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Abstract

Neuron navigator 2 (NAV?2) is required for all-trans retinoic acid (atRA) to induce neurite
outgrowth in human neuroblastoma cells. Further, ectopic overexpression of full-length human
NAV?2 rescues an axonal elongation defect in the C. elegans unc-53 (NAV2 ortholog) mutant.
Using a region of NAV?2 that independently associates with the cytoskeleton as bait in a yeast-
two-hybrid screen, 14-3-3¢ was identified as a novel NAV?2 interacting partner. Amino acids 761—
936 of NAV?2 are sufficient to confer a positive interaction with 14-3-3¢ as evidenced by a two-
hybrid screen and co-immunoprecipitation assay. Knockdown of 14-3-3¢ leads to a decrease in
atRA-mediated neurite outgrowth, similar to the elongation defects observed when NAV2 is
depleted or mutated. Likewise, posterior lateral microtubule (PLM) defects in C. elegans fed
unc-53 RNAI are similar to those fed ftt-2 (14-3-3 homolog) RNAI. The discovery of an
interaction between NAV2 and 14-3-3¢ could provide insight into the mechanism by which NAV2
participates in promoting cell migration and neuronal elongation.

Introduction

Neuron navigator 2 (NAV2, also known as retinoic-acid induced in neuroblastoma-1;
RAINB1, POMFIL1, HELAD1, unc53H2) functions in neurite outgrowth and axonal
elongation in organisms ranging from Caenorhabditis elegans (C. elegans) to humans [1-4].
NAV2 was initially discovered as a gene induced by all-trans retinoic acid (atRA) in human
neuroblastoma (SH-SY5Y) cells [5, 6]. The inducible knockdown of NAV2 in SH-SY5Y
cells eliminates atRA-stimulated neurite outgrowth [1].

Human NAV2 is a homolog of the C. elegans unc-53 gene [1, 6]. UNC-53 plays an essential
role in the longitudinal migration of several cell types including neurons, sex myoblasts and
the excretory cell; and mutant alleles of unc-53 show abnormal mechanosensory neuronal
elongation [7, 8]. Ectopic expression of human NAV2 driven by a mechanosensory neuron
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promoter largely rescues defects in axon elongation in C. elegans, thereby demonstrating
that NAV2 and UNC-53 are orthologs [1].

A Nav2/unc53H2 hypomorphic mutant mouse lacking the full-length NAV?2 protein shows
impaired acuity of several sensory systems including a reduction in the ability to feel pain
[9]. Nav2/unc53H2 mutant embryos show a reduction in overall nerve fiber density, with
cranial nerves IX (glossopharyngeal) and X (vagus) sometimes fused or poorly connected to
the hindbrain. Additional work from our group shows that the formation of parallel axon
fibers and neuronal migration is disrupted in the cerebellum of Nav2/unc53H2 hypomorphs,
and that these mutants exhibit abnormal vermal foliation and ataxia [3].

The NAV2 open reading frame (ORF) encodes for a protein of 261 kDa with several
conserved domains, including a calponin homology (CH) domain, four coiled-coil (CC)
domains, a cytoskeletal interacting region (CSID), and an AAA-domain [1]. NAV2 is a
member of a family of neuron navigator proteins comprised of NAV1, NAV2, and NAV3
[10]. When expressed in Cos-1 cells, NAV2 staining appears along microtubules, and this
profile is disrupted when the microtubule network is de-stabilized [1]. Our group previously
identified a region of NAV2 that can independently localize to the microtubule cytoskeleton
[1]. This domain is very similar to a microtubule-binding domain (MTBD) identified in
NAV1 [11].

Although NAV?2 plays a role in axonal elongation and cell migration, the molecular basis for
these effects is unknown. The objective of the present study was to identify NAV2 protein
interacting partners. A region of NAV?2 that interacts with the cytoskeleton was used as the
bait in a yeast two-hybrid screen to identify the NAV2-interacting partner, 14-3-3¢. Herein
we show that knockdown of 14-3-3¢ in SH-SY5Y cells or of the C. elegans homolog, fit-2,
impairs neuronal process elongation.

