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ABSTRACT OF THE DISSERTATION
Plexin-A4 receptor regulates dendrite morphogeriagissponse to Class 3 Semaphorin
3A signaling in mouse pyramidal neurons
By Sheng-Shiang (Anson) Peng
Dissertation Director:

Dr. Tracy Tran

Abstract

The formation of a complex nervous system requpescise navigation and
elaboration for growth cone and dendrites to conteetheir target. During development,
guidance molecules and receptors control the ntgjofithe circuitry events, including
promotion or inhibition of neurite growth. Semaphor3A, a secreted Class 3
Semaphorin member, is well known for its chemotepélfunction on growth cone
mediated by the Neuropilinl/PlexinA4 holoreceptamplex. Recently, it has been
shown to have opposite cellular responses in primgolendrite growth and branching in
mouse cortical pyramidal neurong, (2). However, the mechanism underlying how
Semaphorin 3A/Neuropilinl/Plexin-A4 signaling regfigis dendrite elaboration is unclear.
Here, | have shown the importance and function fokd distinct domains in the
cytoplasmic region of the signaling transducingeptor of Semaphorin 3A, Plexin-A4,
in regulating cortical neuron dendritic morpholod@oth the C1 and H/RBD domains
were found to be sufficient to trigger cortical ggridal neuron dendrite elaboration,
while the C2 domain was not necessary for dendgiesvth and branching. Using

biochemical and molecular methods in combinatiothwn vitro assays, | found and



demonstrated that the Rho-GEF, FARP2 associatésRAgixinA4 and mediates dendritic
elaboration in primary cortical neurons followingetligand, Semaphorin 3A activation
of the signaling pathway. In addition, | demon&datthat Plexin-A4 extracellular
domains could interact with its co-receptor Neulofj independent of the ligand
Semaphorin 3A. Therefore, the extracellular Sernaphdomain may play a role in
preventing Plexin-A4 activation, consistent witleyious studies3; 4).

Previously, another member of the Type A Plexirepgar, Plexin-A3, was shown
to play a key role in inhibiting cortical neuronmdgkitic spine morphogenesis in viva)(
However, the mechanism of how Plexin-A3 signalsréstrain spine formation is
unknown. | have generated an array of Plexin-A®gigsmic deletion mutant constructs,
analogous to the Plexin-A4 deletion mutants usedthcs study for future studies in
investigating cortical neuron dendritic spine marolgy. These molecular tools that |
have developed will be useful for researchers testigate the intracellular signaling
mechanisms of Semaphorin signaling in regulatingrore morphology. Taken together,
my findings provide new insights to Plexin-A4 sifing, in particular, highlighting
distinct intracellular domains and downstream défecrequired for promoting dendritic

morphology.
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Chapter | Introduction

Beginning with the stunning work of Ramon y Cafll, the mammalian nervous
system’s wiring profile has been revealed. Howetee, mechanisms underlying how
neuronal connections are formed and maintained irenfergely unclear. Some
fundamental questions include: 1) How do neurorterdene the proper trajectory to
extend their axons and dendrites? and 2) How dextexnal guidance molecules instruct
neurons to form their proper connections? Furtheemohas been shown previously that
many guidance cues can control both axonal guidavests and the formation of
dendritic morphology. The mechanistic logic underdythis multi-functionality is not
known. In this study, | investigated how the sam@agellular guidance cue signaling
through the same receptor complex (same ligandgtecepair) can repel peripheral
nervous system (PNS) sensory axons by collapsieg tirowth cones and promote

central nervous system (CNS) pyramidal neuron dendiaboration during development.

1.1 Nervous system and neuronal connection

The mammalian nervous system is highly connectétebally from rostral to
caudal. The individual building block of the systesra single nerve cell called a neuron.
Billions of neurons extend polarized axon and deesirto connect and form the
peripheral and central nervous systems. The CeNealous System (CNS) includes the
brain and spinal cord. One of its fundamental tisléo process and integrate sensory
information from the external environment and gateerthe appropriate behavioral

response. The Peripheral Nervous System (PNS)ngased of the peripheral nerves,



including those emanating from sensory and motouroves. These neurons are
responsible for relay information to and from thaib.

Neurons are highly polarized cells with diverse phmiogy, and their unique
morphology is tightly associated with their specifunction @). A typical neuron is
divided to cell body (soma), dendrites and axoruries extend dendrites/axons forming
connections, synapses, in order to receiving odisgninformation from all over the
body. It is extremely important for these dendrite$orm correct branching, pattern, and
density to establish the proper connection. If ¢tbanection is not properly formed, it
could cause many different mental disorders oragisse. For instance, during the early
development of children, aberrant dendritic arkadran might contribute to their mental
retardation or autism spectrum disorders (ASDB].

Previous research have shown the neural conneatidnwiring processes are largely
regulated by external guidance molecules, whicaiiei inner cellular signaling cascades
and change cell morphology and synapse format®hnl@). These molecules either

function as chemorepellent to inhibit neurites dwemoattractant to promote/attract
neurites. Many studies have shown that guidancesecntds affect axon growth cone
pathfindings and synapse formatidii€17). However, the mechanisms of how guidance
cues regulate neuronal dendrites processes ateegldess well known. Thus, it would

be interesting and important to investigate howdgnce molecules affect dendrites

outgrowth and synapse formation.



1.2 Pyramidal neurons and their dendritic development

Neurons are highly polarized with diverse morphgldigat make them unique
from other cells. One of example is pyramidal nauiro the cerebral cortex. Pyramidal
neurons are first discovered and studied by Ramd@ajal and are abundant in the
mammalian cerebral cortex, as well as in bird$, fend reptiles18-20). These neurons
are mostly excitatory cells and mostly found irefarain structures including the cerebral
cortex, the hippocampus, and the amygdala. Thesettes are associated with higher
cognitive functions, which indicate that pyramidalurons are playing critical role&lj.

Layer V pyramidal neuron is one of the two wellesad pyramidal neurons
(another is hippocampal neuron) because of itcatifunction @1). Like most neurons,
layer V pyramidal neurons have multiple dendritesl @ single axon (Figure 1). In
addition, these neurons are characterized by thsepce of separate basal and apical
dendritic trees. During development, neurons extankdng but less branched apical
dendrite at the apex of the cell body (soma) amatively shorter but more branching
basal dendrites at the opposite side. Layer V pigtailhmeuron is also well known for its
studded dendritic spine&d). Spines are small membranous protrusion strustonethe
dendrite. They receive input (mostly excitatorygnfr the axondl, 23). A single dendrite
can have hundreds thousands spines that significamtrease the possibilities of
connecting to other neurons and more efficiendpsduce the stimul().

Years of studies have revealed that extracellu¢garass induce pyramidal neuron
cell polarity and regulate dendrite and axon pattifig as well as synapse formati&h (
10, 24, 25). Extracellular guidance cues induce intracellidm@naling by changing the
cytoskeleton network, such as actin assembly #edd to altered neuronal morphology

and dendritic arborization2§). Therefore, studying the function of these guaan



molecules in the neuron development will benefit insfurther understanding the

development of the nervous system.

1.3 Guidance molecule family of Semaphorins and their receptors

Many guidance molecules and receptors complex baea discovered and are
involved in axon/dendrite processes extension gndpse formation from embryonic to
postnatal stage2{—29). Families of guidance cues such as Slits, Ne#&jphrins, and
Semaphorins are usually express in or around tiyettaarea or on the neuron itself,
which either repel or attract the neuronal procesSeme of the guidance molecules such
as Ephrins and class 4-7 Semaphorins are memboatepooteins30). These molecules
function as short-range guidance cue. On the dthed, Slits, Netrins, and members of
the class 3 Semaphorins are secreted proteinshaseé imolecules may regulate from
both short- and long-distance guidance.

Semaphorin is a large protein family involved in nyapathways in neural
development. Semaphorin was first discovered by#kih and colleagues in 1992, who
were studing the role of semaphorins in axon guwida@l). One year later, Luo et al.
(1993) reported that Collapsin-1 (now type A cl8sSemaphorin, Sema3A) can cause
growth cone repulsion in chicken brai82). The Semaphrin family consists of eight
subclasses and at least 27 members across diffgreaies fronC. elegans, drosophila,
zebrafish, rodents, to human$, (30) (Figure 2). Many studies have shown that
Semaphorins are involved in cardiovascular devepgmmmune system function, cell
migration, and even canc88-35). However, the class 3 secreted semaphorins have

well-known functions in both the CNS and PNS duraeyelopment; they are strong



repellents for various neuron growth cones, prur@egors for hippocampal neurons and
negatively regulate excitatory synapse formatiord ahstribution on cortical and
hippocampal neurons, and most recently, they prentatsal dendrite elaboration in
cortical pyramidal neuron$Q, 36-38).

Class 3 Semaphorins are the most studied in themmadian nervous system.
They are secreted molecules and regulate neurorghont and long distances. As
mentioned earlier, Semaphorins are strong inhipitridance molecules that will cause
neuron axon growth cone collapse. Interestinglgeme studies have shown that the class
3 Semaphorin, Sema3A, signaling through the saroepter, Plexin-Al, can collapse
axonal growth cones and promote neuron dendritgrowth and branchingl( 2, 29).
How is the same molecule inducing two differentudal responses?

Plexins are phylogenetically conserved transmengbpaotein families consisting
of four subclasses and at least nine members asmssies in both vertebrate and
invertebrate 0, 39). Studies showed that Plexins contain a conse®ada domain and
divergent extracellular domains. IntracelluarlipetPlexin cyto-domains contain two
distinct segments: the C1 and C2domains, whichpasgogenetically similar to a Ras
guanosine triphosphatase (GTPase) activating pot@gAPS). In addition, these two
GAP segments are linked by a hinge domain, a RhBasé& binding domain (H/RBD).
Numerous proteins and members of small GTPasesl®eie shown to interact with the
Plexin cyto-domains and activate diverse pathwaysch directly or indirectly lead to
dynamic cytoskeleton and actin assembly and thegghaf cellular morphologydQ, 40).

Class 3 Semaphorins, including Sema3A, need to Wittd signaling receptors,

type-A Plexins (PIxnAs), and their obligated binglipartner, Neuropilins (Nrps), to



transduce diverse cellular responses. Neuropilin oreceptor which is essential for
class 3 secreted Semaphorins signaling by formingpraplex with type-A Plexins.
Takahashi and colleagues have shown that Sema3f&eddaxon repulsion only happens
when Neuropilin/Plexin holoreceptor is presentedjetber 41). Neuropilin is a
transmembrane protein with multiple extracellulamains that are capable of interacting
with a variety of proteins including Sema3A2]. Interestingly, the C-terminal of
Neuropilin is extremely short and barely extendshe cytoplasm. Thus, the general
consensus is that Sema3A-mediated cellular respactseated by Plexin-A4 (PIxnA4)
intracellular signaling, which Neuropilin 1 (NrppJays a crucial role as the obligate
coreceptor to link both Sema3A ligand and the PKsfgnaling receptor2( 43) (Figure

3).

1.4 Semaphorin 3A/Neuropilin-1/Plexinn-A4 induced diverse cdlular

responses
Nrp1l/PIxnA4 signaling pathway is activated by Sematd mediates diverse

cellular responses in cortical neuron dendrite ogenesis and dorsal root ganglion
(DRG) growth cone collapse examinéd vitro and in vivo conditions 2, 12, 44).

Previously, Tran and colleagues showedlivo that Nrpl (Sema-), which is incapable of
binding Sema3A, or PIxnA4-/- mutant mice, causeigniicant decrease of basal
dendrite in layer V pyramidal neurons. By contr&&tron and colleagues showetdvivo

that PIxnA4-/- or PIxnA3/PIxnA4 double knockout déxited aberrant DRG sensory
neuron axonal projections. Although the list of i intracellular binding protein keeps
growing, the mechanism and pathway under the sagaamd-receptor complex that

mediates diverse cell responses in different tygeseuron are still uncleaBQ) (Figure



4). Previous studies showed that PlexinA-mediatemhaepulsion is induced by FARP2
(FERM, Rho guanine nucleotide exchange factor [RE|G and pleckstrin domain-
containing protein 2)1(1). FARP2, a Guanine nucleotide Exchange Factor j(Edtein,
further activated Racl and Rndl, small GTPases, séauded the signaling cascade.
Downstream effectors include R-Ras, PI3K, PTEN,, AKBK33, and CRMP, leading to
growth cone collapse and axon repulsi8d, @0). By contrast, the downstream signaling
pathway for cortical neuron dendrite outgrowth dmwenching is not clear. FARP1, a
homologue protein to FARP2, which is shown to pkyrole in Sema6A-PIxnA4
signaling (does not require Nrpl), promotes deadength but not branching in the
spinal motor neuron of chickend5). Thousand-and-one amino acid 2 kinase (TAOK2),
a protein encoded by an ASD susceptibility geA©K?2, may be involved in neocortex
basal dendrite formatiom vivo without affecting apical dendrite§)( Taken together,
previous studies suggest that PlexinA receptors asspciate with different effectors,
which could be GEFs or other proteins in differeeturons that result in its diverse

functions.

1.5 Plexin-A3 and pyramidal neuron spine for mation

During neural development, another molecule inftileg pyramidal neuron
neural connectivity is Semaphorin 3F (Sema3F). S&mna homologue to Sema3A, has
been shown to bind Neuropilin2 (Nrp2) that preféiedly forms a holoreceptor complex
with PlexinA3 (PIxnA3) to mediate a variety of adr responses in CNS development.
Recently, Sema3F has been identified as a negatgudator for pyramidal neuron spine

development. Previoush$ema3F-/-, Npn2-/-, and PIxnA3-/- mutant mice have been



shown to display aberrant spine density and sizamecal dendrites of layer V cortical
neurons 2). In addition, Sema3F mRNA has been shown to devenstream target of
the fragile X mental retardation protein (FMRP36) Thus, understand how
Sema3F/PIxnA3/Nrp2 mediate spine formation can helpto reveal how pyramidal

neuron connection forms and possibly find a wagrevent the mental disorder.

