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Introduction
In the developing nervous system, axons branch to innervate 
multiple targets. The human brain contains an estimated 1014 syn-
aptic connections compared with 1011 neurons (Drachman, 2005); 
this 1,000-fold difference highlights the critical importance of 
sufficient axonal arborization. In contrast, exuberant axonal ar-
borization and inappropriate innervation is implicated in neuro-
developmental disorders including autism and epilepsy (Swann 
and Hablitz, 2000; Zikopoulos and Barbas, 2013), emphasizing 
the necessity of regulated branching. Spatiotemporal control of 
branching is orchestrated by extracellular guidance cues, such as 
Netrin-1, which promote axon branching (Kennedy and Tessier-
Lavigne, 1995; Dent et al., 2004). Mutations and variation in the 
Netrin-1 receptor deleted in colorectal cancer (DCC) are impli-
cated in synaptic mistargeting and neurological conditions, in-
cluding mirror movement disorder and schizophrenia (Srour et al., 

2010; Grant et al., 2012). Although Netrin-1–dependent axonal 
arborization involves substantial plasma membrane expansion, how 
new membrane material is inserted into the plasma membrane in 
response to Netrin-1 is unknown. Membrane addition likely occurs 
via exocytic vesicle fusion, the minimal requirement of which 
is the formation of a SNARE complex. The SNARE complex com-
prises a v-SNARE, such as VAMP2 (vesicle-associated mem-
brane protein 2), and plasma membrane t-SNAREs, Syntaxin-1 
and SNAP25 (synaptosomal-associated protein 25; Söllner et al., 
1993; Hayashi et al., 1994). Although SNARE complex forma-
tion is required for vesicle fusion and neurotransmitter release 
at the synapse (Südhof, 2012), the role of SNARE-mediated exo-
cytosis in axon branching has not been defined.

In Caenorhabditis elegans and Drosophila melanogaster, 
the NTN1 and DCC orthologues unc-6/netrin and unc-40/frazzled 
promote axon development through madd-2/asap, the single 

Developmental axon branching dramatically in-
creases synaptic capacity and neuronal surface 
area. Netrin-1 promotes branching and synapto-

genesis, but the mechanism by which Netrin-1 stimulates 
plasma membrane expansion is unknown. We demon-
strate that SNARE-mediated exocytosis is a prerequisite 
for axon branching and identify the E3 ubiquitin ligase 
TRIM9 as a critical catalytic link between Netrin-1 and 
exocytic SNARE machinery in murine cortical neurons. 
TRIM9 ligase activity promotes SNARE-mediated vesicle 
fusion and axon branching in a Netrin-dependent manner. 

We identified a direct interaction between TRIM9 and 
the Netrin-1 receptor DCC as well as a Netrin-1–sensitive 
interaction between TRIM9 and the SNARE component 
SNAP25. The interaction with SNAP25 negatively regu-
lates SNARE-mediated exocytosis and axon branching 
in the absence of Netrin-1. Deletion of TRIM9 elevated 
exocytosis in vitro and increased axon branching in vitro 
and in vivo. Our data provide a novel model for the spa-
tial regulation of axon branching by Netrin-1, in which 
localized plasma membrane expansion occurs via TRIM9- 
dependent regulation of SNARE-mediated vesicle fusion.
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TRIM9 in Netrin-1–dependent axon branching and SNARE-
mediated exocytosis remains to be examined.

Here, we identify a novel mechanism by which TRIM9 
spatially controls SNARE-mediated exocytosis to promote 
Netrin-1–dependent axon branching in murine cortical neurons. 
We show that TRIM9 directly binds to the cytoplasmic tail of DCC 
and that TRIM9 ligase activity is required to impart sensitivity 
to Netrin-1 in cortical neurons. We demonstrate that the TRIM9 
interaction with SNAP25 inhibits SNARE complex formation, 
vesicle fusion, and axon branching in the absence of Netrin-1. We 
find that TRIM9 releases SNAP25 after Netrin-1 stimulation and 
that this release promotes Netrin-1–dependent SNARE-mediated 
vesicle fusion and axon branching. After deletion of TRIM9, cor-
tical neurons exhibit exaggerated exocytosis and branching along 
with a loss of Netrin-1 responsiveness. The exuberant branch-
ing that occurs in the absence of TRIM9 in vitro is also observed 
in axons crossing the corpus callosum, highlighting in vivo the 
relevance of the mechanism identified here. Interactions with 
DCC and SNAP25 uniquely position TRIM9 at the interface of 
Netrin-1 signaling and exocytosis, allowing TRIM9 to spatially 
coordinate vesicle trafficking, membrane expansion, and axon 
branching in a Netrin-1–dependent manner.

invertebrate orthologue of class I tripartite motif (TRIM) E3 
ubiquitin ligases (Hao et al., 2010; Morikawa et al., 2011). Evo-
lutionary conservation of netrin pathway components suggests 
that the closest vertebrate orthologue TRIM9 (Hao et al., 2010; 
Morikawa et al., 2011) might regulate axon development down-
stream of Netrin-1. Intriguingly, vertebrate TRIM9 was identi-
fied as a binding partner of the t-SNARE SNAP25 (Li et al., 2001), 
but whether this interaction is relevant in developing neurons  
is unknown.

TRIM E3 ubiquitin ligases share a conserved N-terminal 
TRIM motif, comprising a ubiquitin ligase RING (really inter-
esting gene) finger, one to two BBox domains, and a coiled-coil 
(CC) motif followed by diverse C termini that distinguish TRIM 
classes (Meroni and Diez-Roux, 2005). Mutation of single ver-
tebrate TRIM genes results in unique phenotypes and human 
diseases (Gaudenz et al., 1998; Hämäläinen et al., 2004; Saccone 
et al., 2008; Hatakeyama, 2011). This is likely caused by the 
expression and substrate specificity of individual TRIMs. TRIM9 
is expressed in the adult and developing nervous system and 
exhibits ligase activity in vitro, although its substrates in vivo have 
not been identified (Berti et al., 2002; Tanji et al., 2010). Despite 
the aforementioned phylogenetic clues, the role of vertebrate 

Figure 1. TRIM9 directly binds the Netrin-1 receptor DCC and colocalizes with DCC in cortical neurons. (A) Bacterially expressed GST-SPRY domain inter-
acts with DCC in embryonic mouse cortical lysate. Protein purity is shown by Coomassie. IB, immunoblot. (B) Sequential overlapping peptides within the 
cytoplasmic tail of DCC were arrayed on nitrocellulose and probed with GST-SPRY, GST antibodies, and HRP secondary antibodies. The SPRY domain 
binds two sequences within the cytoplasmic tail of DCC. (C) E15.5 cortical neuron transfected with MycTRIM9 and HA-DCC and cultured for 48 h. Boxes 
denotes the ROIs shown in the enlarged color-combined image. (D) Neuron transfected with GFP-TRIM9 and mCherry (mCh)-DCC imaged by TIRF. Arrow-
heads denote colocalization, and time is given in seconds (Video 1).
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of cortical neurons (Fig. 1 D and Video 1). Thus, mammalian 
TRIM9 is a bona fide DCC binding partner that colocalizes with 
DCC in developing cortical neurons.

