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Correct axonal growth during nervous system development is critical for synaptic transduction and nervous
system function. Proper axon outgrowth relies on a suitable growing environment and the expression of a series
of endogenous neuronal factors. However, the mechanisms of these neuronal proteins involved in neuronal
development remain unknown. ZDHHC17 is a member of the DHHC (Asp-His-His-Cys)-containing family, a
family of highly homologous proteins. Here, we show that loss of function of ZDHHC17 in zebrafish leads to
motor dysfunction in 3-day post-fertilization (dpf) larvae. We performed immunolabeling analysis to reveal that
mobility dysfunctionwas due to a significant defect in the axonal outgrowth of spinalmotor neurons (SMNs)with-
out affecting neuron generation. In addition, we found a similar phenotype in zdhhc17 siRNA-treated neural stem
cells (NSCs) and PC12 cells. Inhibition of zdhhc17 limited neurite outgrowth and branching in both NSCs and PC12.
Furthermore, we discovered that the level of phosphorylation of extracellular-regulated kinase (ERK) 1/2, a major
downstreameffector of tyrosine kinase (TrkA),was largely upregulated in ZDHHC17overexpressing PC12 cells by a
mechanism independent on its palmitoyltransferase (PAT) activity. Specifically, ZDHHC17 is necessary for proper
TrkA–tubulin module formation in PC12 cells. These results strongly indicate that ZDHHC17 is essential for correct
axon outgrowth in vivo and in vitro. Our findings identify ZDHHC17 as an important upstream factor of ERK1/2 to
regulate the interaction between TrkA and tubulin during neuronal development.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Successful axon outgrowth and formation primarily depend on two
factors: a permissive environment and the expression of growth-
associated proteins (GAPs) in neurons including transcription factors,
GAP-43, and several cell adhesion and cytoskeletal proteins (Akiyama
et al., 2012; Cheng and Poo, 2012; Euteneuer et al., 2013; Franze,
2013; Auer et al., 2012; Frey et al., 2000; Langhorst et al., 2008; Li
et al., 2013; Ye et al., 2012). In response to appropriate signals, neurons
exhibit remarkable properties that they express growth-associated pro-
teins to promote neuron differentiation and axon outgrowth. However,

theneuron-intrinsic factors involved in this precise temporal and spatial
assembly are not well defined. In particular, the molecular mechanisms
bywhich these signals regulate the assembly of complexes for cytoskel-
etal remodeling are largely unknown.

The zincfingerDHHC-containing (ZDHHC) proteins belong to a fam-
ily of palmitoyltransferases (PATs) that catalyze protein palmitoylation,
a posttranslational lipid modification affecting protein targeting, traf-
ficking, and function (Fukata et al., 2004, 2006a). Many members of
the DHHC family are expressed in neurons, but ZDHHC17 is detected
farmore frequently at bothmRNAand protein levels in neuronal studies
(Doyle et al., 2008; Heiman et al., 2008; Huang et al., 2004, 2009). This
suggests that ZDHHC17 might be particularly important in neuronal
regulation. Consistent with this hypothesis, ZDHHC17 is implicated
in higher brain function, since mice with reduced ZDHHC17 levels
displayed behavioral, biochemical, and neuropathological defects
that are reminiscent of Huntington's disease (HD) (Singaraja et al.,
2011; Young et al., 2012b). ZDHHC17 was recently identified as a key
player in ischemic stroke and a regulator of neuronal cell death
(Yang and Cynader, 2011). In addition to its well-studied function
in protein palmitoylation, other roles of ZDHHC17 are just beginning
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to be appreciated, including the mediation of Mg2+ transport (Goytain
et al., 2008), regulation of Ca2+ channel functions (Hines et al., 2010)
and activation of c-Jun N-terminus kinase (JNK) pathways (Harada
et al., 2003). Moreover, ZDHHC17 is responsible for palmitoylation of
large conductance calcium- and voltage-activated potassium (BK) chan-
nels, which controls membrane potential and calcium influx (Tian et al.,
2010). However, the roles and molecular mechanisms of ZDHHC17 in
neuronal development and function are not yet fully understood.

We used zdhhc17 morpholino (MO) in zebrafish and zdhhc17-
specific siRNA in NSCs and PC12 cells to demonstrate that ZDHHC17
regulates spinal motor neuron (SMN) axonal formation in vivo, axonal
growth in vitro, NSC differentiation, and PC12 neurite outgrowth.
Collectively, our results show that ZDHHC17 is a neuron-intrinsic factor
for axon growth that is crucial for the TrkA–tubulin interaction, which
regulates signal transmission, including ERK1/2 phosphorylation.

2. Material and methods

2.1. Zebrafish maintenance and treatment

The zebrafish strains AB was maintained and bred according to
standard procedures. We used the Esen zebrafish culture system (Esen
environ science, Beijing, China) to control the temperature and the
day–night cycles. All embryos were maintained at 28.5 °C without
crowding (5–10 embryos/mL).

Larvalmovements stimulated by the touch response test were quan-
tified using the ImageJ manual tracking plugins (National Institutes of
Health, Bethesda, MD, USA).

2.2. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNAwas isolated using an RNeasy kit (Qiagen, USA) according
to the manufacturer's instructions. During this process, total RNA was
treated with DNaseI. First-strand cDNA synthesis was carried out
using Reverse Transcription System (Promega, USA), following the
manufacturer's protocol. PCR was performed with Premix Taq mixture
(Invitrogen, USA). β-Actin was used as an internal control. The PCR
products were separated on 1.2% agarose gel by electrophoresis, stained
with ethidium bromide and visualized under the ultraviolet light. The
primers' sequences and the sizes of amplified products were shown in
Table 1.

