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ABSTRACT
Cortney Chelise Winkle: Staying TRIM: How TRIM9 Constrains Neuronal Cell
Morphology to Regulate Connectivity
(Under the direction of Stephanie Gupton)
The connectivity of the nervous system is established during development as
axons branch and project to synaptic targets. The extracellular axon guidance cue
Netrin-1 and its receptor Deleted in Colorectal Cancer (DCC) have established roles in
axon branching and guidance. We found that TRIM9, an E3 ubiquitin ligase directly
binds the cytoplasmic tail of DCC. In the absence of TRIM9, murine embryonic cortical
neurons exhibit excessive SNARE mediated exocytic activity and defective axon
branching both in vitro and in vivo. These neurons also exhibit defects in DCC
expression, localization, and downstream signaling through Focal Adhesion Kinase
(FAK). We identified a Netrin-1-sensitive interaction between TRIM9 and the SNARE
component SNAP25 which constrains SNARE-mediated exocytosis and axon
branching. We found that DCC is ubiquitinated in the presence of TRIM9 and the
absence of Netrin-1, which modulates steady state cellular levels of DCC. Genetic loss
of Trim9 impaired both clustering and multimerization of the DCC receptor in response
to Netrin-1, independent of ubiquitination. Downstream of DCC, both Netrin-1
stimulation and loss of Trim9 facilitate tyrosine phosphorylation and activation of Focal
Adhesion Kinase(FAK). Pharmacological inhibition of FAK activation inhibited Netrin-1
dependent and aberrant exocytosis and axon branching, but did not impact SNARE
complex formation suggesting a novel role for FAK in SNARE conformation switching
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from cis to trans. In the hippocampus, genetic loss of Trim9 significantly altered the
morphology of both developing and adult born neurons, impaired localization of adult
born neurons, and contributed to abnormal circuitry and defective spatial learning and
memory.
Taken together, these results indicate that TRIM9 is a novel coordinator of
membrane trafficking and plasma membrane expansion during neuronal development.
Further, these data suggest that the precise temporal and spatial control of axonal and
dendritic arborization is critical for proper formation and function of neural circuitry in the
developing and adult nervous system.
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CHAPTER 1 THE INS AND OUTS OF NEURAL CONNECTIVITY: MEMBRANE
TRAFFICKING IN NEURONAL DEVELOPMENT1
1.1 Introduction
1.1.1 Neuronal Development: The Basics
Functional connectivity of the vertebrate nervous system is established during
embryonic and postnatal development and continues to adapt throughout life in
response to experiences. Once generated from neural precursor cells, newly born
neurons migrate from sites of neurogenesis to a specified destination(Hatten, 1999).
Upon reaching this destination, neurites sprout from the postmitotic soma in a process
known as neuritogenesis (Figure 1.1). These neurite projections extend within the
surrounding environment, probing their surroundings for guidance cues. Following initial
neurite outgrowth, additional changes in neuronal polarization occur, as a single axon is
specified, followed by the maturation of the remaining neurites into dendrites. At the tip
of an extending axon, a specialized dynamic structure known as the growth cone
(Figure 1.1) senses and interprets extracellular “axon guidance” cues to guide the
extending axon toward appropriate postsynaptic partners(Bark et al., 2004; Raper and
Mason, 2010; Saito et al., 2000a). Upon successfully reaching a target destination, the
axon tackles the next task of forming multiple synaptic connections. The cell solves this
quandary by ramification of axons, known as axon branching. Many axon guidance
cues such as netrin-1 also modulate axon branching, and thus regulate the ability of the
1
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axon to innervate multiple partners and increase synaptic capacity(Kennedy and
Tessier-Lavigne, 1995; Tomasoni et al., 2013). Similar to axon guidance and branching
(Granseth et al., 2013; Kennedy and Tessier-Lavigne, 1995; Marler et al., 2014; Schäfer
and Frotscher, 2012), dendrites extend and ramify, in response to environmental cues
(Danzer et al., 2002; Dijkhuizen and Ghosh, 2005; Dong et al., 2013; Kwon et al., 2011)
Finally, synaptic contacts form at specialized sites between axons and dendrites. In
excitatory neurons, the presynaptic region within the axon sits approximately 20 nm
from the postsynaptic sites located at the tips of dendritic spines, dendritic shafts or the
soma of the postsynaptic neuron. Dendritic spines are typically mushroom-shaped
dendritic projections that are malleable, changing size and shape in response to activity
and external cues. Such synaptic plasticity continues into adulthood and is associated
with learning and memory(J. L. Chen et al., 2012; Hamilton et al., 2012; Holtmaat and
Svoboda, 2009; Nishiyama et al., 2014; Trachtenberg et al., 2002).

2

Figure 1.1 The stages of neuronal development and associated membrane
trafficking proteins.
During development neurons progress through stereotypical morphological stages.
First, a nascent neuron forms small protrusions during neuritogenesis. These small
protrusions elongate during neurite outgrowth and one neurite takes on the
characteristics of an axon during axon specification. Axons are then guided toward their
synaptic partners by extracellular cues. Axon branching and dendrite formation and
branching allow a single neuron to make multiple synaptic connections. Lastly, nascent
synaptic spines form during synaptogenesis.

3

1.1.2 Membrane Trafficking and Neuronal Development
The progression through the stereotypical stages described above(Dotti et al.,
1988) involves a significant increase in cell size and plasma membrane surface area.
Estimates suggest that the volume of a developing vertebrate neuron can increases at a
rate of 0.6% per day during axon elongation, whereas the plasma membrane surface
area expansion is much greater, up to 20% in a day(Pfenninger, 2009). This dramatic
increase in the plasma membrane necessitates the delivery and insertion of new
plasma membrane material. In addition, due to the functional differences of axons and
dendrites in transmitting and receiving synaptic transmission, distinct protein
populations must differentially localize to these membrane compartments. This involves
specialized trafficking to establish and maintain these compositional differences(Maeder
et al., 2014). Further highlighting the physiological importance of proper neuronal
trafficking, defects in membrane trafficking are implicated in a number of neurological
diseases and disorders including autism spectrum and neurodegenerative
disorders(Fuchs-Telem et al., 2011; Rapaport et al., 2010a; Volders et al., 2011; D.
Wang et al., 2013). Whereas the majority of the focus on vesicular trafficking in neurons
has been on the exocytic fusion of synaptic vesicles and the endocytic recycling of
synaptic machinery, the important role for membrane trafficking in plasma membrane
expansion and neuronal polarization during neuronal development is gaining traction.
Here, we highlight our understanding of how membrane trafficking contributes to
establishing neuronal form and function during early stages of neuronal morphogenesis.
Understanding the functional connectivity of the nervous system and the stages
of neuronal development critical to this connectivity is often referred to as the final
frontier of biomedical research. This is evidenced by the announcement of the NIH
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BRAIN Initiative to map the structure and function of the human brain(Insel et al., 2013).
While functional “connectomics” aims to provide a map of the human brain,
understanding the molecular mechanisms underlying neural connectivity is an equally
critical piece. However interrogating and establishing the molecular mechanisms of
neuronal development necessitates a simplified model system. Luckily, the stages of
neuronal development are efficiently modeled with in vitro cultures of primary embryonic
neurons. Seminal work from Bradke and Dotti outlined these same stages in cultured
hippocampal neurons (Figure 1)(Bradke and Dotti, 2000; Dotti et al., 1988). Use of
neuronal cultures has allowed the field to interrogate the function of specific genes and
proteins in each of these stages of neuronal morphogenesis. In this review we focus on
the membrane trafficking machinery critical to achieving proper neuronal morphology.
Many of the neurological and neuropsychiatric syndromes mentioned above are
associated with variation and/or mutation in genes implicated in membrane trafficking or
the signaling molecules and receptors that operate upstream(Cai et al., 2009; Fujiwara,
2006; A. Grant et al., 2012; Rajendran and Annaert, 2012), indicating the importance of
these fundamental cell biological mechanisms during neuronal development. Membrane
materials and membrane-associated proteins are in flux between the endomembrane
system and the plasma membrane, requiring regulated movement within this complex
membranous assembly line. This interconnected network provides the synthesis,
sorting, storage, secretion (exocytosis) and recycling (endocytosis) of proteins and
macromolecules. For the purposes of this review, we focus on the involvement these
various phases of membrane trafficking in neuronal morphogenesis, from
neuritogenesis to synaptogenesis.

5

1.2 Exocytosis
1.2.1 Exocytic SNARE Proteins
Exocytosis is a longstanding interest of the neuroscience community, as synaptic
transmission is accomplished by the fusion of neurotransmitter-containing vesicles to
the presynaptic plasma membrane. Pioneering work in budding yeast and neurons
identified genes involved in secretion, including the Soluble N-ethylmaleimide-sensitive
factor Attachment protein Receptors (SNARE) proteins, which comprise the SNARE
complex, the minimal protein requirement for fusion of two lipid bilayers(Cotrufo et al.,
2012; Hayashi et al., 1994; McMahon and Südhof, 1995; Novick et al., 1980; Söllner et
al., 1993a).
Historically SNARE proteins are described as vesicle (v-SNARE) or target (tSNAREs), although more recently they have been reclassified based on their structure
and the amino acid they contribute to the assembled core SNARE complex(Dirk
Fasshauer, 1998). R-SNAREs contribute an arginine, whereas Q-SNAREs contribute a
glutamine. A SNARE complex contains one v-SNARE (R-SNARE) such as VAMP-2
(synaptobrevin) or VAMP-7 (Tetanus Insensitive-VAMP) and two t-SNAREs (QSNAREs) present at the plasma membrane such as SNAP-25 and syntaxin-1. This
complex tethers and docks vesicles to the plasma membrane, bringing the two lipid
bilayers in close proximity(McMahon and Südhof, 1995; McNew et al., 2000; Söllner et
al., 1993b; Wilson et al., 1992). The formation of this tightly packed SNARE complex is
thought to provide the energy for fusing two lipid bilayers, and the mechanisms by which
this occurs is the interest of recent biophysical studies(Hernandez et al., 2012; Shi et
al., 2012). Following exocytic fusion, vesicular cargoes are secreted into the
extracellular space and the vesicular membrane and membrane proteins are
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incorporated into the plasma membrane.
SNARE-mediated fusion is critical both at the synapse and in the acquisition of
neuronal morphology and neuronal membrane expansion during neuritogenesis, neurite
outgrowth, axon guidance and axon branching. Thus this evolutionarily conserved
process is multi-faceted, allowing both signaling between neurons and promoting
neuronal growth. Several SNARE proteins, the v-SNARES VAMP-2 and VAMP-7, the tSNARES SNAP-25, SNAP-29, SNAP-47 and syntaxin and the R-SNARE, Sec22b for
have been implicated in progression through the stages of neural morphology.
1.2.1.1 The V-SNAREs: VAMP-2 and VAMP-7
VAMP2 and VAMP7 are enriched in the nervous system and have independent
as well as overlapping developmental and synaptic functions. The existence of two
separate routes of vesicle trafficking to the plasma membrane, one tetanus sensitive
and one insensitive(Proux-Gillardeaux et al., 2005; “Subcellular localization of tetanus
neurotoxin-insensitive vesicle-associated membrane protein (VAMP)/VAMP7 in
neuronal cells: evidence for a novel membrane compartment,” 1999) may provide both
redundancy and specificity in delivery. Deletion of the VAMP2 gene in mice is lethal
immediately following birth, although surprisingly mice exhibit no gross neuroanatomical
phenotypes(Schoch, 2001). In contrast, genetic deletion of the VAMP7 gene in mice
(SYBL1) is not lethal, although mice exhibit increased anxiety and neuroanatomical
differences including decreased brain weight and increased volume of the third
ventricle(Danglot et al., 2012; Varoqueaux et al., 2002; Verhage, 2000). These overt
neuroanatomical defects exhibited in mice correlate with aberrant behavior, which could
shed some light on the etiology of neurological disorders. The presence of a G to C
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transversion in the regulatory region of human SYBL1 occurs at a higher frequency in
patient populations with bipolar disorder, implicating altered VAMP7 function in
depressive disorders(Müller et al., 2002; Saito et al., 2000b).
In contrast, studies in cultured neurons indicate that acute depletion of VAMP2 or
VAMP7, or inhibition of their function via Tetanus neurotoxin (TeNT) or dominant
negative approaches, respectively results in morphological defects at multiple stages of
neuronal development in context-dependent fashions. For example, TeNT, which
cleaves VAMP2 but not VAMP7, blocks neuritogenesis in dissociated murine cortical
neurons plated on poly-D-Lysine (PDL), but not laminin(Gupton and Gertler, 2010),
suggesting that VAMP2 functions in an intrinsic neuritogenesis pathway that cannot be
compensated for by VAMP7 function. In contrast, expression of a NH2-terminal longin
domain of VAMP7, which acts as a dominant negative by blocking endogenous
VAMP7–mediated SNARE complex formation and vesicle fusion(Martinez-Arca et al.,
2001), only blocks neuritogenesis stimulated by attachment to laminin but not
PDL(Gupton and Gertler, 2010). This study also identified substrate-dependent changes
in the dynamics and fusion frequency of these two populations of vesicles(Gupton and
Gertler, 2010), indicating context dependent roles for each v-SNARE during
neuritogenesis.
Although TeNT-mediated cleavage of VAMP2 blocks neuritogenesis at two days
in vitro (Gupton and Gertler, 2010), TeNT treatment does not disrupt axon outgrowth in
rat cortical neurons or mouse hippocampal neurons cultured for longer periods of time
or when TeNT is added to the culture subsequent to neuritogenesis(Grosse et al., 1999;
Osen-Sand et al., 1996). Consistent with in vivo findings, this suggests that the
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requirement for VAMP2 during neuritogenesis is eventually compensated by another vSNARE, and furthermore that VAMP2 is not required for axon outgrowth once
neuritogenesis has occurred. In contrast, expression of the dominant negative VAMP7
longin domain in rat hippocampal neurons dramatically reduces both axon length and
dendrite outgrowth(Martinez-Arca et al., 2001), suggesting VAMP7 delivers material
required for neurite outgrowth. In support of this, expression of a constitutively active
form of VAMP7 enhances axon outgrowth(Martinez-Arca et al., 2001). In contrast to
these dramatic effects, two groups recently generated mice lacking the SYBL1 (VAMP2)
gene. One noted a modest decrease in the length of axons in hippocampal neurons,
whereas no difference was observed in the second line(Danglot et al., 2012; Sato et al.,
2011). One explanation for the difference between results with acute knockdown or
inhibition versus genetic deletion could be compensation for VAMP7 function by other
vSNAREs. Conditional loss or simultaneous inhibition of both VAMP2 and VAMP7
during neuritogenesis and neurite outgrowth is imperative to clarify these differences.
Furthermore, whether the multiple splice variants of VAMP7(Vacca et al., 2011)
differentially function in developmental exocytosis remains to be determined.
As yet, no studies implicate VAMP2 or VAMP7 function in axon specification,
VAMP7 is concentrated at the tips of axonal growth cones(“Subcellular localization of
tetanus neurotoxin-insensitive vesicle-associated membrane protein (VAMP)/VAMP7 in
neuronal cells: evidence for a novel membrane compartment,” 1999), whereas VAMP2
is specifically allowed across the barrier of the axon initial segment into the axon(Song
et al., 2009). These data suggest v-SNARE function may participate in establishing
neuronal polarity through preferential trafficking of dendritic and axonal specific
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proteins(Burack et al., 2000). In an effort to further elucidate the cellular trafficking of
VAMP2 during axon specification, hippocampal neurons expressing VAMP2-CFP were
allowed to endocytose primary antibodies to CFP(Sampo et al., 2003). Endocytosed
VAMP2 and primary antibodies are accessible to secondary antibodies only upon
permeabilization. Comparison of permeabilized (total) and non-permeabilized (surface)
neurons revealed that endocytosis of VAMP2 occurs in dendrites, whereas surface
localized VAMP2 was enriched in the axon. Moreover, mutation of residues within the
cytoplasmic domain of VAMP2 that prevented endocytosis of VAMP2 results in
decreased VAMP2 localization to the axon. (Sampo et al., 2003). Thus VAMP2 localizes
to both axons and dendrites, but is selectively removed from the dendrites via
endocytosis. Similarly, preferential localization and immobility of several other
membrane proteins has previously been shown within the axon initial segment (Mellman
et al., 1999). Taken together these data suggest the presence of a protein specific
diffusion barrier at the axon initial segment, but whether this polarized trafficking plays a
role in axon specification is not known.
Whereas membrane delivery is required for outgrowth, there is also evidence
that asymmetrical exocytosis may be necessary or even sufficient for growth cone
guidance/axon turning. Local increases in calcium activity induce either attractive and
repulsive turning in response to extracellular cues(Gomez et al., 2001; Gomez and
Zheng, 2006; Henley and Poo, 2004; Zheng, 2000). Using spatially-localized photolysis
of caged Ca2+ on one side of a growth cone of chick dorsal root ganglion neurons
(DRGs), Tojima et al., showed that on an L1-CAM substrate, localized Ca2+ release
induces local, asymmetric VAMP2-mediated exocytosis and attractive turning of the
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growth cone toward the photolysis(Tojima et al., 2006). In this attractive paradigm,
VAMP2-containing vesicles moves toward and fuses within the area of photolysis,
suggesting that localized exocytosis was required for growth cone turning. Indeed,
attractive turning is inhibited by TeNT. In contrast, on laminin the growth cone turns
away from uncaged Ca2+ and this repulsive turning was not TeNT-sensitive and did not
involve changes in VAMP2-containing vesicle motility or fusion, suggesting repulsive
turning may not involve changes in exocytosis.
Based on the localization of VAMP7 at the axon tip, and its requirement in neurite
initiation and axon extension(Gupton and Gertler, 2010; Martinez-Arca et al., 2001;
2000), VAMP7 is situated to function during axon guidance as well. VAMP7 coimmunoprecipitates with the t-SNARE syntaxin-1 and DCC, a receptor for the axon
guidance cue netrin, specifically in the embryonic brain(Cotrufo et al., 2011). Growth
cones of embryonic chick spinal cord depleted of VAMP7 by dsRNAi fail to reach the
floor plate or cross the midline in an open book preparation, suggesting a role for
VAMP7-mediated exocytosis in axon guidance. Furthermore, embryonic mouse
hippocampal explants treated with TeNT, which cleaves VAMP2 but not VAMP7, do not
lose preferential attraction towards netrin-1, suggesting in this context that VAMP7 is
sufficient for biased outgrowth toward an asymmetrical netrin source(Cotrufo et al.,
2011). Taken together, these data suggest that neurons are capable of mediating
growth cone steering through VAMP-dependent exocytic activity.
Netrin stimulation also induces axon branching in cortical neurons(Dent et al.,
2004; Winkle et al., 2014). We recently showed that either VAMP2 or VAMP7 function
was sufficient to provide new membrane material for axonal branching in response to
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netrin-1 stimulation in mouse cortical neurons. TeNT-mediated cleavage of VAMP2 or
longin-mediated inhibition of VAMP7 were insufficient independently to decrease netrindependent axon branching, although simultaneous inhibition of both v-SNAREs
significantly decreased branching. Total internal reflection fluorescence microscopy
(TIRFM) of neurons expressing VAMP2-pHlourin or VAMP7-pHluorin reveals that
netrin-1 stimulates vesicle fusion mediated by both v-SNAREs, suggesting that VAMP2
and VAMP7 have redundant functions during netrin-stimulated axon branching(Winkle
et al., 2014), although they likely deliver differential cargo to the plasma membrane
during this phase of rapid plasma membrane expansion. These potential compensatory
functions may explain the relative dearth of neuronal morphology defects observed in
VAMP2 or VAMP7 knockouts(Danglot et al., 2012; Schoch, 2001).
1.2.1.2 The SNAP family of t-SNAREs
1.2.1.2.1 SNAP25
Synaptosomal associated protein 25 (SNAP25) is a highly expressed neuronal
plasma membrane t-SNARE involved in VAMP2 or VAMP7-mediated exocytosis, and
thus loss of SNAP25 function likely has overlapping phenotypes with loss of VAMP2 or
VAMP7 function. Whereas experiments have not been published regarding a role for
SNAP25 in neuritogenesis, early in the study of SNAP25, injection of SNAP25
antisense oligonucleotides into the intraocular cavity of chick embryos decreased the
thickness of the inner plexiform layer of the retina, which consists predominantly of
axonal and dendritic material(OSENSAND et al., 1993). These data suggest that
SNAP25 plays an important role in axon outgrowth. Immunogold labeling of SNAP25 in
rat hippocampal slices indicates that SNAP25 preferentially localizes to the axonal
plasma membrane, not the dendritic membrane during polarization and axon
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specification(Tao-Cheng et al., 2000). However, further studies are required to
determine whether SNAP25 function mediates axonal specification and to identify the
mechanism by which SNAP25 is restricted from dendrites.
Treatment of rat cortical neurons or mouse hippocampal neurons with botulinum
neurotoxin A (BoNTA), which cleaves SNAP25 and blocks vesicle fusion, inhibits axon
outgrowth, dendritic arborization, and synapse formation(Grosse et al., 1999). Acute
BoNTA-mediated inhibition of SNAP25 blocks netrin-dependent axon branching, similar
to inhibition of both VAMP2 and VAMP7, further supporting the hypothesis that
exocytosis is required for plasma membrane expansion during axon branching(Winkle
et al., 2014). As occurred with the deletion of VAMP2, SNAP25-/- mice die at birth,
presumably due to an inability to produce evoked synaptic contractions of the
diaphragm and consequent respiratory failure(Washbourne et al., 2001). Unexpectedly,
development of the neocortex, hippocampus, thalamus and midbrain was normal as
elucidated histopathologically, and cultured cortical and hippocampal neurons from
SNAP25-/- embryos exhibit normal neurite outgrowth(Washbourne et al., 2001).
Additionally, genetic deletion of SNAP25 did not impede the ability of thalamocortical
axons to be guided to the cortex, as assessed using both in vitro explant assays and in
vivo DiI tracing from dorsal thalamus to the cortex(Blakey et al., 2012; Molnar et al.,
2002). Both SNAP25 and SNAP47 have been shown to contribute to the secretion of
BDNF in callosal neurons (Shimojo et al., 2015). Since genetic deletion of SNAP25
does not impair neurite outgrowth and axon guidance, but acute cleavage of SNAP25
with BoNTA does, this suggests another t-SNARE compensates for long term loss of
SNAP25 function. SNAP23 is a homologous t-SNARE expressed in distinct patterns
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throughout the brain that specifically localizes to dendrites(D. Chen et al., 1999; Suh et
al., 2010). The subcellular distribution of SNAP25 and SNAP23 do not overlap, thus
whether SNAP23 plays a different role or compensates for the loss of SNAP25 remains
to be seen.
SNAP25 also plays a role during synapse formation. A switch from expression of
SNAP25a to the alternative isoform SNAP25b occurs postnatally, indicating that
SNAP25a is functions early in development, whereas SNAP25b potentially regulates
later stage processes like synapse formation(Bark et al., 2004; Yamamori et al., 2011).
A targeted mutation that impairs the switch between SNAP25a and SNAP25b causes
lethality in a majority of mice between the ages of 3 to 5 weeks, coinciding with the time
frame of SNAP25b expression and synapse formation. Moreover, presynaptic plasticity
is enhanced by overexpression of SNAP25A in CA1 hippocampal synapses, suggesting
that the A isoform facilitates early synaptic release in immature synapses as opposed to
mature synapses(Bark et al., 2004). These results suggest that continued expression of
the SNAP25A isoform impairs synaptic maturation by maintaining nascent synapses in
the early stages of synaptic development. Interestingly, data suggest that \ hippocampal
injury induced increases in SNAP25A expression, which correlates with re-innervation
of hippocampal circuitry(Patanow et al., 1996), further supporting the role of SNAP25A
isoform in early formation of synaptic connectivity. A reduction in SNAP25 expression
via siRNA or the overexpression of GFP-SNAP25 leads to the development of immature
or an overabundant formation of spines, respectively(Tomasoni et al., 2013). Together
these results reveal highly specified roles for SNAP25 splice variants in forming nascent
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synapses and allowing proper maturation of function connections, but whether these
roles are exocytosis dependent or indicate other functions for SNAP25 is not yet known.
1.2.1.2.2 SNAP29
Unlike SNAP25, SNAP29 is a broadly expressed t-SNARE located on multiple
intracellular membranes, including the Golgi complex and synaptic vesicles(Steegmaier,
1998; Su et al., 2001; Wong et al., 1999). SNAP29 was identified as a syntaxin1 binding
partner that blocks SNARE complex disassembly and modulates synaptic
transmission(Su et al., 2001). Whereas SNAP25 and SNAP23 interact with plasma
membrane specific syntaxins 1-4, SNAP29 interacts with both plasma membrane and
intracellular syntaxins including syntaxin 4, 6 and 7 (Hohenstein and Roche, 2001;
Steegmaier, 1998; Wong et al., 1999), suggesting SNAP29 may have a distinct role in
membrane and protein trafficking, separate from SNAP25 and SNAP23. Whereas Wong
et al initially reported SNAP29 binding specificity to syntaxin-6 at the Golgi, based on
Golgi membrane preparations, Hohenstein et al, and Steegmaier et al. later showed
more promiscuous syntaxin binding using purified proteins. Whether purified protein
recapitulate possible physiological interactions occurring outside the Golgi remains to
be clarified, and may explain the discrepancy between interactions.
A 1-bp deletion in the human SNAP29 gene results in the absence of the protein
and leads to CEDNIK (Cerebral Dysgenesis, Neuropathy, Ichthyosis and Keratoderma)
syndrome(Fuchs-Telem et al., 2011; Sprecher et al., 2005), which is associated with
severe psychomotor retardation and skin scaling, corpus callosum dysgenesis,
microcephaly, and facial dysmorphisms. Fibroblasts cultured from CEDNIK patients
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were characterized by accumulation of early endosomes corresponding to an impaired
endocytic recycling(Fuchs-Telem et al., 2011; Rapaport et al., 2010a).
1.2.1.2.3 SNAP47
Another novel and understudied SNAP25 family member (Qbc-SNARE),
SNAP47 is also expressed in the nervous system, localizes to the plasma membrane
and can substitute for SNAP25 to form SNARE complexes with syntaxin-1A and
VAMP2 in cultured neurons. Not only does SNAP47 form SNARE complexes, it also
participates in membrane fusion events, although less effectively than SNAP25, as
evidenced by the decreased thermal stability of SNAP47 complexes relative to SNAP25
complexes(Holt et al., 2006). Given the ubiquitous expression SNARE complex
formation and fusion capabilities of SNAP47, compensation by SNAP47 may account
for the lack of major neuroanatomical anomalies in SNAP25-/- mice(Washbourne et al.,
2001). VAMP2, SNAP25 and SNAP47 mediate the vesicular release of the neurotrophic
factor BDNF from the axon. Moreover, ablation of the function of SNAP47, BDNF or the
BDNF receptor TrkB disrupts callosal axon branching both in vitro and in vivo,
suggesting that SNAP47 plays a role in both exocytosis and axon branching(Shimojo et
al., 2015). Thus SNAP47 may have both redundant and unique functions
neurologically, although more study regarding its various roles is necessary given the
paucity of information on this protein.
1.2.1.3 Syntaxins
The t-SNARE syntaxin-1 is expressed in neurons, localizes to the plasma
membranes, forms a SNARE complex with SNAP25 and VAMP2, and is involved in
neurotransmitter release(Söllner et al., 1993a). As is the case with deletion of SNAP25,
genetic deletion of the syntaxin1A gene (STX1A) is not associated with gross
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neuroanatomical differences(Fujiwara, 2006). In contrast, treatment with botulinum
neurotoxin C (BoNTC1), which cleaves both SNAP25 and syntaxin1, causes growth
cone collapse and inhibited neurite outgrowth in chick DRGs, and blocks biased neurite
outgrowth toward an asymmetric netrin-1 source in mouse hippocampal
explants(Cotrufo et al., 2012; Hayashi et al., 1994; Igarashi, 1996). Since treatment with
BoNTA, which cleaves SNAP25 and leaves syntaxin intact, does not recapitulate these
results, syntaxin1 is likely required for preferential outgrowth towards netrin, whereas
another SNAP family member appears to compensate for loss of SNAP25 function.
Two other syntaxin family members, syntaxin 13 and syntaxin 16 have been
identified in the developing brain(Chua and Tang, 2008; Hirling et al., 2000). Syntaxin13
is implicated in both exocytosis and early endosomal trafficking in axons and dendrites
and is enriched in the growth cone of cortical neurons(Hirling et al., 2000; Prekeris et
al., 1999). Although it is as yet unclear if syntaxin13 plays a specific role in neurite
outgrowth in neurons, overexpression of syntaxin 13 in PC12 cells increases neurite
outgrowth. Given the expression of syntaxin13 in the brain and specific localization to
neurite processes, syntaxin13 may play a role in neuronal plasma membrane expansion
by forming complexes with SNAP25 and contributing to plasma membrane
expansion(Hirling et al., 2000; Sarria et al., 2002). Syntaxin 16 is enriched in neuronal
dendrites at Golgi outposts. Expression of a dominant negative variant of syntaxin 16
inhibits neurite outgrowth in mouse cortical neurons(Chua and Tang, 2008), suggesting
a role for endogenous syntaxin16 in neuritogenesis. Whether either syntaxin13 or 16
play redundant or unique roles to syntaxin1 is unknown.
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1.2.1.4 Regulators of the SNARE complex
1.2.1.4.1 Munc proteins
The localization and interaction of SNARE complex proteins is regulated by a
host of interacting proteins. Many of these interaction partners regulate exocytic activity
and endocytic recycling of various SNARE components, further complicating the
molecular pathways involved in neuronal membrane trafficking. One key group of
interacting proteins is the Sec1/Munc18 (SM) family, which regulates synaptic vesicle
exocytosis mediated by SNARE complex proteins. There are 14 members in this family,
6 that are specific to mammals. The SM family is implicated in exocytosis and in
mediating synaptic activity, and at least three of these proteins are present in
neurons(Halachmi and Lev, 1996). Two family members in particular, Munc18 and
Munc13 appear to play distinct roles in neuronal membrane trafficking. Munc18 binds to
the n-terminus of syntaxin-1A in its closed conformation, preventing the open
conformation and inhibiting SNARE complexes formation(Dulubova et al., 2007;
Rickman and Duncan, 2010). However, Munc18 also precipitates with assembled
SNARE complexes in biochemical crosslinking studies, suggesting that although
Munc18 plays an inhibitory role in initial SNARE complex formation, it may also be
important for execution of exocytic fusion(Dulubova et al., 2007). Munc13 interacts with
syntaxin 1A to promotes the transition from the Munc18 dependent closed conformation
complex to the open conformation SNARE complex (Ma et al., 2011).
Genetic deletion of either Munc18-1 or of both Munc13-1 and Munc13-2 in mice
abolishes both spontaneous and evoked neurotransmitter release in neurons leading to
neonatal lethality(Varoqueaux et al., 2002; Verhage, 2000), however dissociated
neurons from these mice can be cultured in vitro for experimental purposes. Neurons
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lacking Munc18-1 exhibit defects in vesicle recycling and actin cytoskeleton
dynamics(Varoqueaux et al., 2002; Verhage, 2000), whereas deletion of either Munc181 and the Munc13s decreases axonal outgrowth speed and neurite number early in
development, which is recovered just prior to synaptogenesis(Broeke et al., 2012).
Because the lag in neurite outgrowth only occurs prior to synaptogenesis in Munc13
knockout neurons, these data suggest loss of Munc13 only delays but does not inhibit
neurite outgrowth(Broeke et al., 2012).These data suggest that a later stage
compensatory mechanism counteracts the impact of the genetic loss of either Munc
gene. In hippocampal neurons, overexpression of Munc18 increases axon
branching(Steiner et al., 2002). Thus Munc proteins function in distinct steps of vesicle
fusion, including vesicle priming and SNARE complex formation and likely provide
spatial and temporal specificity to membrane expansion necessary for early neuronal
morphology and development. Whether they impact later stages such as synapse
formation remains poorly understood.
1.2.1.4.2 TRIM9
The E3 ubiquitin ligase TRIM9 was identified as a SNAP25 binding partner that
competes with VAMP2 for SNAP25 binding(Y. Li, 2001). Following genetic deletion of
TRIM9, cortical neurons exhibit elevated SNARE complex formation and enhanced
frequency of vesicle fusion mediated by either VAMP2 or VAMP7(Winkle et al., 2014).
These increases in exocytosis were correlated with increased axon branching both in
vitro and in vivo, and increased branching could be reduced by BoNTA- dependent
cleavage of SNAP25. TRIM9-/- mice also exhibit a significantly thicker corpus callosum
containing an increased axon branching. By regulating SNARE-mediated exocytosis
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and membrane delivery, TRIM9 appears to spatially and temporally regulate axon
branching in vitro and in vivo. There are ~ 70 mammalian TRIM ligases, that have also
been implicated in number of cellular processes, including autophagy(Mandell et al.,
2014). A comprehensive analysis of TRIM function in cellular morphogenesis may be
warranted.
1.2.2 Vesicle Tethering Proteins
1.2.2.1 LGL family proteins
The evolutionarily conserved lethal giant larvae (LGL) family of proteins regulates
the tethering of exocytic vesicles to the plasma membrane. These proteins are
conserved from yeast to mammals and regulate a variety of polarization processes(B M
Mechler, 1985; Y. Fujita et al., 1998; Lehman et al., 1999). The mammalian orthologs,
Lgl1 and Tomosyn, are enriched in brain(Y. Fujita et al., 1998; Klezovitch et al., 2004).
Deletion of LGL1 in mice causes severe hydrocephalis, as neuroprogenitors fail to
polarize and differentiate into neurons, and instead continue to proliferate and die by
apoptosis(Klezovitch et al., 2004). Lgl1 regulates the activation of Rab10, a key
regulator of membrane trafficking of membrane proteins by directly interacting with and
promoting the membrane attachment of Rab10. In cultured hippocampal neurons Lgl1
localizes to the tips of extending axons(T. Wang et al., 2011). Overexpression of Lgl1
promotes axon outgrowth and vesicle fusion events in hippocampal neurons, whereas
RNAi-mediated depletion of Lgl1 reduces axon length and vesicle fusion frequency.
These data suggest Lgl1 promotes exocytosis, axon outgrowth and polarization via
downstream activation of Rab10.
Tomosyn is an LGL family member originally identified as a binding partner of
syntaxin-1(Y. Fujita et al., 1998). Overexpression of tomosyn in rat hippocampal
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neurons reduces neurite number and length and strongly increases the number of cells
exhibiting no neurite formation. RNAi-mediated Tomosyn knockdown in a
neuroblastoma cell line increases the number of neurites and secondary
branching(Sakisaka et al., 2004). Overexpression of tomosyn in a neuroblastoma cell
line inhibits vesicle trafficking to the cell surface and decreases interaction between
VAMP2 and syntaxin1, as observed with immunocytochemistry studies and coimmunoprecipitation, suggesting tomosyn negatively regulates neurite outgrowth by
preventing the delivery and tethering of vesicles (Sakisaka et al., 2004).
While the literature regarding the involvement of SNARE complexes and their
regulators in neuronal development is expansive, it should be noted that there are still
areas that are not well understood. For instance, although distinct vesicles populations
are likely to carry specific cargoes, the identity of specific cargoes carried by either a
VAMP2 or VAMP7 positive vesicle and how a neuron differentiates between vesicle
populations is understudied. The involvement of SNAREs in recycling of surface
receptors back to the plasma membrane after endocytosis is another question that, with
the advent of super resolution imaging, may be an area of great interest as well.
1.2.2.2 The exocyst complex
The exocyst is an evolutionarily conserved octomeric protein complex that
localizes at sites of polarized membrane growth(“The Exocyst is a multiprotein complex
required for exocytosis in Saccharomyces cerevisiae,” 1996). Components of the
complex were first identified in a screen for genes essential to polarized growth in
budding yeast(Novick et al., 1980). The complex comprises 8 subunits: Sec3, Sec5,
Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84, which assemble into a Y-shaped
structure(Hsu et al., 1998). Each subunit mediates unique interactions providing
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specialized roles in neuronal trafficking(Heider and Munson, 2012). A number of
biochemical and microscopy-based studies have demonstrated that the exocyst
complex is involved in both transporting and tethering vesicles to sites of fusion at the
plasma membrane, prior to the formation of SNARE complexes and vesicle
fusion(Grote et al., 2000; Whyte and Munro, 2002a). Disruption of the exocyst in mice
results in severe defects and embryonic lethality, suggesting that the exocyst may play
a key role during development.
In neurons, the exocyst complex localizes to the growth cone periphery in
sprouting neurites and synaptogenic regions(Hazuka et al., 1999; Vega and Hsu, 2001).
Overexpression of the Exo70 subunit can induce filopodia and increase
secretion(Gupton and Gertler, 2010; S. Wang et al., 2004). In embryonic mouse cortical
neurons, Exo70 overexpression promotes neuritogenesis, supporting an important role
for exocytosis and the exocyst complex in developing neurons(A. Fujita et al., 2013a;
Gupton and Gertler, 2010; Vega and Hsu, 2001). Several groups have shown various
exocyst components at the tips of extending neurites, further supporting their role in
neuritogenesis and neurite extension(Hazuka et al., 1999; Lalli, 2005; Mehta et al.,
2005). Expression levels of the exocyst subunit Sec6 correlate temporally with the
occurrence of neuritogenesis (Chin et al., 2000). During axon specification, the exocyst
complex is integral in both vesicle targeting to the axon(A. Fujita et al., 2013b) and the
regulation of cell polarity(He and Guo, 2009). Lalli reported that siRNA depletion of
exocyst subunits Sec6, Sec8, or Exo84 inhibits axon specification in rat cortical
neurons, as no neurites become positive for the axon marker tau. These three exocyst
subunits colocalize and co-immunoprecipitate with par-3, a key polarity related
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protein(Lalli, 2005). Taken together, these data suggest that the exocyst complex may
be necessary for the proper specification of axons and dendrites.
Expression levels of the exocyst subunit Sec6 correlate temporally with the
occurrence of synaptogenesis(Chin et al., 2000). As the nascent synapse forms, the
signaling receptors AMPA and NMDA are trafficked to the structure. During
synaptogenesis, complex components Sec8 and Exo70 mediate the targeting and
insertion of AMPA receptors in hippocampal cells through Sec8 interactions with the
synaptic scaffolding proteins PSD95 and SAP102(Sans et al., 2003). Overexpression of
a tagged variant of the Sec8 C-terminus acts as a dominant negative and inhibits
endogenous Sec8 in CA1 hippocampal cells. This inhibition reduces both AMPAR and
NMDAR synaptic responses(RIEFLER et al., 2003; Sans et al., 2003), suggesting that
the exocyst is necessary for trafficking of receptors to newly formed synapses.
In Drosophila, mutation of the Sec5 exocyst subunit, which produces null alleles
and effectively depletes Sec5, results in a decrease in the percentage of cells exhibiting
neurite outgrowth and impaired membrane trafficking but does not impact synaptic
vesicle fusion(Murthy et al., 2003), suggesting that the exocyst is required for
membrane protein localization but not synaptic vesicle tethering. The authors suggest
that although the exocyst is essential for exocytosis in yeast, it may be dispensable in
synaptic vesicle fusion. It is also possible that tethering LGL family members may offer
redundant functions, or that synaptic vesicles are tethered to the plasma membrane by
trans SNARE complexes, and thus readily releasable(Kavalali, 2002; Whyte and Munro,
2002b; X. Zhang, 2005). Further, whereas these results reinforce the view that different
exocyst complex subunits can perform individual functions during exocytosis(Heider and
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Munson, 2012), it remains unclear whether these individual functions rely on
conformational changes within subunits, or are specific to the cell specific membrane
proteins that recruit the exocyst to the plasma membrane. While centriolin targets the
exocyst complex and SNARE components to the midbody in HeLa cells during
cytokinesis(Gromley et al., 2005), it is unknown whether a similar targeting to neuronal
growth processes is necessary in and how this targeting might be controlled spatially
and temporally. Further work to address these questions is necessary to improve or
understanding to the role of the exocyst in neuronal development.
1.3 Endocytosis
Neurons use exocytic fusion to secrete extracellular signals, add receptors to the
plasma membrane and contribute membrane material at sites of growth. Retrieval of
membrane components and extracellular cue via endocytosis allows for plasma
membrane remodeling during neuronal morphogenesis as well as activation of
intracellular signaling pathways that further enhance neuronal morphoglogy. Seminal
work by Heuser and Reese in the early 1970s identified the coated pits responsible for
vesicle recycling at the synapse of frog neuromuscular junctions(Heuser and Reese,
1973), revealing a new field of inquiry. Receptor internalization can activate downstream
signaling cascades to modulate cell morphology, dynamics and function(Winckler and
Yap, 2011). Endocytosis can be divided between clathrin-dependent and clathrinindependent mechanisms. In clathrin-mediated endocytosis, adaptor proteins and
clathrin are recruited to specific docking sites and activated in a manner independent of
receptor signaling (Santini et al., 1998). Unlike the clathrin-dependent internalization
route of endocytosis, which is sensitive to drugs that block the formation of clathrin
coated pits (CCPs), clathrin-independent methods such as caveolin dependent
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endocytosis are sensitive to cholesterol depletion, suggesting that they are lipid raft
dependent(Stern and Mermelstein, 2010). Clathrin independent endocytosis allows
neurons to intake other non-ligand substances to adapt to their environment. The
endocytic pathway incorporates the early endosome, the late endosome, recycling
endosome and the lysosome (Figure 1.2) (B. D. Grant and Donaldson, 2009). The early
endosomes localize to the cell periphery and are composed of vesicles that were
recently invaginated and pinched off from the plasma membrane. The late endosomes
act as receiving stations of internalized materials prior to fusion to lysosomes, where
degradation and recycling of materials occurs(B. D. Grant and Donaldson, 2009). Much
of what we know about endocytosis in other cell types applies to neurons.
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Figure 1.2. The neuronal pathways of exocytosis and endocytosis.
During exocytosis newly synthesized proteins are packages at the Golgi apparatus, and
delivered to the plasma membrane where vesicles fuse, adding new membrane material
and releasing their cargo. In endocytosis, a vesicle buds, encapsulating its cargo. The
endocytic vesicles are cycled through the endosome and either delivered to be
degraded (lysosome) or to be recycled (Recycling endosome). Golgi and ER outposts in
the dendrites, axon and growth cones of developing neurons allow for local synthesis
and trafficking of proteins and act as way stations within the trans-Golgi network.
1.3.1 Receptor Endocytosis in Neurite Outgrowth
During development the endocytosis of receptors and their ligands is an
important signaling mechanism, which promotes neuronal differentiation, migration,
neuritogenesis and outgrowth and axon guidance(Itofusa, 2011; Kawauchi, 2012; Tian
et al., 2012; Y. Zhang et al., 2000). Pharmacological inhibition of endocytosis increases
surface localization of FGFR1 and increases FGF2-dependent axon branching,
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suggesting that basal endocytosis of the receptor reduces FGF dependent axon
branching (Hausott et al., 2011). In mouse spinal neurons, RNAi knockdown of key
Rab5 endocytic pathway regulators Unc-51-like kinases 1/2 (Ulk1/2), also decreases
NGF receptor TrkA endocytosis resulting in increased arborization with stunted axon
extensions(Zhou et al., 2007). These data suggest that the endocytosis of these
receptors is particularly important in axonal outgrowth signaling.
Endocytosis of receptors may also play a key role in axon guidance, especially in
the case of cell adhesion. Polarized substrate adhesion at the growth cone is necessary
for axon pathfinding(Kamiguchi, 2007). For instance, a growth cone extending on an L1CAM (L1 Cell adhesion molecule) substrate maintains strong adhesion at the leading
edge and weaker adhesion at the central domain, providing the necessary traction for
directional growth(Kamiguchi and Yoshihara, 2001). In chick and rat embryonic dorsal
root ganglia grown on L1-CAM, axonal outgrowth correlated with an increase in growth
cone specific endocytosis of L1-CAM.
L1-CAM is preferentially endocytosed at the central domain of the growth cone
and reinserted at the leading edge, leading to polarized adhesion to L1-CAM . Inhibition
of clathrin-mediated endocytosis with a function-blocking antibody against α-adaptin (a
subunit of the AP2 adaptor necessary for clathrin pit formation) decreases endocytosis
of L1-CAM, which attenuates polarized L1-CAM substrate adhesion and decreases
growth cone migration(Kamiguchi and Yoshihara, 2001). These results are an example
of how spatial control of receptor endocytosis promotes axon guidance and substrate
adhesion. Spatial specificity in endocytosis is not only important for polarized substrate
adhesion, but can promote directional membrane retraction during axon guidance as
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well. Asymmetric application of the repulsive cue sema3A to axonal growth cones
increases clathrin coated pit formation nearest to the sema3A source(Tojima et al.,
2010). Inducing asymmetric endocytosis on one side causes local retraction and growth
cone turning towards the side of lower endocytosis. These data indicate that
manipulation of membrane trafficking is sufficient to induce axon turning(Tojima et al.,
2010; 2014)
Endocytosis not only modulates plasma membrane expansion and retraction, but
is required for receptor mediated signaling pathway activation as well. The extracellular
guidance cue netrin-1 induces endocytosis and degradation of the receptor DCC in
embryonic mouse cortical neurons(Kim et al., 2005). The endocytosis of the receptor
activates downstream signaling pathways involved in axon guidance, though whether
the receptor is degraded or recycled is poorly understood(Kim et al., 2005; W. Li et al.,
2004). In X. laevis retinal growth cone adaptation to netrin or sema3A signaling by
endocytosis of their receptors DCC, Neuropilin-1 and plexin1A allows the axons to
follow a gradient of these chemotropic cues to their synaptic destinations. This
adaptation is dependent upon two processes; an acute endocytosis-dependent
desensitization to the ligand, followed by a slower protein synthesis dependent
resensitization, wherein new receptors are inserted into the plasma membrane(Piper et
al., 2005). Cultured retinal explants pretreated with PAO, an inhibitor of all modes of
endocytosis, or MDC, an inhibitor specific to clathrin-mediated endocytosis, are unable
to desensitize the axonal growth cone to netrin or Sema3A, as evident by increased
occurrences of growth cone collapse, and an inability to re-establish the growth cone
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some minutes after pretreatment(Piper et al., 2005). Thus receptor endocytosis in
response to extracellular cues is required for axonal outgrowth and guidance.
Tojima et al. recently illustrated that spatial control of asymmetric calcium signals
shifts the spatial balance between endocytosis and exocytosis in chick DRG growth
cones. Growth cone turning assays and TIRF microscopy-based imaging of markers for
endo- and exocytosis, show that attractive Ca++ signals suppress endocytosis and
increase exocytosis on the opposing side of the growth cone(Tojima et al., 2014; 2010).
Clathrin coated pit formation occurs asymmetrically in response to the repulsive cue
Semaphorin3A. Pharmacological inhibition of calcium signaling, exocytosis or
endocytosis significantly altered growth cone responses to extracellular cues(Tojima et
al., 2014; 2010). Taken together these data indicate that regulated endocytosis is likely
involved in proper axon guidance.
1.3.1.1 Compartmentalization of neuronal endosomes
Unlike cells with simpler morphologies, neurons are unique in their surface area
to volume ratio and face an interesting challenge of having portions of the cell such as
the tips of axons and dendrites and synaptic spines localized at great distances from the
soma. This necessitates a vast and compartmentalized endosomal system with both
general and location specific regulation(Winckler and Yap, 2011). This
compartmentalization of endosomes throughout the neuron allows for polarized
endocytosis and recycling of material to and from distinct cell compartments. For
example, TrkA receptors on the somal surface of rat sympathetic neurons are
endocytosed and reinserted into the axonal plasma membrane in a process called
‘transcytosis’(Ascano et al., 2009). Whereas the concept of a compartmentalized
system is relatively new, many researchers are currently working on its structure and
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function, as well as adaptors that may differentiate endosomes at different locations
throughout the cells. Two recent reviews cover these topics in depth, and thus will not
be covered here (Chan Choo Yap, 2015; Yap and Winckler, 2012).
Taken together, these data suggest that carefully orchestrated and specifically
localized endocytosis of signaling receptors, coupled with the location specific addition
of new plasma membrane via exocytosis likely accounts for a large portion of directional
axon guidance. Although these findings are intriguing, there is some conjecture
regarding their applicability regarding endocytic signaling in vivo, where multiple
guidance factors are in play and gene expression is wildly heterogeneous across
neuronal populations. The idea that a growth cone increases exocytosis on the side
closest to an attractive cue or the side furthest from a repulsive cue in order to respond
accordingly during axon guidance is likely too simple with many questions are left
unanswered. For instance, we know that exocytosis inserts receptors, while endocytosis
removes them from the plasma membrane but little is understood regarding potential
signaling between these two processes. Moreover, this field of study is further
complicated by the fact that vesicle materials as well as receptors are either degraded,
recycled or some combination of both, and the fate of these materials can vary
spatiotemporally, and on a receptor-by-receptor basis. Lastly, understanding how the
endosome at the dendrite differs from the endosome at the soma will be integral to our
understanding of endosomal activity in neuronal development, necessitating further
investigation.
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1.4 ER and Golgi
Though much of what we know about membrane trafficking in neurons is
regarding the exocytic and endocytic machinery at the plasma membrane, the secretory
pathway also includes the endoplasmic reticulum, and Golgi complex. Since the surface
area of developing neurons increases rapidly, recycling of membrane material would be
insufficient to increase plasma membrane surface area(Pfenninger, 2009), thus newly
synthesized material is synthesized in axonal and dendritic structures that are
functionally equivalent to ER and Golgi in the soma, called ER and Golgi
outposts(Merianda et al., 2009; Ori-McKenney et al., 2012).
1.4.1 ER and Golgi Outposts
One theory posits that the preferential presence of Golgi outposts in dendrites
may play a role in differential development of axons and dendrites(Ye et al., 2007).
Indeed axons and dendrites in class IV dopaminergic Drosophila neurons are
differentially impacted by loss of dar2, dar3, or dar 6; drosophila homologs of Sec23,
Sar1, and Rab1 respectively. The loss of any of these three proteins, which regulate ER
to Golgi transport by the COPII vesicles, decreases dendritic arbors, while leaving
axonal outgrowth intact. Golgi-mosaic analysis with a repressible cell marker (MARCM)
experiments revealed defective somal Golgi and Golgi outpost shape in mutants of a
critical ER to Golgi transport mediator, Dar3 (Sar1)(Ye et al., 2007). Moreover, laser
ablation of Golgi outposts in dendrites reduced extension and retraction of branches,
resulting in distinct rearrangements of the arbor in comparison to non-illuminated or
illuminated regions that did not contain Golgi outposts. siRNA knockdown of Sar1 in
mouse embryonic hippocampal neurons resulted in similar defects in both dendritic
arborization and Golgi morphology, suggesting a conserved role for this protein(Ye et
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al., 2007). These data suggest that dendritic arborization is heavily dependent upon ER
to Golgi transport and Golgi outpost activity.