All-trans retinoic acid (atRA) was obtained from Spectrum Chemical Co. (New Brunswick,
NJ, USA) and was deemed greater than 99% pure by reverse-phase HPLC [12].

transfection, and generation of stable knockdown lines

The SH-SY5Y cell line was maintained as previously described [13]. SH-SY5Y cells were
transfected using an Amaxa Nucleofector 11 (Lonza Group, Switzerland). Cos-1 (ATCC,
Manassas, VA) and human embryonic kidney HEK-293FT (Invitrogen) cells were
maintained in DMEM (4.5 g/L glucose) with 10% FBS at 37°C with 5% CO,. Cos-1 and
HEK-293FT cells were transfected using Fugene 6 (Roche).

To generate stable knockdown cell lines, SH-SY5Y cells were transfected with 2 pg pooled
sh14-3-3¢ (SC-29588-SH) or scrambled shRNA-containing shControl (SC-108060)
plasmids (Santa Cruz), and positive transfectants were selected with puromycin.
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Plasmid constructs

NAV2-3XFI in the mammalian expression vector, pIRES, was generated as previously
described [6]. Full-length NAV2 was subcloned into pAcGFP-C1 (Clontech) yielding GFP-
NAV2 with an 18 amino acid spacer. NAV2 bait (amino acids 761-1380) was amplified by
PCR from Nav2-3XFI with upstream 5’-
TCCATACATATGAATGTCACCACGGAGATG-3’ and downstream 5’-
TCCGTCGACATAGTTGGAAGGGGCCGAGTG-3’ primers and cloned into the yeast
Gal4 DNA binding domain (DBD)-containing vector pGBKT7 (CSD2). The N-terminal
NAV2 sequence (N-term-NAV2; amino acids 761-960) was amplified using the same
upstream primer as the parent NAV2 bait (see above) and downstream 5’-
TCCGTCGACGGCAGGTGTGTTGGCATAAGA-3’ primer, and C-terminal NAV2 (C-
term-NAV2; amino acids 936-1380) was amplified with upstream 5’-
TCCATACATATGACCATAGACAACCTCAGC-3’ and the same downstream primer
used for the NAV2 bait construct. For reverse two-hybrid analysis, the NAV2 bait was cloned
into the yeast Gal4 activation domain (AD)-containing vector pPGADT7-Rec (Clontech).
NAV2 bait, N-term-NAV2, and C-term-NAV2 were also amplified and subcloned into pIRES-
hrGFP-1a.

Full-length human 14-3-3 B and ¢ isoforms were amplified from SH-SY5Y cDNA and
cloned into pGBKT7 for reverse hybrid analysis, and 14-3-3¢ was cloned into pCDNA-3.1/
myc-His-A (Invitrogen) to generate a C-terminal 14-3-3¢ -Myc/His-tagged construct. All
newly generated plasmids were verified by sequencing, and the 14-3-3 constructs were
identical to NCBI sequences U28936 (14-3-3<) and NM_003404 (14-3-35).

Immunocytochemistry

Cells were fixed in methanol for 5 minutes at —20°C or in 4% paraformaldehyde for 15
minutes at room temperature followed by permeabilization with Triton-X-100 (0.25%).
Primary antibodies used included anti-flag M2 antibody (1:1000, Sigma Aldrich); anti-c-
myc (1:1000, Sigma Aldrich); anti-a tubulin B-5-1-2 (1:500, Cos-1; 1:2000, SH-SY5Y;
Sigma Aldrich); anti-a tubulin (1:100 Abcam); anti-GFP (1:500, Millipore); and anti-GFP
(1:500, Invitrogen). Secondary antibodies included goat anti-rabbit and goat anti-mouse 488
and 594 Alexa fluor (Invitrogen). Images were acquired using a Nikon Al laser scanning
confocal microscope equipped with Nikon NIS Elements C imaging software at the W.M.
Keck Laboratory for Biological Imaging at the University of Wisconsin-Madison. The
optical thickness was set at 0.15 um using a Plan Apo VC 60X oil-immersion objective, and
images were collected in channel series. A subset of samples were imaged using the OMX
3D-SIM Super-Resolution system (Applied Precision) with a UNIPLANAPRO 60X/1.42
numerical aperature oil objective. Images were processed using softWoRx (Applied
Precision).

