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Abstract:
Vertebrate neurogenesis occurs through the restricted expression of subsets of genes to discrete cell
types that organize into the central and peripheral nervous systems during specific developmental
periods. A major goal of developmental biology is to understand the molecular and cellular
mechanisms underlying this complex process. An experimentally rich system in which to investigate
this question is the dorsal root ganglion (DRG), which derives from a population of migrating neural
crest cells that aggregate laterally to the neural tube, and contain the cell bodies of the sensory neurons
of the peripheral nervous system. In the chick, the peak of sensory neurogenesis and differentiation in
the DRG occurs at embryonic day E4.5, at which DRG are considered immature, containing nascent
neuroblasts and mitotically active progenitor cells. By E8.5, DRG are considered mature, containing
post-mitotic differentiated neurons, resident glia, and Schwann cells. To identify molecules regulating
sensory neurogenesis and differentiation, we directly compared immature E4.5 DRG to mature E8.5
DRG through a subtraction/differential screening methodology. Preliminary screenings of candidate
cDNAs confirmed that they are differentially expressed. We have extensively characterized the in vivo
function of one candidate, neural epidermal growth factor-like like 2 (NELL2), a novel secreted
glycoprotein, whose role was previously unknown. In ovo microinjection/electroporation of eukaryotic
expression vectors driving ectopic NELL2 expression demonstrate that NELL2 promotes neural
differentiation autocrinely and stimulates neighboring cells to proliferate, a novel function for this class
of molecule and the first demonstrated in vivo function for NELL2. Furthermore, two receptor tyrosine
kinases c-Eyk and c-Rek, members of the same RTK family expressed during sensory neurogenesis,
have been investigated as to their roles during DRG development. Preliminary analysis indicates that in
particular, Rek loss-of-function exhibits a unique phenotype whereby transfected cells cluster in the
dorsal pole of the DRG, as if they were inhibited from differentiating. Further experimentation on these
receptors is in progress. Finally we are currently developing new technologies to allow general
loss-of-function approaches, including dominant negative, DNAenzyme, and RNAi mediated strategies
for protein knockdown in ovo. 
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GLOSSARY AND ABBREVIATIONS

14-3-3; Zeta isoform of the 14-3-3 family of cytosolic integrators of signal 
transduction pathways identified in the subtraction screen.

26S ATPase cS4 One subunit of the regulatory cap complex of the 26 S proteosome 
identified in the subtraction screen.

9el0 Monoclonal antibody specific to the Myc antigen.

BDNF Brain Derived Neurotrophic Factor

Ben Monoclonal antibody specific to a cell surface antigen, possibly 
carbohydrate, expressed by neurons and used as a general neural 
marker.

bHLH basic Helix-Loop-Helix family of transcription factors

BMP Bone Morphogenetic Protein, a family of secreted morphogen that 
patterns the dorsal neural tube

BrdU Bromodeoxyuridine, a nucleotide analog that is incorporated into 
replicating DNA, and then used as a marker of S phase 
proliferating cells with an anti-BrdU antibody.

CMVIE Cytomegalovirus immediate early enhancer

CNS Central Nervous System

COS7 Transformed monkey kidney cell line commonly used for 
eukaryotic protein expression.

Delta/Serrate/Jagged Transmembrane ligands for the transmembrane receptor Notch,
involved in lateral inhibition (neural versus glial decisions).

DMEM Dulbecco's modified Eagle's medium, supplemented with fetal 
bo vine/calf serum

DRG Dorsal root ganglion, spinal ganglia that contains the cell bodies of 
all trunk peripheral sensory neurons.

DsRedI Novel red fluorescent protein cloned from the Discostoma coral by 
virtue of its homology to GFP, used as a reporter.



E4.5 Embryonic day 4.5, that is 4.5 days of incubation of a fertilized 
chicken egg

ECM Extra-Cellular Matrix

EGF Epidermal Growth Factor

ER Endoplasmic reticulum

EST Expressed sequence tag

ETS Family of transcription factors containing ETS-domains

Eyk East Lansing Tyrosine Kinase, a RTK that belongs to the 
Axl/Tyro/Mer family of RTKs that is expressed in DRG.