More recent evidence suggests that

Golgi outposts manifest these changes in dendritic arborization by directly nucleating
microtubules within the arbor, a process which is essential for the stabilization of
nascent branches(Ori-McKenney et al., 2012). In Drosophila class IV da neurons, Golgi
outposts are located at 47% of all dendritic branch points and colocalize with EB1 (a
marker of growing microtubule plus ends) in vivo. Furthermore Golgi vesicles promote
the nucleation of microtubules, which promotes branches stability or extension instead
of retraction, indicating microtubules and associated Golgi vesicles are integral to
dendritic arbor maintenance(Ori-McKenney et al., 2012).
Delivery of material from the ER to the Golgi is also critical for axon guidance.
Axons of cultured Xenopus retinal ganglion cells (RGCs) stain positive for the ER
associated protein calreticulin, and rat DRG neurons treated with ER-tracker dye also
show ER signals in axonal processes(Merianda et al., 2009). Pharmacological inhibition
of ER to Golgi transport with brefeldin-A decreases repulsive growth cone turning in
response to the guidance cue Engrailed-2 in Xenopus RGCs. In cultured rat DRG
neurons, axons cleaved from their somal bodies express newly synthesized membrane
proteins and traffic them to the cell surface, suggesting that local protein synthesis
separate from somal synthesis is occurring in the axon(Merianda et al., 2009). These
data indicate that ER to Golgi trafficking is necessary for proper axon guidance.
1.4.2 The R-SNARE Sec22
Contacts between the ER and plasma membrane that are dependent on
extended synaptotagmins have been identified in yeast, HeLa cells and mammalian
neurons(Fernández-Busnadiego et al., 2015; Giordano et al., 2013; Spacek and Harris,
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1997). A recent study showed that the nonfusogenic SNARE protein Sec22b resides in
the endoplasmic reticulum (ER) and the ER to Golgi intermediate compartment,
particularly at sites where the ER is in close apposition to syntaxin 1 at the plasma
membrane(Petkovic et al., 2014). Sec22b can form a trans SNARE complex with
syntaxin that was suggested to bridge the ER directly to plasma membrane expansion
through non-vesicular delivery of membrane components. This was supported by the
observation that an extended Sec22b mutant increases the distance between the ER
and the plasma membrane and decreases the length of neurites. Expression of a
dominant negative longin domain of Sec22b in embryonic mouse cortical neurons also
significantly decreases both dendrite and axon outgrowth(Petkovic et al., 2014). Future
studies to further investigate these novel contact sites between ER and the neuronal
plasma membrane will be an exciting area of research.
1.5 Other Regulators of Membrane Traffic
1.5.1 Rab and ARF GTPases
The large family of Rab and ARF GTPases regulate the transport, tethering, and
fusion of vesicles, and thus are implicated in neuritogenesis, outgrowth, polarization,
and the differential trafficking of axonal and dendritic components. In neurons
specifically, GTPases are known to function in protrusion, migration, establishing
polarity, and trafficking between cellular compartments, making these small proteins an
integral part of neuronal development. The literature regarding GTPase function in
neuronal development is expansive, and we direct readers to a recent review regarding
these functions(Villarroel-Campos et al., 2014).
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1.6 Conclusion and Future Directions
The unique morphology of neurons, including their long extensions, axonal and
dendritic compartmentalization, and the specialized shape and structure of the synapse
are achieved through highly regulated neuronal membrane trafficking. In this review, we
have focused on exocytic and endocytic machinery and the role the Golgi and ER play
in controlling plasma membrane expansion and receptor dynamics. Recent studies
have identified possible molecules and mechanisms which may bridge these cell
biological functions including TRIM9, PACSINS, JIP1, and cytoskeletal motor proteins
which transport vesicles(Deng et al., 2014; Kessels, 2004; Winkle et al., 2014; H. Zhang
et al., 2004; Zhu et al., 2007). This is an area awaiting further investigation.
In addition, membrane trafficking is differentially regulated downstream of
extracellular cues, including axon guidance cues and extracellular matrix components.
Specificity of vesicular cargo and membrane trafficking pathways likely allows axons to
extend over long ranges as they respond to intermediate cues and subsequently distal
cues. For example, during neuritogenesis VAMP2 functions in an intrinsic pathway,
whereas the activity of VAMP7 and Arp2/3 are required during neuritogenesis promoted
by integrin activation by laminin(Gupton and Gertler, 2010). In contrast, during axon
branching, both VAMP2 and VAMP7 participate in axon branching in response to
Netrin-1 stimulation(Winkle et al., 2014). Delineation of the distinct signaling pathways
that operate in these stages of neuronal development is critical.
Moreover, the consequences of using distinct vesicle machinery or cytoskeletal
regulatory networks and cytoskeletal architectures are unknown, but are likely critical in
providing specificity to neuronal development. For example, SNAP25 controls this spine
formation through the adaptor protein p140Cap, which regulates the actin cytoskeleton
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in rat hippocampal neurons in an exocytosis independent manner(Tomasoni et al.,
2013), but whether other exocytic proteins have similar roles in cytoskeletal dynamics
during neuronal development remains to be seen..
Now that we are within the “omics” era of scientific investigation, bridging the
information gathered from genomic and proteomic approaches to that of nervous
system connectomics is an obvious next step. Understanding the cellular functions of
genes associated with neurological diseases is an incredible jumping off point for this.
As we identify genetic variations and mutations associated with neurological conditions,
and how their loss of function is associated with connectivity changes in animal models,
neuronal culture models should be employed to define the cell biological mechanisms of
their action. One such critical example of this are mutations in the SNARE component
SNAP29 that cause CEDNIK syndrome (Fuchs-Telem et al., 2011; Rapaport et al.,
2010b; Sprecher et al., 2005). Relatively little is known about the cellular functions of
SNAP29, but its importance in human health is clear. Coupling recent technological
developments such as super resolution imaging and optogenetic manipulation with
more standard pharmacological perturbations and genetic manipulations will continue to
advance our understanding of how normal and impaired neuronal development are
intimately linked to membrane trafficking in vivo.
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CHAPTER 2 A NOVEL NETRIN-1 SENSITIVE MECHANISM PROMOTES LOCAL
SNARE-MEDIATED EXOCYTOSIS DURING AXON BRANCHING.1
2.1 Introduction
In the developing nervous system, axons branch in order to innervate multiple
targets. The human brain contains an estimated 1014 synaptic connections compared to
1011 neurons (Drachman, 2005); this 1000-fold difference highlights the critical
importance of sufficient axonal arborization. In contrast, exuberant axonal arborization
and inappropriate innervation is implicated in neurodevelopmental disorders including
autism and epilepsy (Zikopoulos, 2013; Swann and Hablitz, 2000), emphasizing the
necessity of regulated branching. Spatiotemporal control of branching is orchestrated by
extracellular guidance cues such as Netrin-1, which promote axon branching (Dent et
al., 2004; Kennedy and Tessier-Lavigne, 1995). Mutations and variation in the Netrin-1
receptor Deleted in Colorectal Cancer (DCC) are implicated in synaptic mistargeting
and neurological conditions including mirror movement disorder and schizophrenia
(Grant et al., 2012; Srour et al., 2010). 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 comprises a v-SNARE such as
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Vesicle Associated Membrane Protein 2 (VAMP2) and plasma membrane t-SNAREs:
syntaxin-1 and SNAP25 (SyNaptosomal Associated Protein 25, Hayashi et al., 1994;
Söllner et al., 1993). While SNARE complex formation is required for vesicle fusion and
neurotransmitter release at the synapse (Südhof, 2012), the role of SNARE-mediated
exocytosis in axon branching has not been defined.
In C. elegans and D. melanogaster, the NTN1 and DCC orthologs, unc-6/netrin
and unc-40/frazzled, promote axon development through madd-2/asap, the single
invertebrate ortholog of class I TRIpartite Motif (TRIM) E3 ubiquitin ligases (Hao et al.,
2010; Morikawa et al., 2011). Evolutionary conservation of netrin pathway components
suggests that the closest vertebrate ortholog TRIM9 (Morikawa et al., 2011; Hao et al.,
2010) might regulate axon development downstream of Netrin-1. Intriguingly, vertebrate
TRIM9 was identified 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 amino terminal TRIM motif,
comprising a ubiquitin ligase RING (Really INteresting Gene) finger, one to two BBox
domains, and a coiled-coil motif, followed by diverse carboxy termini that distinguish
TRIM classes (Meroni and Diez-Roux, 2005). Mutation of single vertebrate TRIM genes
results in unique phenotypes and human diseases (Gaudenz et al., 1998; Hatakeyama,
2011; Saccone et al., 2008; Hämäläinen et al., 2004). This is likely due to 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
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the phylogenetic clues noted above, the role of vertebrate 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 SNAREmediated 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 following Netrin-1 stimulation, and that this release promotes
Netrin-1 dependent SNARE-mediated vesicle fusion and axon branching. Following
deletion of TRIM9, cortical neurons exhibit exaggerated exocytosis and branching along
with a loss of Netrin-1 responsiveness. The exuberant branching 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.
2.2 Results
2.2.1 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
partners (Round and Stein, 2007). Based on phylogenetic conservation with
invertebrate regulators of netrin dependent axon guidance (Alexander et al., 2010; Hao
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et al., 2010; Morikawa et al., 2011), we hypothesized that vertebrate TRIM9 may
regulate Netrin-1 responses in the developing nervous system. To determine if TRIM9
interacted with DCC, we incubated bacterially expressed and purified GST-SPRY
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 (Figure 2.1A).
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 overlapping sequential peptide array of the cytoplasmic tail of
DCC with GST-SPRY (Figure 2.1B). 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 (not shown). 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 (Figure 2.1C, Pearson’s correlation coefficient of 0.55 +/- 0.03,
versus 0.02 of rotated images, p<<.01). Furthermore GFP-TRIM9 and mCherry-DCC
dynamically colocalized within the axonal shaft of cortical neurons (Figure 2.1D). Thus,
mammalian TRIM9 is a bona fide DCC binding partner that colocalizes with DCC in
developing cortical neurons.
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Figure 2.1. TRIM9 directly binds the Netrin-1 receptor DCC, and colocalizes with
DCC in cortical neurons.
A) Bacterially expressed GST-SPRY domain interacts with DCC in embryonic mouse
cortical lysate. Protein purity is shown by coomassie. B) Sequential overlapping
peptides within the cytoplasmic tail of DCC were arrayed on nitrocellulose, 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 hrs. D) Neuron transfected with GFPTRIM9 and mCherry-DCC imaged by TIRF; arrowhead denotes colocalization, time in
seconds.
2.2.2 TRIM9 is Expressed in the Developing Cortex
To determine if TRIM9 is expressed in the embryonic cortex 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 (Figure 2.2A) were
recognized in lysates prepared from embryonic whole brain, embryonic cortex, and
cultured embryonic cortical neurons (Figure 2.2B-D). Immunohistochemistry of E15.5
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brain further demonstrated TRIM9 expression specifically in the developing cortex (Fig
2E). To determine if TRIM9 localized to F-actin rich structures in cortical neurons, we
expressed GFP-TRIM9 and co-stained F-actin with fluorescent phalloidin. GFP-TRIM9
localized to puncta at the cell body periphery, along the axon, and to filopodial tips (Fig
2F). Using two different polyclonal antibodies, we found endogenous TRIM9 similarly
localized to phalloidin-stained filopodia tips (Figure 2.3A-B).

Figure 2.2. TRIM9 is expressed in the developing murine cortex.
A) Murine TRIM9 isoforms. B-D) Immunoblots using a TRIM9 polyclonal antibody
demonstrate TRIM9 expression: B) in embryonic whole brain lysate C) in embryonic
cortex and D) in cortical neurons cultured for the indicated times. βIII tubulin is loading
control. E) Immunohistochemistry of E15.5 brain using TRIM9 monoclonal antibody
(black) reveals TRIM9 expression in the developing cortex. F) eGFP-TRIM9 localizes to
punctae at the periphery of the cell body, along the axon shaft (arrows) and at the tips of
F-actin positive filopodia (arrowheads, F’); phalloidin (red).
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Figure 2.3. TRIM9 localization and interaction.
E15.5 cortical neurons dissociated from TRIM9+/+ and TRIM9-/- embryos were stained
for TRIM9 (green), β3 tubulin (blue), and F-actin (phalloidin, red) after 48 hours in
culture. With polyclonal antibodies raised against either the NH2 terminus (A) or COOH
terminus (B). TRIM9 immunostaining was apparent in the growth cone and at tips of
filopodia. Reduced, nonspecific staining was observed in TRIM9-/- neurons, but was
absent from filopodia tips. (C) HEK293 cells were transfected with GFP-TRIM9, and
either Myc, MycTRIM9, MycTRIM9ΔCC, or MycTRIM9ΔRING and lysates were
precipitated with Myc antibody-conjugated beads. MycTRIM9 and MycTRIM9ΔRING
precipitate GFP-TRIM9 above background levels associated with Myc alone. n=3
independent experiments.
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2.2.3 TRIM9 Function is Required for Netrin-1 Dependent Axon Branching

Figure 2.4. TRIM9 ubiquitin ligase function is required for Netrin-1 dependent
axon branching.
E15.5 cortical neurons transfected with Myc or MycTRIM9ΔRING (red) stained with
phalloidin to mark F-actin (green) in Netrin-1 and FGF2 branching assays. Arrowheads
denote axon branching points, mean axon branch density +/- SEM, n=593 neurons, pvalues from ANOVA with Tukey post-hoc analysis.
Netrin-1 stimulation robustly increases axon branching in cortical neurons (Dent
et al., 2004), which we hypothesized involved TRIM9. To examine this, we adopted a
dominant negative approach (Figure 2.4). RING deletion mutants (ΔRING) of ubiquitin
ligases will dimerize with the endogenous ligase and block substrate ubiquitination
(Kubbutat and Vousden, 1997; Tursun et al., 2005; Yang et al., 2000). Consistent with
this, MycTRIM9ΔRING co-immunoprecipitated GFP-TRIM9 (Figure 2.3C), and
expression of madd-2ΔRING phenocopied defects observed in madd-2 mutant worms
(Hao et al., 2010). Neurons were transfected with Myc or MycTRIM9ΔRING expression
plasmids, cultured 48 hours, and stimulated with Netrin-1 (Figure 2.4). Myc-expressing
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neurons exhibited a significant increase in axon branching compared to unstimulated
neurons, whereas MycTRIM9ΔRING-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 if TRIM9 regulation of branching was
Netrin-1 specific, we stimulated neurons with fibroblast growth factor 2 (FGF2, Figure
2.4). Unlike Netrin-1, FGF2 promotes axon branching in a FGF2 receptor dependent
manner (Reuss and Bohlen und Halbach, 2003; Zechel et al., 2010). Both Myc and
MycTRIM9ΔRING-expressing neurons increased axon branch density in response to
FGF2, thus TRIM9 ligase function is specifically required for axon branching
downstream of Netrin-1.
2.2.4 Genetic Loss of TRIM9 Leads to Exaggerated Axon Branching
To further elucidate the function of TRIM9, we generated a conditional TRIM9
allele (Figure 2.5A). Mice carrying this allele were crossed with CMV-Cre mice to
generate TRIM9-/- mice, which were born at Mendelian ratios (Figure 2.5B-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 immunoreactivity
(Figure 2.5D-G). Reduced immunoreactivity was observed by immunocytochemistry,
and was absent from filopodia tips (Figure 2.3A, B). We next tested TRIM9-/- cortical
neurons in axon branching assays (Figure 2.6A). While TRIM9+/+ neurons significantly
increased axon branching following Netrin-1 stimulation, TRIM9-/- neurons exhibited
significantly higher constitutive axon branching, and Netrin-1 stimulation did not elevate
axon branching further (Figure 2.6B). These defects were corroborated in an
independent line of TRIM9-/- mice (Fig S2H). These results indicate that TRIM9
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minimizes constitutive axon branching and imparts Netrin-1 sensitivity.

Figure 2.5. Generation of TRIM9-/- mice.
A) Targeting strategy to delete the TRIM9 allele and produce TRIM9-/- mice. Exon 1,
which encodes the RING and BBox domains, was flanked by LoxP sites (yellow
triangles). A Neomycin resistance cassette (NeoR) was flanked by FRT sites (orange
triangles). Targeted mice were crossed with CMV-Cre mice to produce TRIM9-/- mice. B)
Genotyping results showing TRIM9+/+, TRIM9-/- and TRIM9+/- genotypes. C) Mendelian
ratios were observed from TRIM9+/- crosses. Immunoblots of embryonic D) whole brain
lysates, E) cortical lysates and F) cultured cortical neurons from the indicated genotypes
show loss of TRIM9 reactive bands in TRIM9-/- samples. G) Immunohistochemistry in
adult TRIM9+/+ and TRIM9-/- cortex shows loss of TRIM9 immunopositive cells in TRIM9/mice. H) Genetic loss of TRIM9 results in the same axon branching defects in
embryonic cortical neurons from an independently targeted line.
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To confirm aberrant axon branching was due to loss of TRIM9, we introduced
MycTRIM9 expression plasmids into TRIM9-/- neurons (Figure 2.6B, Figure 2.7).
MycTRIM9 expression decreased constitutive branching to wildtype levels and restored
Netrin-1 sensitivity, rescuing the aberrant branching of TRIM9-/- neurons. To define the
role of TRIM9 ligase activity, we introduced MycTRIM9ΔRING or a ligase dead mutant
(TRIM9LD, Figure 2.7, Figure 2.6B).

Figure 2.6. TRIM9 ubiquitin ligase activity is required to fully rescue axon
branching defects in TRIM9-/- neurons.

A) Representative images from an axon branching assay with E15.5 TRIM9+/+ and TRIM9-/cortical neurons transfected with Myc or indicated MycTRIM9 variants. Arrowheads denote axon
branch points. B) Representative images from an axon branching assay with E15.5 TRIM9+/+
and TRIM9-/- cortical neurons transfected with Myc or MycTRIM9LD (blue) and stained for
phalloidin (green) and βIII tubulin (red). Arrowheads denote axon branch points.
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Figure 2.7. 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. MycTRIM9ΔRING (T9DRING) or MycTRIM9LD (T9LD) introduction failed to
-/rescue Netrin-1-dependent branching. C) E15.5 TRIM9 cortical neurons expressing either Myc or
MycTRIM9ΔRING were untreated or FGF2 stimulated and stained with fluorescent phalloidin, and
antibodies to Myc and bIII tubulin (not shown). 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 MycTRIM9 ΔRING. E) Axon length is not affected by Netrin-1 or
genetic loss of TRIM9. All graphs are n>80 neurons/condition from >3 independent experiments, p-values
from ANOVA, Tukey post hoc analysis.
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Mutation of the first two conserved cystines renders TRIM proteins catalytically
inactive (Balastik et al., 2008; Hung et al., 2010; Joazeiro and Weissman, 2000).
Expression of either MycTRIM9ΔRING or MycTRIM9LD reduced the exaggerated
constitutive axon branching exhibited by TRIM9-/- neurons, indicating ligase activity is
not essential to restrict constitutive axon branching. However, these mutants failed to
restore Netrin-1 dependent axon branching, suggesting ligase activity is necessary for
Netrin-1 sensitivity. In contrast to invertebrates, these data indicate that expression of
TRIM9ΔRING does not fully phenocopy TRIM9 deletion, and is suggestive of
divergence of TRIM9 orthologs.
To determine if TRIM9 function was required specifically for response to Netrin-1,
we stimulated TRIM9-/- neurons with 10 ng/ml FGF2 (Figure 2.7C), which failed to
promote axon branching (Figure 2.7D). We hypothesized that this failure to respond to
FGF2 may occur if axon branching were at a maximum. Consistent with this, expression
of TRIM9ΔRING in TRIM9-/- neurons reduced constitutive axon branching levels and
rescued the branching response to FGF2 (Figure 2.7D). 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 (Figure
2.7D).
2.2.5 TRIM9 Regulates Netrin-1-Induced SNARE-Mediated Exocytosis
Axon branching increases plasma membrane surface area, necessitating the
addition of new membrane material (Pfenninger, 2009), likely via SNARE-mediated
exocytosis. To determine if Netrin-1 stimulation elevated the formation of SNARE
complexes associated with exocytosis, we exploited the SDS resistance of SNARE
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complexes (Figure 2.8A, Figure 2.9A). In TRIM9+/+ neurons the quantity of SNARE
complexes (> 40kDa) was significantly increased following 1 hour of Netrin-1 stimulation
(Figure 2.8A-B). Like axon branching, basal SNARE complex levels were higher in
TRIM9-/- neurons (Figure 2.8A-B), consistent 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 occurred following Netrin-1 stimulation,
suggesting that TRIM9 is required for Netrin-1 sensitive SNARE complex formation.
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Figure 2.8. 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. βIII tubulin is a
loading control. Synt-1 and SNAP25 monomer shown in boiled samples, n=3
independent experiments. B) Quantitation of SNARE complexes (> 40kDa) was
normalized to βIII tubulin, significance from ANOVA with Tukey post-hoc, p<0.5. C)
Inverted image montage of VAMP2-pHluorin exocytosis events in TIRF images.
Arrowheads denote exocytic events, time noted in seconds. D) Maximal projections of
VAMP2-phluorin time-lapse. Ovals denote location of exocytic events within 90 s (Movie
2, 3). E) Mean frequency of VAMP2-phluorin exocytosis events +/- SEM, n ≥ 10
cells/condition, p-value from Kruskal-Wallis nonparametric ANOVA within 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 post Netrin-1 stimulation (time in hours:minutes). White arrowheads
denote active plasma membrane protrusions; black arrowheads denote axon branches
at least 20µm long. Scatter plot shows the time of initial axon protrusions at future
branch sites in hours post Netrin-1 stimulation plotted against the time a stable 20 µm
long branch appears post Netrin-1 stimulation, n=13 cells.
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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 (Figure 2.8C-E). The basal frequency of VAMP2mediated exocytosis in TRIM9+/+ neurons increased following Netrin-1 stimulation, as
demonstrated by time-lapse imaging and maximal projections (Figure 2.8D-E). In line
with elevated SNARE complex formation, TRIM9-/- cortical neurons exhibited a threefold increase in the frequency of exocytic events compared to TRIM9+/+ neurons (Figure
2.8D-E). 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 if TRIM9 regulated exocytosis spatially, we compared the
frequency of exocytic events in the soma and neurites (Figure 2.8E). The frequency of
exocytic events in the soma was unchanged in TRIM9-/- compared to TRIM9+/+ neurons,
and both increased significantly in response to Netrin-1, indicating 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 branching 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
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microscopy (Figure 2.8F). Increased growth cone protrusions and altered filopodial
dynamics were apparent within one hour of Netrin-1 stimulation. In contrast, membrane
protrusion at future axon branch sites began 6.5 +/- 0.8 hours post Netrin-1 stimulation
(Figure 2.8F). Stable branches appeared at these sites 2.5 +/- 0.6 hours following initial
protrusion activity. Thus, increased SNARE-mediated exocytosis, which occurs within
one hour of Netrin-1 stimulation, precedes axonal membrane protrusion and
subsequent axon branching.

Figure 2.9. TRIM9 ligase activity is required to promote exocytosis in a Netrin-1dependent manner.
A) Immunoblots probed for VAMP2, Syntaxin-1a (Synt-1) and SNAP25 showing loss of SDS
resistant SNARE complexes in TRIM9+/+ and TRIM9-/- cortical lysates incubated at 100°C
compared to those incubated at 37°C. βIII tubulin is used as a loading control. The VAMP2
epitope in monomers was damaged by extended boiling and thus is not shown. B) Bacterially
expressed and purified GST or GST-SNAP25 were incubated in lysates from HEK293
expressing MycTRIM9, MycTRIM9ΔCC, or MycTRIM9ΔRING. Proteins bound to glutathione
beads were resolved by SDS-PAGE and analyzed by immunoblotting with antibodies to Myc.
n=3 independent experiments, p-value from ANOVA with Tukey posthoc correction.
Quantitation of C) VAMP2-mediated and D) VAMP7-mediated exocytosis in E15.5 cortical
neurons expressing either mCherry or mCherryTRIM9ΔRING. E) HEK293 cells expressing HADCC, GFP-SNAP25, and either Myc or MycTRIM9ΔRING were precipitated with Myc antibodyconjugated beads (n=2 independent experiments, p values from student t-test).
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Figure 2.10. SNARE proteins are required for cortical axon branching.
+/+

A) E15.5 TRIM9 cortical neurons were untreated or Netrin-1 stimulated, with addition of 10 nM BoNTA,
10 nM TeNT, and/or Longin expression (blue), and stained with fluorescent phalloidin (red) and for βIII
tubulin (green). Arrowheads denote branch points. B) Mean axon branch density +/- SEM. C) E15.5
-/TRIM9 cortical neurons were untreated or Netrin-1 stimulated, with addition of 10 nM BoNTA and
stained with fluorescent phalloidin (red) and for βIII 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 >3 independent experiments (n=1353 neurons), p-values from ANOVA, Tukey
post hoc analysis.
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2.2.6 SNARE-Mediated Exocytosis is Required for Axon Branching
The increase in exocytosis following Netrin-1 stimulation or genetic loss of TRIM9
suggested that SNARE-mediated exocytosis is required for axon branching. Since
TRIM9 binds SNAP25, we anticipated that SNAP25-mediated exocytosis was critical.
To demonstrate a requirement for SNAP25 during axon branching, we treated TRIM9+/+
neurons with 10 nM botulinum toxin A (BoNTA, Figure 2.10A), which cleaves SNAP25
(Schiavo et al., 1993). BoNTA treatment blocked Netrin-1 dependent branching (Figure
2.10B). 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 complex with SNAP25 (Martinez-Arca
et al., 2000). To determine if VAMP7 was required for branching, we expressed the
longin domain of VAMP7, which inhibits VAMP7-mediated exocytosis (Martinez-Arca et
al., 2000; Gupton and Gertler, 2010). This also failed to block Netrin-1 dependent axon
branching in TRIM9+/+ neurons (Figure 2.10A-B), indicating that neither VAMP2 nor
VAMP7 independently are required for axon branching. 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 determine if aberrant
exocytosis induced the exuberant axon branching of TRIM9-/- neurons, we similarly
treated TRIM9-/- neurons with BoNTA (Figure 2.10C). BoNTA treatment reduced
elevated axon branching of TRIM9-/- neurons to wildtype levels (Figure 2.10D)
indicating SNARE-mediated exocytosis is required for the exuberant branching
phenotype of TRIM9-/- neurons.
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2.2.7 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 release of SNAP25 to promote exocytosis. To
examine TRIM9:SNAP25 binding, we utilized co-immunoprecipitation assays in HEK293
cells expressing MycTRIM9, GFP-SNAP25B, and HA-DCC to impart Netrin-1 sensitivity
(Figure 2.11B). MycTRIM9 co-immunoprecipitated GFP-SNAP25 in the absence of
Netrin-1, and the levels of GFP-SNAP25 co-immunoprecipitated with MycTRIM9 were
significantly reduced by Netrin-1 stimulation (Fig 7B). To determine if residual SNAP25
bound to MycTRIM9 in the presence of Netrin-1 reflected nonspecific binding, we
performed several controls. Myc alone co-immunoprecipitated 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 coiled-coil domain
(TRIM9ΔCC, Figure 2.11A-B, Figure 2.9B), 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.
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Figure 2.11. The SNAP25 binding domain of TRIM9 is required to minimize
exocytosis and axon branching.
A) Domain diagram of TRIM9 and TRIM9ΔCC. B) HEK293 cells expressing HA-DCC,
GFP-SNAP25, and either Myc, MycTRIM9, or MycTRIM9ΔCC were precipitated with
Myc antibody-conjugated beads (n=5 independent experiments, p-values from KruskalWallis nonparametric ANOVA). The immunoblot for HA-DCC contains an empty lane
between samples 3 and 4. C) Maximal projection of VAMP2-phluorin transfected
TRIM9-/- neuron expressing mcherryTRIM9ΔCC (not shown, Movie 5). Ovals denote
exocytic events. D) mCherryTRIM9ΔCC expression significantly increased VAMP2mediated exocytic events as measured by VAMP2-phluorin experiments in TRIM9+/+ but
not TRIM9-/- cortical neurons, n ≥10 cells/condition, p-values from Kruskal-Wallis
ANOVA. E) Neurons transfected with MycTRIM9ΔCC (blue) stained with phalloidin
(green) and for βIII tubulin (red) in Netrin-1 branching assay. Arrowheads denote
branches. F) Mean axon branching density +/- SEM, n> 75 neurons/ condition from 3
independent experiments, p-values from Kruskal-Wallis nonparametric ANOVA.
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2.2.8 TRIM9 Ligase Activity Promotes Exocytosis in a Netrin-1 Dependent Manner
Loss of TRIM9 ligase activity disrupted Netrin-1 dependent axon branching
(Figure 2.4). Since our data suggested that increased exocytosis was a prerequisite for
axon branching (Figure 2.8), we asked whether TRIM9ΔRING expression inhibited
Netrin-1 dependent exocytosis. mCherryTRIM9ΔRING-expressing neurons lacked
Netrin-1 dependent increases in VAMP2-mediated exocytosis (Figure 2.9C). This same
inhibition was observed with VAMP7-mediated exocytosis (Figure 2.9D), delineating a
role for VAMP7 in Netrin-1 response and supporting the hypothesis that TRIM9
regulates SNARE complex formation through an inhibitory interaction with SNAP25.
Failure to increase SNARE-mediated exocytosis in response to Netrin-1 was correlated
with increased binding between TRIM9ΔRING and SNAP25 and a failure to release
SNAP25 in response to Netrin-1 (Figure 2.9B,E). This indicates the ligase activity 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. Since TRIM9ΔRING-expressing neurons lack Netrin-1-dependent
axon branching, these data also support the conclusion that exocytosis is a prerequisite
of axon branching.
2.2.9 The TRIM9 Coiled-Coil 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 axonal branching. To further test this, we
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investigated whether expression of the TRIM9ΔCC mutant unable to bind SNAP25
(Figure 2.11A, Figure 2.9B) rescued phenotypes associated with loss of TRIM9.
mCherryTRIM9ΔCC expression did not reduce elevated VAMP2-mediated exocytosis in
TRIM9-/- cortical neurons (Figure 2.11C-D); nor did MycTRIM9ΔCC expression reduce
exaggerated axon branching (Figure 2.11E-F). In light of these results and the
phenotypes observed with TRIM9ΔRING expression (Figure 2.7B, Figure 2.9C-E), we
conclude that the coiled-coil domain, and likely SNAP25 binding of TRIM9, are required
to constrain exocytosis and branching, while ligase activity is dispensable. Interestingly,
expression of TRIM9ΔCC 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 (Figure 2.11D-F). The similarity in exocytic and branching
phenotypes between TRIM9-/- neurons and TRIM9+/+ neurons expressing TRIM9ΔCC
suggests that TRIM9ΔCC acts as a dominant negative, through a mechanism other than
dimerization with endogenous TRIM9 (Figure 2.3C).
2.2.10 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 occur following 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-Diaz and López-Bendito, 2013). We stained nissl substance in coronal
sections of adult TRIM9+/+ and TRIM9-/- mice to visualize callosal boundaries (Figure

72

2.12A). 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 (Figure
2.13A-B).