Evaluation of neurite outgrowth

Images of cells stained with an antibody to a-tubulin were acquired on an inverted Nikon
TE 2000 microscope with a CoolSnap EX camera from Photometrics using QED Imaging
Software. The neurite outgrowth module in Metamorph v6.3 (Molecular Devices,
Downington, PA) was used to measure average neurite length (um per cell). For each group,
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at least 1000 cells were measured representing a minimum of 6 random non-overlapping
images per replicate of each treatment condition.

Co-immunoprecipitation and immunoblotting

Transfected HEK-293FT cells were lysed in buffer containing 50 mM Tris-HCI, pH 7.5; 150
mM NaCl; 5 mM EDTA,; 1% NP-40; 0.1mM dithiothreitol (DTT) containing protease and
phosphatase inhibitors. Cell lysates containing NAV2 protein (NAV2 bait, N-terminal
NAV2 or C-terminal NAV2) were incubated with anti-flag mAb (Sigma) or purified mouse
1gG (Sigma), followed by precipitation with protein G-agarose beads (Thermo Scientific)
blocked with 3% fish skin gelatin. The beads were washed with lysis buffer, and antibody-
antigen complexes were removed by boiling in reducing Laemmli sample buffer. Samples
were resolved by SDS-PAGE and transferred to nitrocellulose followed by immunoblotting
using flag-HRP (1:30,000, Sigma Aldrich), and 6x-His-HRP (1:2000, Clontech) antibody
conjugates to detect NAV2 flag-tagged constructs and 14-3-3¢ -Myc/His, respectively.
Antibody-antigen complexes were detected using the SuperSignal West Pico
Chemiluminescent kit (Thermo Scientific) after exposure to X-ray film.

Yeast two-hybrid screening

The construction of an atRA-induced SH-SYS5Y prey library and subsequent NAV2 bait
screens were carried out using the Matchmaker Library Construction and Screening Kit
(Clontech) following the manufacturer’s guidelines. The prey library was constructed using
poly(A)* RNA from SH-SY5Y cells treated with 1 uM atRA for 24 hours. Following
reverse transcription, a cDNA library of DNA fragments fused to the GAL4 activation
domain (AD) in the pGADT7-Rec expression vector was generated. The NAV2 bait
construct in the DBD-containing pGBKT?7 vector was transformed into the yeast haploid
strain, Y187, mating type a, and the atRA SH-SY5Y cDNA library was transformed in the
AH109 mating type A. The bait and prey -containing haploid strains were mated to form
diploid yeast colonies containing both vectors. After selection on media lacking leucine,
tryptophan, histidine and adenine (SD/-Trp/-Leu/-His/-Ade), DNA was isolated from
individual colonies using the Zymoprep Yeast Plasmid Miniprep Kit | (Zymo Research)
following the manufacturer’s guidelines. Isolated yeast DNA (5 ul) was transformed into
electrocompetent XL1 Blue cells. NAV2 interacting partner identities were determined by
sequence analysis using the pGADT7-Rec 3’ internal sequencing primer (upstream 5’-
TAATACGACTCACTATAGGG-3") and BLAST searches against the human genome
(NCBI; http://blast.ncbi.nlm.nih.gov/Blast.cgi).

C. elegans strains

C. elegans strains were maintained according to standard protocols [14]. Strains used in this
study include: EG1194 (lin-15(n765ts); oxIs1] pmec-7::gfp;lin-15(+)]), eri-1(mg366),
eri-1(mg366); oxlsl, ftt-2(n4426), and ftt-2(n4426); oxlsl.

RNA interference and mutant analysis

EG1194 (lin-15(n765ts); oxIs1[Pmec-7::GFP;lin-15(+)]) C. elegans were crossed with
eri-1(mg366) [15] to generate eri-1(mg366);0xIsl expressing GFP in the mechanosensory
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neurons. In the EG1194 strain, GFP in the mechanosensory neuron is driven by the
integrated pmec-7::gfp reporter allowing direct observation of the PLM neurons using
fluorescent microscopy. This stain was crossed with the eri-1(mg366) strain to enhance the
effects of dsSRNAs in neurons. RNAi was fed according to standard protocols [16]. L3
progeny were measured from at least three separate RNAIi experiments and PLM length was
determined as previously described [1]. Pos-1 was used as a positive control, and the
number of eggs hatched over the number of eggs not hatched served as a measure of
penetrance (pos-1 RNAI feeding causes eggs laid not to hatch). The negative control was the
empty feeding vector (L4440). The PLM was scored as abnormal if its most anterior axonal
extension was shorter than the lowest 1% of the PLMs of the negative control (empty RNAI
feeding vector).