TRIM9 is expressed in the  
developing cortex
To determine whether TRIM9 is expressed in the embryonic cor-
tex where Netrin-1/DCC functions are established, we raised an 
antibody against the highly conserved BBox domains of TRIM9. 
Three predicted isoforms of murine TRIM9 (Fig. 2 A) were rec-
ognized in lysates prepared from embryonic whole brain, embry-
onic cortex, and cultured embryonic cortical neurons (Fig. 2, B–D). 
Immunohistochemistry of the E15.5 brain further demon-
strated TRIM9 expression specifically in the developing cortex 
(Fig. 2 E). To determine whether TRIM9 localized to F-actin–rich 
structures in cortical neurons, we expressed GFP-TRIM9 and 
costained F-actin with fluorescent phalloidin. GFP-TRIM9 
localized to puncta at the cell body periphery, along the axon, 
and to filopodial tips (Fig. 2 F). Using two different polyclonal 
antibodies, we found endogenous TRIM9 similarly localized to 
phalloidin-stained filopodia tips (Fig. S1, A and B).

TRIM9 function is required for Netrin-1–
dependent axon branching
Netrin-1 stimulation robustly increases axon branching in corti-
cal neurons (Dent et al., 2004), which we hypothesized involved 
TRIM9. To examine this, we adopted a dominant-negative ap-
proach (Fig. 3). RING deletion mutants (RING) of ubiquitin li-
gases will dimerize with the endogenous ligase and block substrate 
ubiquitination (Kubbutat and Vousden, 1997; Yang et al., 2000; 
Tursun et al., 2005). Consistent with this, MycTRIM9RING 
coimmunoprecipitated GFP-TRIM9 (Fig. S1 C), and expression 
of madd-2RING phenocopied defects observed in madd-2 mu-
tant worms (Hao et al., 2010). Neurons were transfected with Myc 

Results
Vertebrate TRIM9 binds to and colocalizes 
with the Netrin-1 receptor DCC
Netrin-1 and DCC direct axon guidance in the invertebrate and 
vertebrate nervous systems (Kennedy and Tessier-Lavigne,  
1995). DCC, which lacks catalytic function, initiates Netrin-1– 
dependent signaling pathways via cytoplasmic interaction part-
ners (Round and Stein, 2007). Based on phylogenetic conser-
vation with invertebrate regulators of netrin-dependent axon 
guidance (Alexander et al., 2010; Hao et al., 2010; Morikawa 
et al., 2011), we hypothesized that vertebrate TRIM9 may 
regulate Netrin-1 responses in the developing nervous system. 
To determine whether TRIM9 interacted with DCC, we incu-
bated bacterially expressed and purified GST-SPRY (SplA/
ryanodine) domain of human TRIM9 in lysates prepared from 
embryonic day 15.5 (E15.5) mouse cortex and analyzed bound 
proteins by SDS-PAGE and immunoblotting (Fig. 1 A). GST-
SPRY, but not GST alone, bound endogenous DCC, indicating 
that the SPRY domain of vertebrate TRIM9 was able to interact 
with DCC in neurons.

To determine whether this interaction was direct and to 
elucidate the binding site within DCC, we probed an overlap-
ping sequential peptide array of the cytoplasmic tail of DCC with 
GST-SPRY (Fig. 1 B). GST-SPRY bound two sequences within 
the cytoplasmic tail of DCC, demonstrating that TRIM9 directly 
binds DCC. This was confirmed by directed yeast two-hybrid 
techniques (unpublished data). To characterize TRIM9 and DCC 
localization, we introduced epitope-tagged expression constructs 
into cortical neurons. TRIM9 and DCC exhibited significant 
colocalization at tips of neurites and growth cone extensions 
(Pearson’s correlation coefficient of 0.55 ± 0.03 vs. 0.02 of ro-
tated images, P < 0.01; Fig. 1 C). Furthermore, GFP-TRIM9 and 
mCherry-DCC dynamically colocalized within the axonal shaft 

Figure 2. TRIM9 is expressed in the developing murine cortex. (A) Murine TRIM9 isoforms. COS, C-terminal subgroup one signature. (B–D) Immunoblots 
(IB) using a TRIM9 polyclonal antibody demonstrate TRIM9 expression in embryonic whole brain lysate (B), in embryonic cortex (C), and in cortical neurons 
(D) cultured for the indicated times. III-Tubulin is a loading control. The data shown in C are shown again in Fig. S2 E alongside TRIM9/ samples. 
(E and E) Immunohistochemistry (IHC) of E15.5 brain using TRIM9 monoclonal antibody (black) reveals TRIM9 expression in the developing cortex. The 
dotted square is the ROI shown in E. (F and F) EGFP-TRIM9 localizes to punctae at the periphery of the cell body, along the axon shaft (arrow) and at the 
tips of F-actin–positive filopodia (arrowheads; F); phalloidin is shown in red. Boxes show the ROI represented in the enlarged color-combined image in F’.
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To confirm that aberrant axon branching was caused by 
loss of TRIM9, we introduced MycTRIM9 expression plasmids  
into TRIM9/ neurons (Fig. 4 B and Fig. S3). MycTRIM9 ex-
pression decreased constitutive branching to wild-type levels 
and restored Netrin-1 sensitivity, rescuing the aberrant branching 
of TRIM9/ neurons. To define the role of TRIM9 ligase activity, 
we introduced MycTRIM9RING or a ligase-dead (LD) mu-
tant (TRIM9LD; Fig. 4 B and Fig. S3). Mutation of the first two  
conserved cysteines renders TRIM proteins catalytically inac-
tive (Joazeiro and Weissman, 2000; Balastik et al., 2008; Hung 
et al., 2010). Expression of either MycTRIM9RING or Myc-
TRIM9LD reduced the exaggerated constitutive axon branching 
exhibited by TRIM9/ neurons, indicating that ligase activity is  
not essential to restrict constitutive axon branching. However, these 
mutants failed to restore Netrin-1–dependent axon branching, 
suggesting that ligase activity is necessary for Netrin-1 sensitivity. 
In contrast to invertebrates, these data indicate that expression of 
TRIM9RING does not fully phenocopy TRIM9 deletion and is 
suggestive of divergence of TRIM9 orthologues.

To determine whether TRIM9 function was required spe-
cifically for response to Netrin-1, we stimulated TRIM9/ neu-
rons with 10 ng/ml FGF2 (Fig. 4 C), which failed to promote 
axon branching (Fig. 4 D). We hypothesized that this failure to 
respond to FGF2 may occur if axon branching were at a maxi-
mum. Consistent with this, expression of TRIM9RING in 
TRIM9/ neurons reduced constitutive axon branching levels 
and rescued the branching response to FGF2 (Fig. 4 D). Thus, in 
contrast to Netrin-1, TRIM9 ligase activity is dispensable for axon 
branching in response to FGF2. Unlike axon branching, Netrin-1 
stimulation or loss of TRIM9 did not alter axon length (Fig. 4 E).

TRIM9 regulates Netrin-1–induced  
SNARE-mediated exocytosis
Axon branching increases plasma membrane surface area, ne-
cessitating the addition of new membrane material (Pfenninger, 
2009), likely via SNARE-mediated exocytosis. To determine 

or MycTRIM9RING expression plasmids, cultured 48 h, and 
stimulated with Netrin-1 (Fig. 3). Myc-expressing neurons ex-
hibited a significant increase in axon branching compared with 
unstimulated neurons, whereas MycTRIM9RING-expressing 
neurons failed to increase axon branch density in response to 
Netrin-1. This suggests that TRIM9 ligase activity is required 
for Netrin-1–dependent axon branching. To determine whether 
TRIM9 regulation of branching was Netrin-1 specific, we stim-
ulated neurons with FGF2 (fibroblast growth factor 2; Fig. 3). 
Unlike Netrin-1, FGF2 promotes axon branching in a FGF2  
receptor–dependent manner (Reuss and von Bohlen und Halbach, 
2003; Zechel et al., 2010). Both Myc- and MycTRIM9RING-
expressing neurons increased axon branch density in response 
to FGF2; thus, TRIM9 ligase function is specifically required 
for axon branching downstream of Netrin-1.