G3PDH Glyceraldehyde 3 -phosphodehydrogenase

GFP Enhanced green fluorescent protein from the bioluminescent 
jellyfish Aequoria Victoria, used as a reporter.

GST Glutathione S-transferase, an affinity fusion tag for protein 
purification.

H3 Histone 3 marker for M phase mitotically active cells.

HcRedI Far-red fluorescent protein isolated from the reef coral Heteractis 
crispa.

HSPG Cell surface heparin sulfate proteoglycans

IP Immunoprecipitation

IRES2:eGFP Internal ribosomal entry site 2 enhanced GFP expression cassette 
that allows independent translation of a coding DNA sequence 
cloned upstream, and eGFP, used as a reporter.

M l Isletl, a member of the LIM homeodomain transcription factor 
Family

Mashl Mammalian acheate-scute homolog-1, a member of the bHLH 
family of proneural transcription factors, vertebrate homologue of 
Drosophila acheate-scute



Mathl

MNR2

Mrg

MyoD

NELLI

NELL2

NeuroD

NGF 

Ngn 1/2

NKL

Notch

NT-3

NT-4/5

N-TSPl

Mammalian atonal homolog-1, a member of the bHLH 
family of proneural transcription factors, vertebrate homologue of 
Drosophila atonal

A homeodomain transcription factor that is sufficient to direct 
somatic motor neuron differentiation:

MAS-related genes, G protein-coupled receptors (GPCRs) for 
noxious stimuli expressed by nociceptors.

A bHLH transcription factor that is the terminal muscle 
determination factor.

Neural epidermal growth factor-like like I, a novel secreted 
glycoprotein named for its EGF-Iike domains and expression in 
neural tissues, which is ~50% homologous to NELL2.

Neural epidermal growth factor-like like 2, a novel secreted 
glycoprotein named for its EGF-Iike domains and expression in 
neural tissues, which is -50% homologous to NELLI.

A bHLH transcription factor that is the terminal neuronal 
determination factor.

Nerve Growth Factor

Neurogenin I and 2, members of the bHLH family of proneural 
transcription factors, vertebrate homologs of Drosophila atonal.

Neural Kruppel Like, transcription factor involved in promoting 
neuronal differentiation.

Transmembrane receptor for the transmembrane ligands 
Delta/Serrate/Jagged, involved in lateral inhibition (neural versus 
glial decisions).

Neurotrophin 3

Neurotrophin 4/5

N-terminus Trombospondin I



OLIGI/2 bHLH transcription factors involved in motor neurons and then 
oligodendrocyte development.

p75™ Low affinity neurotrophin receptor

Pax 3/7 Paired box transcription factors

PKC Protein Kinase C

pMIW Parent eukaryotic expression that contained the original NELL2 
coding sequence, created by removing NELL2 from pMIWC3 (C3 
is the clone name for NELL2) with HindIII, and religating; 
contains the dual Rous Sarcoma Virus Long Terminal Repeat 
(RSV LTR) and chicken beta-actin promoters.

PNS Peripheral nervous system

Rek Retina expressed tyrosine kinase, a RTK that belongs to the 
Axl/Tyro/Mer family of RTKs that is expressed in DRG.

RNAi RNA interference, a method for knocking down protein levels

RTK Receptor Tyrosine Kinases

RT-PCR Reverse Transcriptase-Polymerase Chain Reaction

ShH Sonic hedgehog, a secreted morphogen that patterns the ventral 
neural tube.