In C. elegans ftt-2 encodes for a 14-3-3-like protein [17]. EG1194

(lin-15(n765ts); oxIs1[Pmec-7:: GFP;lin-15(+)]) C. elegans were crossed with ftt-2(n4426) C.
elegans to generate ftt-2(n4426); oxIs1[Pmec-7::GFP;lin-15(+)] expressing GFP in the
mechanosensory neurons. The PLM was measured as described above and scored as
abnormal if the PLM failed to reach the lower limits (< 1%) of an EG1194 PLM.

Identification of 14-3-3 isoforms as NAV2 protein interacting partners

In order to identify NAV2 protein interacting partners, five GAL4 DNA binding domain
(DBD)-NAV?2 fusion constructs spanning the NAV2 sequence were used as bait to screen a
atRA-induced SH-SY5Y cDNA prey library (Fig S1). The bait construct containing amino
acids 761 to 1380 identified 14-3-3¢ and f isoforms as candidate NAV2 interacting partners
at high frequency (10.3% and 3.1% of all positives, respectively) (Fig. 1 and Fig. S1). This
region of NAV2 spans the previously identified cytoskeletal domain in the full-length
protein [1] and when expressed in Cos-1 cells, shows an overlapping distribution with a-
tubulin (Fig. S2 A-C). The distribution of the bait construct is similar to that of the full-
length protein that also associates with the cell cytoskeleton (Fig. S2, D-F & G-I]. Given
the importance of 14-3-3¢ in neuronal migration and brain development [18], we focused
our attention on confirming this interaction with NAV2. Using a reverse two-hybrid screen
in which the GAL4 AD was fused to NAV2 bait (AD-NAV?2) and the 14-3-3 isoforms were
fused to the GAL4 DBD (DBD-14-3-3 ¢ or B; Fig. 1C), the interaction between the NAV2
protein and both 14-3-3p and 14-3-3¢ was confirmed. Once the interaction was verified,
14-3-3¢ served as the focus of additional studies.

In order to more precisely map the interface of NAV2 required for interaction with 14-3-3e,
N-terminal and C-terminal NAV2 deletion constructs were prepared and tested in the two-
hybrid assay. The 620 amino acid NAV2 bait sequence comprises 25.5% of the full-length
261 kDa NAV?2 protein. From this, two smaller constructs were generated, one comprised of
the first 200 amino acids (N-terminal; 761-960) and another contained the C-terminal amino
acids 936-1380 (Fig. 2A). When the intact NAV2 bait construct was tested with the full-
length 14-3-3¢ protein, mated colonies had the expected reporter activity (96.1%). Similar
activity was observed when the N-terminal construct was screened against the 14-3-3¢
isoform (93.6%), whereas all reporter activity was lost with the C-terminal region (Fig. 2B).

Arch Biochem Biophys. Author manuscript; available in PMC 2014 August 04.
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Following expression in mammalian cells, a co-immunoprecipitation assay was used as a
second means to confirm the specific interaction of 14-3-3¢ with the N-terminal region of
the NAV?2 bait (Fig. 2C). Full-length 14-3-3e-Myc/His was detected at 36 kDa by
immunoblotting with the His(6x) antibody after immunoprecipitation using either the intact
NAV2 Bait-3xFl or the N-term-NAV2-3xFI bound to flag antibody-coated agarose beads. In
contrast, the 14-3-3e-Myc/His protein was not pulled down when co-transfected with C-
term-NAV2. No 14-3-3e-Myc/His protein was detected when co-transfected with any of the
NAV2 constructs when mouse 1gG was immobilized in place of the anti-flag antibody on
the agarose beads. Thus, the region of NAV2 required for interaction with the 14-3-3¢
protein was localized to 200 amino acids within the N-terminus of the original NAV2 bait,
and corresponds to 7.3% of the protein encoded by the full-length 261 kDa NAV2 ORF.

