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RNA AND PROTEIN NETWORKS THAT LOCALLY CONTROL
BRAIN WIRING DURING DEVELOPMENT

RELATED APPLICATION(S)

This application claims the benefit of U.S. Provisional Application No. 62/155,436, filed

April 30, 20135, the entire teachings of which are incorporated herein by reference.

GOVERNMENT SUPPORT

This invention was made with government support under NS049553, NS075672, NS045523
and NS041590 awarded by the National Institutes of Health. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

One of the fundamental goals of neuroscience is to understand how neural circuits in the brain
are structurally and functionally connected through the actions of molecules, genes, and neurons.
With the development of several technologies for molecular profiling to unravel the complexity of
cell types in the brain, immense progress has been made in elucidating distinct classes of neurons
(Arlotta et al., 2005; Doyle et al., 2008; Heiman et al., 2008; Pollen et al., 2014; Zeisel et al., 2015)
and in characterizing transcriptional mechanisms that specify their identity (Jessell, 2000; Molyneaux

et al., 2007). However, current molecular profiling approaches have not provided much insight into
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how circuits are wired during development, especially since they neglect the molecular networks
downstream of genetic programs that actually implement circuit wiring.

The technical development of optogenetics (Boyden et al., 2005) and recent advances made in
high-throughput imaging using Ca’" indicators (Grienberger and Konnerth, 2012) and viral tracers
(Oh et al., 2014) have enabled immense progress toward mapping the connectivity of neural circuits.
Several large-scale circuit mapping initiatives have been established to apply these technologies in
order to understand how neural circuit organization can influence the onset, expression, and course of
brain disorders (Insel et al., 2013). However, while these approaches are informative for
understanding mature neural circuit organization and function, elucidating the molecular networks

and mechanisms that wire neural circuits is likely required to identify candidate drug targets for

' therapeutic intervention to treat certain brain disorders, particularly neurodevelopmental disorders

such as the autism spectrum disorders.

SUMMARY OF THE INVENTION

Disclosed herein are compositions and methods for profiling growth cones iz vivo from
distinct neuron subtypes; these compositions and methods contribute substantially to the
understanding of how specific neural circuits are wired during development. Also disclosed are novel
compositions, methods and candidate drug targets for therapeutic intervention and follow up which
are useful for diagnosing, treating and monitoring the development of neurologic conditions (e.g.,
neurodegenerative or neuropsychiatric conditions). In some embodiments, the inventions disclosed
herein relate to methods of purifying projection-specific growth cones, such methods comprising (a)
performing in vivo labeling of a desired neuron population; (b) performing subcellular fractionation of
the labeled neuron population; (¢) performing fluorescent small particle sorting of the fractionated
labeled neuron population; and (d) isolating the projection-specific growth cones. In some
embodiments, the subcellular fractionation comprises isopycnic subeellular fractionation.

Also disclosed herein are methods of treating a subject with a neurologic condition, the
method comprising administering to the subject a composition comprising an effective amount of an
agent that modulates expression of at least one nucleic acid enriched in neuron growth cones relative
to neuron cell bodies, thereby treating the neurologic condition.

In certain embodiments, disclosed herein are methods of assessing a neurologic condition in a
subject, such methods comprising a step of identifying differential expression of one or more nucleic
acids enriched in neuron growth cones of the subject relative to the expression of the same one or
more nucleic acids in neuron growth cones of a normal subject, wherein if the one or more nucleic

acids are differentially expressed, the subject has or is at risk of developing the neurologic condition.
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In certain embodiments, the inventions disclosed here relate to methods of monitoring
progression or amelioration of a neurologic condition in a subject, such methods comprising a step of
identifying differential expression of one or more nucleic acids in neuron growth cones of the subject
relative to the expression of the same one or more nucleic acids in neuron growth cones of a normal
subject, wherein if the one or more nucleic acids are differentially expressed, the subject has or is at
risk of developing the neurologic condition, and monitoring the expression of the one or more nucleic
acids over time, wherein alteration of the expression of the one or more nucleic acids over time is
indicative of progression or amelioration of the condition,

In certain aspects, the inventions are directed to methods of regenerating dainaged neuronal
circuitry in a subject, such methods comprising contacting neuron growth cones of the subject with an
effective amount of an agent that selectively targets at least one marker selectively expressed by
neuron growth cones relative to neuron cell bodies, causing the neuron growth cones to project toward
their targets to form synapses and thereby restore the damaged neuronal circuity.

In some embodiments, also disclosed herein are methods of identifying a candidate agent for
the treatment of a neurologic condition, the methods comprising identifying agents that preferentially
modulate the expression of one or more nucleic acids enriched in neuron growth cones compared to
neuron cell bodies, wherein those agents that preferentially modulate the expression of the one or
more nucleic acids enriched in the neuron growth cones are candidate agents for the treatment of the
neurologic condition.

In some aspects, the inventions disclosed herein relate to methods of directing projection of a
neuron axon in vivo, such methods comprising a step of contacting growth cones of the neuron axon
with one or more canonical cues and thereby directing projection of the neuron axon.

In certain embodiments, the nucleic acid comprises RNA. In certain embodiments, the
nucleic acid comprises noncoding RNA. In certain embodiments, the nucleic acid comprises mRNA.
In still other embodiments, the nucleic acid is selected from the group consisting of a-Tub, §-Tub, v
Actin, Baspl, Crmp2, MAP1B, Ncam, Dynein, Baspl, L1cam, Contactin, Gprinl, Stxbpl, Dynclhl,
Synl, Cxadr, Gpméa, Stx1b, Psmdl and Maprel. In some embodiments, modulating expression
comprises increasing expression of at least one nucleic acid. In other embodiments, modulating
expression comprises decreasing expression of at feast one nucleic acid.

In some embodiments, the nucleic acid is more than about 2-fold enriched in the neuron
growth cones relative to the neuron cell bodies. In some embodiments, the nucleic acid is more than
about 10-fold enriched in the neuron growth cones relative to the neuron cell bodies. In still other
embodiments, the nucleic acid is more than about 20-fold enriched in the neuron growth cones

relative to the neuron cell bodies.
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In some embodiments, the agent is selected from the group consisting of small organic
molecules, oligosaccharides, polysaccharides, peptides, proteins, peptide analogs, miRNA, siRNA,
antisense RNA, and any combination thereof,

In some embodiments, the marker comprises a protein. In certain aspects, the marker
comprises a receptor. In some embodiments, the marker comprises GAP-43.

In some embodiments of the foregoing methods, such methods further comprise a step of
contacting the neuron growth cone with one or more canonical cues. For example, one or more
canonical cues selected from the group consisting of Netrins, Slits, Semaphorins and Ephrins.

Also disclosed herein are methods of forming or restoring a neuronal circuit, such methods
comprising a step of contacting one or more of neuron growth cones with an effective amount of an
agent that selectively targets the neuron growth cones relative to neuron cell bodies, causing the
neuron growth cones to project towards their targets to form a synapse and thereby forming or
restoring the neuronal circuit. In certain aspects, such agent comprises one or more canonical cues
(e.g., a canonical cue selected from the group consisting of Netrins, Slits, Semaphorins and Ephrins).
In certain aspects, the agent is selected from the group consisting of small organic molecules,
oligosaccharides, polysaccharides, peptides, proteins, peptide analogs, miRNA, siRNA, antisense
RNA, and any combination thereof.

In certain aspects, the marker comprises a protein. In certain aspects, the marker comprises a
receptor. In yet other aspects, the marker comprises Growth Associated Protein 43 (GAP-43). In
certain other aspects, the marker comprises noncoding RNA. In still other embodiments, where the
neuron comprises a cell body and growth cones, the marker (e.g., GAP-43) is enriched in the growth
cones relative to the cell body. For example, in certain embodiments, the marker is more than about
2-fold, about 3-fold, about 4-fold, about 5-fold, about 6-fold, about 7-fold, about 8-fold, about 9-fold,
about 10-fold or more enriched in the growth cones relative to the cell body.

The methods and assays disclosed herein are useful for diagnosing, monitoring, treating or
otherwise ameliorating a neurologic condition, for example, a neurodegenerative, neuropsychiatric or
a neurodevelopmental disorder. In certain aspects the neurodegenerative disorder is selected from the
group consisting of Huntington’s disease, dentatorubropallidoluysian atrophy, Kennedy’s disease,
spinocerebellar ataxia, fragile X syndrome, fragile XE mental retardation, Friedreich’s ataxia,
myotonic dystrophy, spinocerebellar ataxia type 8, spinocerebellar ataxia type 12, Alexander disease,
Alper’s disease, Alzheimer disease; amyotrophic lateral sclerosis, ataxia telangiectasia, Batten
disease, Canavan disease, Cockayne syndrome, corticobasal degeneration, Creutzfeldt-Jakob disease,
ischemia stroke, Krabbe disease, Lewy body dementia, multiple sclerosis, multiple system atrophy,
Parkinson’s disease, Pelizacus-Merzbacher disease, Pick’s disease, primary lateral sclerosis, Refsum’s

disease, Sandhoff disease, Schilder’s disease, spinal cord injury; spinal muscular atrophy, Steele
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Richardson-Olszewski disease, and Tabes dorsalis. In certain aspects, the neurologic condition is
selected from the group consisting of an autism spectrum disorder, schizophrenia, bipolar disorder,
and Rett syndrome.

The above discussed, and many other features and attendant advantages of the present
inventions will become better understood by reference to the following detailed description of the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing executed in color. Copies of this
patent or patent application publication with color drawings will be provided by the Office upon
request and payment of the necessary fee.

FIGS. 1A-1D demonstrate that axons intrinsically know where to project in vivo. FIG. 1A
illustrates an ectopic micro-transplantation strategy. Neurons from the lateral cortex of a GFP
transgenic mouse were dissected and mixed in cell suspension with neurons derived from the medial
cortex of a TdTomato transgenic mouse. Lateral-derived and medial-derived neurons were
transplanted into the medial cortex of littermate dark hosts. Medial-derived neurons serve as an
internal control. FIG. 1B illustrates in vitro culture of lateral-derived GFP neurons and medial-
derived TdTomato neurons (DIV 7). FIG. 1C shows coronal section 7 days post transplantation.
FIG. 1D shows quantification (n=6) of projections of medial- or lateral-derived neurons transplanted
into medial cortex.

FIGS. 2A-2D illustrate that subcellular fractionation yields enriched population of
membrane-bound growth cones. FIG. 2A presents the subcellular fractionation protocol. Growth
cones are isolated from Interface 1. PNH, postnuclear homogenate; 0.32, 320mM sucrose; 0.83,
830mM sucrose. FIG. 2B (left) shows Ponceau S staining showing equal amount of protein loading
from Interface 1 and PNH, and (right) Western blot of growth cone (GAP-43) and dendritic (MAP-2)
markers. FIG.2C shows Western blot characterization of distinct fractions probed with indicated
subcellular markers. FIG. 2D illustrates the growth cone tryps’in protection assay, showing that (left)
combinations of detergent and trypsin were applied to Interface I, enabling discrimination between
membrane-protected proteins and cytosolic proteins, and that (right) Western blot indicates that
Interface 1 contains growth cones with intact membranes.

FIGS. 3A-3E illustrate that growth cones contain multiple and heterogeneous RNA species.
FIG. 3A shows Bioanalyzer distributions of RNA purified from indicated fractions. FIG. 3B shows

growth cone RNase protection assay and illustrates that (left) combinations of detergent and RNase
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were applied to isolated growth cones, enabling discrimination between membrane-protected RNA
and cytosolic RNA, and that (right) B‘ioanalyzer analysis indicates that RNA in growth cone fraction
is from membrane-enclosed growth cones, not from soluble RNA/protein complexes. FIG. 3C shows
native RNA gel of purified RNA from PNH and Interface 1. FIG. 3D shows Bioanalyzer distribution
of growth cone mRNA after poly(A+) selection with oligo (dT),s beads. FIG. 3E shows RT-PCR
with primers for indicated transcripts.

FIGS. 4A-4D shows purification of fluorescently labeled growth cones using fluorescent
small particle sorting. FIG. 4A presents size distribution of growth cones as measured by
Nanoparticle tracking analysis. FIG. 4B represents a forward-side scatter profile of growth cone
particles and a mixture of size standard beads. 0.3um, 0.5um, 0.8pum, and 1.0pm sized fluorescent
beads were used for fluorescence gating and estimation of growth cone size, showing (left) beads
alone, (center) growth cones, and (right) overlap of beads and growth cones. FIG. 4C shows growth
cones from GFP+ or TdTomato+ transgenic mice were mixed for fluorescent small particle sorting.
FIG. 4D shows that (left) GFP+ and TdTomato+ growth cones were easily distinguished and (right)
after gating and collection, GFP+ growth cones were subjected to a re-sort, demonstrating successful
purification of GFP-gated growth cones.

FIGS. 5A-5K illustrate purification of circuit-specific growth cone populations. FIG. SA
shows coronal section at P4. In utero electroporation was performed at E15.5 to express CAG>myr-
TdTomato into CPN, FIG. 5B illustrates the strategy to isolate TdTomato+ CPN growth cones. FIG.
5C represents a forward scatter-fluorescence profile of TdTomato+ growth cones compared to size
standard beads. FIG. SD shows coronal section at P7. Corticothalamic projection neurons (CThPN)

glox-stor-Tdtomat yhice, FIG. 5K represents

were genetically labeled by crossing NTSRI: Cre and RosaZ2
a forward scatter-fluorescence profile of TdTomato+ CThPN growth cone.

