTs compared to the wild type TUBB3 (Fig. 4). Interestingly, 

Huang et al. Page 10

Neuroscience. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



netrin-1 could still promote polymerization of R262C and A302V into MTs with more 

mutated proteins in the pellet than in the supernatant (Fig. 4). Altogether, these data suggest 

that TUBB3 mutations may disturb the coupling of netrin/DCC signaling with MT dynamics 

in the developing neurons.

DCC interacts with the C-terminal part of TUBB3 including the intermediate region and a 

C-terminal domain (Fig. 1D), which houses most of TUBB3 (9 out of 12) amino acid 

substitutions. The interaction of DCC with six of eight TUBB3 missense mutations in these 

domains is significantly reduced compared to the wild type TUBB3 (Fig. 1), suggesting that 

TUBB3 mutations may undergo a conformational change, disrupting the interaction with 

DCC. Previous studies suggested that TUBB3 substitutions distributed in the C-terminal, 

intermediate and N-terminal domains are implicated in modulation of MT dynamics and 

regulation of motor protein trafficking and interactions with microtubule associated proteins 

via affecting the tertiary protein structure (Li et al., 2002a; Lowe et al., 2001; Poirier et al., 

2010; Tischfield et al., 2010). Netrin-1 increases the interaction of DCC with polymerized 

TUBB3 in MTs (Qu et al., 2013a; Shao et al., 2017). Both A302V and R262C disrupt the 

interaction of DCC with mutant MTs and impair netrin-1-induced interaction of DCC with 

polymerized TUBB3 in MTs (Fig. 4). These results suggest that missense mutations in 

human TUBB3 could influence the conformation of TUBB3 protein and disturb the binding 

of DCC to both unpolymerized and polymerized TUBB3. We believe that it will be 

important to further characterize the mechanism underlying the interaction of DCC with 

specific TUBB3 mutants in netrin signaling.

4.2. TUBB3 mutations specifically impair netrin-1-mediated axon outgrowth, branching and 
attraction

As a neuronal marker, TUBB3 is exclusively expressed in all neurons in the developing 

nervous system. However, missense mutations in the human TUBB3 gene are associated 

with specific axon projection defects, such as impaired CA guidance (Poirier et al., 2010; 

Tischfield et al., 2010). To further determine whether TUBB3 mutations specifically impair 

netrin signaling, the functional roles of R262C and A302V were studied by both in vitro and 

in vivo experiments. As previously reported (Huang et al., 2015; Qu et al., 2013a), TUBB3 

shRNAs inhibited netrin-1-induced axon outgrowth (Fig. 5) and branching (Fig. 7) of 

cortical neurons compared to the control shRNA group. Expression of the wild-type human 

TUBB3, but not R262C or A302V, rescued the defects of TUBB3 knockdown in axon 

outgrowth and branching (Figs. 5 and 7). These results suggest that missense TUBB3 

mutations may cause loss-of-function in netrin signaling. Interestingly, expression of either 

R262C or A302V alone in primary mouse cortical neurons without knockdown of 

endogenous TUBB3 also inhibited netrin-1-induced axon outgrowth (Fig. 6) and branching 

(Fig. 8). In addition, expression of either R262C or A302V inhibited netrin-1-induced axon 

attraction in the chicken ‘open-book’ turning assay (Fig. 9). The in vivo studies with the 

chick spinal cord showed that expression of R262C or A302V, but not wild type TUBB3, 

caused failure of CAs to reach the floor plate (Fig. 10), which is similar to defects of spinal 

cord CA projection observed in either netrin-1−/− or DCC−/− mice (Dominici et al., 2017; 

Fazeli et al., 1997; Serafini et al., 1996; Varadarajan et al., 2017). These findings suggest 

that mutant TUBB3 may also function as a dominant negative or gain-of function regulator 
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in netrin-mediated axon guidance. Altogether, these results indicate that missense TUBB3 
mutations may perturb netrin-1-mediated axon outgrowth, branching and attraction as well 

as CA projection and pathfinding in the developing spinal cord.