Figure 2.12. Genetic loss of TRIM9 leads to aberrant axon branching within and
thickening of the corpus callosum.
A) Coronal sections through corpus callosum 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<.05 from t-test. B)
Inverted maximal projections of Thy1-GFP/TRIM9+/+ and TRIM9-/- corpus callosum
section. Arrowheads denote branch points, inset (B’) shows example of branch. Movie 6
C) Quantitation of axonal branch points in 3-week-old littermates, n=3 mice/genotype, pvalues from t-test. D) Example images utilized in quantitation of the number of GFPexpressing axons crossing the midline in Thy1-GFP/TRIM9+/+ and Thy1-GFP/TRIM9-/brains.
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We hypothesized this callosal thickening may be due to exaggerated branching
of TRIM9-/- cortical axons. To investigate axon branching in vivo, we crossed TRIM9-/mice to a line of Thy1-GFP mice. The cytoplasmic GFP expression pattern observed in
Thy1-GFP mice derived from an individual founder is consistent across litters and
generations (Feng et al., 2000), 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 (Figure 2.12B).
To confirm littermates had comparable GFP expression and a similar number of GFPexpressing axons within the callosum, we quantified GFP-expressing axons in a 150 x
50 µm region at the midline. While there was no difference in the number of GFPexpressing axons (Figure 2.12D) and no difference in the density of myelin within the
corpus callosum (Figure 2.13), Thy1-GFP/TRIM9-/- mice exhibited a four-fold increase
in the number of axon branches within the callosum (Figure 2.12C). This indicates that
the exuberant branching observed in vitro also occurs in vivo, and may underlie the
thickened corpus callosum of TRIM9-/- mice.
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Figure 2.13. Genetic loss of TRIM9 causes thickening of the corpus callosum.
A) Brains of 6-week-old littermates from an independently targeted line of TRIM9-/- mice
were sectioned and stained with Black Gold II, which stains myelinated axons. B)
Quantitation of the thickness of the corpus callosum in TRIM9+/+ and TRIM9-/littermates. Genetic loss of TRIM9 caused a similar thickening of the corpus callosum,
corroborating the results in Fig 8. C) Quantitation of black gold II staining showing that
TRIM9+/+ and TRIM9-/- mice do not differ in the density of myelin. n=5 mice/genotype, p
values (<.05) from t-test.
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Figure 2.14. Molecular mechanism of Netrin-1-dependent axon branching.
In the absence of Netrin-1 (top left), 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. Prevention of plasma
membrane expansion constrains basal levels of axon branching. Following Netrin-1
stimulation (top right), TRIM9 releases SNAP25, which promotes SNARE complex
formation, vesicle fusion, local plasma membrane expansion and axon branching.
Genetic deletion of TRIM9 (bottom) renders cells non-responsive 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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2.3 Discussion
Our data delineate a molecular mechanism by which TRIM9 directly links Netrin1/DCC signaling to the control of vesicle trafficking machinery required for local
exocytosis, plasma membrane expansion and axon branching (Figure 2.14). We show
that Netrin-1 dependent branching is preceded by an increase in SNARE complex
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 is
disrupted in the presence of Netrin-1.This disruption promotes Netrin-1 dependent
SNARE complex formation and exocytosis (Figure 2.14). 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. Surprisingly, the exaggerated
branching displayed by TRIM9-/- neurons was strikingly dissimilar to the loss of
branching in madd-2/asap mutants in invertebrates (Morikawa et al., 2011; Hao et al.,
2010). Additionally, deletion of TRIM9 does not phenocopy loss of NTN1 or DCC in vivo
as with invertebrate orthologs. This contrast in phenotypes between TRIM9 and its
invertebrate orthologs suggests functional divergence of vertebrate TRIM9.
2.3.1 Multiple Vesicle Types Provide Membrane Material Required for Axon
Branching
Netrin-1 stimulation in cortical neurons increases exocytosis mediated by VAMP2
and VAMP7. Both v-SNAREs form a SNARE complex with SNAP25 (Martinez-Arca et
al., 2000; Söllner et al., 1993), which is consistent with our conclusion that
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TRIM9 regulates SNARE-mediated exocytosis through a Netrin-1 sensitive interaction
with SNAP25. Since VAMP2 and VAMP7 mark distinct vesicle populations (Gupton and
Gertler, 2010; Proux-Gillardeaux et al., 2005), 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 regions of the axon is an intriguing possibility. Indeed, VAMP2 and
VAMP7 have distinct exocytic behaviors during neuritogenesis and axon guidance
(Gupton and Gertler, 2010; Cotrufo et al., 2011; Tojima et al., 2007). 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., 2008; 2004; Cotrufo et al., 2012), thus Netrin-1
stimulated exocytosis may produce a positive feedback loop by delivering DCC to the
plasma membrane.
2.3.2 Distinct Roles for TRIM9 Ubiquitin Ligase Activity and SNAP25 Binding
TRIM proteins primarily mediate cellular functions through the ubiquitination of
specific substrates. While TRIM9 can auto-ubiquitinate (Tanji et al., 2010), its substrates
in vivo remain unidentified. The results of our experiments using TRIM9ΔRING
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
TRIM9ΔRING did not induce a phenotype in TRIM9+/+ neurons in the absence of Netrin1. This is likely due to the preexisting constraint of exocytosis and axon branching by
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endogenous TRIM9. While 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 ΔRING mutants are described as
dominant negatives, TRIM9ΔRING partially maintained functions of TRIM9 and its
expression did not fully phenocopy deletion of TRIM9. In contrast, in C. elegans the
expression of madd-2ΔRING phenocopied loss of function mutants (Hao et al., 2010).
This further supports the possibility of the divergence of vertebrate TRIM9.
The coiled-coil domain of TRIM9 was required to minimize basal exocytosis and
axon branching. We found that TRIM9ΔCC was impaired in SNAP25 binding and failed
to reduce exocytosis and axon branching when expressed in TRIM9-/- neurons.
Additionally, neurons expressing TRIM9ΔCC 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 reduced, we conclude that axon branching inTRIM9-/- neurons was
maximized. Given this, the failure of the TRIM9ΔCC neurons to respond to Netrin-1 may
result from a maximum level of branching and exocytosis in TRIM9-/- neurons.
Surprisingly, expression of TRIM9ΔCC in TRIM9+/+ neurons phenocopied the deletion of
TRIM9. This suggests that TRIM9ΔCC inhibits the function of endogenous TRIM9 and
acts as a dominant negative. Binding assays suggested that this likely did not occur
through interaction with endogenous TRIM9; we suggest the dominant negative effect
occurs through TRIM9ΔCC sequestration of another TRIM9 binding partner required for
the function of endogenous TRIM9, such as DCC. Alternatively, the ligase activity of
TRIM9ΔCC may directly act on the substrate of TRIM9 to promote exocytosis and
branching.
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2.3.3 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 nonconventional myosin motor
Myo10 also binds the cytoplasmic tail of DCC and targets DCC to the tips of neurites
(Wei et al., 2011; Zhu et al., 2007). 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.
2.3.4 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 orthologs 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; Michael et al., 2010; Morikawa et al., 2011; Hao
et al., 2010). Whether TRIM9 regulates filopodia formation downstream of Netrin-1
through a conserved interaction with the vertebrate mig10 ortholog Lamellipodin
remains to be shown. Netrin-1 and DCC are also critical for the proper migration of
neurons and commissure formation (Hakanen et al., 2011; Shi et al., 2008; Moore et al.,
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2007). Netrin-1 can be either a chemoattractant or chemorepulsive cue, dependent
upon 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. While 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 containing neuropilin-1 positive axons was 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 (Horn et al., 2013; Goldman et al., 2013). Interestingly, proteomic studies
identified TRIM9 at the synapse (Jordan et al., 2004). The ability of TRIM9 to control
SNAP25 dependent exocytosis and its interaction with DCC make TRIM9 an attractive
candidate to regulate synaptogenesis and synaptic function.
2.3.5 TRIM Genes in Neural Development and Function
The cerebral cortex controls cognitive function, sensory perception, and
consciousness (Molyneaux et al., 2007) and thickening of the corpus callosum is
associated with mental retardation and other neuroanatomical anomalies (Göçmen and
Oğuz, 2008; Sagie et al., 2009). While TRIM9-/- mice are viable, 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 single class I
TRIM gene in invertebrates, vertebrates contain six class I TRIM paralogs (Short and
Cox, 2006). Whether one of these is functionally more homologous to the invertebrate
orthologs madd-2/asap than TRIM9 has not been investigated. Since some closely
related TRIM proteins heterodimerize, the consequences of loss of TRIM9 may extend
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beyond its own substrates and activities. Mutations in the class I family member
TRIM18 cause Opitz syndrome, in which patients are characterized by midline defects,
neuroanatomical anomalies and mental retardation (Gaudenz et al., 1998; Quaderi et
al., 1997). The closest TRIM18 paralog, TRIM1 heterodimerizes with TRIM18 and
modifies this disease (Short and Cox, 2006; Suzuki et al., 2010). TRIM67 is the closest
paralog of TRIM9 (Short and Cox, 2006), sharing 76% sequence similarity, and TRIM67
has been implicated in the extension of neurite-like 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 functional phenotypes than loss of TRIM9 or TRIM67 individually.
2.4 Materials and Methods
2.4.1 Animals
All mouse lines were on a 129S4:C57BL/6 background and were bred at MIT or
UNC 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.
2.4.2 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. Following Cremediated recombination, the subsequent 11 ATGs encode out-of-frame transcripts. The
conditional TRIM9 targeting vector also contained a thymidine kinase negative selection
cassette and an FRT-flanked PGK-neo cassette. The TRIM9F allele did not disrupt
TRIM9 expression (not shown), but exposure to Cre recombinase deleted exon 1, and
abolished TRIM9 expression (Fig S2). Embryonic stem cells were electroporated,
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selected and screened for correct recombination and single integration. Two
karyotyped, correctly targeted ES cell clones gave germline transmission and identical
results. CMV-Cre mice (Jackson Laboratories) were used to produce TRIM9-/- mice.
Cre-mediated excision of exon 1 was confirmed by PCR genotyping.
2.4.3 Plasmids, Antibodies and Reagents
Human TRIM9 cDNA (T. Cox, UW), TRIM9ΔRING (aa139-781), and TRIM9ΔCC
(removed aa220-394) were subcloned into pCs2+, pEGFPC1, and mcherryC1
(Clonetech). TRIM9LD was cloned using QuikChange site-directed mutagenesis of
Cys10 and Cys13 to alanine. TRIM9-SPRY (aa576-693) was cloned into pGEX6P1.
HA-DCC (M. Tessier-Lavigne, Rockefeller) was subcloned into pQE80L. DCC was
cloned into an expression plasmid with mCherry located within the extracellular domain
of DCC between the Thr1041 and Leu1042. VAMP2-pHluorin, VAMP7-pHluorin, and
VAMP7Nter (longin) were described (Gupton and Gertler, 2010). GST-SNAP25B (J.
Rothman, Yale) and GFP-SNAP25B (L. Chamberlain, U of Edinburgh) were acquired.
Antibodies include: TRIM9 rabbit polyclonal (generated using murine TRIM9
recombinant protein aa158-271), TRIM9 rabbit polyclonal (Tanji et al., 2010, K.
Wakabayashi, Hirosaki U), TRIM9 (1F12 Abnova), c-Myc (9E10 SCBT), DCC (G97-449
BD Pharmingen), GST (G1417 Sigma), βIII tubulin (TujI SCBT), GFP (A11122
Invitrogen), HA (05-904 Millipore), VAMP2 (11829 Cell Signaling), Syntaxin-1a (HPC-1
SCBT), SNAP25 (C-18 SCBT), and GAPDH (sc-166545 SCBT). Fluorescent secondary
antibodies and fluorescent phalloidin were from Invitrogen. Recombinant Netrin-1 was
purified from HEK293 cells (Lebrand et al., 2004; Serafini et al., 1994). Recombinant
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FGF-2 (MBL International), TeNT (Sigma), and BoNTA (List Biological) were used as
indicated.
2.4.4 Yeast Two Hybrid
LexA two-hybrid system selection with mouse Matchmaker cDNA library and
beta-galactosidase assays were performed according to the manufacturer's protocol
(Clontech). DCC was used as bait in an embryonic mouse brain library.
2.4.5 Cortical Neuron Culture, Transfection, and Imaging
Cortical neuron cultures were prepared from day 15.5 embryos as described
(Kwiatkowski et al., 2007). Briefly, cortices were micro-dissected and neurons were
dissociated using trypsin, and plated on Poly-D-lysine (Sigma)-coated coverglass or
tissue culture plastic in neurobasal media supplemented with b27 (Invitrogen). This
same media was used for all time-lapse imaging experiments. For transfection, neurons
were resuspended after dissociation in Lonza Nucleofector solution (VPG-1001) and
electroporated with an Amaxa Nucleofector according to manufacturer protocol. For
axon branching assays, 250 ng/ml Netrin-1 or 10 ng/ml FGF-2 were bath applied after
48 hrs in culture. After 24 hrs of treatment, neurons were fixed, permeabilized and
stained as described (Strasser et al., 2004). Images of pyramidal shaped neurons were
collected on a Deltavision inverted microscope with a 20X UApo/340 0.75NA or 60X
1.3NA Plan-Apochromat objective lens (Olympus) and a CoolSNAP HQ CCD
(Photometrics) and deconvolved using Softworxs software (Applied Precision), or on an
Olympus IX81-ZDC2 inverted microscope with a Plan Apo 40x 1.4NA objective and
Andor iXon EM-CCD using Metamorph acquisition software. Axon branches were
defined as extensions off the primary axon that were at least 20 µm in length. Pearson’s
correlation of colocalization between TRIM9 and DCC was performed using regions of
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interest (ROI) and an Intensity Correlation Analysis plugin for ImageJ. All time-lapse
imaging was performed on an Olympus IX81-ZDC2 inverted microscope with
Metamorph acquisition software, an Andor iXon EM-CCD and a Tokai Hit imaging
chamber which maintained 37°C and 5% CO2. For DIC time-lapse imaging, neurons
were stimulated with 250 ng/ml Netrin-1 at 48 hours and images were acquired every 20
seconds with a 60x PlanApo 1.4NA objective for 24 hours. Images were analyzed in
Metamorph for the time post Netrin-1 stimulation of initial plasma membrane protrusion
at sites that subsequently formed stable axon branches (20µm long). For pHluorin
assays, neurons expressing VAMP2-pHluorin or VAMP7-pHluorin and mcherryTRIM9
variants were imaged after 48 hours in culture with a 100x 1.49NA TIRF objective and a
solid state 491 nm laser illumination at 100 nm penetration depth. Images were
acquired every 0.5 seconds for 5 minutes. 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 hour prior to imaging of Netirn-1 stimulated neurons.
To emphasize pHluorin-based exocytic events, the average fluorescence intensity of the
time-lapse was subtracted from each frame, and images were inverted.
2.4.6 Immunoblotting and Immunohistochemistry
SDS-PAGE and immunoblot analysis were performed using standard procedures
with HRP secondary antibodies for GST-SPRY and endogenous TRIM9 (Jackson Labs)
or far-red conjugated secondary antibodies (Licor) for all other primary antibodies.
Signal was detected using the ECL plus (Amersham) or an Odyssey Imager (Licor),
respectively. For neuroanatomical studies, brains were placed in 4% paraformaldehyde
(pH 7.2) in PBS for 24 hours. Embryonic brains were mounted in 4% agarose, and 100
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µm coronal sections were cut on a vibratome, as described (Kwiatkowski et al., 2007).
For immunohistochemistry, free-floating sections were permeabilized with 50% ethanol,
treated for with 3% H2O2 in phosphate buffer (0.1 M, pH 7.4), and blocked in 10%
normal donkey serum. Sections were incubated in primary antibody overnight and then
for 3 hr in biotinylated secondary antibody (Vector Laboratories), and for 1 hr in
ExtrAvidin-peroxidase (Sigma). Peroxidase was histochemically visualized with
diaminobenzidine. Processed sections were mounted on gelatin-coated slides and
imaged by transmitted light microscopy. For measuring callosal thickness, 50 µm thick
coronal sections of 3-month-old mice were stained for nissl substance with 0.1%
thionine and imaged on a Leitz DMR microscope (Retiga EX cooled mono 12 bit CCD
with Q imaging software). In the second line of mice, 30 µm thick coronal sections of 6week-old mice were stained with Black Gold II (Histo-Chem Inc.) per manufacture
protocol. Sections were imaged on a Leica macroscope equipped with a Hamamatsu
Orca CCD and Metamorph acquisition software.
2.4.7 Co-Immunoprecipitation and Binding Assays
All co-immunoprecipitation assays were performed using standard procedures as
described (Gupton et al., 2012). IgG-conjugated A/G beads (SCBT) were utilized for
preclearing lysates, while Myc-conjugated A/G beads (SCBT) were used to precipitate
target proteins. For binding assays, all recombinant GST-tagged proteins were
expressed in E. Coli strain BL21 (DE3) Codon Plus (Agilent) and purified by
chromatography on sepharose-immobilized glutathione beads (ThermoScientific). For
endogenous DCC binding, cortices were lysed in RIPA buffer, precleared with GSTglutathione-sepharose beads and incubated with 5-10 µg of GST fusion protein or GST
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immobilized onto glutathione-sepharose beads at 4°C overnight. For binding of Myctagged TRIM9 variants, HEK293 cells were transfected using Lipofectamine 2000
(Invitrogen) per manufacture protocol, lysed as described (Li et al., 2001) and incubated
overnight with 5 nM GST or GST-SNAP25. Beads were washed 3 times with lysis buffer
and bound proteins were resolved by SDS-PAGE and immunoblotting.
2.4.8 Peptide Array
Peptides corresponding to 25 aa stretches in the murine DCC cytoplasmic tail
(aa1012-1447), overlapping by 3 aa in each progressive spot were covalently linked to a
nitrocellulose membrane (Koch Institute Biopolymers Facility). The membrane was
overlaid with recombinant GST-SPRY or GST alone and protein binding was visualized
using a GST antibody, secondary HRP antibody and ECL.
2.4.9 SNARE Complexes
SDS resistant SNARE complexes were analyzed as described (Hayashi et al.,
1994). Briefly, E15.5 cortical neurons cultured 48 hours were stimulated with 250 ng/ml
Netrin-1 for 1 hour prior to lysis, SDS-PAGE and immunoblotting for SNARE proteins.
SDS resistant SNARE complexes were defined as immunoreactive material >40 kDa
present in samples incubated at 37°C compared to 100°C as described (Burré et al.,
2010).
2.4.10 LSCM of Thy1-GFP Corpus Callosum
200 µm coronal sections of three week old Thy1-GFP, TRIM9+/+ and TRIM9-/littermates were imaged on an Olympus Fluoview FV1200 confocal inverted microscope
equipped with a 20X/0.75NA objective with a 491 nm laser. Multi area Z-stacks were
stitched and ROIs containing potential axon branch points were identified in maximal
projections. Candidate branches were confirmed by inspection of stitched Z-stacks. The
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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 x 50 µm ROI
from the maximum projection images was reported.
2.4.11 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 ANOVA were performed in samples lacking
normal distribution, as ascertained by a Fisher test. In normally distributed samples,
ANOVA with Tukey post hoc correction were used. p values are listed in figures or
figure legends, which present means with standard error of the mean (SEM).
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CHAPTER 3 TRIM9 REGULATES THE NETRIN RECEPTOR DCC AND
DOWNSTREAM FAK AND FYN ACTIVATION TO CONTROL NEURONAL PLASMA
MEMBRANE EXPANSION DURING AXON BRANCHING.1
3.1 Introduction
During neuronal development, attractive and repulsive extracellular guidance
cues direct axon navigation and branching toward postsynaptic targets. Correctly
establishing this connectivity underlies appropriate brain anatomy, function and
behavior. Defective neural connectivity is implicated in several neurodevelopmental and
neuropsychiatric disorders including autism, epilepsy and schizophrenia (Pelletier,
2006; Swann and Hablitz, 2000; Zikopoulos and Barbas, 2013). The disruption of
complex behaviors associated with these disorders highlights the critical nature of
carefully orchestrated innervation and arborization.
In the mammalian cortex, the secreted guidance cue netrin-1 promotes attractive
axon guidance and branching through one of its receptors, Deleted in Colorectal Cancer
(DCC). Gene trap mediated-disruption or conditional deletion of either Dcc or the gene
encoding netrin-1 (Ntn1) leads to defects in cortical projections, including the corpus
callosum and anterior commissure, and in the case of gene trap disruption of Ntn1, to
embryonic lethality (Bin et al., 2015; Fazeli et al., 1997; Serafini et al., 1996; Yung et al.,
2015). DCC is enriched at the tips of axonal growth cone filopodia, which are necessary
for axon guidance (Shekarabi, 2005). In response to netrin, DCC is recruited to the
plasma membrane, homo-multimerizes and clusters in response to netrin-1 stimulation
1

Unpublished work. Winkle, CC., Plooster M., Urbina, F.L., Menon, S., Hanlin, C.C., Gupton S.L.
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(Gopal et al., 2016; Wang et al., 2014; Horn et al., 2013). However, as the cytoplasmic
tail of DCC lacks catalytic activity (Round and Stein, 2007), it must modulate
downstream signaling pathways, likely through it intracellular binding partners, to
promote netrin-dependent morphogenesis. Clustering and multimerization of DCC
therefore may represent signaling micro-domains involved in spatially and temporally
coordinated netrin-1 dependent signaling events downstream of DCC.
Focal Adhesion Kinase (FAK) is a non-receptor tyrosine kinase involved in
multiple cellular physiologies including cell adhesion, migration and survival, as well as
neuritogenesis (Beggs et al., 2003; Hakim et al., 2009; Bechara et al., 2008; Lawson et
al., 2012; Gupton and Gertler, 2010). Mutation of Y397 and Y861 FAK phosphorylation
sites or deletion of the gene encoding FAK (Ptk2) disrupts neurite outgrowth and
attraction towards netrin, suggesting that FAK is a critical component of netrin-1
dependent signaling during neuronal development (Li et al., 2004; Liu et al., 2004; Ren
et al., 2004; Moore et al., 2012). FAK directly interacts with the intracellular P3 domain
of DCC (Ren et al., 2004; Li et al., 2004), and netrin-1 stimulation induces
autophosphorylation of FAK at Y397, which recruits Src family kinase (SFK) members
and triggers downstream signaling events. For example, the SFKs lead to
phosphorylation of FAK at Y861, the SFK member Fyn at Y530 and DCC at Y1418(Li et
al., 2004; Liu et al., 2004; Ren et al., 2004; Meriane et al., 2004), all of which are
important for netrin-dependent morphogenesis. However, the molecular regulators that
control DCC stability and FAK activation downstream of DCC are unknown.
We recently identified a key regulator of netrin-dependent neuronal
morphogenesis in cortical and hippocampal neurons (Winkle et al., 2014; Menon et al.,
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2015; Winkle et al., 2016c), vertebrate TRIM9, an evolutionarily conserved class I TRIM
protein (Berti et al., 2002; Tanji et al., 2010). Invertebrate orthologs of Ntn1 and Dcc
regulate axon development through the single ortholog of the class I TRIpartite Motif
(TRIM) E3 ubiquitin ligases (Hao et al., 2010; Morikawa et al., 2011). Vertebrate TRIM9
directly interacts with the cytoplasmic tail of DCC, (Winkle et al., 2014) as well as the
neuronal exocytic t-SNARE SNAP25 (Li et al., 2001; Winkle et al., 2014), and the
filopodial actin polymerase VASP (Menon et al., 2015). Genetic deletion of murine
Trim9 in cortical neurons is associated with elevated exocytosis, increased growth cone
filopodia stability, and a loss of netrin responsiveness in vitro, which are associated with
defects in axon branching and cortical axon projection in vitro and in vivo (Winkle et al.,
2014; Menon et al., 2015). A netrin-sensitive interaction with SNAP25, netrin-sensitive
ubiquitination of VASP, and a direct interaction with DCC suggest that TRIM9 regulates
membrane delivery and cytoskeletal dynamics downstream of netrin-1 required for
neuronal morphogenesis. However, whether TRIM9 plays a role in DCC localization or
stability and FAK-dependent intracellular signal transduction downstream of DCC is not
known. This is an intriguing possibility as DCC has previously been shown to be
ubiquitinated and degraded by the proteasome in response to netrin-1 stimulation(Kim
et al., 2005).
Here we identify TRIM9 as a novel regulator of DCC. We find that ubiquitination
of DCC occurs in the presence of TRIM9 and blocks “inside-out” activation of FAK and
Fyn. Further we find that upon netrin-1 stimulation, DCC ubiquitination is lost, and that
TRIM9 mediates netrin-dependent, ubiquitin-independent clustering and multimerization
of the receptor, which are associated with downstream activation of FAK and Fyn.
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Inhibition of FAK phosphorylation at Y397 blocks the elevated axon branching and
VAMP2-mediated exocytosis induced by netrin-1 stimulation or loss of Trim9, but does
not interfere with the formation of SNARE complexes, suggesting a novel role for FAK
activity in vesicle fusion and plasma membrane expansion downstream of netrin-1.
3.2 Results
3.2.1 Steady State Ubiquitination of DCC and its Degradation are TRIM9
Dependent
We previously demonstrated that COOH-terminal SPRY domain of TRIM9
directly interacts with two sequences within the cytoplasmic tail of the netrin-1 receptor
DCC (Winkle et al., 2014). TRIM9 is a brain-enriched E3 ubiquitin ligase with one
identified substrate, the actin regulatory protein VASP (Menon et al., 2015). Since E3
ligases often have multiple substrates, and previous studies demonstrated netrindependent ubiquitination and proteasome-mediated degradation of DCC in embryonic
cortical neurons (Kim et al., 2005), we examined whether DCC ubiquitination differs
depending on the presence or absence of TRIM9 using HEK293 cells where the gene
encoding TRIM9 was deleted(Menon et al., 2015). In TRIM9+/+ HEK293 cells,
immunoprecipitation of HA-DCC co-precipitated FLAG-ubiquitin (Figure 3.1A),
indicative of DCC ubiquitination. Netrin-1 stimulation or genetic loss of TRIM9 reduced
the amount of FLAG-ubiquitin co-precipitated with HA-DCC immune complexes,
suggesting that this modification is bothTRIM9-dependent and netrin-sensitive. To
confirm the relevance of this modification in cortical neurons, we immunoprecipitated
endogenous DCC from primary Trim9+/+ or Trim9-/- cultured cortical neurons and
immunoblotted for endogenous DCC and endogenous ubiquitin (Figure 3.1B). This
demonstrated that cortical neurons exhibited a similar pattern of TRIM9-dependent,

99

netrin-sensitive DCC ubiquitination.
Ubiquitination can target substrates for proteosome-mediated degradation
(Shenoy, 2007). Previous studies suggested that DCC is ubiquitinated and degraded by
the proteasome (Kim et al., 2005). To investigate whether DCC levels were altered by
deletion of Trim9, we quantified DCC protein levels in cultured cortical neurons (Figure
3.1C). We observed a DCC immunoreactive band at ~ 190kDa as expected, as well as
a higher molecular weight species above 200 kDa. In Trim9+/+ neurons, the 190 kDa
band increased following netrin stimulation, whereas the total DCC protein (~190 kDa
and above) did not. This is consistent with the loss of DCC ubiquitination observed
above. Further, both the 190kDa and total DCC protein increased upon inhibition of the
proteosome with bortezamib, confirming DCC degradation by the proteosome. In Trim9/-

neurons, the 190 kDa DCC levels and total DCC levels were increased basally.

Further total DCC levels were insensitive to netrin stimulation or proteosome inhibition
in Trim9-/- neurons. Together with the pattern of TRIM9-dependent ubiquitination of
DCC, these results suggest that TRIM9 maintains steady-state levels of DCC, likely in a
ubiquitin proteasome-dependent fashion.
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Figure 3.1. DCC is ubiquitinated in the presence of TRIM9 and degraded by the
proteasome.
A) Ubiquitination assay showing the ubiquitination of DCC in the presence of TRIM9 in HEK293
cells. Ubiquitination is decreased in the absence of TRIM9, or the presence of Netrin. B)
Ubiquitination assay in cortical neurons. C) Degradation inhibition in cortical neurons. Inhibiting
the proteasome, but not the lysosome increases high MW DCC. Netrin increases proteasomal
degradation of DCC in Trim9+/+ but not Trim9-/- neurons. (A, n=3 B, n=3 C, n=3).
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3.2.2 Loss of Trim9 Increases DCC at the Plasma Membrane.
In addition to regulating protein stability, ubiquitination is more recently
appreciated to alter protein localization and trafficking. We previously demonstrated that
loss of Trim9 increased VAMP2- and VAMP7-mediated exocytosis in cortical neurons
(Winkle et al., 2014). Interestingly, DCC associates with secretory vesicles that contain
either of these v-SNAREs(Bouchard et al., 2008; Cotrufo et al., 2011; 2012), suggesting
DCC may be a vesicular cargo for SNARE-mediated exocytosis. We confirmed the
colocalization and co-transport of mcherry-DCC with eGFP-VAMP2 or eGFP-VAMP7 in
cortical neurons via live cell Total Internal Reflection Fluorescence Microscopy (TIRF-M)
(Figure 3.2A,B). Based on our previous observations, we hypothesized that insertion of
DCC into the plasma membrane may be increased by netrin-1 stimulation or deletion of
Trim9. To test this, we affinity purified biotinylated surface proteins from Trim9+/+ and
Trim9-/- cortical neurons. In Trim9+/+ neurons, DCC biotinylation increased in response
to netrin stimulation(Figure 3.2C), consistent with previous results (Moore et al., 2008).
Loss of Trim9 also significantly increased biotinylation of DCC. These data are
consistent with elevated VAMP2 and VAMP7-mediated exocytosis delivering more DCC
to the surface of the neuron upon netrin stimulation or Trim9 deletion(Winkle et al.,
2014).
To determine whether TRIM9-dependent ubiquitination of DCC modulated
surface localization of DCC, we created a DCC mutant, in which three cytoplasmic K
residues (1163, 1167, and 1409) were mutated to R (DCCKR), which reduced its
ubiquitination in HEK293 cells (Figure 2 E). We expressed either pHluorin-DCC or
pHluorin-DCCKR in TRIM9+/+ and TRIM9-/- HEK293 cells, and similarly performed
surface protein biotinylation assays. Similar to observations in cortical neurons (Figure
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2C), netrin-1 stimulation in the presence of TRIM9 or deletion of TRIM9 both increased
pHlourin-DCC biotinylation. pHlourin-DCCKR exhibited increased basal levels of
biotinylation, indicating non-ubiquitinated DCC localizes to the plasma membrane.

Figure 3.2. Loss of Trim9 increases VAMP-dependent delivery of DCC to the
plasma membrane and surface availability of DCC.
A) Colocalization of a moving VAMP2+ vesicle with mCherry DCC. B) Colocalization of
a moving VAMP7+ vesicle with mCherry DCC. C) Surface biotinylation assay in Trim9+/+
and Trim9-/- cortical neurons. Loss of Trim9 and netrin stimulation increased surface
levels of DCC. D) Immunoblot of a ubiquitin assay in Trim9+/+ and Trim9-/- HEK293
showing DCCKR mutant cannot be ubiquitinated in the presence or absence of Trim9. E)
Surface biotinylation assay in Trim9+/+ and Trim9-/- HEK293 cells showing that unubiquitinated DCC in the presence of netrin, the absence of Trim9 or form of DCCKR is
increased at the plasma membrane. (C, n=2 D, n=2 E, n=4).
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3.2.3 Deletion of Trim9 Leads to Defects in Netrin-Dependent Multimerization and
Clustering of DCC
Prior to being degraded by the proteasome, DCC clusters and multimerizes in
response to netrin-1 stimulation (Mille et al., 2009; Matsumoto and Nagashima, 2010;
Kim et al., 2005). To determine if TRIM9 plays a role in these netrin-1 dependent
responses, we inspected netrin-dependent clustering of fluorescently tagged DCC via
TIRF-M. E15.5 cortical neurons were imaged immediately prior to and after netrin-1
stimulation (Figure 3.3A). Trim9+/+ neurons demonstrated a rapid rearrangement of
DCC within the plasma membrane into distinct clusters at the cell periphery. In addition
to clustering along the periphery of the neuron within the TIRF illumination field, this
netrin-dependent response was also observed on the apical plasma membrane, via
spinning disk confocal microscopy. (Figure 3.3B). This clustering response was absent
in Trim9-/- neurons, suggesting that Trim9 may be required for clustering of DCC in
response to netrin. Reintroduction of eGFP-TRIM9 or a variant of TRIM9 lacking the
ubiquitin ligase RING domain (TRIM9ΔRING) partially rescued this defect in netrin
dependent clustering. Interestingly, expression of TRIM9ΔRING led to aberrant
clustering prior to netrin stimulation, suggesting that it may act as a dominant positive
facilitator of DCC clustering. Expression of a GFP tagged variant of TRIM9 lacking the
DCC binding SPRY domain (TRIM9ΔSPRY) did not rescue netrin-dependent clustering
of DCC, suggesting that TRIM9 interaction with DCC is required for DCC clustering.
pHluorin-DCCKR also displayed rapid clustering at the plasma membrane of Trim9+/+
neurons in response to netrin-1 application, suggesting that TRIM9 facilitates netrindependent clustering in a ubiquitin-independent manner (Figure 3.3A). This clustering
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response is not likely due to exocytosis since mean cellular fluorescence does not
significantly increase, suggesting a highly spatially localized netrin-dependent response.
In addition to spatial clustering, DCC is documented to homo-multimerize in
response to netrin-1 stimulation (Mille et al., 2009; Bin et al., 2013). If multimerization is
a biochemical correlate of the spatial clustering observed by light microscopy, we
hypothesized that TRIM9 may be necessary for DCC multimerization. Consistent with
multimerization of the receptor, immunoprecipitation of HA-DCC from HEK293 cells via
the HA tag co-precipitated GFP-DCC (Figure 3.3C). This interaction was enhanced by
netrin stimulation in TRIM9+/+ HEK293 cells, and reduced in TRIM9-/- HEK293 cells.
Thus netrin-dependent clustering and multimerization of DCC are promoted by TRIM9.
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Figure 3.3. Loss of Trim9 impairs clustering and multimerization of DCC in
response to netrin.
A) TIRF-M of Trim9+/+ and Trim9-/- cortical neurons expressing tagged variants of DCC
before and after netrin and quantification of fluorescence ratio between pre- and postnetrin conditions. B) LSCM of DCC clustering in response to netrin in Trim9+/+ neurons
and quantification of the amount of DCC clustered relative to cell area. C) Coimmunoprecipitation of HA and GFP DCC showing multimerization of DCC in response
to netrin in Trim9+/+ but not Trim9-/- HEK293 cells. (A, n= 10, 9, 10, 8, 8, 7 neurons in
order of graphed conditions B, n=4 neurons C, n=3)
3.2.4 Loss of Trim9 Leads to Hyperactivation of FAK and Fyn Downstream of DCC
Morphogenic responses to netrin downstream of the non-catalytic receptor DCC
involves several intracellular DCC binding partners and phosphorylation events (Li et
al., 2004; Liu et al., 2004; Ren et al., 2004; Moore et al., 2012; Meriane et al., 2004;
Antoine-Bertrand et al., 2011; 2016). We hypothesized that TRIM9-dependent
alterations in DCC ubiquitination, localization, multimerization and clustering could
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modulate these events. FAK directly interacts with the COOH-terminal LD motif on the
P3 domain (Figure 3.4A) of DCC, and this interaction is enhanced by netrin stimulation
(Liu et al., 2004; Li et al., 2004). We similarly observed increased coimmunoprecipitation of Myc-FAK and GFP-DCC upon netrin stimulation in TRIM9+/+
HEK293 cells (Figure 3.4B). Interestingly, this interaction was enhanced but netrininsensitive in TRIM9-/- HEK293 cells. Subsequent to interacting with DCC, FAK is
autophosphorylated at Y397(Li et al., 2004; Ren et al., 2004) (pY397). We observed
netrin-dependent increases in pY397 in TRIM9+/+ neurons, and enhanced basal pY397
in Trim9-/- neurons (Figure 3.4C). SFKs dock at pY397 on FAK and also interact with
the PXXP motif beginning at P1400 on the cytoplasmic tail of DCC. This leads to
multiple SFK-dependent phosphorylation events, including phosphorylation of FAK at
Y861 (Ren et al., 2004), Fyn at Y530, and DCC at Y1418. In Trim9+/+ neurons, each of
these SFK-dependent phosphorylation events increased in response to netrin
stimulation, recapitulating previous results(Ren et al., 2004; Meriane et al., 2004; Li et
al., 2004; Liu et al., 2004). Furthermore all of these phosphorylation events were
elevated at basal levels in Trim9-/- cortical neurons suggesting that TRIM9 controls
several signaling events that occur downstream of DCC. As previously reported,
phosphorylation of the SFK member Src was not significantly altered in response to
netrin stimulation in either Trim9+/+ or Trim9-/- neurons (data not shown)(Liu et al., 2004).
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Figure 3.4. Loss of Trim9 promotes FAK activation downstream of netrin.
A) Color coded schematic of DCC cytoplasmic tail showing binding motifs and mutation
sites.B) Co-immunoprecipitation of Myc- FAK with GFP-DCC showing increased
precipitation of FAK with DCC in response to netrin and loss of Trim9. GAPDH shown
as loading control. C) Immunoblots of total FAK, FAKpY397, and FAKpY861 and
quantification of percent change relative to Trim9+/+ control showing netrin and Trim9-/dependent increased FAK phosphorylation. GAPDH shown as loading control D)
Immunoblots of total Fyn and Phospho Fyn p530 percent change relative to Trim9+/+
control showing netrin and Trim9-/- dependent increased Fyn phosphorylation. GAPDH
shown as loading control E) Immunoblots of DCC pY1418 in Trim9+/+ and Trim9-/cortical neurons and HEK cells expressing GFP-DCC or GFP-DCCKR. (A, n=5 and 3 B,
n=4 C, n=3 D, n=3 and 3)
3.2.5 FAK Interaction with and Phosphorylation of DCC is Disrupted by
Ubiquitination of DCC in the Presence of TRIM9
These observations indicate that TRIM9 prevents inside-out activation of the
FAK/SFK signaling cascade in the absence of netrin stimulation. Although TRIM9 does
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interact with two sites on the cytoplasmic tail of DCC(Winkle et al., 2014), these sites do
not overlap with known FAK and SFK binding sites on DCC (Figure 3.4A). Interestingly
however, one of the K residues within the DCC cytoplasmic tail that was predicted to be
ubiquitinated (1409K) is situated between the FAK and Fyn binding sites and near
Y1418 on DCC. Based on the size of ubiquitin (~8.5 kDa) relative to the P3 domain of
DCC (~3.7kDa), and our observations that this signaling pathway is activated when
reduced DCC ubiquitination was observed (Figure 3.1A-B), we hypothesized that
ubiquitination of DCC could occlude access for FAK to the P3 domain and subsequent
activation of this pathway. Consistent with this, the non-ubiquitinatable pHluorin-DCCKR
exhibited increased interaction with Myc-FAK in HEK293 cells as measured by coimmunoprecipitation (Figure 3.4B). Further Phosphorylation of DCC at Y1418 was
increased in response to the loss of Trim9 or netrin stimulation of Trim9+/+ cortical
neurons, and upon expression of pHluorin-DCCKR as compared to pHlourin-DCC in
HEK293 cells (Figure 3.4E). These data strongly suggest that TRIM9-dependent
ubiquitination of DCC constrains access of FAK to the P3 domain, and the multitude of
FAK and Fyn-dependent phosphorylation events that occur downstream.
3.2.6 Pharmacological Inhibition of FAK Phosphorylation at Y397 Blocks NetrinDependent Axon Branching
Netrin stimulation promotes axon branching (Dent et al., 2004), and deletion of
Trim9 aberrantly elevates axon branching, precluding netrin-dependent branching. FAK
and SFK activity are required for netrin-dependent axon outgrowth and guidance (Ren
et al., 2004; Liu et al., 2004), but have not been implicated in axon branching as of yet.
To determine if FAK activity is involved in netrin-dependent branching and the elevated
axon branching phenotype observed in Trim9-/- neurons, we used a pharmacological
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inhibitor that prevents autophosphorylation of FAK at Y397(Golubovskaya et al., 2008).
This blocked netrin-dependent increases in axon branching density in Trim9+/+ neurons,
and reduced the exuberant branching phenotype in Trim9-/- neurons These data
suggest that FAK activation is required downstream of DCC and TRIM9 to promote
netrin-dependent axon branching.

Figure 3.5. Pharmacological inhibition of FAK pY397 blocks netrin-dependent
axon branching.
Immunocytochemistry of Trim9+/+ and Trim9-/- cortical neurons at 3DIV (green is actin,
red is BIIItubulin) and quantification of mean axon branches/100µm axon length.
Quantification shows that pharmacological inhibition of FAK at tyrosine 397 significantly
decreases netrin dependent and aberrant axon branching in Trim9+/+ and Trim9-/neurons respectively. (n= 3 separate experiments).
3.2.7 Inhibition of FAK Phosphorylation at Y397 Inhibits SNARE Dependent
Exocytosis but not SNARE Complex Formation
Axon branching increases the neuronal plasma membrane surface area (Winkle
et al., 2016b), which necessitates insertion of new plasma membrane material. We

110

previously demonstrated that netrin-dependent axon branching required SNAREmediated exocytosis and observed that the exuberant axon branching that occurred
upon deletion of Trim9 similarly involved increased SNARE complex formation and
exocytic vesicle fusion (Winkle et al., 2014). Since FAK inhibition blocked axon
branching (Figure 3.5) and we previously demonstrated a role for FAK activity in
exocytosis and neuritogenesis in cortical neurons (Gupton and Gertler, 2010), we
hypothesized that FAK activity may be required to promote the requisite SNARE
complex formation and exocytosis. We exploited the FAK inhibitor and the SDS
resistance of SNARE complexes (Söllner et al., 1993; Hayashi et al., 1994) to
investigate this possibility (Figure 3.5A). Netrin stimulation of Trim9+/+ neurons or
deletion of Trim9 increased the amount of SNARE complexes (Figure 3.6A), as
previously observed. Unexpectedly, inhibition of FAK increased basal levels of SNARE
complexes in Trim9+/+ neurons and failed to disrupt elevated SNARE complexes found
in Trim9-/- neurons. These data suggest that FAK activity is not required for SNARE
complex formation. To determine if elevated SNARE complexes following FAK inhibition
were driving increased exocytosis, we tracked the frequency of VAMP2-phluorin
mediated exocytic events via TIRF-M (Figure 3.6B). Whereas application of netrin
increased basal exocytic fusion in Trim9+/+ cortical neurons as expected, this was
blocked by the FAK inhibitor. Similarly, the aberrantly high levels of exocytic vesicle
fusion in Trim9-/- neurons were decreased by FAK inhibition. This inhibition of exocytosis
could be linked to the deficits in axon branching.
These data suggest the intriguing possibility that FAK facilitates the progression
from SNARE complex formation to vesicle fusion. If so, we would predict that in FAK
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inhibited neurons SNARE complexes would tether non-motile, non-fusing vesicles to the
plasma membrane. To test this possibility, we expressed eGFP-VAMP2 and soluble
mCherry in Trim9+/+ cortical neurons to visualize vesicles and the neuronal footprint,
respectively, within 100 nm from the plasma membrane via TIRF-M (Figure 3.6C). FAK
inhibition was associated with an increased percentage of area of the neuronal footprint
containing non-motile vesicles compared to control-treated neurons, supporting the
hypothesis that FAK activity is required for the progression from SNARE complex
formation to vesicle fusion.
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Figure 3.6. Inhibition of FAK activation blocks SNARE mediated exocytic vesicle
fusion but not SNARE complex formation.
A) Immunoblots and quantification of SNARE complexes (above 40kDa), and
monomers for VAMP2, Syntaxin-1, and SNAP25. B) Quantification of VAMP2 pHluorin
exocytic vesicle fusion events (events/mm2/min) and an example TIRF-M inverted
image of a Trim9+/+ neuron expressing VAMP2 pHluorin treated with FAK inhibitor.
Insets represent examples of exocytic fusion in a neurite and the soma. C) TIRF-M
images of GFP-VAMP2 vesicles in Trim9+/+ control and FAK inhibitor treated neurons.
Quantification of % of the total cell area containing non-motile vesicles. (A, n=3 B, n= at
least 10 neurons/condition C, n= 10 neurons/condition).
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3.3 Discussion
Here we demonstrate novel molecular mechanisms that control the localization
and function of the netrin receptor DCC, and intracellular signaling events and cell
biological machines that promote appropriate axonal morphogenesis downstream of
netrin. Intriguingly these mechanisms involve both ubiquitin-dependent and ubiquitinindependent functions of a brain-enriched E3 ubiquitin ligase TRIM9. For example, our
data are consistent with the possibility that TRIM9-dependent ubiquitination of DCC
maintains steady-state levels of DCC, but not its degradation following netrin
stimulation. Additionally, and perhaps more importantly, we find that TRIM9-dependent
ubiquitination of DCC precludes inside-out activation of FAK and SFKs, important
regulators of axonal morphogenesis(Ren et al., 2004; Li et al., 2004; Liu et al., 2004).
By doing so, we suggest that TRIM9 maintains the neuron in a less mature morphology,
yet poised for rapid responses to netrin stimulation. We identified an unexpected role for
FAK activity in the progression of SNARE complex formation to exocytic vesicle fusion
at the plasma membrane of the developing neuron, which is required for axon
branching(Winkle et al., 2014). Together with previous work demonstrating that TRIM9
constrains the function of the exocytic tSNARE SNAP25 and the filopodia actin
polymerase VASP in the absence of netrin(Li et al., 2001; Winkle et al., 2014; Menon et
al., 2015), these findings situate TRIM9 at the interface of critical cellular machines
necessary for spatiotemporally controlled neuronal morphogenesis. TRIM9 thus plays
an integral role in establishing proper neuroconnectivity, which is likely critical for
behavior, as Trim9-/- mice exhibit severe deficits in spatial learning and memory(Winkle
et al., 2016c).
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3.3.1 The Role of Post Translational Modification in DCC Receptor Trafficking and
Behavior
The ubiquitination of DCC in the presence of TRIM9 is either reversed or
inhibited following netrin stimulation. In the presence of this ubiquitination DCC is mainly
inert, with stable basal levels of trafficking and degradation occurring constantly. This
post translational modification appears to mediate DCC delivery to the plasma
membrane, as non-ubiquitinated DCC is found more readily at the cell surface in
comparison to ubiquitinatable DCC. Canonically, ubiquitination targets a substrate for
degradation. In the case of DCC the addition of netrin decreases ubiquitin association
with DCC but increases proteosomal degradation of the receptor in a TRIM9 dependent
fashion. Thus ubiquitin modification appears to alter basal DCC protein levels and
localization.
TRIM9 directly interacts with the P3 domain of DCC. While this interaction
appears to be involved in ubiquitination of the receptor it also functions in non-ubiquitin
dependent roles. DCCKR is able to cluster in response to netrin, but both netrindependent clustering and multimerization are defective in Trim9-/- cells suggesting that
these responses are both netrin and TRIM9 dependent, but ubiquitin independent. How
TRIM9, plays such distinct roles in DCC activity is unclear but, one simple explanation
may lie within the ability of TRIM9 to auto-ubiquitinate(Tanji et al., 2010). It is possible
that this process may prevent TRIM9 from ubiquitinating other substrates such as DCC,
but still allows it to facilitate netrin dependent signaling via non-ubiquitin dependent
mechanisms such as direct binding above the P2 domain of DCC (Figure 3.4A). Given
that expression of TRIM9ΔRING resulted in netrin independent DCC clustering, another
possible explanation is that full length TRIM9 interaction with, and ubiquitination of DCC
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inhibits cluster formation in the absence of netrin. In the presence of netrin ubiquitination
is decreased, promoting cluster formation. TRIM9ΔRING is able to strongly and stably
interact with DCC but unable to facilitate ubiquitination without its ubiquitin ligase
domain, thus DCC remains free to form clusters.
Another less straightforward possibility may implicate TRIM cooperation. TRIM
proteins are known to form homodimers and heterodimers with themselves and other
TRIM9 family proteins (Napolitano et al., 2011), thus it is a likely possibility that this
change of conformation may affect how TRIM9 interacts with DCC to alter its behavior.
A closely related but little studied TRIM family member, TRIM67 has been implicated in
neuritogenesis (Yaguchi et al., 2012), and heterodimerizes with TRIM9, making TRIM67
an intriguing candidate for mediating TRIM9 affects on DCC.
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Figure 3.7. Model: TRIM9 mediates the formation of signaling scaffolds via
ubiquitin blockade of key sites.
A) In the absence of netrin, DCC is ubiquitinated in the presence of TRIM9 at tyrosine 1409. The
addition of ubiquitin to this site inhibits downstream signaling of FAK and Src family kinases and
constrains vesicle fusion and axon branching. The addition of netrin results in DCC clustering,
and that removal of the ubiquitin blockade allowing the formation of large signaling scaffolds
which promote local vesicle fusion and axon branching. B) Upon binding of netrin ubiquitin at
1409 is removed, and FAK binds to the P3 domain of DCC. Src family kinases interact with FAK
phosphorylating pY861 and allowing auto-phosphorylation of pY397. FAK auto-phosphorylation is
required for Src dependent phosphorylation of DCC at pY1418. All of these phosphorylation
events are necessary for axon branching and guidance suggesting FAK acts as a scaffolding
protein to Src family kinases during axon branching.
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3.3.2 TRIM9 Dependent Ubiquitination Buffers FAK and Src Family Kinase
Downstream of DCC
Phosphorylation of DCC, FAK and SFKs play an integral role in netrin-dependent
axonal outgrowth and attractive guidance (Meriane et al., 2004; Li et al., 2004; Liu et al.,
2004; Moore et al., 2012; Ren et al., 2004), but the mechanism by which this
intracellular signaling is kept off in the absence of netrin had not previously been shown.
Our data are consistent with a model in which TRIM9-dependent ubiquitination of DCC
at 1409K prevents inside-out activation of this signaling pathway, by occluding FAK
binding to DCC, which prevents FAK activation and subsequently SFK-dependent
phosphorylation of FAK, Fyn and DCC (Figure 3.7). Further, since TRIM9 is required
for netrin-dependent DCC clustering, it is intriguing to hypothesize that upon netrin
stimulation TRIM9 facilitates the formation of spatially and temporally regulated
signaling microdomains within the plasma membrane near netrin sources. The
formation of these signaling scaffolds would ensure the spatial specificity required to
form collateral axon branches or required for axon turning during development.
3.3.3 TRIM9 Employs a ‘Double Brake’ on SNARE Proteins to Mediate Exocytosis
and Axon Branching
Our previous work identified a, netrin-sensitive interaction between TRIM9 and
the t-SNARE SNAP25(Winkle et al., 2014). By demonstrating a novel role for FAK
activity in vesicle fusion, we suggest that TRIM9 plays an additional role in constraining
netrin-dependent exocytosis by inhibiting FAK activity. FAK has been implicated in
neuritogenesis, axonal outgrowth and axon guidance and in exocytosis in developing
neurons (Gupton and Gertler, 2010; Liu et al., 2004; Li et al., 2004; Ren et al., 2004;
Moore et al., 2012), however, how it regulates this is unclear. However, netrindependent FAK activation SNARE-mediated exocytosis occur on similar time frames.
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That VAMP2-mediated vesicle fusion was sensitive to FAK inhibition, but not SNARE
complex formation might suggest that FAK phosphorylation of an as yet unidentified
substrate is involved in the trans-SNARE to cis SNARE complex transition necessary
for exocytic fusion. Although no pY residues have been identified in the core neuronal
SNARE components, the Ca++-sensor synaptotagmin does contain pY residues. During
synaptic vesicle release, calcium-bound synaptotagmin displaces complexin from the
SNARE complex, which is thought to allow the final stages of vesicle fusion to
occur(Tang et al., 2006; Maximov et al., 2009). Whether a phosphorylation dependent
switch in synaptotagmin function or another exocytic component could be involved in
developmental exocytosis in neurons is an exciting possibility, although how this control
is exerted remains unclear. As both VAMP2 and VAMP7 vesicles contained DCC, it is
likely that modulation of v-SNAREs is a mechanism that constrains the amount of DCC
at the plasma membrane as well creating a feedback loop for netrin dependent
signaling.
An exciting hypothesis involves the possibility of converging signaling pathways
that exist downstream of DCC and integrin. Netrin binds both integrin and DCC(Yebra et
al., 2003; Shekarabi, 2005). Both DCC and integrin bind to the FAT domain of FAK and
lead to FAK activation via auto-phosphorylation at Y397(Li et al., 2004; Liu et al., 2004;
Ren et al., 2004; Legate and Fässler, 2008). Local FAK activity is required for the
upregulation of integrin receptors, which are necessary for axonal outgrowth (Gupton
and Gertler, 2010; Myers et al., 2011). PKA signaling is activated following integrinmediated adhesion (Lim et al., 2008; Howe, 2004). This active PKA phosphorylates the
SNARE fusion clamp complexin, enhancing vesicle fusion (Cho et al., 2015). Whether
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integrin and DCC signaling are parallel processes or are linked by an unknown
mechanism remains to be seen, though the possibility that TRIM9 may link the two is
intriguing. In this way, FAK activation could facilitate SNARE mediated exocytosis in
response to netrin signaling without affecting SNARE complex formation.
We previously showed that SNARE-dependent vesicle fusion was required for
plasma membrane expansion during axon branching(Winkle et al., 2014).
Pharmacological inhibition of FAK pY397 inhibited axon branching, as well as SNARE
mediated exocytic fusion. This is likely due to the dual role FAK plays. By facilitating
SNARE fusion FAK mediates plasma membrane expansion. By providing a scaffold for
Src family kinases to phosphorylate DCC at pY1418, FAK may also partially mediate
the activation of guanine nucleotide exchange factors (GEFs) that activate Rac1 to
increase actin polymerization(Meriane et al., 2004). This actin polymerization provides
the force necessary to protrude the newly added membrane and form nascent
branches. We recently identified an interaction between TRIM9 and the actin
polymerase VASP that constrains filopodial protrusions in the growth cone to regulate
axon guidance(Menon et al., 2015). These data, coupled with our new finding that
TRIM9 also constrains FAK activity downstream of DCC further highlight the
overarching importance of TRIM9 in axon branching. While, our in vitro branching
assays are clear evidence that inhibition of FAK decreases aberrant branching in Trim9/-