FIGS. 6A-6G illustrate that comparative proteomics reveals CPN-specific proteome. FIG.
6A shows that increasing numbers of sorted TdTomato+ CPN growth cones as described in FIGS.
SC-5D were analyzed by proteomics. Approximately 1.5 million growth cones are required for full
coverage and linearity over the quantifiable dynamic range. FIG. 6B shows the complete projection-
specific growth cone interaction network constructed from purified TdTomato+ CPN growth cones.
The highest enriched protein networks are indicated (receptor/cytoskeleton signaling, ribosome and
translation machinery, and proteasome). FIG. 6C shows that whole mount view of brain at P2. Dual
in utero electroporation was performed to label medial CPN with GFP and lateral CPN with
TdTomato. FIG. 6D shows coronal section at P2 showing medial, GFP+ CPN axons and lateral,
TdTomato+ CPN axons. FIG. 6E shows fluorescence profile of medial, GFP+ CPN axons and
lateral, TdTomato+ CPN axons. Growth cone populations were purified based on indicated

fluorescence gates. FIG. 6F shows the distribution of proteins in indicated samples detected by
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proteomics. Note that the highest abundance proteins are consistent across samples. FIG. 6G shows
the distribution of proteins in medial and lateral growth cones. Plotted is the ratio of protein
abundance as measured by proteomics in medial versus lateral growth cones. Annotated are proteins
that are lateral-specific or medial-specific.

" FIGS. 7A-TF represent comparative subcellular profiling enabled by parallel purification of
cell bodies and growth cones. FIG. 7A illustrates a strategy to dually purify cell bodies and growth
cones using in utero electroporation and anatomical dissection. A CAG>H2B-EGFP-2A-myr-
TdTomato construct is expressed in CPN, labeling cell bodies with GFP and axons with TdTomato.
At P4, the two hemispheres are physically separated and processed independently: cell bodies from
the electroporated hemisphere are dissociated into single cells and purified using FACS, whereas
growth cones are isolated from the contralateral hemisphere and purified using fluorescent small
particle sorting. FIG. 7B shows coronal section at P4. FIG. 7C (left) shows GFP+ cell bodies
purified using FACS and (right) Bioanalyzer distribution of RNA purified from sorted cell bodies.
FIG. 7D (left) shows TdTomato+ growth cones purified using fluorescent small particle sorting, and
(right) Bioanalyzer distribution of RNA purified from sorted growth cones. FIG. 7E shows RNA-seq
reads of libraries prepared from growth cone or cell body RNA. Note that cell body-restricted Xist
transcripts are absent from growth cone RNA-seq libraries, while the known growth cone-localized f-
actin transcript is expressed. FIG. 7F shows the distribution of transcripts in growth cones and cell
bodies. Plotted is (FPKM in growth cones) / (FPKM in cell bodies).

FIGS. 8A-8B shows subcellular fractionation yields enriched population of growth cones
devoid of other subcellular compartments. FIG. 8A shows a subcellular fractionation protocol.
Growth cones are isolated from Interface 1. PNH, postnuclear homogenate; 0.32, 320 mM sucrose;
0.83, 830 mM sucrose. FIG. 8B shows a Western blot characterization of distinct fractions probed
with indicated subcellular markers.

FIGS 9A-9B demonstrate that Rpl.10a is not expressed in neocortical growth cones. FIG.
9A is a coronal section at P4 from Emx.:Cre; Rosa2@" ™ S10r<CIP-Rpllla pice. FIG. 9B shows a
Western blot analysis of RpL10a, eGFP, and GAP-43 expression in indicated wild-type or Cre+
Rosa26"-ST0r<GIT-Rpll0a e, Note that eGFP-RpL10a expression is restricted to Cre+ neurons, but
neither endogenous RpL.10a nor the eGFP-RpL 10a fusion protein are expressed in neocortical growth
cones.

FIGS. 10A-10C show that growth cones have distinct ribosome proteins. FIG. 10A shows a
Western blot characterization of distinct fractions probed with growth cone marker (GAP-43) or
ribosome proteins (FIG. 10B) growth cone trypsin protection assay. Combinations of detergent and
trypsin were applied to the growth cone fraction, enabling discrimination between membrane-

protected ribosome proteins and cytosolic ribosome proteins. FIG. 16C shows a Western blot
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analysis of the growth cone trypsin protection assay. Additional fractions are included for abundance
comparisons.

FIGS. 11A-11C illustrate parallel purification of CPN cell bodies and growth cones. FIG.
11A (top) depicts a strategy to dually purify cell bodies and growth cones using in utero
electroporation and anatomical dissection. A CAG>HZB—EGFP—2A-myr-TdT0mato plasmid is
expressed in CPN, labeling cell bodies with GFP and axons with TdTomato. At P4, the two
hemispheres are physically separated and processed independently: cell bodies from the
electroporated hemisphere are dissociated into single cells and purified using FACS, whereas growth
cones are isolated from the contralateral hemisphere and purified using fluorescent small particle
sorting, and (bottom) coronal section at P4. FIG. 11B shows forward scatter-fluorescence plot for
GFP+ cell body purification using FACS. FIG. 11C shows forward scatter-fluorescence plot for
TdTomato+ growth cone purification using fluorescent small particle sorting.

FIG. 12A-12B demonstrate that comparative subceliular profiling reveals distinct
composition of ribosome proteins in growth cones. FIG. 12A shows the ribosome protein
composition of the 40S subunit. For each 40S subunit protein, the expression in CPN cell bodies
(green square), CPN growth cones (red square), and total cortex growth cones (black square) is
shown. Also included are the expression results from two previously published growth cone
proteomes, Nozumi et al., 2009 (grey square), and Estrada et al., 2012 (blue square). FIG. 12B shows
the ribosome protein composition of the 608 subunit, as described in FIG. 12A.

FIGS. 13A-13D show Subcellular localization of epitope-tagged ribosome proteins. FIG.
12A shows HA-tagged RpS25 expression in NIH/3T3 cells. Immunocytochemistry (ICC) for
Crimson-ER marker (blue), RpS25-HA (green), RpL28 (red). Center and right panels are single
fluorescent channels for RpS25-HA and Rpl.28, respectively. FIG. 13B show ICC for RpS25-HA
(green), RpS6 (red), and Crimson-ER marker (blue). FIG. 13C shows ICC for RpS17-HA (green),
RpS6 (red), and Crimson-ER marker (biue) (D) ICC for RpL22-HA (green), RpS6 (red), and
Crimson-ER marker (blue).

FIGS. 14A-14B demonstrate ribosome affinity purification from growth cones in vivo. FIG.
12A depicts a strategy to dually purify RpS25-HA tagged ribosomes from CPN cell bodies and
growth cones in vivo using in utero electroporation and anatomical dissection. A CAG>RpS25-HA
plasmid is expressed in CPN, labeling CPN ribosomes. At P4, the two hemispheres are physically
separated and processed independently for ribosome affinity purification: the electroporated
hemisphere is processed for CPN cell body ribosome affinity purification, whereas the contralateral
hemisphere is processed for CPN growth cone ribosome affinity purification. FIG. 12B shows
Bioanalyzer distributions: (Top) Beads-only control (Center) RNA purified from CPN cell body

ribosomes (Bottom) RNA purified from CPN growth cone ribosomes.
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FIG. 15 illustrates the multimodal labeling for purification of any projection-specific growth
cone population.

FIG. 16 illustrates the purification of subtype-specific and area-specific growth cones from
neurons in vivo via genetic, electroporation and/or physical labeling, followed by growth cone
isolation, enrichment and fluorescent small particle sorting.

FIG. 17 shows the results of subcellular proteomics analyses revealing the substantial depth
of the growth cone-enriched proteome.

FIG. 18 illustrates that the isolated growth cones purified in accordance with the methods
disclosed herein have a size distribution of approximately 0.3-1uM, which matched electron

microscopy sizing.
DETAILED DESCRIPTION OF THE INVENTION

The molecular machineries of neuron growth cones control the formation of neural circuits in
the developing brain and enable axons to navigate toward their targets over many days and far from
their somas. Although great progress has been made in elucidating axon guidance cues and their
growth cone receptors, we still lack an understanding of the projection-specific RNA and protein
networks in growth cones that likely control the wiring of specific circuits in vivo. Disclosed herein
are novel compositions, methods and assays useful for characterizing growth cone molecular
networks and which will contribute substantially to the development of therapies to correct wiring
abnormalities. After first demonstrating that axons have intrinsic mechanisms for wiring neural
circuits, the present inventors describe methods and assays for purifying projection-specific growth
cones by combining in vivo labeling of desired neuron populations, subcellular fractionation, and
newly-developed fluorescent small particle sorting. As more particularly described in the Examples,
the present inventors then apply such methods and assays to profile growth cones from callosal
projection neurons (CPN). The present inventors then elucidate the full-depth transcriptomes and
proteomes of CPN growth cones and their parent cell bodies isolated in vivo. Through comparative
analysis, patterns of RNA subcellular localization are uncovered, with several previously
unrecognized features that may control the wiring of specific brain circuits.

To understand how specific projection neurons make wiring decisions, the present inventors
focused on CPN, which connect the two cerebral hemispheres through the corpus callosum.
Disclosed herein are methods and compositions developed to profile and quantify the full-depth
transcriptomes and proteomes of CPN growth cones and their parent cell bodies isolated in vivo. Also

disclosed are methods of labeling any projection-specific growth cone population, isolating labeled
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growth cones from specific neuron subtypes and determining which isolated growth cones are
amenable to full depth proteomic and RNAseq analysis (FIGS. 15 and 16).

Using the comparative methods and assays disclosed herein, general patterns of RNA and
protein subcellular localization were uncovered, with several previously unrecognized features,
relating to control of the wiring of specific brain circuits. First, as illustrated in FIGS. 7A-7F, while

most nucleic acid transcripts were expressed at similar levels in cell bodies and growth cones, a select

“subset are more than 10-fold enriched in growth cones compared to cell bodies, suggesting active

localization of those transcripts to the growth cone. By then correlating transcriptomic and proteomic
data, the spatial relationship between coding transcripts and their encoded proteins was characterized.
Intriguingly, many of the growth cone-enriched nucleic acid transcripts were noncoding RNA with
unknown function. After early “programming” by the nucleus, growth cones appear to be
autonomous, mini-cellular units that may underlie development, disease and degeneration and their
molecular networks are not observed as somal transcripts. As illustrated in FIG. 17, subcellular
proteomics analyses revealed the substantial depth of the growth cone-enriched proteome. Further,
disclosed herein is the finding that growth cones appear to have distinct ribosomes. These ribosomes
lack several large subunit proteins, raising the intriguing possibility of growth cone-specific
translational mechanisms for selective mRNA expression.

The methods, assays and compositions disclosed herein are readily adaptable to other
projection types in the brain, enabling high-throughput, quantitative investigation of RNA and protein
controls over circuit development and, potentially, the regeneration of damaged circuitry. In addition,
the methods and assays disclosed herein are scalable to include epigenetic profiling, enabling full
investigation of DNA, RNA, and protein networks that collectively coordinate brain wiring during
development. The insights derived from the present inventions exemplify its capacity to quantify and
characterize the molecular and translational mechanisms that control specific brain wiring at the
subcellular level in vivo.

Since the completion of the Human Genome Project, several large-scale genome-wide
analyses have demonstrated strong correlative associations of mutations across thousands of
genomic loci with several classes of diseases, including mental illness and neurological
disorders. Concurrently, several large interdisciplinary initiatives, including Brain Research
through Advancing Innovative Neurotechnologies (BRAIN), the Allen Brain Institute, and the
Human Brain Project, have started to apply high-throughput imaging and computational
technologies toward deciphering the circuits that underlie normal brain function (Manji et al.,
2014). By integrating these and other large-scale data sets, these initiatives likely will
contribute to the understanding of how genetics and neural circuit organization can influence the

onset, expression, and course of neurological disorders (Fornito et al., 2015).
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The present inventors propose that novel insights into brain wiring result from the
development of methods of profiling molecular networks in growth cones. Development of such
methods enables the elucidation of the perturbed molecular networks in neurological disorders that
cause wiring abnormalities. Using these insights, novel drug targets to treat neurodevelopmental
disorders can be identified, and a robust biomarker system to validate the efficacy of drugs
developed to target molecules implicated in wiring abnormalities may be obtained.

After the initial publication of the reference human genome in 2001 (Lander et al., 2001;
Venter et al., 2001), many subsequent large-scale sequencing efforts have substantially advanced the
identification of genes associated with disease. Starting in 2005 with a report investigating the
genetic basis of age-related macular degeneration (Klein et al.,, 2005), genome-wide association
studies (GWAS) have identified the presence of genomic regions with common single nucleotide
polymorphisms (SNPs) that have strong correlations with particular disorders. Critical to the logic of
utilizing GWAS analysis is the common-disease/common-variant hypothesis, which postulates that
common diseases are driven by multiple common variants (Manolio et al., 2009). Thus, by
analyzing SNPs across thousands of individuals, particular genomic locations linked to particular
disorders may be identified for further analysis.