NAV2 and 14-3-3¢ are distributed similarly in cells

Immunofluorescence studies of full-length NAV?2 containing either a C-terminal flag or N-
terminal GFP sequence, and 14-3-3¢ tagged with Myc/His were conducted in Cos-1 cells.
14-3-3e-Myc/His alone was most highly expressed in the cytoplasm adjacent to the nucleus,
where the highest staining for a-tubulin, a microtubule component, was also noted (Fig. S3).
NAV2-3xFl and GFP-NAV?2 staining was observed adjacent to the nucleus and in a punctate
pattern along cell processes, overlapping that of a-tubulin immunofluorescence (Fig. S2, D—
F & G-I1). When expressed together, 14-3-3¢ and NAV2 co-localized along the cytoskeleton
(Fig. 3 A—C and D—F). These results were confirmed by structured illumination microscopy
(Fig. 3 G-I). Analysis of 14-3-3e-Myc/His and GFP-NAV?2 staining in the human
neuroblastoma cell (SH-SY5Y) showed overlap at the juncture of the cell leading into the
neurite (hillock) and at varicosities along the neurite (Fig. S4). Thus, the full-length NAV2
and 14-3-3¢ proteins localize together when co-expressed in cells.

14-3-3e knockdown reduces the ability of atRA to induce neurite outgrowth

In SH-SY5Y cells, NAV2 mRNA is induced by atRA [6] and knockdown eliminates atRA-
induced neurite outgrowth [1]. In order to determine whether the induction of neurite
outgrowth in SH-SY5Y cells by atRA also requires 14-3-3¢, a stable knockdown line was
generated using a pool of shRNAs targeted to 14-3-3¢. There was no significant difference
in mean neurite length between the vehicle-treated shControl and sh14-3-3¢ cell lines
(Figure 4A, open bars). In contrast, treatment of the shControl cell line with atRA produced
a robust increase in neurite length, whereas the effect of atRA on neurite length in the
14-3-3¢ knockdown cells was significantly blunted (Figure 4A, compare the filled bars).

FTT-2 plays arole in PLM neuron axon elongation

Members of the 14-3-3 protein family are highly conserved across species [19-23], and
evaluation of the C.elegans database revealed two potential homologs of 14-3-3¢, FTT-2
(68% identical and 80% similar) and FTT-1 (66% identical and 78% similar). RNAI-
mediated depletion of FTT-2 resulted in posterior lateral mechanosensory (PLM) length
defects comparable to those observed with depletion of UNC53, the NAV2 ortholog found
in C. elegans. Because knockdown of FTT-1 causes a strong sterile phenotype [24,25],
studies of this homolog were not pursued. Thus, both RNAi mediated reduction of FTT-2

Arch Biochem Biophys. Author manuscript; available in PMC 2014 August 04.
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and UNC-53 leads to a shortening of the PLM axonal processes as compared to the RNAI
control (Fig. 5A).

PLM length was also examined in the ftt-2 mutant, ftt-2(n4426), in which the promoter and
part of the first exon including the start codon is deleted [17]. As observed with RNAI, an
increased number of the ftt-2(n4426);0xIs1 PLM neurons were truncated compared to the
control EG1194 C. elegans strain (11.6 % versus 1.0%; Fig. 5B & 5C). Thus, experimental
evidence supports a role for the 14-3-3 homolog ftt-2 in elongation of the PLM neuron.

Discussion

In this study 14-3-3¢ is identified as a NAV?2 interacting partner. Using two model systems,
we have shown that both proteins play a role in neuronal elongation. In SH-SY5Y cells, a
reduction in 14-3-3¢ protein impairs neurite outgrowth in response to atRA, an effect
previously observed in NAV2 knockdown cells [1]. In C. elegans, knockdown of FTT-2
produces PLM elongation defects mirroring those observed with the depletion of UNC-53.

NAV2 contains multiple promoters, and alternative splicing of RNA transcripts has been
reported [6, 9]. It is the long isoform of NAV2 encoding for a protein of 261 kDa that is
induced by atRA and participates in neurite outgrowth in human neuroblastoma cells [1].
The long Nav2 isoform is also the major form expressed in neural tissues during embryonic
development and in the adult nervous system [6, 9, 26, 27]. The region of NAV2 that
interacts with 14-3-3¢ (amino acids 761 to 960) lies in a region that is absent in the putative
short NAV2 isoforms. Thus, our current findings are consistent with a role for 14-3-3¢
participating with the long NAV2 isoform to support atRA-induced neurite outgrowth in
SH-SY5Y cells and elongation of the PLM neuron in C. elegans.