neurons, it is unclear whether these results recapitulate in vivo. This is a possibility we

are currently investigating using Thy-1 GFP Trim9 mice crossed with a line of NexCre/FRNKloxP mice expressing the dominant negative variant of FAK, Frnk to elucidate
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whether inhibition of FAK can rescue previously identified aberrant axon branching
within the corpus callosum of Trim9-/- in vivo(Winkle et al., 2014).
3.3.4 TRIM9 as a Molecular ‘Conductor’ of Cellular Machinery during Neuronal
Development
TRIM9 regulates a growing list of cellular machinery downstream of netrin, acting
as a sort of molecular conductor orchestrating the complex cellular processes required
for changes in neuronal cell morphology. TRIM9 binds directly to DCC and mediates its
plasma membrane expression and proteasomal degradation. TRIM9 constrains actin
cytoskeletal dynamics through its interaction with the actin polymerase VASP(Menon et
al., 2015), and SNARE mediated exocytosis via an interaction with SNAP-25(Winkle et
al., 2014) and regulation of FAK activity downstream of netrin. By regulating both the
membrane trafficking and cytoskeletal dynamics needed to add material to the plasma
membrane and generate outward pushing force against it, TRIM9 regulates neuronal
morphology. Our recent evidence suggests that this TRIM9-dependent orchestration of
tasks is not limited to cortical neurons but plays a role in embryonic and adult
hippocampal neuron morphology critical to spatial learning and memory(Winkle et al.,
2016c). Altogether these data implicate TRIM9 as a key molecular mediator of cell
morphology critical to proper neural connectivity and behavior.
3.4 Methods
3.4.1 Animals
All mouse lines were on a C57BL/6J background and bred at UNC 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.
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3.4.2 Antibodies, Reagents and Plasmids
Antibodies used in this study include mouse anti Myc (SCBT Dallas TX. USA,
1:1000, 9E10), rabbit anti GFP (invitrogen 1:1000), goat anti DCC (SCBT 1:1000),
rabbit anti FAK PY397 monoclonal (Invitrogen), rabbit anti-FAK PY861 polyclonal
(Novex), mouse anti FAK monoclonal (Invitrogen), rabbit anti BIII tubulin (Covance),
mouse anti BIII tubulin monoclonal (Covance), mouse anti GapDH (SCBT), mouse
monoclonal anti-Syntaxin (SCBT), rabbit polyclonal anti-VAMP2 (Cell Signaling), goat
polyclonal SNAP25 (SCBT) mouse monoclonal anti-Fyn (Thermo Fisher), rabbit
polyclonal anti pTyr 530 (Phospho Fyn, Thermo Fisher), rabbit DCC pY1418 serum was
generously provided by Dr. Nathalie LaMarche Vane (McGill University), Myc antibody
coated agarose beads(SCBT), DCC-A20 coated agarose beads(SCBT). Fluorescent
secondary antibodies and fluorescent phalloidin labeled with AlexaFluor 488, AlexaFluor
56, or AlexaFluor647 were from Invitrogen. Fluorescent and epitope tagged TRIM9
mammalian expression plasmids are previously described (Winkle et al., 2014). The
pHluorin-DCC and DCC KR (change of K to R) plasmids are similar to the mCherry-DCC
plasmid described in (Winkle et al., 2014), except the fluorophore was subcloned.
pHluorin-VAMP2 was previously described(Miesenböck et al., 1998) eGFP-VAMP2 and
eGFP-VAMP7 were described in (Gupton and Gertler, 2010). Rat DCC was as
described previously (Winkle et al., 2014). pEGFP-mouse VAMP2-pHluorin under CMV
promoter was previously described (Gupton and Gertler, 2010). Rat DCC was cloned
into HA plasmid. Human DCC cloned into Myc vector as previously described in Bin et
al., (Bin et al., 2013) was a generous gift from Dr. Tim Kennedy (Mcgill University). MycFAK was a generous gift from Dr. Joan Taylor (UNC-Chapel Hill). Recombinant chicken
netrin-1 was concentrated from supernatant of HEK293 cells(Serafini et al., 1994;
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Lebrand et al., 2004) Neutravidin agarose beads(ThermoSci 29200), NHSS Sulfobiotin
(ThermoSci). Pharmaceutical reagents: FAK inhibitor 14 (Tocris), Bortezomib (SCBT).
3.4.3 Embryonic Cortical Neuron Culture, Transfection and Imaging
Embryonic day 15 (E15.5) dissociated cortical neuronal cultures were prepared
as described(Viesselmann et al., 2011). Briefly, cortices were micro-dissected and
neurons were dissociated with trypsin and plated on Poly-D-lysine (Sigma)-coated
coverslips, glass bottom movie dishes (Matek) or tissue culture treated plastic in
Neurobasal media (Invitrogen) supplemented with B27 (Invitrogen). For all transfections
neurons were dissociated and resuspended in Lonza Nucleofector solution (VPG-1001)
and electroporated in accordance with the manufacturer protocol prior to plating. For
immunofluorescence studies, following culture and treatment, neurons were fixed in 4%
paraformaldehyde (PFA) at the indicated time points, permeabilized for 10 minutes in
0.1% Triton X-100, blocked for 30 minutes in 10% BSA, and stained with indicated
primary antibodies for 1 hour at room temperature. Following three washes, species
appropriate, coverslips were incubated in spectrally distinct fluorescent secondary
antibodies for 1 hour at room temperature. Following three washes, cells were mounted
in a TRIS/glycerol/n-propyl-gallate-based mounting media for imaging. Widefield
epifluorescence images of neurons were analyzed for all fixed cell experiments.
3.4.4 Live Cell Imaging
All live cell imaging was performed on an inverted microscope (IX81-ZDC2) with
MetaMorph acquisition software, an electron-multiplying charge-coupled device (iXon),
and an imaging chamber (Stage Top Incubator INUG2-FSX; Tokai Hit), which
maintained 37°C and 5% CO2.
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For mCherry-DCC, or pHluorin-DCC TIRF-M time-lapse imaging, neurons
transfected with mCherry DCC, pHluorin DCC or mCherry DCC and GFP variants of
TRIM9 were imaged for 50 frames before stimulation with 500 ng/ml netrin-1 and at
least 50 frames thereafter, and images were acquired every 10 s with a 100x 1.49 NA
TIRF objective and a solid-state 491-nm and 561nm laser illumination at 120-nm
penetration depth for 10-20 min at 2DIV. Resulting image stacks were aligned using the
ImageJ plugin (Turbo reg) and were analyzed in MetaMorph. A circular region of
interest was drawn at the mid point of the soma and an average fluorescence
intensity/frame was recorded. The same ROI was used to establish background
fluorescence/ frame, which was then averaged. A ring shaped ROI was drawn at the
cell periphery and an average intensity/frame was also recorded. The average
background was subtracted per frame from both the somal fluorescence intensity and
the peripheral fluorescence intensity. Data were photobleach corrected across imaging
timeframe to account for instability of fluorophores and day to day variability in imaging
using ImageJ plug in photobleach correct (Schindelin et al., 2012).
For exocytic vesicle fusion assays, neurons expressing VAMP2-pHluorin were
imaged at 2 DIV with a 100x1.49 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. 500 ng/ml Netrin-1 was added 1 h before imaging of netrin-1-stimulated
neurons. To emphasize pHluorin-based exocytic events, the mean fluorescence
intensity of the time lapse was subtracted from each frame, and images were inverted
(see appendix 1).
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For imaging non-motile eGFP-VAMP2 containing vesicles, Trim9+/+ neurons
expressing eGFP-VAMP2 and cytoplasmic mCherry were imaged every 2 seconds for 5
min at 2 DIV at 110nm TIRF penetration depth. FAK inhibitor 14 treated cells were
treated with 5µM inhibitor for 30 minutes prior to imaging. Images were analyzed using
ImageJ (Schindelin et al., 2012); a threshold of the mCherry images was used to
measure the total area of the footprint of the cell, and an average projection of the GFPVAMP2 timelapse was used to identify non-motile vesicles. The percentage of the
neuronal footprint area containing non-motile vesicles is reported.
3.4.5 Computational Analysis of DCC Clustering
For analysis of DCC clustering, Cell masks were automatically generated using a
cell segmentation algorithm in matlab. The average of the pre-treated image stacks
were subtracted from each image followed by a sharpening mask, a gaussian blur, and
finally were thresholded out using Otsu's method. This cell mask was sub-divided into
an edge mask, defined as the outer pixels nearest the cell perimeter (8 pixels in width)
and the inner mask, defined as the remaining pixels that did not belong to the edge
mask. The average pixel intensities were calculated for each time point over the course
of the image stack for each of the 3 masks (whole cell, edge, and inner). Image stacks
were temporally aligned to the "treatment frame" at which time the cells were stimulated
with netrin. Cell intensities were photobleach corrected and analyzed using segmented
linear regression.
3.4.6 Axon Branching Assays
250 ng/ml netrin-1 was bath applied after 2DIV in culture, and FAK inhibited
condition were treated with 1µM/mL FAK inhibitor. Images of pyramidal-shaped neurons
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were collected at room temperature on an inverted microscope with a 40Å~, 1.4 NA
Plan Apochromat objective lens (Olympus) and an electron 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.
3.4.7 Buffers
Normal lysis buffer (50mM Tris pH7.5, 200mM NaCl, 2mM MgCl2, 10% glycerol,
1% NP-40, 15mM NaPP, 50mM NaF, 40mM β-glycerophosphate, 1mM NaV, 100mM
PMSF, 1ug/mL leupeptin, 5ug/mL aprotinin. Harsh homogenization buffer (10mM Hepes
NaOH pH 7.4, 150mM NaCl, 1mM EGTA, 1% NP-40, 0.5% tween-20, 1% Tx-100 15mM
NaPP, 50mM NaF, 40mM β-glycerophosphate, 1mM NaV, 100mM PMSF, 1ug/mL
leupeptin, 5ug/mL aprotinin). Reduction buffer (50mM Tris, 150mM NaCl pH to 8.6).
3.4.8 Immunoblotting, Co-Immunoprecipitation
SDS-PAGE and immunoblot analysis were performed using standard procedures
with far-red conjugated 2°antibodies (Licor, Lincoln, NE. USA). Signal was detected with
Odyssey Imager (Licor). Co-immunoprecipitations were performed using IgGconjugated A/G beads (SCBT) to pre-clear lysates for 1 hours at 4°C with agitation. For
DCC multimerization studies, cells were co-transfected with HA-DCC and pHluorin
(GFP) DCC treated and lysed in normal lysis buffer. HA antibody conjugated agarose
beads (Cell Signal) were used overnight at 4°C to immunoprecipitate HA-DCC. For FAK
co-immunoprecipitation with DCC, cells were transfected with pHluorin (GFP) DCC or
pHluorin (GFP) DCCKR and Myc-FAK, treated and lysed in normal lysis buffer. Lysates
were incubated with goat polyclonal DCC antibody conjugated to A/G (SCBT, A-20)
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beads overnight at 4°C. Beads were washed three times with lysis buffer and bound
proteins were prepared in sample buffer, resolved by SDS-PAGE and analyzed by
immunoblotting. SNARE complex assays were performed and analyzed as outlined
previously (Winkle et al., 2014; 2016a).
3.4.9 Surface Biotinylation Assay
5ug/mL leupeptin was added to media in 6 well dish 1 hour prior to biotinylation.
Culture media was removed and dishes were rinsed with PBS supplemented with 0.5
mM MgCl2 and 1 mM CaCl2 prior to exposure of cells to NHSS Sulfobiotin. NHSS
Sulfobiotin solution (.005g in 20mLs of PBS with Mg and Ca++) was added to cells for
30 minutes at 4° C, after which sulfo biotin solution was replaced with reducing buffer
for 30 min on ice before lysing in ice cold RIPA buffer ( RIPA: 50 mM Tris, pH 7.4, 1 mM
EDTA, 2 mM EGTA, 150 mM NaCl, 1% NP40, 0.1% SDS + protease and phosphatase
inhibitors). We precipitated biotinylated proteins with neutravidin coated beads overnight
on the rotisserie at 4° C.
3.4.10 SDS Resistant SNARE Complex Assays
Assays were performed as extensively outlined (Winkle et al., 2014; 2016a). In
brief, neuronal cell lysates from untreated, netrin treated (250ng/mL) or fak inhibited
(5µMFak inhibitor 14) were incubated at 37° C for complexes or 100° C for monomers.
Resulting samples were immunoblotted for SNARE complex proteins and quantified.
3.4.11 DCC, FAK, Src and Fyn Protein Level Analysis
For the total DCC and DCCpY1418 levels, 500ng/mL of netrin-1 was bath
applied between at 3 DIV to dissociated Trim9+/+ and Trim9-/- E15.5 cortical neurons for
40 minutes prior to lysis or left untreated for control. For proteasomal degradation of
DCC, Trim9+/+ and Trim9-/- E15.5 cortical neurons were treated with 100nM bortezomib
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for 4 hours prior to 40 minutes of netrin stimulation and lysis For the FAK and Src
phosphorylation time course, 250ng/mL of netrin-1 was bath applied between at 3 DIV
at 60, 30, 15, 10, and 5 minutes prior to lysis or left untreated for control. For the Fyn
phosphorylation time course, 250ng/mL of netrin-1 was bath applied at 3 DIV at 6 hours,
1 hour, 30 minutes, 15 minutes, and 10 minutes prior to lysis or left untreated for
control. Neurons were lysed in harsh lysis buffer, and lysates were concentration
analyzed via spectrophotometry utilizing Bradford concentration reagent (Biorad).
Samples were diluted to 2µg/ul in 5X sample buffer, resolved via SDS-PAGE,
transferred to nitrocellulose and the resulting western blots were probed with primary
and corresponding secondary antibodies as indicated. Blots were imaged on a LICOR
Odyssey scanner and resulting images were quantified via image J or Licor software
(LI-COR).
3.4.12 Statistics
At least 3 independent experiments were performed for each assay unless
otherwise noted. Data distribution normality was determined using the Shapiro-Wilkes
test. Normally distributed data were compared by unpaired t-test, for two independent
samples, ANOVA with Holm-Sidek (>5 comparisons) or Bonferroni (>2, <5
comparisons) post-hoc correction, For non-normally distrubuted data, the MannWhitney test was used or Kruskal-Wallis nonparametric ANOVA with Bonferonni
posthoc correction for >2 comparisons. All data are presented as means +/- standard
error of the mean. Statistical significance is represented as such: *p < 0.05, **p < 0.01,
***p < 0.005).
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CHAPTER 4 TRIM9 DELETION ALTERS THE MORPHOGENESIS OF DEVELOPING
AND ADULT-BORN HIPPOCAMPAL NEURONS AND IMPAIRS SPATIAL
LEARNING AND MEMORY1
4.1 Introduction
The hippocampus is a subcortical structure associated with learning and
memory. Developing hippocampal neurons progress through stereotypical stages of
morphogenesis (Dotti et al., 1988; Bradke and Dotti, 2000). Neuronal processes ramify
to innervate multiple synaptic partners, and synapses change size and shape in
response to extracellular signals and neural activity (Song et al., 2015). Appropriate
morphogenesis requires regulated cytoskeletal dynamics to provide protrusive force to
alter cell shape and delivery of materials for plasma membrane expansion (Menon and
Gupton, 2016; Winkle and Gupton, 2016).
Hippocampal adult-born neurons recapitulate stages of embryonic neuronal
development in a mature nervous system, and participate in specific functions, including
learning, memory, stress responses and mood regulation (Deng et al., 2010; Ming and
Song, 2011). These neurons are generated in the subgranular zone (SGZ) of the
dentate gyrus (DG), migrate locally within the granule cell layer (GCL), mature into
granule neurons and integrate into existing circuitry. Aberrant adult neurogenesis is
linked to neurological disorders (Deng et al., 2010; Christian et al., 2014). For instance,
deletion of Pten or DISC1 knockdown are associated with aberrant adult-born granule
1

Winkle C.C., Olsen R. H., Kim H., Moy S, Song J., Gupton S.L. Deletion of the E3 ubiquitin ligase TRIM9
disrupts hippocampal neuron morphology, anatomy and spatial learning and memory (Journal of
Neuroscience).
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cell morphology linked to epilepsy or behavioral deficits (Deng et al., 2009; Pun et al.,
2012; Zhou et al., 2013). Although aberrant development of adult-born neurons may
disrupt behavior and elicit pathology, the molecular factors that regulate development,
morphogenesis, and integration of adult-born hippocampal neurons are largely
unknown.
TRIM9 is an evolutionarily conserved member of the TRIpartite Motif (TRIM)
family of ubiquitin ligases (Berti et al., 2002; Tanji et al., 2010). We recently identified
TRIM9 as a regulator of neuronal morphogenesis in cortical neurons (Winkle et al.,
2014; Menon et al., 2015). TRIM9 directly interacts with exocytic t-SNARE SNAP25 (Li
et al., 2001), the actin polymerase VASP (Menon et al., 2015), and DCC, a receptor for
the axon guidance cue netrin (Winkle et al., 2014). Deletion of Trim9 in cortical neurons
is associated with elevated exocytosis, increased stability of growth cone filopodia, and
loss of netrin responsiveness in vitro. These phenotypes are associated with aberrant
branching and projection of cortical axons both in vitro and in vivo (Winkle et al., 2014;
Menon et al., 2015), suggesting that TRIM9 regulates membrane delivery and
cytoskeletal dynamics powering cortical neuron morphogenesis.
The role for TRIM9 in neuronal morphogenesis is evolutionarily conserved and
may extend toward the organization of synapses. In invertebrates, Trim9 orthologs are
implicated in netrin-dependent cell migration, axon guidance and branching (Hao et al.,
2010; Morikawa et al., 2011; Morf et al., 2013). In Drosophila, neural activity regulates
TRIM9 expression to establish sensory afferent topographic maps (Yang et al., 2014).
TRIM9 localizes to the somal compartment and proximal dendrites of hippocampal
neurons (Tanji et al., 2010) and is a component of the postsynaptic density (Jordan et
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al., 2004), yet little is known regarding the role of TRIM9 in dendrites. Netrin-1 and DCC
are present in the developing and adult hippocampus, and mice deficient in either genes
exhibit neuroanatomical defects (Serafini et al., 1996; Fazeli et al., 1997; Bin et al.,
2015; Yung et al., 2015) and altered spontaneous neural activity (Barallobre et al.,
2000). TRIM9 mRNA is also enriched in maturing adult-born neurons (Chatzi et al.,
2016). Thus, TRIM9 is poised to function in netrin-dependent hippocampal development
and adult neurogenesis.
Here we identify a role for TRIM9 in the control of hippocampal neuron
morphogenesis in the developing and adult hippocampus. Deletion of murine Trim9
caused exuberant arborization and/or protrusion of dendrites and axons in embryonic
and adult-born hippocampal neurons, mislocalization of adult-born neurons in vivo and
decreased dendritic spine density. These defects were associated with severely
impaired hippocampal-dependent memory. Our study supports a role for TRIM9mediated morphogenesis in higher neural processes, which is bolstered by the
evolutionarily conserved function of TRIM9 in neuronal morphogenesis, and a recent
GWAS that identified top-ranked SNPs within the human TRIM9 gene in patients with
schizoaffective disorder (Kanazawa et al., 2013).
4.2 Results
4.2.1 TRIM9 is Expressed in the Embryonic and Adult Murine Hippocampus
Based on evolutionary conservation, presence and function in developing
neurons, and a possible role in human neuropathology, we hypothesized that TRIM9
functioned in establishing or maintaining hippocampal neuron morphology and
connectivity. Previous studies suggested that TRIM9 was expressed in the
hippocampus, although RNA probe and antibody specificity were not confirmed in
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Trim9-/- samples (Li et al., 2001; Berti et al., 2002; Tanji et al., 2010) We reported the
generation of a conditional Trim9 allele (Trim9fl) and germ-line deletion of murine Trim9
using CMV-Cre (Trim9-/-, (Winkle et al., 2014). In lysate prepared from embryonic day
15.5 (E15.5) Trim9+/+ hippocampus, three expected TRIM9 isoforms were observed,
which were absent from E15.5 Trim9-/- hippocampus (Figure 4.1A). Similarly, TRIM9
immunoreactive bands were present in adult Trim9+/+ hippocampus, but not Trim9-/hippocampus (Figure 4.1A). To further confirm the specificity of TRIM9 antibodies,
lysate was immunoprecipitated with antibodies raised against NH2-terminal BBox
domains of TRIM9 (Winkle et al., 2014), and probed with antibodies raised against the
COOH-terminus of human TRIM9 (Tanji et al., 2010). Immunoprecipitation enriched
TRIM9 immunoreactive bands in Trim9+/+ hippocampus, but not in Trim9-/- hippocampus
(Figure 4.1A). Immunohistochemistry of coronal sections through the hippocampus of
adult littermates revealed TRIM9 immunoreactivity throughout the intact hippocampus of
TRIM9+/+ mice, including the CA1 and DG, whereas Trim9-/- animals exhibit only nonspecific background immunoreactivity (Figure 4.1B-C). Thus, TRIM9 is present in both
the developing and adult murine hippocampus, and absent from the hippocampus of
Trim9-/- animals.
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Figure 4.1. TRIM9 is expressed in the embryonic and adult hippocampus.
A) Western blot of hippocampal lysate from Trim9+/+ and Trim9-/- embryonic day 15.5
(E15.5) mice (left), showing the immunoreactivity of the three splice variants of TRIM9
present in Trim9+/+ samples but absent from Trim9-/- samples. GAPDH shown as
loading control. Western blot of inputs and TRIM9 immunoprecipitated from adult
hippocampal lysate from Trim9+/+ and Trim9-/- mice (right). TRIM9 was precipitated with
antibodies that recognized the NH2 terminal BBox domains of TRIM9, and probed with
antibodies raised against the COOH terminus of TRIM9. GAPDH shown as loading
control for inputs (first 2 lanes). B) DAB immunohistochemistry showing
immunopositivity for TRIM9 in the hippocampus of adult Trim9+/+ but not Trim9-/- mice.
Zoomed images demonstrate TRIM9 expression in the CA1 (middle) and DG (bottom)
of adult Trim9+/+ mice, but not Trim9-/- mice. C) Fluorescent immunohistochemistry
showing immunopositivity for TRIM9 in the DG of adult Trim9+/+ mice, but not Trim9-/mice (Red= TRIM9, Blue=DAPI).
4.2.2 TRIM9 Interacts and Colocalizes with the Netrin-1 Receptor DCC in
Hippocampal Neurons
TRIM9 directly interacts with the netrin receptor DCC, and these proteins
colocalize in embryonic mouse cortical neurons (Winkle et al., 2014). To characterize
the localization of TRIM9 and DCC in hippocampal neurons, we introduced
fluorescently-tagged TRIM9 and DCC into dissociated hippocampal neurons and
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performed live cell total internal reflection fluorescence (TIRF) imaging (Figure 4.2A).
mCherry-TRIM9 and DCC-pHluorin exhibited moderate colocalization (Pearsons
coefficient 0.34 +/- 0.052), which was greater than that observed upon scrambling of
DCC-pHluorin images (0.0008, p < 0.01). Such colocalization is detected in the shafts of
neurites and the tips of branches (Figure 4.2A, zoomed insets). To determine if
endogenous TRIM9 and DCC interact, we performed co-immunoprecipitation.
Immunoprecipitation with DCC or TRIM9 specific antibodies co-precipitated TRIM9 or
DCC, respectively, from Trim9+/+ but not Trim9-/- E15.5 hippocampal lysate (Figure
4.2B). Similarly immunoprecipitation with DCC antibodies co-precipitated TRIM9 from
Trim9+/+, but not Trim9-/- adult hippocampus (Figure 4.2C). Although relatively low
amounts of co-immunoprecipitated protein were observed in either embryonic or adult
hippocampal lysate, this is typical of interactions with E3 ubiquitin ligases (Kim et al.,
2015).
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Figure 4.2. TRIM9 colocalizes and interacts with the netrin-1 receptor DCC in
hippocampal neurons.
A) Hippocampal neurons at 2DIV expressing mCherry-TRIM9 and DCC-pHlourin
showing colocalization along the neurite shaft, and at the tips of branches (arrowheads).
Graph shows Pearson’s colocalization coefficients of DCC to TRIM9 compared to
scrambled images of the DCC-pHluorin (n=7 neurons, mean colocalization = 0.34). B)
Western blot of DCC and TRIM9 immunocomplexes precipitated from Trim9+/+ and
Trim9-/- E15.5 hippocampal lysate. TRIM9 was co-immunoprecipitated by DCC
antibodies and DCC was co-immunoprecipitated by TRIM9 antibodies in Trim9+/+ but
not Trim9-/- samples. C) Western blot of immunoprecipitates shows the three splice
variants of TRIM9 co-immunoprecipitated by DCC antibodies in Trim9+/+ but not Trim9-/samples. Goat IgG shown as a negative control, GAPDH is shown as a loading control.
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4.2.3 Deletion of Trim9 Increases Hippocampal Dendritic and Axonal Complexity
In Vitro
TRIM9 in the branching and guidance of axons of developing murine cortical
neurons (Winkle et al., 2014; Menon et al., 2015) and in invertebrates (Hao et al., 2010;
Morikawa et al., 2011; Morf et al., 2013). TRIM9 is present in hippocampal neurons,
where its expression increases over time in vitro (Figure 4.3A). Thus, we examined
whether loss of Trim9 affected the stereotypical morphological progression of
hippocampal neurons (Dotti et al., 1988) Figure 4.3A). At 1 and 2 days in vitro (DIV),
more Trim9-/- hippocampal neurons had initiated neurites and an axon, characteristics of
later stage polarized neurons, as compared to Trim9+/+ neurons (p < 0.005 for 1DIV, p <
0.01 for 2DIV). This suggests that the loss of Trim9 accelerates neuronal
morphogenesis (Figure 4.3B-E). Since TRIM9 and DCC interact and colocalize in
hippocampal neurons, we tested netrin responses. Bath application of netrin-1
accelerated neuronal morphogenesis in Trim9+/+ neurons (p < 0.05), but did not further
accelerate morphological progression of Trim9-/- neurons (Figure 4.3B-E).
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Figure 4.3. Deletion of Trim9 results in increased dendritic arborization and axon
branching in vitro.
A) Graphical characterization of neuronal stages of morphology. Western blot of TRIM9 expression in
+/+
-/E15.5 hippocampal neurons in vitro. B) Immunofluorescence of Trim9 and Trim9 hippocampal
neurons at 1 and 2 DIV and percent total number of cells per developmental stage, +/- SEM. C)
+/+
-/Immunofluorescence of Trim9 and Trim9 hippocampal neurons at 3 DIV and average length (µm),
average number of neurites, and average branches/100 µm primary neurite length for 3 DIV. Red is BIII
tubulin, green is F-actin (phalloidin). White arrows denote secondary dendrite branches, yellow arrows
+/+
-/
denote axon branches. D) Immunofluorescence and color coded tracings of Trim9 and Trim9
hippocampal neurons at 5 DIV. E) Average length (µm), average number of neurites, and average
branches/100 µm primary neurite length for 5 DIV. Error bars denote SEM, * denotes p < 0.05, ** denotes
p < 0.005, *** denotes p < 0.0005.
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After establishing a polarized neuronal morphology, the presumed axon (longest
neurite) and dendrites extend and ramify, which increases the synaptic capacity of the
neuron (Stage 4-5, Figure 4.3A). We compared the length and branching of axons and
dendrites at 3 and 5 DIV (Figure 4.3C-E). The overall number and length of neurites
were unchanged by loss of Trim9. However, Trim9-/- hippocampal neurons exhibited
increased density of branching of both the axon and the remaining neurites at 3DIV (p <
0.0001 for both axons and dendrites). This continued at 5DIV, when Trim9-/- neurons
exhibited a higher density of secondary and tertiary dendritic branching (p < 0.0001 for
both axons and dendrites). 24 hour bath application of netrin-1 increased the density of
axonal and dendritic branches at 3DIV in Trim9+/+ (p < 0.01 for both axons and
dendrites), whereas only axon branching density increased following netrin-1 treatment
in Trim9-/- neurons (p < 0.005). Bath application of netrin-1 for 24 hours prior to fixation
at 5DIV only increased the density of tertiary dendrites and secondary axon branches in
Trim9-/- hippocampal neurons (p < 0.001 for both, Figure 4.3E). These differences
suggest that TRIM9 normally restrains the acquisition of neuronal complexity, which
allows for a netrin-dependent promotion of morphogenesis.
4.2.4 Expression of Full Length TRIM9 Rescues Aberrant Arborization in Trim9-/Neurons
To confirm the aberrant dendritic and axonal arborization were due to loss of
TRIM9, we introduced Myc-TRIM9 expression plasmids into Trim9-/- hippocampal
neurons and assessed arborization at 3DIV (Figure 4.4). Myc-TRIM9 expression
decreased constitutive dendritic and axonal arborization to wildtype levels and restored
netrin-1 sensitivity (p < 0.0001 in each case), thereby rescuing aberrant arborization in
Trim9-/- neurons. To assess the role of TRIM9 ligase activity, we introduced
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MycTRIM9ΔRING, which lacks the ubiquitin ligase RING domain (Winkle et al., 2014).
MycTRIM9ΔRING reduced the aberrant constitutive axonal and dendritic arborization of
Trim9-/- neurons (Figure 4.4, p < 0.0005 for both), but failed to restore sensitivity to
netrin-1. Expression of a TRIM9 variant that lacks the DCC binding domain,
MycTRIM9ΔSPRY, reduced elevated arborization (Figure 4.4, p < 0.0005), but similarly
failed to restore netrin-1 sensitivity. These data suggest that TRIM9 restrains
morphogenesis of hippocampal neurons, and that TRIM9 ligase activity and binding to
DCC are necessary for netrin-1 dependent morphogenesis.
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Figure 4.4. Expression of full length TRIM9 rescues aberrant arborization in Trim9/hippocampal neurons.
+/+

-/-

A) Immunofluorescence of Trim9 and Trim9 dissociated hippocampal neurons transfected with Myc
and Myc tagged variants of TRIM9 at 3 DIV. T9 indicates full length TRIM9, DRING and DSPRY
represent TRIM9 lacking the RING domain and SPRY domain, respectively. Red is bIII tubulin, green is
Myc, blue is F-actin (phalloidin). White arrows denote secondary dendrite branches, yellow arrows denote
axon branches. B) Average branches/100 µm primary neurite length and average length (µm) at 3 DIV.
Error bars denote SEM, * denotes p < 0.05, ** denotes p < 0.005, *** denotes p < 0.0005.
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4.2.5 Deletion of Trim9 is Associated with Dendritic and Axonal Defects In Vivo
To determine if arborization defects also occurred in vivo in the absence of
Trim9, we crossed Trim9-/- mice with Thy1-GFP mice (line M), which express GFP in a
subset of hippocampal neurons (Feng et al., 2000). Extensive overlapping dendritic
arbors of GFP-expressing (GFP+) neurons at P21 prohibited tracing of individual
dendrites; we therefore compared the area of GFP+ dendritic material in a region of
interest in the molecular layer encompassing dendritic termination points, relative to the
number of GFP+ soma in the CA3 GCL. This revealed that Thy1-GFP/Trim9-/hippocampal neurons had increased dendritic material compared to Thy1-GFP/Trim9+/+
littermates (Figure 4.5A, p < 0.05), with no changes in the percentage of GFP+ neurons
(14.1 +/- 2.1% vs. 15.4+/-0.8%).
A subset of CA3 pyramidal cells project to the septal nuclei (Gaykema et al.,
1991; Witter, 2007), and this projection is disrupted by netrin-1 deficiency (Barallobre et
al., 2000). To determine if deletion of Trim9 also disrupted this projection, we utilized
NEX-Cre/Tau-LoxP-STOP-LoxP-mGFP mice (Goebbels et al., 2006) crossed with
Trim9fl/fl mice. The NEX promoter drives Cre expression in postmitotic, excitatory
neocortical and hippocampal neurons, and is not detectably expressed in neurons
originating in the septum (Gong et al., 2003; Goebbels et al., 2006), thus allowing
expression of mGFP and deletion of Trim9, when the relevant alleles are present.
Although no gross anatomical defects were apparent in the hippocampus (Figure 4.1B,
1C, 4.5B), we observed a 20 +/-6.5% increase in the area containing GFP+ fibers in the
septal nuclei of NEX-Cre/Tau-LoxP-STOP-LoxP-mGFP/Trim9fl/fl mice compared to
NEX-Cre/Tau-LoxP-STOP-LoxP-mGFP/Trim9+/+ littermates (Figure 4.5C, p= 0.035).
Increased axonal material within the septal nuclei may originate from misguided axons
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and/or elevated axonal branching, as we have previously observed in the corpus
callosum of Trim9-/- mice (Winkle et al., 2014). Although increased axonal material is
likely due to changes in the hippocampal projections that normally innervate the septal
nuclei, a possible contribution of neocortical GFP+ fibers misprojecting into this area is
not ruled out. However, these data are consistent with the hypothesis that morphology
defects observed in Trim9-/- hippocampal neurons in vitro impact circuit assembly in
vivo.
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Figure 4.5. Deletion of Trim9 in vivo increases dendritic arborization and
increases axonal material in the septal nuclei.
A) CA3 ROI containing the cell bodies and molecular layer extending to dendritic termini
from 3 week old Thy1-GFP littermate in the hippocampus. DAPI-stained nuclei (blue),
Thy1-GFP positive neurons (green). GFP+ dendritic area relative to the number of GFP+
soma in the region of interest (n=3 littermate pairs). B) Hippocampal sections in coronal
(left) and sagittal (right) planes of 5-week-old NEX-Cre/TauloxP-stop-loxPGFP/Trim9fl/fl and
NEX-Cre/TauloxP-stop-loxPGFP/Trim9+/+ littermates showing no major neuroanatomical
defects. C) Coronal image z-projections of 5-week-old NEX-Cre/TauloxP-stoploxP
GFP/Trim9fl/fl and NEX-Cre/TauloxP-stop-loxPGFP/Trim9+/+ littermates show aberrant
projections into the septal nuclei of NEX-Cre/TauloxP-stop-loxPGFP/Trim9fl/fl mice. The
relative area of septal axonal projections is shown. Red denotes GFAP-staining, green
denotes GFP, p < 0.05.
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4.2.6 Deletion of Trim9 Causes Somal Mislocalization of Adult-Born Hippocampal
Neurons
As the analysis of neuronal morphology in the adult brain was complicated by the
complex, overlapping processes of hippocampal neurons and the high level of neuronal
labeling in reporter mice, we sought another method to investigate the morphology of
hippocampal neurons in vivo. Since TRIM9 is present in the adult hippocampus where
neurogenesis and morphogenesis occur, we investigated if deletion of Trim9 affected
the development of adult-born DG neurons and their incorporation into local circuitry.
Stereotaxic introduction of GFP-containing retrovirus into the DG was used to sparsely
label and birthdate newly born neurons, allowing for comparison of their placement and
morphology in vivo. Consistent with findings that TRIM9 mRNA is enriched in maturing
adult-born neurons relative to mature counterparts (Chatzi et al., 2016), these GFP+
adult born neurons were immunopositive for TRIM9 (Figure 4.6A), suggesting that
TRIM9 is expressed in these cells during their maturation. Comparison of Trim9+/+ and
Trim9-/- littermates revealed unusual localization of adult-born neurons in Trim9-/- mice.
Whereas newborn neurons generally resided in the inner GCL at 14 days post injection
(DPI, Figure 4.6B-D), retroviral-labeled GFP+ adult neurons in the DG were
mislocalized in Trim9-/- animals (p < 0.0001, Figure 4.6C-D). An increased percentage
of Trim9-/- neurons localized within the middle third of the GCL (p < 0.0001) and the hilar
region (p = 0.0076), with a reduced proportion of TRIM9-/- neurons in the appropriate
inner-third region of the GCL (p < 0.0001, Figure 4.6D). To decipher whether this
improper localization could be due to misplaced neural stem cells or aberrant migration
of progenitors and immature neurons, we stained retrovirus naïve tissue in Trim9-/- mice
for nestin, a stem cell marker, and doublecortin (DCX), an immature neuronal marker.
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Nestin+ stem cells resided within the SGZ as expected (Figure 4.6E). Although most
DCX+ cells resided normally in the SGZ and inner GCL, a subset of DCX+ immature
neurons or neuroblasts were present in the middle region of the GCL and in the hilus
(Figure 4.6E). These data are consistent with aberrant migration of neuroblasts and/or
immature neurons, rather than misplaced stem cell populations. Further, co-staining
with Prox1, a granule cell marker, confirmed the identity of mislocalized GFP+ cells as
maturing granule cells (Figure 4.6F), suggesting mislocalized Trim9-/- adult-born cells
continue maturation along the granule-cell lineage.
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Figure 4.6. Loss of Trim9 increases somal mislocalization of newly born neurons
in the hippocampus.
A) GFP+ newly born neurons and surrounding mature granule cells are immunoreactive
for TRIM9 in Trim9+/+ adult brains. Immunostaining for TRIM9 (Red), GFP (green), dapi
(blue). B) Diagram of DG anatomy and schematic of domains where retrovirally-infected
GFP+ adult-born neurons (magenta) were located. C) Representative images showing
localization of adult-born neuron soma (green) in the DG at 14 DPI of Trim9+/+ and
Trim9-/- mice. White arrowheads indicate outer-granule-cell layer and hilar-located
newborn neurons in Trim9-/- mice. Red inset denotes high-magnification of a hilarlocated newborn neuron at 14 DPI shown in F. D) Quantification of somal localization.
A significantly greater number of Trim9-/- neurons mislocalized to the middle-GCL (p <
0.001) and, strikingly, to the hilus (p <0.01), while a greater percentage of Trim9+/+
neurons localized appropriately to the inner GCL (p < 0.001). The total number of
mislocalized newborn neurons was significantly elevated compared to Trim9+/+ (p <
0.001). E) Images and zoomed images denoted by insets of nestin+ neural stem cells
(red) and doublecortin (DCX)+ neuroblasts and immature neurons (green) in the DG.
The solid inset shows DCX+ cells mislocated in the middle GCL, while nestin+ stem
cells are correctly localized in the GCL. The dashed inset shows DCX+ cells localized to
the hilar region, where nestin+ cells are absent. F) The GFP+ neuron (green) shown in
C) is positive for the granule cell marker Prox1 (red).

152

4.2.7 Deletion of Trim9 Results in Increased Dendritic Complexity in Adult Born
Neurons
To determine if the hyper-arborization of dendrites seen in vitro and at early
postnatal timepoints in vivo occurred in adult-born neurons, we analyzed dendritic
arborization patterns of GFP+ adult-born neurons at 14 DPI (Figure 4.7). Both Trim9+/+
and Trim9-/- neurons exhibited typical increases in dendritic branching with distance
from the soma (F(15,60) = 25.69, p < 0.0001, insignificant interaction with genotype),
however the complexity was elevated in the Trim9-/- neurons (F(1,4) = 12.50, p =
0.0241), with greater branch-crossings in the Trim9-/- mice (Figure 4.7B). Despite
increased cumulative dendritic crossings at 80 mm and onward in the Trim9-/- group
(Figure 4.7C, asterisks), the difference in the pattern of branching (cumulative
crossings) only approached significance (Kolmogorov-Smirnov, D = 0.4375, p = 0.0935,
Figure 4.7C), indicating that Trim9+/+ and Trim9-/- dendrites branched at similar points
along the dendrite. Complexity of branching was increased in the Trim9-/- dendrites
(total number of branches, p = 0.0008; highest branch order, p = 0.005; a trend toward
an increase in secondary branches, p = 0.0699, Figure 4.7D-F). Similar to embryonic
neurons in vitro, the length of the longest (primary) dendrite was not different between
genotypes (Figure 7G). These results largely recapitulate our in vitro data, and indicate
that TRIM9 regulates the density and complexity of dendritic arbors in adult-born
neurons in vivo.
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Figure 4.7. Deletion of Trim9 increases dendritic arborization of adult-born
hippocampal neurons from the DG in vivo.
A) 3D traces overlaid on images of representative GFP+ adult born neurons 14 DPI.
Green trace indicates longest path from the soma (conventionally designated as the
longest dendrite), purple traces indicate branches from this process. B) Sholl analysis of
GFP+ adult born neurons 14 DPI identifies increased branching in Trim9-/- mice, with
significantly greater crossings at 70 and 80 mm (p < 0.05), and trends toward greater
branching at 60 and 90 µm (p = 0.1178 for both). C) Cumulative crossings increased
with distance from the soma for both genotypes, but Trim9-/- mice exhibited greater
crossings from 80 µm and on (*p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001).
Trim9-/- dendrites exhibit a greater number of D) total branches (p < 0.001), and E)
increased levels of higher order branching (p < 0.01). F) The number of secondary
branches (p = 0.0699) and G) primary branch length did not differ between genotypes.
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4.2.8 Deletion of Trim9 Results in Increased Thickness of the Initial Dendrite and
Reduced Dendritic Spine Density
In addition to more complex dendritic trees at 14 DPI, the diameter of the initial
dendritic segment arising from the soma and extending to the first branch point at 28
DPI was thicker in Trim9-/- mice compared to littermates (Trim9+/+ vs. Trim9-/-; 2.19 +/0.01 µm2 vs. 3.17 +/- 0.32 µm2; p = 0.037, Figure 4.8A). These changes were not
associated with a significantly decreased distance between the soma and the initial
dendritic branch point (Figure 4.8B, Trim9+/+ vs. Trim9-/-; 34.55 +/- 3.19 µm vs. 24.40 +/3.73 µm, p = 0.107). To determine if Trim9 deletion affected dendritic spine
morphogenesis, we investigated spine architecture at 28 DPI, when synaptogenesis is
occurring (Figure 4.8C). Analysis of three-dimensional renderings of dendritic volumes
(Figure 4.8D) demonstrated that Trim9-/- neurons exhibited reduced density of dendritic
spines (Figure 4.8C-D, t(4)=2.864, p = 0.0458), without alteration in the proportion of
spine subtypes. Dendritic spine development contributes to the initiation of the local
dendritic spikes (Spruston, 2008), suggesting that the morphological defects associated
with deletion of Trim9 may disturb synaptic inputs to the local circuit.