Across all diseases, the vast majority of GWAS-identified SNPs lie in intergenic or intronic
regions (approximately 88%), and therefore are likely to impact gene regulation (Edwards et al.,
2013). Interestingly, however, GWAS analyses of mental illness and neurological disorder patients
have identified higher associations with protein-coding genes. For example, 75% of GWAS loci
associated with schizophrenia are protein-coding genes (Ripke et al.,, 2014). In autism spectrum
disorder (ASD) patients, many protein-coding and microRNA genes are implicated in ASD
pathophysiology (Abu-Elneel et al., 2008; Hussman et al., 2011; Weiss et al., 2009). By
bioinformatically integrating findings from several ASD GWAS reports, one group reported that
axon outgrowth and synaptic function networks were highly enriched networks associated with ASD
(Poelmans et al., 2013).

Axon outgrowth/guidance pathways also have been implicated in diseases not viewed as
neurodevelopmental disorders. For example, by analyzing a large cohort of Parkinson’s disease
patients, one GWAS reported that SNPs in the axon guidance- associated genes DCC, EPHBI,
SEMASA, and SLIT3 predicated the onset of Parkinson’s disease (Maraganore et al., 2005). The
authors proposed that after their role during axon guidance, these genes play critical roles in
regulating synaptic maintenance (Lin et al., 2009; Maraganore et al., 2005), although an alternative
explanation could be that wiring abnormalities made during development as a result of these

mutations predispose certain circuits to selective degeneration at later ages.
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While GWAS has been useful in identifying low risk alleles for common diseases, it
unfortunately does not explain a large proportion of the heritability of complex diseases (Manolio et
al., 2009). With the costs of whole-exome sequencing (protein-coding DNA sequences only) and
whole-genome sequencing decreasing drastically over the past few years, the polygenic nature of
several mental illness and neurological disorders has been uncovered, including schizophrenia
(Fromer et al., 2014; Purcell et al., 2014), bipolar disorder (Georgi et al., 2014; Xiao et al., 2014),
the autism spectrum disorders (ASD) (lossifov et al., 2012; Neale et al., 2012; Sanders et al., 2012),
and intellectual disability (Girard et al., 2011; de Ligt et al., 2012). For example, high-throughput
DNA sequencing analysis of schizophrenic patients revealed that disease liability might be
attributed to mutations in approximately one thousand genes (Purcell et al., 2014; Ripke et al.,
2013). Computational approaches constructing gene interaction networks identified that the majority
of these genes encode proteins involved in axon guidance, synapse formation, and synapse function
(Fromer et al., 2014). Interestingly, there was substantial overlap of these genes with those
identified using whole-genome sequencing of ASD and intellectual disability (Fromer et al., 2014).
Furthermore, it is estimated that this common set of genes is associated with approximately 20-45%
of all neurodevelopmental disorders (Krumm et al., 2014), suggesting common wiring dysfunction
across several previously unlinked mental illness disorders.

Prior to these large-scale DNA sequencing investigations, it is also worth noting that
relatively few human disorders had been attributed to axon guidance defects, although this was
primarily due to limited high-resolution imaging technologies to characterize brain disorders at an
axonal level (Engle, 2010). Recent advances in high-resolution MRI and diffusion tensor imaging
(DTT) have allowed for detailed visualization of fiber tract anatomy, identifying aberrant projections
in a number of brain disorders. For example, genetic sequencing and pedigree analysis of patients
with ocular motility disorders identified eight heterozygous missense mutations in B-tubulin isotype
{11 (TUBB3) (Tischfield et al., 2010). High-resolution MRI revealed a number of axon connectivity
defects, including dysgenesis of the corpus callosum, anterior commissure, and corticospinal tract
(Tischfield et al., 2010). Then, by generating a knock-in disease mouse model, it was identified that
the TUBB3 mutations have dramatic effects on the ability of kinesin motor proteins to traffic
molecular cargo to axons (Tischficld et al., 2010). In another study, genetic analysis of patients with
horizontal gaze palsy with progressive scoliosis (HGPPS) identified autosomal recessive mutations
in the ROBO3 gene (Jen et al., 2004). By performing high-resolution MRI imaging and evoked-
potential electrophysiology, the authors demonstrated the essential role of Robo3 for axon midline
crossing (Jen et al., 2004), unlike the role of other Robo family members that mediate repulsive

axon guidance to prevent re-crossing.
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The development of high-throughput DNA sequencing and computational approaches are
allowing for better understanding of how biological processes are defined at a molecular level, of
how network disruptions at the systems level lead to disease, and hopefully will lead to therapeutic
interventions for improving disease outcomes (Chen et al., 2008; Schadt, 2009; Schadt and
Bjorkegren, 2012). The ability to combine high-throughput genetic sequencing with phenotypic
imaging characterization has exciting promise for identifying pathologic molecular and
biochemical pathways that cause mental illness and neurological disorders.

In addition to understanding genetic mutations and networks that are associated with mental
illness and neurological disorders, understanding neural circuit wiring diagrams will be critical for
understanding brain function and identifying abnormalities. However, with the sole exception of the
connectivity between the 302 neurons in C, elegans (White et al., 1986), no other organism has had
its ‘connectome’ described. Given the enormity of connections in the brain, there are many levels at
which connectivity can be described: macro-, meso-, and microscale. Lichtman and colleagues are
seeking to generate comprehensive microscale maps of connectivity at the synaptic level using
electron microscopy (Lichtman et al., 2014; Morgan and Lichtman, 2013), although current
technical limitations have hindered its use for characterizing volumes larger than Imm’, At the other
end of the scale spectrum, macroscale MRI and DTT imaging have been informative in describing
the organization of white-matter tracts, but cellular-level resolution is lost, and thus these analyses
are not informative for neural circuit function at the cellular level. Recently, novel technologies are
being developed and applied to intricately map brain connectivity at the mesoscale with cellular-
level resolution (Oh et al., 2014). In addition to mapping the circuits responsible for neural
functions, these efforts also have a long-term goal of promoting our understanding of how neural
circuit organization can influence the onset, expression, and course of brain disorders (Fornito et al.,
2015; Insel et al., 2013).

It is anticipated that by combining insights from large-scale genetic sequencing with insights
from comprehensive, mesoscale brain mapping, a better understanding of genetic susceptibility for
particular mental illness and neurological disorders may be achieved, thereby advancing our
understanding of the connectivity features of normal and pathologic brains. However, these
approaches alone do not shed much insight into how circuits are wired during development,
especially since they neglect the molecular networks downstream of genetic programs that actually
implement circuit wiring, While computational analysis can predict the interaction networks
affected by mutations, this analysis is devoid of subcellular localization and spatiotemporal
variability information.

To enable understanding of the networks that control the wiring of specific circuits, the

present inventors demonstrate herein the application of high-throughput molecular profiling to
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specific growth cone populations isolated in vivo. Such understanding enables the elucidation of
perturbed molecular networks that underlie brain disorders, and the identification of candidate drug
targets for therapeutic intervention. In addition, by systematically characterizing growth cone
molecular composition, a robust biomarker system may be obtained to validate potential drugs that
are developed to ameliorate wiring abnormalities due to genetic mutations or pathologic networks.

To enable understanding of the networks that control the wiring of specific circuits, disclosed
herein is the application of high-throughput molecular profiling to specific growth cone populations
isolated in vivo. As more particularly described in the following Examples, by focusing on CPN,
general patterns of RNA and protein subcellular localization are uncovered that might control the
wiring of the brain circuits integrating information across the two hemispheres. In particular,
disclosed herein are a select subset of coding and noncoding RNA transcripts that are specifically
enriched in CPN growth cones, suggesting active localization and potential function for navigating
axons and forming synaptic connections. As more particularly disclosed in the following Examples,
by performing comparative proteomics on CPN cell bodies and growth cones, the present inventors
have identified that CPN growth cones have distinct ribosomes from their parent cell bodies. These
ribosomes lack several large subunit proteins, raising the intriguing possibility of growth cone-
specific translational mechanisms for selective mRNA expression. Taken together, \the insights
derived from this approach exemplify its capacity to quantify and characterize the molecular and
translational mechanisms that control specific brain wiring at the subcellular level in vivo.

While certain disclosures made herein focus on CPN, the approaches described herein and in
the accompanying Examples are adaptable to other projection types in the brain, enabling high-
throughput, quantitative investigation of RNA and protein controls over circuit development and,
potentially, the regeneration of damaged circuitry. By elucidating the molecular networks that wire
normal neural circuits, this understanding enables the elucidation of perturbed molecular networks
that underlie brain disorders, and allows for the identification of candidate drug targets for therapeutic
intervention. By systematically characterizing growth cone molecular composition, we may obtain a
robust biomarker system to validate potential drugs that are developed to ameliorate wiring
abnormalities due to genetic mutations or pathologic networks. Furthermore, the methods, assays and
compositions disclosed herein are scalable to include epigenetic profiling, enabling full investigation
of DNA, RNA, and protein networks that collectively implement brain wiring during development.

The teachings set forth herein may be used to promote or otherwise direct axon guidance and
thereby treat and/or ameliorate one or more neurologic conditions. For example, in certain
embodiments, axons, and in particular axon growth cones may be contacted with one or more

guidance cues or canonical cues to direct guidance and, in certain aspects restore or create neural
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circuits. In some embodiments, such guidance cues or canonical cues comprise one or more of the
Netrins, Slits, Semaphorins, and Ephrins.

As used herein, the term “contact” means that two or more substances (e.g., a guidance cue
and an axonal growth cone) are sufficiently close to each other such that the two or more substances
interact or react (e.g., chemically or biologically) with one another,

In certain aspects, the methods disclosed herein contemplate that administration of one or
more agents to the subject for the treatment of a neurologic condition or disease affecting the subject.
As used herein, the term “agent” generally refers to any therapeutic (e.g., any compound, nucleic acid,
hormone or biological factor) that may be administered to a subject to treat or otherwise ameliorate a
neurologic condition affecting such subject. In some embodiments, the agent guides or otherwise
directs axon elongation. In certain aspects, an agent is capable of reestablishing a neuronal pathway.
In certain aspects, an agent is capable of forming a neuronal pathway. In certain embodiments, the
agent targets at least one marker or biomarker that is selectively expressed by growth cones (e.g., a
cell surface marker selectively expressed on growth cones). In certain aspects, the agent is selected
from the group consisting of small organic molecules, oligosaccharides, polysaccharides, peptides,
proteins, peptide analogs, miRNA, siRNA, antisense RNA, and any combination thereof. In still
other embodiments, such agents may comprise one or more of the Netrins, Slits, Semaphorins, and
Ephrins.

In some embodiments, the agents disclosed herein preferentially target neuron growth cones.
For example, such agents may bind to one or more markers or proteins expressed by neuron growth
cones and that are not expressed by the neuron body. As used herein, the term “target” means a
molecular or biological target structures (e.g., a cell surface receptor) which an agent is able to bind.
In certain aspects, the target is or comprises the growth cone GAP-43 marker.

The methods of preparing the compositions and agents of the present invention and selection
of pharmaceuticaily acceptable carricrs and excipients are described in detail in, for example, L.
William, Remington: The Science and Practice of Pharmacy. 22" ed. Pharmaceutical Press (2012),
the entire contents of which are incorporated herein by reference. It should be noted that the
compositions disclosed herein may be administered to a subject via any suitable route of
administration, including one or more of the intrathecal, transdermal, buccal, sublingual, enteral or
parenteral routes of administration. In certain embodiments, such compositions (e.g., pharmaceutical
compositions) may be administered to a subject intrathecally. In certain other embodiments, such
pharmaceutical compositions are administered to a subject intravenously.

The compositions, methods and assays disclosed herein may be used, for example, to
diagnose, monitor, treat and/or cure the presence or progression of a neurologic condition in a subject.

As used herein, a “subject” means a human or animal. In certain embodiments, the subject is a
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mammal (e.g., a human, non-human primate, mouse, rat, dog, cat, horse, or cow). In certain
embodiments, the subject is an adolescent. In certain embodiments, the subject is treated in urero. In
certain aspects, a subject in need of treatment in accordance with the methods disclosed herein has a
condition or is suspected or at increased risk of developing such condition.

As used herein the phrase “neurologic condition,” is intended to broadly apply to any
condition involving or affecting the central nervous system, including for example, any
neurodegenerative, neuropsychiatric or neurodevelopmental disorders. In certain aspects the
neurodegenerative disorder is selected from the group consisting of Huntington’s disease,
dentatorubropallidoluysian atrophy, Kennedy’s disease, spinocerebellar ataxia, fragile X syndrome,
fragile XE mental retardation, Friedreich’s ataxia, myotonic dystrophy, spinocerebellar ataxia type 8,
spinocerebellar ataxia type 12, Alexander disease, Alper’s disease, Alzheimer disease; amyotrophic
lateral sclerosis, ataxia telangiectasia, Batten disease, Canavan disease, Cockayne syndrome,
corticobasal degeneration, Creutzfeldt-Jakob disease, ischemia stroke, Krabbe disease, Lewy body
dementia, multiple sclerosis, multiple system atrophy, Parkinson’s disease, Pelizacus-Merzbacher
disease, Pick’s disease, primary lateral sclerosis, Refsum’s disease, Sandhoff disease, Schilder’s
disease, spinal cord injury; spinal muscular atrophy, Steele Richardson-Olszewski disease, and Tabes
dorsalis. In certain aspects, the neurologic condition is selected from the group consisting of an autism
spectrum disorder, schizophrenia, bipolar disorder, and Rett syndrome.