1.6 Resear ch Objectives

Although previous studies had revealed some pafdexin signaling pathways,
the mechanisms underlying PIxnA4 signaling and tiencis still unclear. In this study, |
have conducted a structure-function analysis of RthenA4 cytoplasmic domain in
primary mouse cortical pyramidal neurons. Furtheend examined the immediate
downstream interaction of Plexin-A4 and the RhoGERP2 in dendrite development.
Third, | conducted PIxnA4 ecto-domain analysis amtical neuron. Lastly, in order to
examine pyramidal neuron spine development in aréustudy, | generated Plexin-A3

cytoplasmic domain deletions mutants, analogotbéddlexin-A4 mutants.

Hypotheses:

1. Promotion of dendritic arborization of cortidalyer V pyramidal neurons through
Sema3A/Nrpl/PIxA4 signaling is dependent upon nitstcytoplasmic domains within
PlexinA4.

2. GEFs (FARP1 or FARP2) associate with PIxnA4 maplire for cortical neuron

dendritic arborization in response to Sema3A.



Chapter || Materialsand Methods

| prepared all the buffers and solutions using d®ulistilled water with analytical grade
reagent and autoclaved or filtered to sterilizeff@s and solutions were stored at room

temperature unless mentioned otherwise.

2.1 Animals
Wild Type CD1 mice

PIxnA4 Knockout mice
PIxnA3 Knockout mice
Animals were cared for according to the animal psetocols approved by Rutgers
University. For the time pregnancies, embryonic @&y (E0Q.5) is considered at the noon
on the day in which the plug was found. In thisdgtuE13.5 time-pregnant mice were

used for dissecting and culture layer V cortex pydal neurons.

2.2 Cdll lines and Plasmids
A. Cell lines

HEK293T Cells: Human embryonic kidney cells (ATCGQGRL-11268)

COS7 Cells: Fibroblast-like cell, derived from megkidney (ATCC® CRL-1651)
B. Plasmids

Alkaline Phosphatase (AP) Protein (control)

AP-Semaphorin 3A fusion protein

AP-Semaphorin 3F fusion protein

PIxnA4 variant constructs (provided by Dr. Avrahdaron)
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Backbone: pCAG. All PIxnA4 variants sequences wameed on the wild-type mouse
PIxnA4 with myc-tagged on its N-terminus and driv@nthe chickerg-actin promoter.
Domains and motifs were annotated as the followi@d- 1267L-1497L, H/RBD-
1498V-1653N, and C2 - 1654H-1890S, LVS- 1593-1598K- 1257-1259. The PlenA4
variants were designed as the following (numbees amino acids in the full length
PIxnA4): PIxnA4 FL 1-1890ACT 1-1266 AKRK 1-1890 (KRK to AAA),ALVS1-1890
(LVS to GGA), ACT+AKRK 1-1266 (KRK to AAA), ACT+ATMC9 1-1257,AC1 1-
1266 + 1498-1890\H 1-1497 + 1654-1890\C2 1-1653, C1 1-1497, H/RBD 1-1266 +
1498-1653, C2 1-1266 + 1654-1890. (Table 1)

PIxnA3 mutant constructs:

Backbone: pcDNA 3.1(-) to pCAG. All PIxnA3 variantgere subcloned from pcDNA
3.1 wild-type mouse PIxnA3 with myc-tagged on theéekininus. Cytoplasmic domains
were amplified by specific designed primers (Tablend subcloned to pCAG. Domains
were annotated as the following: C1- 1325P-1450KRBD-1451G-1651V, C2-1652S-
1872S. The PIxnA3 variants were designed as thewolg (humbers are amino acids in
the full length PIxnA3): PIXnA3 FL 1-187ACT 1-1324 AC1 1-1324 + 1451-1872AH
1-1450 + 1652-1872AC2 1-1651, C1 1-1450, H 1-1324 + 1451-1651, C2 2413

1652-1872 (See Table 2)

2.3 Softwar e and equipment

A. Software
Perkin Elmer Velocity acquisition and analyticafte@re 6.0.1

NIH ImageJ 1.46
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Plugin Sholl analysis

Plugin NeuronJ
Adobe Photoshop CS 6.0 (or higher) was used fowvidmatracings of neuron processes
and adjusted image’s contrast.
Adobe lllustrator CS 6.0 (or higher) was used f&seanbling the figures in this study
GraphPad Prism 5.0 (or higher) was used for thigsstal analyses of Sholl analysis,
total dendritic length, dendrite Complexity Indéxdl) and axonal length.
B. Equipment
Class Il laminar flow hood (clean bench) or stetigsue culture (TC) hood
Sterile CQ incubator
Centrifuge
Lona/Amaxa Nucleofector Device
Dissecting microscope
Dissection tools: Two fine dissection forceps (Bh.one straight, one with a bent-tip at
45° angle, one pair of micro-scissors, medium siagsors and medium forceps (Fine
Scientific Tools)
Confocal microscope and imaging system
MiliQ or any sterile water system
Electrophoresis system
SDS-PAGE system (Bio-rad)

Water bath
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2.4 Mammalian cell culture and transfection

A. Reagent and buffer
Dulbecco's Modified Eagle's Medium (DMEM) (Gibco,ifde Technologies, CA):
Mammalian cell growth media, store at 4°C.
DMEM (+): DMEM plus FBS, 10%, Pen-Strep, 1X. For0sfL of DMEM (+), add 50
mL filtered 100% FBS and 5 mL Pen-Strep to 450 nHME, store at 4°C.
Fetal Bovine Serum (FBS) (Gibco, Life Technologi€g\): Serum for cell culture, store
at -20°C.
Penicillin-Streptomycin (Pen-Strep) (Gibco, Lifechaologies, CA): Antibiotics for cell
culture, store at -20°C.
0.5% Trypsin-EDTA (Gibco, Life Technologies, CA)e&yent for dissociation process,
store at 4°C once opened, for long-term storagp kée20°C.
Phosphate buffer saline (PBS) was prepared indlf@axing steps: for 1 liter of 10x PBS.
| weighted 12.7g N&PQO, (9mM), 2.65g NakPO,.2H,0 (1.7mM), 85g NaCl (1.5M) in
the cylinder and added distilled,® (dH,O) to volume 900 mL. All components were
stirred until dissolved and the pH was adjusted.f before filling the total volume to 1
liter with dHO.
Lipofectamine 2000 (Life Technologies, CA): Mamnaalicell transfection kit
B. Mammalian cell culture
HEK293T cells and COS7 cells were cultured in 1Cmmture dish with DMEM (+)
media at 37°C, 5% CO2. When cell reach ~100% condleesplit cells to maintain cell
line or transfection.

1. Pre-warmed Trypsin-EDTA and DMEM (+) growth media.

2. Removed cell culture media and wash cells with BSRently.
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3. Discarded PBS then added 2.5 mL Trypsin-EDTA andubated in 37°C
incubator for 2 minutes.
4. Added 7.5 mL DMEM (+) and pipetted cells up and ddw break cell clumps.
5. Used hemacytometer cell counter to plate ~5 x1006 ocea new 10cm culture
dish with DMEM(+) media up to 10 mL.
6. Approximately, 1:10 dilution of one 10cm culturesldiwas used for lipofectamine
2000 transfection.
C. Plasmid transfection
Cells were transfected when cells reached 70-80%lumnce. Lipofectamine 2000

(Invitrogen) transfect kit was used by fallowingfwcol.

1. Prepared 10y DNA (AP-Sema3A, AP-Sema3F or APtag for proteitiecdion;
PIxnA4 mutants and Nrpl for immune-staining and umeprecipitation) and
1.5mL DMEM (-) in tube 1; 4QL Lipofectamine and 1.5 mL DMEM (-) in tube
2.

2. Mixed tube 1 and tube 2 then incubated in RT fonf@s. Cells were rinsed with
PBS twice and added 4-5 mL DMEM (-) incubateed7aC3for 20 mins.

3. After 20 mins, | removed the DMEM (-) from plate danadded
DNA/Lipofectamine/DMEM mixture then incubated at’&7for 5.5 hours.

4. |rescued the cells by replacing the media to DME\after 5.5 hours.

5. The cells were kept at 37°C incubator for additlet&72 hours.

6. The media for AP-Sema3A, AP-Sema3F or APtag pretéiom the transfected

HEK293 cells were collected after 48-72 hours. Eetl immuno-staining,
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transfected cell were re-suspended by 0.5% TryREiMA and plated on the
coverslip in al2-well plate culture for an addigd8 hours. See section 2.6 A.
Immunocytochemistry for detail. For protein expressand interaction, see
section 2.6 B: CO-Immunoprecipitation and C: Westdot.

7. The collected AP-conjugated media were concentragddg Amicon Ultra-15
(Millipore). Protein concentration was determingdARP activity assay using AP
substrate buffer- Para-nitrophenyl phosphate (SjgiAR-tagged proteins were
stored in aliquots at -80°C.

D. siRNA knockdown

For siRNA transfection: | followed the methods abaysed the Lipofectamine 2000

transfect kit. | created an RNase free environnagat used RNase free tips. Cells were
cultured for an additional 48 hours after transéectand then lysed for CO-IP and

Western blot experiments.

2.5 Primary cortical neuron culture and transfection

A. Reagent and buffer

Neurobasal medium (+) (Gibco, Life Technologies,)ClReurobasal media were stored
at 4°C until use. For a total of 125 mL Neurobgsd 120 mL Neurobasal media was
mixed with 2.5 mL B27 supplement (2% final cond.)25 mL 100x PenStrep (1x final
conc.) and 1.25 mL 100x Glutamax (1x final conc.)

HBSS (Hanks balanced salt solution) (Gibco, LifecAmlogies, CA): Buffer for

dissociation process.
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L-15 medium (Leibovitz) (Gibco, Life TechnologieSA): Medium for dissection and
stored at 4°C.
0.5% trypsin-EDTA
Poly-D-Lysine (Sigma): Make poly-D-lysine at finaoncentration 0.1 mg/mL in
sterilized MiliQ water. Store at 4°C.
DNAse | dissociation solution: Dissociation buffaras used to dissociate cortical
neurons to single cell. | prepared 10mL DNAse kdgation solution and stored at -
20°C. 1 took 9 mL of HBSS in a clean 15mL conitabe and added 400L of 10
mg/mL soybean trypsin inhibitor (0.4 mg/mL finalnm), 500uL of 5 mg/mL DNAse |
from Collaborative Research (0.25 mg/mL final cpnt00uL of 30% BSA (Sigma for
tissue culture) (0.3% [3 mg/mL] final conc.) and03d of 1 M MgSQ, (12mM final
conc.)
Cover glasses (VWR): 18mm cover glasses. The oglasses were placed into a glass
beaker for acid wash. The cover glasses were daakitric acid (70%) for 5-7 hours
and the replaced with dB over night. On the second day, | washed the rcelas
under running dgD for one hour then stored in 100% ethanol at reemperature in the
TC hood. Before use, | washed twice with sterilé@iwater and once PBS in the hood.
Sterile glass Pasteur pipettes
Lonza Nucleofector Kit for mouse neurons
B. Preparation for embryonic cortical primary neuoultures

1. | prepared Neurobasal (+) media fresh for eachumland placed in TC hood

until ready to use.



16

2. | coated poly-D-lysine on the cover glasses byippone glass cover slip in each
well of 12-well tissue culture dish. Rinsed twicéhnsterilized MiliQ water and
once with 1x sterilized PBS. Added 4p0/well of poly-D-lysine (0.1mg/mL) to
each well and incubated at 37°C for 3-4 hours leefibaiting neurons.

3. | placed DNAse | dissociation solution and plasnfmistransfection on ice at the
beginning of each culture.

4. |took L-15 media and poured into 10 cm petri dslG0 mm petri dish and 1mL
into a 1.5mL Eppendorf tubes, and put everythingcen

C. Dissection in sterile tissue culture (TC) hood

1. Layer V cortical neurons are dissected and cultdioech timed-pregnant female
mouse on E13.5. | removed the uterine sac fromnanggmouse onto a 10 cm
petri dish with L-15 media on ice. For each embiye@moved the placental sac
and placed the embryo on a small petri dish andvede under the dissect
microscope.

2. On ice: | carefully separated the head and bodgl gk skin and skull from the
back of the dorsal brainstem and work your wayrabstoward the cerebral
hemispheres (Figure 5)

3. | transferred each dissected cortices into a 1.9#ppendorf tube with L-15
media and kept them on ice until all desired cediwere dissected.

4. After all cortices were dissected and collectederhoved the L-15 media and
replaced with 1.0mL of 0.5% trypsin-EDTA. Incubaggd37°C for 10 minutes.

5. | took the two sterile 15mL conical tubes and ad8eciL off HBSS into each

tube.
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6. | transferred the cortices in trypsin into the 15tabes with HBSS. Centrifuge
the tubes at 1.0x1000g for 5 minutes at room teatpes.

7. After centrifugation the tubes were brought baclo ithe TC hood, | carefully
aspirated off the HBSS and repeated HBSS wash. chhiees were spun down
at 1.0x1000g for 5 minutes at room temperature.

8. While waiting for the centrifugation, | polished dvsterile glass Pasteur pipettes
to reduce the tips by 50%.

9. | aspirated off the HBSS after the second wash adlded 1 mL of DNAse |
dissociation solution into the 15 mL tubes and uses polished sterile glass
Pasteur pipette and a plastic bulb to gently dissethe cortices manually.

10. After the manual mechanical dissociation step, $hvea the neurons with HBSS
and centrifuged at 1.0x1000g for 5 minutes at ro@mperature.

11.1 carefully aspirated off the HBSS and repeated BBfash. | centrifuged the
dissociated neurons at 1.0x1000g for 5 minutes@nrtemperature.

12.1 aspirated off the HBSS and added 1-3mL of Newsab#+) media into the
15mL tube. | took 1QuL of the neurons suspended in Neurobasal (+) media,
transferred to a cell counter to estimate therugthber, and plated.