4.3. Potential roles of TUBB mutations in the signaling pathways downstream of netrin-1 
and other guidance cues

Previous studies have shown that DCC collaborates with DSCAM mediating netrin-1-

induced axon outgrowth and chemoattraction (Andrews et al., 2008; Liu et al., 2009; Ly et 

al., 2008), whereas interaction of UNC5 with DCC or DSCAM promotes axon repulsion 

(Finger et al., 2002; Hong et al., 1999; Purohit et al., 2012). Our recent work indicates that 

coordinated interaction of DCC and DSCAM with dynamic TUBB3 mediates netrin-1-

induced axon branching (Huang et al., 2015). Interestingly, UNC5C also interacts with 

TUBB3 and uncoupling of UNC5C with polymerized TUBB3 in MTs mediates netrin-1 

repulsion (Shao et al., 2017). Further investigation is necessary to untangle whether TUBB3 
mutations affect their binding to DSCAM and/or UNC5C and whether these mutants impair 

the coordination of DCC, DSCAM and UNC5C on modulation of MT dynamics in netrin 

signaling.

Interestingly, in the chicken genome, neogenin is the single identified orthologue of the 

mammalian neogenin and DCC genes. Previous studies suggested that chick neogenin could 

function as rodent DCC in guiding CA projection (Phan et al., 2011). Our results indicated 

that knockdown of TUBB3 or expression of either R262C or A302V in chicken spinal cords 

inhibited netrin-1-induced CA attraction in vitro (Fig. 9) and disrupted spinal cord CA 

projection in vivo (Fig. 10)(Qu et al., 2013a). It is likely that chicken neogenin may interact 

with TUBB3 and missense mutations in TUBB3 could disrupt this interaction and impair 

netrin-1-mediated axon projection. This premise remains to be validated.

A variety of signaling molecules have been identified in netrin signaling, such as cyclic 

nucleotides (Song et al., 1997), phospholipase C (Ming et al., 1999), mitogen-activated 

protein kinases (Campbell and Holt, 2003; Forcet et al., 2002; Ming et al., 2002), 

phosphoinositol-3-kinase (Ming et al., 1999), transient receptor potential channels (Wang 

and Poo, 2005), calcium (Hong et al., 2000), the transcription factor NFAT (Graef et al., 

2003) myosin-X (Zhu et al., 2007), metalloprotease(s), γ-secretase (Bai et al., 2011), and 

protein translation components (Tcherkezian et al., 2010). Netrin-1 stimulation recruits 

multiple signal transduction molecules, such as, Fyn, FAK, PAK1, p130CAS, TRIO and 

DOCK180 through DCC to form a signaling complex (Li et al., 2004b; Liu et al., 2004; 

Meriane et al., 2004; Ren et al., 2004; Shekarabi et al., 2005), which then activates small 

GTPases Rac1 and Cdc42 (Briancon-Marjollet et al., 2008; Forsthoefel et al., 2005; Li et al., 

2008; Li et al., 2002b; Liu et al., 2007; Shekarabi and Kennedy, 2002; Watari-Goshima et 

al., 2007) or inhibits RhoA in netrin-induced attraction (Moore et al., 2008). It remains to be 

determined whether the interaction of DCC with polymerized TUBB3 in MTs may function 

as a signaling platform to recruit signaling molecules in netrin-1-mediated attraction and 

TUBB3 mutations disrupt formation of the signaling complex downstream netrin/DCC 

signaling.
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Many extracellular signals including guidance cues, growth factors, and cell adhesion 

molecules, are involved in guiding GC navigation via modulation of cytoskeleton dynamics 

including filamentous actin and MTs (Dent et al., 2011; Guan and Rao, 2003; Kolodkin and 

Tessier-Lavigne, 2011; Lowery and Van Vactor, 2009; Stoeckli and Zou, 2009; Suh et al., 

2004; Vitriol and Zheng, 2012). CA projections are guided by multiple guidance cues such 

as Sonic hedgehog (Charron et al., 2003), Wnt4 (Lyuksyutova et al., 2003), slits (Rothberg 

et al., 1990; Zou et al., 2000) and bone morphogenetic proteins (Augsburger et al., 1999; 

Butler and Dodd, 2003). Our biochemical data indicate that the disease-associated 

substitutions E205K, M388V, R62Q and E410K could interact with DCC that was similar to 

wild type TUBB3, while eight other TUBB3 mutants revealed a significant reduction of 

DCC binding (Fig. 1). Considering the phenotypic heterogeneity of TUBB3 mutations, 

further investigation is needed to gain insight into the roles of TUBB3 mutations in signaling 

mechanisms downstream of these guidance cues.