14-3-3 proteins are conserved from bacteria to humans and are highly expressed in the
mammalian nervous system [19-21, 23, 28]. They bind to a large number of partners and
function in diverse processes including signal transduction, cell cycle regulation, and
apoptosis. They can regulate enzyme activity, direct the subcellular localization of proteins,
and function as adaptor molecules, regulating protein-protein interactions. It has been
previously demonstrated that 14-3-3¢ is necessary for proper neuronal migration in vivo
[18]. 14-3-3¢ interacts with phosphorylated NUDEL, which in turn, interacts with LIS1
forming a complex that is found near the centrosome and is also transported into axons [18,
29, 30]. NUDEL and LIS1 interact with the microtubule motor, cytoplasmic dynein heavy
chain, to regulate centrosomal protein location as well as microtubule dynamics, and the
complex is essential for neuronal migration [30, 31]. 14-3-3¢ deficiency results in mis-
localization of the NUDEL/LIS complex [18]. It is possible that NAV2 binding to 14-3-3¢
could influence its ability to bind to NUDEL. Alternatively, NAV2 could serve a
scaffolding/enzymatic role, bringing additional functional proteins to the complex, or
possibly by integrating signaling cues to other components of the cytoskeleton [2].
Interestingly, LI1S1-deficient cerebellar granule neurons are defective in axonal extension
and neuronal migration [32], an effect also observed in EGL explants and neurons cultured
from Nav2/unc53H2 hypomorphic mutant mice [3]. The present work showing that NAV2
interacts with 14-3-3¢ suggests that NAV2 could participate in regulating cytoskeletal
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dynamics as a part of protein complexes that also contain 14-3-3¢. However, we cannot
exclude the possibility that NAV2 and 14-3-3¢ function in distinct cellular pathways to
influence neurite/axonal outgrowth.

In summary, we show that NAV2 interacts with 14-3-3¢, and when over-expressed in Cos-1
cells, NAV2 and 14-3-3¢ localize together. Knockdown of either 14-3-3¢ or NAV2 in
human neuroblastoma cells results in a reduction in atRA-mediated neurite outgrowth,
whereas reduction of 14-3-3¢ (FTT-2) or NAV2 (UNC-53) in C. elegans, produces a
reduction in mechanosensory (PLM) axonal elongation suggesting the function of these two
proteins is evolutionarily conserved. Future studies will be directed at identifying the
importance of 14-3-3e/NAV?2 interaction in neuronal cell process elongation and migration,
as well as towards understanding the networks in which these proteins participate to achieve
their effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of 14-3-3 isotypes as novel NAV2 interacting partners

AD-14-3-3¢

SD/-Trp/-Leu/-His

(A) Schematic showing the location of the NAV2 bait in the full-length NAV2 protein. (B)
Identification of 14-3-3¢ and f isoforms as NAV?2 interacting partners from the genetic yeast
two-hybrid screen. Frequency was calculated by dividing the number of times the candidate
was identified by the total number of selected yeast colonies on minimal media lacking
leucine (-Leu), tryptophan (-Trp), and histidine (-His). (C) Images of colonies growing on
plates illustrating the interaction between NAV2 and 14-3-3 isoforms. On the plate shown
on the left, there is no growth on SD/-Leu/-Trp/-His dropout plates when yeast express
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either the NAV2 DBD fusion or AD-14-3-3 protein alone, but in diploid yeast containing
both, yeast growth occurs. The plate on the right shows both two hybrid (plate-top) and
reverse two-hybrid (plate-bottom) analysis of the NAV?2 interaction with each of the 14-3-3
isoforms. There is growth on SD/-Leu/-Trp/-His plates of mated yeast containing either
DBD-NAV2 and AD-14-3-3¢ or p and AD-NAV2 and DBD-14-3-3¢ or 3. CH, calponin
homology domain; CC, coiled coil domains; CSID, cytoskeletal interacting domain; AAA,
AAA-ATPase domain
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Figure 2. The amino terminal region of the NAV2 bait protein interacts with 14-3-3¢
(A) Schematic of the intact NAV2 bait (aa 761-1380), N-term-NAV?2 (aa 761-961) and C-