Also disclosed herein are methods of assessing a neurologic condition in a subject based upon
the expression of nucleic acids. Such methods comprise a step of identifying differential expression
of one or more nucleic acids enriched in neuron growth cones of the subject relative to the expression
of the same one or more nucleic acids in neuron growth cones of a normal subject, wherein if the one
or more nucleic acids are differentially expressed, the subject has or is at risk of developing the
neurologic condition. Similarly, in certain embodiments, the inventions disclosed here relate to
methods of monitoring the progression or amelioration of a neuroiogic condition in a subject, such
methods comprising a step of identifying differential expression of one or more nucleic acids in
neuron growth cones of the subject relative to the expression of the same one or more nucleic acids in
neuron growth cones of a normal subject, wherein if the one or more nucleic acids are differentially
expressed, the subject has or is at risk of developing the neurologic condition, and monitoring the
expression of the one or more nucleic acids over time, wherein alteration of the expression of the one
or more nucleic acids over time is indicative of progression or amelioration of the condition. In some
embodiments, the nucleic acid is selected from the group consisting of a-Tub, 8-Tub, v Actin, Baspl,
Crmp2, MAP1B, Ncam, Dynein, Basp1, L1cam, Contactin, Gprinl, Stxbpl, Dynclhl, Synl, Cxadr,
Gpméba, Stx1b, Psmdl and Maprel.
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It is to be understood that the inventions disclosed herein are not limited in its application to
the details set forth in the description or as exemplified. The invention encompasses other
embodiments and is capable of being practiced or carried out in various ways. Also, it is to be
understood that the phraseology and terminology employed herein is for the purpose of description
and should not be regarded as limiting.

While certain compositions, methods and assays of the present invention have been described
with specificity in accordance with certain embodiments, the following examples serve only to
illustrate the methods and compositions of the invention and are not intended to limit the same.

The articles “a” and “an” as used herein in the specification and in the claims, unless clearly
indicated to the contrary, should be understood to include the plural referents. Claims or descriptions
that include “or” between one or more members of a group are considered satisfied if one, more than
one, or all of the group members are present in, employed in, or otherwise relevant to a given product
or process unless indicated to the contrary or otherwise evident from the context. The invention
includes embodiments in which exactly one member of the group is present in, employed in, or
otherwise relevant to a given product or process. The invention also includes embodiments in which
more than one, or the entire group members are present in, employed in, or otherwise relevant to a
given product or process. Furthermore, it is to be understood that the invention encompasses all
variations, combinations, and permutations in which one or more limitations, elements, clauses,
descriptive terms, etc., from one or more of the listed claims is introduced into another claim
dependent on the same base claim (or, as relevant, any other claim) unless otherwise indicated or
unless it would be evident to one of ordinary skill in the art that a contradiction or inconsistency
would arise. Where elements are presented as lists, (e.g., in Markush group or similar format) it is to
be understood that each subgroup of the elements is also disclosed, and any element(s) can be
removed from the group. It should be understood that, in general, where the invention, or aspects of
the invention, is/are referred to as comprising particular elements, features, etc., certain embodiments
of the invention or aspects of the invention consist, or consist essentially of, such elements, features,
ete. For purposes of simplicity those embodiments have not in every case been specifically set forth
in so many words herein. It ghould also be understood that any embodiment or aspect of the invention
can be explicitly excluded from the claims, regardless of whether the specific exclusion is recited in
the specification. The publications and other reference materials referenced herein to describe the
background of the invention and to provide additional detail regarding its practice are hereby

incorporated by reference.
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EXAMPLES

The following studies provide insight on how specific projection neurons wire neural circuits
during development, focusing on callosal projection neurons (CPN), which connect the two cerebral
hemispheres through the corpus callosum. Also disclosed are novel approaches to profile the growth
cone molecular networks that control the wiring of specific neural circuits. The present inventors first
describe the development of a methods used to purify projection-specific growth cones by combining
in vivo labeling of desired growth cone populations, biochemical fractionation to isolate growth cones,
and fluorescent small particle sorting, Also disclosed are the characterization of the full-depth
transcriptomes and proteomes of CPN growth cones and their parent cell bodies isolated in vivo.
Through comparative analysis, the present inventors uncovered general patterns of RNA and protein
subcellular localization, with several previously unrecognized features, that might control the wiring
of specific brain circuits. Interestingly, while most transcripts were found to be expressed at similar
levels in cell bodies and growth cones, a select subset were more than 10-fold enriched in growth
cones compared to cell bodies, suggesting active localization of those transcripts to the growth cone.
Also disclosed are studies concerning growth cone-cell body subcellular profiling to investigate
protein translation features in growth cones. By first correlating transcriptomic and proteomic data,
the present inventors characterized the spatial relationship between coding transcripts and their
encoded proteins. Intriguingly, many growth cone-enriched transcripts are noncoding RNA with
unknown function. Then, by proteomic analysis, the present inventors found that growth cones
appear to have distinct ribosomes. These ribosomes lack several large subunit proteins, raising the
intriguing possibility of growth cone-specific translational mechanisms for selective mRNA
expression. By then expressing HA-tagged ribosomal protein S25 in growth cones, the present
inventors identified translated mRNA transcripts in CPN growth cones.

Precisely defining the molecular networks that control the wiring of specific neural circuits
remains a challenge. Although great progress has been made in elucidating axon guidance cues and
their growth cone receptors, we still lack an understanding of the projection-specific RNA and protein
networks in growth cones that likely control the wiring of specific circuits in vivo. Here, the present
inventors developed methods to purify growth cones from specific projections in the brain by
combining in vivo labeling, subcellular fractionation, and fluorescent small particle sorting. These
methods were applied to quantitatively profile the proteomes and transcriptomes of growth cones and
their parent cell bodies from callosal projection neurons, which connect the two cerebral hemispheres
through the corpus callosum. Through comparative analysis, the present inventors identified specific

RNA and protein networks involved in callosal circuit formation, and identify core growth cone
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proteomic machinery. This approach is adaptable to any projection in the brain, providing insight into
the molecular networks that control the wiring of specific neural circuits in vivo.

The complex functions performed by the brain emerge from intricate wiring connections
formed between distinct brain regions during development. The mammalian neocortex, the region of
the brain primarily responsible for cognitive function, sensory perception, and consciousness,
connects with specific targets throughout the nervous system to achieve its function (Finlay and
Darlington, 1995; Molyneaux et al., 2007). With enormous complexity in neocortical connectivity, it
is not surprising that many neurological disorders have been attributed to connectivity abnormalities,
including the autism spectrum disorders (Barttfeld et al., 2011; Geschwind and Levitt, 2007, Minshew
et al., 2007), schizophrenia (Avesar and Gulledge, 2012; Innocenti et al., 2003), and Rett syndrome
(Kishi and Macklis, 2010; Sceniak et al., 2015). By characterizing the molecular networks that wire
neocortical circuits during development, insight may be gained into the pathologic molecules and/or
molecular networks that underlie these disorders.

Despite the enormity of connections and complexity in the neocortex, there is a high level of
organization in the circuits connecting distinct brain regions (Tau and Peterson, 2010). This
organization is largely controlled during development by growth cones, dedicated subcellular
structures located at the distal tip of extending axons. Growth cones guide axons by the expression of
specific transmembrane receptors and intracellular signaling machinery that collectively detect and
interpret molecular guidance cues presented in the extracellular environment (Dickson, 2002; Lowery
and Van Vactor, 2009; Tessier-Lavigne and Goodman, 1996). After reaching their final targets,
growth cones transform molecularly and morphologically into presynaptic terminals, and become
specialized for chemical neurotransmission.

Throughout most of their trajectory, growth cones are located substantial distances away from
their parent cell bodies. By severing axons from their parent cell bodies, it has been shown that
growth cones can survive and make turning decisions for a few hours (Harris et al., 1987; Shaw and
Bray, 1977), demonstrating that growth cones have a degree of autonomy from cell bodies, and that
they contain molecular machinery required for making local responses to extracellular cues (Shigeoka
etal., 2013). To understand the molecular machinery that underlies growth cone autonomy and their
ability to wire neural circuits, recent work has started to characterize growth cone transcriptomes
(Gumy et al., 2011; Minis et al., 2014; Taylor et al., 2009; Zivraj et al., 2010) and proteomes (Estrada-
Bernel et al., 2012; Nozumi et al., 2009). However, these studies have been limited to investigating
growth cones in vitro, where specificity for forming neural circuits is lost, or have analyzed
heterogeneous growth cone populations isolated from the entire brain, where insight into the

formation of specific neural circuits is not possible. Devising in vivo approaches to profile growth
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cones from distinct neuron subtypes might contribute substantially to our understanding of how
specific neural circuits are wired during development,

The present inventors devised an approach to elucidate the growth cone molecular networks
that control the wiring of specific neural circuits. After first demonstrating that axons have intrinsic
mechanisms for wiring neural circuits, described herein are methods of purify projection-specific
growth cones by combining in vivo labeling of desired neuron populations, subcellular fractionation,
and newly-developed fluorescent small particle sorting., This method was applied to profile growth
cones from CPN, which connect the two cerebral hemispheres through the corpus callosum. CPN are
a clinically important neuron population, as abnormalities in their development and connectivity have
been linked to several mental illness and neurological disorders (Fame et al., 2011). The full-depth
transcriptomes and proteomes of CPN growth cones and their parent cell bodies isolated in vivo are
then elucidated. Through comparative analysis, the present inventors uncovered patterns of RNA
subcellular localization, with several previously unrecognized features, that might control the wiring

of specific brain circuits.
Example 1 — Axons have intrinsic mechanisms for wiring neural circuits

To first directly investigate whether axons have intrinsic mechanisms for wiring neural
circuits, the present inventors performed heterotopic and homotopic micro-traﬁsplantation of neuron
cell bodies and analyzed their axonal trajectories. We crossed heterozygous TdTomato with
heterozygous GFP mice, generating littermates that were TdTomato+; GFP+; TdTomato+,GFP+; or
dark (TdTomato-,GFP-) . At postnatal day 0 (P0), neurons were isolated from the medial cortex of
TdTomato+ mice, and from the lateral cortex of GFP+ mice. Mixing these populations together into a
single-cell suspension, the present inventors transplanted them into the medial cortex of dark
littermates (FIG. 1A). With TdTomato+ mediai-derived neurons serving as an internal transplantation
control, we find that the vast majority of transplanted TdTomato+ axons project toward their natural
targets medially in the contralateral cortex (FIGS. 1C and 1D). In contrast, the vast majority of GFP+
lateral-derived axons project toward their natural targets in the lateral contralateral cortex, despite
being heterotopically transplanted into medial cortex (FIGS. 1C and 1D). These results indicate that
CPN axons have the intrinsic knowledge of where to project in vivo, suggesting that mechanisms

within axons determine wiring decisions.
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Example 2 — Isolating growth cones from the developing brain

It has previously been shown that an enriched population of growth cones can be isolated
using isopycnic subcellular fractionation (FIG. 2A) (Lohse et al., 1996; Nozumi et al., 2009;
Pfenninger et al., 1983). The present inventors analyzed the purity of growth cone fractionation by
collecting distinct fractions and probing for subcellular marker proteins using Western blot. The
present inventors found that the growth cone fraction, extracted at the interface of two sucrose
solutions of different density, is enriched in GAP-43, an established growth cone marker protein
(Meiri and Gordon-Weeks, 1990), compared to input postnuclear homogenate (PNH) (FIGS., 2B and
2C). In contrast, there was no detection of markers from other subcellular structures in the growth
cone fraction, including nuclei, dendrites, Golgi and rough ER (FIG. 2C). Notably, these structures
collect at a distinct interface of higher density (FIG. 2C), and thus are not minor fractions within the
growth cone fraction.

To distinguish between membranous growth cone proteins and cytosolic proteins that are
known to co-fractionate with the growth cone fraction (Pfenninger et al., 1983), membrane integrity
was assayed by treatment with combinations of detergent and trypsin (FIG. 2D). The present
inventors find that treatment with Triton X-100 or trypsin alone moderately degrades p-tubulin levels,
but has no effect on GAP-43 levels (FIG. 2D), Treatment with Triton X-100 to disrupt membrane
integrity prior to trypsin treatment leads to complete degradation of GAP-43 and B-tubulin (FIG. 2D).
Since GAP-43 levels are not affected by trypsin treatment, this result indicates that isolated growth
cones have intact membranes. In addition, while some soluble proteins like B-tubulin are present in
the growth cone fraction, they can be selectively removed by protease treatment, or by passage
through cell sorter fluidic systems.