13. After calculating the desired density for platihglated 1mL of media + neurons
in each well of the 12-well tissue culture plat®ni@ining the poly-D-lysine
coated glass coverslips). |incubated the neuabB3°C in the 5% CgQincubator
for at least 4-6 hours (up to 12 hours) and changddsh Neurobasal (+) media.

The media was changed every 48 hours.
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14.For dendritic development, neurons were stimulatgd 5nm AP-Sema3A or AP

protein only at DIV 5 for additional 24 hours.
D. Lonza/Amaxa Nucleofector transfection

1. For primary neuron transfection using the Nucletwe&it (Lonza/Amaxa) for
mouse neurons, | prepared 5 pg of expression pthsamtaining myristoylated-
GFP DNA or DNA of interested in a sterile 1.5mL Epgorf tube.

2. | aspirated the HBSS after the final wash and ade®8-1.0mL of new HBSS
into 15mL tube for cell count estimation. Per instions from the manufacturer,
optimal transfection efficiency is achieved with m#llion cells per transfection.
| diluted the dissociated neuron accordingly inevnsterile 15mL tubes and
centrifuged to pellet the cells.

3. | added 100 pL of “activated” transfection solutigger transfection/DNA
construct to each of the dissociated neuron pedletsmixed by pipetting up and
down 3-4 times.

4. | transferred the dissociated neurons with tranghecsolution into each 1.5mL
tube containing the GFP DNA or DNA of interest, euxby pipetting up and
down 3-4 times.

5. | transferred the entire mixture into an individaalvette (included with the kit)
and electroporated with the Nucleofector devicengighe pre-set protocol for
mouse neurons.

6. After electroporation, | rescued with 1 mL of Nebasal (+) media to each

cuvette.
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7. 1 used the transfer pipette (included with the tatfransfer all the electroporated
neurons from each cuvette into new sterile 15mlesulith Neurobasal (+).

8. | plated the transfected neurons at the desirecsityer~1*10"4 cells/crf).
Incubated the neurons at 37°C in the 5%, @@ubator for at least 4-6 hours (up
to 12 hours) and changed to fresh Neurobasal (Hgiandhen change media
every 48 hours.

E. SIRNA knockdown

For SIRNA transfection: | used the same protocol Loinza/Amaxa Nucleofector
transfection. | created an RNase free environmadt sed RNase free tips. Neurons
cultured additional 48 hours after transfection #reh lysed for CO-IP and Western blot

experiments or cultured for 6 DIV for dendritic rseaeement.

2.6 Molecular methods

A. Immunocytochemistry (ICC) staining for primargurons/COS7 cells

For analyzing aspect of neuronal dendritic morpbicial development or COS7/neuron
cell membrane bound receptor expression detectialiured neurons or cells were
treated with AP-Semaphorin proteins and fixed with paraformaldehyde and stored at
4°C until immunocytochemistry. .

Reagent, buffer and antibodies

4% Paraformaldehyde, PFA (Sigma) was made in PB$&s#ore at -20°C until use.
PBS-Azide: Add 5% filtered Sodium Azide (made in @H into 1x PBS to final
concentration 0.1%.

Normal donkey serum (NDS, Jackson ImmunoReseaftiguots and stored at -20°C.
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10% TritonX-100 (Sigma): | took 5 mL of TritonX m#45mL of dBO and mixed with a
magnetic stir until dissolved completely.
Blocking solution: 1xPBS with 5% NDS and 0.1% Tnixa
Primary antibody solution: | diluted the primarytiaody in blocking solution
Secondary antibody solution: | made the secondatip@dy dilutions in 1xPBS with
0.1% TritonX.
Mounting media (Vectashield)
Primary antibodies used: monoclonal mouse Myc (Bridoma, DSHB, 1:1000; or
9E10, Sigma, 1:1000), polyclonal rabbit Myc (1:2@&nta Cruz Biotechnology, 1:500),
polyclonal rabbit MAP2 (1:1000, Cell signaling), nazlonal mouse GFP
(1:800,Invitrogen-Molecular Probes), polyclonal wabGFP (1:500, Millipore), mouse
monoclonal SMI312 (1:500, Covance), and polyclonabbit FARP1 (Santa Cruz
Biotechnology, 1:500), monoclonal mouse FARP2 (&&ruz Biotechnology, 1:1000).
Secondary antibodies used: AlexaFluor 488 donkéynaouse immunoglobulin G (IgG)
(1:500, Jackson ImmunoResearch), AlexaFluor 568 kepnanti-mouse (1:1000,
Molecular Probes), AlexaFluor 568 donkey anti-ral{tii800, Molecular Probes) and
Cy3 donkey anti-rabbit (1:800, Jackson ImmunoRe&$gar
Experiment procedure

1. | aspirated off Neurobasal (+) media from each walthe 12-well dish

containing the primary neuron or COS7 cells atappropriate DIV.
2. lincubated the cells with cold 4% PFA for 10-15wotes at room temperature or

20-30 minutes at 4°C.
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| washed three times for 5 minutes each with 1x BB®om temperature, gently
rocking on the rotator. | stored the fixed celigteC with PBS-Azide until ready
to begin ICC.

| rinsed the cells twice with 1x PBS, 5 minutesheac

| incubated the cells in blocking solution.

| incubated the cells in primary antibody dilutadolocking solution (from step 5)
overnight at 4°C.

| washed the cells with PBS three times for 5 neswgach at room temperature.

| incubated the cells in secondary antibody sofutior 1 hour at room

temperature, covered with foil.

| washed the cells with PBS three times for 5 neswgach at room temperature.

10.1 mounted the glass cover slip on a glass sliden witounting medium

(Vectashield). | stored the slides in the dark &€ 4vernight, to let excess

mounting medium dry, before viewing under microseop

For membrane bound protein detection, | omittetoniX in the entire process.

B. CO-Immunoprecipitation (CO-IP)

HEK293T cells or primary neurons were transfectéith the appropriate plasmids DNA

or siRNA by using Lipofectamine 2000 (Invitrogengells were cultured for an

additional 48-72 hours post transfection until Iswm@ady to perform the pull down

experiment.

Reagent, buffer and antibodies
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Lysis buffer (pH 7.4): 20mM Tris-HCL, 1% Triton X6D (add before using), 1 mM

EDTA, 1mM EGTA, 150 mM NaCl, protease inhibitor &tails 1X (50X stock solution,

Roche, add before using)

Protein G Sepharose beads (GE Healthcare)

Laemmli sample buffer 3x with 10@smercaptoethanol

Pull down antibodies used: monoclonal mouse antt-KBSHB, 1:200), mouse anti-HA

(Santa Cruz, 1:1000) or mouse anti-Flag (Sigma&)do}

Procedure (all on ice)

1.

2.

Cells were wash with cold PBS twice.

| aspirated off the PBS and added 1mL/10-cm plétgsts buffer. | collected the
cells into 1.5 mL tube. (use 500 pL for siRNA trimased cells to get higher
concentration protein)

Sonication to breakdown cells: | sonicated for teed for a total of 10 times
then cool down on ice for 1 minute. Repeated thigeeprocess for three times.

| centrifuged at 13K rpm for 25-30 minutes at 4°Che supernatant was
transferred to a new 1.5mL tube.

While waiting the centrifugation, | washed the pintG beads with lysis buffer
three times (low speed spin down), then topped VWygis buffer to the original
volume.

| added 3QL of pre-washed Protein G beads and pulldown adtibto
supernatant then incubated at 4°C on rotor ovetnigh

On the second day, | washed with lysis buffer Ze8rilow speed spin down).
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8. | added 3QuL 3X sample buffer and boiling for 10 minutes fddD&PAGE and

Western blot analysis.

C. SDS-PAGE and Western blot
Sodium Dodecyl Sulfate-Polyacrylimide Gel ElectropFsis (SDS-PAGE) gel were
freshly made in the lab and stored at 4°C till B&mnples were from freshly lysed cells

or from Co-IP.

Reagent, buffer and antibodies

SDS-PAGE gel

Running Buffer: 25mM Tris, 192mM Glycine, 0.1% SDS

Transfer Buffer: 25mM Tris, 192mM Glycine, 10% matiol

TBS Buffer: 20mM Tris, 150mM NacCl, pH 8.0

TBS-T: TBS with 0.05% Tween-20

Blocking Solution: 5% defatted milk in TBS-T

Primary antibodies used: mouse anti-Myc (DSHB, @)2@ouse anti-HA (Santa Cruz,
1:1000), mouse anti-Flag (Sigma, 1:1000), mouseAatin (MP Biomedicals, 1:5000),
rabbit anti-FARP1 (Santa Cruz, 1:250), mouse dMRP2 (Santa Cruz, 1:250), rabbit
anti-PIxnA4 (Abcam, 1:100)

Secondary antibodies used: anti-mouse IgG HRP (@Bltktare, 1:2000), anti-rabbit

lgG HRP (GE Healthcare, 1:2000)
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1. Samples were boiled in sample buffer for 10 mindites load into SDS-PAGE
gel for electrophoresis. Gels were ran at 90v @mdior 0.5 hours for stacking
and additional 1-1.5hours at 120v constant to star

2. Standard SDS-PAGE transfer buffer was used to feanwotein onto PVDF
membrane (Millipore) constant 30v overnight at 4tCconstant 90v 1.5 hours on
ice.

3. Membranes were blocked using 5% blocking solutBioRad) in 1x TBST at
RT for 1 hour or overnight at 4°C.

4. Membranes were then incubated in primary antibooves night at 4°C.

5. Blots were washed 3 times 10 minutes each with TBI$h incubated with
secondary antibody for 2 hours, covered with foll.

6. Then blots were washed 3 times 10 minutes each IxtiBST. Immunoblots
were developed using anti-mouse or anti-rabbit KPP (GE Healthcare, 1:2000)
followed by detection with chemiluminescence (Regrc

D. Molecular cloning

Mouse PIxnA3 cytoplasmic domain (C1, H/RBD or C2psence was amplified and
subcloned to expression vector: pCAG. Primers wgpexific designed and used in this
study (IDT) (see Table 3). PIxnA3 extracellular domfrom pcDNAS3.1 (-) was digested
and ligated with cytoplasmic domain in pCAG.

1. I amplified the specific PIxnA3 domain with PCR c&ans.

2. PCR products were cleaned up by using SpinPrep &@&R-up kit (Novagen), |

followed the protocol in the manufacture’s manual.
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3. After clean up, the PCR products and cloning veetere digested with the
appropriate restriction enzymes (Fermentas or Negldad Biolabs) in 37°C for
3.5 hours.

4. The digested product underwent electrophoresis.&%%0gel and | performed
DNA extraction using QIAEX Il gel extraction kit {yen).

5. I ligated the vector and DNA fragment with the Bgaenzyme overnight at 16°C.

6. Ligation products were transformed iB.coli strain DHW™ competent cells
(Invitrogen) and plated on LB agar plates with eauibillin (100 pg/mL) incubate
in 37°C overnight.

7. | screened the colonies and extract plasmid DNANu&leoSpin® Plasmid Kit
(Macherey-Nagel).

8. All plasmids were first validated with restrict gmze digest to check the insert
and vector size, and then sequenced (Genwiz) tiireothe DNA sequence.

9. | sequence validated plasmids were amplified witkixMculture prep. (Qiagen),
where | followed the protocol from the manufactsreianual and stored the DNA

at -20°C.

2.7 Imaging and data analysis

For each experimental condition/parameter, a twfé&0-50 neurons (n) were analyzed
from 6-12 independent cultures dissected from Grbrgos, taken from 3-plus timed

pregnant mice.

A. Confocal microscopy
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Z stack confocal images were taken from immuno#isoence stained neuron or
mammalian cell cover slips. | compiled confocaltZck data images then export to high
resolution tif files for analysis.
B. Sholl analysis
Sholl analysis was performed using the NIH Imagedl &holl Analysis Plugin
(http://www-biology.ucsd.edu/labs/ghosh/softwaref)ith the center of all concentric
circles defined as the center of cell soma. Shadllysis parameters are as follows: the
smallest radius was 10m, the largest radius was On, and the interval between
consecutive radii was pm. For each condition/parameter analyzed, a totad5e50
neurons, from 6-12 independent cultures, were tsedlculate the dendritic intersection
number per radii and averaged (Figure 6A). An eXanghd measurement is shown in
Figure 7.
| downloaded the Sholl analysis plugin and insthtte ImageJ.
1. | took the confocal images under Photoshop andudfreliraw the dendrites
tracing based on the images. | saved the tracedesnm gray scale because
Sholl analysis plugin requires grey scale image.
2. | opened the traced image in ImageJ, pre-set thie garameter by clicking
“Analyze — set scale”
3. Selected the “point” to indicate soma center
4. Started the analysis by clicking “Plugiars Sholl analysis”. Parameter option
will show up, clicked “OK” to start.
5. Numbers of dendritic intersections were saved awbrded for statistical

analysis.
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C. Total dendritic length and Dendrite Complexitgéx (DCI)

The total dendritic length was measured using tmeageJ plugin NeuronJ
(http://www.imagescience.org/meijering/softwarefmey), calculated in micronsun)
for, at least, 35-45 neurons, from 6-12 independeitiiures, per condition/parameter.
Dendritic order is defined as follows: primary dates were traced from the cell soma to
the tip of the entire dendritic length, and secondand tertiary dendrites were traced
from the tip to the dendritic branch point using ohé@ Photoshop CS6 software.
Dendrite lengths that were less than the diamédtdreocell soma should be disregarded.