Genetic loss of TRIM9 leads to 
exaggerated axon branching
To further elucidate the function of TRIM9, we generated a con-
ditional TRIM9 allele (Fig. S2 A). Mice carrying this allele were 
crossed with cytomegalovirus (CMV)-Cre mice to generate 
TRIM9/ mice, which were born at Mendelian ratios (Fig. S2, B 
and C). Analysis of whole brain, cortex, and cultured cortical 
neurons isolated from TRIM9/ embryos and cortical tissue 
from TRIM9/ adults confirmed the loss of TRIM9 immuno-
reactivity (Fig. S2, D–G). Reduced immunoreactivity was observed 
by immunocytochemistry and was absent from filopodia tips 
(Fig. S1, A and B). We next tested TRIM9/ cortical neurons in 
axon branching assays (Fig. 4 A). Although TRIM9+/+ neurons 
significantly increased axon branching after Netrin-1 stimulation, 
TRIM9/ neurons exhibited significantly higher constitutive 
axon branching, and Netrin-1 stimulation did not elevate axon 
branching further (Fig. 4 B). These defects were corroborated in 
an independent line of TRIM9/ mice (Fig. S2 H). These results 
indicate that TRIM9 minimizes constitutive axon branching and 
imparts Netrin-1 sensitivity.

Figure 3. TRIM9 ubiquitin ligase function is re-
quired for Netrin-1–dependent axon branching. 
E15.5 cortical neurons transfected with Myc or 
MycTRIM9RING (red) stained with phalloidin to 
mark F-actin (green) in Netrin-1 and FGF2 branch-
ing assays. Arrowheads denote axon branch-
ing points. Mean axon branch density ± SEM; 
n = 593 neurons. P-values were obtained from 
ANOVA with Tukey’s post-hoc analysis.
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Figure 4. TRIM9 is required for Netrin-1–dependent branching. (A) E15.5 TRIM9+/+ and TRIM9/ cortical neurons were untreated or Netrin-1 stimulated 
and stained with fluorescent phalloidin. Arrowheads denote branch points. (B) Mean axon branch density ± SEM. n > 80 neurons/condition. Expression 
of Myc-TRIM9 (T9) in TRIM9/ neurons reduced constitutive branching and rescued Netrin-1 sensitivity. MycTRIM9RING (T9RING) or MycTRIM9LD 
(T9LD) introduction failed to rescue Netrin-1–dependent branching. (C) E15.5 TRIM9/ cortical neurons expressing either Myc or MycTRIM9RING were 
untreated or FGF2 stimulated and stained with fluorescent phalloidin and antibodies to Myc and III-tubulin (not depicted). Arrowheads denote branch 
points. (D) Mean axon branch density ± SEM. Stimulation of TRIM9/ neurons with FGF2 fails to increase already exaggerated axon branching except 
in cells expressing MycTRIM9RING. (E) Axon length is not affected by Netrin-1 or genetic loss of TRIM9. Means ± SEM. All graphs are n > 80 neurons/
condition from more than three independent experiments. P-values were obtained from ANOVA with Tukey’s post-hoc analysis.
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Elevated SNARE complex formation does not necessarily 
signify increased rates of exocytosis. To define effects on SNARE-
mediated vesicle fusion, we expressed VAMP2 tagged with the 
pH-sensitive GFP variant pHluorin (Miesenböck et al., 1998) and 
performed total internal reflection fluorescence (TIRF) time-
lapse microscopy to track the frequency of exocytic events (Fig. 5, 
C–E; and Videos 2 and 3). The basal frequency of VAMP2-
mediated exocytosis in TRIM9+/+ neurons increased after Netrin-1 
stimulation, as demonstrated by time-lapse imaging and maximal 
projections (Fig. 5, D and E; and Video 2). In line with elevated 
SNARE complex formation, TRIM9/ cortical neurons exhibited 
a threefold increase in the frequency of exocytic events compared 

whether Netrin-1 stimulation elevated the formation of SNARE 
complexes associated with exocytosis, we exploited the SDS 
resistance of SNARE complexes (Fig. 5 A and Fig. S4 A). In 
TRIM9+/+ neurons, the quantity of SNARE complexes (>40 kD) 
was significantly increased after 1 h of Netrin-1 stimulation 
(Fig. 5, A and B). Like axon branching, basal SNARE complex 
levels were higher in TRIM9/ neurons (Fig. 5, A and B), con-
sistent with the finding that TRIM9 binds SNAP25 (Li et al., 
2001) and blocks the interaction between SNAP25 and VAMP2. 
Notably, no further increase in SNARE complex formation oc-
curred after Netrin-1 stimulation, suggesting that TRIM9 is re-
quired for Netrin-1–sensitive SNARE complex formation.

Figure 5. TRIM9 regulates SNARE complex formation and exocytosis. (A) Immunoblot showing SDS-resistant SNARE complexes in TRIM9+/+ and TRIM9/ 
cortical neurons probed for VAMP2, Syntaxin-1a (Synt-1), and SNAP25. III-Tubulin (Tub) is a loading control. Syntaxin-1 and SNAP25 monomer are 
shown in boiled samples; n = 3 independent experiments. These samples are shown again in Fig. S4 A alongside boiled samples. (B) Quantitation of 
SNARE complexes (>40 kD) was normalized to III-tubulin. Significance is from ANOVA with Tukey’s post-hoc analysis; *, P < 0.5. (C) Inverted image montage 
of VAMP2-pHluorin exocytosis events in TIRF images. Arrowheads denote exocytic events, and time is noted in seconds. (D) Maximal projections of VAMP2-
phluorin time lapse. Ovals denote location of exocytic events within 90 s (Videos 2 and 3). (E) Mean frequency of VAMP2-pHluorin exocytosis events ± 
SEM; n ≥ 10 cells/condition. P-value was obtained from Kruskal–Wallis nonparametric ANOVA within the entire image (top), soma (middle), or neurites 
(bottom). (F) DIC image montage showing the initial plasma membrane protrusion and subsequent axon branch formation of a TRIM9+/+ cortical neuron 
after Netrin-1 stimulation (time is in hours and minutes). White arrowheads denote active plasma membrane protrusions; black arrowheads denote axon 
branches ≥20 µm long (Video 4). Scatter plot shows the time of initial axon protrusions at future branch sites in hours after Netrin-1 stimulation plotted 
against the time a stable 20-µm-long branch appears after Netrin-1 stimulation; n = 13 cells. Error bars show SEMs.
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branching of TRIM9/ neurons, we similarly treated TRIM9/ 
neurons with BoNTA (Fig. 6 C). BoNTA treatment reduced 
elevated axon branching of TRIM9/ neurons to wild-type levels 
(Fig. 6 D), indicating SNARE-mediated exocytosis is required 
for the exuberant branching phenotype of TRIM9/ neurons.