SSH-PCR Suppressive Subtractive Hybridization PCR

St Normal stages of chick development described by Hamburger and 
Hamilton (HH)

TrkA High affinity RTK for NGF

TrkB High affinity RTK for BDNF

TrkC High affinity RTK for NT3

Tujl Beta-Ill tubulin, a neural specific tubulin used as a neural marker.

v WC von Willebrand Factor C domain



ABSTRACT

Vertebrate neurogenesis occurs through the restricted expression of subsets of 
genes to discrete cell types that organize into the central and peripheral nervous systems 
during specific developmental periods. A major goal of developmental biology is to 
understand the molecular and cellular mechanisms underlying this complex process. An 
experimentally rich system in which to investigate this question is the dorsal root 
ganglion (DRG)5 which derives from a population of migrating neural crest cells that 
aggregate laterally to the neural tube, and contain the cell bodies of the sensory neurons 
of the peripheral nervous system. In the chick, the peak of sensory neurogenesis and 
differentiation in the DRG occurs at embryonic day E4.5, at which DRG are considered 
immature, containing nascent neuroblasts and mitotically active progenitor cells. By 
ES.5, DRG are considered mature, containing post-mitotic differentiated neurons, 
resident glia, and Schwann cells. To identify molecules regulating sensory neurogenesis 
and differentiation, we directly compared immature E4.5 DRG to mature ES.5 DRG 
through a subtraction/differential screening methodology. Preliminary screenings of 
candidate cDNAs confirmed that they are differentially expressed. We have extensively 
characterized the in vivo function of one candidate, neural epidermal growth factor-like 
like 2 (NELL2), a novel secreted glycoprotein, whose role was previously unknown. In 
ovo microinj ection/electroporation of eukaryotic expression vectors driving, ectopic 
NELL2 expression demonstrate that NELL2 promotes neural differentiation autocrinely 
and stimulates neighboring cells to proliferate, a novel function for this class of molecule 
and the first demonstrated in vivo function for NELL2. Furthermore, two receptor 
tyrosine kinases c-Eyk and c-Rek, members of the same RTK family expressed during 
sensory neurogenesis, have been investigated as to their roles during DRG development. 
Preliminary analysis indicates that in particular, Rek loss-of-function exhibits a unique 
phenotype whereby transfected cells cluster in the dorsal pole of the DRG, as if they were 
inhibited from differentiating. Further experimentation on these receptors is in progress. 
Finally we are currently developing new technologies to allow general loss-of-function 
approaches, including dominant negative, DNAenzyme, and KNAi mediated strategies . 
for protein knockdown in ovo.
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I. INTRODUCTION

Vertebrate neurogenesis occurs through the restricted expression of subsets of genes 

to discrete cell types that organize into the central and peripheral nervous systems during 

specific developmental periods. This process occurs through the intricate interplay of 

extrinsic and intrinsic signals that generate a diverse set of neurons and glia from common 

progenitor populations (reviewed in Morrison, 2001a; Sommer, 2001). A major goal of 

developmental biology is to understand the molecular and cellular mechanisms underlying 

this complex process, and much of what has been learned to date began as studies of 

simpler systems. Early investigations have predominately focused on identifying intrinsic 

components of this regulatory system, by identifying transcription factors conserved across 

phylogeny. In Drosophila the two proneural basic Helix-Loop-Helix transcription factors 

achaete-scute and atonal have been shown to be responsible for the production of the 

peripheral nervous system external sensory organs and chordotonal organs respectively, 

while their vertebrate counterparts mammalian acheate-scute homolog-1 (Mashl) and the 

neurogenins (Ngn), which are related to atonal, are necessary and sufficient for the 

differentiation of peripheral autonomic neurons of the sympathetic ganglia and sensory 

neurons of the dorsal root ganglia, both derivatives of the neural crest (reviewed in 

Anderson, 1999).. Proneural gene expression is transient in progenitors and upregulates 

downstream family members, such as NeuroD, which drive these cells to differentiate into 

neurons, analogous to the pro-muscle transcription factor family whereby upstream factors 

induce MyoD, the terminal muscle determination factor (Perez et ah, 1999; Brunet and 

Ghysen, 1999). (
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In the developing CNS5 the spinal cord has served as an excellent model system 

because of its well-defined topology, where mitotically active progenitor cells are located 

in a single-cell layer in the ventricular zone, surrounded by an intermediate and mantle 

zone where post-mitotic cells migrate laterally to differentiate (Leber et ah, 1990). Mashl, 

ngnl/2, and other members of the bHLH family of proneural transcription factors such as 

mammalian atonal homologs Mathl are also expressed in the central nervous system, in 

largely non-overlapping patterns of gene expression confined to the ventricular zone. 