The DCI measured by the following formula:

el Y. branc/itip orders + # branc/itips

- (# primary dendrites)(total dendrite lengt/z)
(47) (Figure 6B, 7).
1. I downloaded the NeuronJ Plugin and installed taged.
2. 1 opened Neurond Plugin by clicking “PlugisNeuronJ”
3. | opened the traced images from NeuronJ plugin.
4. | started to trace the dendrites by adding traomagually at beginning and the
end of interested dendrite. The program will trieedendrite automatically.
5. Measure the dendrites by clicking “ measure traging
| saved and recorded the dendrite length and mgme@inted the dendrite numbers.
D. Axon length
The axonal length was measured using the Imaged plitgin Neurond, calculated in
microns for a total of 10-15 neurons per constiauat across all genotypes. Cortical

neurons cultured for 6 DIV, followed by a shortat@ent (1.5hr) or long treatment (24-
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30hrs) of 5nM of AP-Sema3A followed with ICC. Ordxons expressing both SMI312
and Myc from neurons resembling pyramidal morphgplagre used for measurements.
E. Data analysis

Adobe Photoshop CS6 (or higher) was used for dqwiacings of neuron processes.
GraphPad Prism 5 (or higher) software was usedHerstatistical analyses of Sholl
analysis, total dendritic length DCI and axonalglén ANOVA followed by post-hoc

Tukey test and Student’s T test were used in thdys
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Chapter |11 Result

3.1 Specific Plexin-A4 cytoplasmic domains requlate cortical pyramidal

neuron dendrite e aboration

3.1.1 Plexin-A4 mutants expr essed as Sema3A receptor

To answer our ultimate question, why can Sema3AINRr{xnA4 mediate diverse
neuronal responses, our collaborator generatedaelR&nA4 mutants (see Materials
and Methods and Table 1 for details) to perforncfiomal analysis. These constructs are
Myc-tagged on the N-terminus and contain differemincated cytoplasmic domains.
Expression of mutant constructs needed to be coaflrbefore their introduction into
neurons and examination of the phenotype. Firg,dbnstructs were transfected into
HEK293 cells and the expressed protein was analyzedy Western blot. Second, co-
immunoprecipitation (CO-IP) was used to examine toastructs for their binding
affinity with the co-receptor Nrpl. Lastly, the @bructs were transfected into cortical
neurons to test their ability to insert into thd ceembrane as receptors.

The PIxnA4 constructs were first transfected intBKi293 cells for a Western
blot protein expression assay using an anti-Myabady against Plexin. As shown in
Figure 8A, PIxnA4 proteins were expressed in compiar levels. This result indicated
that PIxnA4 constructs were expressing the conpeatein, as detected by an anti-Myc
antibody.

Next, | tested the interaction between PIxnA4 aadbligate co-receptor, Nrpl.
Specifically, it was determined whether the bindaf@nity between PIxnA4 and Nrpl
changes after modifying the cytoplasmic domainnithe protein structure perspective,

given that we altered the Plexin structure via maomaor truncation of one or multiple
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domains, the structure may have changed, altehirgbtnding affinity. Such changes
may then block the signaling pathway. To test fos fpossibility, | co-transfected the
Plexin variants and Nrpl into HEK293 cells culturedMEM (+) media for 48 hours.
The cells were then lysed for CO-IP and Western atalyses following the protocol
described in the Methods section. The data shoha&tobinding was observed in PIxnA4
variants, even for the most truncated constra@T (Figure 8B). This result strongly
suggests that the interaction between modified Axand Nrpl was not changed. The
morphological alteration, if any, is therefore digethe blocking of the downstream
signaling pathway.

Lastly, the variants were transfected into pyrah@brtical neurons to determine
surface expression. As observed in Figure 8C,fath@ constructs were detected on the
neuronal surface without the use of Triton-X in tsi@ining procedure. This result
indicates that these PIxnA4 constructs were sutidgssransfected and able to express
on the cell membrane where the original PIxnA4 pémeis located. Taken together,
these PIxnA4 constructs expressed correctly andbiatt unchanged binding activity
with Nrpl. These constructs were then ready to riieduced into neurons for the

examination of domain function.

3.1.2 Plexin-A4 controls cortical neurons dendritic outgrowth and
branching

To further test the signaling and function of PlxhA the described system, |
examined whether re-introducing full-length PIxnf4PIxnA4 KO neurons rescued the
dendritic elaboration. Previous literature has ghdivat these PIxnA4-lacking neurons do

not respond to Sema3A stimulatid).(The in vitro culture system allowed me to tést t
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rescue of PIxnA4 function. Moreover, these PIxnA@ Keurons allow me to define the
minimal requirement of cytoplasmic domains to restignaling function.

The dissociated KO neurons were taken from E13.5sm@mbryos and were
transfected with full length PIxnA4 or GFP and ot in Neurobasal media for 6DIV.
At day 5, the neurons were stimulated with 5 nM &8 or an AP control for an
additional 24 hours. The neurons were fixed with B¥%A and double labeled with
immunofluorescent anti-Map2 (red, dendrite) and-Bhyic (green, plexin) or anti-GFP
(green) antibodies. The result showed that onlyrtberons overexpressing full-length
PIxnA4 with Sema3A treatment exhibited restoreddiigic elaboration (Figure 9A). The
neurons that were transfected with GFP or onlydtated with the AP control were not
able to promote dendrite growth. The quantificatioh more than 35 neurons was
performed using Sholl analysis, and both total déndlength and DCI were
significantly decreased in these neurons compare@urons transfected with PIxnA4 FL
and stimulated with Sema3A (Figure 9B-D). Thesailtessuggest that re-introducing
PIxnA4 can functionally re-establish the dendritegoowth phenotype in PIxnA4-null
neurons. These data also indicate that the exogebema3A stimulation is necessary for

signaling and promoting dendrite elaboration.

3.1.3 Plexin-A4 C1 and H/RBD domains are necessary for dendrite
elaboration

To examine which protein domain is regulating thseyved effect, | transfected
PIxnA4 constructs to KO neurons and analyzed thle@notypes. As shown in Figure 10-
1A, ACT-transfected neurons were unable to rescue dendgrowth and branching.

Interestingly, theAC1 domain- and\H/RBD domain-transfected neurons resulted in no
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or very little rescue in KO neurons. In contras€2 domain-transfected neurons fully
rescued the dendrite phenotype. Quantifying aleehmethods of measurement for
dendrite, | found dramatic decreases in N@&T-, AC1-, andAH/RBD-overexpressing
neurons. Howevern\C2-transfected neurons showed no significant diffee compared
to the FL PIxnA4-transfected neurons (Figure 10ED)B-This result suggests that the C1
and H/RBD domains are both important for dendrleosazation in cortical neurons
given that onlyAC2-transfected neurons were able to rescue theriteermanch and
growth.

Furthermore, using the same method, neurons thed tw@nsfected with single
cytoplasmic domain (C1, H/RBD or C2 only) were uealbo rescue the dendrite
elaboration phenotype (Figure 10-2A). Interestingtgurons transfected with C1 or
H/RBD alone exhibited higher dendritic intersectrmmbers, dendritic lengths and DCI
than neurons transfected with C2 alone (Figure BM2. This effect might be due to the
C1 and H/RBD domain being involved in promoting diete growth and branching or
the C2 domain inhibiting function. Taken togethiwe results suggest that the C1 and
H/RBD domains must both be present to respond tma3@& stimulation and fully
promote dendrite growth. The data also suggesttiigaSema3A/Nrpl/PIxnA4-mediated

dendrite promotion is controlled by specific PIxnddmains.

3.1.4 Plexin-A4 overexpression in WT cortical neurons

After examining the effects of PIxnA4 mutant reaptin KO neuron, | further
examined the gain-of-function effects of these mutaceptors in wild-type cortical
neurons. Upon overexpressing PIxnA4 FL, confocalgimg and dendrite quantification

showed that these neurons were similar to the GHidfiected neurons following
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treatment with Sema3A (Figure 11). In contrast,raes without Sema3A treatment
exhibited low dendrite branching and length. Thesuit suggests that PIxnA4
overexpression did not increase dendrite length lar@hching. That is, no gain-of-
function was observed when the construct was opeessed in cortical neurons. This
effect may be due to the limited number of endogenNrpl co-receptors in neurons
(Figure 12). Specifically, the overexpressed Plxreddl the endogenous receptor must
compete with Nrpl to form a functional complex. Prthe Nrpl/PIxnA4 complex
together with Sema3A can activate the downstreainzey.

After confirming that there was no gain-of-functidoe to the overexpression of
PIxnA4 FL, | tested the effects of the mutant camds in the neurons. As expected, the
ACT-, AC1-, and AH/RBD-transfected neurons showed a significant e in the
dendrite length and complexity (Figure 13-1A). bntrast, AC2-transfected WT neurons
exhibited a similar dendrite profile as the FL-statted neurons after Sema3A treatment.
These results support our previous PIxnA4 KO das the C1 and H/RBD domain are
involved in and required for the promoting dendrittnterestingly, neurons transfected
with the H/RBD domain alone exhibit a partial respe to Sema3A stimulation based on
Sholl analysis. In contrast, neurons transfecteth w1 or C2 alone retain low
intersection numbers (Figure 13-2). This resultassistent with the PIxnA4-/- finding
that Sema3A-mediated cortical neuron dendrite e&tlmm occurred via the C1 and
H/RBD domains. Taken together, these findings ssiggbat the activity of the
Nrp1/PIxnA4 functional complex is limited by endogeis Nrpl. The overexpression of
Plexin does not result in a gain-of-function. Aduhially, these results support and

validate our complementary in vitro systems.
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3.1.5 Plexin-A4 variants do not alter axonal length in cortical neurons

| have shown that Sema3A/Nrpl/PIxnA4 can mediatéaad dendrite branching
and growth. As shown in an earlier study, Sema3faing can affect cortical neuron
axon guidance in vivo4). | therefore considered whether PIxnA4 construdir a@xon
development in cortical neurons. To this end, cafltheurons were transfected with the
PIxnA4 construct and double-labeled with SMI312(raxon) and Myc (green, plexin).
In Figure 14, PIxnA4 FLACT, AC1, AH/RBD, andAC2 constructs are expressed in
axonal processes with or without Sema3A treatmeémterestingly, WT neurons
overexpressing PIxnA4 constructs did not show §igamt changes in axonal length
(Figure 14B). These data suggest that PIxnA4 coaistralter the dendrite signaling

pathway but not axon development in mouse cortiearons.

3.2 Plexin-A4 intracdlular associated protein RhoGEF FARP2

regulates dendrite arborization in cortical neurons

321 LVS & KRK motifs are necessary for cortical neuron dendrite
outgrowth

To further investigate the downstream signaling hpaty of
Sema3A/Nrpl/PIxnA4 and how it mediates diverseutalresponses, | considered two
very important motifs in the Plexin A4 cytoplasmeégion, LVS and KRK. As previously
reported, many small GTPase members, suctRad and Rndl, are involved in
Semaphorin/Plexin-induced axon guidan@®-61l). The LVS motif is a conserved
GTPase-binding motif in the H/RBD domain throughtie type-A plexin family (shown
as LVP in PIxnA1-A3). Moreover, LVS/LVP motifs habeen shown to be necessary for

axon repulsion and COS cell collapse following kiesignaling activation. However,
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the role of the LVS motif to Sema3A in pyramidalunen dendrite elaboration remains
unknown. Therefore, | tested whether this GTPasdibg motif is required for Sema3A-
mediated dendrite development. The PIxnA4 LVS matis mutated to GGAALVS)
with a myc-tag at the N-terminus. | used the samppra@ach as described above to
transfect mutanfALVS to both E13.5 WT and PIxnA4 KO mouse corticalrons. As
shown in Figure 15A-C, WT neurons transfected witle LVS mutant exhibit a
significant decrease in dendrite length, DCI, artdrsection numbers, from 10 to 60 pum.
Similar to the WT neurons, transfected KO neuromsenwunable to rescue the dendrite
phenotype. The data revealed a strong decreadeeidendrite length, DCI, and Sholl
analysis intersection numbers (Figure 15D-F). Tasilt suggests that the small GTPase
binding motif is critical for Sema3A-mediated codi neuron dendrite branching and
growth.

Another motif that might be involved in Sema3A/N#RIknA4 signaling is the
KRK motif. As previously shown, the conserved KRHKtihis the binding site for FERM
domains. FARP1 and FARP2 are FERM domain-contai®@ig-s (guanine nucleotide
exchange factor). These proteins have been shovasdociate with Plexin and to be
involved in Semaphorin/Plexin-mediated spinal mateuron dendrite outgrowth and
DRG growth cone collapsely, 45). | therefore tested whether the KRK motif also
promotes cortical neuron dendrite development @kamination of the function of
FARP1/2 will be discussed below). The PIxnA4 KRK tant (AKRK) contained a
replacement of the basic triplet KRK amino acid usage to AAA. As observed in
Figure 16A-C, the overexpression of KRK mutants petad for Nrpl with endogenous

PIxnA4, causing a strong decrease in dendrite termtd branching. All three
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guantification measures showed significant redusticompared to FL-transfected
neurons. Moreover, the KRK mutant was unable tecuegshe dendritic phenotype in
PIxnA4 KO neurons following Sema3A treatment (Fegi6D-F). This result suggests
that the KRK motif is necessary for cortical neudandrite elaboration. Taken together,
these experiments indicate that Sema3A-mediateticabidendrite growth is strictly
regulated by LVS, the small GTPase binding motifj & RK motif, through interactions

with downstream regulators.

3.22 FARP1 and FARP2 interaction with the KRK motif and
juxtamembraneregions

FARP1 and FARP2 are GEFs that are involved in matmacellular cascade
pathways, including Plexin-mediated dendrite outghoand DRG growth cone collapse.
To study the PIxnA4-mediated dendrite promotiomalong pathway, | first examined
the binding affinity of FARP1/2 for PIxnA4. FARP& & Rac-GEF protein that associates
with Plexin-A1(PIxnAl) through the conserved basimino acid motif, KRK 11).
However, no clear evidence has shown that FARP@sbwith PIxnA4 through the KRK
motif. FARP1 (Rho-GEF), a homologue protein to FARRas been shown to interact
with PIxnA4, but not Al, via its FERM and PH domsi@5). Both FARP1 and FARP2
have been shown to trigger downstream signalindRFA promotes dendritic growth in
spinal motor neuron through Sema6A/PlexA4; FARPAdbito the KRK motif on
PIxnAl and causes growth cone repulsion in DRGareurhis difference in these GEF
proteins might explain their opposing functionsSema3A/Nrp1/PIxnA4 signaling.