The TRIM9–SNAP25 interaction is  
Netrin-1 sensitive
If TRIM9 constrained exocytosis by interacting with SNAP25, 
we hypothesized that Netrin-1 stimulation would induce the re-
lease of SNAP25 to promote exocytosis. To examine TRIM9–
SNAP25 binding, we used coimmunoprecipitation assays in 
HEK293 cells expressing MycTRIM9, GFP-SNAP25B, and 
HA-DCC to impart Netrin-1 sensitivity (Fig. 7 B). MycTRIM9 co-
immunoprecipitated GFP-SNAP25 in the absence of Netrin-1, 
and the levels of GFP-SNAP25 coimmunoprecipitated with 
MycTRIM9 were significantly reduced by Netrin-1 stimulation 
(Fig. 7 B). To determine whether residual SNAP25 bound to 
MycTRIM9 in the presence of Netrin-1 reflected nonspecific 
binding, we performed several controls. Myc alone coimmuno-
precipitated levels of GFP-SNAP25 indistinguishable from that 
bound to MycTRIM9 in the presence of Netrin-1. Similarly, low 
binding was observed with a TRIM9 mutant lacking the CC do-
main (TRIM9CC; Fig. 7, A and B; and Fig. S4 B), which is the 
minimal domain of TRIM9 sufficient for SNAP25 binding (Li 
et al., 2001). These controls indicate that the residual binding  
of SNAP25 to MycTRIM9 that occurred in the presence of 
Netrin-1 was nonspecific. These experiments show that the 
TRIM9–SNAP25 interaction is negatively regulated by Netrin-1.

TRIM9 ligase activity promotes exocytosis 
in a Netrin-1–dependent manner
Loss of TRIM9 ligase activity disrupted Netrin-1–dependent axon 
branching (Fig. 3 and Fig. 4 B). Because our data suggested that 
increased exocytosis was a prerequisite for axon branching (Fig. 5 
and Fig. 6), we asked whether TRIM9RING expression in-
hibited Netrin-1–dependent exocytosis. mCherryTRIM9RING-
expressing neurons lacked Netrin-1–dependent increases in 
VAMP2-mediated exocytosis (Fig. S4 C). This same inhibition 
was observed with VAMP7-mediated exocytosis (Fig. S4 D), de-
lineating a role for VAMP7 in Netrin-1 response and supporting 
the hypothesis that TRIM9 regulates SNARE complex forma-
tion through an inhibitory interaction with SNAP25. Failure to 
increase SNARE-mediated exocytosis in response to Netrin-1 
was correlated with increased binding between TRIM9RING 
and SNAP25 and a failure to release SNAP25 in response to 
Netrin-1 (Fig. S4, B and E). This indicates that the ligase activ-
ity of TRIM9 is likely required for Netrin-1–dependent release 
of SNAP25 and the promotion of SNARE-mediated exocytosis. 
These data show that in cortical neurons, both VAMP2- and 
VAMP7-containing vesicles fuse more frequently with the plasma 
membrane in response to Netrin-1 stimulation and that Netrin-1–
stimulated exocytosis is regulated by TRIM9 ligase activity. 
Because TRIM9RING-expressing neurons lack Netrin-1–
dependent axon branching, these data also support the conclu-
sion that exocytosis is a prerequisite of axon branching.

with TRIM9+/+ neurons (Fig. 5, D and E; and Video 3). Exocytic 
frequency was not increased further by Netrin-1 and corroborated 
a role for TRIM9 in constraining SNARE-mediated exocytosis 
and providing Netrin-1 sensitivity.

To determine whether TRIM9 regulated exocytosis spa-
tially, we compared the frequency of exocytic events in the soma 
and neurites (Fig. 5 E). The frequency of exocytic events in the 
soma was unchanged in TRIM9/ compared with TRIM9+/+ 
neurons, and both increased significantly in response to Netrin-1,  
indicating that TRIM9 does not constrain exocytosis in the 
soma. However, exocytic frequency was significantly elevated 
in the neurites of TRIM9/ neurons and did not further increase 
in response to Netrin-1, unlike TRIM9+/+ neurons. Thus, TRIM9 
spatially restricts exocytosis in neurites, but not the soma, of 
cortical neurons in the absence of Netrin-1.

These data suggested that Netrin-1–dependent axon branch-
ing was preceded by elevated exocytosis. To determine the time 
course of Netrin-1–dependent branching, TRIM9+/+ neurons were  
imaged by differential interference contrast (DIC) time-lapse 
microscopy (Fig. 5 F and Video 4). Increased growth cone pro-
trusions and altered filopodial dynamics were apparent within  
1 h of Netrin-1 stimulation. In contrast, membrane protrusion at 
future axon branch sites began 6.5 ± 0.8 h after Netrin-1 stimu-
lation (Fig. 5 F). Stable branches appeared at these sites 2.5 ± 
0.6 h after initial protrusion activity. Thus, increased SNARE-
mediated exocytosis, which occurs within 1 h of Netrin-1 stim-
ulation, precedes axonal membrane protrusion and subsequent 
axon branching.

SNARE-mediated exocytosis is required for 
axon branching
The increase in exocytosis after Netrin-1 stimulation or genetic 
loss of TRIM9 suggested that SNARE-mediated exocytosis is 
required for axon branching. Because TRIM9 binds SNAP25, 
we anticipated that SNAP25-mediated exocytosis was critical. 
To demonstrate a requirement for SNAP25 during axon branch-
ing, we treated TRIM9+/+ neurons with 10 nM botulinum toxin A  
(BoNTA; Fig. 6 A), which cleaves SNAP25 (Schiavo et al., 
1993). BoNTA treatment blocked Netrin-1–dependent branching 
(Fig. 6 B). We similarly treated TRIM9+/+ neurons with tetanus  
toxin (TeNT), which cleaves VAMP2 and blocks VAMP2-
mediated exocytosis (Schiavo et al., 1992). Surprisingly, TeNT 
treatment did not inhibit Netrin-1–dependent axon branching. 
VAMP7 is a neuronal v-SNARE that also forms a SNARE com-
plex with SNAP25 (Martinez-Arca et al., 2000). To determine 
whether VAMP7 was required for branching, we expressed the 
longin domain of VAMP7, which inhibits VAMP7-mediated exo-
cytosis (Martinez-Arca et al., 2000; Gupton and Gertler, 2010). 
This also failed to block Netrin-1–dependent axon branching in  
TRIM9+/+ neurons (Fig. 6, A and B), indicating that neither 
VAMP2 nor VAMP7 independently are required for axon branch-
ing. In contrast, simultaneous inhibition of VAMP2- and VAMP7-
mediated exocytosis, by treating longin-expressing neurons with 
TeNT, blocked Netrin-1–dependent axon branching, indicating a 
requirement for VAMP2- or VAMP7-mediated exocytosis. To de-
termine whether aberrant exocytosis induced the exuberant axon 
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axonal branching. To further test this, we investigated whether 
expression of the TRIM9CC mutant unable to bind SNAP25 
(Fig. 7 A and Fig. S4 B) rescued phenotypes associated with loss 
of TRIM9. mCherryTRIM9CC expression did not reduce el-
evated VAMP2-mediated exocytosis in TRIM9/ cortical neu-
rons (Fig. 7, C and D; and Video 5), nor did MycTRIM9CC 

The TRIM9 CC domain is required  
for constraint of exocytosis and  
axon branching
Our findings suggest that the SNAP25 binding capacity of TRIM9 
is a key mechanism controlling SNARE complex formation, 
vesicle fusion, and consequent plasma membrane expansion and 