The present inventors next analyzed the distribution of growth cone RNA using Bioanalyzer
analysis. Similar to RNA isolated from ceil bodies, growth cone RNA is comprised predominantly of
ribosomal RNA (rRNA), and notably is of high quality (RIN>8) (FIG. 2.3A). RNase protection was
also assayed, finding that RNase treatment without detergent has no effect on RNA levels (FIG.
2.3B). In contrast, treatment with Triton X-100 prior to RNase treatment leads to total degradation of
RNA, indicating that RNA extracted from the growth cone fraction is encapsulated within growth
cones, and is not contaminated with cytosolic-derived RNA,

By isolating mRNA through poly(A) selection, a wide distribution of mRNA transcripts was
found in the growth cone fraction (FIG. 3D). It has previously been shown that two actin isoforms
have differential expression in neurons; y-actin mRNA is restricted to the cell body, while B-actin

mRNA is present at high levels in growth cones in addition to presence in the cell body (Bassell et al.,
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1998). Using RT-PCR, B-actin mRNA was found to be present in growth cones, but that y-actin
mRNA was excluded (FIG. 3E), consistent with previous /n vifro studies.

Taken together, these results indicate that a pure population of membrane-intact growth cones
can be isolated from the developing brain, and are devoid of other membrane-bound subcellular

structures.
Example 3 — Purifying fluorescently labeled growth cone populations

Recent advances in high-resolution flow cytometry have allowed for the characterization and
purification of nanosized membrane vesicles with diameters as small as 300 nm (Nolte-’t Hoen et al.,
2012; van der Vlist et al., 2012). Using nanoparticle-tracking analysis (NTA) (Filipe et al., 2010), the
present inventors found that growth cones isolated in vivo range between 300-1,000 nm in diameter
(FIG. 4A). Since isolated growth cones have intact membranes (FIGS. 2D and 3B) and are in the size
range for high-resolution flow cytometry, the present inventors devised an approach to purify labeled
growth cone populations for investigation of the intrinsic molecular mechanisms that wire specific
circuits.

For characterizing and sorting fluorescently labeled growth cones, the present inventors used
a customized Special Order FACS Aria 111 cell sorter equipped with high-performance
photomultiplier tubes for forward scatter measurement, which enables sensitive detection of
fluorescent small particles. The present inventors first analyzed the size distribution of growth cones
mixed with size-standard beads, finding that growth cones range between 300-1,000 nm in diameter
(FIG. 4B), consistent with our NTA measurements. Next, the present inventors evaluated the ability
to discriminate between distinct growth cone populations labeled differentially with fluorescent
proteins (FIG. 4C). The present inventors isolated growth cones from GFP+ mice and TdTomato+
mice and mixed the two populations together. EGFP-+ growth cones were readily resolved from
TdTomato+ growth cones, with no evidence of aggregation (FIG. 4D). In addition, the ability to
successfully purify EGFP+ growth cones after detection by subjecting sorted EGFP+ growth cones to

a subsequent resort was confirmed (FIG. 4D).
Example 4 — Purifying circuit-specific growth cone populations

To specifically label CPN axons and growth cones, the present inventors found that the
brightest fluorescent labeling is achieved using membrane-anchored fluorescent proteins, although
cytosolic fluorescent proteins can also be used with success. To analyze appropriate time points for

CPN growth cone isolation, the present inventors used in utero electroporation to express a
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CAG>myristoylated (myr)-TdTomato expression plasmid into ventricular zone progenitors at E15.5,
which is the peak of neurogenesis for layer I/IIl CPN (Molyneaux et al., 2007). By characterizing
CPN axon position at several postnatal ages, the present inventors found that between P2-P3, CPN
axons from the lateral neocortex cross the midline through the corpus callosum. By P7, CPN axons
have turned into the grey matter of the contralateral cortex into their synaptic target fields (data not
shown).

From this characterization, the present inventors focused analyses on investigating growth
cone molecular networks at P4, when CPN axons are actively navigating along white matter tracts
(FIG. 5A). After using in utero electroporation to unilaterally label CPN progenitors at E15.5 with
myr-TdTomato, the present inventors selectively dissected the contralateral hemisphere for growth
cone isolation using subcellular fractionation (FIG. 5B). The present inventors then confirmed the
ability to sort TdTomato+ CPN growth cones using this approach (FIG. 5C).

In order to dissect the complexity and function of neural circuits, several genetically
engineered mouse lines have been generated to conditionally label specific neuron subtypes of interest
with fluorescent proteins, or to express other genetically targeted payloads such as Channelrhodopsins
(Huang and Zeng, 2013; Madisen et al., 2015). One of the most widely used genetic strategies is the
Cre/loxP binary system, and over 100 Cre driver lines have been developed by the Allen Institute’s
Transgenic Characterization initiative alone (Harris et al., 2014; Madisen et al., 2015). While the
present inventors have primarily used in utero electroporation to label CPN, this approach can also
readily be combined with Cre driver mouse lines to selectively label desired other neuron subtypes for
subsequent isolation of their growth cones that wire a neural circuit of interest. To demonstrate the
successful utilization of Cre lines to label growth cones, the present inventors crossed the NTSRI::Cre
mouse line (Gong et al., 2007), which selectively labels corticothalamic projection neurons (CThPN)

glox-STOr-Tdfomato o orter mouse line (Madisen et al., 2010)

(Galazo et al., unpublished), with a Rosa2
(FIG. 5D). The present inventors found that this strategy enables purification of TdTomato+ CThPN
growth cones (FIG. 5E).

Taken together, these results indicate that specific fluorescently labeled growth cone
populations can be successfully purified using this newly developed fluorescent small particle sorting

approach.
Example 5 — Elucidating projection-specific growth cone proteomes
Recent proteomic and bioinformatic analyses of bulk growth cones isolated from the entire

brain have identified a number of growth cone proteins known to function in cell biological processes

including axonal pathfinding, cytoskeleton remodeling, vesicular trafficking, protein translation, and
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the proteasome (Estrada-Bernal et al., 2012; Nozumi et al., 2009). However, as these heterogeneous
growth cone populations were derived from likely hundreds of distinct neuron subtypes in the brain
all intermixed, the ability to examine molecular networks of proteins in one particular growth cone
class that wire specific neural circuits has not previously been possible.

In order to elucidate the full-depth proteome of CPN growth cones, the present inventors first
determined the number of sorted growth cones, and therefore the mass of proteins, required for full-
depth proteomic characterization and quantification. The present inventors sorted increasing numbers
of TdTomato+ CPN growth cones, extracted their enclosed proteins, and performed high-resolution
liquid chromatography-tandem mass spectroscopy (LC MS/MS). the present inventors found that
approximately 1 million growth cones are required for full coverage and linearity over the quantifiable
dynamic range (FIG.\GA).

Growth cones likely have (1) general proteomic networks common to all projection neuron
growth cones, and (2) circuit-specific proteins that allow for selective response to guidance cues and
implementation of synaptic connectivity. To classify the molecular components common to all
projection neurons, and distinguish those that are likely to be circuit-specific, the present inventors
first analyzed the proteomic differences between medial and lateral CPN growth cones. Medial and
lateral CPN are highly related populations at the transcriptional identity level in the nucleus, but their
axons project toward distinct homotopic regions of the contralateral cortex. The present inventors
performed dual in utero electroporation to label medial CPN with GPI-EGFP and lateral CPN with
myr-TdTomato (FIGS. 6C and 6D), and purified medial GFP+ and lateral TdTomato+ growth cones
(FIG. 6E).

After identifying proteins using proteomics, the present inventors performed clustering
analysis using the STRING database to identify protein interaction networks. Using this analysis, the
present inventors found that the most significant molecular networks in both lateral and medial CPN
growth cones are receptor/cytoskeleton signaling pathways, ribosome and translation machinery, and
the proteasome (FIG. 6B). Notably, medial/lateral-specific differences include members of the Ig-
superfamily, CSPGs, and EphrinBs, although these proteins are expressed at significantly lower levels
than ubiquitous components (FIGS. 6F and 6G). For comparison with a distinet neuron subtype,
performed comparative proteomic analysis between CPN and CThPN growth cones was performed.
It was determined that the most highly expressed protein networks are common between these two
populations, with projection-specific differences in lower abundance receptors and signaling
molecules (data not shown).

Taken together, these comparative proteomic analyses support the hypothesis that growth
cones have ubiquitous core machinery, along with projection-specific differences for wiring specific

neural circuits.
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Example 6 — Comparative subcellular RNA-seq reveals highly enriched growth cone transcripts

While descriptive proteomic or transcriptomic datasets from specific growth cone populations
isolated in vivo are informative, the ability to quantify RNA and protein expression levels in growth
cones relative to their parent cell bodies would enable investigation of mechanisms that govern
subcellular localization. The present inventors therefore devised a subcellular profiling approach to
purify growth cones and their parent cell bodies in parallel by taking advantage of the symmetry of
CPN, whose cell bodies reside in one hemisphere and project their axons toward homotopic targets in
the contralateral hemisphere.

To label cell bodies and their axons, the present inventors used in utero electroporation fo
introduce a CAG>myr-TdTomato—2A~H2B-EGFP expression plasmid into progenitors at E15.5, thus
labeling CPN nuclei with GFP and, as above, their axons with TdTomato (FIGS. 7A and 7B). At P3,
the ipsilateral electroporated hemisphere was dissected and dissociated the cortex into single cells for
purification of GFP+ CPN cell bodies using traditional fluorescence-activated cell sorting (FACS)
(FIG. 7C). In addition, as discussed previously, the present inventors isolated growth cones from the
contralateral hemisphere, purifying TdTomato+ CPN growth cones using fluorescent small particle
sorting (FIG. 7D).

From sorted growth cones and their parent cell bodies, the present inventors isolated RNA
(FIGS. 7C and 7D), generated independent RNA-seq libraries from equal masses of growth cone or
cell body RNA, and sequenced to a mean of 50 million mapped 100 basepair paired-end reads per
library. The distribution of transcripts previously shown to be soma-restricted or growth cone-
localized as first analyzed. The expression profiles of growth cone-localized B-actin transcripts and
soma-restricted Xist and y-actin transcripts were consistent with the known patterns of expression
(FIG. 7E). The distribution of enrichment across all mapped transcripts in growth cones was then
analyzed relative to their expression in cell bodies. Unsurprisingly, the present inventors found that a
substantial percentage (approximately 30%) of transcripts are restricted to the cell body (FIG. 7F),
consistent with the large number of transcripts known to be restricted to the nucleus. While most
transcripts are expressed at similar levels in cell bodies and growth cones, a select subset of
approximately 425 transcripts are more than 10-fold enriched in growth cones compared to cell bodies
(FIG. 7F), suggesting active localization of these transcripts to growth cones. In ongoing work, the
present inventors are performing bioinformatics analyses to identify localization motifs (data not
shown).

Interestingly, nearly 30% of the highly growth cone-enriched transcripts are long noncoding

RNA transcripts (IncRNA) (FIG. 7F), which have not previously been reported to localize to growth
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cones. Future work investigating the potential regulatory and/or signaling function of these top
candidate noncoding RNA transcripts might shed further insight into the complexity of molecular

networks that implement neural circuit connectivity during development.
Example 7~ Growth cones have distinct ribosome proteins

During development, growth cones locally control axon navigation decisions by dynamically
regulating their complement of receptors and intracellular signaling molecules to selectively interpret
guidance cues. In addition to regulation at the proteomic level, local translation of specific mRNA
transcripts is emerging as an important layer of regulatory control in axons and growth cones. While
several mMRNA transcripts have been shown to be locally translated in growth cones in vitro, the
mechanisms that regulate native growth cone translation remain largely unknown. In the following
examples, the present inventors identify that growth cones have distinct ribosomes. By performing
comparative subcellular proteomics from a specific neuron subtype, The present inventors found that
growth cone ribosomes specifically lack several 60S subunit ribosome proteins, in contrast to the full
complement of 60S proteins expressed in ribosomes in their parent cell bodies. By tagging a ribosome
protein localized to growth cones, the present inventors identified translated mRNA transcripts in
growth cones in vivo. Having a distinct ribosome protein composition in growth cones might be a
mechanism to endow growth cones with selective translational control over mRNA expression,

The connectivity of the mammalian brain is implemented during development by the interplay
of intrinsic molecular programs that specify cell identity and cell extrinsic factors that communicate
spatiotemporal guidance information to navigating axons. Extending axons are led to their targets by
specialized subcellular structures known as growth cones, which contain molecular networks
comprised of RNA, proteins, and lipids that implement circuit connectivity decisions. Growth cones
navigate axons through a complex and heterogeneous developing brain environment by selectively
responding to molecular guidance cues, requiring growth cones to have an ability to dynamically
regulate their interpretation of cues at key choice points along their trajectories (Dickson, 2002;
Kolodkin and Tessier-Lavigne, 2010). This regulation can be achieved by several mechanisms at the
proteomic level, including receptor downregulation, ligand-mediated receptor inactivation, and
proteolytic degradation (Yu and Bargmann, 2001). Recent in vitro findings have revealed an
additional layer of regulation at the RNA level, by which translation of specific nRNA transcripts has
been reported in growth cones in response to extrinsic cues in vitro (Campbell and Holt, 2001; Colak
etal., 2013; Leung et al., 2006; Leung et al., 2013; Wu et al., 2005; Yao et al., 2006; Yoon et al,,
2012).
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As highly polarized cells with an asymmetrical distribution of proteins, neurons localize
mRNA transcripts to distinct compartments of the cell (Holt and Bullock, 2009). Using RNA-
sequencing from growth cone RNA isolated in vitro, several reports have indicated that potentially
thousands of mRNA transcripts are localized to axons and growth cones (Gumy et al., 2011; Minis et
al., 2014; Taylor et al., 2009; Zivraj et al., 2010). With fast axonal transport able to traffic protein and
mRNA transcripts from cell bodies to growth cones at rates of only 0.5-10um/second (Brady, 1991;
Duncan and Goldstein, 2006), local translation endows growth cones with an ability to rapidly and
locally modify their protein complement in response to extracellular cues. For example, asymmetric
local translation of B-actin has been reported to occur in growth cones within 5 minutes in response to
the chemoattractant molecule Netrin-1 (Holt and Schuman, 2013; Leung et al., 2006; Shestakova et
al., 2001). Local translation in growth cones has also been shown to be important for axon pathfinding -
decisions (Brittis et al., 2002; Leung et al., 2013), axon survival, (Yoon et al., 2012) and axon
regeneration (Verma et al., 2005; Zheng et al., 2001). However, since previous reports utilized in vitro
culture systems, in vivo mechanisms of local translation in growth cones remain unexplored.