Here, | examined whether FARP1 and FARP2 can iotevath full length

PIxnA4 and the KRK mutant in vitro. HEK293 cells ngeco-transfected with Myc-
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tagged full length PIxnA4 or the KRK mutant with HAgged FARP1 or FARP2 for CO-
IP. By analyzing the resulting Western blots, led#td that the affinity between FARP2
and the KRK mutant significantly decreased, whef&RP1 maintained similar affinity
(Figure 17A). The quantification of four repeat ekments showed that the FARP2
interaction was reduced by approximately 55% whearacting with the KRK mutant,
but no reduction was observed for FARP1 (Figure)17TRis result suggest that FARP2
binds to PIxnA4 through the KRK motif, as showraiprevious studyl(l). However, as
the FARP2 and KRK mutant interaction was not cot@byeabolished, the binding is not
completely dependent on the KRK motif. In contrése, interaction between FARP1 and
PIxnA4 was not significantly reduced by any sindietion of the PIxnA4 cytoplasmic
domain,ACT, or mutation of the KRK motif (Figure 17A, C)wb additional PIxnA4
mutants were tested: theCT+AKRK construct, which replaced KRK with AAA in the
ACT mutant; and\CT + ATMC9, which contained a 9-amino acid deletion thatuded
KRK in cytoplasmic region ofACT (see Table 1). Interestingly, the interaction
dramatically decreased for both of these constr(figure 17D), suggest that FARP1
binding is not limited to the KRK domain. Taken eétiger, the experimental results
suggest that two GEFs, FARP1 and FARP2, are babcaded with PIxnA4, but with
different affinity levels, via the FERM domain atite KRK motif, with the assistance of

the juxtamembrane region.

3.2.3 RhoGEF FARP2, but not FARP1, is required for dendrite
elaboration

From previous research, it is known that FARP2 iscessary for

Sema3A/Nrpl/PIxnAl-mediated axonal repulsion inckén DRG neurons 1().



38

Alternatively, FARP1 is important for the promotiohdendrite growth in chicken spinal
motor neuron via Sema6A/PIxnA4 signalingp). These two opposing functions might
be due to their triggering of different pathways the cell. In this study,
Sema3A/Nrpl/PIxnA4 was also found to mediate opmpdunctions in cortical and
DRG neurons. | tested whether FARP1 or FARP2 ipaesible for promoting cortical
neuron dendrite growth. | therefore used siRNA nodk down FARP1 and FARP2 in
primary neurons to test the function of these GiaRke promotion of pyramidal neuron
basal dendrite growth in the context of the SemaBpal/PIxnA4 pathway. In this way, |
was able to see the effect of a lack of FARP1 oRP2 in cortical neuron dendrite
development.

For these experiments, cortical neurons were gtsteated with SIRNA against
FARP1 or FARP2 and GFP plasmid, grown for 5 DIVd dhen stimulated with 5 nM
Sema3A for an additional 24 hours. Western blotlysis showed the FARP1 and
FARP2 proteins were knocked down, as expected (€igB8A). The neurons that were
co-transfected with siRNA control showed normal dfége outgrowth in response to
Sema3A (Figure 18B) compared to Sema3A un-treagesioms. Interestingly, FARP2-
knockdown neurons showed a dramatic reduction ofldie elaboration (Figure 18B),
while the knockdown of FARP1 did not affect cortiaéendrite morphology. Sholl
analysis, as well as total dendrite length and G@ntification, was performed. ANOVA
analysis followed by Post-hoc Tukey’s test indidadesignificant decrease in dendrites in
FARP2-knockdown cortical neurons (Figure 18C-D)isTiesult suggests that FARP2 is

required for mouse cortical neuron basal dendritenption in the cellular level. These



39

data also suggest that FARP1 does not affect denddtgrowth in mouse cortical

neurons.

3.3 Extracdlular domains of Plexin-A4 control the binding-affinity for

Neuropilin-1

3.3.1 Modified extracdlular domains of Plexin-A4 variants affect dendrite
mor phology

The previous cytoplasmic region mutant binding gssshowed that all of the
modified PIxnA4 constructs had the same interactith Nrpl. This result suggests the
Nrp1/PIxnA4 interaction occurs outside the cell neame. This is similar to a previous
study in which Takahashi et al. showed that PIxnA2, and A3 interact with Nrp1 and
Nrp2 in the extracellular regiomY). To examine the interaction site, extracellularly
modified constructs were tested. Three extracellnatants were testedSema, from
which the extracellular Sema domain is deletélty, from which the extracellular Ig
domain is removed; anflecto, from which the entire extracellular portiodnRixnA4 is
removed (Table 1). In these experiments, | souglest which domain(s) is involved in
the PIXxnA4 and Nrpl interaction outside the cellntbeane. Plexin variants and Nrpl
were co-transfected into HEK cells for 48 hourg tlells were then lysed for Co-IP. The
result showed that regardless of the presence wia3&, PIxnA4 and Nrpl binding is
unchanged, suggesting that the ligand is not nacgess the holo-receptor interaction
(Figure 19A). In the binding assay, Nrpl was fotadind to the PIxnA4 FLASema,
and Alg proteins, but not witthecto (Figure 19B). This result indicates that theahd
Sema domains bind and interact with Nrpl indepethgeRlowever, when the entire

extracellular domain is removed, binding can ngy&moccur.
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Next, | further tested the effect of these threastacts on cortical neuron
dendrite branching. The culture experiments shotied Alg- and Aecto-transfected
neurons had a significant reduction in their deedroutgrowth (Figure 19C-D).
Interestingly, ASema-transfected neurons fully responded to SenmstBAulation. In
previous research, the Sema domain PIXnAl has Bhewn to auto-inhibit signal
transduction, whereas constitutive activation hasnbobserved imecto andASema
mutants, leading to axon repulsion and growth cookapse effect3). My results
suggest that the PIxnA4 Sema and Ig domains indkgmely interact with Nrpl.

Meanwhile, the Sema domain may prevent the actinaif PIxnA4, similar to PIxnAl.

3.4 Cloning new Plexin-A3 mutants and testing expression for each

mutants

3.4.1 Generation of Plexin-A3 variant constructs

Having identified the required intracellular domaiior PIxnA4 signaling and the
associated downstream regulators, | further andlygr®ther signaling pathway. PIxnA3
is another important receptor for Class 3 Semapkdgspecially for Sema3F) in central
nervous system development. Similar to PIxnA4 diggacomplex, PIXnA3 requires a
co-receptor, Nrp2. These proteins bind to form lmeceptor that responds to Sema3F.
To understand the mechanism behind this compleanstructed new PIXnA3 constructs
from a full length PIxnA3 sequence in a pcDNA3.Xlzone (Figure 20). The created
PIxnA3 constructs were similar to those used fonR#, i.e., a truncated cytoplasmic
region with a myc-tag on the N-terminus. Specifianer sets and restriction enzyme

cutting sites were designed for these construas {[&ble 2)
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3.4.2 Plexin-A3 mutants express properly on cortical neuron membrane

Before introducing the PIXnA3 constructs into newwoand examining the
phenotype, the construct characteristics need toonéirmed. First, the DNA size for
each mutant construct was confirmed by restricinnyme double digestion using Notl
and Nhel (Figure 21A). The results of this analysisfirmed that each construct was
successfully cloned to target the cytoplasmic domadlext, the constructs were
transferred to COS7 for the cell surface expressissay. The transfected COS7 cells
were fixed and labeled with an anti-Myc antibodythaut the use of Triton-X to prevent
opening of the cell membrane during the stainiragess. Confocal pictures (Figure 21B-
J) showed Myc signal on each transfected cell sarfahis result suggested that these
PIxnA3 constructs were able to express in COS eeltsreach the cell membrane to act
as a receptor. Furthermore, Western blot resuftthed PIxnA3 mutants showed that they
expressed properly in HEK293 cells (Figure 22A)e3én constructs were successfully
transfected and expressed the truncated PIxnAZipsof the predicted sizes. Co-IP
experiments also showed that PIxnA3 mutants exddiditigh affinity for the co-receptor
Nrp2 (Figure 22B, C). Lastly, cortical neurons weéransfected with PIxnA3 mutants,
which also localized the membrane based on theMytiantibody signal (Figure 22D).
Based on these observations, these Myc-tagged Bbawoplasmic region deletion
constructs were successfully designed, cloned, expdessed proteins of the predicted
size. Moreover, these proteins localized, as ptedjdo the neuronal cell membrane as
receptors. Thus, these constructs could then be fasethe next step, namely, PIXnA3

KO dendritic spine phenotype rescue experiments.
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Chapter 1V Discussion

Previous studies have shown that guidance cuekid® Semaphorins, mediate
diverse cellular responses by binding to diffemeeptor complexes during development
(28, 52-55). Thus, the same molecule can play different ralesugh a variety of
signaling partners and mechanisms, even targetifigreht population of neurons.
However, the mechanisms underlying how the sanmandiffeceptor complex mediates
different cellular responses is uncleari4, 17, 56).

In this study, | focused on the signaling mechanisinthe guidance receptor
PIxnA4 in the following ways: i) analyzing and chaterizing the role of different
cytoplasmic domains in response to Sema3A; ii) stigating important conserved
motifs and GEFs in the signaling pathway. The itesafl my study suggested that cortical
pyramidal neurons require the C1 and H/RBD domainBIxnA4 to mediate dendritic
branching and elaboration in the presence of Sem@BA data also indicated that the
LVS and KRK motifs are involved in the signalingtipaay. Analysis of the GEF
proteins FARP1 and FARP2 gave different results.il®VFARP2 is necessary for
dendrite outgrowth, FARP1 showed no effect on dégglin pyramidal neurons. These
data together demonstrate that specific cytoplastoimains and conserved motifs are
responsible for pyramidal neuron dendrite arbolratDownstream proteins, such as
GEFs, play important roles in triggering the sigmgicascade. Thus, further investigation
of these downstream effectors will be necessacpioplete the story.

Furthermore, | analyzed the PIxnA4 extracellulamdn’s interaction with Nrpl

and its effect on dendritic development. The rasatftthis series of experiments suggest
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that the Sema and Ig domains may independentlyaicitavith Nrpl. Additionally, the
Sema domain may play a role in preventing PIxnA#ation.

Lastly, newly constructed PIxnA3 mutants were eatdd for their characteristics
were confirmed to bind their co-receptor. PIxnA3tamis were ready to test in cortical

neurons for spine morphogenesis.

4.1 Distinct cytoplasmic domains mediate neuron dendrite development

Sema3A/Nrpl/PIxnA4 signaling was originally discoe in a study of axonal
repulsion. Recent research has shown that PlexidsSemaphorins are involved in
different systems, such as cardiovascular develapmeamune system function, cell
migration, and even cance33(-35). These studies suggest a flexible signaling tatalf
the Plexin receptor complex. Yet, the mechanismedyiohg how the ligand/receptor
complex Sema3A/Nrpl/PIxnA4 mediates the oppositegareal response is not clear. In
this study, | showed for the first time that thexriA4 cytoplasmic C1 and H/RBD
domains are required for promoting mouse pyramilron dendrite outgrowth at
embryonic stages. The C2 domain, in contrast, doesffect dendritic arbor and length
as no effect was observed upon its deletion (FigOrd). Alternatively, Dr. Yaron’s lab
in Weizmann Institute of Science Israel (our cadiettors) showed that the H/RBD and
C2 domains are important and trigger DRG neuromtir@one collapsesy). Therefore,
the same ligand/receptor pair mediated opposingonalresponses during development
via different signaling pathways. In addition, tee®mplementary experiments in DRGs
and cortical neurons serve as mutual controls aditate that PIxnA4 mutants remain
functional receptors. For example, PIxnA4 withobe tC2 domain is sufficient to

promote cortical neuron dendrite growth but cantenise DRG growth cone collapse.
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This result indicates that the dysfunction of thatamts was not due to protein mis-
folding or a change in protein trafficking giveratithey can still properly trigger cellular
responses in the other system. To further investitias effect, one further direction will
be determine how these different mechanisms ardategl in specific neuronal types. It
will be interesting and important to understand thbe a dominant pathway or specific
molecules are involved and trigger signal transdact

In addition, previous studies have revealed that @1 and C2 domain from
PlexinAl and B1 share sequence similarities wite BadPase activating proteins (GAPS)
(30, 58). When the small GTPase Rnd1 is recruited and shovassociate with H/RBD
domain on the LVS motif, C1 and C2 display GAP\attito enhance hydrolysis of GTP
to GDP, which lead to the switching off downstreamgnal transduction. Interestingly,
while removing the PIxnA4 C2 domaim\€2), my data suggest the PIxnA4 variant
functions the same as WT and did not lower cortigalron dendrite elaboration (Figure
10-1, 13-1). Does that mean PIxnA4 mediate cortimalron dendrite elaboration does
not require GAP activity to turn off the signal? eranswer is still unclear and three
reasons may explain the phenomenon: 1) Unident@&ds may exist in the system to
help turn off GTPase activity. So far, PIxnAs hagiv shown to associate with multiple
small GTPasesRac, Ras, Rndl) in the signaling pathway3Q). In 2012, a RacGAP
protein, p2-Chimaerin, has been found to selectively bind drp2 in
Sema3F/Nrp2/PIxnA3 system and is necessary for axoning in mouse hippocampal
dentate gyrus (DG)50). The growing list of Plexin downstream bindindeetors may
include unidentified GAPs that could help speedsnopall GTPase hydrolysis. 2) Rndl

GTPase activity is slowly turned off by self-hydrsis. Even without GAP activity, small
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GTPase can still switch from the on state to tHestdte by self-hydrolysis at a much
slower rate. Although my data suggests there isigiificant difference between FL and
AC2 transfected neurons, it might explain the shgldwered dendrite growth shown in
the data obtained from th®C2 construct. 3) C1 domain may display partial a#sP?
activity. Previous studies in the PIxnAl, B1, CH&1l show that LRR amino acid motif
on the C1 domain and LRF motif on the C2 domainesisential for catalytic activity for
Ras GAP 0, 61). When all three Arginines were mutated to AlaniR&exins failed to
display Ras GAP activity. In my experiments, | éestwo extra mutants for GAP activity:
PIxnA4 ARRAA, which only mutates Arginine to Alanine on @4 domain and PIxnA4
ARA, which only mutates Arginine to Alanine on th@ Gomain (Figure 23). My data
shows PIxnA4 RRAA mutant has lower dendrite elabonain the WT neurons and is
unable to rescue the dendrite phenotype in PIxn@ni€urons. The Sholl analysis result
of PIxnA4 RRAA is almost identical to theL VS mutant. On the other hand, the PIxnA4
RA mutant shows a partial rescue of the KO neurrddte phenotype. According to the
data, an LRR motif on the C1 domain may be ableattially display Ras GAP activity.
Therefore, these reasons might be able to explam kvhile removing the entire C2
domain, the construct is still able to promote icait neuron dendrite growth and
branching. Further GAP activity experiments ardl sgquired to determine which

reason(s) is/are the real situation.