155

156

Figure 4.8. Deletion of Trim9 increases the cross-sectional area of the initial
dendrite segment and reduces dendritic spine density in vivo.
A) 3D construction of the representative initial dendrite segments in Trim9+/+ and Trim9-/mice. The red trace indicates the circumference of the initial dendrite segments.
Quantification of average cross-sectional areas of the primary dendrite initial segment
showed that Trim9-/- neurons exhibited larger cross sectional areas. (Trim9+/+, N = 3
mice, 18 cells; Trim9-/-, N = 3 mice, 20 cells) B) Representative images of GFP-labeled
adult born neurons show and quantification of length of the initial dendrite segments
revealed an insignificant reduction in length of the initial dendrite segment in Trim9-/mice. (Trim9+/+, N = 3 mice, 18 cells; Trim9-/-, N = 3 mice, 20 cells) C) Low-magnification
views (left) of imaged four-week old adult born GFP-labeled neurons and highmagnification views (right) of the dendritic segments from dentate gyrus of Trim9+/+ and
Trim9-/- mice (from boxed segments in left and middle panels). D) A 3D reconstruction of
distinct spine types: mushroom (M), thin (T), and stubby (S). Quantification of average
density of dendritic spines showing the decreased spine density in Trim9-/- mice.
Average percentage of thin, stubby, and mushroom spines in Trim9+/+ and Trim9-/- mice
remained unchanged. (Trim9+/+, N = 3 mice, 6,648 spines; Trim9-/-, N = 3 mice, 5148
spines). Student’s unpaired t-test. Error bars denote SEM. * denotes p<.05.
4.2.9 Disruptions in Axonal Targeting of DG Neurons or Placement of CA1
Neurons were not Detected in the Absence of Trim9
Inspection of retrovirally labeled GFP+ adult-born DG neurons at 28 DPI
demonstrated that their axons projected appropriately to CA3 (Figure 4.9A,
arrowheads). Since embryonic hippocampal neurons demonstrated excessive axon
branching in the absence of Trim9 in vitro (Figure 4.3), we scored GFP+ axons for
axonal protrusions, which often represent axon branch precursors (Spillane et al., 2011;
Winkle et al., 2014). The densities of protrusions on both Trim9+/+ and Trim9-/- axons
were not normally distributed, as a subset of axonal segments did not contain such
protrusions, and a subset did. As such, comparison of per animal averages was
misrepresentative. Therefore observations were pooled (Figure 4.9B); compilation of
data by genotype suggested an increased density of axonal protrusions occurred in the
absence of Trim9 (Figure 4.9B, Trim9+/+ vs. Trim9-/-; 0.79 +/- 0.1 protrusion per 100 mm
vs. 1.19 +/- 0.1 per 100 mm, Mann-Whitney non-parametric comparison, p= 0.014).
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Since both Trim9-/- embryonic and adult-born neurons exhibited similar
arborization defects, we hypothesized that the somal mislocalization observed in a
subset of adult-born DG neurons may also occur in developmentally-generated Trim9-/hippocampal neurons. To assess whether Trim9 deletion produced somal
mislocalization outside the DG, we virally-labeled neurons in the pyramidal layer of CA1
with CAMKII-mCherry (Figure 4.9C) (Wenzel et al., 2001). The pyramidal cell layer in
CA1 contains a densely packed band of principle cells generated during development
and importantly does not exhibit adult neurogenesis. Mislocalized mCherry+ CA1
pyramidal-shaped neurons were not observed in Trim9+/+ or Trim9-/- littermates (Figure
4.9C, insets). This is consistent with our observations from earlier analyses (Thy1-GFP,
Golgi-staining), where we did not observed heterotopic cell placements in regions such
as CA1 (not shown). Finally, we found that the thickness of the CA1 pyramidal cell layer
as measured across the dorsal-ventral axis did not differ between Trim9+/+ and Trim9-/mice (58.8 ± 1.25 µm vs 57.76 ± 1.18 µm, respectively, p = 0.603).
Unless some form of developmental compensation occurs, defective migration of
embryonic born neurons would be expected to result in hippocampal malformation
regardless of the contribution of adult-born neurons. The lack of gross anatomical
differences between the hippocampi of Trim9+/+ and Trim9-/- littermates (Figure 4.1C-D,
4.5B, 4.6C, 4.9C) therefore are inconsistent with defective migration of embryonic-born
neurons. Since we did not observe such developmentally-associated deficits (Wenzel et
al., 2001; Ghafari and Golalipour, 2014), this may support a specific role of TRIM9 in the
migration or placement of adult-born DG neurons. Consistent with this, we labeled
granule cells in the DG with CAMKII-eGFP, and observed occasional mature GFP+
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granule cells superficial to the GCL in Trim9-/- littermates (Figure 4.9C, insets). This
viral labeling approach also further confirmed that axons of Trim9-/- DG cells projected
into the CA3 as expected, similar to those of adult-born Trim9-/- neurons at 28 DPI.
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Figure 4.9. Disruptions in axonal targeting of DG neurons or placement of CA1
neurons are not detected in the absence of Trim9.
+/+

-/-

A) At 28 DPI, adult-born in Trim9 and Trim9 mice extended axons to CA3 (arrowheads). B)
Representative renderings from 3-dimensional traces of GFP+ newborn granule cell axons targeting CA3,
demonstrating axonal protrusions (arrowheads) and quantification of the number of protrusions/100µm
+/+
-/length. (Trim9 , N = 3 mice, 153 axonal segments; Trim9 , N = 3 mice, 207 axonal segments). Data
from individual mice are represented in a distinct color C) Gross adult hippocampal architecture is largely
-/preserved in Trim9 mice. CAMKII-eGFP labeled granule cells project to CA3 (C1 and C4). Somatic
mistargeting is not detected in CAMKII-mCherry labeled CA1 pyramidal cells (C2 and C5). Occasional
-/mature granule cells were observed in the inner molecular cell layer in Trim9 mice.
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Figure 4.10. Showing the time frame and order in which behavioral tests were
administered.
4.2.10 Trim9 Deletion does not Impair Motor Function or Affect Anxiety-Like
Behavior
In light of the defects associated with Trim9 deletion, but no detectable detriment
to animal viability, we tested Trim9+/+ and Trim9-/- littermates using a battery of well
established behavioral assays (Pfankuch et al., 2005; Moy et al., 2008; 2009a; 2009b;
Haley et al., 2013; Olsen et al., 2013a; Raber et al., 2014; Vorhees and Williams, 2014;
Urban et al., 2015).(Figure 4.10), to ascertain specific neural substrates of behavior
affected. Deletion of Trim9 did not affect basic motor coordination in the rotarod test
(Figure 4.11A). Overall-motor behavior in the open field test was not impaired, but
Trim9-/- mice failed to habituate to the environment over the course of an hour, as
measured by a lack of decrease in exploratory behavior [genotype x time interaction,
F(11,341)=2.11, p = 0.0191]. Trim9-/- mice also exhibited a distinct pattern of rearing
movements during the 1-hr test [genotype x time interaction, F(11,341)=4.21, p <
0.0001] (Figure 4.11B). However, the two genotype groups spent similar amounts of
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time in the center region of the open field (Trim9+/+, a mean sum total of 191 ± 41 sec (±
SEM), and Trim9-/-, 227 ± 17 sec). Because of this lack of difference in thigmotaxis,
exploratory differences are not likely due to anxiety-provocation of the maze, and rather
to a failure to habituate; possibly consistent with impaired hippocampal function. To
further assess anxiety-like behavior, we utilized the elevated plus maze. Mice of both
genotypes exhibited a strong preference for the closed arms in comparison to the open
arms of the elevated plus maze. There were no significant differences between the
Trim9+/+ and Trim9-/- mice for percent time (10 +/- 3 vs 9 +/-3 ) or percent entries (20 +/3 vs 21 +/- 2) on the open arms, or for total entries during the test (14 +/- 3, 11 +/-1).
These data corroborate the open-field observations, suggesting that deletion of Trim9
does not affect anxiety-like behaviors, but rather exploration and habituation. To further
investigate exploration behavior, we utilized the marble burying test. Trim9-/- mice buried
significantly fewer marbles in 30 minutes (10 +/-1.3) compared to Trim9+/+ littermates
(15 +/- 0.6), suggesting that the loss of Trim9 alters active exploration [F(1,31)=8.5, p =
0.0065]. During the acoustic startle tests (Figure 4.11C) Trim9+/+ and Trim9-/- mice
demonstrated comparable startle amplitudes except at higher decibels (dB) during the
initial testing period when Trim9-/- mice exhibited decreased startle responses. The
acoustic startle response is preserved across many species and is considered an assay
of negative affect. This process is thought to involve a complicated pathway involving
the hippocampus, amygdala, and bed-nucleus of the stria-terminalis (Lee and Davis,
1997).
In the test for sociability (Figure 4.11D), both Trim9+/+ and Trim9-/- mice displayed
a significant preference for spending time in proximity to a stranger mouse, versus an
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empty cage [within-genotype repeated measures ANOVAs, following overall significant
effect of side, F(1,31)=40.59, p < 0.0001]. In a subsequent social novelty phase, when
an novel stranger was introduced (Figure 4.11D), the two groups demonstrated a
switch in preference to the more-novel stranger 2 [effect of side, F(1,31)=31.32, p <
0.0001]. However, the Trim9-/- mice spent less time than the Trim9+/+ mice in proximity
to the first stranger mouse [main effect of genotype, F(1,31)=8.7, p = 0.006], suggesting
that loss of Trim9 led to a mild decrease in social preference, and perhaps an increased
sensitivity to novelty. The Trim9+/+ and Trim9-/- mice made similar numbers of entries
during the initial habituation phase (data not shown). In this test (Figure 4.11D), the
Trim9-/- mice had overall lower numbers of entries, in comparison to the Trim9+/+ mice,
and did not make a higher number of entries into the stranger 1 side, versus the empty
cage side [main effect of genotype, F(1,31)=5.69, p = 0.0233; effect of side,
F(1,31)=6.68, p = 0.0147]. No significant effects of genotype on number of entries were
found during the subsequent social novelty phase (Figure 4.11D).
4.2.11 Trim9 Deletion Impairs Learning and Memory
Finally, we assessed hippocampal-dependent learning and memory in the Morris
Water Maze. This task requires the animal to encode spatial information into a memory,
and utilize that memory to complete an escape-task. Briefly, animals must locate a
platform in order to escape a pool of water. Initially, this platform is marked by an object
that denotes the location. After learning this basic task, the marker is removed and the
submerged platform must be located by relying on constant extra-maze cues that are
used to establish a spatial map. Both the Trim9+/+ and Trim9-/- mice performed
proficiently in the visible platform test (Figure 4.11E), suggesting that visual acuity,
ability to swim, and acquisition of procedural learning were intact. In contrast, whereas
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Trim9+/+ mice exhibited decreasing latency [F (3,84)=6.11, p = 0.0008] in locating the
hidden platform over subsequent trials, thus indicating spatial map formation and
retrieval, Trim9-/- littermates failed to improve beyond their initial baseline in this task
(Figure 4.11E, interaction of trial with genotype, [F(1,28)=13.8, p = 0.0009]). Retention
of the task is evaluated by removing the platform, and assaying persistence in
attempting to locate the platform as measured by time spent in the quadrant of the pool
where the platform was previously located. Mice that fail to demonstrate a preference
for the target quadrant are considered to have poor spatial memory. Subsequently,
upon removal of the hidden platform, the Trim9+/+ mice had a clear preference for
crossing over the former platform location (Figure 4.11E, within-genotype analysis,
F(3,33)=5.16, p = 0.0049], whereas the Trim9-/- mice failed to demonstrate significant
quadrant selectivity [F(3,51)=1.0, p = 0.3984). Collectively, these data suggest that the
genetic loss of Trim9 severely disrupts spatial learning and memory.
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Figure 4.11. Genetic loss of Trim9 is associated with hippocampal dependent
defects in spatial learning and memory.
A) Results of rotarod test for movement disorders. B) Results of open field test showing
hyperactivity in Trim9-/- animals. C) Results of the auditory startle test showing
decreased startle amplitude during the initial testing of Trim9-/- animals. D) Performance
in the sociability and social novelty task. E) Results of the Morris water maze test for
learning and memory showing that Trim9-/- animals perform as expected when the
platform is visible, but display marked defects in ability to find the hidden platform and in
crossing of the target quadrant in the no platform condition. *p < 0.05, comparison to
Trim9+/+ (panels B, C, and E, Hidden Platform). *p < 0.05, within-genotype comparison
(panels D and E, No Platform). #p < 0.05, comparison to Trim9+/+ (panels D and E, No
Platform).
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4.3 Discussion
These data provide evidence for a role of the brain-enriched E3 ubiquitin ligase
TRIM9 in hippocampal neuronal morphogenesis. Deletion of Trim9 accelerates
acquisition of neuronal complexity and aberrant dendritic and axonal arborization in
embryonic hippocampal neurons in vitro, which is recapitulated in vivo with adult-born
hippocampal neurons. These morphological defects are associated with overt spatial
learning and memory deficits.
4.3.1 TRIM9 Regulates Membrane Expansion and Actin Dynamics during
Morphogenesis
Neuronal morphogenesis involves dramatic remodeling of the neuronal plasma
membrane, mediated by underlying dynamics of the cytoskeletal and membrane
trafficking machinery and promoted by extracellular cues like netrin-1 (Menon and
Gupton, 2016; Winkle and Gupton, 2016). TRIM9 is situated at the junction of these
cellular machines where it promotes robust changes in morphology. First, TRIM9
directly binds the SNARE complex component SNAP25 (Li et al., 2001). Through this
interaction, TRIM9 blocks exocytic SNARE activity and thus the plasma membrane
expansion necessary for axon branching (Winkle et al., 2014). TRIM9 also directly
interacts with the netrin receptor DCC, and netrin stimulation inhibits the TRIM9
interaction with SNAP25, promoting exocytic and axon branching responses (Winkle et
al., 2014). Second, TRIM9-mediated ubiquitination of the actin polymerase VASP
decreases the stability of axonal growth cone filopodia (Menon and Gupton, 2016). In
the absence of Trim9, growth cones exhibit higher densities of stable filopodia.
Filopodia are considered axon guidance sensors, and correspondingly deletion of Trim9
is associated with axon guidance defects in vitro and in vivo. These molecular targets of
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TRIM9 are likely involved in hippocampal neuron morphogenesis as well. Indeed
SNAP25, VASP and TRIM9 are present within dendrites (Jordan et al., 2004; Lin et al.,
2010; Menna et al., 2011), and may contribute to the alterations in dendritic swelling,
branching density, and spine density observed here. The increase in axonal protrusions
present in vivo in Trim9-/- animals may indicate impaired cytoskeletal function, a
hypothesis consistent with the involvement of TRIM9-mediated regulation of VASP
(Menon et al., 2015). The hippocampal presence of the TRIM9 isoform lacking the
DCC-binding SPRY domain (Winkle et al., 2014) is consistent with additional netrinindependent functions for TRIM9.
4.3.2 A Possible Role for Netrin and TRIM9 in Adult Neurogenesis
The interaction between TRIM9 and the netrin receptor DCC is conserved in
invertebrate orthologs, where it modulates cellular response to netrin, including axon
guidance, branching, and cell migration (Hao et al., 2010; Morikawa et al., 2011; Winkle
et al., 2014). Loss of the Trim9 ortholog in C. elegans is associated with a failure in
migration of the anchor cell toward an asymmetric netrin source (Morf et al., 2013;
Wang et al., 2014). Since netrin-1 is absent from the hilus (Yang et al., 2008), it is
intriguing to hypothesize that Trim9-/- adult born DG neurons aberrantly migrate due to a
loss of sensitivity to normal netrin cues located outside of the hilus. Migration of adultborn neurons from the DG to the hilus occurs in epileptic conditions, and Reelin, or
ApoER2/VLDR2 impairments (Hack et al., 2002). Notably, intense epileptic conditions
induce expression of the guidance cues netrin-1 and semaphorin 3A in the hilar region
(Yang et al., 2008). Similar to loss of Trim9, disruption of reelin, the VLDLR, and ApoE
systems also produce impairments in hippocampal-dependent tasks (Olsen et al., 2012;
Johnson et al., 2014).
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Neogenin, which is closely related to DCC, is predicted to interact with TRIM9
(Meyerhardt et al., 1997; Morikawa et al., 2011). Netrin and neogenin are involved in
dendritic self-avoidance in D. melanogaster (Smith et al., 2012), which may be
consistent with altered dendritic arborization observed in hippocampal neurons following
netrin stimulation or Trim9 deletion. Netrin-1 and neogenin are also expressed in the
neurogenic niches of the subventricular zone and rostral migratory stream in the
mammalian forebrain, which contain newly born, migrating neural precursors (Bradford
et al., 2010). Neogenin directly regulates the migration of adult-born neurons to the
olfactory bulb (O'Leary et al., 2015). Similarly, closely related netrin-5 is expressed in
the DG, rostral migratory stream and subventricular zones (Yamagishi et al., 2015), and
based on homology to netrin-1, is likely recognized by DCC and neogenin. The
presence of different netrin proteins and netrin receptors in neurogenic niches and
migratory streams (Bradford et al., 2010) suggests that they may play a role in the
generation, migration, or morphogenesis of newborn neurons. Our findings of disrupted
morphogenesis and migration of Trim9-/- adult born DG neurons are consistent with this.
Investigation of netrin-1 function specifically in adult neurogenesis has been hindered,
as mice carrying a gene trap in Ntn1 die perinatally (Serafini et al., 1996). The recent
development of conditional alleles for the gene encoding netrin (Ntn1), (Bin et al., 2015;
Yung et al., 2015) makes exploration of this neurogenic role possible.
4.3.3 The Role of TRIM9 in Adult Neurogenesis and Hippocampus-Dependent
Tasks
Proper function of the hippocampus is crucial for high order cognition like spatial
learning and memory, which is often disrupted in neurological disorders (Boyer et al.,
2007). Here we illustrate that both Trim9+/+ and Trim9-/- mice acquire a basic procedural
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task, specifically locating a visible escape platform in the initial phase of the water
maze. However, only Trim9+/+ animals learn, and subsequently recall, the portion of the
task that requires generating a spatial map to locate the platform. Trim9-/- mice never
acquire this behavior suggesting a selective hippocampal-dependent learning deficit.
Overall, the overt deficits in spatial learning and memory, and only subtle deficits in
other behavioral tasks indicate that deletion of Trim9 led to specific deficits in
hippocampal-dependent learning, without severe effects on other functions.
Hippocampal neurogenesis is implicated in the acquisition of spatial reference
memory during the learning phase of the hidden water maze procedure (Xavier et al.,
1999; Dupret et al., 2008). New neurons in the DG are more selectively active during
spatial learning tasks such as the water maze, and maturing adult born neurons actively
contribute to learning and memory processes (Deng et al., 2009; Snyder et al., 2009).
Morphological maturation of these cells is dependent on both internal processes and
feedback from the local environment (Song et al., 2015).
The deficits we found in morphology and integration of adult-born neurons in the
absence of Trim9 therefore may contribute to the learning deficits exhibited by these
mice. Trim9-/- adult-born neurons displayed a higher incidence of somal mislocalization
and decreased synapse density, but still appeared to incorporate into the local circuitry.
These changes could affect their synaptic partners, with detrimental consequences for
hippocampal-dependent behavior. In addition, a number of dendritic morphology
changes observed in Trim9-/- neurons could alter their functional incorporation into such
circuitry. The hyper-arborization of Trim9-/- neurons creates an extended receptive field
for inputs, which could disrupt the specificity of incoming excitatory stimuli onto granule
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cells. Reduced dendritic spine density would further alter the organization of excitatory
inputs and reduce the number of contacts received by each neuron (Spruston, 2008;
Stone et al., 2011). As granule cells are selectively recruited by incoming stimuli, which
facilitate learning and memory, sensory integration, and pattern separation, this could
produce significant defects in any of these cognitive processes. Furthermore, newborn
neurons are preferentially recruited in these tasks (Kee et al., 2007), suggesting that the
persistent deficits observed in Trim9-/- mice could be especially damaging to learning
and memory. The increased diameter of the initial dendritic process of Trim9-/- immature
neurons may alter passive-cable properties and reduce membrane resistance, leading
to reduced excitability, as suggested (Tran-Van-Minh et al., 2015). These morphology
alterations could disrupt appropriate synaptic input and integration, thus impairing the
hippocampal network. Such abnormalities in dendrites and dendritic spines have been
observed in neuropathological conditions (Kaufmann, 2000; Gao et al., 2011; Penzes et
al., 2011; Kirkwood et al., 2013), and may contribute to the behavioral deficits observed
in Trim9-/- mice.
The TRIM family of E3 ligases are implicated in multiple cellular processes, and
mutations in TRIM genes occur in several human diseases (Hatakeyama, 2011;
Napolitano and Meroni, 2011; Alloush and Weisleder, 2013; Mandell et al., 2014;
Rajsbaum et al., 2014). Our findings identify a novel role for TRIM9 in the developing
and adult hippocampus, in which genetic loss of Trim9 exaggerates arbor complexity
and is associated with severe deficits in spatial learning and memory. Recent GWAS
data identified top-ranked SNPs in human TRIM9 in a small cohort of patients with
atypical psychosis (Kanazawa et al., 2013). Schizoaffective disorder, also known as
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atypical psychosis or brief psychotic disorder, and similar mental illnesses like bipolar
disorder and schizophrenia, are often characterized by disorganized thoughts,
impairments of spatial cognition and intellectual performance and the misidentification of
places and people. This possible connection between TRIM9 and hippocampal
dysfunction is intriguing.
Although E3 ubiquitin ligases often have multiple substrates, only a single
substrate for TRIM9 has been identified thus far (Menon et al., 2015). Further
investigation of the molecular function of TRIM9 is warranted to identify its substrates
and modes of action. As E3 ubiquitin ligases are potentially druggable targets (Cohen
and Tcherpakov, 2010) and new born granule cells may be therapeutically tractable,
TRIM9 may represent a putative entry point for future therapeutic intervention.
4.4 Methods
4.4.1 Animals
All mouse lines were on a C57BL/6J background and bred at UNC 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. Trim9-/-, Trim9fl/fl and Thy1-GFP
mice were described (Feng et al., 2000; Winkle et al., 2014). A Nex-Cre line (from Dr.
Klaus Nave) (Goebbels et al., 2006) and a TauloxP-stop-loxPGFP line (from Dr. Eva Anton)
(Higginbotham et al., 2012) were crossed with Trim9fl/fl mice.
4.4.2 Antibodies, Reagents and Plasmids
Antibodies include: NH2-terminal TRIM9 rabbit polyclonal (generated using
murine TRIM9 recombinant protein aa158-271), COOH-terminal TRIM9 rabbit
polyclonal raised against COOH of human TRIM9 (Tanji et al., 2010), mouse
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monoclonal against human βIII Tubulin (TujI SCBT, Dallas TX. USA, 1:2000), mouse
anti Myc (SCBT Dallas TX. USA, 1:1000), anti-GFP chicken (Aves, Tigard OR. USA,
ab1020, 1:2000), rabbit anti GFAP (Invitrogen, Grand Island, NY. USA, 1:3000), goat
anti-GFP (rockland, Limerick PA. USA, 1:250), goat anti-DCX (SCBT 1:500), mouse
anti-nestin (EMD Millipore, USA 1:250), rat anti-mCherry (ab167453), and rabbit antiprox1 (abcam, Cambridge MA. USA, 1:500). Fluorescent secondary antibodies and
fluorescent phalloidin labeled with AlexaFluor 488, AlexaFluor 568, or AlexaFluor647
were from Invitrogen. DAPI was from thermo-fisher (molecular probes, USA). Netrin-1
was concentrated from conditioned media from netrin-1 expressing HEK293 cells
(Serafini et al., 1994; Lebrand et al., 2004). AAV viruses for expressing mCherry or GFP
under control of the CAMKII promoter (AAV2-CAMKII-eGFP and AAV2-CAMKIImCherry) were obtained through the UNC vector core at a titer of 10^12. GFP
expressing retroviruses were a generous gift from the lab of Dr. Hongjun Song and have
been previously described (Song et al., 2013). Fluorescent and epitope tagged TRIM9
mammalian expression plasmids are previously described. (Winkle et al., 2014). The
pHluorin-DCC plasmid is similar to the mCherry-DCC plasmid described in (Winkle et
al., 2014), except the fluorophore have been switched.
4.4.3 Immunoblotting, Co-Immunoprecipitation
SDS-PAGE and immunoblot analysis were performed using standard procedures
with far-red conjugated 2°antibodies (Licor, Lincoln, NE. USA). Signal was detected with
Odyssey Imager (Licor). The co-immunoprecipitation in figure 1 was performed using
IgG-conjugated A/G beads (SCBT) to pre-clear lysates for 1.5 hours at 4°C with
agitation. NH2-terminal TRIM9 antibody was incubated with pre-cleared lysates for 2
hours prior to the addition of agarose protein A/G beads (SCBT) overnight at 4°C to

172

precipitate target proteins. For TRIM9 and DCC co-immunoprecipitations, lysates were
precleared with a fluorescent chicken anti goat 594 or protein A/G beads (SCBT). NH2TRIM9 antibody was incubated with pre-cleared lysates for 2 hours prior to the addition
of agarose protein A/G beads (SCBT) overnight at 4°C to precipitate target proteins. In
a separate reaction, goat polyclonal DCC antibody conjugated to A/G (SCBT, A-20)
beads were incubated in lysates overnight at 4°C to precipitate target proteins. Beads
were washed three times with lysis buffer and bound proteins were prepared in sample
buffer, resolved by SDS-PAGE and analyzed by immunoblotting. Immunoblots were
probed with COOH-terminal TRIM9 (Figure 1), (Tanji et al., 2010), or NH2 TRIM9 (figure
2), goat polyclonal DCC (SCBT) and mouse monoclonal GAPDH (SCBT) as a loading
control.
4.4.4 Embryonic Hippocampal Neuron Culture, Transfection and Imaging
E15.5 dissociated hippocampal neuron cultures were prepared as described
(Viesselmann et al., 2011). Briefly, hippocampi were micro-dissected and neurons were
dissociated with trypsin and plated on Poly-D-lysine (Sigma)-coated coverglass, glass
bottom movie dishes (Matek) or tissue culture plastic in Neurobasal media (Invitrogen)
supplemented with B27 (Invitrogen). For transfection of Myc-tagged TRIM9 variants, or
co-transfection of mCherry-TRIM9 and DCC-pHluorin, neurons were resuspended after
dissociation in Lonza Nucleofector solution (VPG-1001) and electroporated according to
manufacturer protocol. To assay the effects of netrin-1 stimulation, 250ng/ml netrin-1
was bath-applied for 24 hours followed by fixation and immunofluorescence. Control
and netrin-1 treated cells were fixed in 4% paraformaldehyde (PFA) at the indicated
time points, permeabilized for 10 minutes in 0.1% Triton X-100, blocked for 30 minutes
in 10% BSA, and stained with indicated primary antibodies for 1 hour at room
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temperature. Following three washes, species appropriate, spectrally distinct
fluorescent secondary antibodies were added and allowed to incubate for 1 hour at
room temperature. Following three washes, cells were mounted in a TRIS/glycerol/npropyl-gallate based mounting media for imaging. Widefield epifluorescence images of
neurons were analyzed.
4.4.5 Live Cell Imaging
Time-lapse TIRF images of Trim9+/+ hippocampal neurons expressing mCherryTRIM9 and DCC-pHluorin at 2DIV were acquired with an Olympus IX81-ZDC2 inverted
microscope with Metamorph acquisition software, an Andor iXon EM-CCD and a Tokai
Hit environmental chamber which maintained 37°C and 5% CO2. Pearson’s correlation
of colocalization between mcherry-TRIM9 and DCC-pHlurin was performed using whole
cell regions of interest (ROI) and an Intensity Correlation Analysis (Coloc2) plugin for
ImageJ (Schindelin et al., 2015). Scrambled images were used as correlative controls.
4.4.6 In Vivo
All Thy1-GFP and Tau NEX-Cre mice used for neuroanatomical studies were
anesthetized with an intraperitoneal injection of 1.2% avertin and intracardially perfused
with 4% paraformaldehyde (PFA). Brains were removed and fixed in 4% PFA for a
subsequent 48 hrs, rinsed with 1x PBS and rested in 70% EtOH for at least 24 hours
prior to vibratome sectioning. For projection analysis in Nex-Cre/TauloxP-stop-loxPGFP
littermates, 100 mm coronal sections were cut and every other section was
permeabilized in detergent solution (1x PBS + 0.1% Tx-100 + 0.2% Tween-20) for 1
hour on a shaker at room temperatures. Sections were blocked in 10% BSA in 1x PBS
for 5 hours, then placed in primary antibody solution (anti-GFP chicken (Aves ab1020)
1:2000, anti-GFAP rabbit (AbCam ab7260) 1:2500 in 1% BSA in PBS) for 24 hours on a
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shaker at 4°C. Primary antibodies were removed and sections were rinsed in 1x PBS for
1 hour prior to the addition of secondary antibody solution (Alexa fluor 488 chicken,
Alexa fluor 561 or 647 rabbit + 1% BSA in 1x PBS) for 24 hours on a covered shaker at
4°C. After post-secondary rinsing with 1x PBS, sections were mounted in DPX
mountant (VWR, Visalia CA, USA.) and were imaged with the 10x objective on the
LSCM described below. Brains from Thy1-GFP littermates were similarly prepared and
imaged with the 20x objective on the LSCM described below. Maximal projections of
multi-area Z stacks of serial coronal sections containing the hippocampus of 5-week-old
NEX-Cre/TauloxP-stop-loxPGFP/Trim9fl/fl and NEX-Cre/TauloxP-stop-loxPGFP/Trim9+/+ littermates were collected.
For in vivo viral injections: 6 week old Trim9+/+ and Trim9-/- were stereotaxically
injected with a GFP-expressing retrovirus driven by the ubiquitin promoter (300 nL at
100 nL/min, using a pump-driven 5 µL Hamilton syringe and a 33 gauge needle).
Stereotaxic coordinates targeted the DG (AP -2.0, ML ± -1.5, DV – 2.3). At 14 and 28
days post injection (DPI), mice were deeply anaesthetized with a Ketamine/Xylazine
cocktail and transcardially perfused with 10 ml PBS pH 7.4 followed by 10 mL 4% PFA
pH 7.4. Brains were removed and fixed overnight at 4°C in 4% PFA, followed by
cryoprotection with 30% sucrose for 48 hours. Brains were sectioned coronally using a
Leica sliding microtome at 40 µm and stored in ethylene-glycol/sucrose/PBS containing
antifreeze solution until immunohistochemical processing. For in vivo labeling of mature
neurons in CA1 and the DG of the adult hippocampus, a similar injection paradigm was
followed, substituting AAV2-CAMKII-mCherry (CA1: AP -2.0, ML ± -1.5, DV – 1.25) and
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AAV2-CAMKII-eGFP (DG granule-cell layer: AP -2.0, ML ± -1.5, DV – 2.0). After twoweeks, mice were transcardially perfused and brains processed as described above.
4.4.7 Immunohistochemistry
For 3,3′-Diaminobenzidine (DAB) staining: Floating sections were subjected to
heat induced antigen retrieval in 10mM Sodium Citrate pH 6.0 for 10 minutes followed
by blocking for an hour in 1%BSA and overnight incubation in 5ug/mL antibody solution
in 1% BSA with 0.3% Triton-X 100 in PBS. After 3 x 10 minute rinses in PBS, sections
were treated with DAB chromogen solution for 20 minutes, and rinsed with deionized
water 3 x before mounting. For immunofluorescence: For all experiments except for
detection of TRIM9 by immunohistochemistry in GFP-labeled adult-born neurons,
floating sections were permeabilized in PBS containing 0.5% Triton X-100 (PBST) for 1
hour. For TRIM9 fluorescence immunohistochemistry, slide-mounted tissues were
permeabilized by incubation in 100% methanol at -20 ºC for 30 minutes, followed by
three 10 minute washes in PBS. With the exception of the removal of tritonX-100 for
TRIM9 immunofluorescence staining, tissues were then blocked in 5% donkey serum in
PBST (PBST-DS) for an additional hour. Subsequently, tissue sections were incubated
with primary antibody overnight at room temperature before 3 x 10 minute washes in
PBST and incubation in alexa-conjugated secondary antibody for 2 hours at room
temperature in PBST-DS. Sections were again washed 3 x in PBST followed by 3
washes in PBS. Nuclei were counterstained with DAPI at a concentration of 1.2 µM in
the penultimate wash. Tissues were subsequently mounted on charged slides before
confocal imaging.
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4.4.8 Microscope Descriptions
Immunocytochemistry images were collected on an Olympus IX81-ZDC2
inverted microscope with the following objective lenses: a UPLFLN 40x/1.39NA
objective (Olympus (Waltham MA, USA) 1, 2 and 3 DIV), UPlanSapo 20X oil /0.85NA
objective (Olympus, 5DIV), an automated XYZ stage (Prior) and an Andor iXon EMCCD. Images were acquired by Metamorph software. Confocal imaging of brain
sections was performed using a Fluoview FV1000 microscope (Olympus) equipped with
405, 488, 568, and 633 nm lasers. Acquisition of neuroanatomical images at 3 and 5
weeks postnatal were captured with a 20X/0.75NA PlanApochromat objective lens and
10X/0.4NA Plan Apochromat objective lens, respectively. Acquisition of retrovirallylabeled neurons 14 DPI was performed using a tiling method via 10x objective (N.A. 04)
to capture the entire DG for both somatic location and axonal targeting. Dendrites of
neurons 14 DPI were captured using a 40x oil 1.3 NA with a 1µm step size. Synapses of
retrovirally labeled neurons 28 DPI were captured with a 60x oil objective at 2x zoom
and 0.33 µm step size. Images of DCX and nestin-stained retrovirally naïve tissue were
acquired with a 40x 1.3 NA 1.42 objective. Axons from GFP+ adult-born granule cells 28
DPI were imaged in CA3 using an Olympus confocal microscope with a 60x oil
objective.
4.4.9 Image Analysis
In vitro cell images at 1 and 2 DIV were analyzed as follows: Stage 1 was defined
by a lack of BIII tubulin and F-actin positive neurites extending from the soma. Stage 2
is defined by the presence of BIII tubulin and F-actin positive neurites extending from
the soma. Stage 3 neurons are defined similarly, but also have a single neurite that is at
least 2 times the length of other neurites, presumed to be the axon (Dotti et al., 1988).
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For in vitro images at 3 and 5 DIV all neurites were measured for length, and identified
as primary (extending from the soma), secondary (extending from the primary neurites)
or tertiary (extending from secondary). The longest neurite extending from the soma
was defined as the axon (n= 3 separate experiments, at least 50 cells per condition).
Position-matched sections between littermates were analyzed for axon projection
comparisons and dendritic complexity. For Thy1-GFP littermates, the number of GFP+
soma were counted and divided by the number of total nuclei in a given region of
interest. To compare GFP+ dendritic arbors, the Z-stacks of littermates were processed
into maximum projection images, a threshold was applied to the area of GFP+ fibers.
The resulting area was then divided by the number of GFP+ soma within the region of
interest. To measure axonal material, regions of interest were drawn in ImageJ around
the area containing GFP+ fibers in maximum projection images of position-matched
coronal sections of NEX-Cre/TauloxP-stop-loxPGFP littermates. To quantify somal
localization in vivo, the GCL of a whole DG (average of 6/animal, n = 3 per group) was
horizontally divided into three equal sized compartments (Fig 5B), and the number of
soma residing in these three layers (inner layer, middle layer, outer layer) as well as the
hilar region were quantified. Data were analyzed using ANOVA with post-hoc t-tests
using a Bonferroni correction.
Dendrites of GFP+ neurons 14 DPI were analyzed using the simple-neurite tracer
plugin for ImageJ (Schindelin et al., 2012). Neurons (10 per animal, n = 3 per group)
were traced in 3-dimensions to allow for accurate reconstruction of complexity and pathlength. The length of the primary (longest) dendrite was measured, as well as the total
number of branches, and the order of these branches (secondary, tertiary, etc.). Sholl
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analysis was performed by counting the number of crossings by dendrites of concentric
circles originating at the soma with increasing radii of 10 µm. Sholl analysis data were
analyzed using a two-way ANOVA with distance from soma and genotype as the
independent variables. Additionally, cumulative branching was analyzed using
Kolmagorov-Smirnoff test of best fit. Post-hoc multiple comparisons were conducted
using the Holm-Sidak correction. Length of longest dendrite, the highest branch order
(e.g. primary, secondary, tertiary), total branches, and total length were analyzed using
a two-tailed t-test. In all tests, data were analyzed for equality of variances. Initial
dendrite cross-sectional areas and lengths were analyzed using the surface renderer
and object analyzer advanced tools in Huygens software (Version 14.10, Scientific
Volume Imaging, Netherlands). The dendrite arising from the soma and extending to the
first branch point was selected, and its volume and length were quantified using
Huygens software. The average cross-sectional area was calculated by volume divided
by length of the initial dendrite segments.
Analysis of spine density and classification of the subtype spines was carried out
on three-dimensional image stacks using NeuronStudio (n = 3 animals per group, >
1800 spines per animal). NeuronStudio supports automated labeling and classifying of
spines (mushroom, stubby, and thin) using the threshold-based segmentation
(Rodriguez et al., 2008). Three-dimensional image stacks were loaded, auto-aligned,
and smoothed using a Gaussian filter. Spine density was quantified by dividing the
number of spines by dendrite length. Spines from secondary and tertiary branches were
scored, and analyses were performed by an experimenter blind to genotype and the
experimental manipulation.
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GFP+ axonal segments adult-born granule cells at 28 DPI were semi-manually
traced in 3D using the simple-neurite tracer plugin for FIJI (Schindelin et al., 2012). The
density of protrusions per 100µm for any individual animal were not normally distributed,
negating comparing the average per animal. Instead the pooled data are shown per
animal in Figure 9D, and were compared by Mann-Whitney test. Gross-hippocampal
morphology following viral labeling of mature CAMKII-expressing pyramidal cells in CA1
and granule cells in the CA1 and the DG was assessed qualitatively by microscopy,
examined for displacement of CA1 pyramidal cells or DG granule cells, as well as the
targeting location of axons from the mature DG granule cells. Thickness of CA1
pyramidal cell layer was assessed by imaging coronal sections (n = 3 per group, 3-4
sections per animal) at 40x on a laser-scanning confocal microscope. The length of a
line drawn from the top (dorsal) to the bottom (ventral) of the dense band of nuclei was
measured in FIJI and averaged within each animal. Group means were compared via
two-tailed t-test.
4.4.10 Phenotyping
Subjects were 13 Trim9+/+ mice (8 males and 5 females) and 20 Trim9-/- mice (6
males and 14 females), taken from 8 litters. Testing began when animals were
approximately 5-7 weeks of age. The testing regimen was conducted across 10 weeks,
so that mice were only examined in one or two procedures each week, to allow recovery
between each test. The regimen was also designed to have the least aversive assays,
such as elevated plus maze and open field, at the beginning of the study, and the more
stressful procedures, such as the Morris water maze, near the end, to help minimize
any carry-over effects. This also allows for gradual acclimation of the mice to handling,
the laboratory environment, and novel testing chambers, so that mice were familiar with
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being moved and handled by the time testing began for more complex learning task in
the water maze. This phenotyping battery has been standardized and refined across
multiple inbred mouse strains and mutant lines (Pfankuch et al., 2005; Moy et al., 2008;
2009a; 2009b; Haley et al., 2013; Olsen et al., 2013a; 2013b; Raber et al., 2014;
Vorhees and Williams, 2014; Urban et al., 2015). For each procedure, measures were
taken by an observer blind to mouse genotype (Trim9+/+ or Trim9-/-). Behavioral data
were analyzed using one-way or repeated measures Analysis of Variance (ANOVA),
with factor genotype. Fisher's protected least-significant difference (PLSD) tests were
used for comparing group means only when a significant F value was determined.
Within-group comparisons were conducted to determine side preference in the threechamber test for social approach, and for quadrant preference in the Morris water maze.
For all comparisons, significance was set at p < 0.05.
4.4.11 Elevated Plus Maze
Mice were given one 5-min trial on the plus maze, which had two walled arms
(the closed arms, 20 cm in height) and two open arms. The maze was elevated 50 cm
from the floor, and the arms were 30 cm long. Animals were placed on the center
section (8 cm x 8 cm), and allowed to freely explore the maze. Measures were taken of
time on, and number of entries into, the open and closed arms.
4.4.12 Marble-Burying Assay
Mice were tested in a Plexiglas cage located in a sound-attenuating chamber
with ceiling light and fan. The cage contained 5 cm of corncob bedding, with 20 black
glass marbles (14 mm diameter) arranged in an equidistant 5 X 4 grid on top of the
bedding. Subjects were given access to the marbles for 30 min. Measures were taken
of the number of buried marbles (two thirds of the marble covered by the bedding).
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4.4.13 Buried Food Test for Olfactory Function
Several days before the olfactory test, an unfamiliar food (Froot Loops, Kellogg
Co., Battle Creek, MI) was placed overnight in the home cages of the mice.
Observations of consumption were taken to ensure that the novel food was palatable.
16-20 hours before the test, all food was removed from the home cage. On the day of
the test, each mouse was placed in a large, clean tub cage (46 cm L x 23.5 cm W x 20
cm H), containing paper chip bedding (3 cm deep), and allowed to explore for 5 min.
The animal was removed from the cage, and one Froot Loop was buried in the cage
bedding. The animal was then returned to the cage and given 15 min to locate the
buried food. Measures were taken of latency to find the food reward.
4.4.14 Hotplate Test for Thermal Sensitivity
Individual mice were placed in a tall plastic cylinder located on a hotplate, with a
surface heated to 55oC (IITC Life Science, Inc., Woodland Hills, CA). Reactions to the
heated surface, including hindpaw lick, vocalization, or jumping, led to immediate
removal from the hotplate. Measures were taken of latency to respond, with a maximum
test length of 30 sec.
4.4.15 Field Test
Exploratory activity in a novel environment was assessed by a 1-hr trial in an
open field chamber (41 cm x 41 cm x 30 cm) crossed by a grid of photobeams
(VersaMax system, AccuScan Instruments). Counts were taken of the number of
photobeams broken during the trial in 5-min intervals, with separate measures for
locomotion (total distance traveled) and rearing movements. Time spent in the center
region of the open field was measured as an index of anxiety-like behavior.