While there is substantial evidence for local translation in growth cones, little is known about
the molecular composition of ribosomes in growth cones, and whether they are distinct from
ribosomes in their parent cell bodies. Recent reports have revealed that the proteomic composition of
ribosomes varies across cell types (Kondrashov et al., 2011; Reschke et al., 2013), and that absence of
specific ribosome proteins affects translation of specific mRNA transcripts (Kondrashov et al., 2011;
Mazumder et al., 2003). These findings have shifted the classical view that ribosomes are
constitutively active in favor of a model in which ribosomes possess intrinsic regulatory ability for
selective translation of specific subsets of mRNA transcripts (Xue and Barna, 2012).

In the following studies, the present inventors report that the ribosome composition in growth
cones is distinct from the composition in their parent cell bodies. First finding that RpL10a, a 60S
subunit protein that is the basis of the translating ribosome affinity purification (TRAP) methodology
(Doyle et al., 2008; Heiman et al., 2008), is not expressed in growth cones in the neocortex. In order
to investigate growth cone translational mechanisms in a specific cell-type, the present inventors
characterize the ribosome composition in growth cones and their parent cell bodies isolated in vivo
from callosal projection neurons (CPN), which connect the two cerebral hemispheres through the
corpus callosum. Comparing the ribosome protein distribution in CPN growth cones with the
distribution in their parent cell bodies, the present inventors found that many 60S subunit proteins arc
not expressed in growth cones. By then expressing HA-tagged RpS25, a ribosome protein expressed
in growth cones, the present inventors perform ribosome affinity purification to identify transiated
mRNA transcripts in CPN growth cones, providing the first direct in vivo evidence for local

translation.
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In the previous examples the present inventors describe that a pure population of membrane-
intact growth cones can be isolated from the developing brain using isopycnic subcellular
fractionation. Importantly, the growth cone fraction, which is extracted at the interface of two sucrose
solutions of different density (Lohse et al., 1996; Pfenninger et al., 1983), is devoid of other
subcellular structures, including nuclei, dendrites, Golgi, and rough ER (FIGS. 8A and 8B). To
investigate local translation in growth cones, the present inventors first examined utilization of the
translating ribosome affinity purification (TRAP) methodology, which targets an eGFPRpL10a
ribosomal fusion protein (part of the 60S subunit) to desired cell types, thus enabling affinity
purification of cell type-specific translated mRNA transcripts (Heiman et al., 2008). To expréss
eGFP-RpL10a in neocortical projection neurons, the present inventors crossed Emx/.::Cre+/- and
Rosa2@x-ST0P-eGIP-pli0a mice (Liu et al., 2014). After first verifying that eGFP-RpL.10a expression is
restricted to Cre+ neurons in the neocortex (FIG, 9A), the present inventors isolated neocortical

~CGFP-RpLI% ice at postnatal day 4 (P4), a time when

growth cones from Emx/..Cre; Rosa26" "
projection neuron axons are actively navigating along white matter tracts. Interestingly, the present
inventors found that eGFP-RpL10a is not detected in growth cones by Western blot, in contrast to its
strong expression in cell bodies (FIG. 9B). Endogenous RpL10a is also not detected in growth cones
(FIG. 9B), collectively indicating that growth cone ribosomes lack RpL10a.

The present inventors next analyzed the expression of additional ribosome proteins in growth
cones using Western blot. The present inventors found that the 40S ribosome proteins RpS3 and
RpS6, and the translation initiation factor eIF4E are present in growth cones (FIG, 10A). In contrast,
in addition to RpL10a being absent, the present inventors found that the 608 ribosome protein Rpl.28
is absent from growth cones (FIG. 10A). The present inventors then performed a trypsin protection
assay to distinguish between ribosome proteins that are enclosed within growth cones, and
contaminant ribosomes derived from the cytosol or the outer surface of the ER (FIG. 10B). The
present inventors found that trypsin treatment without detergent moderately degrades RpS3 and RpS6
levels, but has no effect on the levels of the growth cone marker GAP-43 (FIG. 10C). In contrast,
treatment with Triton X-100 to disrupt membrane integrity prior to trypsin treatment leads to
complete degradation of GAP-43, RpS3, and RpS6 (FIG. 10C). These results indicate that, while
some cytosolic-derived ribosomes are present in the growth cone fraction, they can be selectively
removed by protease treatment, or by passage through cell sorter fluidic systems.

Taken together, these results suggest that growth cones have distinct ribosomes, prompting us
to investigate the global composition of ribosome proteins in growth cones, and compare it with the

composition of ribosome proteins in their parent cell bodies.
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Example 8 — Comparative subcellular proteomics reveal distinct growth cone ribosome

In the previous Examples, the present inventors reported that proteomic analyses of sorted
CPN growth cones can uncover their full-depth proteomes, including transmembrane receptors,
cytoskeletal proteins, and signaling molecules (see, FIG. 6A). By performing clustering analysis on
identified growth cone proteins using the STRING database to assemble protein interaction networks,
one of the most significant molecular networks in CPN growth cones is the ribosome and translation
machinery was identified (see FIG. 6B). The present inventors also identified that the ribosome and
translation machinery network is highly significant in corticothalamic PN (CThPN) growth cones.
Interestingly, a previous report that performed proteomic and bioinformatic analyses on growth cones
isolated from the entire brain also found high enrichment of translational networks in growth cones
(Estrada-Bernal et al., 2012), suggesting that translation machinery is common to growth cones from
many neuron subtypes.

In order to analyze the proteomic composition of growth cone ribosomes and cell body
ribosomes, the present inventors utilized a recently developed subcellular profiling approach to profile
CPN cell body and growth cone molecular networks. CPN are an advantageous neuron population for
investigation of growth cone translation because their cell bodies and growth cones are located in
distinct hemispheres after P2 (FIG. 11A), enabling an anatomical purification strategy to
independently isolate cell bodies and their growth cones in parallel.

To label CPN cell bodies and their axons, the present inventors used iz utero electroporation
to introduce a CAG>myr-TdTomato-2A~H2B-eGFP expression plasmid into CPN progenitors at
E15.5, thus labeling CPN nuclei with eGFP, and axons with TdTomato (FIG. 11A). At P4, the
ipsilateral electroporated hemisphere was dissected, and the cortex dissociated into single cells for
purification of eGFP+ CPN cell bodies using fluorescence-activated cell sorting (FACS) (FIG. 11B).
In addition, the present inventors isolated growth cones from the contralateral hemisphere, and
purified TdTomato+ CPN growth cones using fluorescent small particle sorting (FIG. 11C).

Comparative proteomic analyses were performed to uncover whether the complement of
ribosomal proteins in CPN growth cones is distinct from their parent cell bodies. The vast majority
(74/79) of the known ribosome proteins in the fully assembled mammalian 80S ribosome (Ben-Shem
etal., 2011; Lecompte et al., 2002) were detected in CPN cell bodies by proteomics (FIGS. 12A and
12B). In contrast, many ribosome proteins were not detected in CPN growth cones, most of which are
proteins in the 60S subunit (17/47 60S proteins not detected; 4/32 40S proteins not detected) (FIGS.
12A and 12B). Importantly, RpL.10a and RpL.28 were not detected, confirming my Western blot

findings.
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The present inventors next compared the growth cone ribosome protein distribution with two
previously described growth cone proteomes assembled from growth cones isolated from the total
cortex (Estrada-Bernal et al., 2012; Nozumi et al., 2009). Since these proteomes were derived from
likely hundreds of distinct neuron subtypes in the brain all intermixed, and therefore lack subtype-
specificity, the present inventors additionally performed proteomic analysis on growth cones isolated
from the total cortex for more direct comparisons. For the ribosome proteins detected in growth cones
by these previous reports, the present inventors found extensive overlap with my analysis (FIGS. 12A
and 12B). Notably, however, the present inventors detected the presence of significantly more
ribosome proteins than previously reported.

This discrepancy is likely explained by our utilization of the Orbitrap Elite mass spectrometer
for our proteomic analyses (Michalski et al., 2011), which has several-fold higher sensitivity than the
mass spectrometers used in previous growth cone proteomic analyses.

Taken together, comparative proteomic analyses support the hypothesis that growth cones
have distinct ribosomes from their parent cell bodies, suggesting the intriguing possibility of growth

cone-specific translational mechanisms for selective mRNA expression.
Example 9 — Selection of growth cone ribosome proteins for epitope tagging

After identifying that the composition of ribosome proteins in growth cones is distinct from
the composition in cell bodies, the present inventors explored the utilization of ribosome affinity
purification to identify actively translated mRNA transcripts in growth cones. It has previously been
reported that eGFP-tagged RpL.10a fusion proteins traffic appropriately to cellular compartments, are
successfully incorporated into polysomes for mRNA translation, and enable cell type-specific
molecular profiling of translated mRNA transcripts (Heiman et al., 2008; Heiman et al., 2014; Liu et
al., 2014). Since RpL10a is not present in growth cones (see FIG. 9), the present inventors sought to
develop an analogous strategy to tag a ribosome protein localized to growth cones for ribosome
affinity purification.

Based on the expression profile of ribosome proteins in CPN growth cones (see FIG. 12), the
present inventors selected RpS17, RpS25, and RpL22 to examine as recombinant C-terminally HA-
tagged proteins. The present inventors first tested HA-tagged constructs in NIH/3T3 mouse fibroblasts
to investigate their subcellular localization as an indicator of their incorporation into mature
ribosomes. The present inventors found that HA-tagged RpS25 proteins display an anticipated
granular cytosolic distribution, and in many cases co-localize with an ERmarker, E2-Crimson (FIGS.
13A and 13B), suggesting both proper subcellular localization and incorporation into translating ER-

associated ribosomes. In contrast, the present inventors found that HA-tagged RpS17 and RpL.22
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proteins strongly accumulate in the nucleus, and often appear sequestered within nucleoli (FIGS. 13C
and 13D). Based on these findings, the present inventors selected HA-tagged RpS25 for investigation
of local translation in growth cones in vivo.

It is interesting to note that these results are consistent with a previously reported ribosome
protein siRNA knockdown analysis in HeLa cells, which found that siRNA knockdown of RpS25 has
fittle effect on the assembly and function of ribosomes, while RpS17 knockdown perturbs assembly
and function of ribosomes (Robledo et al., 2008). While conditional HA-tagged RpL.22 mice were
generated by another group for cell type-specific ribosome affinity purification (Sanz et al., 2009), it
is important to note that the subcellular distribution of HA-tagged RpL22 was not reported.

Example 10 - Ribosome affinity purification from growth cones in vivo

To identify locally translated mRNA transcripts in CPN growth cones in vivo, the present
inventors used in utero electroporation to introduce a CAG>RpS25-HA expression plasmid into CPN
progenitors at E15.5. At P4, the present inventors selectively dissected the ipsilateral electroporated
hemisphere and the contralateral hemisphere indepeﬁdently for ribosome affinity purification (FIG.
14A). As an immunoprecipitation (IP) control sample, the present inventors also performed ribosome
affinity purification on non-neocortical brain regions from the same brains. After IP, the present
inventors characterized the distribution of purified RpS25-HAassociated RNA using Bioanalyzer
analysis. The present inventors verified that RNA was not purified in the control sample (FIG. 14B),
and find that this strategy enables purification of translated RNA transcripts selectively from
electroporated cell bodies and their growth cones (FIG. 14B). Since evidence for local translation has
previously only been reported in vifro, this finding is the first direct in vivo evidence to our knowledge
for local translation in growth cones.

Since our strategy enables dual purification of translated CPN cell body and growth cone
RNA, ongoing comparative analyses will likely reveal the proportion of transcripts selectively
translated in growth cones, RNA-seq analyses are being performed to identify translated mRNA
transcripts in growth cones. In addition, bioinformatic analyses are being performed to investigate
whether motifs or structural elements in the 3’ untranslated regions of growth cone-localized mRNA

transcripts might confer additional translational control.