4.2 Downstr eam effector s change dendrite arborization

The conserved LVS motif has been shown to clogselract with small GTPases
such asRacl, Rndl andRas, in axon guidance. The KRK motif has been shown to bind

with the FERM domain in FARP1 and FARP2, which fimt as GEFs to activate small



46

GTPases such dacl. These two motifs have been shown to be importaraxonal
guidance and neuron development in a non-cortieatan (1, 30, 45, 49-51). No clear
evidence shows how the two motifs in PIxnA4 aretedl to cortical neuron dendrite
development. In this study, my data showed foffitisé time that both the LVS and KRK
motifs are required for dendrite morphogenesis wuse cortical neurons. My results
clearly showed that mutating either motif leadsatsignificant reduction in dendrite
length and branching (Figure 15, 16). The mechanisiderlying PIxnA4-mediated
cortical neuron dendrite promotion most likely beggivith activated GEFs, which then
trigger the small GTPase exchange mechanism, fr@® @ GTP, recruiting another
small GTPase then leading ultimately to bindinghef H/RBD domain (Fig 21). Further
experiments are require to understand the diffenethanisms of dendrite promotion
and growth cone repelling.

Further investigation of the FERM-containing praeeFARP1 and FARP2 showed
that only FARP2 could trigger cortical neuron detedoutgrowth (Figure 18). FARP1
and FARP2 have previously been shown to bind PlxaAd Al, which are involved in
DRG and spinal motor neuron developmeti, @5). My data demonstrated that these
two related GEFs associate with PIxnA4 in a difién@manner. FARP2 strongly binds to
the KRK motif but requires additional sequencesh@ PIxnA4 cytoplasmic domain to
stabilize binding. Alternatively, FARP1 binding isaltered by mutations in the KRK
motif. However, the removal of the entire PIxnA4taplasmic domain, including the
KRK motif, abolishes the interaction between FAR&1d PIxnA4 (Figure 17). This
effect likely occurs because FARP?2 is needed teodiate from PIxnA4 upon activation;

therefore, its binding is looser than that of FARRhbich functions while still bound to
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the receptor 1). In addition, the KRK motif is located next toetitransmembrane
domain, which was present in all of the PIxnA4 miga includingACT. This result
suggests that although FARP2 is recruited throlnghKRK motif, it is insufficient to
trigger downstream signaling and generate the leelhesponse without the cytoplasmic
domain(s).

Furthermore, recent research has demonstrated FARB involved in regulating
excitatory synapse number and spines by actingugfiroGTPaseRacl and the
downstream synaptogenic adhesion molecule SynCA& Thus, whether FARP1 will
play a role in dendritic differentiation or dendritemodeling at a later developmental
stage still needs to be examined. In addition emeay be other unknown FERM-domain
containing proteins that interact with PIxnA4 thgbuKRK and that affect cortical neuron
dendrite growth and branching. Future experimesush as protein mass spectrometry,
are necessary to investigate and analyze the gpdoivnstream signaling effectors that

are involved in the dendrite elaboration pathway.

4.3 Signaling pathway is highly requlated by Ectodomains

Sema3A mediates neuronal responses that requir®IXing as holoreceptor$£g).
Previous studies have shown that PIxnAl interadis Mrpl mainly in the ectodomains.
Upon deleting the extracellular domain, bindingnesn PIxnAl and Nrpl was abolished
(3). However, no published evidence has defined tarantion site between PIxnA4 and
Nrpl in mouse cortical neurons. In my study, altheff cytoplasmic domain mutants were
still able to interact with Nrpl (Figure 8).Moreayeny preliminary data showed that
both the Sema and Ig domains could independentityant with Nrpl. However, when

the ectodomains were completely deleted, no interaevas detected with Nrpl in the
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Co-IP assay (Figure 19). This result is similathite previous PIxnAl model, suggesting
that PIxnA4 may interact with Nrpl in a similar nm&n @). My data also support the
previous Nrp structure data, specifically, thatdimg between Nrp and PIXnA involves
the interaction multiple domaindZ). More recently, a crystalized structure showedINr
bridging the Sema domain of Sema3A and PIxnA2 aadilizing the heterotrimer
complex @3). Together, these data suggest that the extrémeliomain interaction is
highly regulated and necessary for the receptowitgng the correct binding partner.
Without the Nrpl binding to PIxnA4, Sema3A-mediatézhdrite promotion would not
occur.

Furthermore, Takahashi et al. indicated that PIxn&\hutoinhibited by its own
Sema domain3d). Upon removal of the Sema domain or entire ectmlos, PIXnAl is
constitutively active and induces growth cone sk Interestingly, my data showed
that only the PIxnA4ASema mutant leaves dendritic arborization unchangethe
presence of Sema3A, whereas thEcto andAlg mutants cannot promote dendrite
growth. No constitutive promotion of dendrite grovaccurs in the\Ecto mutant (Figure
19). This difference likely occurs because dendsiamotion and growth cone collapse
act through different pathways. Although the Senomain may autoinhibit PIxnA4
activation, the PIxnA4ASema mutant is not fully functional in triggeringndiritic
arborization in cortical neurons. Further experitsean PIxnA4 KO neuron rescue
without Sema3A treatment are needed to investithat&Sema domain’s autoinhibition of
PIxnA4. Additionally, the crystal structure of theceptor complex is also required to

reveal the details of the binding between the ldgand holoreceptor.
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4.4 Plexin-A3 mutant may unvell the pathway of dendritic spine

for mation

PIxnA3 is a membrane-bound receptor that has bé&emvrs to interact with
Sema3F/Nrp2 to mediate cortical neuron dendritienespinhibition and regulate
hippocampal axonal projectio,(64). Dr. Tran’s data showed a similar aberrant spine
phenotype in Nrp2 KO mice and Sema3F KO mice. ldlitamh, the preliminary
behavioral data from Nrp2 KO mice in our lab ar@sistent with Dr. Shiflett’s results
showing these mice to be lacking in instrumentarieng ability. Furthermore, recent
research also indicated that Fragile X syndromeenmiave an increased number of
immature spines and synapses in pyramidal neu$%6). Fragile X syndrome is a
common inherited mental retardation disorder. WitherFMR1 gene, which encodes the
fragile X mental retardation protein (FMRP), is afs or mutated, Sema3F mRNA
cannot unwind, possibly lowering Sema3F translafs). Therefore, it is possible that
the PIxnA3 pathway does not activate and lead talsrant spine phenotype. Based on
the available data, PIxnA3 shows the ability toutate cortical neuron spine formation
and hippocampal axon projection, effects that mayclosely related to learning and
memory function. Like PIxnA4, the downstream sigmal pathway of
Sema3F/Nrp2/PIxnA3 in the context of neural develept has not been clearly defined.
Here, | began this analysis by cloning new PlexABants and validating the features of
the expressed protein. | will next be able to penfdunctional analyses to define the

mechanisms underlying how Sema3F/Nrp2/PIxnA3 inkispine morphogenesis.
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Figure 1.

Dendrites. .

Figure 1. Confocal image of wild-type (WT) E13.5 mouse primary cortical neuron
Neuron stained for both Myc (for PlexinA4, greenhda SMI-312 (panaxonal
neurofilament marker, red). Scale bar, 20 um.
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Figure 2. Schematic representation of Semaphorinsand their receptors

Here showed five classes of vertebrate Semaphndghe major holoreceptor complex
required for Semaphorin mediated neuronal respor@al/ class 3 Semaphorins in
vertebrate are secreted form Kolodkiral. (9)
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Figure 3.
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Figure 3. Schematic receptor complex for Sema3A

Nrpl is the obligate binding receptor for Sema3AxnR4 and Nrpl forming
holoreceptor andignal diverse cellular responses through intrat@lldomains: C1, H/RBD
and C2Figure modified form Kolodkiret al.(9)
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Figure4.
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Figure4. lllustrate signal transduction of type A Plexin
Summary of known signal transduction and effectmssociate with PlexinA. (Figure
modified form Traret al.) (30)
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Figureb5.
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Figure 5. lllustration of dissection and isolation of cortices from the E13.5 mouse
embryo

(A) Removed the head of embryo with a transversednitgd lines) in a 35 mm tissue
culture dish with ice-cold L-15 medi@B) Peeled off the skin and future skull tissues
starting from the posterior end (arrows) of the chéawards the anterior (dotted-line
arrow). (C) The entire cerebral cortex and the brain stem wgpmsed. Using a No. 5
forceps (at a 45° angle) underneath the intachlaad brainstem to separate and remove
them from the ventral side of the embryo’'s hedD-E) Separate the cerebral
hemispheres from the brainstem by making smallsions along the side of the
hemisphere (dotted-lines)(F) Pinched off the olfactory bulb, and remove the
diencephalon and future midbrai(G) Rotated the hemisphere, and then use forceps
peeled away the pia meningeal tissue with bloodeles H) The isolated cortices are
opaquely white.
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Figure®6.
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Figure 6. Schematic of Sholl analysisand DCI branch order

(A) Diagram of Sholl analysis which measure the comtiion of dendrite length and

branch. Neuron 1 has higher intersection numberesgmt longer dendrites and more
dendrite branch than neuron (B) Diagram illustrating branch order for DCI analysis
Each branch tip is assigned a number (0-4) thaaleghe number of times a primary
dendrite branches to produce the branch tip.
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Figure 7. lllustration of dendrite measurement in three distinct analysis methods

(A-D) Representative confocal micrographs of dissociatatical neurons from E13.5
wild type mouse embryos. Neurons were transfectéd ®FP DNA construct and
culture for 5 DIV and stimulate with 5 nM of Sema®#oteins or control medium for
additional 24 hours. Neurons were fixed and doldideled with GPF (green) and MAP2
(red). €) Sholl analysis illustrates the average dendritiersections at defined distances
away from the center of the cell bodys, G) Quantifications of the total dendritic length
(F) and dendrite complexity index (G) are showmal& bar = 20um in D for A-D. Error
bars, £S.E.M; unpaired two tails T-test was perfedmn E-G. Comparisons between
Sema3A treatment vs. control, *P<0.01 in (E), *¥Q in (F, G).
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Figure 8. Validation of PIxnA4 mutants constructs

PIxnA4 mutants were transfected to HEK293 cellstucal for 48 hours (A, B) or
transfected to mouse cortical neurons culture & @@y to test out the protein expression.
(A) Western blot of PIxnA4 mutants with anti-Myc amitty. (B) CO-IP for PIxnA4
mutants and Nrpl. Protein were pull down by amgfand blotting with anti-Myc and
anti-flag antibodies(C) PIxnA4 mutants expressed on cortical neuron sarfBl@urons
were fixed andtained with Myc antibody (green) without permeahtion
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Figure 9. PIxnA4 KO neurons dendritic growth and branching defects can be
rescued by PIxnA4 and Sema3A in culture

(A) E13.5 PIxnA4 KO cortical neuron were dissected aadsfected with Myc-tagged
PIxnA4 FL or GFP and treated with 5 nM AP (-Sema3k)AP-tagged Sema3A
(+Sema3A) for 24 hours and stained for Myc (greanil MAP2 (red). (B to D)
Quantification of dendritic growth and branchinghoB analysis(B), total dendritic
length (C), and DCI(D). Scale bar, 2@um.Data are means + SEM from three to four
independent cultures of each construct, with 40omeieach were analyzed. Compared
with PIxnA4 FL + Sema3A: in (B), P < 0.01 for PIxXAAL — Sema3A (*), GFP +
Sema3A (1), and GFP — Sema3A (#); in (C) and ([P),<*0.001; one-way analysis of
variance (ANOVA) followed by post hoc Tukey test.



59

Figure 10-1.
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Figure 10-1. Distinct PIxnA4 cytoplasmic domains regulate dendritic morphogenesis

of PIxnA4 KO cortical neurons

(A) Representative confocal figures of primary cotticaurons from E13.5 embryos
transfected with Myc-tagged PIxnA4 FL or mutantsce@xpression of PIxnA4 was
detected in soma and dendrites (white arrows) as w&h MAP2 (red) and Myc (green)
labeling. (B to D) Quantification of dendritic growth and branchirgholl analysis (B),
total dendritic length (C) and DCI (D). Scale k20um in (A). For every construct, N = 3
to 4 independent cultures, 35 neurons were analyRath are means + SEM. In (B)
P<0.01 for all comparisons between PIxnA4 FL &@IT (*), AC1 (1), AH/RBD (#);
P<0.01 forACT compared witAC1 (0), AH/RBD (x). In (C), (D) *P < 0.001, versus
PlxnA4 FL; P < 0.05, versus ACT; one-way ANOVA followed by post hoc Tukey test.
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Figure 10-2. Distinct PIxnA4 cytoplasmic domains regulate dendritic mor phogenesis

of PIxnA4 KO cortical neurons

(A) Representative confocal figures of primary cotticaurons from E13.5 embryos
transfected with Myc-tagged PIxnA4 FL or mutantsie@xpression of PIxnA4 was
detected in soma and dendrites (white arrows) as w&h MAP2 (red) and Myc (green)
labeling. (B to D) Quantification of dendritic growth and branchirgholl analysis (B),

total dendritic length (C) and DCI (D). Scale 20um in (A). For every construct, N = 3

to 4 independent cultures, 35 neurons were analyR2ath are means +

P<0.01 for all comparisons between PIxnA4 FL a&i (*), C1 only (1), H/RBD only
(#); P<0.01 foACT compared with C1 only (0), H/RBD only (x). In}&D) *P < 0.001,
versus PlxnA4 FL; P < 0.05, versus ACT; one-way ANOVA followed by post hoc

Tukey test.