5. Conclusions

During embryonic development, modulation of MT dynamics in the GC of developing 

neurons is essential for proper axon outgrowth and projection. Direct coupling of netrin 

receptors with dynamic TUBB3 plays an important role in netrin-1-induced axon outgrowth, 

branching and attraction. Missense mutations in human TUBB3 gene perturb MT dynamics, 

leading to brain malformation associated with axon guidance and neuronal migration 

defects. Our data have demonstrated that TUBB3 mutations impair the interaction of DCC 

with polymerized TUBB3 in MTs and inhibits netrin-1-induced neurite outgrowth, 

branching and attraction. These results suggest a disease mechanism underlying TUBB3 
mutation-associated axon guidance defects: mutations in TUBB3 disrupt engagement of 

netrin/DCC signaling with MT dynamics, resulting in specific defects of netrin-1-mediated 

axon projection in the developing nervous system.
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DCC deleted in colorectal cancer

DSCAM Down syndrome cell adhesion molecule

UNC5 uncoordinated-5

CA commissural axon

MT microtubule

UTR 3' untranslated region

PAGE polyacrylamide gel electrophoresis

PCC Pearson Correlation Coefficient
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ROI region of interest

PFA paraformaldehyde

co-IP co-immunoprecipitation

YFP yellow fluorescent protein
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Highlights

Note: DCC, deleted in colorectal cancer; MTs, microtubules

• TUBB3 mutations impair the interaction of DCC with TUBB3.

• TUBB3 mutations perturb netrin-1-induced interaction of DCC with 

polymerized TUBB3 in MTs.

• TUBB3 mutations block netrin-1-induced neurite outgrowth and branching.

• TUBB3 mutations inhibit netrin-1-promoted commissural axon attraction.

• TUBB3 mutations impair spinal cord commissural axon projection in vivo.
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Figure 1. 
Interaction of DCC with TUBB3 mutants. HeLa cells were transfected with human full-

length DCC-Myc plus wild type human TUBB3 (A–D) or FLAG-tagged TUBB3 mutants 

(G82R, T178M, E205K and A302V in A, A302T, M388V, R262C and R62Q in B, M323V, 

E410K, D417H and D417N in C, and truncation mutants TUBB3-1-232 and 

TUBB3-233-449 in D, respectively). The anti-DCC antibody was used to immunoprecipitate 

DCC and the blot analyzed with anti-FLAG and anti-DCC antibodies. Relative binding of 

DCC to TUBB3 in A, B and C was quantified in the corresponding lower panel. The Y axis 

is the normalized ratio of mean intensity (arbitrary units) of FLAG to DCC. Data are mean ± 
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s.e.m from three separate experiments. *p<0.05, **p<0.01, ***p<0.0001, ns, no significant 

difference (one-way Anova and Tukey’s test for post-hoc comparsions).
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Figure 2. 
TUBB3 mutations reduce the subcellular overlap of DCC with TUBB3 in the GC of primary 

neurons. A. Knockdown of endogenous TUBB3 in primary neurons. E15 mouse cortical 

neurons were nucleofected with several shRNAs targeting 3'UTR of human and mouse 

TUBB3. shRNA #1 and #4 dramatically reduced endogenous TUBB3 protein levels. ** 

indicates p<0.01 (one-way Anova and Tukey’s test for post-hoc comparsions). B. Expression 

of wild type human TUBB3, R262C and A302V could restore TUBB3 protein levels after 

knockdown of endogenous TUBB3. E15 cortical neurons were transfected with control 

shRNA, TUBB3 shRNAs (#1 and #4), TUBB3 shRNAs (#1 and #4) plus wild type human 
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TUBB3, TUBB3 shRNAs (#1 and #4) plus R262C, or TUBB3 shRNAs (#1 and #4) plus 

A302V, respectively. TUBB3 and DCC were examined by Western blotting. C–K. TUBB3 

shRNAs were co-transfected with the wild type human TUBB3 (C–E), R262C (F–H) or 

A302V (I–K) into mouse E15 cortical neurons. Primary neurons were cultured for 2 days 

and immunostained with anti-DCC and anti-FLAG antibodies. E, H and K are the merged 

images of C and D, F and G, and I and J, respectively. Scale bar: 10µm. L. Quantitative 

analysis of PCC in the ROI of the GC. The value of PCC in C–E, F–H, and I–K is 0.53 

± 0.08, 0.28 ± 0.08, and 0.3 ± 0.07, respectively. 30 GCs in each group were analyzed. *** 

indicates p<0.0001 (one-way Anova and Tukey’s test for post-hoc comparisons). M. 