182

4.4.16 Rotarod
Subjects were tested for motor coordination and learning on an accelerating
rotarod (Ugo Basile, Stoelting Co., Wood Dale, IL). For the first test session, animals
were given three trials, with 45 seconds between each trial. Two additional trials were
given 48 hr later. Rpm (revolutions per min) was set at an initial value of 3, with a
progressive increase to a maximum of 30 rpm across 5 min (the maximum trial length).
Measures were taken for latency to fall from the top of the rotating barrel.
4.4.17 Sociability in a 3-Chamber Choice Test
Mice were evaluated for the effects of Trim9 deficiency on social preference. The
procedure consisted of 3 10-minute phases: a habituation period, a test for sociability,
and a test for social novelty preference. For the sociability assay, mice were given a
choice between proximity to an unfamiliar conspecific (“stranger 1”), versus being alone.
In the social novelty phase, mice were given a choice between the already-investigated
stranger 1, versus a new unfamiliar mouse (“stranger 2”). The social testing apparatus
was a rectangular, 3-chambered box fabricated from clear Plexiglas. Dividing walls had
doorways allowing access into each chamber. An automated image tracking system
(Noldus Ethovision) provided measures of time in spent within 5 cm of the Plexiglas
cages (the cage proximity zone), and entries into each side of the social test box.
At the start of the test, the test mouse was placed in the middle chamber and
allowed to explore for 10 min, with the doorways into the 2 side chambers open. After
the habituation period, the test mouse was enclosed in the center compartment of the
social test box, and an unfamiliar, sex-matched C57BL/6J adult (stranger 1) was placed
in one of the side chambers. The stranger mouse was enclosed in a small Plexiglas
cage drilled with holes, which allowed nose contact, but prevented fighting. An identical
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empty Plexiglass cage was placed in the opposite side of the chamber. Following
placement of the stranger and the empty cage, the doors were re-opened, and the
subject was allowed to explore the entire social test box for a 10-min session. Measures
were taken of the amount of time spent in each cage proximity zone, and the number of
entries into each chamber, by the automated tracking system. At the end of the
sociability phase, stranger 2 was placed in the empty Plexiglas container, and the test
mouse was given an additional 10 min to explore the social test box. Time spent in cage
proximity zones is reported.
4.4.18 Acoustic Startle Test
This procedure can be used to assess auditory function, reactivity to
environmental stimuli, and sensorimotor gating. The test is based on the reflexive
whole-body flinch, or startle response, that follows exposure to a sudden noise.
Measures are taken of startle magnitude and prepulse inhibition, which occurs when a
weak prestimulus leads to a reduced startle in response to a subsequent louder noise.
Subjects were given 2 acoustic startle tests (San Diego Instruments SR-Lab
system), one in Week 5 of the behavioral study, and one in Week 10. Briefly, mice were
placed in a small Plexiglas cylinder within a larger, sound-attenuating chamber. The
cylinder was seated upon a piezoelectric transducer, which allowed vibrations to be
quantified and displayed on a computer. The chamber included a ceiling light, fan, and a
loudspeaker for the acoustic stimuli. Background sound levels (70 dB) and calibration of
the acoustic stimuli were confirmed with a digital sound level meter (San Diego
Instruments).
Each session consisted of 42 trials that began with a five-minute habituation
period. There were 7 different types of trials: the no-stimulus trials, trials with the
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acoustic startle stimulus (40 msec; 120 dB) alone, and trials in which a prepulse
stimulus (20 msec; either 74, 78, 82, 86, or 90 dB) occurred 100 ms before the onset of
the startle stimulus. Measures were taken of the startle amplitude for each trial across a
65-msec sampling window, and an overall analysis was performed for each subject's
data for levels of prepulse inhibition at each prepulse sound level (calculated as 100 [(response amplitude for prepulse stimulus and startle stimulus together / response
amplitude for startle stimulus alone) x 100].
4.4.19 Morris Water Maze
The water maze consisted of a large circular pool (diameter = 122 cm) partially
filled with water (45 cm deep, 24-26o C), located in a room with numerous visual cues.
The procedure involved two different phases: a visible platform test and acquisition in
the hidden platform task. Two male mice, one Trim9+/+ and one Trim9-/-, were not tested
in the water maze, due to injuries from home-cage fighting. One female Trim9-/- mouse
failed to swim to the visible platform on 3 of the 4 trials conducted on the second day,
and was not tested in the spatial learning procedure.
4.4.20 Visible Platform Test
Each mouse was given 4 trials per day, across 2 days, to swim to an escape
platform cued by a patterned cylinder extending above the surface of the water. For
each trial, the mouse was placed in the pool at 1 of 4 possible locations (randomly
ordered), and then given 60 sec to find the visible platform. If the mouse found the
platform, the trial ended, and the animal was allowed to remain 10 sec on the platform
before the next trial began. If the platform was not found, the mouse was placed on the
platform for 10 sec, and then given the next trial. Measures were taken of latency to find
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the platform and swimming speed via an automated tracking system (Noldus
Ethovision).
4.4.21 Acquisition in a Hidden Platform Task
Following the visible platform task, mice were tested for their ability to find a
submerged, hidden escape platform (diameter = 12 cm). Each animal was given 4 trials
per day, with 1 min per trial, to swim to the hidden platform. Criterion for learning was an
average group latency of 15 sec or less to locate the platform. Mice were tested until the
group reached criterion, with a maximum of 9 days of testing. When criterion was
reached, mice were given a 1-min probe trial in the pool with the platform removed.
Quadrant selectivity, an index of spatial learning, was evaluated by measuring number
of crossings over the location where the platform (the target) had been placed during
training, versus the corresponding area in the other three quadrants.
4.4.22 Statistics
At least 3 independent experiments were performed for each assay. Data
distribution normality was determined using the Shapiro-Wilkes test. Normally
distributed data was compared by unpaired t-test, for two independent samples, or
ANOVA with Holm-Sidek (>5 comparisons) or Bonferroni (>2, <5 comparisons) post-hoc
correction, For non-normal data, the Mann-Whitney test was used or Kruskal-Wallis
nonparametric ANOVA with Bonferonni posthoc correction for >2 comparisons. All data
are presented as means +/- standard error of the mean. Statistical significance is
represented as such: *p < 0.05, **p < 0.01, ***p < 0.005).
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CHAPTER 5 REMAINING QUESTIONS AND FUTURE DIRECTIONS
Our work on TRIM9 suggests it plays a crucial role in netrin-dependent axon
branching and guidance. TRIM9 could be likened to the conductor of an orchestra.
DCC, VASP, SNAP-25 and FAK are all individual ‘players’ that must be carefully
directed to perform in perfect synchrony. By negatively regulating DCC and its
downstream signaling in the absence of netrin, TRIM9 ensures that axon branching
and guidance is adequately spatially and temporally controlled during development
(Figure 5.1). In chapter one I provided a thorough overview of the trafficking
machinery involved in cell shape change and function from early neuritogenesis
through synapse formation(Winkle and Gupton, 2016). Chapter two outlines the first
mechanism by which TRIM9 constrains SNARE mediated exocytosis to insert new
membrane material into the expanding plasma membrane prior to axon branching. In
chapter three we elucidated how TRIM9 regulates DCC trafficking and alters
receptor behavior, and mediates downstream FAK activity. Contained in appendix
two is a laboratory wide collaboration examining TRIM9 mediation of netrindependent cytoskeletal dynamics via ubiquitination of VASP(Menon et al., 2015).
Chapter four illuminates the effects of the genetic loss of Trim9 on hippocampal
development and spatial learning and memory (Winkle and Olsen et al. 2016).
Altogether these data implicate TRIM9 as an integral regulator of netrin dependent
axon branching and guidance, but there are some remaining areas of inquiry.
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Figure 5.1. TRIM9 is a multi-functional regulatory mechanism of Netrindependent axon branching and guidance.
We have shown that TRIM9 regulates plasma membrane expansion necessary for
axon branching by constraining exocytosis via a netrin sensitive interaction with tSNARE SNAP-25 (Chapter 2). TRIM9 ubiquitinates DCC in the absence of Netrin
and mediates receptor trafficking and localization in response to Netrin. TRIM9
inhibits DCC and FAK phosphorylation (pY1420 and pY397, respectively) thereby
constraining downstream FAK activation necessary for SNARE mediated exocytic
fusion but not SNARE complex formation (Chapter 3). We identified actin regulatory
protein VASP as an ubiquitination substrate of TRIM9. This interaction regulates
growth cone filopodia stability during axon guidance towards Netrin-1 (appendix 1).
This regulation is critical in cortical neuron axon branching and guidance (Chapter 23, appendix 1), and dendritic arborization of hippocampal embryonic and adult born
neurons (Chapter 4). Loss of Trim9 leads to severe defects in hippocampal
dependent learning and memory (Chapter 4).
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5.1 Does TRIM9 Homodimerization or Heterodimerization with other TRIM
Family Proteins Alter its Activity?
The TRIM family of proteins is one of the largest, with over 70 TRIM genes
prevalent in mammals(Napolitano and Meroni, 2011). While many of these proteins
have specific substrates, the functional relevance of each is further complicated by
their ability to homo- and hetero- dimerize made possible by the CC (coiled-coil)
domain. For instance TRIMs 5a, 4, 6, 21, 22, 27, and 34 preferentially form
homotrimers (Mische et al., 2005; Li et al., 2007). Judging by colocalization studies,
TRIM5a may also heterodimerize with TRIMs 4, 6, 22, and 27(Li et al., 2007), while
other TRIMs such as TRIM24 and TRIM28 are known interaction partners(Herquel et
al., 2011).
Given the infinite number of interactions these proteins may be capable of it is
not surprising that we have only recently begun to explore what oligomerization of
TRIM proteins could mean for their biological functions. TRIM9 is ubiquitously
expressed throughout the nervous system, and displays overlapping mRNA
expression patterns with several other TRIM family members including TRIM67,
TRIM5, TRIM1/MID2 and TRIM36(Hawrylycz et al., 2012). It is entirely possible that
the formation of TRIM9 homodimers or heterodimers promotes or inhibits interaction
with other substrates, but so far, the only TRIM interaction partners we have
identified for TRIM9 are TRIM9 itself, and the closely related family member TRIM67.
TRIM9 has 3 identified splice variants (Figure 5.2)(Winkle et al., 2014) that differ
nominally in domain structure and amino acid number. It is possible that these
isoforms are functionally indistinct, but it is equally possible that oligomerization
between differential isoforms of TRIM9 lends diversity to its function. It is also
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possible that one of these isoforms acts as a dominant negative, inhibiting TRIM9
activity when necessary. TRIM9 performs auto-ubiquitination in vitro(Tanji et al.,
2010) suggesting a built in self regulation mechanism. Whether oligomerization of
TRIM9 or auto-ubiquitination promotes or inhibits its activity is unknown.

Figure 5.2. TRIM9 has 3 splice variants.
Graphical representation of the structure of TRIM9 isoforms a, b, and c (see also
Chapter 2, and (Winkle et al., 2014)/Chapter 12.
Preliminary data suggest that not only do TRIM67 and TRIM9 interact they
maintain distinct but overlapping expression patterns in the murine brain throughout
development (Figure 5.2). As TRIM67 has been implicated in
neuritogenesis(Yaguchi et al., 2012), it is intriguing to hypothesize that TRIM67 may
regulate TRIM9 activity in the nervous system through heterodimerization.
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Figure 5.3. TRIM9 and TRIM67 have distinct but overlapping expression
patterns.
A graphical representation of the expression levels of TRIM9 and TRIM67
throughout development.
5.2 Does TRIM9 Interact with and Regulate other Attractive or Repulsive
Guidance Receptors?
We have shown that TRIM9 interacts with the netrin-1 receptor DCC to
constrain receptor trafficking and downstream signaling (Chapter 2-4)(Winkle et al.,
2014; Menon et al., 2015). But this is only a limited view on a very complicated
cellular process. Netrin-1 typically thought of as a chemo-attractive guidance cue has
three other receptors besides DCC including DSCAM, Neogenin, and UNC5 (Figure
5.4)(Kennedy et al., 1994; Moore et al., 2007). DSCAM and Neogenin are both
heavily implicated in attractive axon guidance(Wilson and Key, 2006; De Vries and
Cooper, 2008; Ly et al., 2008; Liu et al., 2009), while UNC5 homologues act mainly
as repulsive signaling agents(Keleman and Dickson, 2001; Jarjour et al., 2003).
Curiously, these receptors have shown the capacity to interact with each other to
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form multimeric receptor complexes, further enhancing the specificity and diversity of
netrin-1 responsiveness(Moore et al., 2007; Hata et al., 2009). Whether TRIM9 may
interact with these other Netrin-1 receptors, or alters the formation or stability of
multimeric receptor complexes to alter signaling remains to be seen. Further
complicating matters is evidence that Robo, the receptor for the repulsive cue slit can
evoke a hierarchical silencing mechanism on attractive axon guidance by directly
binding to the cytoplasmic tail of DCC(Stein, 2001). As Robo and TRIM9 both
interact with the cytoplasmic tail of DCC it is possible that TRIM9 may inhibit this
interaction, thereby promoting attractive axon responses. Considering that TRIM9
also constrains trafficking of DCC through the mediation of VAMP2 and VAMP7
vesicular delivery (Chapter 3), it is entirely possible that TRIM9 may play an indirect
role in delivery of other guidance receptors, like Robo to the plasma membrane. All
these possibilities are intriguing and deserve further research attention.
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Figure 5.4. Attractive and repulsive axonal outgrowth and guidance is
mediated by a long list of ligands and their receptors.
Graphical representations of Netrin-1 and its receptors as well as Slits and their
receptors ROBO1-4. The tables list other known receptor/ligand combinations
involved in axon guidance not discussed in the text.
5.3 Does TRIM9 Play a Role in Synaptogenesis and Synaptic Maintenance?
As previously noted, TRIM9 expression increases into adulthood (Figure 5.3)
suggesting that it may play non-developmental roles in the nervous system. We
showed that loss of Trim9 decreased synaptic spine density in newly born adult
neurons (Winkle and Olsen, 2016In Press), but how TRIM9 affects synapses remains
to be seen. DCC, SNAP25 and VASP are all enriched at synaptic spines, perhaps
unsurprisingly, since the formation and maintenance of a mature spine is not unlike
axon branching(Hodel, 1998; Lin et al., 2010; Horn et al., 2013). Both require plasma
membrane expansion and cytoskeletal reorganization prior to formation.
Interestingly, TRIM9 has also been identified at the synaptosome, making it a prime
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candidate for regulation of vesicle fusion, membrane trafficking and cytoskeletal
remodeling during synapse formation and remodeling. Moreover, TRIM9 very likely
has interaction partners that have not yet been identified, thus interactions with other
crucial synapse associated proteins is possible. Synapses are structures that display
rapid, dynamic changes to morphology to alter neuronal function. The transience of
synaptic spine shape alteration suggests that a post-translational modification like
ubiquitination in the presence of TRIM9 would be an excellent mechanism by which
synaptic plasticity is controlled(Hegde and DiAntonio, 2002).
5.4 What Role Does Trim9 Play in other Areas of the Brain or in the Adult?

Figure 5.5. TRIM9 is expressed in cerebellar purkinje neurons and may affect
cerebellar organization.
A) Immunohistochemistry of Trim9+/+ tissue showing distinct expression of TRIM9 in
cerebellar purkinje neurons. B) Hemotoxilin and eosin stain of Trim9+/+ and Trim9-/showing crowding and disorganization in the purkinje layer and expansion of the
granule cell layer.
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While TRIM9 is ubiquitously expressed throughout the nervous system(Berti
et al., 2002), we have thus far limited our investigation of its function in the cortex
and hippocampus(Winkle et al., 2014; Menon et al., 2015) (Winkle and Olsen, 2016In
Press

). Early preliminary data suggest that TRIM9 is highly expressed in the purkinje

cell layer of the hippocampus (Figure 5.5A). Further, although this layer is normally
organized in a monolayer in Trim9+/+ brains, it appears disorganized and crowded in
Trim9-/- cerebellum (Figure 5.5B) suggesting that TRIM9 may play an as yet unestablished role in the cerebellum. Our evidence outlined in Chapter 4 (Winkle and
Olsen, 2016In Press), suggests that TRIM9 involvement in hippocampal cell
morphology persists throughout adulthood but whether this role is cell autonomous
remains to be seen. Netrin signaling is involved in axon guidance, axon branching
and cell migration throughout the nervous system, thus more roles for TRIM9
downstream of netrin may emerge over time.
To conclude, the study of ubiquitin ligases in neural development is as
challenging as it is crucial to our understanding of early neural circuit formation. The
E3 ubiquitin ligase TRIM9 is an intriguing protein that orchestrates plasma
membrane expansion and cytoskeletal dynamics that make changes in cell
morphology possible. While my four years of work elucidating the mechanisms and
roles of TRIM9 are coming to a close, there remain many exciting TRIM9-related
avenues of interest to pursue. I very much look forward to seeing what new and
fascinating ideas are yet to be revealed.
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OF PLASMA MEMBRANE DELIVERY DURING AXON BRANCHING AND
NEURONAL MORPHOGENESIS
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Abstract
During neural development, growing axons extend to multiple synaptic partners by elaborating axonal branches. Axon
branching is promoted by extracellular guidance cues like netrin-1 and results in dramatic increases to the surface area of
the axonal plasma membrane. Netrin-1- dependent axon branching likely involves temporal and spatial control of plasma
membrane expansion, the components of which are supplied through exocytic vesicle fusion. These fusion events are
preceded by formation of SNARE complexes, comprising a v-SNARE, such as VAMP2 (vesicle-associated membrane
protein 2), and plasma membrane t-SNAREs, syntaxin-1 and SNAP25 (synaptosomal-associated protein 25).
Detailed herein isa multi-pronged approach used to examine the role of SNARE mediated exocytosis in axon branching. The
strength of the combined approach is data acquisition at a range of spatial and temporal resolutions, spanning from the
dynamics of single vesicle fusion events in individual neurons to SNARE complex formation and axon branching in
populations of cultured neurons. This protocol takes advantage of established biochemical approaches to assay levels of
endogenous SNARE complexes and Total Internal Reflection Fluorescence (TIRF) microscopy of cortical neurons expressing
VAMP2 tagged with a pH-sensitive GFP (VAMP2-pHlourin) to identify netrin-1 dependent changes in exocytic activity in
individual neurons. To elucidate the timing of netrin-1-dependent branching, time-lapse differential interference contrast (DIC)
microscopy of single neurons over the order of hours is utilized. Fixed cell immunofluorescence paired with botulinum
neurotoxins that cleave SNARE machinery and block exocytosis demonstrates that netrin-1 dependent axon branching
requires SNARE-mediated exocytic activity.

Video Link
The video component of this article can be found at http://www.jove.com/video/53743/

Introduction
11

14

1

Recent estimates suggest that the human brain contains 10 neurons with 10 synaptic connections , highlighting the
importance of axon branching in vivo. Extracellular axon guidance cues such as netrin-1 guide axons to appropriate
2-5
synaptic partners and stimulate axonal branching, thereby increasing synaptic capacity . Netrin-1-dependent axonal
6
arborization involves substantial plasma membrane expansion , which we hypothesized requires delivery of additional
7
membrane components via SNARE complex dependent exocytic vesicle fusion .
Investigating the role of SNARE-mediated exocytosis in netrin-1 dependent axon branching is complicated by several factors.
First, the heterogeneity of cortical neurons increases the sample size required to identify significant effects, complicating
single cell techniques like imaging. Second, although biochemical techniques permit observation of changes that occur at the
population level, they lack the temporal and spatial resolution necessary to localize plasma membrane expansion to the axon
in the time frame of axon branching. Lastly, although axon branches form over hours, the cellular changes that contribute to
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axonal extension may begin within minutes and occur on the order of seconds, thus extending the temporal scope for
experimental consideration.
We outline a multi-technique approach that addresses these diverse temporal and spatial scales of exocytosis and axon
branching, and thus enhances our understanding of the fundamental cellular mechanisms. Utilizing these approaches
provides evidence that supports a critical role for SNARE-mediated exocytosis in axon branching.

Protocol
Statement of research ethics: All experiments involving animals detailed herein are subject to the rules and regulations of
the UNC Committee on Animal Care and to NIH standards for the care and use of laboratory animals.

1. Preparation and Plating of Dissociated Cortical Neurons
1. Euthanize timed-pregnant females by CO2 inhalation followed by cervical dislocation. Remove whole brains from the
skulls of embryonic day 15.5 (E15.5) mice and microdissect cortices from each hemisphere. For detailed instructions
8
regarding the microdissection of embryonic mouse cortex please see Viesselmann et al .
2. Place no more than 4 cortices in 1 ml of dissecting media in a sterile 1.6 ml microtube. Add 120 µl of 10x trypsin
and invert the tube 3 - 5 times to mix.
3. Using a hemocytometer, count cells to seed cell culture dishes. Note: 1 cortical hemisphere provides approximately
three million cells.
1. For the SDS-resistant SNARE complex biochemistry assay, plate six million cells per 35 mm dish and utilize
two dishes per condition. Note: This is simplified by using 6 well plates when comparing multiple conditions.
2. For branching assays, plate neurons on nitric acid washed circular coverslips at a density of 250,000 cells
per 35 mm dish, for DIC imaging of axon branching plate at a density of 150,000. These densities avoid
overcrowding and simplify analysis.
4. For live cell TIRF microscopy, resuspend two million neurons per transfection in nucleofection solution at RT.
1. Add 100 µl of cell suspension to microtube containing 10 µg of VAMP2-pHlourin expression plasmid
9
and electroporate with a nucleofector according to manufacturer protocol .
2. After transfections immediately add 500 µl of trypsin quenching media, remove suspension from cuvette and
plate cells at a density of 400,000 cells per 35 mm PDL-coated glass bottom dish.
5. Plate all cortical neurons in 2 ml of serum free media.

2. SNARE Complex Formation Assay
10

Note: SDS-resistant SNARE complexes were processed and analyzed as originally described with the modifications
detailed below. For validated alternative antibodies to the ones used here, see the materials section.
1. Stimulate E15.5 cortical neurons 2 days in vitro (DIV) with 250 ng/ml netrin-1 or sham control for 1 hr prior to lysis.
2. Prior to processing samples, cool centrifuge to 4 °C, and set water bath temperature to 37 °C, and heat block to 100 °C.
3. Remove cell dishes from incubator and place on ice.
1. Aspirate media from cells, replace with ~ 2 ml ice cold Phosphate buffered saline (PBS) gently 2 times for 1 - 2
min per wash.
2. For this assay, use 2 wells per condition.
3. Aspirate PBS from the first well of a condition and replace with 250 µl homogenization buffer. Leave on ice for
5 min, and then using a cell lifter, homogenize cells on ice.
4. Aspirate the PBS from the next well of the same condition and add the recently homogenized mixture to
the well. This will increase protein concentrations. Repeat for all conditions.
5. Upon completion, pipette homogenized solution to a pre-cooled 1.6 ml microtube on ice and add 20%
TritonX-100 to reach a final concentration of 1% TritonX-100. Triturate mix 10 times with 1,000 µl pipette
while minimizing bubbles.
4. Incubate tubes on ice for 2 min to solubilize proteins. Following incubation, centrifuge for 10 min at 6,010 rcf at 4 °C
to pellet non-solubilized material. Move lysate supernatant into new chilled 1.6 ml tube on ice.
11
5. Perform protein concentration analysis using Bradford assay and dilute samples to a final protein concentration of 3 5 mg/ml with remaining homogenization buffer supplemented with 1% TritonX-100 and 5x sample buffer supplemented
with B-Mercaptethanol (BME).
6. Divide each experimental sample evenly into 2 tubes. Incubate one sample at 37 °C for 30 min (SNARE complexes),
and the other at 100 °C for 30 min (SNARE monomers). Invert tubes intermittently to keep samples in solution.
7. Freeze samples at -20 °C until ready to separate via SDS-PAGE. Prior to running samples via electrophoresis
using standard techniques, reboil previously boiled samples for 5 min at 100 °C, but thaw 37 °C samples at RT.
8. Run duplicates of samples (30 - 40 µg of protein per sample) on both an 8% and a 15% gel; the 8% provides ideal
separation of the complex, whereas the 15% is used to quantify SNARE protein monomers (SNAP-25 ~25kDa,
VAMP2 ~18kDa, syntaxin-1 ~35kDa). Maintain power source at 70 V until the dye line is through the stacking gel and
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increase voltage to 90V. Run gels until the dye runs off.
9. To preserve monomers, transfer proteins to 0.2 µm nitrocellulose membrane on ice using cold transfer buffer with
20% Methanol (MeOH) added, at 70 V for 45 min.
10. Dry membrane in a covered dish for 2 hr to O/N at RT (O/N provides the best results).
11. Block SNARE complex membranes in 10% Bovine Serum Albumin (BSA) for 1 hr at RT.
12. Prepare primary antibodies (recognizing specific SNARE complex components) at a dilution of 1:1,000 and
probe O/N at 4 °C on a rotary shaker.
1. Rinse blots in Tris Buffered Saline plus 0.1% Tween-20 (TBS-T) 3 times for 5 min each.
13. Prepare fluorescent secondary antibody solutions at a dilution of 1:20,000 in 1% BSA in TBS-T and probe for 1
hr, covered at RT. Repeat Step 2.12.1 after 1 hr.
14. Image blots on a fluorescent scanning machine equipped with software suite and quantify both the SNARE protein
complex (immunoreactive bands above 40kDa) and monomer bands (immunoreactive bands at 25 kDa, 18 kDa, 35
kDa for SNAP-25, VAMP2 and syntaxin-1, respectively) using manufacturer's instructions for drawing rectangular
ROIs.

3. Imaging Exocytic Events via TIRF Microscopy
Note: This protocol requires specialized microscopy equipment including an environmental chamber to maintain
temperature, humidity and CO2, an inverted TIRF microscope equipped with an epifluorescent illumination, a high
magnification/ high numerical aperture (NA) TIRF objective, an automated XYZ stage, and a sensitive Charge Coupled
Device (CCD) detector. This protocol uses a fully automated inverted microscope equipped with a 100x 1.49NA TIRF
objective a solid state 491 nm laser and an Electron Multiplying CCD (EM-CCD). All equipment is controlled by imaging and
laser control software. Prior to the beginning the imaging protocol power on the environmental chamber, stage, lamp,
computer, and camera.
1. Select objective within imaging software. Once the objective is in place, fasten the objective heater around the collar.
2. Confirm that objective is lowered completely before securing the stage incubator in the stage slot. Pour distilled water
into the stage incubator inlets evenly to prevent spill.
3. Turn on the incubation system. Open the valve to the CO2 tank and confirm the pressure is appropriate for the
system per manufacturer's instructions. Allow chamber some time to reach 5% CO2 and 37 °C. Prior to adding the
imaging dish, place an empty dish in the incubator to avoid water condensation on the objective.
4. Power on the laser source.
5. Open stage incubator and add immersion oil to the lens. Place sample in incubator and stabilize with stability arms
or a dish weight. Raise the objective until the oil makes contact with the bottom of the sample. Switch to
transmitted light illumination and find neuronal focal plane through the oculars.
6. Start laser software and connect to the laser control software. Set illumination to widefield and select the objective
being used (100X 1.49 NA TIRF is recommended). Set refractive index of the sample (cells ~1.38). Adjust laser
intensity by unchecking "TTL" for the 491 nm laser. Adjust the slider to 100 then bring it back down to a value
between 20 - 40%. Recheck "TTL".
7. Focus on sample again in transmitted light illumination. Go to imaging software and select 491 nm laser illumination
and open shutter. Fine adjust the focal point of the laser on the ceiling and center the point to the center of the
closed field diaphragm with the condenser removed. Place condenser upside down on the optical bench, so as not
to scratch lens.
8. Replace condenser and go to TIRF software and set penetration depth (PD) to 110 nm. Switch from widefield
illumination to TIRF illumination mode for imaging.
9. Find VAMP2-phluorin expressing cells through the oculars using widefield epifluorescence with epifluorescent light
source.
1. Adjust imaging parameters (exposure time, gain and laser power) to maximize signal to noise ratio and
dynamic range using the minimal exposure time and laser intensity to reduce photobleaching and
phototoxicity (for example: exposure between 50 - 100 msec, with a 15 - 30 gain at 30% maximum laser
power).
2. Set continuous autofocus per cell. Acquire a timelapse image set with acquisition occurring every 0.5 sec for
5 min. For the netrin-1 stimulated condition, add 500 ng/ml netrin-1 to dish of cells in a laminar flow hood and
return the dish to the incubator for 1 hr prior to imaging.
10. To quantify the frequency of exocytic events normalized per cell area and time, open image stacks in ImageJ by
dragging the file into the window or going to File> Open> Filename (Figure 2A Inset 1).
1. To remove stable fluorescent signals that do not represent vesicle fusion events, create an average z
projection of the entire stack using Image>Stack>Z-Project>Projection type: Average Intensity. Subtract this
mean image from each image in the timelapse using Process> Image Calculator> Image1: your stack
Operation: Subtract Image2 newly created average z projection. This emphasizes exocytic events (Figure
2A Inset 2 - 3).
2. Count exocytic fusion events by eye. Exocytic events are defined as the appearance of a diffraction-limited
fluorescence signal, which rapidly diffuses as VAMP2-phluorin diffuses within the plasma membrane (Figure
2A Inset 6).
3. Use the Threshold command to highlight the first image using Image>Adjust>Threshold> adjust slider until
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the whole cell is threshold highlighted (Figure 2A Inset 7 - 8).
4. Under Analyze, choose SetMeasurements and check area and display label. Select the thresholded
cellular area using the wand tracing tool and press 'm' to measure (Figure 2A Inset 7 - 8).
5. Transfer both the exocytic fusion events count, the cell area measurements, and the elapsed imaging
2
time to a spreadsheet to calculate number of exocytic events/mm /time (Figure 2A Inset 9).

4. Differential Interference Contrast (DIC) Timelapse Microscopy of Axon Branching
12

Note: A complete protocol and demonstration for a general approach to DIC imaging is available . While this protocol
utilizes DIC, other transmitted light microscopy methods may be used for the same purposes (for example: phase
contrast).
1. At 2 DIV, place glass bottom imaging dish containing untransfected neurons in pre-warmed environmental
chamber to maintain a humid environment with 5% CO2 and 37 °C. Utilize a microscope equipped with a 60X
Plan-Apochromat, 1.4 NA DIC objective lens and high NA condenser for best image quality and resolution.
2. Adjust the focal plane to find neurons through the oculars using transmitted light illumination.
3. Using the multi area acquisition function on imaging software, find and save the XYZ locations of at least 6 cells.
Position the stage so that neurons of interest fit within the field of view for best results.
1. Stimulate with 250 ng/ml netrin-1 and press 'start multi area acquisition'. Sequentially acquire images at each
position every 20 sec for 24 hr, pausing acquisition and refocusing as necessary.
4. Review images in imaging software using Apps>Review Multi Dimensional Data>open file name. Identify stable
axon branches (20 µm long) that form during the imaging session. Use the line draw tool to measure a stableaxon
branch from the base at the axon to the tip to ensure the 20 µm length qualification is met.
1. In a spreadsheet, record the frame number after netrin stimulation when membrane protrusions initiate in
areas where branches later form as well as the frame number after netrin stimulation when nascent branches
reach 20 µm in length.
2. Multiply the number of frames between protrusion and branch formation by 20 sec to calculate the formation time
per branch.

5. Toxin Manipulations and Fixed Cell Immunofluoresence
1. At 2 DIV, treat neurons in experimental conditions with 250 ng/ml netrin-1 and/or 10 nM Botulinum A toxin
13
(BoNTA), which cleaves the SNARE protein SNAP25 and effectively inhibits SNARE mediated exocytosis , plus
250 ng/ml netrin-1. Leave one set of untreated neurons as control condition. CAUTION: BoNTA requires the use
of eye and respiratory protection when preparing and using solutions. Maintain all contaminated materials as
biohazardous material and autoclave as soon as possible.
2. At 3 DIV (24 hr post treatment) aspirate media, and immediately replace with at least 1 ml of PHEM fix (see Table 1
for details) warmed to 37 °C. Incubate for 20 min in the dark at RT.
3. Rinse 3x with PBS (for future use seal with parafilm and store at 4 °C).
4. Place coverslips in dark, humidified staining chamber and permeabilize the cell membranes for 10 min in freshly
diluted 0.2% TritonX-100 in PBS (made from 10% TritonX-100 stock).
5. Remove permeabilization solution and rinse with 50 µl of 1x with PBS. Block for 30 min in ~50 µl of 10%
Bovine Serum Albumin in PBS (BSA-PBS) or 10% Boiled Donkey Serum in PBS at RT.
6. Rinse with 1x PBS again. Incubate coverslips in 50 µl of primary antibody (1:1,000 βIII tubulin, to confirm
neuronal identity) in 1% BSA-PBS for 1 hr at RT, in the dark.
7. Perform 3x 5 min washes in PBS. Incubate coverslips in 50 µl of spectrally-distinct secondary antibody for
tubulin (1:400), and fluorescent phalloidin (varies by excitation: 488 phalloidin at 1:400, 647 phalloidin at 1:100)
in 1% BSA-PBS for 1 hr.
8. Wash 3x 5 min in 1x PBS and mount coverslips onto slides in mounting media.
9. Vacuum excess mounting media from the edges of the coverslip and seal with clear nail polish.
10. Collect widefield epifluorescence images on an inverted microscope with a 40X 1.4NA objective, epifluorescent
capabilities and EM-CCD.
1. Manually analyze branching using ImageJ. Open image stacks in ImageJ by dragging the file into the
window or going to File> Open> Filename (Figure 4A inset 1).
2. Using line>segmented line, trace the axon, defined as the longest neurite extending from the soma(Figure 4A
inset 2 - 3).
3. Using Analyze>Tools>ROI Manager, save the axon tracing as a region of interest. Trace and save each
axon branch, defined as a neurite ≥20 µm in length. Include only primary branches (outgrowths directly
sprouting from the axon) in the analysis (Figure 4A inset 3 - 4).
4. Press 'm' to measure the saved regions of interest, and transfer lengths in pixels to a spreadsheet to calculate
the length in µm.
5. Divide the number of axon branches ≥20 µm in length, by the length of the axon in µm divided by 100 to
get number of axon branches per 100 µm length.
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Representative Results
Utilizing in vitro biochemical techniques to assay the amount of SDS-resistant SNARE complexes in a population of neurons.
Figure 1 shows the resulting western blot following completion of the SDS-resistant SNARE complex assay probed for SNAP25, syntaxin1A and VAMP2.
TIRF microscopy at the basal cell membrane provides high resolution images of individual exocytic fusion events in single
cells. Figure 2A demonstrates the image analysis methodology for identifying VAMP2-phluorin mediated exocytic events.
The inset shows a single exocytic event as vesicle fusion occurs and as VAMP2-phluorin diffuses within the plasma
membrane. Figure 2B shows an example of an exocytic event occurring over time (seconds) in a cortical neuron. Zoomed
insets denote the soma, an axon branch and an axonal growth cone showing the spatial utility of this assay. Circles denote
single exocytic fusion events, which can be seen via TIRF microscopy.
Timelapse DIC imaging of netrin stimulated axon branching reveals the timing of axon branch formation. Figure 3 depicts the
formation of an axon branch in real time following netrin stimulation. White arrowheads denote the initial protrusion from a
branch site. Black arrowheads denote a fully formed, stable branch of at least 20µm measuring from the main axon to the
branch tip. Netrin dependent increases in axon branching occurs following netrin dependent increases in exocytic fusion.
Fixed cell immunocytochemistry combined with pharmacological inhibition of SNARE activity shows that SNARE mediated
exocytosis is a requisite for cortical axon branching. Figure 4A, outlines a step by step process of branch tracings
performed in ImageJ. Figure 4B shows representative images of cortical neurons at 3DIV. Conditions are as follows:
untreated, stimulated with 250 ng/ml netrin, or treated with BoNTA and 250 ng/ml netrin for 24 hr.
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Figure 1. Using the SDS Resistance of SNARE Complexes as a Quantifiable Metric of SNARE Formation In Vitro. A
representative western blot probed for SNARE complex members VAMP2, Syntaxin1A and SNAP-25 and the loading control
BIII tubulin. Both SNARE proteins in complex and identifiable monomers are shown. Please click here to view a larger
version of this figure.
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Figure 2. Live Cell Imaging and Quantification of Exocytic Vesicle Fusion Events in Cortical Neurons. (A) Step by
step outline of the exocytic vesicle fusion image analysis as it was manually performed using ImageJ. (B) Inset panels show
a single VAMP2-pHlourin vesicle fusion event as it occurs over time. The second panel featuring a TIRF microscopy image of
a whole cortical neuron expressing VAMP2-pHlourin at 2DIV. Dotted line boxes denote the regions of interest as shown
below: soma, axon branch, and an axonal growth cone. Circles with the regions of interest denote single vesicle fusion
events. Please click here to view a larger version of this figure.
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Figure 3. Long Term Live Cell DIC Imaging Reveals Timing of Netrin-1 Dependent Axon Branching. DIC live cell images of
a cortical neuron showing the formation of axon branches in response to netrin stimulation. White arrowheads denote points of
initial protrusion prior to the neurite reaching 20 µm in length. Black arrowheads denote bonafide branches (length ≥20 µm). Time
denoted as hour:min. Please click here to view a larger version of this figure.

Figure 4. Fixed Cell Immunofluorescence Coupled with Toxin Inhibition of Exocytosis Shows that Exocytosis is
Required for Netrin-1 Dependent Axon Branching. (A) Outline of the tracing and analysis steps for quantification of axon
branching in a netrin stimulated cortical neuron at 3DIV. (B) Representative images of cortical neurons at 3DIV of each
experimental condition: untreated, stimulated with 250 ng/mL netrin, or treated with 10 nM BoNTA toxin plus 250 ng/ml netrin.
Green is F-Actin (phalloidin), red is βIIItubulin. Arrows denote points of axon branches ≥20 µm in length. Please click here to
view a larger version of this figure.
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Recipe
Solution

10 mM HEPES-NaOH pH 7.4,150 mM NaCI, 1 mM EGTA.
Plus
necessary protease and phosphatase inhibitors
dependent upon cell type

Homogenization buffer

2x Sample
60 mM Tris-HCI pH 6.75, 5% (v/v) fI-mercaptoethanol,
2% (w/v) SDS, 10% (w/v) glycerol, 0.007% (w/v)
bromophenol blue 60 mM PIPES pH 7.0, 25mM HEPES
pH 7.0, 10mM EGTA pH 8.0, 2 mM MgCl2, 0.12 M
Sucrose, 4% PFA

buffer PHEM
fixative

Mounting Media

20 mM TRIS pH 8.0, 0.5% N-Propyl-gallate, 90% high
quality glycerol, MilliQ H2O

10X SDS Running Buffer

Dissolve 30.0 g of Tris base, 144.0 g of glycine, and
10.0 g of SDS in 1,000 ml of H2O, pH 8.3. Dilute to 1x.