term-NAV?2 (aa 936-1380). (B) Reporter activity in in yeast containingl14-3-3¢ and either
the entire NAV2-bait, N-term- or C-term NAV2 construct. The N-term-NAV?2 activity
equals that of the original NAV2 bait, whereas no activity is observed with the C-term-
NAV?2 construct. Reporter activity is defined as the frequency of mated colonies that grow
on SD/-Trp/-Leu/-His. (C) Immunoprecipitation of 14-3-3e-Myc/His protein by NAV?2
constructs. 293HEK-FT cells were co-transfected with NAV2 bait-3xFI, N-term-
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NAV2-3xFl or C-term-NAV2-3xFI along with 14-3-3s-Myc/His, and immunoprecipitated
with monoclonal anti-flag antibody or mouse 1gG as a control. Samples of the cell lysates
(input), flow through (FT) and immunoprecipitate (1P) were resolved by SDS-PAGE, and
transferred to nitrocellulose. Immunoblotting was performed with antibodies against flag to
detect NAV2 proteins and His(6x) to detect 14-3-3¢. The 14-3-3¢ protein was pulled down
both by the NAV2 bait-3xFI and N-term-NAV2-3xFl, whereas it did not interact with the C-
term-NAV2-3xFl.
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NAV2-3xFI 14-3-3¢-Myc/His Merged

14-3-3e-Myc/His

GFP-NAV2 14-3-3¢-Myc/His Merged

Figure 3. Full-length NAV2 and 14-3-3¢ distribute similarly in cells
A-C. Confocal analysis of full-length NAV2-3xFIl and GFP-NAV?2 proteins co-expressed

with 14-3-3e-Myc/His in Cos-1 cells (A-C and D-F). Both NAV2-3xF| (A) and 14-3-3¢-
Myc/His (B) localize in similar regions of the cell (C). Likewise, when NAV?2 is tagged at
the N-terminus with GFP (GFP-NAV?2, D) and co-expressed with 14-3-3e-Myc/His (E), the
proteins distribute together (F). (G—H) The cellular distribution of GFP-NAV2 and 14-3-3¢-
Myc/His using Super-Resolution microscopy (SIM) is shown in panels G-I. When images
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captured by SIM were analyzed in Fiji/ImageJ, Manders’ threshold coefficients for M1 and
M2 of 0.653 and 0.752, respectively, were obtained. (Scale bar = 20 um).
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Figure 4. 14-3-3¢ knockdown reduces atRA-induced neurite outgrowth
(A) shControl and 14-3-3¢ knockdown cells were treated with atRA and the effect on mean

neurite length was assessed after 48h. The asterisk indicates a significant difference between
atRA-treated shControl and atRA-treated sh-14-3-3¢ at p < 0.05. Results are mean +
standard error. Analysis of mMRNA and protein showed an approximate 30-50% reduction in
the sh-14-3-3¢ cell line (data not shown), suggesting the inability of knockdown to more
fully eliminate atRA-induced neurite outgrowth may be explained by the 14-3-3¢ protein
that remains. (B) SH-SY5Y cell morphology after exposure to vehicle or atRA. Cells were
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fixed, and stained using an antibody to a-tubulin. The results shown are representative of at
least two independent experiments. (Scale bar = 100 pm).
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Figure 5. Mechanosensory axon length is reduced with unc-53 and ftt-2 RNAI feeding, and in the

ftt-2 C. elegans mutant

(A) Effect of RNAI feeding on on PLM axon length. RNAI feeding experiments were

performed in EG1194 crossed with eri-1(mg366) [15], a strain that is more sensitive to the
effects of RNAI in neurons. PLM neurons were scored as abnormal if they failed to reach
the lower 1% of worms fed the empty RNAI vector (L4440, control). (B) Percentage of
PLM axons truncated in ftt-2 (n4426) mutant animals carrying the integrated pmec-7::gfp
transgene. (C) Representative fluorescence images of control (EG1194) and ftt-2 (n4426);
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oxlsl transgene animals. PLM, posterior lateral mechanosensory neuron cell body (white
arrow, filled); ALM, anterior lateral mechanosensory neuron cell body (open arrow head).
The asterisk (*) indicates the anterior limit of extension of the PLM axon. (Scale bar = 50

um).
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