Analysis of PCC in the ROI of the GC after 90 degree counterclockwise rotation of the red 

fluorescence channel. ns indicates no significant difference (one-way Anova and Tukey’s 

test for post-hoc comparisons).
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Figure 3. 
TUBB3 mutations inhibit netrin-1-induced interaction of DCC with TUBB3. A–D. TUBB3 

shRNAs were co-transfected with wild type human TUBB3 (A–D), R262C (A and B) or 

A302V (C and D) into mouse E15 cortical neurons. E–F. Mouse E15 cortical neurons were 

transfected with either wild type human TUBB3 or A302V. Primary neurons were cultured 

overnight and stimulated with purified netrin-1 or sham-purified control for 20 min. Cell 

lysates were immunoprecipitated with anti-DCC and followed by probing with anti-DCC, 

anti-FLAG antibodies. B, D and F. Quantification of relative binding of DCC to TUBB3-

FLAG (B, D and F), R262C-FLAG (B) and A302V-FLAG (D and F). The Y axis is the 
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normalized ratio of mean intensity (arbitrary units) of FLAG to DCC. Data are mean ± s.e.m 

from three separate experiments. *p<0.05, **p<0.01, ***p<0.0001, ns indicates no 

significant difference (one-way Anova and Tukey’s test for post-hoc comparsions).
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Figure 4. 
TUBB3 mutations decrease the interaction of DCC with polymerized TUBB3 mutants. A. 

DCC was cotransfected with wild type human TUBB3, R262C or A302V into HeLa cells 

and a cosedimentation assay was performed. DCC and TUBB3 proteins in the pellet (P) and 

supernatant (S) fractions were analyzed by immunoblotting using anti-DCC and anti-FLAG 

antibodies, respectively. B. Quantification of P/S ratio of DCC and TUBB3 in A (three 

independent experiments). *** indicates p<0.0001, ns indicates no significant difference 

(one-way Anova and Tukey’s test for post-hoc comparisons). C-F. TUBB3 shRNAs were co-

transfected with wild type TUBB3 (C–F), R262C (C and D) or A302V (E and F) into mouse 
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E15 cortical neurons. Primary neurons were stimulated with purified netrin-1 or sham-

purified control. The co-sedimentation assay of cell lysates was conducted with taxol to 

stabilize MTs in vitro. DCC and TUBB3-FLAG in the P and S fractions were examined by 

Western blotting. D and F are quantification of P/S ratio of DCC and TUBB3 in C and E, 

respectively. Data are mean ± s.e.m from three separate experiments. *p<0.05, **p<0.01, 

***p<0.001, ns indicates no significant difference (one-way Anova and Tukey’s test for 

post-hoc comparisons). WT, wild type human TUBB3-FLAG.
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Figure 5. 
TUBB3 mutations inhibit netrin-1-induced neurite outgrowth of cortical neurons. A–J. 

Venus YFP was co-transfected with TUBB3 control shRNA (A and B), TUBB3 shRNAs (C 

and D), TUBB3 shRNAs plus the wild type human TUBB3 (E and F), TUBB3 shRNAs plus 

R262C (G and H) or TUBB3 shRNAs plus A302V (I AND J), into E15 cortical neurons. 

Primary neurons were incubated with purified netrin-1 (B, D, F, H and J) or sham-purified 

control (A, C, E, G and I) for 20 h and stained with Alexa Fluor® 555 phalloidin (red) and 

DAPI (blue). Scale bar, 10 µm. (K) Quantification of netrin-1-induced neurite outgrowth. 

The Y axis is the longest neurite length per neuron. Data are mean ± s.e.m. 100 neurons/

group from three independent experiments were analyzed. *p<0.05, ***p<0.0001, ns 

indicates no significant difference (one-way Anova and Tukey’s test for post-hoc 

comparisons).