Figure 6. SNARE proteins are required for cortical axon branching. (A) E15.5 TRIM9+/+ cortical neurons were untreated or Netrin-1 stimulated, with the 
addition of 10 nM BoNTA, 10 nM TeNT, and/or longin expression (blue), and stained with fluorescent phalloidin (red) and for III-tubulin (green). Ar-
rowheads denote branch points. (B) Mean axon branch density ± SEM. (C) E15.5 TRIM9/ cortical neurons were untreated or Netrin-1 stimulated, with 
the addition of 10 nM BoNTA, and stained with fluorescent phalloidin (red) and for III-tubulin (green). Arrowheads denote branch points. (D) Mean axon 
branch density ± SEM. Red asterisks in B and D denote statistical significance from TRIM9+/+ neurons in the absence of Netrin-1 (P < 0.5). Black asterisks 
denote statistically significant differences between untreated and Netrin-1–stimulated conditions (P < 0.5). All graphs are at least n > 54 neurons/condition 
from more than three independent experiments (n = 1,353 neurons). P-values are from ANOVA with Tukey’s post-hoc analysis.
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occur after deletion of TRIM9 in vivo. The corpus callosum is 
the largest cortical axon projection and is absent in NTN1 and 
DCC knockout mice (Serafini et al., 1996; Fazeli et al., 1997). 
The callosum comprises axons extending from multiple cortical 
layers across the midline, where they subsequently branch and 
synapse within the contralateral cortex and striatum (Arlotta et al., 
2005; Leyva-Díaz and López-Bendito, 2013). We stained nissl 
substance in coronal sections of adult TRIM9+/+ and TRIM9/ 
mice to visualize callosal boundaries (Fig. 8 A). This revealed 
that loss of TRIM9 was associated with significant thickening of 
the corpus callosum, a result corroborated in a second line of 
TRIM9/ mice (Fig. S5, A and B).

We hypothesized this callosal thickening may be caused by 
exaggerated branching of TRIM9/ cortical axons. To investi-
gate axon branching in vivo, we crossed TRIM9/ mice to a line 
of Thy1-GFP mice. The cytoplasmic GFP expression pattern ob-
served in Thy1-GFP mice derived from an individual founder is 
consistent across litters and generations (Feng et al., 2000), 

expression reduce exaggerated axon branching (Fig. 7, E and F).  
In light of these results and the phenotypes observed with 
TRIM9RING expression (Fig. 3, Fig. 4 B, and Fig. S4, C–E), 
we conclude that the CC domain and likely SNAP25 binding 
of TRIM9 are required to constrain exocytosis and branching, 
whereas ligase activity is dispensable. Interestingly, expression of 
TRIM9CC increased the basal frequency of VAMP2-mediated 
exocytic events and axon branching in TRIM9+/+ neurons and 
was associated with a loss of Netrin-1 responsiveness (Fig. 7,  
D–F). The similarity in exocytic and branching phenotypes 
between TRIM9/ neurons and TRIM9+/+ neurons expressing 
TRIM9CC suggests that TRIM9CC acts as a dominant nega-
tive, through a mechanism other than dimerization with endog-
enous TRIM9 (Fig. S1 C).

Loss of TRIM9 leads to aberrant axon 
branching and corpus callosum thickening
TRIM9 deletion disrupted exocytosis and axonal morphology in 
cortical neurons in vitro, suggesting that similar effects may 

Figure 7. The SNAP25 binding domain of TRIM9 is required to minimize exocytosis and axon branching. (A) Domain diagram of TRIM9 and TRIM9CC. 
COS, C-terminal subgroup one signature. (B) HEK293 cells expressing HA-DCC, GFP-SNAP25, and either Myc, MycTRIM9, or MycTRIM9CC were pre-
cipitated with Myc antibody-conjugated beads (n = 5 independent experiments; p-values are from Kruskal–Wallis nonparametric ANOVA). The immunoblot 
for HA-DCC contains an empty lane between samples 3 and 4. IB, immunoblot. (C) Maximal projection of a VAMP2-pHluorin–transfected TRIM9/ neuron 
expressing mCherryTRIM9CC (not depicted; Video 5). Ovals denote exocytic events. (D) mCherryTRIM9CC expression significantly increased VAMP2-
mediated exocytic events as measured by VAMP2-pHluorin experiments in TRIM9+/+, but not TRIM9/, cortical neurons; n ≥ 10 cells/condition. P-values 
are from Kruskal–Wallis ANOVA. (E) Neurons transfected with MycTRIM9CC (blue) stained with phalloidin (green) and for III-tubulin (red) in a Netrin-1 
branching assay. Arrowheads denote branches. (F) Mean axon branching density ± SEM; n > 75 neurons/condition from three independent experiments. 
P-values are from Kruskal–Wallis nonparametric ANOVA. Error bars show SEMs.
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Discussion
Our data delineate a molecular mechanism by which TRIM9 di-
rectly links Netrin-1/DCC signaling to the control of vesicle traf-
ficking machinery required for local exocytosis, plasma membrane 
expansion, and axon branching (Fig. 9). We show that Netrin-1–
dependent branching is preceded by an increase in SNARE com-
plex formation and SNARE-mediated exocytosis and that this 
increase in exocytosis is both regulated by TRIM9 ligase activity 
and required for axon branch formation. TRIM9 binds to and 
colocalizes with DCC in cortical neurons, and TRIM9 catalytic 
activity is required to impart Netrin-1 sensitivity. The TRIM9 
interaction with SNAP25 negatively regulates SNARE complex 
formation and SNARE-mediated exocytosis, but the interaction 

allowing direct comparison of neuronal morphology. We selected 
a line in which <10% of cortical neurons express GFP (Feng et al., 
2000) and compared callosal axon branching in TRIM9+/+ and 
TRIM9/ littermates (Fig. 8 B and Video 6). To confirm that lit-
termates had comparable GFP expression and a similar number 
of GFP-expressing axons within the callosum, we quantified 
GFP-expressing axons in a 150 × 50–µm region at the midline. 
Although there was no difference in the number of GFP-ex-
pressing axons (Fig. 8 D) and no difference in the density of my-
elin within the corpus callosum (Fig. S5 C), Thy1-GFP/TRIM9/ 
mice exhibited a fourfold increase in the number of axon branches 
within the callosum (Fig. 8 C and Video 6). This indicates that the 
exuberant branching observed in vitro also occurs in vivo and 
may underlie the thickened corpus callosum of TRIM9/ mice.