Discussion
Enormous complexity among cell types and their connectivity is fundamental to the brain’s
ability to collectively extract information from the outside world, perform specific computations, and

direct behavioral output. To dissect the complexity and diversity among cell types, substantial
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progress has been made in elucidating transcriptional networks that control the generation and
specification of distinct neuron subtypes. Many of these approaches have combined genetic or
hodological labeling with fluorescence-activated cell sorting (FACS) to purify specific neuron
subtypes, followed by downstream comparative transcriptomic profiling by microarrays or RNAseq
(Arlotta et al., 2005; Ayoub et al., 201 1; Fishell and Heintz, 2013; Lobo et al., 2006; Molyneaux et al.,,
2009; Molyneaux et al., 2015). However, such approaches investigating transcriptional dynamics at
the cell body level do not yield much insight into how circuits are wired at the subcellular level by
growth cones during development. Here, the present inventors describe a generalizable approach to
purify growth cones from any desired neuron subtype in the brain, and elucidate the growth cone
molecular networks that control the wiring of neural circuits of interest.

The present inventors demonstrate that several labeling approaches can be used to isolate
growth cones from desired neuron subtypes. For example, to genetically label a neuron subtype of
interest, a fluorescent reporter mouse line can be crossed with a Cre recombinase-expressing mouse
line. To label subpopulations of desired neuron subtypes, in utero electroporation can be utilized to
spatiotemporally deliver expression plasmids into specific progenitor populations. Furthermore, this
approach can easily be combined with genetic mutants or pharmacological treatments that perturb
normal connectivity of the brain, enabling potential identification of growth cone-localized molecular
dysfunction that might underlie aberrant connectivity phenotypes.

By purifying specific growth cone populations and performing comparative proteomic
analyses, the present inventors identify (1) growth cone machinery that appears common to many
growth cone populations and (2) proteins that are circuit-specific, including transmembrane adhesion
molecules and receptors. The present inventors then devised a subcellular profiling approach by
purifying both CPN growth cones and their parent cell bodies. Through comparative RNA-seq, the
subcellular distribution of RNA transcripts in CPN was uncovered, finding a specific subset of
transcripts substantially enriched in growth cones. Notably, this enriched population includes many
noncoding RNA transcripts. As increased evidence suggests that noncoding RNA plays essential roles
in the specification of neural identity (Mercer et al, 2008; Molyneaux et al, 2015; Sauvageau et al,
2013), noncoding RNA might also have important functions in the wiring of specific circuits. Taken
together, this subcellular profiling approach provides a platform to elucidate the molecular networks
involved in wiring specific neural circuits during development.

Notably, this growth cone profiling approach enables investigation of other molecular species
that likely have critical functions in the formation of specific neural circuits. For example, as
developing axons extend toward their final targets, lipids are critical to plasma membrane expansion
as axons increase in surface area up to 20% per day (Pfenninger, 2009). It has also been reported that

membrane lipid composition changes as growth cones transform into presynaptic terminals (Martin
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and Bazan, 1992), suggesting differential functional roles for lipids in axon guidance and
synaptogenesis. However, despite the critical importance that lipids have in brain function, the
composition of the brain lipidome remains largely unexplored. Interestingly, a recent large-scale mass
spectrometry-based comparison of lipid composition across three distinct brain regions and other
tissues found that approximately 75% of lipid compounds have distinct expression profiles in brain
(Bozek et al., 2015). Given the significant membranous component of axons, it is likely that lipidomic
analysis of specific growth cone populations will also yield novel insights into mechanisms that wire
neural circuits. Importantly, lipidomics is compatible with proteomics, so it can be readily combined
with my subcellular profiling approach in future investigations,

In addition to lipids, while the present inventors excluded the characterization of growth cone
microRNA (miRNA) here, they are intriguing regulators of protein translation in growth cones.
miRNA have unusually long half-lives of approximately 120 hours (10-fold that of average mRNA
transcripts) (Gantier et al., 201 1), and recent in vitro evidence has shown that individual miRNAs can
regulate local translation of specific mRNA transcripts in axons (Baudet et al., 2012; Hancock et al.,
2014). Using this growth cone profiling approach, future deep profiling of miRNAs localized to
growth cones, and identification of their target mRNA transcripts, will likely reveal that miRNA play
critical roles in shaping the regulatory network of the growth cone transcriptome, perhaps by
functioning through competing endogenous RNA (ceRNA) networks (Poliseno et al., 2010; Salmena
etal., 2011).

Deep RNA sequencing and computational analyses have recently revealed that another class
of RNA termed circular RNA (circRNA), in which the 5” and 3 ends covalently link together, is
highly enriched in the brain (Rajewsky et al., 2013; You et al, 2015). Intriguingly, it was reported that
many circRNAs are localized to dendrites, and are dynamically regulated during periods of
synaptogenesis (You et al., 2015), suggesting specific regulatory functions. Because of their increased
stability compared to mRNA transcripts (Rajewsky et al., 2013), circRNAs might play additional
important regulatory roles in growth cones.

Taken together, the framework provided by this work to profile macromolecules in specific
growth cone populations might foster novel insight into how specific neural circuits are wired, and
lead to the identification of dysfunctional molecular networks that result in wiring abnormalities.
Using such insight, we might achieve understanding of the molecular bases of particular mental
illness and neurological disorders, and identify novel drug targets for treating these disorders.
Furthermore, this subcellular growth cone profiling approach could potentially be used as a robust
biomarker system to validate the efficacy of drugs developed to target molecules implicated in wiring

abnormalities.
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In Examples 7-10, the present inventors report that growth cone ribosomes are distinct in their
composition of ribosome proteins compared to ribosomes in their parent cell bodies. By profiling
growth cone and cell body proteomes from a specific neuron subtype, the present inventors identify
that growth cone ribosomes specifically lack many 60S subunit proteins that are present in cell body
ribosomes. By tagging a ribosome protein present in growth cone ribosomes, the present inventors
provide the first in vivo evidence of local translation in growth cones. Given the large distances that
growth cones are typically located from their parent cell bodies, local translation is a mechanism that
enables growth cones to dynamically regulate their interpretation of molecular guidance cues as they
implement circuit connectivity.

Evidence for local translation in axonal compartments has been controversial. While the first
evidence for translation in growth cones was reported almost fifty years ago using radiolabeled amino
acids (Guiditta et al., 1968; Koenig, 1967), subsequent ultrastructural analyses using electron
microscopy led to conflicting views on whether ribosomes were present in axons and growth cones,
Several groups reported the presence of ribosomes in the peripheral nervous system in developing
rabbit DRG axons (Tennyson, 1970), developing chicken DRG axons (Yamada et al., 1971),
developing rat superior cervical ganglion growth cones (Bunge et al., 1973), and adult rat DRG axons
at the nodes of Ranvier (Zelena, 1970). In contrast, other groups found no evidence of ribosomes in
the central nervous system using electron microscopy, including developing cerebellum axons (del
Cerro and Snider, 1967) and in cortical growth cone particles (Pfenninger et al., 1983).

Utilizing biochemical and immunocytochemical approaches, evidence for ribosomes was
subsequently reported in squid axons (Giuditta et al., 1991), Mauthner cell axons (Edstrom and
Sjostrand, 1969; Koenig and Martin, 1996), mouse cortex growth cones (Bassell et al., 1998), rat
sciatic nerve axons (Kun et al., 2007), and rabbit lumbar spinal axons (Koenig et al., 2000). In
addition, it was reported that the Netrin-1 receptor DCC directly interacts with elements of the
translational machinery, including eukaryotic initiation factors, specific ribosomal 40S and 60S
subunit proteins, and assembled monosomes, but not with polysomes (Tcherkezian et al., 2010).

Interestingly, however, the proteomic composition of growth cone ribosomes has not
previously been reported. Several recent reports have identified that the presence or absence of
specific ribosome proteins can endow ribosomes with translational control specificity. It was recently
reported that absence of RpL.38 affects patterning of the vertebrate skeleton by affecting the ability to
translate particular mRNA transcripts of the Hox family of transcription factors (Kondrashov et al.,
2011). During termination of the inflammatory response by macrophages, RpL.13a is phosphorylated
to stimulate its release from the 608 subunit, which then represses the translation of specific mRNA
transcripts that are initially required for the inflammatory response, but are toxic to tissues if

continually present at high levels (Mazumder et al., 2003). These examples of specific ribosome
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proteins conferring translation selectivity raise the possibility that the distinct ribosome protein
composition in growth cones regulates specificity of local translation. Intriguingly, transcriptomic
profiling of RNA isolated from growth cones in vitro has revealed that mRNA transcripts encoding
ribosomal proteins are highly expressed in axons (Andreassi et al., 2010; Gumy et al., 2011; Taylor et
al., 2009; Zivraj et al., 2010). This raises the intriguing possibility that, as growth cones progress past
intermediate targets, translation of specific ribosome proteins might endow growth cones with
regulatory control over protein expression through their ribosomes. It is also intriguing to speculate

that several ribosome types might be present in growth cones (and cell bodies).

Materials and Methods

Mice

Pregnant CD1 mice were obtained from Charles River Laboratories NTSR/::Cre mice were
obtained from MMRRC. Ai9 (Rosa26™S707 Téomaioy and ubiquitous expressing CAG-EGFP mice
were obtained from Jackson Laboratories. Ubiquitous expressing TdTomato mice were generated by
crossing Ddx4.::Cre (a germ line delete Cre line, obtained from Jackson Laboratories) with the Ai9
line. The day of vaginal plug detection was designated as embryonic day 0.5 (E0.5), and the day of
birth was designated as postnatal day 0 (P0). All mouse studies were approved by the Harvard

University IACUC, and were performed in accordance with institutional and federal guidelines.

Microtransplantation

Neurons from GFP+ or TdTomato+ mouse pups were dissociated using partial papain
digestion from PO medial or lateral cortex explants, respectively, and injected at a depth of 100pm
into the medial cortex of dark (GFP-,TdTomato-) littermate hosts at PO. Animals were sacrificed at
P7, brains were perfused, fixed, and sectioned at 80um on a vibratome (Leica). Tissue sections were
imaged using a Nikon 90i fluorescence microscope equipped with an Andor camera. Quantification
was performed on full series of non-adjacent sections spanning the length of the transplantation focus

in 6 brains from 3 independent experiments.

Plasmids and in utero electroporation
Expression plasmids under control of a constitutively active CMV/[B-actin promoter were
mixed at 2ug/ul. with 0.005% Fast Green, injected in utero into the lateral ventricle of CD1 embryos
at E14.5 or E15.5, and electroporated into the neocortical ventticular zone essentially according to
Saito and Nakatsuji, 2001) and (Molyneaux et al., 2005). pCS2>TAG (Trichas et al., 2008) was a
gift from S. Srinivas (Addgene plasmid # 26772), and pCAG>GFP-GPI (Rhee et al., 2008) was a gift
from A.K. Hadjantonakis. pCAG>myr-TdTomato was generated by excision of 2A-H2B-EGIP
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from pCS2-TAG. For in utero electroporation, expression plasmids were mixed at 2pg/ul. with
0.005% Fast Green, injected in utero into the lateral ventricle of CD1 embryos at E14.5 or E15.5, and
electroporated into the neocortical ventricular zone essentially according to (Saito and Nakatsuji,

2001) and (Molyneaux et al., 2005).

Subcellular fractionation

Postnatal day 2-4 (P2-P4) mice were sacrificed by decapitation, and the forebrain was quickly
manually dissected on ice. Brain tissue was immediately homogenized using a glass-Teflon dounce
homogenizer with 12 strokes at 900 rpm in ice-cold 320mM sucrose supplemented with 4mM
HEPES, RNase inhibitors (Promega), and protease/phosphatase inhibitors without EDTA (Halt, Life
Technologies). Homogenate was subjected to low speed centrifugation (1,660 x g, 15 minutes, 4°C),
and a sample of supernatant was collected as the postnuclear homogenate (PNH). The remaining PNH
was layered onto a discontinuous sucrose gradient (830mM sucrose and 2.66M sucrose cushion), and
spun at 242,000 x g at 4°C for 47 min in a vertical rotor (VTi50) using an Optima XPN 80
ultracentrifuge (Beckman Coulter). The growth cone fraction was collected at the interface of 320mM

and 830mM sucrose solutions. Additional fractions were collected to assay subcellular purity.

Western Blot

Protein samples were quantified using the Qubit protein assay (Invitrogen). 20-30ug of
protein from each sample was boiled for 5 min at 95°C in Laemmli lysis buffer (2% SDS, 10%
glycerol, 0.004% bromophenol blue, 0.125 M Tris HCI, and 5% B-mercaptoethanol), resolved by
SDS-PAGE, and transferred to a nitrocellulose or PDVF membrane (Biorad). Membranes were
blocked in TBS-T with 5% milk or 5% BSA, and probed with indicated primary antibodies in block
solution at 4°C overnight. Secondary antibodies conjugated with horseradish peroxidase or Alexa 647
were then added for 1 hour at room temperature. Fluorescence or chemiluminescence imaging was
performed using a FluorChem M imaging system (Protein Simple). For chemiluminescence,

membranes were incubated with enhanced chemiluminescent substrate (Thermo Scientific) prior to

imaging.