Huang et al. Page 28

Neuroscience. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Expression of either R262C or A302V in cortical neurons without knockdown of 

endogenous TUBB3 inhibits netrin-1-induced neurite outgrowth. Venus YFP was co-

transfected with the wild type human TUBB3 (A and B), R262C (C and D) or A302V (E 

and F) into E15 cortical neurons. Primary neurons after transfection were incubated with 

purified netrin-1 (B, D and F) or sham-purified control (A, C and E) for 20 h and stained 

with Alexa Fluor® 555 phalloidin (red) and DAPI (blue). Scale bar, 10 µm. (G) 

Quantification of netrin-1-induced neurite outgrowth. Data are mean ± s.e.m. 79 neurons/

group from three independent experiments were analyzed. ***p<0.0001 (one-way Anova 

and Tukey’s test for post-hoc comparisons).
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Figure 7. 
TUBB3 mutations block netrin-1-induced axon branching of cortical neurons. A-J. Venus 

YFP was co-transfected with control shRNA (A, B), TUBB3 shRNAs (C, D), TUBB3 

shRNAs plus wild type TUBB3 (E, F), TUBB3 shRNAs plus A302V (G, H) or TUBB3 

shRNAs plus R262C (I, J) into E15 mouse cortical neurons. Primary neurons after 

nucleofection were cultured with purified netrin-1 (B, D, F, H and J) or sham-purified 

control (A, C, E, G, I) for 72 h. Scale bar: 10 µm. (K) Quantification of total branching 

numbers. 100 neurons/group from three independent experiments were analyzed. Data are 
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mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.0001, ns indicates no significant difference (one-

way Anova and Tukey’s test for post-hoc comparisons).
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Figure 8. 
Expression of either R262C or A302V in primary cortical neurons without knockdown of 

endogenous TUBB3 inhibits netrin-1-induced axon branching. A–F. Venus YFP was co-

transfected with wild type TUBB3 (A, B), R262C (C, D), or A302V (E, F), into E15 mouse 

cortical neurons. Transfected neurons were incubated with purified netrin-1 (B, D, and F) or 

sham-purified control (A, C, and E) for 72 h. Scale bar: 10 µm. (G) Quantification of total 

branching numbers. 78 neurons/group from three independent experiments were analyzed. 

Data are mean ± s.e.m. ***p<0.0001 (one-way Anova and Tukey’s test for post-hoc 

comparisons).
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Figure 9. 
TUBB3 mutations inhibit netrin-1-induced CA attraction. A. Schematic diagram showing in 
ovo electroporation and an open-book CA turning assay (Huang et al., 2015; Li et al., 2008; 

Liu et al., 2004; Liu et al., 2007; Liu et al., 2009; Qu et al., 2013a; Qu et al., 2013b). B–G. 

Venus YFP together with wild type human TUBB3 (B–C), R262C (D–E) or A302V (F–G) 

were electroporated into chick neural tubes and explants cultured with either netrin-1 cells 

(C, E and G) or control HEK293 cells (B, D and F). The scale bar is 100 µm. L. 

Quantification of axon turning. Data are mean ± s.e.m ***p<0.001 (One-way ANOVA with 
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Tukey’s test for post-hoc comparisons). The axons from commissural neurons transfected 

with wild type TUBB3, but not R262C or A302V, were attracted to the netrin-1 source.
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Figure 10. TUBB3 mutations disrupt spinal cord CA projection and pathfinding in vivo
A. Schematic diagram showing chick spinal cord CA projection after electroporation. B. The 

chick neural tube was electroporated with Venus YFP only. C. Chick commissural neurons 

were electroporated with Venus YFP plus wild type human TUBB3. D. Venus YFP plus 

A302V were electroporated into the chick neural tube. E. Commissural neurons with Venus 

YFP plus R262C. The red arrows in D and E point to misguided axons. Scale bar, 100 µm. F. 

Quantification of the percentage of axons reaching the midline. G. Quantification of the 

average distance of chick CAs away from the midline. H. The percentage of embryos with 

misguided axons. Data are presented as the mean ± s.e.m in F–G. ***p<0.001 (One-way 
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ANOVA with Tukey’s test for post-hoc comparisons); ns, not significant. The numbers of 

embryos tested were: 12 (the Venus YFP group); 15 (the wild type human TUBB3 group; 14 

(the A302V group); 14 (the R262C group).
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