10X Transfer Buffer

Dissolve 30.3 g Tris for 250 mM and 144.1 g Glycine for
1.92 M solution in 1 L H2O; (for 1 L 1x buffer add 100ml
10x solution to 200 ml MeOH and 700 ml cold DI H2O)

Serum Free Media (SFM)

50 ml: 0.5 ml L-Glutamine, 1 ml B27, 48.5 ml Neurobasal
Media

Trypsin Quenching Media

50 ml: 0.5 ml L-Glutamine, 2.5 ml FBS, 47 ml Neurobasal
50
mM Tris-Cl, pH 7.5, 150 mM NaCl in 1 L H2O; (For
Media
TBS-T add 1 ml Tween-20)

(TQM)
TRIS Buffered Saline
Table 1. Solutions

Discussion
Axon branching is a fundamental neurodevelopmental process and underpins the vast neuroconnectivity of the mammalian
nervous system. Understanding the mechanisms involved in localized plasma membrane expansion is integral to our
understanding of both normal and pathological neurodevelopment. The use of a multipronged approach incorporating both
population level and single cell level methodologies enhances reproducibility and increases spatial and temporal resolution without
compromising population level analysis. At the single cell level, utilizing both fixed and live cell approaches to examine netrindependent axon branching provides a three-fold benefit: the ability to collect a large sample size across multiple experiments,
temporal resolution with DIC imaging, and spatiotemporal resolution of exocytic fusion using TIRF microscopy.
The SDS-resistant SNARE complex assay allows a measurement of SNARE activity that accounts for the heterogeneity of
cortical neurons in culture. SNARE complexes are extremely stable; whereas most other protein complexes are dissociated
by the addition of SDS. SNARE
complexes are SDS resistant, though not temperature resistant. This property makes quantifying the amount of both the
SNARE complex and SNARE monomers possible. Due to the necessity of running multiple SDS-PAGE gels at varying
acrylamide percentages, seeding cells at a density no less than 6 million per well in order to acquire sufficient amounts of
protein is important. As this assay requires common laboratory reagents, the ability to perform western blots and the antibodies
for endogenous SNARE proteins, this is a relatively cost effective and simple method for producing quantifiable data on
exocytic SNARE complex formation. Although omitted from this protocol, this method may be used in conjunction with a variety
of pharmacological manipulations and multiple cell types. The main limitation to this method is the necessity
for a relatively high number of cells. Those working in model systems where cell number and thus protein is limiting should
take this into consideration.
TIRF microscopy-based imaging of exocytic events in single neurons allows the visualization of individual exocytic fusion events
of VAMP2- pHluorin producing quantifiable data that can be categorized spatially or temporally. For example, exocytic events
can be compared throughout the entire neuron or to specific cellular locations such as the soma, the axon or other neurites.
Furthermore the frequency of fusion for single exocytic events at various cellular locations can be calculated from frame rate.
This imaging protocol may be performed on any commercially available inverted TIRF system equipped with a stage incubator,
an appropriate laser source, and an EMCCD camera, although adjustments to laser power and exposure time are necessary on
a per cell basis. This protocol can be used in conjunction with any cell type that is suitable for transfection, although dividing cell
lines must be seeded appropriately to allow for the isolation of single cells for imaging. Careful consideration of post processing
for images is recommended, as the high level of background noise in live cells can make identifying fusion events difficult.
Utilizing the z-projection function in ImageJ, we created average z projections of image stacks then subtracted the resulting
image from the original stack. This process significantly decreased background, increasing the signal-to ratio, and simplifying
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identification of fusion events.
Time lapse DIC imaging is a simple and effective method for long-term spatiotemporal examination of neuronal
morphogenesis in vitro. As transmitted light illumination has little negative impact on neurons, this approach can, in theory, be
utilized for long timecourses on the order of days. Utilizing the multi area acquisition function increases the number of cells that
can be simultaneously imaged, but this number will be constrained by the chosen frame rate and the distance between regions
of interest. Thus, balancing the desired number of cells and required frame rate for the phenomena of interest to optimize the
experimental throughput is necessary.
In both live cell imaging protocols, the use of a stage incubator, which maintains CO2, humidity and temperature, allows for acute
stimulation or pharmacological manipulation in real time though we did not take advantage of this possibility. Thus the live cell
imaging approaches outlined here allow an effective means by which the spatial and temporal aspects of netrin dependent axon
branching, and other cellular phenomena can be examined in real time.
Our SNARE complex biochemistry assays and live cell imaging produced quantifiable measures of population level and single cell
level changes. Fixed cell immunocytochemistry, coupled with pharmacological manipulations of exocytic activity allowed us to both
retrieve temporal information about axon branching and connect branching to the requirement of exocytosis. Dependent on which
pharmacological manipulation is desired,
it may be necessary to perform a concentration assay, to identify the most effective but least cytotoxic dose possible for cells of
interest. These assays require relatively few cells and only three DIV, making them both cost and time effective.
Together, the assays outlined above are powerful tools in elucidating the roles of specific proteins in exocytic fusion and axon
branching. Using this approach coupled with a genetic knockout model of the E3 ubiquitin ligase TRIM9, we showed that TRIM9
7
acts as a regulator of exocytosis through an interaction with SNAP25, and thus constrains axon branching . In sum, our multipronged strategy to examine membrane addition during axon branching is likely to be instrumental in dissecting detailed
molecular and cellular mechanisms governing plasma membrane expansion necessary to neuronal development and cell shape
change.
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Highlights
• TRIM9 ubiquitinates VASP and alters VASP filopodial tip localization and tip mobility
• TRIM9 deletion disrupts filopodia stability, axon turning in vitro and projection in vivo
• Netrin-induced filopodia stability and VASP mobility at tips require deubiquitinase activity
• A gradient of protein ubiquitination is sufficient to induce axon turning in vitro
Summary
Neuronal growth cone filopodia contain guidance receptors and contribute to axon guidance,
however the mechanism by which the guidance cue netrin increases filopodia density is
unknown. Here we demonstrate that TRIM9, an E3 ubiquitin ligase that localizes to filopodia tips
and binds the netrin receptor DCC, interacts with and ubiquitinates the barbed-end polymerase
VASP to modulate filopodial stability during netrin-dependent axon guidance. Studies with
murine TRIM9+/+ and TRIM9-/- cortical neurons, along with a non-ubiquitinatable VASP mutant,
demonstrate that TRIM9-mediated ubiquitination of VASP reduces VASP filopodial tip
localization, VASP dynamics at tips, and filopodial stability. Upon netrin treatment, VASP is
deubiquitinated, which promotes VASP tip localization and filopodial stability. TRIM9 deletion
induces axon guidance defects in vitro and in vivo, whereas a gradient of deubiquitinase
inhibition promotes repulsive axon turning in vitro. We conclude that a gradient of TRIM9mediated ubiquitination of VASP creates a filopodial stability gradient for axon turning.
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INTRODUCTION
During embryonic development, growth cones at the tips of extending axons respond to
extracellular cues to direct axon growth (Kolodkin and Tessier-Lavigne, 2011). In the
mammalian cortex, the diffusible guidance cue netrin-1 (netrin) and its receptor DCC (deleted in
colorectal cancer) promote attractive axon guidance (Richards et al., 1997; Stein, 2001) and
deficiency of the murine gene encoding netrin-1 or DCC induces cortical projection defects
(Fazeli et al., 1997; Serafini et al., 1996). DCC localizes to the tips of filopodia (Shekarabi and
Kennedy, 2002), bundled filamentous actin (F-actin) rich protrusions that decorate the growth
cone periphery and contribute to axon guidance. Furthermore, DCC is required for netrindependent increases in filopodia density (Lebrand et al., 2004). In addition to guidance
receptors, the filopodia tip complex contains cytoskeletal regulatory proteins that modulate
filopodial growth and stability (Gupton and Gertler, 2007). Cytoskeletal dynamics contribute to
the extension and turning of growth cones, but how the function of the tip complex is regulated
by netrin is not known.
The Ena/VASP family of actin regulatory proteins localize in the tip complex and are essential in
netrin response, filopodial formation, neuritogenesis and axon fiber tract formation in the murine
cortex (Dent et al., 2007; Kwiatkowski et al., 2007; Lebrand et al., 2004). Mammals have three
Ena/VASP orthologs: Mena, VASP, and EVL (Kwiatkowski et al., 2007; Lanier et al., 1999),
which promote formation of unbranched F-actin through binding and protecting the barbed end
from filament capping and promoting polymerization (Barzik et al., 2005; Bear et al., 2002;
Breitsprecher et al., 2008; Hansen and Mullins, 2010). This family is characterized by an Nterminal Ena/VASP Homology 1 (EVH1) domain that binds proteins with the sequence
(D/E)FPPPPX(D/E)(D/E) (abbreviated FP4), a proline-rich (Pro) domain, and an EVH2 domain
that binds monomeric and F-actin and mediates tetramerization (Krause et al., 2003).
Ena/VASP function is required for netrin-dependent increases in growth cone filopodia (Lebrand
et al., 2004). Ena/VASP proteins are acutely phosphorylated in response to netrin, however this
phosphorylation is not detected when filopodia density increases, suggesting unidentified
mechanisms regulate Ena/VASP function.
We identified murine TRIM9 as a direct binding partner of DCC that regulates axonal branching
in response to netrin in cortical neurons (Winkle et al., 2014). Like Ena/VASP, TRIM9 localizes
to filopodia tips in cortical neurons. The interaction between TRIM9 and DCC is conserved in
invertebrates, where the TRIM9 ortholog is required for netrin responses (Hao et al., 2010;
Morikawa et al., 2011). Their similar localization and requirement in netrin responses suggests
that TRIM9 and Ena/VASP may cooperate within filopodia in response to netrin. TRIM9 is a
member of the tripartite motif (TRIM) family of E3 ubiquitin ligases, which mediate covalent
linkage of ubiquitin to substrates. Addition of ubiquitin chains triggers proteasomal degradation
or alternatively modifies substrate localization, trafficking or function (Chau et al., 1989; Didier et
al., 2003; Schaefer et al., 2012). Additionally, ubiquitination can be reversed by deubiquitinases
(DUBs, Reyes-Turcu et al., 2009). In vitro studies demonstrated that TRIM9 exhibits ligase
activity (Tanji et al., 2010), however its substrates and the consequences of its ligase activity
are unknown.
Here we show that TRIM9, which lacks an FP4 motif, exhibits a novel mode of direct interaction
with the EVH1 domains of Ena/VASP proteins. We find that VASP but not Mena nor EVL is
ubiquitinated in the presence of TRIM9, and that VASP is deubiquitinated in the presence of
netrin. Although neither TRIM9 nor netrin treatment altered the stability of VASP protein, they
differentially altered VASP localization and mobility at filopodia tips. Pharmacological inhibition
of DUB activity or expression of a VASP mutant that cannot be ubiquitinated supported the
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hypothesis that TRIM9-mediated ubiquitination alters VASP localization, filopodial stability, and
filopodia density. We show that deletion of TRIM9 disrupts attractive axon turning within a netrin
gradient, whereas a gradient of DUB inhibition, and thus of ubiquitination, was sufficient to
repulse TRIM9+/+ axons. We propose that TRIM9 function and a netrin gradient create a
gradient of VASP ubiquitination across the growth cone, and thus spatial differences in filopodia
stability and density that promote extension toward netrin.
RESULTS
Identification of TRIM9 as a novel Ena/VASP interaction partner
To determine how Ena/VASP function is regulated by netrin, we performed a yeast two-hybrid
screen using EVL as bait to identify novel Ena/VASP binding partners from an embryonic
mouse brain cDNA library. This identified four independent clones containing sequences
corresponding to amino acids 45-532 of TRIM9. TRIM proteins share a conserved N-terminal
TRIM motif with an E3 ubiquitin ligase RING domain, 1-2 BBox domains, and a coiled-coil (CC)
domain that mediates homo- and hetero-multimerization (Fig1A). In TRIM9, the TRIM motif is
followed by a COS box, fibronectin type III (FN3) and SPRY domains (Short and Cox, 2006).
We recently demonstrated that the SPRY domain of TRIM9 directly interacts with DCC (Winkle
et al., 2014). Thus the interaction between Ena/VASP and TRIM9 may link netrin to changes in
filopodia.
TRIM9 binds and colocalizes with Ena/VASP proteins in cortical neurons
To confirm the interaction between TRIM9 and Ena/VASP predicted by yeast two hybrid, we
incubated GST-tagged TRIM9 variants in embryonic mouse brain lysate (Fig1A). A GST-tagged
protein containing the BBox-CC-COS domains of TRIM9 (BBCCC) bound endogenous Mena
and VASP, whereas GST did not. GST-TRIM9 and a variant lacking the SPRY domain
(DSPRY) failed to precipitate Mena or VASP. Even though TRIM9 lacks an FP4 motif, GSTEVH1 domains of all three Ena/VASP members precipitated endogenous TRIM9 from
embryonic brain lysate, but GST-Pro or GST-EVH2 did not (Fig1B). This pattern of binding may
suggest conformational changes or post-translational modifications in TRIM9 or Ena/VASP
proteins are required to permit binding, or that terminal domains of the proteins modulate
binding. However, direct binding assays demonstrated that GST-BBCCC was able to precipitate
His-EVH1 (Fig1C). This interaction was maintained with GST-BBCC and GST-CC, but not GSTBBox, indicating that the CC domain is the minimal binding region of TRIM9. We confirmed this
observation with precipitation of Myc-TRIM9 variants expressed in HEK293 cells (Fig1D). GSTEVH1 precipitated Myc-TRIM9 and Myc-TRIM9 lacking the RING domain (TRIM9DRING) but
not Myc-TRIM9 lacking the CC motif (TRIM9DCC). Tes and Abi are the only identified EVH1
interacting proteins that lack an FP4 motif (Boëda et al., 2011; Chen et al., 2014). Unlike Tes
and Abi, which exhibit competitive binding with FP4, His-EVH1 continued to interact with GSTCC in the presence of a 10-fold excess of FP4 (Fig1E). Although these biochemical assays
confirm the direct binding predicted by the yeast-two hybrid screen, we were unable to coimmunoprecipitate endogenous TRIM9 and VASP, suggesting this interaction may be regulated
or transient in vivo.
TRIM9 and Ena/VASP localize to the tips of filopodia, which decorate the periphery of neuronal
growth cones (Lanier et al., 1999; Winkle et al., 2014). Immunocytochemistry of endogenous
VASP (Fig1F) or Mena (Fig1SA) with Myc-tagged TRIM9 in embryonic mouse cortical neurons
however showed limited colocalization within filopodia. The observed colocalization coefficient
was lower than typically reported (Fig1G, Obs ~0.2), but greater than measured following pixel
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randomization (Rand, p<.05), suggesting only a subset of proteins interacted within filopodia.
Live-cell imaging via total internal reflection fluorescence (TIRF) microscopy revealed transient
colocalization of mCherry-TRIM9 and GFP-VASP at filopodia tips (Fig1H, MovieS1). Transient
interaction often occurs between E3 ligases and substrates. Consistent with this, a mutant
lacking the ligase domain (TRIM9DRING) exhibited prominent colocalization with GFP-VASP
(MovieS2). GFP-Mena also colocalized with TRIM9 in dynamic filopodia (FigS1C, MovieS3),
although Mena lacked distinct tip localization.
TRIM9 ubiquitinates VASP but not Mena or EVL
We first used HEK293 cells to determine if Ena/VASP proteins were ubiquitinated in the
presence of TRIM9; however endogenous TRIM9 complicated these experiments. Therefore we
generated TRIM9-/- cells via CRISPR/Cas genome editing (Fig2A). Clone 3 contained mutations
in both TRIM9 alleles and had no detectable TRIM9, whereas clone 1 exhibited partial
expression (Fig2A). We expressed HA-DCC, GFP-VASP and FLAG-ubiquitin in 293-WT
(TRIM9+/+) and clone 3 (TRIM9-/-) cells. Upon immunoprecipitating GFP-VASP, in addition to the
expected 75kDa band, we observed a ~25kDa heavier GFP band that co-migrated with ubiquitin
in TRIM9+/+ cells, indicative of VASP ubiquitination (Fig2B). Either netrin stimulation or deletion
of TRIM9 reduced GFP-VASP ubiquitination (p<.05), suggesting TRIM9 ubiquitinated VASP,
and this modification was lost in the presence of netrin. The netrin-dependent decrease in VASP
ubiquitination was not observed in cells lacking HA-DCC (Fig S2A), indicating that the loss of
ubiquitination occurred downstream of DCC. Although Ena/VASP proteins are often functionally
redundant, we did not detect ubiquitination of GFP-Mena or GFP-EVL (Fig S2B-C). To confirm
that ubiquitination of VASP was relevant to cortical neurons, we performed similar experiments
by immunoprecipitating endogenous VASP and blotting for endogenous ubiquitin. A higher
molecular weight VASP+ band that comigrated with ubiquitin was similarly lost upon netrin
treatment or deletion of TRIM9 (Fig2C). Although ubiquitination can decrease substrate half-life
via proteasomal-degradation, we observed no change in VASP protein in embryonic cortical
neurons cultured from TRIM9+/+ or TRIM9-/- mice (Fig2D). Furthermore neither netrin stimulation
nor proteasome inhibition altered VASP protein levels. Without evidence for degradation of
VASP, we hypothesized that VASP was deubiquitinated in the presence of netrin. To test this,
we inhibited DUB activity with PR-619, a cell permeable inhibitor of DUBs that increases levels
of ubiquitinated proteins with little inhibitory effect on other proteases (Altun et al., 2011;
Seiberlich et al., 2012). DUB inhibition blocked the netrin-dependent reduction in VASP
ubiquitination in cortical neurons (Fig2E). Based on bioinformatic predictions and conservation
across VASP orthologs, we mutated single lysines to arginine within VASP to identify
ubiquitination sites, but this approach failed to reduce VASP ubiquitination (FigS2D). Since E3
ligases can promiscuously ubiquitinate lysine residues on substrates (Rodriguez et al., 2000),
we combined nine lysine mutations based on bioinformatic analysis and mass spectrometry
studies (Danielsen et al., 2011). This mutant (VASP K-R) exhibited significantly reduced
ubiquitination (Fig2F). Together these results suggest that TRIM9 specifically ubiquitinates
VASP and that VASP is deubiquitinated upon netrin treatment. E3 ligases and their substrates
typically interact transiently (Kim et al., 2015); this may account for the low, transient
colocalization (Fig1G) of these proteins and their inability to co-immunoprecipitate.
Deletion of TRIM9 disrupts growth cone filopodia, netrin response and VASP localization
To determine if TRIM9 regulated filopodia, we compared murine axonal growth cones from
TRIM9+/+ and TRIM9-/- embryos (Fig3A). This revealed that TRIM9-/- growth cones exhibited
increased area, and increased filopodia number, density and length (Fig3B-E, p<.01). Since we
previously showed that TRIM9 directly interacts with DCC and was important for neuronal
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response to netrin (Winkle et al., 2014), we investigated growth cone response to netrin
stimulation. Following netrin treatment, TRIM9+/+ growth cones increased filopodia number,
density and length (Fig3B-E, p<.01), whereas TRIM9-/- growth cones (p<.01) were netrin
insensitive. Pre-incubation with an antibody that impedes netrin binding to DCC precluded
netrin-dependent increases in filopodia density in TRIM9+/+ growth cones (FigS3A, p=0.93) as
previously observed (Lebrand et al., 2004), suggesting this is DCC-dependent. However this
antibody did not change filopodia density in TRIM9-/- growth cones (FigS3A), suggesting TRIM9
regulates filopodia density downstream of DCC. To determine if VASP localization was sensitive
to netrin treatment or TRIM9, we measured VASP intensity relative to phalloidin along filopodia.
In TRIM9+/+ neurons, VASP localized throughout the growth cone and accumulated at filopodia
tips (Fig3F). Netrin treatment or deletion of TRIM9 increased this tip ratio more than two fold
(p<.01). Expression of MycTRIM9 in TRIM9-/- neurons reduced elevated tip localization and
rescued netrin-dependent increases in VASP tip accumulation (Fig3GH, p<.01). MycTRIM9 also
accumulated at filopodia tips, but decreased in response to netrin (Fig3I, p<.01). Although Mena
and EVL accumulated at filopodia tips, both were insensitive to netrin treatment or deletion of
TRIM9 (FigS3C-F). Thus TRIM9 negatively regulates VASP localization to filopodia tips,
whereas netrin promotes VASP tip localization.
TRIM9 regulates filopodia density through VASP
To ensure that excess filopodia in TRIM9-/- growth cones required barbed end polymerization
and thus were conventional, we treated neurons with a low dose of the F-actin capping drug
cytochalasin D (100 nM CytoD, FigS4A). This blocks filopodia without disrupting growth cone
extension (Dent and Kalil, 2001; Dent et al., 2007). As expected, netrin-dependent increases in
TRIM9+/+ filopodia and excess filopodia in TRIM9-/- growth cones were blocked by CytoD
(FigS4B, p<.005). To further test the specificity of TRIM9 function in netrin and DCC-dependent
filopodia increases, neurons were treated with Fibroblast growth factor 2 (FGF-2), an attractive
guidance cue that functions through a distinct signaling pathway (Webber et al., 2005; Zechel et
al., 2010). FGF2 increased filopodia density in both TRIM9+/+ and TRIM9-/- growth cones (p<.05,
Fig4AB). Expression of MycTRIM9 in TRIM9-/- neurons restored filopodia density and rescued
netrin sensitivity (Fig4EF, p<.005). Expression of a mutant of TRIM9 that lacks the DCC binding
domain, Myc-TRIM9DSPRY, reduced elevated filopodia, but failed to rescue netrin sensitivity
(Fig4F, p<.005), although FGF-2 sensitivity remained intact (p<.001, Fig4AB). Together these
results suggest that TRIM9 functions specifically downstream of netrin, and that the interaction
between TRIM9 and DCC is required for increases in filopodia density specifically in response
to netrin. TRIM9DRING or TRIM9DCC expression did not reduce the excess filopodia of TRIM9/growth cones, suggesting ligase activity and interaction with Ena/VASP proteins were essential
to constrain filopodia density. Because the CC domain also mediates dimerization of TRIM
proteins and the interaction between SNAP25 and TRIM9 (Li et al., 2001; Short et al., 2002;
Winkle et al., 2014), we wanted to confirm that aberrant filopodia in TRIM9-/- neurons were
dependent upon Ena/VASP function. To address whether TRIM9 dimerization influenced
filopodia density, we attempted to design a TRIM9 variant incapable of dimerization by mutating
Leu316 within the CC domain to Ala (L316A). However, similar amounts of GFP-TRIM9 coimmunoprecipitated with MycTRIM9L316A as with MycTRIM9 (Fig4C), indicating this mutation
did not block dimerization, as a similar mutation does in TRIM25 (Sanchez et al., 2014).
However the L316A mutant exhibited reduced binding to GST-EVH1 (Fig4D) and did not reduce
aberrant filopodia in TRIM9-/- neurons (Fig4EF), further supporting the conclusion that TRIM9
interaction with Ena/VASP proteins was necessary for constraining filopodia density.
To determine if SNAP25 function was required for the filopodia responses, we used Botulinum
neurotoxin A (BoNTA) to cleave SNAP25 and block SNAP25-mediated exocytosis (Williamson
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et al., 1996). BoNTA treatment had no effect on filopodia density (FigS4CD). In cortical neurons,
genetic loss of Ena/VASP members blocks filopodia formation, and this is phenocopied by the
mis-localization of Ena/VASP proteins with a mitochondrial targeting construct attached to an
FP4 motif (FP4Mito, (Dent et al., 2007; Gupton and Gertler, 2010; Lebrand et al., 2004).
Whereas control EGFP-AP4Mito expressing TRIM9+/+ and TRIM9-/- neurons were unaffected,
EGFP-FP4Mito expression reduced TRIM9-/- growth cone filopodia (FigS4EF, p<.005),
indicating the filopodia in TRIM9-/- growth cones required Ena/VASP function. Since this
approach sequesters all three Ena/VASP proteins to the mitochondria, we used siRNA to
deplete only VASP from neurons. Knockdown was confirmed by a reduction in VASP
immunostaining (Fig4G). VASP siRNA, but not a scrambled control (scr) blocked netrindependent increases in filopodia density in TRIM9+/+ growth cones and reduced elevated
filopodia density in TRIM9-/- growth cones (Fig4HI, p<.001).
Filopodia response to netrin requires VASP ubiquitination and DUB activity
Based on our observations suggesting that TRIM9-mediated ubiquitination of VASP inhibited
VASP localization and reduced filopodia density, we predicted that the deubiquitination of VASP
upon netrin treatment would be required for increased filopodia density. Inhibition of DUB
activity with PR-619 blocked netrin-dependent increases in filopodia density in TRIM9+/+ growth
cones but did not alter filopodia density in TRIM9-/- growth cones (Fig5AB). Accordingly,
although expression of GFP-VASP did not alter filopodia density in TRIM9+/+ growth cones,
expression of GFP-VASP K-R increased filopodia density and blocked netrin response
(Fig5CD), suggesting non-ubiquitinated VASP was necessary to increase filopodia. In contrast
TRIM9-/- growth cones expressing GFP-VASP or GFP-VASP-K-R did not exhibit differences in
filopodia density (FigS5). TIRF imaging of GFP-VASP K-R and mCherry-VASP in TRIM9+/+
neurons demonstrated that VASP K-R exhibited significantly increased filopodia tip localization
compared to wildtype VASP upon PR-619 treatment (Fig5E-F). Together, these data confirm
that TRIM9-mediated ubiquitination inhibits VASP localization to filopodia tips and its ability to
increase filopodia density.
TRIM9 decreases filopodia stability
We hypothesized that TRIM9-mediated ubiquitination altered VASP function, which modulated
filopodia density. To test this hypothesis, we performed kymography of individual filopodia
(Fig6A) in TRIM9+/+ and TRIM9-/- neurons expressing mCherry (MovieS4). Although there were
minor changes in retraction dynamics in the absence of TRIM9, filopodial protrusion was
unaltered (FigS6). Netrin treatment increased filopodia lifetimes in TRIM9+/+ growth cones
(Fig6B, p<.005) and reduced the frequency of filopodia formation and loss (FigS6D, p<.05).
TRIM9-/- filopodia exhibited elevated lifetimes (p<.05) and were insensitive to netrin treatment,
supporting the hypothesis that TRIM9-mediated ubiquitination altered VASP function. Further,
treatment with PR-619 decreased filopodial lifetime and blocked netrin response in TRIM9+/+
neurons (p<.05) without affecting TRIM9-/- filopodia. Expression of VASP K-R in the presence of
endogenous VASP in TRIM9+/+ neurons produced an intermediate phenotype not significantly
different from control or netrin-treated TRIM9+/+ neurons or TRIM9-/- neurons (Fig6C). Thus
filopodial stability and number were decreased by TRIM9-mediated ubiquitination of VASP.
TRIM9 and ubiquitination alter VASP dissociation from filopodia tips.
If TRIM9-mediated ubiquitination alters VASP function and localization, VASP dynamics at
filopodia tips should be affected. The dissociation of GFP-VASP from filopodia tips was
measured by fluorescence recovery after photobleaching (FRAP, Fig6D, MovieS5) fit to a single
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exponential (Fig6E). Loss of TRIM9 accelerated GFP-VASP recovery (smaller t1/2, Fig6F,
p<.05), suggesting faster VASP dissociation from tips. Following DUB inhibition, VASP recovery
slowed in TRIM9+/+ filopodia (p<.05), but not in TRIM9-/- filopodia (p=.61). Netrin accelerated
recovery only in TRIM9+/+ filopodia (p<.05). Fluorescence recovery of VASP K-R was faster than
wildtype VASP (p<.05), and not netrin sensitive. Thus netrin stimulation, blocking VASP
ubiquitination, or loss of TRIM9 accelerated VASP dissociation from filopodia tips, whereas DUB
inhibition in the presence of TRIM9 slowed dissociation. This suggested that ubiquitination of
VASP by TRIM9 slowed VASP dissociation from filopodia tips. Differences in recovery rate were
likely not due to delayed diffusion within filopodia, as FRAP t1/2 in lamellipodia was similar to that
of TRIM9+/+ untreated filopodia tips, and not significantly different between genotypes or
treatments (FigS6E). The percent of GFP-VASP FRAP was also unchanged (Fig6G) and similar
to previous reports (Applewhite et al., 2007).
TRIM9 is required for axon turning toward netrin
We hypothesized that increased filopodia stability and number in TRIM9-/- neurons might disrupt
axonal response to netrin, which we first tested in cortical explants (Fig7A). Consistent with our
previous findings that deletion of TRIM9 or longer term netrin treatment did not significantly alter
the length of cortical axons (Winkle et al., 2014), neurite outgrowth was unaltered by loss of
TRIM9 or the presence of netrin (Fig7A). Although TRIM9+/+ explants exhibited biased
outgrowth toward netrin, this response was absent in TRIM9-/- explants (Fig7A, p<.05). To
determine if TRIM9 was required for netrin-dependent axon turning, we utilized our recently
designed micropass gradient device to create and maintain a stable netrin gradient (Fig7B,
Taylor et al., 2015). Axons extended through microgrooves into a fluidically-isolated axon
viewing area containing a gradient of netrin and fluorescent dextran. TRIM9+/+ axons turned
toward higher netrin concentrations, but did not exhibit turning in a dextran gradient (Fig7CD,
p<.01, MovieS6). Netrin-dependent turning was absent in TRIM9-/- axons (Fig7CE, p<.05). We
hypothesized a netrin gradient created a gradient of deubiquitinated VASP across the growth
cone. To determine if a gradient of TRIM9-mediated ubiquitination was sufficient to cause axon
turning, we established a gradient of PR-619. This repulsed TRIM9+/+ axons down the PR-619
gradient (Fig7C,F, p<.005, MovieS7), but failed to induce turning of TRIM9-/- axons. Netrindependent axon turning was also absent in TRIM9+/+ axons overexpressing VASP K-R mutant
(turning angle of -23.94 ± 23.62, n=5 axons).
To see if defects in cortical projections occurred in the absence of TRIM9 in vivo, we crossed
TRIM9fl/fl mice to Nex-Cre/TauloxP-STOP-loxPGFP mice to delete TRIM9 and express GFP in
postmitotic cortical neurons (Higginbotham et al., 2012). We compared GFP+ cortical
projections in Nex-Cre/TauloxP-STOP-loxPGFP/TRIM9+/+ and Nex-Cre/TauloxP-STOP-loxPGFP/TRIM9fl/fl
littermates (Fig7G). TRIM9-/- mice exhibit thickening of the corpus callosum (Winkle et al., 2014).
We observed similar thickening in Nex-Cre/TRIM9fl/fl mice (green box, 14 ± 3.3%, p<0.05). A
subset of cortical axons extend to the internal capsule (IC, (Braisted et al., 2000; Richards et al.,
1997). The length of cortical fibers projecting through the IC was increased by deletion of TRIM9
(yellow box, 32 ± 2.3%, p<0.005), suggesting these axons extended past their target. There was
also an increased amount of GFP+ fibers within the paraventricular hypothalamic nuclei
(PVHTN, red box, 28.5 ± 8%, p<0.05), suggesting that cortical axons (Tribollet and Dreifuss,
1981) were misguided to the PVHTN. In contrast there was no alteration in the fimbria (FigS7A,
p=0.7). Thus deletion of TRIM9 induces specific cortical projection defects in vivo. Since
filopodia are also dendritic spine precursors and VASP affects dendritic spines (Lin et al., 2010;
Ziv and Smith, 1996), we investigated cortical spines in Thy1-GFP/TRIM9+/+ and TRIM9-/littermates. Consistent with an early axonal role for TRIM9 in filopodia, there were no changes in
cortical spine density (FigS7B).
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DISCUSSION
TRIM9-mediated ubiquitination modulates VASP function within growth cone filopodia
during netrin-dependent axon guidance
The filopodia tip complex contains cytoskeletal regulatory proteins that modulate filopodial
growth and stability (Gupton and Gertler, 2007), but how this complex responds to extracellular
cues is unknown. We propose that ubiquitination and deubiquitination of cytoskeletal proteins is
a rapid, reversible means to alter the cytoskeleton. Whereas ubiquitination often promotes
proteasome-mediated degradation, there are increasing examples of ubiquitination altering
substrate localization and function (Chau et al., 1989; Schaefer et al., 2012). Here we
demonstrate that VASP is ubiquitinated in the presence of TRIM9, which is associated with
changes in the localization and dynamics of VASP at filopodia tips, as well as changes in
filopodia stability that suggest TRIM9 acts as a filopodia “off-switch”. The shift in VASP
molecular weight indicates ~3 ubiquitins were conjugated to VASP. Since mutation of multiple
lysines was required to reduce VASP ubiquitination, we hypothesize that ubiquitination of VASP
can occur on a number of lysine residues. However, we found no evidence for VASP
degradation, suggesting ubiquitins were removed by an unidentified DUB following netrin
treatment. This DUB therefore acts as a filopodia “on-switch”. Indeed netrin-dependent
increases in filopodia required DUB activity. The requirement for TRIM9 in netrin-dependent
axon guidance along with our findings that a gradient of DUB inhibition was sufficient to induce
axon turning in the presence of TRIM9, suggests that whereas TRIM9 ubiquitinates VASP, a
netrin gradient creates a gradient of VASP deubiquitination across the growth cone, which
produces a spatial gradient of filopodial stability required for axon turning toward netrin.
Although netrin-1 is typically described as a soluble axon guidance cue, there is evidence that
netrin-1 functions as a substrate bound guidance cue (Moore et al., 2009; Moore et al., 2012).
Our findings are consistent with a requirement for TRIM9 during cortical axon turning in
response to netrin, whether netrin is in a soluble or bound state.
TRIM9 coordinates cytoskeletal dynamics and membrane delivery during axonal
development.
We recently demonstrated that TRIM9 interacts with the tSNARE SNAP25 and regulates
exocytosis required for axon branching downstream of netrin and DCC (Winkle et al., 2014).
Neuritogenesis, axon branching and guidance involve protrusion and expansion of the plasma
membrane, which require cytoskeletal dynamics and membrane addition (Dent et al., 2007;
2004; Gupton and Gertler, 2010; Tojima et al., 2007; Winkle et al., 2014). Loss of TRIM9 is
associated with elevated filopodia stability, exocytosis and axon branching. The interactions with
DCC, VASP and SNAP25 poise TRIM9 to spatially and temporally coordinate robust membrane
protrusion and membrane delivery in response to netrin. This is accomplished by constraining
the function of VASP and SNAP25 in the absence of netrin: for VASP by ubiquitination, and for
SNAP25 by an interaction that competes with SNARE complex assembly and vesicle fusion. It
is likely that TRIM9-mediated regulation of both exocytosis and filopodia is involved in both
netrin-dependent axon branching and guidance.
Regulation of filopodia and axon guidance by posttranslational modification
The ubiquitination of VASP mediated by TRIM9 must be inhibited or reversed following netrin
treatment. This would result in dis-inhibition of filopodia and a localized response to netrin.
TRIM9 performs autoubiquitination in vitro (Tanji et al., 2010), and thus may mediate its own
inhibition or removal. Alternatively, since TRIM9 interacts with VASP through its dimerization
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domain, a change in TRIM9 conformation that promotes dimerization at the expense of the
interaction with VASP could occur. Consistent with this, the TRIM9 mutant compromised in
Ena/VASP binding but not dimerization failed to constrain filopodia. Netrin-dependent
dimerization of DCC (Stein, 2001) may promote TRIM9 dimerization. Alternatively, TRIM9 ligase
activity may be masked by a competing DUB in the presence of netrin, consistent with our
findings. Although the DUB is unknown, our data reveal a requirement for DUB function in
netrin-dependent increases in filopodia. Interestingly a broad spectrum DUB inhibitor did not
alter filopodia density and VASP mobility in TRIM9-/- neurons, supporting our hypothesis that
TRIM9-mediated ubiquitination of VASP is a mechanism of filopodia regulation. Although we do
not know how ubiquitination alters VASP function at the barbed end, our finding that filopodia
lifetimes but not protrusion dynamics were altered by deletion of TRIM9 suggests that VASP
ubiquitination may alter the anti-capping function of VASP, not the processive polymerase
activity.
VASP is also phosphorylated by cAMP-dependent protein kinase downstream of netrin and
DCC (Lebrand et al., 2004). Phosphorylation and ubiquitination often collaborate to alter protein
function (Hunter, 2007), which may be the case for VASP, or these modifications may be
mutually exclusive. A relationship between ubiquitination and phosphorylation may explain our
result that VASP mobility showed a trend toward decreasing in TRIM9-/- filopodia tips treated
with netrin. If this response were phosphorylation-dependent, it may have been masked in
TRIM9+/+ filopodia by VASP deubiquitination. The pairing of ubiquitination and phosphorylation
to alter VASP localization and function may promote VASP function in a narrow spatiotemporal
window constrained by the presence of netrin, and may explain why loss of TRIM9 or loss of
VASP ubiquitination did not completely phenocopy netrin stimulation.
In many instances, a single Ena/VASP member compensates for loss of Ena/VASP function
(Dent et al., 2007; Furman et al., 2007). Although TRIM9 interacts with the EVH1 domain of all
three Ena/VASP proteins in vitro, we detected ubiquitination of VASP, not Mena or EVL, in the
presence of TRIM9. Since VASP exhibits unbiased tetramerization with itself, Mena and EVL
(Riquelme et al., 2015), ubiquitination and inhibition of VASP may indirectly impact Mena or EVL
function, however we saw no evidence of changes in Mena or EVL localization. The phenotypes
caused by expression of VASP K-R support this possibility and may explain why modulation of
VASP was sufficient to alter filopodia and axon guidance. In light of increasing examples of
unique functions and interactions for Mena and VASP (Gupton et al., 2012; Lin et al., 2010;
Worth et al., 2010), TRIM9-mediated regulation of VASP alone may be sufficient to induce the
observed changes in filopodia. However, since ubiquitin ligases often have multiple substrates,
TRIM9 may have additional substrates involved in modulating neuronal morphology, possibly
also localized at filopodia tips.
Conservation and divergence of the netrin pathway in axon guidance
The invertebrate paralogs of netrin, DCC, VASP and TRIM9 all function in axon guidance
(Gertler et al., 1995; Gitai et al., 2003; Hao et al., 2010; Kolodziej et al., 1996; Morikawa et al.,
2011; Serafini et al., 1994). Given this and conserved domain organization of TRIM9 and VASP
orthologs, the mechanism uncovered here may link invertebrate TRIM9 and VASP orthologs.
The phenotypes associated with loss of TRIM9 however are not conserved. Loss of madd2 in C.
elegans phenocopied loss of unc-6 (netrin) or unc-40 (DCC, Hao et al., 2010). Similar
commissural phenotypes were observed in D. Melanogaster with loss of function mutations in
dTRIM9, netrin or frazzled (DCC, Morikawa et al., 2011). In contrast, the corpus callosum
agenesis caused by deletion of NTN1 or DCC (Fazeli et al., 1997; Serafini et al., 1996) or lack
of the IC and corpus callosum associated with deletion of Ena/VASP genes (Kwiatkowski et al.,
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2007) are in contrast to the thickened corpus callosum and longer IC associated with deletion of
TRIM9. Despite TRIM9 having the highest sequence homology with the single invertebrate
class I TRIM (Morikawa et al., 2011), the contrasting phenotypes indicate divergence of TRIM9
function. Whether another class I TRIM is the functional mammalian ortholog remains to be
seen.
MATERIALS AND METHODS
Animals: All mouse lines were on a C57BL/6J background and bred at UNC 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. TRIM9-/-, TRIM9fl/fl and Thy1-GFP mice were described (Feng et
al., 2000; Winkle et al., 2014). A Nex-Cre line (from Dr. Klaus Nave) and a TauloxP-stop-loxPGFP
line (from Dr. Eva Anton)(Higginbotham et al., 2012) were crossed with TRIM9fl/fl mice.
Immunoblotting, Co-immunoprecipitation, Binding Assays, Ubiquitination Assays: SDSPAGE and immunoblot analysis were performed using standard procedures with HRP 2°
antibodies for His-EVH1 or far-red conjugated 2°antibodies (Licor) for other 1° antibodies. Signal
was detected with ECL plus (Amersham) or Odyssey Imager (Licor). All co-immunoprecipitation
assays were performed using standard procedures. For binding assays GST-tagged or Histagged proteins were expressed in E. Coli strain BL21 (DE3) Codon Plus (Agilent). Purified
proteins were incubated in lysates prepared from E15.5 mouse cortices or HEK293 lysates
expressing Myc-tagged TRIM9 variants. HEK293 TRIM9−/− cells were generated by
CRISPR/Cas9 gene editing. To measure ubiquitination, HEK cells transfected with mCherry or
HA-DCC, FLAG-Ub, and either GFP-VASP, GFP-Evl, GFP-Mena or GFP-Mena+ using
Lipofectamine 2000 and cultured for 24 hrs or cortical neurons at 2DIV were treated with 10 µM
MG132 for 4 hours, and 600 ng/ml netrin-1 or 600 ng/ml netrin-1 and 4 µM PR-619 50 min prior
to lysis. Lysates were prepared as described in the supplementary section.
Immunoprecipitations were performed with anti-GFP (mouse monoclonal) antibody or antiVASP (rabbit polyclonal) antibody coupled to Protein A/G agarose beads. For additional
information, see Supplement.
Cortical neuron culture: E15.5 dissociated cortical neuron cultures were prepared as
described (Kwiatkowski et al., 2007). Briefly, cortices were micro-dissected and neurons were
dissociated with trypsin and plated on Poly-D-lysine (Sigma)-coated coverglass or tissue culture
plastic in Neurobasal media supplemented with B27 (Invitrogen). To assay growth cones and
filopodia, 600 ng/ml netrin-1 (+/- 4 mM PR-619 or +/- 100 nM CytoD) or 24 ng/ml recombinant
FGF-2 (MBL International) was bath applied after 48 hrs in vitro for 40 min followed by fixation
and immunostaining. Widefield epifluorescence images of pyramidal-shaped neurons were
analyzed. Growth cone perimeter and area were measured using ImageJ. Filopodium length
was measured from the filopodium tip to lamellipodial veil. Number of filopodia were counted per
growth cone, and density is reported as filopodia per 10 mm of growth cone perimeter. To assay
filopodia dynamics, dynamic colocalization and FRAP, time-lapse imaging was performed with a
stage top incubator that maintained humidity, 37°C and 5% CO2 (Tokai Hit). Cortical explants
were prepared and cultured and analyzed as previously described (Fothergill et al., 2014).
Briefly ~500 µm cortical explants from TRIM9+/+ and TRIM9-/- embryos (E13-E15) were
embedded in collagen matrices. Agarose cubes soaked in netrin-1 (10 µg/ml) were
asymmetrically placed ~500 µm from the explant. After 48 hrs explants were fixed, stained for
βIII tubulin. Outgrowth was defined as total neurite pixels divided by the total number of pixels
representing the neurite body. To measure biased outgrowth, explants were bisected in imageJ
through the center of the explant orthogonal to the direction of the gradient. The number of
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pixels representing neurites on upgradient (U) and downgradient (D) were quantified in ImageJ.
The guidance ratio was defined as (U−D)/(U+D), with a positive guidance ratio indicating
attraction or biased outgrowth toward the netrin source. This analysis controls for growth-related
effects (Mortimer et al., 2009; Rosoff et al., 2004).
Transfection procedures, microscopy and imaging parameters, and image analysis are
described in the Supplement.
Axon Turning Assay: Micropass gradient devices were used to measure axon turning. Device
preparation and experimental protocol is as described (Taylor et al., under revision). Briefly,
TRIM9+/+ and TRIM9-/- E15.5 cortical neurons were plated in devices; after axons entered the
axon viewing area (2-4 days), a control gradient of dextran (starting at 1 µM), a gradient of
netrin+dextran (600 ng/ml), or PR-619+dextran (1 µM) was established. DIC (axons) and
epifluorescence (dextran) images were acquired every 5 min for 8-18 hrs at 20x magnification.
The angle of axon turning relative to the initial trajectory of the axon before the gradient is
reported, with positive angles indicating turning up gradient. Angles for turning were measured
for axons in attractive netrin concentrations as described previously (Taylor et al., 2015).
Neuroanatomical Measurements: Maximal projections of multi-area Z stacks of serial coronal
sections of 5-week-old Nex-Cre/TauloxP-stop-loxPGFP/TRIM9fl/fl and Nex-Cre/TauloxP-stoploxP
GFP/TRIM9+/+ littermates were collected. Position-matched sections between littermates
were analyzed for axon projection comparisons. Dendritic spine density was measured from Zstacks of 60 mm coronal sections of 3-week-old Thy1-GFP/TRIM9+/+ and Thy1-GFP/TRIM9-/littermates. See Supplement for additional information.
Statistics: At least 3 independent experiments were performed for each assay, except where
noted. Data distribution normality was determined using the Shapiro-Wilk test. Normally
distributed data was compared by unpaired t-test, for two independent samples, or ANOVA with
Tukey post-hoc correction, for >2 comparisons. For non-normal data, the Mann-Whitney test
was used or Kruskal-Wallis nonparametric ANOVA with Bonferonni posthoc correction for >2
comparisons. All data are presented as means +/- standard error of the mean, unless where
95% confidence interval (CI) was reported. Statistical significance is represented as such:
*p<.05, **p<.01, ***p<.005).
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SUPPLEMENTARY INFORMATION:
SUPPLEMENTARY EXPERIMENTAL PROCEDURES
PLASMIDS, ANTIBODIES AND REAGENTS: PLASMIDS ENCODING HUMAN TRIM9 CDNA,
TRIM9DRING (AA139-781), AND TRIM9DCC (REMOVED AA220-394) WERE DESCRIBED
PREVIOUSLY (WINKLE ET AL., 2014). TRIM9L316A WAS MADE USING QUIKCHANGE
SITE-DIRECTED MUTAGENESIS OF LEU316 TO ALA. GFP-VASP INDIVIDUAL, DOUBLE
OR TRIPLE LYSINE MUTANTS (K252R, K321R, K283,286R, K283,286,321R) WERE MADE
USING QUIKCHANGE SITE-DIRECTED MUTAGENESIS. SIMULTANEOUS MUTATION OF 9
LYSINE RESIDUES TO ARGININE (K240,252,283,286,321,348,357,358,363R) IN GFP-VASP
(VASP K-R) WAS SYNTHESIZED BY GBLOCKS® GENE FRAGMENT (IDT). THE
FOLLOWING PLASMIDS WERE ACQUIRED: MCHERRY (CLONETECH), FLAG-UB (DR. BEN
PHILPOT, UNC-CHAPEL HILL), PCAX-EGFP-FPPPP-MITO, PCAX-EGFP-APPPP-MITO,
PMSCV-EGFP-MENA, PCAXEGFP-MENA+, PMSCV-EGFP-EVL, PGEX-6P-1-CC, PGEX-6P1-BBOXCCCOS, PGEX-6P-1-BBOXCC, PGEX-6P-1-BBOX, PGEX-6P-1-ΔSPRY, PGEX-6P-1EVH1, PQE-EVH1, PGEX-6P-1-EVH2, PGEX-6P-1-PRO (DR. FRANK GERTLER, MIT),
PEGFP-N1-VASP (DR. RICHARD CHENEY, UNC). TRIM9 FN3 DOMAIN SEQUENCE WAS
CLONED INTO THE PGEX-6P-1PLASMID. ANTIBODIES INCLUDE: TRIM9 RABBIT
POLYCLONAL (GENERATED USING MURINE TRIM9 RECOMBINANT PROTEIN AA158271), RABBIT POLYCLONAL ANTIBODIES AGAINST VASP AND MENA (DR. FRANK
GERTLER, MIT), RABBIT POLYCLONAL AGAINST VASP (SC-13975, SCBT) MOUSE
MONOCLONAL C-MYC (9E10 SCBT), RABBIT POLYCLONAL GST (G1417 SIGMA), MOUSE
MONOCLONAL AGAINST HUMAN ΒIII TUBULIN (TUJI SCBT), RABBIT POLYCLONAL
AGAINST GFP (A11122 INVITROGEN), MOUSE MONOCLONAL AGAINST GFP (75-131 UC
DAVIS NEUROMAB), CHICKEN POLYCLONAL AGAINST GFP (GFP-1010, AVES LABS,
INC.), GOAT POLYCLONAL AGAINST GFAP (SC-6170 SCBT) MOUSE MONOCLONAL
AGAINST HA (05-904 MILLIPORE), PENTA HIS ANTIBODY (34660, QIAGEN), UBIQUITIN
(SC-8017, SCBT) AND GAPDH (SC-166545, SCBT). FLUORESCENT SECONDARY
ANTIBODIES AND FLUORESCENT PHALLOIDIN LABELED WITH ALEXAFLUOR 488,
ALEXAFLUOR 568, OR ALEXAFLUOR647 WERE FROM INVITROGEN. RECOMBINANT
NETRIN-1 WAS CONCENTRATED FROM HEK293 CELLS (LEBRAND ET AL., 2004;
SERAFINI ET AL., 1994). PR-619 ((2,6-DIAMINOPYRIDINE-3,5-BIS(THIOCYANATE),
ABCAM), MG132 (81-5-15, AMERICAN PEPTIDE COMPANY), CYTOD (SIGMA-ALDRICH,
C8273), RHODAMINE B ISOTHIOCYANATE–DEXTRAN (SIGMA-ALDRICH, R9379).
SIGENOME MOUSE VASP SIRNA SMARTPOOL AND SIGENOME NON-TARGETING SIRNA
POOL #2 WERE PURCHASED FROM DHARMACON.
Yeast two hybrid: LexA two-hybrid system selection with mouse Matchmaker cDNA library and
beta-galactosidase assays were performed according to the manufacturer's protocol (Clontech).
DCC was used as bait in an embryonic mouse brain library.
Selection of HEK 293 TRIM9−/− cells generated by CRISPR/Cas9 technology: The generation of
HEK 293 TRIM9−/− cells was done by CRISPR/Cas9 gene editing using a guide RNA targeting
the sequence 5-GCGGCTATGGCTCCTACGGGGGG-3’ (hg19 chr14: +51561408 - 51561431)
in exon 1 of the TRIM9 gene in 293 cells. 5 x 105 HEK293 cells were transfected in 6-well plates
with an expression plasmid (3 µg DNA/9 µl TranIT transfection reagent (Mirus Bio, Madison, WI)
coding for a CMV promoter-driven CAS9-2A-RFP cassette and the U6-driven guide RNA. After
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24 h RFP-positive cells were sorted by flow cytometry and limiting dilution cloning was
performed by plating 0,5 RFP-positive cells in each well of 96-well plates. Growing clones were
expanded. Genomic DNA was extracted using QuickExtract™ DNA extraction solution
(Epicentre) and the target region of interest in was amplified by PCR (forward primer 5’CACAGAGCTAGCGCCTCTC-3’; reverse primer 5’-TACGCGATTCTTGGGGAAGC-3’). After a
pre-screening using the mismatch-sensitive T7 endonuclease I (T7EI) assay (Kim et al., 2009)
positive clones in the T7 assay were sequenced. Knock-out cell clones were identified as cell
clones harboring mono-allelic (clone 1) or all-allelic (clone 2) frameshift mutations. Genotypes of
the respective knockout cell lines are available upon request.
Transfection procedures: For transfection of plasmids and VASP or control Scramble siRNA
(1 µM), neurons were resuspended after dissociation in Lonza Nucleofector solution (VPG1001) and electroporated with an Amaxa Nucleofector according to manufacturer protocol.
Since expression of FP4Mito blocks filopodia formation and neuritogenesis (Gupton and Gertler,
2010), pCAX-eGFP-AP4Mito or pCAX-eGFP-FP4Mito were transfected after neurons were
cultured for 24 hours in vitro (once neurites had formed) using CalPhos™ Mammalian
Transfection Kit (Clontech Laboratories, Inc.) according to manufacturer protocol with slight
modifications. Briefly, 2µg of DNA was incubated with Solution A and B for 20 min. This mixture
was added to neurons after the culture medium was replaced with neurobasal medium and
allowed to incubate for 45 min. Following incubation, fresh neurobasal medium was added to
the cells, allowed to incubate for another hour following which neurobasal media was replaced
with fresh culture media. HEK cells were transfected using Lipofectamine 2000 (Invitrogen) as
per manufacturer protocol.
Binding Assays: For binding assays, all recombinant GST-tagged proteins were purified by
chromatography on sepharose-immobilized glutathione beads (ThermoScientific). For binding to
endogenous TRIM9 or Ena/VASP, E15.5 mouse cortices were lysed in 1% NP40 lysis buffer (50
mM Tris pH7.5, 200 mM NaCl, 1% NP-40 with phosphatase and protease inhibitors). Lysates
were pre-cleared with GST-glutathione-sepharose beads for 1 hour at 4°C with agitation and
incubated with 5-10 µg of GST fusion protein or GST immobilized onto glutathione-sepharose
beads at 4°C overnight. For EVH1 direct binding assay, His-EVH1 was expressed in E. Coli
strain BL21 (DE3) Codon Plus (Agilent), bound to Ni-NTA beads and then eluted (Elution buffer:
50 mM Na3PO4 pH 8.0, 500 mM NaCl, 10 mM β-mercaptoethanol, 0.1% Tween-20, 10 mM
Imidazole) and dialyzed. 50 nM concentrations of His-EVH1 and 50 nM of GST fusion TRIM9
and TRIM9 domains or GST immobilized onto glutathione-sepharose beads were incubated in
PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8mM KH2PO4, pH 7.4 plus
protease inhibitors) as described in Li et al., 2001 at 4°C overnight. For FP4 competition assay
10 nM His-EVH1, 10 nM GST-CC and 0-100 nM FP4 were incubated in PBS buffer at 4°C
overnight. For binding of Myc-tagged TRIM9 variants, HEK293 cells were transfected and 24
hours later lysed in 1% NP40 lysis buffer and incubated overnight at 4°C with 100 nM GST or
GST-EVH1. For all binding assays, precipitated beads were washed three times with lysis buffer
or PBS buffer and bound proteins were resolved by SDS-PAGE and analyzed by
immunoblotting.
Preparation of lysates for ubiquitination and dimerization assays: For ubiquitination assay
MG132 and netrin-1 or netrin-1 and PR-619 treated cells were lysed in IP buffer (20 mM Tris-Cl,
250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5% NP-40, 1% SDS, 2 mM DTT, 5 mM NEM (Nethylmaleimide), 3 mM iodoacetamide, protease and phosphatase inhibitors pH=7.3-7.4). For 56 million cells 270 ul of ubiquitin IP buffer was added and incubated on ice for 10min. Cells were
removed from the dish and transferred into tubes. 30 µl of 1X PBS was added and gently
vortexed. Samples were boiled immediately for 20 minutes, until clear, then centrifuged at
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14,000 rpm for 10 minutes. The boiled samples were diluted using IP Buffer without SDS to
reduce the SDS concentration to 0.1%. For TRIM9 dimerization assay, HEK 293 cells
transfected with Myc-tagged TRIM9 or TRIM9 variants and GFP tagged TRIM9 were lysed with
RIPA buffer (50 mM Tris-HCl, ph 7.5, 150 mM NaCl, 1% NP40, 0.5% Sodium deoxycholate,
0.1% SDS with phosphatase and protease inhibitors).
Co-immunoprecipitation and Immunoblotting: For co-immunoprecipitation assays, IgGconjugated A/G beads (SCBT) were utilized to pre-clear lysates for 1.5 hours at 4°C with
agitation. Myc antibody-conjugated A/G beads (SCBT) or Protein A/G beads (SCBT) coupled
with a mouse anti-GFP Ab (Neuromab) or rabbit anti-VASP Ab (SCBT) were agitated within precleared lysates overnight at 4°C to precipitate target proteins. Beads were washed three times
with lysis buffer and bound proteins were resolved by SDS-PAGE and analyzed by
immunoblotting.
Neuronal culture preparation for imaging: Netrin-1 treated cells were fixed in 4%
paraformaldehyde, permeabilized for 10 minutes in 0.1% TritonX-100, blocked for 30 minutes in
10% BSA, and stained with indicated primary antibodies for 1 hour at room temperature.
Following three washes, species appropriate fluorescent secondary antibodies were added and
allowed to incubate for 1 hour at room temperature. Following three washes, cells were
mounted in a TRIS/glycerol/n-propyl-gallate based mounting media for imaging.
Microscope Descriptions: All live cell images and immunofluorescence images were collected
on an Olympus IX81-ZDC2 inverted microscope equipped with the following objective lenses: a
UPLFLN 40x/1.39NA DIC objective (Olympus), UAPON 100x/1.49NA DIC TIRF objective
(Olympus), a 20x/0.85NA UPlanSApo DIC objective lens (Olympus), and a 4x/0.13NA Plan
Apochromat objective (Nikon), an automated XYZ stage (Prior) and an Andor iXon EM-CCD.
Images were procured using the Metamorph acquisition software. Neuroanatomical images
were acquired on an inverted laser scanning confocal microscope (FluoView FV1200; Olympus)
equipped with a 10X/0.4NA Plan Apochromat objective lens, a 20X/0.75NA Plan-Apochromat
objective lens, and 488-nm and 561-nm argon lasers.
Colocalization and growth cone analysis: Pearson’s correlation of colocalization between
TRIM9 and Ena/VASP proteins was performed using regions of interest (ROI) drawn in filopodia
and a Colocalization Test plugin for ImageJ with Fay randomization using images acquired with
the 100x objective described above. Growth cone area, filopodia number, filopodia density and
filopodia length were measured in ImageJ. Filopodia lengths were measured from the edge of
lamellipodial veils to filopodia tips. For filopodia rescue assays, images of neurons expressing
comparable levels of Myc(TRIM9 variants) were acquired with the 40x objective, and the
number of growth cone filopodia recorded. TIRF imaging of TRIM9 and Ena/VASP proteins was
performed after 48 hours in vitro, with the 100x objective and a solid state 491, 561 nm laser
illumination at 100 nm penetration depth. Images were acquired every 0.5 seconds for 5
minutes. Similarly for GFP-VASP-K-R and mCherry VASP TIRF imaging, TRIM9+/+ neurons
were imaged after 48 hours in vitro either untreated or after 10 minutes of treatment with 9µM
PR-619.
Filopodia dynamics measurements: For filopodial dynamics measurements, wide-field
epifluorescence images of mCherry were acquired every 2.5 seconds for 5-10 minutes. 400
ng/mL netrin-1 was added 50 minutes prior to imaging netrin-1 treated neurons. Filopodial
protrusion and retraction rates and phase durations were measured from kymographs as the
slope and duration of individual events, respectively. In order to calculate the number of
filopodia formed and lost, fluorescence images were first thresholded and then duplicated. Each
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frame was subtracted from the subsequent frame to generate a difference map, which was then
used to count newly formed and lost filopodia. Filopodia lifetime was measured as the time from
initial filopodial protrusion until retraction into the lamellipodial veil.
FRAP fluorescence recovery calculation: For FRAP assays neurons expressing GFP-VASP
were imaged after 48 hours using 491 nm laser in TIRF mode every 0.5 seconds for 15
seconds, followed by a 1-second exposure with a solid state 405 nm laser in FRAP mode
(bleach spot ~1.25 µm in diameter), followed by imaging every 0.5 seconds with the 491 laser in
TIRF mode for 60 seconds. Netrin-1 treated filopodia were imaged within 5 minutes of addition
of 400 ng/mL netrin-1. DUB-inhibited filopodia were imaged within 30 minutes of addition of 9
µM PR-619. For analyzing FRAP imaging data, photobleaching was corrected by calculating an
exponential decay from the last 30 seconds of imaging in a control region distant from the
bleach spot (F = F0*e-kt, where F is fluorescence, F0 is initial fluorescence, k is the decay time
constant, and t is time). Fluorescence recovery t1/2 and % were calculated from an inverse
exponential decay (F = A*(1-e-τt), where F is fluorescence, A is recovery plateau fluorescence, τ
is the recovery time constant, and t is time). The % recovery was calculated as the plateau
fluorescence divided by the average pre-bleach fluorescence, and t1/2 is the inverse of the
recovery time constant τ. Both photobleaching and FRAP curves were fit to data using the
Solver add-in of Microsoft Excel 2013.
Neuroanatomical imaging: All mice used for neuroanatomical studies were anesthetized with
an intraperitoneal injection of 1.2% avertin and intracardially perfused with 4%
paraformaldehyde (PFA). Brains were removed and fixed in 4% PFA for a subsequent 48 hrs ,
rinsed with 1x PBS and rested in 70% EtOH for 24 hours prior to vibratome or cryostat
sectioning. For projection analysis in Nex-Cre/TauloxP-stop-loxPGFP mice, 100 µm coronal sections
were cut and every other section was permeabilized in detergent solution (1x PBS + 0.1% Tx100 + 0.2% Tween-20) for 1 hour on a shaker at RT. Sections were blocked in 10% BSA in 1x
PBS for 5 hours, then placed in primary antibody solution (anti-GFP chicken (Aves ab1020)
1:2000, anti-GFAP rabbit (AbCam ab7260) 1:2500 in 1% BSA in PBS) for 24 hours on a shaker
at 4°C. Primary antibodies were removed and sections were rinsed in 1x PBS for 1 hour prior to
the addition of secondary antibody solution (AlexaFluor 488 chicken, Alexa fluor 561 or 647
rabbit + 1% BSA in 1x PBS) for 24 hours on a covered shaker at 4°C. After post-secondary
rinsing with 1x PBS, sections were mounted in DPX mountant (VWR) and were imaged with the
10x objective on the LSCM described above. Brains from Thy1-GFP littermates were similarly
prepared and imaged with the 20x objective on the LSCM described above. Cortical explants
were imaged with the 4x objective described above.
Explant Analysis: Outgrowth was defined as total neurite pixels divided by the total number of
pixels representing the neurite body. To measure biased outgrowth, explants were bisected in
imageJ through the center of the explant orthogonal to the direction of the gradient. The number
of pixels representing neurites on upgradient (U) and downgradient (D) were quantified in
ImageJ. The guidance ratio was defined as (U−D)/(U+D), with a positive guidance ratio
indicating attraction or biased outgrowth toward the netrin source. This analysis controls for
growth-related effects (Mortimer et al., 2009; Rosoff et al., 2004).
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Figure 1: TRIM9 is a brain-enriched Ena/VASP interaction partner: A-B) Binding assays with purified GST fusion
proteins incubated in E15.5 brain lysate. Coomassie stained gels of recombinant proteins shown in lower panels. A)
GST-BBox-coiled-coil-COS (BBCCC) of TRIM9 precipitates endogenous Mena and VASP. B) The GST-EVH1
domain of Mena, VASP and EVL interacts with endogenous TRIM9. C) In vitro binding assay showing that GSTCoiled Coil (CC) domain of TRIM9 directly binds His-EVH1 domain of VASP. D) Binding assay showing that GSTEVH1 precipitates Myc-TRIM9 and Myc-TRIM9ΔRING from cell lysate, but not Myc-TRIM9ΔCC. E) A 10-fold excess
of FP4 containing peptide does not block the CC-EVH1 interaction. F) Axonal growth cones of control and netrintreated cortical neurons stained for VASP (green), MycTRIM9 (red) and phalloidin (blue). G) Quantification of
Pearson’s correlation coefficient within filopodia (Obs=Observed measurements, Rand=pixels from one image
randomized). Squares represent means +/- 95% CI. H) Montage of TIRF images of GFP-VASP (red) and mCherryTRIM9 (green). Arrowheads denote filopodia tips in which TRIM9 and VASP colocalize, time in seconds. (See also
Movies S1-3, FigS1)
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Figure 2: VASP ubiquitination occurs in the presence of TRIM9 and is lost following netrin treatment: A)
Immunoblot for TRIM9 and GAPDH in E15.5 brain lysates, HEK293 lysates: TRIM9