Figure 8. Genetic loss of TRIM9 leads to aberrant axon branching within and thickening of the corpus callosum. (A) Coronal sections through corpus cal-
losum from adult TRIM9+/+ and TRIM9/ mice stained for nissl substance. Lines denote callosal thickness measurements. Graph shows quantitation of callosal 
thickness; n = 5 mice/genotype; **, P < 0.05 obtained from t test. (B) Inverted maximal projections of Thy1-GFP/TRIM9+/+ and TRIM9/ corpus callosum 
sections. Arrowheads denote branch points. (B) Inset shows an example of a branch. Video 6. (C) Quantitation of axonal branch points in 3-wk-old lit-
termates; n = 3 mice/genotype. P-values obtained from t test. (D) Example images used in quantitation of the number of GFP-expressing axons crossing the 
midline in Thy1-GFP/TRIM9+/+ and Thy1-GFP/TRIM9/ brains. Error bars show SEMs.
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Multiple vesicle types provide membrane 
material required for axon branching
Netrin-1 stimulation in cortical neurons increases exocytosis me-
diated by VAMP2 and VAMP7. Both v-SNAREs form a SNARE 
complex with SNAP25 (Söllner et al., 1993; Martinez-Arca et al., 
2000), which is consistent with our conclusion that TRIM9 regu-
lates SNARE-mediated exocytosis through a Netrin-1–sensitive 
interaction with SNAP25. Because VAMP2 and VAMP7 mark dis-
tinct vesicle populations (Proux-Gillardeaux et al., 2005; Gupton 
and Gertler, 2010), these data indicate that TRIM9 promotes the 
insertion of multiple vesicular membrane sources into the plasma 
membrane in a Netrin-1–dependent manner. That these vesicles 
might deliver distinct cargoes or fuse in spatially segregated 

is disrupted in the presence of Netrin-1. This disruption promotes 
Netrin-1–dependent SNARE complex formation and exocytosis 
(Fig. 9). Our results identify TRIM9 as a Netrin-1–sensitive 
negative regulator of axon branching in vitro and in vivo, at least 
in part through control of SNAP25-mediated exocytosis. Sur-
prisingly, the exaggerated branching displayed by TRIM9/ 
neurons was strikingly dissimilar to the loss of branching in 
madd-2/asap mutants in invertebrates (Hao et al., 2010; Morikawa 
et al., 2011). Additionally, deletion of TRIM9 does not pheno-
copy loss of NTN1 or DCC in vivo as with invertebrate ortho-
logues. This contrast in phenotypes between TRIM9 and its 
invertebrate orthologues suggests functional divergence of ver-
tebrate TRIM9.

Figure 9. Molecular mechanism of Netrin-1–dependent axon branching. (top left) In the absence of Netrin-1, TRIM9 (orange) is bound to SNAP25 (green). 
The TRIM9 interaction blocks SNAP25 binding to VAMP2 or VAMP7 (blue), which inhibits SNARE complex formation and exocytic vesicle fusion. Preven-
tion of plasma membrane expansion constrains basal levels of axon branching. (top right) After Netrin-1 stimulation, TRIM9 releases SNAP25, which 
promotes SNARE complex formation, vesicle fusion, local plasma membrane expansion, and axon branching. (bottom) Genetic deletion of TRIM9 renders 
cells nonresponsive to Netrin-1. As the interaction between SNAP25 and VAMP2 or VAMP7 is no longer inhibited, constitutive levels of SNARE complex 
formation, exocytosis, and axon branching increase. To reduce and rescue the exocytosis and axon branching phenotypes associated with loss of TRIM9, 
introduction of TRIM9 containing the SNAP25 binding domain is required. To rescue Netrin-1 sensitivity, TRIM9 containing ubiquitin ligase activity must 
be introduced.
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Integration of TRIM9 into established 
Netrin-1 signaling pathways
As DCC lacks catalytic motifs, its interaction partners are critical 
for the activation of signaling events and downstream cellular 
changes. Our findings indicate that TRIM9 represents a novel 
catalytic partner of DCC that directly affects Netrin-1–dependent 
neuronal behavior. Because TRIM proteins homodimerize (Short 
and Cox, 2006), TRIM9 dimers may promote the clustering and 
avidity of DCC within the plasma membrane, modulating DCC 
signaling in an inside-out fashion. By binding the cytoplasmic tail 
of DCC, TRIM9 may also modulate the binding of other partners 
of DCC, altering signaling in an outside-in fashion. The noncon-
ventional myosin motor Myo10 also binds the cytoplasmic tail of 
DCC and targets DCC to the tips of neurites (Zhu et al., 2007; 
Wei et al., 2011). The dynamic colocalization of TRIM9 with 
DCC at the tips of neurites and filopodia suggests that TRIM9 
may enhance Myo10 binding and transport of DCC.

TRIM9 function in other Netrin-1/DCC-
dependent activities
Netrin-1 and DCC orchestrate filopodia dynamics during neural 
development (Lebrand et al., 2004). The prominent localization 
of TRIM9 at F-actin–rich filopodia tips suggests that TRIM9 
may alter filopodial formation, function, or response to Netrin-1. 
Consistent with this, the invertebrate orthologues of TRIM9 
directly interact with and are required for localization of the 
evolutionarily conserved actin regulator mig10 in response to 
netrin (Quinn et al., 2008; Hao et al., 2010; Michael et al., 2010;  
Morikawa et al., 2011). Whether TRIM9 regulates filopodia for-
mation downstream of Netrin-1 through a conserved interaction 
with the vertebrate mig10 orthologue Lamellipodin remains to  
be shown. Netrin-1 and DCC are also critical for the proper migra-
tion of neurons and commissure formation (Moore et al., 2007; 
Shi et al., 2008; Hakanen et al., 2011). Netrin-1 can be either a 
chemoattractant or chemorepulsive cue, dependent on whether 
DCC is in a complex with the repulsive receptor Unc5 (Hong  
et al., 1999). Therefore, loss of TRIM9 may disrupt axon guidance 
and induce defects in axonal projections. Although we found that 
the thickening of the corpus callosum of TRIM9/ mice correlated 
with increased axon branching, defective axon guidance may also  
underlie this phenotype. Indeed, disorganization of axons and  
an increased width of the portion of the callosum contain-
ing neuropilin-1–positive axons were observed in mice lacking 
VAMP2, which was proposed to result from aberrant axon repulsion 
to semaphorin-3 (Zylbersztejn et al., 2012). Netrin-1 and DCC 
also promote synaptogenesis and regulate plasticity (Goldman 
et al., 2013; Horn et al., 2013). Interestingly, a proteomic study 
identified TRIM9 at the synapse (Jordan et al., 2004). The ability 
of TRIM9 to control SNAP25-dependent exocytosis and its inter-
action with DCC make TRIM9 an attractive candidate to regulate 
synaptogenesis and synaptic function.

TRIM genes in neural development  
and function
The cerebral cortex controls cognitive function, sensory percep-
tion, and consciousness (Molyneaux et al., 2007), and thicken-
ing of the corpus callosum is associated with mental retardation 

regions of the axon is an intriguing possibility. Indeed, VAMP2 
and VAMP7 have distinct exocytic behaviors during neuritogene-
sis and axon guidance (Tojima et al., 2007; Gupton and Gertler, 
2010; Cotrufo et al., 2011). Whether dissimilarities stem from 
developmental stage, organismal, or neuronal subtype differences  
is unknown. However, DCC is associated with both VAMP2- 
and VAMP7-containing vesicles (Bouchard et al., 2004, 2008; 
Cotrufo et al., 2012); thus, Netrin-1–stimulated exocytosis may 
produce a positive feedback loop by delivering DCC to the 
plasma membrane.

Distinct roles for TRIM9 ubiquitin ligase 
activity and SNAP25 binding
TRIM proteins primarily mediate cellular functions through the 
ubiquitination of specific substrates. Although TRIM9 can auto-
ubiquitinate (Tanji et al., 2010), its substrates in vivo remain un-
identified. The results of our experiments using TRIM9RING 
expression suggest that TRIM9 ligase activity is required for 
cortical neurons to release SNAP25 in response to Netrin-1 and 
promote exocytosis and axon branching. In contrast, the ligase 
domain was dispensable for binding to SNAP25 and constraining 
both exocytosis and axon branching in the absence of Netrin-1. 
Expression of TRIM9RING did not induce a phenotype in 
TRIM9+/+ neurons in the absence of Netrin-1. This is likely caused 
by the preexisting constraint of exocytosis and axon branching by 
endogenous TRIM9. Although the RING domain may provide 
only a structural role, the inhibition of Netrin-1–dependent axon 
branching observed in TRIM9LD-expressing neurons suggests 
that this is unlikely. Although RING mutants are described as 
dominant negatives, TRIM9RING partially maintained func-
tions of TRIM9 and its expression did not fully phenocopy de-
letion of TRIM9. In contrast, in C. elegans, the expression of 
madd-2RING phenocopied loss-of-function mutants (Hao et al., 
2010). This further supports the possibility of the divergence of 
vertebrate TRIM9.