2.3. Cell culture and transfection

All reagents for cell cultures were purchased from Invitrogen.
For primary NSC culture, brains were removed from Kun Ming

mouse (KM strain) embryos at E12.5. After washing and resuspension,
cells were seeded at 2 × 105 cells/mL in Dulbecco's modified Eagle's
medium (DMEM)/F12 (1:1) medium supplemented with 2% B27
(Gibco BRL) plus 100 U/mL penicillin, 100 U/mL streptomycin, and
basic fibroblast growth factor (bFGF, 20 ng/mL; R&D Systems, USA).
The cells were cultured at 37 °C in a humidified atmosphere of 5% CO2

and 95% air. For NSC differentiation, the neurospheres were transferred
into differentiation medium containing 2% fetal bovine serum (FBS)
without growth factors and cultured for 7 days.

PC12 is a cell line derived from a pheochromocytoma of the rat
adrenal medulla. Their embryonic origin is the neural crest, which con-
tains a mixture of neuroblastic cells and eosinophilic cells. PC12 cells
were maintained in DMEM plus 10% horse serum, 5% fetal calf serum
(FCS) and antibiotics at 37 °C with 5% CO2 and 95% air. For differentia-
tion, neuronal growth factor (NGF, Invitrogen) was added at 50 ng/mL
under the serum conditions. Neurite outgrowthwas visible 3 days later.

For protein expression and zdhhc17 RNAi, the transfection of expres-
sion plasmids and pSuper-zdhhc17 siRNAwas carried out using Lipofec-
tamine 2000 (Invitrogen) according to the manufacturer's instructions.

2.4. Immunoprecipitation and immunoblotting

Cells were washed once in PBS and lysed 30 min at 4 °C in IP buffer
(0.5% Nonidet P-40, 500 mM Tris·HCl (pH 7.4), 20 mM EDTA, 10 mM
NaF, 2 mMbenzamidine, and amixture of protease inhibitors) and cen-
trifuged 15 min, 13,000 rpm at 4 °C. The supernatants were incubated
with adequate antibody(1 μg) at 4 °C overnight and incubated 2–4 h
at 4 °C with anti-protein A-coupled Sepharose beads. The proteins
were then eluted and analyzed byWestern blotting as described previ-
ously (Zhao et al., 2011).

The primary antibodies were as follows:
For Western blotting: anti-ERK1/2 (1:2000, Cell Signaling Tech-

nology), anti-p-ERK1/2 (1:2000, Cell Signaling Technology), anti-p38
(1:1000, Cell Signaling Technology), anti-p-p38 (1:1000, Cell Signaling
Technology), anti-JNK (1:1000, Cell Signaling Technology), anti-p-JNK
(1:1000, Cell Signaling Technology) and anti-β-actin (1:2000, Sigma).

For immunoprecipitation: anti-TrkA (Abcam), anti-tubulin (Santa
Cruz Biotechnology) and anti-GFP (Santa Cruz Biotechnology).

2.5. Constructs and mutagenesis

Zdhhc17 siRNA primers were annealed and inserted into the HindIII/
BglII sites of the pSUPER vector (Oligo Engine). The primers used to gen-
erate zdhhc17 siRNAwere as follows. Complementary oligonucleotides:
5′-GATCCCCGGAGATACAAGCACTTTAATTCAAGAGATTAAAGTGCTTGT
ATCTCCTTTTTGGAAA-3′, and 5′-AGCTTTTCCAAAAAGGAGATACAAGCAC
TTTAATCTCTTGAATTAAAGTGCTTGTATCTCCGGG-3′ (corresponding
to nucleotides 2039–2057 of mouse zdhhc17 mRNA). The primers
used to generate scrambled siRNA (control siRNA) were as follows: 5′-
GATCCCCGATAAGAACAGCGGCTATATTCAAGAGATATAGCCGCTGTTCT
TATCTTTTTA-3′ and 5′-AGCTTAAAAAGATAAGAACAGCGGCTATATCTCT
TGAATATAGCCGCTGTTCTTATCGGGGATCGGG-3′.

Zebrafish full-length zdhhc17 cDNA was amplified using 5′-
CGCGGATCCATGGCGGACGCTCTGGTTGGATATG-3′ forward and 5′-
CCGCTCGAGCACCAGCTGGTATCCTGAGCCGGAC-3′ reverse primers and
cloned into pCS2-GFP expression vectors using BamHI and XhoI restric-
tion sites included in the primers (underlined).

Mouse full-length zdhhc17 cDNA was amplified with 5′-CCCAAGC
TTATGCAGCGGGAGGAGGGATTTAACA-3′ forward and 5′-CTAGTCTA
GACTACACAAGCTGGTACCCAGATCC-3′ reverse primers and cloned
into a pCS2+ expression vector using the HindIII and XbaI restriction
sites included in the primers (underlined). Zdhhc17Δ ankyrin domain
was generated by the deletion of nucleotides encoding amino acids
89–257 using an Easy Mutagenesis System (Transgen Biotech).

Table 1
Primers for RT-PCR and RNA probe synthesis.

Genes Primer sequence (5′–3′) Product length (bp)

Danio rerio zdhhc17 Sense primer CAAGACAAGGTCATCTCTCCA 575
Anti-sense primer CAAATCAGCAATAAATCCCAC

Mus musculus dhhc17 Sense primer CATGGGTGGGTAACTGTGTAGGTG 352
Anti-sense primer GGGCTTTCAATAGATGTTGTCGTA

Rattus norvegicus dhhc17 Sense primer GGATGAGTACGATACCGAAACG 460
Anti-sense primer TCCAAACTGAGCAGCCAAGTGG
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