SEM. In (B)
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Figure 11. No gain-of-function in PIxnA4 overexpressed WT neuron

(A) Representative images of WT E13.5 mouse cortieatans transfected with Myc-
PIxnA4 FL or GFP. Neuron stimulated with AP-Sema@ema3A) or with AP-alone
control (-Sema3A) and stained for Myc (green) andP (red).(B) Sholl analysis of
average dendritic intersectio(€) Quantification of total dendritic length ari®) DCI.
Scale bar, 20m. Data are means + SEM from four independent medtwith 50 neurons
each were analyzed. Compared with PIxnA4 FL + SémaB(B), P < 0.01 for PIxnA4
FL — Sema3A (*), GFP + Sema3A (t), and GFP — Sem@3Ain (C) and (D), *P <
0.001; one-way ANOVA followed by post hoc Tukeyttes
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Figure 12.
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Figure 12. Schematic diagram of activate receptor complex in PIxnA4 over expr essed

neurons
Schematic diagram illustrating limited level of RR4 can forming activate receptor
complex due to the number of endogenous Neuropilfirpl). Overexpressed PIxnA4

without binding Nrp1 won'’t be able to start sigmaji
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Figure 13-1.
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Figure 13-1. PIxnA4 cytoplasmic domains regulate wild-type cortical neuron
dendrite arborization

(A) Myc (green) and MAP2 (red) double staining in wait neurons dissociated from
E13.5 embryos, transfected with Myc-tagged PlxnAdiants, and treated with 5 nM
Sema3A for 24 hours. White arrows: PIxnA4 expraessinsoma and dendrite to D)
Quantification of dendritic growth and branchingabsis: sholl analysis (B), total
dendritic length (C) and DCI (D). Scale barug®in (A). For every construct, N =3 to 4
independent cultures, least 50 neurons were arthfggeeach mutant. Data are means +
SEM. In (B) P<0.01 for all comparisons between R&rFL and ACT (*), AC1 (%),
AH/RBD (#); P<0.01 forACT compared witm\C1 (o), AH/RBD (X). In (C), (D) *P <
0.001, versus PIxnA4 FL; P < 0.05, versus ACT; one-way ANOVA followed by post
hoc Tukey test.
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Figure 13-2. PIxnA4 cytoplasmic domains regulate wild-type cortical neuron
dendrite arborization

(A) Myc (green) and MAP2 (red) double staining in wait neurons dissociated from
E13.5 embryos, transfected with Myc-tagged PlIxnAiants, and treated with 5 nM
Sema3A for 24 hourgB to D) Quantification of dendritic growth and branchinabysis:
sholl analysis (B), total dendritic length (C) abB€l (D). Scale bar, 2dm in (A). For
every construct, N = 3 to 4 independent culturesst 50 neurons were analyzed for each
mutant. Data are means = SEM. In (B) P<0.01 forcathparisons between PIxnA4 FL
andACT (*), C1 only (1), H/RBD only (#); P<0.01 f&xCT compared with C1 only (0),
H/RBD only (x). In (C), (D)*P < 0.001, versus PlxnA4 FL; 1P < 0.05, versus ACT; one-
way ANOVA followed by post hoc Tukey test.
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Figure 14. Axonal length does not affected by Sema3A/PIxnA4 mutant signaling in
wild-type cortical neurons

(A) Representative confocal micrographs illustrate WIB.& primary cortical neurons
transfected with PIxnA4 FLACT, AC1, orAH. These neurons were treat with 5nm AP-
Sema3A (+Sema3A) or AP-alone (-Sema3A) and staiftedSMI312 fan-axonal
neurofilament marker)Scale bar = 20 um in A. Arrowheads, soifig. Quantification of
Axonal length with Sema3A treatment (1.5 holQr every construct, n=3 independent
cultures with a total of 15-18 neurons were analyZ@ata are means + SEM; one-way
ANOVA was performed followed by post-hoc Tukey test
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Figure 15.
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Figure 15. The LVS motif isrequired for Sema3A/PIxnA4 mediated dendritic arbor
PIxnA4 FL, ACT or ALVS were transfected into WT or PIxnA4 KO cortigaurons
culture for 6 DIV and treat with 5nm Sema3A. Newrdhen fixed and stained with Myc
(green) and MAP2 (red)A, D) Representative confocal pictures of PIxnA4 tractsfe
neurons, (A) WT, (D) PIxnA4 KO neuron@, E) Sholl analysis quantified the number
of dendritic intersectiongC, F) Quantification of total dendritic length and D@IWT
and KO neurons. Scale bar = 20 um in D. Data arensiy& SEM from four to five
independent cultures in which a total 35 neuronewe@alyzed per PIxnA4 variant. In (B)
and (E), *P < 0.01 for PIxnA4 FL versud VS, TP < 0.01 foACT versusALVS. In (C)
and (F), *P < 0.001 versus PIxnA4 FL; one-way ANOYowed by post hoc Tukey
test.
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Figure 16.
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Figure 16. The KRK motif is necessary for Sema3A/PIxnA4 mediate dendrite
promoting

Dissociated WT or PIxnA4 KO neurons were transiéctgth PIxnA4 FL, ACT or
AKRK and culture 6DIV. Neurons treated with 5nm S8/kaand stained with Myc
(green) and MAP2 (red)A, D) Confocal pictures of PIxnA4 transfected neurory, (
WT, (D) PIxnA4 KO neurons. (B, C, E, F) Quantificat of WT or PIxnA4 KO neurons’
dendritic growth and branching: sholl analyds E), total dendritic length and DQC,
F). Scale bar = 20 um in (D). Data are means + Skivh flour independent cultures in
which at least 35 neurons were analyzed for eaghA2l mutant. In (B) and (E), *P <
0.01 for PIxnA4 FL versuaLVS, TP < 0.01 foACT versusALVS. In (C) and (F), *P <
0.001 versus PIxnA4 FL; one-way ANOVA followed bggt hoc Tukey test.
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Figure 17. FARP1 and FARP2 interact with PIxnA4 KRK and additional
juxtamembrane region

(A) CO-IP between Myc-tagged PIxnA4 FL AKRK and HA-tagged FARP1 or FARP2
in HEK293 cells. Arrow in the blot indicates myceRins. IP using anti-HA antibody for
pull down and mouse IgG for contr¢B) Quantification of pull down ratio; Error bars,
+SEM *P<0.05, two-tailed Student's T tesised to analyze the ratio (n=4(C)
Additional CO-IP between Myc-tagged PIxnA4 constsuwith HA-tagged FARP1 in
HEK293 cells.(D) Western blot of CO-IP between new PIxnA4 constumtd HA-
FARP1 in HEK293 cells. Blot is representative akthexperiments.
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Figure 18. FARP1 and FARP2 siRNA knockdown: FARP2 is required for cortical
neuron dendrite arborization

(A) Validation of siRNA knockdownWestern blot for PIxnA4, FARP1, and FARP2
abundance in whole cell lysates of cortical neurbrosm WT E13.5 mouse embryos
transfected with either a control siRNA, siRNA agsi FARP1, or siRNA against
FARP2.Arrow indicate the FARP proteins. Small ifdeng RNAs effectively reduce
expression of FARP proteingB) Representative images for siRNA and GFP co-
transfected WT cortical neurons. All Neurons weoelde labeled with anti-GFP (green)
and anti-Map2 (red). FARP2 Knockdown neurons wdrewsng much less dendrites
while control and FARP1 knowckdown have no sigmific effects on the dendritd€)
Sholl analysis of dendrite arbof®) Quantification of total dendritic length and D@ f
control and knockdown neurons. Only the FARP2 kdogkn neurons showed the
significant shorter in total dendritic length ands$ complexity in DCI. Three
independent cultures and 35 neurons for each condiwere analyzed. Error bars,
+S.E.M; one way ANOVA, and post-hoc Tukey test(@),*p<0.05; in (D), ***p<0.001,
Scale bar = 20um.
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Figure 19. PIxnA4 extracellular mutants change Nrpl binding and alter cortical
neuron dendritic arbor
(A, B) Flag-Nrp1 and Myc-PIxnA4 construct were co-transte HEK293 cells. After 48
hours, cells were lysed and IP using anti-Myc amdip In (A), cells treated with 5nm
Sema3A or AP-along for 6 hours before lysed. Nded#nt were found. In (B), no
Sema3A were treated. No interaction between NrpHd #&ixnA4 AEcto. (C)
Representative images of WT E13.5 mouse corticalrams transfected with Myc-
PIxnA4 FL or ecto mutants. Neuron stimulated wigna3A and stained for Myc (green)
and MAP2 (red)(D) Quantification of dendritic intersections in Shafialysis. Scale bar,
20um. For every construct, n = 3 to 4 independentucedt, ~50 neurons were analyzed.
Data are means + SEM. In (D), P<0.01 for all conguans between PIxnA4 FL andCT
(*), AEcto (), Alg (#); one-way ANOVA followed by post hoc Tukey test.
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Figure 20.
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Figure 20. Schematic view of cloning strategy
Diagram illustrates the strategy of making the ndyc-tagged PIXnA3 constructs from
Myc-PIxnA3 FL.



Figure 21.
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Figure 21. Validation of PIxnA3 constructs

(A) New PIXnA3 constructs restriction enzyme doubigested using Notl/Nhel. Red
arrow: backbone (pCAG 4.8Kb); Blue arrow: ecto dom@.7Kb). White arrowACT
(303bp). Other construct’s cyto-domaixC1 (1587bp)AH (1353bp),AC2 (1293bp), C1
only (678bp), H only (915bp), A3 C2 only (975h(B-J) PIxnA3 mutants transfected to
COS?7 cells for 48 hours and stained with anti-Mgtaleody either with Triton-X or no

Triton-X. Scale bar, 20m.
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Figure 22.
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Figure 22. Validation of PIxnA3 mutants protein expression and interaction with

Nrp2

(A) Western Blot of PIXnA3 mutant proteins. PIxnA@riants were transfected into
HEK293 cells for 48 hours and lysed for westerrt Bksay using anti-Myc antibod{B-
D) CO-IP and western blot for PIxnA3 and Nrp2. PIxn&Btants and Nrp2 were co-
transfected in to Hek293 cells for 48 hours anedy®r IP. (B) FL and\CT pull down
with anti-Myc antibody. (C) FL andCT pull down with anti-Flag antibody. (D) FL and
rest of PIxnA3 mutants pull down with anti-Flagiaody. (E) Neuron surface expression
staining. Representative images of WT E13.5 mowstcal neurons transfected with
Myc-PIxnA3 FL or PIXnA3 mutants. Neurons culturemt 6days and stained for Myc
(green) with anti-Myc antibody with no Triton-X. &e bar, 20m.
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Figure 23.
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Figure 23. C1 domain LRR motif isnecessary for Ras GAP activity

Dissociated cortical neurons were transfected WitknA4 ARRAA or PIxnA4 ARA,
cultured for 6DIV and stimulate with 5nM Sema3A &t hours. Sholl analysis results of
average dendritic intersections in (A) WT neuroB¥ RIxnA4 KO neurons. N =3 to 4
independent cultures, least 30-50 neurons wergzgtfor each mutant. Data are means
+ SEM.



Table 1. Plexin-A4 Constructs
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Table 2. Plexin-A3 Constructs
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Table 3. Primer set for Plexin-A3 cloning
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REV

Primer | Sequence Tm(°C)
1 FWD | CCC CTCGAG GGGCTAGC AGCAGGGGGC 64.5
Xhol Nhel
2 REV | CCC GGCCGGCC TGGGGGGAGTATCCAGCTCCTTGA 63.3
Fsel
3 FWD | CCC GGCCGGCC GGTCCTATTGATGCCATAACAGGCG 59.7
Fsel
4 REV | CCC GGCGCGCC CTGAGACCATCTTGCTGCCGC 60.9
Ascl
5FWD | CCC GGCGCGCC GAAATATATCTCACAAGGCTGCTGG 55.7
Ascl
6 REV | CCC GCGGCCGC GAATTC TCAGCTGCTGCTGGACA 56.9
Notl EcoRl
7REV | CCC GGCCGGCC CTTTCTCCATCTGCTGCTTGATGGCGC 63.7
Fesl
8 FWD | CCC GGCCGGCC TCAGAAATATATCTCACAAGGCTGCT 55.9
Fsel
9 REV | CCC GCGGCCGC GAATTC TGAGACCATCTTGCTGCCGC 60.4
Notl EcoRl
10REV | CCC GCGGCCGC GAATTC TTTCTCCATCTGCTGCTTGATGGCG 63.5
Notl EcoRl
11REV | CCC GCGGCCGC GAATTTCA GGGAGTATCCAGCTCCTTGA 59.1
Notl EcoRl
pCAG- | AGAGCCTCTGCTAACCATGTT 56.1
CFWD
PIxnA3 | CACCTGCTTCTCACTCAGGA 56.5




79

References

1. V. Fenstermaker, Y. Chen, A. Ghosh, R. YustguRation of dendritic length and
branching by semaphorin 3AlL,Neuraobiol. 58, 403—-12 (2004).

2. T. S. Traret al., Secreted semaphorins control spine distributiah a
morphogenesis in the postnatal CN$ature 462, 1065-9 (2009).