The CC domain of TRIM9 was required to minimize basal 
exocytosis and axon branching. We found that TRIM9CC was 
impaired in SNAP25 binding and failed to reduce exocytosis 
and axon branching when expressed in TRIM9/ neurons. Ad-
ditionally, neurons expressing TRIM9CC failed to respond to 
Netrin-1. Based on the failure of TRIM9/ neurons to branch in 
response to FGF unless elevated axon branching was first re-
duced, we conclude that axon branching in TRIM9/ neurons 
was maximized. Given this, the failure of the TRIM9CC neu-
rons to respond to Netrin-1 may result from a maximum level of 
branching and exocytosis in TRIM9/ neurons. Surprisingly, 
expression of TRIM9CC in TRIM9+/+ neurons phenocopied 
the deletion of TRIM9. This suggests that TRIM9CC inhibits 
the function of endogenous TRIM9 and acts as a dominant neg-
ative. Binding assays suggested that this likely did not occur 
through interaction with endogenous TRIM9; we suggest the 
dominant-negative effect occurs through TRIM9CC seques-
tration of another TRIM9 binding partner required for the func-
tion of endogenous TRIM9, such as DCC. Alternatively, the ligase 
activity of TRIM9CC may directly act on the substrate of 
TRIM9 to promote exocytosis and branching.
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and pEGFP-SNAP25B under a CMV promoter (L. Chamberlain, University 
of Edinburgh, Edinburgh, Scotland, UK) were acquired. Antibodies include 
TRIM9 rabbit polyclonal (generated using murine TRIM9 recombinant pro-
tein aa 158–271), TRIM9 rabbit polyclonal (generated against the N ter-
minus of human TRIM9; K. Wakabayashi, Hirosaki University, Hirosaki, 
Aomori, Japan; Tanji et al., 2010), mouse polyclonal against human 
TRIM9 (1F12; Abnova), mouse monoclonal c-Myc (9E10; Santa Cruz Bio-
technology, Inc.), mouse monoclonal human DCC (G97-449; BD), rabbit 
polyclonal GST (G1417; Sigma-Aldrich), mouse monoclonal against 
human III-tubulin (Tuj-1; Santa Cruz Biotechnology, Inc.), rabbit polyclonal 
against GFP (A11122; Invitrogen), mouse monoclonal against HA (05–904; 
EMD Millipore), rabbit polyclonal against human VAMP2 (11829; Cell 
Signaling Technology), mouse monoclonal against rat Syntaxin-1a (HPC-1; 
Santa Cruz Biotechnology, Inc.), goat polyclonal against human SNAP25 
(C-18; Santa Cruz Biotechnology, Inc.), and mouse monoclonal against 
GAPDH (sc-166545; Santa Cruz Biotechnology, Inc.). Fluorescent second-
ary antibodies and fluorescent phalloidin labeled with Alexa Fluor 488, 
Alexa Fluor 568, or Alexa Fluor 647 were obtained from Invitrogen. Re-
combinant Netrin-1 was concentrated from HEK293 cells (Serafini et al., 
1994; Lebrand et al., 2004). Recombinant FGF2 (MBL International), TeNT 
(Sigma-Aldrich), and BoNTA (List Biological Laboratories, Inc.) were used 
as indicated.

Yeast two hybrid
LexA two-hybrid system selection with mouse Matchmaker cDNA library 
and -galactosidase assays was performed according to the manufacturer’s 
protocol (Takara Bio Inc.). DCC was used as bait in an embryonic mouse 
brain library.

Cortical neuron culture, transfection, and imaging
Cortical neuron cultures were prepared from day 15.5 embryos as previ-
ously described (Kwiatkowski et al., 2007). In brief, cortices were microdis-
sected, and neurons were dissociated using trypsin and plated on poly-d-lysine 
(Sigma-Aldrich)–coated coverglass or tissue culture plastic in neurobasal 
media supplemented with b27 (Invitrogen). This same media were used for 
all time-lapse imaging experiments. For transfection, neurons were resus-
pended after dissociation in solution (Amaxa Nucleofector; Lonza) and elec-
troporated with a Nucleofector according to manufacturer’s protocol. For 
axon branching assays, 250 ng/ml Netrin-1 or 10 ng/ml FGF2 were bath 
applied after 48 h in culture. After 24 h of treatment, neurons were fixed in 
4% paraformaldehyde, permeabilized for 10 min in 0.1% Triton X-100, 
blocked for 30 min in 10% BSA, and stained with indicated primary anti-
bodies for 1 h at room temperatures as previously described (Strasser et al., 
2004). After three washes, species-appropriate fluorescent secondary 
antibodies were incubated on coverslips for 1 h at room temperature. After 
three washes, cells were mounted in a Tris/glycerol/n-propyl-gallate–based 
mounting media for imaging. Images of pyramidal-shaped neurons were 
collected at room temperature on an inverted microscope (DeltaVision; Ap-
plied Precision) with a 20× U Apochromat/340, 0.75 NA or 60×, 1.3 NA 
Plan Apochromat objective lens (Olympus) and a charge-coupled device 
(CoolSNAP HQ; Photometrics) and deconvolved using softWoRx software 
(Applied Precision) or on an inverted microscope (IX81-ZDC2; Olympus) 
with a 40×, 1.4 NA Plan Apochromat objective lens (Olympus) and an elec-
tron multiplying charge-coupled device (iXon; Andor Technology) using 
MetaMorph acquisition software (Molecular Devices). Axon branches were 
defined as extensions off the primary axon that were ≥20 µm in length. 
Pearson’s correlation of colocalization between TRIM9 and DCC was per-
formed using regions of interest (ROIs) and an Intensity Correlation Analysis 
plugin for ImageJ (National Institutes of Health). All time-lapse imaging was 
performed on an inverted microscope (IX81-ZDC2) with MetaMorph acquisi-
tion software, an electron-multiplying charge-coupled device (iXon), and an 
imaging chamber (Stage Top Incubator INUG2-FSX; Tokai Hit), which main-
tained 37°C and 5% CO2. For DIC time-lapse imaging, neurons were stimu-
lated with 250 ng/ml Netrin-1 at 48 h, and images were acquired every 
20 s with a 60× Plan Apochromat, 1.4 NA objective lens for 24 h. Images 
were analyzed in MetaMorph for the time after Netrin-1 stimulation of initial 
plasma membrane protrusion at sites that subsequently formed stable axon 
branches (20 µm long). For pHluorin assays, neurons expressing VAMP2-
pHluorin or VAMP7-pHluorin and mCherryTRIM9 variants were imaged after 
48 h in culture with a 100×, 1.49 NA TIRF objective and a solid-state 491-nm 
laser illumination at 100-nm penetration depth. Images were acquired 
every 0.5 s for 5 min. The frequency of exocytic events normalized per cell 
area and time is reported for the entire cell area in the image, soma, and 
neurite. 500 ng/ml Netrin-1 was added 1 h before imaging of Netirn-1–
stimulated neurons. To emphasize pHluorin-based exocytic events, the mean 