+/+

(WT), TRIM9

+/-

(clone 1) and

-/-

TRIM9 (clone 3). B) Input and GFP-VASP immunoprecipitation (IP) from ubiquitination assay immunoblotted (IB) for
GFP, ubiquitin and GAPDH. Shown are GFP-VASP (75kDa) in TRIM9
heavier VASP band present in TRIM9

+/+

+/+

and TRIM9

-/-

cell lysates and ~25kDa

lysate that co-migrates with ubiquitin (red arrowheads). Plot shows

quantification of VASP ubiquitination. C) Endogenous VASP ubiquitination in TRIM9

+/+

-/-

and TRIM9 neurons at 2DIV.

A higher molecular weight VASP+ band (red arrowhead) that co-migrates with ubiquitin is seen in TRIM9
neurons. D) Endogenous VASP in TRIM9

+/+

+/+

cortical

-/-

and TRIM9 control neurons or neurons treated with MG132 and/or 600

ng/ml netrin. IB for VASP (50kDa) and GAPDH. No difference in VASP protein levels detected between genotypes or
treatment conditions. E) Endogenous VASP ubiquitination in TRIM9

+/+

cortical neurons treated with netrin or netrin

and 4 µM PR-619. Elevated ubiquitination is observed upon PR-619 treatment. F) Ubiquitination assay and
quantification of wildtype VASP and VASP K-R mutant. The VASP K-R mutant exhibits a reduction in the ~25kDa
heavier VASP band that co-migrates with ubiquitin (red arrowheads). (See also FigS2)
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Figure 3: Deletion of TRIM9 increases growth cone size and filopodia density and alters VASP localization to
filopodia tips: A-F) Images and quantification of axonal growth cones from control and netrin-treated TRIM9

+/+

and

-/-

TRIM9 neurons, stained for phalloidin (red, left), VASP (green, middle) and βIII tubulin (blue, merge). Quantification
of B) growth cone area, C) growth cone filopodia number, D) density of growth cone filopodia, E) filopodia length, and
F) VASP fluorescence intensity relative to phalloidin +/- 95% CI from the tip of filopodia into growth cone. G-I) Images
and quantification of TRIM9

-/-

growth cones stained for VASP (red), phalloidin (blue), and Myc (green, Myc or

MycTRIM9). H) VASP fluorescence intensity normalized to phalloidin +/- 95% CI from filopodia tip into growth cone.
Expression of TRIM9 rescues VASP localization. I) MycTRIM9 fluorescence intensity normalized to phalloidin +/- 95%
CI from filopodia tip into growth cone. (See also FigS3)
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Figure 4: TRIM9 constrains filopodia density through VASP: A-B) Images and quantification of filopodia in axonal
growth cones from control and FGF2-treated TRIM9

+/+

and TRIM9

-/-

cortical neurons expressing Myc or

MycTRIM9ΔSPRY, stained for Myc (green), βIII tubulin (blue) and phalloidin (red). C) TRIM9 dimerization assay IB for
GFP-TRIM9 (IB:GFP) co-IP with Myc-TRIM9 variants (IP:Myc, IB:Myc). GAPDH is loading control. Numbers indicate
levels of coIP GFP-TRIM9. D) Binding assay immunoblot showing MycTRIM9 and TRIM9-L316A interaction with
GST-EVH1. Numbers denote relative levels of MycTRIM9 variant precipitated by GST-EVH1 beads.E-F) Images and
quantification of filopodia in axonal growth cones from control and netrin-treated TRIM9

+/+

and TRIM9

-/-

neurons

stained for Myc (blue: Myc, Myc-TRIM9 or TRIM9 mutants), βIII tubulin (green) and phalloidin (red). *denotes
significance compared to TRIM9

+/+

-/-

and *denotes significance compared to TRIM9 . G) Representative images of

-/-

TRIM9 neurons transfected with scrambled (scr) or VASP siRNA, along with GFP to identify transfected cells. GFP
(blue), VASP immunostaining (green), phalloiding (red). H-I) Images and quantification of axonal growth cone
filopodia from control and netrin-treated TRIM9

+/+

and TRIM9

-/-

cortical neurons transfected with scramble (scr) or

VASP siRNA (VASPsi), stained for GFP (green) and phalloidin (red).
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Figure 5: VASP deubiquitination is required for netrin-dependent increases in filopodia density. A-B) Images
and quantification of filopodia in axonal growth cones from control, PR-619 netrin or PR-619/netrin treated TRIM9
and TRIM9

-/-

+/+

neurons, stained for VASP (green), βIII tubulin (blue) and phalloidin (red). C-D) Images and

quantification of filopodia in TRIM9

+/+

growth cones expressing GFP, GFP-VASP or GFP-VASP K-R, stained for GFP

(blue), βIII tubulin (green) and phalloidin (red). E) TRIM9

+/+

filopodia containing GFP-VASP K-R (green) and mCherry-

VASP (red) before and after PR-619 treatment. F) Ratio of fluorescence intensity at filopodial tip:filopodial base of
GFP-VASP K-R or mCherry-VASP in PR-619 treated TRIM9

+/+
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neurons.

Figure 6: Ubiquitination of VASP reduces filopodia lifetime and the rate of VASP dissociation from filopodia
tips: A) Example kymographs of axonal growth cone filopodia from TRIM9
mCherry. B) Filopodial lifetimes in control, netrin, and PR-619 treated TRIM9

+/+

+/+

and TRIM9

and TRIM9

-/-

-/-

neurons expressing

neurons and TRIM9

+/+

neurons expressing GFP-VASP K-R. C) Cumulative fraction plot of filopodial lifetime demonstrating intermediate
phenotype of VASP K-R expressing neurons. D) Image montage of GFP-VASP FRAP at a filopodium tip. Bleach
denoted by dashed region, time before and after bleaching in seconds. E) Example of fluorescence intensity data fit
to a single exponential (red line), depicting percent fluorescence recovery and t1/2 of fluorescence recovery. F)
Fluorescence recovery halftime (t1/2) and G) mean % fluorescence recovery for indicated conditions. (See also
Movies S4, S5, FigS4). VASP K-R was expressed in TRIM9

+/+
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neurons.

Figure 7: Deletion of TRIM9 disrupts axon guidance: A) TRIM9

+/+

-/-

but not TRIM9 cortical explants exhibit biased

neurite outgrowth (βIII tubulin staining) towards netrin (arrowhead). B) Schematic representation of a micropass
gradient device with zoomed view of the axon viewing area depicting the dextran gradient and axon growth into the
viewing area, arrows indicate direction of fluid flow. C) Turning angles for TRIM9

+/+

axons in a dextran gradient,

-/-

dextran/netrin or dextran/PR-619 gradient and TRIM9 axons in a dextran/netrin gradient or dextran/PR-619
gradient. D) DIC images (top) showing a TRIM9

+/+

axon turning towards a higher netrin concentration, as seen by the

gradient in epifluorescence images (bottom). The red arrowhead denotes the front of the growth cone, the red box
denotes the area for which epifluorescence is shown. Time in hours:minutes. Quantification of dextran fluorescence
intensity across the region within each epifluorescence image (red), x and y axes are kept constant to demonstrate
-/-

the stability of the gradient over time. E) TRIM9 axon (arrowhead) failing to turn toward the higher netrin
concentrations, gradient displayed as in D. F) TRIM9

+/+

axon (arrowhead) turning down a PR-619 gradient, displayed

as in D. G) Regions of interest (ROI) from coronal sections of Nex-Cre/Tau

loxP-stop-loxP

GFP/TRIM9

fl/fl

and TRIM9

+/+

littermates reveal aberrant cortical axon projections patterns in the corpus callosum (green dashed box), the
paraventricular hypothalamic nuclei (red), and the internal capsule (yellow). Green is GFP, red and blue demarcate
GFAP in separate littermate pairs. The locations of ROIs and associated defects are denoted in the coronal
schematic, n=3 littermate pairs. (See also Movies S6-8, FigS5)
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Figure S1, related to Figure 1: TRIM9 and Mena exhibit minimal colocalization: A) Axonal growth cones of
control and netrin-treated cortical neurons stained for Mena (red), MycTRIM9 (green) and phalloidin (blue). B)
Quantification of Pearson’s Correlation Coefficient within filopodial regions (Obs = Observed measurements, Rand =
pixels from one image randomized). Squares represent means +/- 95 % CI. C) Montage of TIRF images of GFPMena and mcherry-TRIM9, time in seconds. Arrowheads denote filopodia tips in which TRIM9 and Mena colocalize,
time in seconds.

241

Figure S2, related to Figure 2: Mena and EVL are not ubiquitinated by TRIM9 and VASP ubiquitination is not
lost in the absence of DCC and is not reduced in single, double or triple VASP lysine mutants: A) GFP-VASP
ubiquitination and quantification +/- SEM in the absence of DCC overexpression. No change in ubiquitination is
+/+
-/detected upon netrin treatment. B) Mena ubiquitination assay and quantification +/- SEM in TRIM9 and TRIM9
+/+
-/HEK cells, GFP-Mena (~150 kDa). C) EVL ubiquitination assay and quantification +/- SEM in TRIM9 and TRIM9
HEK cells (~75 kDa). D) VASP ubiquitination assay with wildtype VASP and VASP K252R, K283,286R, K321R,
K283,286,321R mutants. These mutants do not exhibit a reduction in the ~25kDa heavier VASP band that comigrates with ubiquitin (red arrowheads)
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Figure S3, related to Figure 3: TRIM9 regulation of growth cone filopodia occurs downstream of DCC: A-B)
+/+
-/Images and quantification of filopodial density +/- SEM in TRIM9 and TRIM9 cortical growth cones treated with
netrin, a DCC function blocking antibody (DCC Ab) or both. (+N/U: netrin-treated vs. untreated; Ab+N/Ab U: same
comparison after pretreatment with DCC function blocking antibody; Ab/U: untreated vs. untreated after pretreatment
+/+
-/with DCC antibody). C) Axonal growth cones from control and netrin-treated TRIM9 and TRIM9 cortical neurons,
stained for Mena (green), βIII tubulin (blue) and phalloidin (red). D) Mena fluorescence intensity normalized to
phalloidin +/- 95% CI from the tips of filopodia into the growth cone. E) Axonal growth cones from control and netrin+/+
-/treated TRIM9 and TRIM9 cortical neurons, stained for GFP-EVL (green), βIII tubulin (blue) and phalloidin (red).
F) GFP-EVL fluorescence intensity normalized to phalloidin +/- 95% CI from the tips of filopodia into the growth cone.
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Figure S4, related to Figure 4: TRIM9-dependent filopodia density regulation is cytoskeletal and specific to
netrin-1: A-B) Images and quantification of filopodia density +/- SEM in axonal growth cones from control (DMSO),
CytoD, netrin or CytoD/netrin treated TRIM9

+/+

and TRIM9

-/-

neurons, stained for βIII tubulin (green) and phalloidin

(red), n=2. C-D) Images and quantification of axonal growth cone filopodia density +/- SEM in control and netrintreated TRIM9

+/+

and TRIM9

-/-

cortical neurons pre-treated with either media or botulinum toxin A (BoNTA), stained

for phalloidin. E-F) Images and quantification +/- SEM of axonal growth cone filopodia density from control and netrintreated TRIM9

+/+

and TRIM9

-/-

cortical neurons transfected with GFP-AP4Mito or GFP-FP4Mito, stained for GFP

(blue), βIII tubulin (green) and phalloidin (red).
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Figure S5, related to Figure 5: Filopodia density is not increased by VASP overexpression in the absence of
-/TRIM9: A) Axonal growth cones from control and netrin-treated TRIM9 cortical neurons expressing GFP, GFP-/VASP or GFP-VASP K-R. B) Growth cone filopodia density +/- SEM from control and netrin-treated TRIM9 cortical
neurons expressing GFP, GFP-VASP, or GFP-VASP K-R.

Figure S6, related to Figure 6: Filopodial protrusion dynamics are not regulated by TRIM9: A) The rate of
filopodial tip protrusion and retraction +/- SEM, the B) duration of time +/- SEM and C) percentage of time +/- SEM
spent protruding, retracting or pausing measured from kymographs of growth cone filopodia, as shown in Figure 6. D)
+/+
-/Frequency of filopodial formation and loss +/- SEM in TRIM9 and TRIM9 neurons before and after treatment with
netrin. E) FRAP t1/2 +/- SEM of GFP-VASP in lamellipodial regions.
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Figure S7, related to Figure 7: The fimbria and density of dendritic spines are not altered by deletion of
loxP-stop-loxP
fl/fl
+/+
TRIM9: A) Coronal sections from 5 week old Nex-Cre/Tau
GFP/ TRIM9
and TRIM9
littermates,
demonstrating that the width of the fimbria does not significantly change between littermates, n=3 pairs of littermates,
p=0.7. B) Example images of spines along a dendrite of GFP+ pyramidal cortical neurons from coronal sections of
+/+
-/Thy1-GFP TRIM9 and TRIM9 P21 mice brains. Mean spine density +/- SEM is reported.

246

APPENDIX 2 REFERENCES
Altun, M., Kramer, H.B., Willems, L.I., McDermott, J.L., Leach, C.A., Goldenberg, S.J., Kumar,
K.G.S., Konietzny, R., Fischer, R., Kogan, E., et al. (2011). Activity-based chemical proteomics
accelerates inhibitor development for deubiquitylating enzymes. Chem. Biol. 18, 1401–1412.
Applewhite, D.A., Barzik, M., Kojima, S.-I., Svitkina, T.M., Gertler, F.B., and Borisy, G.G. (2007).
Ena/VASP proteins have an anti-capping independent function in filopodia formation. Mol Biol
Cell 18, 2579–2591.
Barzik, M., Kotova, T.I., Higgs, H.N., Hazelwood, L., Hanein, D., Gertler, F.B., and Schafer, D.A.
(2005). Ena/VASP proteins enhance actin polymerization in the presence of barbed end
capping proteins. J Biol Chem 280, 28653–28662.
Bear, J.E., Svitkina, T.M., Krause, M., Schafer, D.A., Loureiro, J.J., Strasser, G.A., Maly, I.V.,
Chaga, O.Y., Cooper, J.A., Borisy, G.G., et al. (2002). Antagonism between Ena/VASP proteins
and actin filament capping regulates fibroblast motility. Cell 109, 509–521.
Boëda, B., Knowles, P.P., Briggs, D.C., Murray-Rust, J., Soriano, E., Garvalov, B.K., McDonald,
N.Q., and Way, M. (2011). Molecular recognition of the Tes LIM2-3 domains by the actin-related
protein Arp7A. J Biol Chem 286, 11543–11554.
Braisted, J.E., Catalano, S.M., Stimac, R., Kennedy, T.E., Tessier-Lavigne, M., Shatz, C.J., and
O'Leary, D.D. (2000). Netrin-1 promotes thalamic axon growth and is required for proper
development of the thalamocortical projection. J Neurosci 20, 5792–5801.
Breitsprecher, D., Kiesewetter, A.K., Linkner, J., Urbanke, C., Resch, G.P., Small, J.V., and
Faix, J. (2008). Clustering of VASP actively drives processive, WH2 domain-mediated actin
filament elongation. Embo J 27, 2943–2954.
Chau, V., Tobias, J., Bachmair, A., Marriott, D., Ecker, D., Gonda, D., and Varshavsky, A.
(1989). A multiubiquitin chain is confined to specific lysine in a targeted short-lived protein.
Science 243, 1576–1583.
Chen, X.J., Squarr, A.J., Stephan, R., Chen, B., Higgins, T.E., Barry, D.J., Martin, M.C., Rosen,
M.K., Bogdan, S., and Way, M. (2014). Ena/VASP Proteins Cooperate with the WAVE Complex
to Regulate the Actin Cytoskeleton. Dev Cell 30, 569–584.
Danielsen, J.M.R., Sylvestersen, K.B., Bekker-Jensen, S., Szklarczyk, D., Poulsen, J.W., Horn,
H., Jensen, L.J., Mailand, N., and Nielsen, M.L. (2011). Mass Spectrometric Analysis of Lysine
Ubiquitylation Reveals Promiscuity at Site Level. Molecular & Cellular Proteomics 10,
M110.003590.
Dent, E.W., and Kalil, K. (2001). Axon branching requires interactions between dynamic
microtubules and actin filaments. Journal of Neuroscience 21, 9757–9769.
Dent, E.W., Barnes, A.M., Tang, F., and Kalil, K. (2004). Netrin-1 and semaphorin 3A promote
or inhibit cortical axon branching, respectively, by reorganization of the cytoskeleton. J Neurosci
24, 3002–3012.

247

Dent, E.W., Kwiatkowski, A.V., Mebane, L.M., Philippar, U., Barzik, M., Rubinson, D.A., Gupton,
S., Van Veen, J.E., Furman, C., Zhang, J., et al. (2007). Filopodia are required for cortical
neurite initiation. Nat Cell Biol 9, 1347–1359.
Didier, C., Broday, L., Bhoumik, A., Israeli, S., Takahashi, S., Nakayama, K., Thomas, S.M.,
Turner, C.E., Henderson, S., Sabe, H., et al. (2003). RNF5, a RING Finger Protein That
Regulates Cell Motility by Targeting Paxillin Ubiquitination and Altered Localization. Mol Cell
Biol 23, 5331–5345.
Fazeli, A., Dickinson, S.L., Hermiston, M.L., Tighe, R.V., Steen, R.G., Small, C.G., Stoeckli,
E.T., Keino-Masu, K., Masu, M., Rayburn, H., et al. (1997). Phenotype of mice lacking functional
Deleted in colorectal cancer (Dcc) gene. Nature 386, 796–804.
Feng, G., Mellor, R.H., Bernstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace, M., Nerbonne,
J.M., Lichtman, J.W., and Sanes, J.R. (2000). Imaging neuronal subsets in transgenic mice
expressing multiple spectral variants of GFP. Neuron 28, 41–51.
Fothergill, T., Donahoo, A.-L.S., Douglass, A., Zalucki, O., Yuan, J., Shu, T., Goodhill, G.J., and
Richards, L.J. (2014). Netrin-DCC signaling regulates corpus callosum formation through
attraction of pioneering axons and by modulating Slit2-mediated repulsion. Cereb Cortex 24,
1138–1151.
Furman, C., Sieminski, A.L., Kwiatkowski, A.V., Rubinson, D.A., Vasile, E., Bronson, R.T.,
Fässler, R., and Gertler, F.B. (2007). Ena/VASP is required for endothelial barrier function in
vivo. J Cell Biol 179, 761–775.
Gertler, F.B., Comer, A.R., Juang, J.L., Ahern, S.M., Clark, M.J., Liebl, E.C., and Hoffmann,
F.M. (1995). enabled, a dosage-sensitive suppressor of mutations in the Drosophila Abl tyrosine
kinase, encodes an Abl substrate with SH3 domain-binding properties. Genes Dev 9, 521–533.
Gitai, Z., Yu, T.W., Lundquist, E.A., Tessier-Lavigne, M., and Bargmann, C.I. (2003). The netrin
receptor UNC-40/DCC stimulates axon attraction and outgrowth through enabled and, in
parallel, Rac and UNC-115/AbLIM. Neuron 37, 53–65.
Gupton, S.L., and Gertler, F.B. (2007). Filopodia: the fingers that do the walking. Sci STKE
2007, re5.
Gupton, S.L., and Gertler, F.B. (2010). Integrin signaling switches the cytoskeletal and exocytic
machinery that drives neuritogenesis. Dev Cell 18, 725–736.
Gupton, S.L., Riquelme, D., Hughes-Alford, S.K., Tadros, J., Rudina, S.S., Hynes, R.O.,
Lauffenburger, D., and Gertler, F.B. (2012). Mena binds α5 integrin directly and modulates α5β1
function. J Cell Biol 198, 657–676.
Hansen, S.D., and Mullins, R.D. (2010). VASP is a processive actin polymerase that requires
monomeric actin for barbed end association. J Cell Biol 191, 571–584.
Hao, J.C., Adler, C.E., Mebane, L., Gertler, F.B., Bargmann, C.I., and Tessier-Lavigne, M.
(2010). The tripartite motif protein MADD-2 functions with the receptor UNC-40 (DCC) in Netrinmediated axon attraction and branching. Dev Cell 18, 950–960.

248

Higginbotham, H., Eom, T.-Y., Mariani, L.E., Bachleda, A., Hirt, J., Gukassyan, V., Cusack, C.L.,
Lai, C., Caspary, T., and Anton, E.S. (2012). Arl13b in primary cilia regulates the migration and
placement of interneurons in the developing cerebral cortex. Dev Cell 23, 925–938.
Hunter, T. (2007). The age of crosstalk: phosphorylation, ubiquitination, and beyond. Mol Cell
28, 730–738.
Kim, T.Y., Siesser, P.F., Rossman, K.L., Goldfarb, D., Mackinnon, K., Yan, F., Yi, X., MacCoss,
M.J., Moon, R.T., Der, C.J., et al. (2015). Substrate trapping proteomics reveals targets of the
βTrCP2/FBXW11 ubiquitin ligase. Mol Cell Biol 35, 167–181.
Kolodkin, A.L., and Tessier-Lavigne, M. (2011). Mechanisms and Molecules of Neuronal Wiring:
A Primer. Cold Spring Harb Perspect Biol 3, a001727–a001727.
Kolodziej, P.A., Timpe, L.C., Mitchell, K.J., Fried, S.R., Goodman, C.S., Jan, L.Y., and Jan, Y.N.
(1996). frazzled encodes a Drosophila member of the DCC immunoglobulin subfamily and is
required for CNS and motor axon guidance. Cell 87, 197–204.
Krause, M., Dent, E.W., Bear, J.E., Loureiro, J.J., and Gertler, F.B. (2003). Ena/VASP proteins:
regulators of the actin cytoskeleton and cell migration. Annu Rev Cell Dev Biol 19, 541–564.
Kwiatkowski, A.V., Rubinson, D.A., Dent, E.W., Edward van Veen, J., Leslie, J.D., Zhang, J.,
Mebane, L.M., Philippar, U., Pinheiro, E.M., Burds, A.A., et al. (2007). Ena/VASP Is Required
for Neuritogenesis in the Developing Cortex. Neuron 56, 441–455.
Lanier, L.M., Gates, M.A., Witke, W., Menzies, A.S., Wehman, A.M., Macklis, J.D., Kwiatkowski,
D., Soriano, P., and Gertler, F.B. (1999). Mena is required for neurulation and commissure
formation. Neuron 22, 313–325.
Lebrand, C., Dent, E.W., Strasser, G.A., Lanier, L.M., Krause, M., Svitkina, T.M., Borisy, G.G.,
and Gertler, F.B. (2004). Critical role of Ena/VASP proteins for filopodia formation in neurons
and in function downstream of netrin-1. Neuron 42, 37–49.
Li, Y., Chin, L.S., Weigel, C., and Li, L. (2001). Spring, a novel RING finger protein that
regulates synaptic vesicle exocytosis. J Biol Chem 276, 40824–40833.
Lin, W.-H., Nebhan, C.A., Anderson, B.R., and Webb, D.J. (2010). Vasodilator-stimulated
phosphoprotein (VASP) induces actin assembly in dendritic spines to promote their
development and potentiate synaptic strength. J Biol Chem 285, 36010–36020.
Moore, S.W., Biais, N., and Sheetz, M.P. (2009). Traction on immobilized netrin-1 is sufficient to
reorient axons. Science 325, 166.
Moore, S.W., Zhang, X., Lynch, C.D., and Sheetz, M.P. (2012). Netrin-1 Attracts Axons through
FAK-Dependent Mechanotransduction. Journal of Neuroscience 32, 11574–11585.
Morikawa, R.K., Kanamori, T., Yasunaga, K.-I., and Emoto, K. (2011). Different levels of the
Tripartite motif protein, Anomalies in sensory axon patterning (Asap), regulate distinct axonal
projections of Drosophila sensory neurons. Proceedings of the National Academy of Sciences
108, 19389–19394.

249

Mortimer, D., Feldner, J., Vaughan, T., Vetter, I., Pujic, Z., Rosoff, W.J., Burrage, K., Dayan, P.,
Richards, L.J., and Goodhill, G.J. (2009). A Bayesian model predicts the response of axons to
molecular gradients. Proceedings of the National Academy of Sciences 106, 10296–10301.
Reyes-Turcu, F.E., Ventii, K.H., and Wilkinson, K.D. (2009). Regulation and Cellular Roles of
Ubiquitin-Specific Deubiquitinating Enzymes. Annu Rev Biochem 78, 363–397.
Richards, L.J., Koester, S.E., Tuttle, R., and O'Leary, D.D. (1997). Directed growth of early
cortical axons is influenced by a chemoattractant released from an intermediate target. J
Neurosci 17, 2445–2458.
Riquelme, D.N., Meyer, A.S., Barzik, M., Keating, A., and Gertler, F.B. (2015). Selectivity in
subunit composition of Ena/VASP tetramers. Bioscience Reports 35, e00246–e00246.
Rodriguez, M.S., Desterro, J.M.P., Lain, S., Lane, D.P., and Hay, R.T. (2000). Multiple CTerminal Lysine Residues Target p53 for Ubiquitin-Proteasome-Mediated Degradation. Mol Cell
Biol 20, 8458–8467.
Rosoff, W.J., Urbach, J.S., Esrick, M.A., McAllister, R.G., Richards, L.J., and Goodhill, G.J.
(2004). A new chemotaxis assay shows the extreme sensitivity of axons to molecular gradients.
Nat Neurosci 7, 678–682.
Sanchez, J.G., Okreglicka, K., Chandrasekaran, V., Welker, J.M., Sundquist, W.I., and
Pornillos, O. (2014). The tripartite motif coiled-coil is an elongated antiparallel hairpin dimer.
Proceedings of the National Academy of Sciences 111, 2494–2499.
Schaefer, A., Nethe, M., and Hordijk, P.L. (2012). Ubiquitin links to cytoskeletal dynamics, cell
adhesion and migration. Biochem J 442, 13–25.
Seiberlich, V., Goldbaum, O., Zhukareva, V., and Richter-Landsberg, C. (2012). The small
molecule inhibitor PR-619 of deubiquitinating enzymes affects the microtubule network and
causes protein aggregate formation in neural cells: Implications for neurodegenerative diseases.
Biochimica Et Biophysica Acta (BBA) - Molecular Cell Research 1823, 2057–2068.
Serafini, T., Colamarino, S.A., Leonardo, E.D., Wang, H., Beddington, R., Skarnes, W.C., and
Tessier-Lavigne, M. (1996). Netrin-1 is required for commissural axon guidance in the
developing vertebrate nervous system. Cell 87, 1001–1014.
Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M., and Tessier-Lavigne, M.
(1994). The netrins define a family of axon outgrowth-promoting proteins homologous to C.
elegans UNC-6. Cell 78, 409–424.
Shekarabi, M., and Kennedy, T.E. (2002). The netrin-1 receptor DCC promotes filopodia
formation and cell spreading by activating Cdc42 and Rac1. Mol. Cell. Neurosci. 19, 1–17.
Short, K.M., and Cox, T.C. (2006). Subclassification of the RBCC/TRIM superfamily reveals a
novel motif necessary for microtubule binding. Journal of Biological Chemistry 281, 8970–8980.
Short, K.M., Hopwood, B., Yi, Z., and Cox, T.C. (2002). MID1 and MID2 homo- and
heterodimerise to tether the rapamycin-sensitive PP2A regulatory subunit, alpha 4, to
microtubules: implications for the clinical variability of X-linked Opitz GBBB syndrome and other

250

developmental disorders. BMC Cell Biol 3, 1.
Stein, E. (2001). Binding of DCC by Netrin-1 to Mediate Axon Guidance Independent of
Adenosine A2B Receptor Activation. Science 291, 1976–1982.
Tanji, K., Kamitani, T., Mori, F., Kakita, A., Takahashi, H., and Wakabayashi, K. (2010). TRIM9,
a novel brain-specific E3 ubiquitin ligase, is repressed in the brain of Parkinson's disease and
dementia with Lewy bodies. Neurobiology of Disease 38, 210–218.
Taylor, A.M., Menon, S., and Gupton, S.L. (2015). Passive microfluidic chamber for long-term
imaging of axon guidance in response to soluble gradients. Lab on a Chip 15, 2781–2789.
Tojima, T., Akiyama, H., Itofusa, R., Li, Y., Katayama, H., Miyawaki, A., and Kamiguchi, H.
(2007). Attractive axon guidance involves asymmetric membrane transport and exocytosis in
the growth cone. Nat Neurosci 10, 58–66.
Tribollet, E., and Dreifuss, J.J. (1981). Localization of neurones projecting to the hypothalamic
paraventricular nucleus area of the rat: A horseradish peroxidase study. Neuroscience 6, 1315–
1328.
Webber, C.A., Chen, Y.Y., Hehr, C.L., Johnston, J., and McFarlane, S. (2005). Multiple
signaling pathways regulate FGF-2-induced retinal ganglion cell neurite extension and growth
cone guidance. Molecular and Cellular Neuroscience 30, 37–47.
Williamson, L.C., Halpern, J.L., Montecucco, C., Brown, J.E., and Neale, E.A. (1996). Clostridial
neurotoxins and substrate proteolysis in intact neurons: botulinum neurotoxin C acts on
synaptosomal-associated protein of 25 kDa. J Biol Chem 271, 7694–7699.
Winkle, C.C., McClain, L.M., Valtschanoff, J.G., Park, C.S., Maglione, C., and Gupton, S.L.
(2014). A novel Netrin-1-sensitive mechanism promotes local SNARE-mediated exocytosis
during axon branching. J Cell Biol 205, 217–232.
Worth, D.C., Hodivala-Dilke, K., Robinson, S.D., King, S.J., Morton, P.E., Gertler, F.B.,
Humphries, M.J., and Parsons, M. (2010). Alpha v beta3 integrin spatially regulates VASP and
RIAM to control adhesion dynamics and migration. J Cell Biol 189, 369–383.
Zechel, S., Werner, S., Unsicker, K., and Bohlen und Halbach, von, O. (2010). Expression and
functions of fibroblast growth factor 2 (FGF-2) in hippocampal formation. The Neuroscientist 16,
357–373.
Ziv, N.E., and Smith, S.J. (1996). Evidence for a role of dendritic filopodia in synaptogenesis
and spine formation. Neuron 17, 91–102.

251