3. T. Takahashi, S. M. Strittmatter, PlexinAl Auatabition by the Plexin Sema
Domain,Neuron 29, 429-439 (2001).

4, A. Antipenkoet al., Structure of the semaphorin-3A receptor bindiragglaie.,
Neuron 39, 589-98 (2003).

5. L. Ramon y Cayal, S. Swanson, Neely. Swandgstology of the Nervous System
of Human and Vertebrate. (1995).

6. D. J. Solecki, E.-E. Govek, T. Tomoda, M. Ettella, Neuronal polarity in CNS
development.GGenes Dev. 20, 2639-47 (2006).

7. F. C. de Andat al., Autism spectrum disorder susceptibility gene TADdfects
basal dendrite formation in the neocort@at. Neurosci. 15, 1022-31 (2012).

8. M. B. Ramocki, H. Y. Zoghbi, Failure of neurbhameostasis results in common
neuropsychiatric phenotypeBlature 455, 912-8 (2008).

9. A. L. Kolodkin, M. Tessier-Lavigne, Mechanisiaasd molecules of neuronal
wiring: a primer. Cold Spring Harb. Perspect. Biol. 3 (2011),
doi:10.1101/cshperspect.a001727.

10. A. B. Huber, A. L. Kolodkin, D. D. Ginty, J.-Eloutier, Signaling at the growth
cone: ligand-receptor complexes and the contrakoh growth and guidance.,
Annu. Rev. Neurosci. 26, 509-63 (2003).

11. T. Toyofukuet al., FARP2 triggers signals for Sema3A-mediated axonal
repulsion. Nat. Neurosci. 8, 1712-9 (2005).

12. F. Sutat al., Plexin-a4 mediates axon-repulsive activitiesathtsecreted and
transmembrane semaphorins and plays roles in fibareguidance.J. Neurosci.
25, 3628-37 (2005).

13. F. Charron, E. Stein, J. Jeong, A. P. McMalhbnTessier-Lavigne, The

morphogen sonic hedgehog is an axonal chemoatttab&t collaborates with
netrin-1 in midline axon guidance&gll 113, 11-23 (2003).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

80

A. Bagri, H.-J. Cheng, A. Yaron, S. J. Pleasi. Tessier-Lavigne, Stereotyped
pruning of long hippocampal axon branches triggénedetraction inducers of the
semaphorin family.Cell 113, 285-99 (2003).

V. Castellani, a Chédotal, M. Schachner, GurEeSarrailh, G. Rougon, Analysis
of the L1-deficient mouse phenotype reveals cralisketween Sema3A and L1
signaling pathways in axonal guidandgepron 27, 237—-49 (2000).

S. Chauvett al., Gating of Sema3E/PlexinD1 signaling by neuroplliswitches
axonal repulsion to attraction during brain devetept.,Neuron 56, 807-22
(2007).

L. Ma, M. Tessier-Lavigne, Dual branch-promgtand branch-repelling actions
of Slit/Robo signaling on peripheral and centrarimhes of developing sensory
axons.J. Neurosci. 27, 6843-51 (2007).

P. Garcia-Lopez, V. Garcia-Marin, M. Freirbréle-dimensional reconstruction
and quantitative study of a pyramidal cell of aaCajstological preparation],
Neurosci. 26, 11249-52 (2006).

G. N. Elston, Cortex, Cognition and the Cdkw Insights into the Pyramidal
Neuron and Prefrontal FunctioGereb. Cortex 13, 1124-1138 (2003).

R. Nieuwenhuys, The neocortex. An overviewévolutionary development,
structural organization and synaptologyat. Embryol. (Berl). 190, 307-337
(1994).

N. Spruston, Pyramidal neurons: dendriticcstme and synaptic integratioiNat.
Rev. Neurosci. 9, 206—-21 (2008).

T. Tada, M. Sheng, Molecular mechanisms otldga spine morphogenesis.,
Curr. Opin. Neurobiol. 16, 95-101 (2006).

T. Bonhoeffer, R. Yuste, Spine motility. Phermology, mechanisms, and
function.,Neuron 35, 1019-27 (2002).

N. Arimura, K. Kaibuchi, Neuronal polarityofin extracellular signals to
intracellular mechanismd\at. Rev. Neurosci. 8, 194—205 (2007).

S. Kim, A. Chiba, Dendritic guidanc@&rends Neurosci. 27, 194-202 (2004).

E. W. Dent, F. B. Gertler, Cytoskeletal dynesrand transport in growth cone
motility and axon guidanceNeuron 40, 209-27 (2003).

K. L. Whitfordet al., Regulation of cortical dendrite development big-Bbbo
interactions.Neuron 33, 47—-61 (2002).



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

81

D. Bourikast al., Sonic hedgehog guides commissural axons along the
longitudinal axis of the spinal cordNat. Neurosci. 8, 297-304 (2005).

F. Polleux, T. Morrow, a Ghosh, Semaphorin8A chemoattractant for cortical
apical dendritesNature 404, 567—73 (2000).

T. S. Tran, A. L. Kolodkin, R. Bharadwaj, Sexharin regulation of cellular
morphology. Annu. Rev. Cell Dev. Biol. 23, 263-92 (2007).

A. L. Kolodkinet al., Fasciclin IV: Sequence, expression, and fundiamnng
growth cone guidance in the grasshopper emigor,on 9, 831-845 (1992).

Y. Luo, D. Raible, J. A. Raper, Collapsin: Ain in brain that induces the
collapse and paralysis of neuronal growth co@eH, 75, 217-227 (1993).

A. Sakurai, C. L. Dogi, C. Doci, J. S. Gutkilgemaphorin signaling in
angiogenesis, lymphangiogenesis and canCell. Res. 22, 23-32 (2012).

U. Yazdani, J. R. Terman, The semaphoridapme Biol. 7, 211 (2006).

H. Takamatsu, A. Kumanogoh, Diverse rolestanaphorin-plexin signaling in
the immune systemTrends Immunol. 33, 127-35 (2012).

R. J. Pasterkamp, Getting neural circuits shtape with semaphorinslat. Rev.
Neurosci. 13, 605-18 (2012).

L. Tamagnone, Emerging role of semaphorimaa@sr regulatory signals and
potential therapeutic targets in canc€ancer Cell 22, 145-52 (2012).

Y. Yoshida, Semaphorin signaling in vertebregaral circuit assemblyEront.
Mol. Neurosci. 5, 71 (2012).

R. P. Kruger, J. Aurandt, K.-L. Guan, Semaptsocommand cells to mové\at.
Rev. Mol. Cell Biol. 6, 789-800 (2005).

Y. Zhou, R.-A. F. Gunput, R. J. Pasterkampn&ghorin signaling: progress made
and promises aheadrends Biochem. Sci. 33, 161-70 (2008).

T. Takahashet al., Plexin-neuropilin-1 complexes form functional sgrhorin-3A
receptors.Cell 99, 59-69 (1999).

C. Pellet-Many, P. Frankel, H. Jia, |. Zach&guropilins: structure, function and
role in diseaseBiochem. J. 411, 211-26 (2008).

B. J. C. Janssenal., Neuropilins lock secreted semaphorins onto pkekira
ternary signaling complexiNat. Sruct. Mol. Biol. 19, 1293-9 (2012).



44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

82

A. Yaron, P.-H. Huang, H.-J. Cheng, M. Test@vigne, Differential requirement
for Plexin-A3 and -A4 in mediating responses ofssey and sympathetic neurons
to distinct class 3 Semaphorinseuron 45, 513—-23 (2005).

B. Zhuang, Y. S. Su, S. Sockanathan, FARPmetes the dendritic growth of
spinal motor neuron subtypes through transmemianeaphorin6A and
PlexinA4 signaling.Neuron 61, 359—-72 (2009).

L. Menon, M.-R. Mihailescu, Interactions oét® quartet forming semaphorin 3F
RNA with the RGG box domain of the fragile X pratéamily., Nucleic Acids Res.
35, 5379-92 (2007).

B. Lom, S. Cohen-Cory, Brain-derived neurolicgactor differentially regulates
retinal ganglion cell dendritic and axonal arbati@a in vivo.,J. Neurosci. 19,
9928-38 (1999).

E. W. Dent, A. M. Barnes, F. Tang, K. Kaliletin-1 and Semaphorin 3A
Promote or Inhibit Cortical Axon Branching , Resjppegly , by Reorganization of
the Cytoskeleton]. Neurosci. 24, 3002—-3012 (2004).

L. J. Turner, S. Nicholls, A. Hall, The actwof the plexin-Al receptor is
regulated by RacJ. Biol. Chem. 279, 33199-205 (2004).

S. M. Zanata, |. Hovatta, B. Rohm, A. W. PigcAntagonistic effects of Rnd1
and RhoD GTPases regulate receptor activity in $eoren 3A-induced
cytoskeletal collapsel, Neurosci. 22, 471-7 (2002).

Z.Jin, S. M. Strittmatter, Racl mediatesapsin-1-induced growth cone collapse.,
J. Neurosci. 17, 625663 (1997).

K. Honget al., A ligand-gated association between cytoplasminalos of UNC5
and DCC family receptors converts netrin-inducem\gh cone attraction to
repulsion. Cell 97, 927-41 (1999).

A. M. Schmitit al., Wnt-Ryk signalling mediates medial-lateral retewial
topographic mappingNature 439, 31-7 (2006).

Y. Liuet al., Ryk-mediated Wnt repulsion regulates posterioeeted growth of
corticospinal tract.Nat. Neurosci. 8, 1151-9 (2005).

A. |. Lyuksyutoveet al., Anterior-posterior guidance of commissural axoys
Whnit-frizzled signaling.Science 302, 1984-8 (2003).

A. Sahay, M. E. Molliver, D. D. Ginty, A. L.d{odkin, Semaphorin 3F is critical
for development of limbic system circuitry and égjuired in neurons for selective
CNS axon guidance eventd.Neurosci. 23, 6671-80 (2003).



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

83

G. Mlechkoviclet al., Distinct Cytoplasmic Domains in Plexin-A4 Mediate
Diverse Responses to Semaphorin 3A in Developingnivialian NeuronsSci.
Sgnal. 7, ra24-ra24 (2014).

I. Oinuma, H. Katoh, M. Negishi, Molecular sgstion of the semaphorin 4D
receptor plexin-B1-stimulated R-Ras GTPase-actiggprotein activity and
neurite remodeling in hippocampal neurodsNeurosci. 24, 11473-80 (2004).

M. M. Riccomagnet al., The RacGAR2-Chimaerin selectively mediates axonal
pruning in the hippocampu<ell 149, 1594-606 (2012).

I. Oinuma, Y. Ishikawa, H. Katoh, M. Negishihe Semaphorin 4D receptor
Plexin-B1 is a GTPase activating protein for R-R&sence 305, 862—5 (2004).

K. Uesugi, I. Oinuma, H. Katoh, M. Negishifflerent requirement for Rnd
GTPases of R-Ras GAP activity of Plexin-C1 and ial&XlL., J. Biol. Chem. 284,
6743-51 (2009).

L. Cheadle, T. Biederer, The novel synaptagprotein Farpl links postsynaptic
cytoskeletal dynamics and transsynaptic organiaatioCell Biol. 199, 985-1001
(2012).

H. Fujisawa, Discovery of semaphorin receptoesiropilin and plexin, and their
functions in neural developmeni.,Neurobiol. 59, 24-33 (2004).

H. J. Chengt al., Plexin-A3 mediates semaphorin signaling and ia&gslthe
development of hippocampal axonal projectioNgsyron 32, 249-63 (2001).

E. a Nimchinsky, a M. Oberlander, K. Svobddanormal development of
dendritic spines in FMR1 knock-out micd. Neurosci. 21, 5139-46 (2001).

C. Bagni, W. T. Greenough, From mRNP traffaickio spine dysmorphogenesis:
the roots of fragile X syndromeNat. Rev. Neurosci. 6, 376—87 (2005).



84

Curriculum Vitae
Sheng-Shiang (Anson) Peng
Date of Birth: April 16, 1984
Birth place:  Taipei, Taiwan

Address: 46 Marrow Street, Newark, NJ, USA 07103
Phone: 406-595-7323

Email: Anson.ssp@gmail.com

Education:

2014 M.S. Rutgers University, Department of Biological S@enNewark, NJ 07103
Major: Cell Biology and Neurobiology

2008 M.S. National Taiwan University, Department of Agriautal Chemistry, Taipei,
Taiwan

2006 B.S. National Taiwan University, Department of Agriauthl Chemistry, Taipel,
Taiwan

Resear ch:
Publication:

Peng, SS, Tran TS. (2014). Regulation of cortical dendniterphology and spine
organization by secreted semaphorins — A primalyi@iapproach. JR Terman,
Editor. Humana Press, Springer Publishing Group, USA. (in press)

Mlechkovich, G.Peng, SS., Shacham, V., Martinez, E., Gokhman, I., Minis, A.
Tran, T. S., Yaron, A. (2014). Distinct Cytoplasrbiomains in Plexin-A4 Mediate
Diverse Responses to Semaphorin 3A in Developingnivialian Neurons. (Sci.
Signal., 2014 Mar; 316 (7): ra24.)

Hsieh, FC., Chen, CT., Weng, YPeng, SS., Chen, YC., Huang, LY., Hu, HT., Wu,
YL., Lin, NC., Wu, WF. (2011)Stepwise Activity of ClpY (HslU) Mutants in the
Processive Degradation of Escherichia coli ClpY@I(HV) Protease Substrates (J
Bacteriol. 2011 Oct; 193 (19): 5465-76.)

Lien, HY., Shy, RS.Peng, SS., Wu, YL., Weng, YT., Chen, HH., Su, PC., Ng, WF.,
Chen, YC., Chang, PY., Wu, WF. (2009). Charactéioneof the Escherichia coli
ClpY (HslU) Substrate Recognition Site of ClpYQ (U¥) protease by the Yeast
Two-Hybrid System (J Bacteriol. 2009 Jul; 191 (42%8-31.)