and other neuroanatomical anomalies (Göçmen and Oğuz, 2008; 
Lerman-Sagie et al., 2009). Although TRIM9/ mice are via-
ble, additional anatomical defects may occur, and the aberrant 
axon branching present in TRIM9/ mice may disrupt synaptic 
targeting, resulting in behavioral changes. While there is a sin-
gle class I TRIM gene in invertebrates, vertebrates contain six 
class I TRIM paralogues (Short and Cox, 2006). Whether one of 
these is functionally more similar to the invertebrate ortho-
logues madd-2/asap than TRIM9 has not been investigated. Be-
cause some closely related TRIM proteins heterodimerize, the 
consequences of loss of TRIM9 may extend beyond its own sub-
strates and activities. Mutations in the class I family member 
TRIM18 cause Opitz syndrome, in which patients are character-
ized by midline defects, neuroanatomical anomalies, and men-
tal retardation (Quaderi et al., 1997; Gaudenz et al., 1998). The 
closest TRIM18 paralogue, TRIM1, heterodimerizes with TRIM18 
and modifies this disease (Short and Cox, 2006; Suzuki et al., 
2010). TRIM67 is the closest paralogue of TRIM9 (Short and Cox, 
2006), sharing 76% sequence similarity, and TRIM67 has been 
implicated in the extension of neuritelike processes (Yaguchi et al.,  
2012). Whether TRIM9 and TRIM67 heterodimerize or share 
overlapping expression patterns or substrates is unknown. If so, 
loss of both genes may produce more severe developmental or func-
tional phenotypes than loss of TRIM9 or TRIM67 individually.

Materials and methods
Animals
All mouse lines were on a 129S4–C57BL/6 background and were bred at 
the Massachusetts Institute of Technology or University of North Carolina 
with approval from the Institutional Animal Care and Use Committee. 
Timed pregnant females were obtained by placing male and female mice 
together overnight; the following day was designated as E0.5 if the female 
had a vaginal plug.

Generation of TRIM9/ mice
A conditional allele of TRIM9 (TRIM9F) was constructed by flanking exon 1, 
which encodes the RING and BBox domains of TRIM9, with LoxP sites. 
After Cre-mediated recombination, the subsequent 11 ATGs encode out-of-
frame transcripts. The conditional TRIM9 targeting vector also contained a 
thymidine kinase–negative selection cassette and a Flippase recognition 
target–flanked phosphoglycerate kinase I–neomycin cassette. The TRIM9F 
allele did not disrupt TRIM9 expression (not depicted), but exposure to Cre 
recombinase deleted exon 1 and abolished TRIM9 expression (Fig. S2). 
Embryonic stem cells were electroporated, selected, and screened for cor-
rect recombination and single integration. Two karyotyped, correctly tar-
geted embryonic stem cell clones gave germline transmission and identical 
results. CMV-Cre mice (Jackson ImmunoResearch Laboratories, Inc.) were 
used to produce TRIM9/ mice. Cre-mediated excision of exon 1 was con-
firmed by PCR genotyping.

Plasmids, antibodies, and reagents
Human TRIM9 cDNA (T. Cox, University of Washington, Seattle, WA), 
TRIM9RING (aa 139–781), and TRIM9CC (removed aa 220–394) 
were subcloned into pCs2+, pEGFP-C1, and mCherry-C1 (Takara Bio 
Inc.), under CMV promoters. TRIM9LD was cloned into pCS2+ using site-
directed mutagenesis (QuikChange; Agilent Technologies) of Cys10 and 
Cys13 to alanine. TRIM9-SPRY (aa 576–693) was cloned into pGEX6P1 
under a Taq promoter. pcDNA3.1-HA rat DCC under a CMV promoter 
was acquired from M. Tessier-Lavigne (The Rockefeller University, New 
York, NY). Rat DCC was cloned into mCherry-C1 under a CMV promoter 
with mCherry located within the extracellular domain of DCC between the 
Thr1041 and Leu1042. pEGFP-mouse VAMP2-pHluorin, pCax-human 
VAMP7-pHluorin, and pEGFP2-human VAMP7 N terminus (longin; aa 
1–120) under CMV promoters were previously described (Gupton and 
Gertler, 2010). GST-SNAP25B (J. Rothman, Yale University, New Haven, CT) 
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Laser-scanning confocal microscopy of Thy1-GFP corpus callosum
200-µm coronal sections of 30-wk-old Thy1-GFP, TRIM9+/+, and TRIM9/ 
littermates mounted in DPX mountant were imaged on a confocal inverted 
microscope (FluoView FV1200; Olympus) equipped with a 20×, 0.75 NA 
Plan Apochromat objective lens with a 488-nm argon laser. Multiarea  
z stacks were stitched, and ROIs containing potential axon branch points 
were identified in maximal projections. Candidate branches were con-
firmed by inspection of stitched z stacks. The mean number of branches ± 
SEM within the corpus callosum per section is reported. The mean number 
± SEM of GFP+ axons crossing the callosum in a 150 × 50–µm ROI from 
the maximum projection images was reported.

Statistics
At least three independent experiments were performed for each assay. 
Statistical tests used are indicated in the legends. Two independent, normally 
distributed samples were compared using unpaired t tests. For greater than 
two conditions, Kruskal–Wallis nonparametric analysis of variance (ANOVA) 
was performed in samples lacking normal distribution, as ascertained by a 
Fisher test. In normally distributed samples, ANOVA with Tukey’s post-hoc 
correction were used. P-values are listed in figures or figure legends, which 
present means with SEM.

Online supplemental material
Fig. S1 shows TRIM9 localization and interaction. Fig. S2 details the gen-
eration of TRIM9/ mice and confirms gene deletion and loss of protein. 
Fig. S3 contains representative images from Netrin-1 branching assays 
that show that TRIM9 ligase activity is necessary to rescue axon branching 
defects in TRIM9/ neurons. Fig. S4 provides details of SNARE complex 
formation and confirms that TRIM9 ligase activity is required to promote 
Netrin-1–dependent exocytosis and release of SNAP25. Fig. S5 reaffirms 
that genetic loss of TRIM9 results in thickening of the corpus callosum in an 
independently targeted line of TRIM9/ mice. Video 1 reveals the dy-
namic colocalization of GFP-TRIM9 and mCherry-DCC. Video 2 shows 
Netrin-1–induced increases in VAMP2-mediated exocytosis in a TRIM9+/+ 
cortical neuron. Video 3 shows increases in VAMP2-mediated exocytosis in 
a TRIM9/ cortical neuron independent of Netrin-1 stimulation. Video 4 
illustrates the time course of plasma membrane protrusion and axon 
branching in a TRIM9+/+ cortical neuron after Netrin-1 stimulation. Video 5 
shows that expression of TRIM9CC does not rescue the elevated VAMP2-
mediated exocytosis of TRIM9/ cortical neurons. Video 6 shows aber-
rant axon branching within the Thy1-GFP/TRIM9/ corpus callosum. Online 
supplemental material is available at http://www.jcb.org/cgi/content/full/
jcb.201311003/DC1. Additional data are available in the JCB DataViewer 
at http://dx.doi.org/10.1083/jcb.201311003.dv.
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