Trypsin Protection Assays

Isolated growth cone fractions were split into four samples and treated with distinct
combinations of Triton X-100 (0.3%) and 0.25% Trypsin or 10 units of recombinant RNase One
(Promega) for 1 hour with constant rotation. RNA and protein were subsequently extracted from

samples using the Allprep RNA/protein kit according to manufacturer’s instructions (Qiagen).
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Antibodies

The following antibodies are commercially available and used according to manufacturer’s
suggestions for Western blotting: mouse a-GAP43 (1:500, EMD Millipore # MAB347); mouse a-
MAP2 (1:500, Sigma # M1406); rabbit a-Tuj1 (1:1000, Cell Signaling # 5666); rabbit o-Histone H3
(1:1000, Cell Signaling #4499); rabbit 0-ERp72 (1:1000, Cell Signaling #5033); rabbit a-HSP-90
(1:1000, #4877); rabbit a-eIF4E (1:1000, Cell Signaling # 9742); rabbit a-S3 (1:1000, Cell Signaling
# 9538); rabbit a-S6 (1:1000, Cell Signaling # 2317); rabbit a-RpL7a (1:1000, Cell Signaling # 2415);
rabbit a-RpL.26 (1:1000, Cell Signaling # 5400); rabbit a-RpL28 (1:500, Santa Cruz #S¢-50362);
mouse 0-RpL10a (1:500, Abnova # H00004736-M01). Secondary antibodies were: goat a-rabbit HRP
(1:2500, Cell Signaling #7074); goat a-mouse HRP (1:2500, Thermo Scientific # 32430); or goat a-
mouse 647 (1:2500, Life Technologies # A-21236).

Fluorescent small particle sorting

Growth cones were sorted on a BD Special Order FACS Aria I11 customized for small particle
sorting. Prior to sorting, the instrument was decontaminated with bleach and RNase-free water to
remove RNases. The instrument was then calibrated with fluorescent beads in the sub-micron range.
Purified growth cones were diluted 1:2 in 1X PBS (RNase-free), and scatter gating was adjusted for
single growth cone particles, which ranged from 0.3 to 0.8um in diameter. Fluorescent populations of
growth cones were sorted directly in RLT buffer (Qiagen) to dissociate membranes and stabilize

RNA/protein complexes for subsequent RNA and protein extraction.

RNA and protein isolation from growth cones

RNA and protein were isolated in parallel from the same samples using the Allprep
DNA/RNA/protein kit according to manufacturer’s instructions (Qiagen), except protein was
concentrated and purified using Acetone/TCA precipitation prior to proteomics. DNase treatment was
included to digest genomic DNA. RNA quality was assessed using an Agilent 2100 Bioanalyzer, and
RNA integrity numbers (RINs) for all samples were between 8.0 and 9.5.

Proteomics

Purified growth cone and cell body proteins were subjected to on-pellet trypsin/Lys-C
digestion. Samples were injected through a Waters NanoACQUITY UPLC directly coupled to
electrospray ionization feeding a linear ion trap quadropole (LTQ Velos) coupled to an Orbitrap Elite
mass analyzer. Clustering analysis was performed using the STRING database mined for documented

protein interactions.
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RNA-sequencing

Equal masses of high quality RNA (RIN >8) from sorted cell bodies and growth cones were
made into cDNA libraries using the Ovation Single Cell RNA-seq system, which uses random
hexamer primers that enrich for non-rRNA sequences (NuGEN). Cell body and growth cone cDNA
libraries were uniquely barcoded and sequenced together on the Illumina Hiseq 2500, generating 100-
bp paired-end reads. For bioinformatic processing, we used FASTX-Toolkit, Tophat2, and Bowtie2
with default parameters to preprocess, align, and assemble reads into transcripts and estimate
abundance (Langmead et al., 2009; Trapnell et al., 2012). Aligned reads and the UCSC reference
transcriptome .gtf file (downloaded from the UCSC genome browser) were used as input into
Cufflinks2 using default parameters for expression quantification, and then into Cuffdiff2 (Trapnell et

al., 2012) for differential testing between growth cone and cell body RNA expression.

Ribosome affinity purification

Electroporated pups were sacrificed by decapitation at P4, and cortical hemispheres were
dissected and separated. Electroporated cortices were pooled into “soma” sample, contralateral
cortices were pooled together into “growth cone” sample, and dissected tissues (including cerebellum
and midbrain) were pooled together into “control” sample. Tissue from each sample was
homogenized using a glass-Teflon dounce homogenizer with 12 strokes at 900 rpm in 5 mL ice-cold
homogenization buffer (150mM KCl, 10mM MgCI2, 20mM HEPES, 0.5mM DTT, 100pug/mL
cycloheximide, 10pg/mL RNasin, and protease/phosphatase inhibitors without EDTA (Halt, Life
Technologies), pH 7-7.5).

Homogenate was subjected to low speed centrifugation (1,660 x g, 10 minutes, 4°C) to pellet
nuclei and cellular debris, and a sample of the supernatant was collected as the postnuclear fraction.
To the remaining postnuclear fraction, NP-40 detergent (nonylphenyl polyethylene glycol) was added
to a final concentration of 1%, and DHPC phospholipid (1,2-diheptanoyl-sn-glycero-3-
phosphocholine; Avanti Polar Lipids) was added to a final concentration of 30 mM. After extraction
on ice for 5 minutes, the postmitochondrial fraction was generated by centrifugation (15,000 x g, 15
minutes, 4°C), and a sample was collected.

To the remaining postmitochondrial fraction, ascites fluid containing 20-30pg IgG1 of
MoHA.11 (16B12, Covance MMS-101R) was added to each sample, and incubated for 4 hours at 4°C
with constant rotation. 200uL of lysis-buffer-washed Protein G-coated Dynabeads (Life
Technologies) were added to each sample, and incubated for 14 hours at 4°C with constant rotation.
Beads were washed four times with full resuspension in high salt buffer (350mM KCl, 10mM MgCI2,
20mM HEPES, 0.5mM DTT, 100ug/mL cycloheximide, 1% NP-40, 30mM DHPC, pH 7-7.5).

Finally, ribosome-associated RNA and proteins were eluted from the beads using RLT buffer
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(Qiagen, without B-mercaptoethanol), and RNA/protein were isolated using the Allprep
DNA/RNA/protein kit (Qiagen) per manufacturer’s instructions. RNA distribution and quality were

assessed using an Agilent 2100 Bioanalyzer.
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CLAIMS

What is claimed is:

(U5}

A method of treating a subject with a neurologic condition, the method comprising
administering to the subject a composition comprising an effective amount of an agent that
modulates expression of at least one nucleic acid enriched in neuron growth cones relative to

neuron cell bodies, thereby treating the neurologic condition.

A method of assessing a neurologic condition in a subject, the method comprising identifying
differential expression of one or more nucleic acids enriched in neuron growth cones of the
subject relative to the expression of the same one or more nucleic acids in neuron growth
cones of a normal subject, wherein if the one or more nucleic acids are differentially

expressed, the subject has or is at risk of developing the neurologic condition.

A method of monitoring progression or amelioration of a neurologic condition in a subject,
the method comprising identifying differential expression of one or more nucleic acids in
neuron growth cones of the subject relative to the expression of the same one or more nucleic
acids in neuron growth cones of a normal subject, wherein if the one or more nucleic acids are
differentially expressed, the subject has or is at risk of developing the neurologic condition,
and monitoring the expression of the one or more nucleic acids over time, wherein alteration
of the expression of the one or more nucleic acids over time is indicative of progression or

amelioration of the condition.

A method of regenerating damaged neuronal circuitry in a subject, the method comprising
contacting neuron growth cones of the subject with an effective amount of an agent that
selectively targets at least one marker selectively expressed by neuron growth cones relative
to neuron cell bodies, causing the neuron growth cones to project towards their targets to form

synapses and thereby restore the damaged neuronal circuity.

A method of identifying a candidate agent for the treatment of a neurologic condition, the
method comprising identifying agents that preferentially modulate the expression of one or
more nucleic acids enriched in neuron growth cones compared to neuron cell bodies, wherein

those agents that preferentially modulate the expression of the one or more nucleic acids
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enriched in the neuron growth cones are candidate agents for the treatment of the neurologic

condition.

A method of directing projection of a neuron axon in vivo, the method comprising contacting
growth cones of the neuron axon with one or more canonical cues and thereby directing
projection of the neuron axon.

The method of claims 1-3 and 5, wherein the nucleic acid comprises RNA.

The method of claims 1-3 and 5, wherein the nucleic acid comprises noncoding RNA,

The method of claims 1-3 and 5, wherein the nucleic acid comprises mRNA.

The method of claims 1-3 and 5, wherein the nucleic acid is selected from the group
consisting of a-Tub, B-Tub, y-Actin, Baspl, Crmp2, MAP1B, Ncam, Dynein, Baspl, L1cam,
Contactin, Gprinl, Stxbp1, Dync1hl, Synl, Cxadr, Gpm6a, Stx1b, Psmdl and Maprel.

The method of claims 1, 4 and 5, wherein the agent is selected from the group consisting of
small organic molecules, oligosaccharides, polysaccharides, peptides, proteins, peptide
analogs, miRNA, siRNA, antisense RNA, and any combination thereof.

The method of claim 4, whérein the marker comprises a protein.

The method of claim 4, wherein the marker comprises a receptor.

The method of claim 4, wherein the marker comprises GAP-43.

The method of claims 1, 2 and 5, wherein the nucleic acid is more than about 2-fold enriched

in the neuron growth cones relative to the neuron cell bodies.

The method of claims 1, 2 and 5, wherein the nucleic acid is more than about 10-fold enriched

in the neuron growth cones relative to the neuron cell bodies.

The method of claim 1, 2 and 5, wherein the nucleic acid is more than about 20-fold enriched

in the neuron growth cones relative to the neuron cell bodies.
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The method of claims 1-3 and 5, wherein the neurologic condition is a neurodegenerative

disorder.

The method of claim 18, wherein the neurodegenerative disorder is selected from the group
consisting of Huntington’s disease, dentatorubropallidoluysian atrophy, Kennedy’s disease,
spinocerebellar ataxia, fragile X syndrome, fragile XE mental retardation, Friedreich’s ataxia,
myotonic dystrophy, spinocerebellar ataxia type 8, spinocerebellar ataxia type 12, Alexander
disease, Alper’s disease, Alzheimer disease; amyotrophic lateral sclerosis, ataxia
telangiectasia, Batten disease, Canavan disease, Cockayne syndrome, corticobasal
degeneration, Creutzfeldt-Jakob disease, ischemia stroke, Krabbe disease, Lewy body
dementia, multiple sclerosis, multiple system atrophy, Parkinson’s disease, Pelizacus-
Merzbacher disease, Pick’s disease, primary lateral sclerosis, Refsum’s disease, Sandhoff
disease, Schilder’s disease, spinal cord injury; spinal muscular atrophy, Steele Richardson-

Olszewski disease, and Tabes dorsalis.

The method of claims 1-3 and 5, wherein the neurologic condition is a neurodevelopmental

disorder,

The method of claim 20, wherein the neurologic condition is selected from the group
consisting of an autism spectrum disorder, schizophrenia, bipolar disorder, and Rett

syndrome.

The method of claim 4, wherein the method further comprises contacting the neuron growth

cone with one or more canonical cues.

The method of claims 6 and 22, wherein the canonical cues are selected from the group

consisting of Netrins, Slits, Semaphorins and Ephrins.

A method of forming or restoring a neuronal circuit, the method comprising contacting one or
more of neuron growth cones with an effective amount of an agent that selectively targets the
neuron growth cones relative to neuron cell bodies, causing the neuron growth cones to
project towards their targets to form a synapse and thereby forming or restoring the neuronal

circuit.
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The method of claim 24, wherein the agent comprises one or more canonical cues.

The method of claim 24, wherein the canonical cues are selected from the group consisting of

Netrins, Slits, Semaphorins and Ephrins.

The method of claim 24, wherein the agent is selected from the group consisting of small
organic molecules, oligosaccharides, polysaccharides, peptides, proteins, peptide analogs,

miRNA, siRNA, antisense RNA, and any combination thereof.

The method of claim 24, wherein the agent binds to a marker selectively expressed by the

neuron growth cone.

The method of claim 28, wherein the marker comprises a protein.

The method of claim 29, wherein the marker comprises a receptor.

The method of claim 28, wherein the marker comprises Growth Associated Protein 43 (GAP-

43).

The method of claims 1 and 5, wherein modulating expression comprises increasing

expression of at least one nucleic acid.

The method of claims 1 and 5, wherein modulating expression comprises decreasing

expression of at least one nucleic acid.

A method of purifying projection-specific growth cones, the method comprising (a)
performing in vivo labeling of a desired neuron populations; (b) performing subcellular
fractionation of the labeled neuron population; (c) performing fluorescent small particle
sorting of the fractionated labeled neuron population; and (d) isolating the projection-specific

growth cones.

The method of claim 34, wherein the subcellular fractionation comprises isopycnic

subcellular fractionation.
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