Discrete patterns of proneural gene expression within the spinal cord suggest that not only 

are proneural genes sufficient to permit progenitors to differentiate into neurons, but that 

they might also play a role in specifying neural identity (Sommer et ah, 1996). Indeed 

different members of the proneural bHLH gene family can contribute to specification of 

neural identity, for example Mathl specifies dorsal intemeuron subpopulations (Johnson, 

2002). However genetically swapping bHLH coding sequences has revealed that some of 

these factors are more generally permissive rather than instructive for the formation of 

neurons, especially the NGNs (Parras et ah, 2002). Furthermore proneural genes induce 

neural differentiation by simultaneously inducing downstream neural factors and 

sequestering glial-promoting complexes specifically (reviewed in Morrison, 2001b).

Nevertheless different types of progenitor cells must exist such that some give rise 

to neurons, some give rise to glia, and some give rise to both neurons and glia (Leber et ah, 

1990), and regulated so that neurogenesis precedes gliogenesis. Accordingly these 

proneural progenitor cells differentiate into specific types of neurons as the result of the 

overlapping pattern of homeodomain transcription factor code, which is generated by 

graded concentrations of secreted ventralizing sonic hedgehog ShH and dorsalizing BMP
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signaling, the major identified extrinsic signals in the spinal cord (Briscoe et ah, 2000; 

Briscoe and Ericson, 2001). These homeodomain transcription factors form precise 

domains within the ventricular zone through the overlapping expression of pairs of cross- 

inhibitory class I and class II partners. Within a given domain, the co-expression of 

particular bHLH proneural genes and homeodomain genes results in the differentiation of 

discrete types of neurons, which are bom at precise times of development (reviewed in Lee 

and Pfaff, 2001).

This is an elegant story for the production of neurons in the CNS, however it must 

be more complex than this, as at some point the glial derivatives must also be generated 

from these progenitor domains. Examination of the progenitor cells in these domains 

reveals that virtually all cells in a given domain express a given homeodomain transcription 

factor and a proneural transcription factor. The proneural genes are reciprocally regulated 

through the classic lateral inhibition pathway mediated by the transmembrane signaling 

receptor Notch and its transmembrane bound ligands Delta/Serrate/Jagged (reviewed by 

Gaiano and Fishell, 2002). The process of lateral inhibition allows for the selection of non

equivalent cells from a field of otherwise homogenous cells types. In the presumptive 

nervous system, the expression of Delta in a given cell results in the upregulation of 

proneural genes and Delta itself in that cell, which in turn signals through Notch on 

neighboring cells to downregulate proneural and Delta gene expression in surrounding 

cells, keeping them in an undifferentiated state. Accordingly Notch is expressed 

throughout the spinal cord ventricular zone, and its ligands are expressed in largely non

overlapping patterns in this zone, suggesting that different Notch ligands and different 

subsets of proneural genes are regulated in a dorso-ventral pattern as well, although what



mediates this pattern is not currently known (Ma et al., 1997). Analysis of the expression 

of these genes within a given domain demonstrates that the majority of progenitor cells 

must co-express Notch and one of ligands at the same time, as each gene appears to be 

expressed by the majority of cells in that domain. Co-expression of Notch in inner ear 

precursors and the differential expression of Delta and Serrate results in the production of 

hair cells and support cells, demonstrating that progenitor cells can widely express Notch 

and then utilize its different ligands to sort out cell fates (Eddison et ah, 2000). Therefore 

within a given domain in the spinal cord, progenitor cells differentiate into specific classes 

of neurons based on the overlapping patterns of Notch and its ligands, and the proneural 

and homeodomain transcription factors.

A major question then is how does this neural differentiation program relate to glial 

specific differentiation programs? Recently it was demonstrated that they could be directly 

coupled. The motor neuron specific progenitor domain in the ventral spinal cord is defined 

by the coexpression of NGN2 and the transcription factors OLIGI/2 from the 

homeodomain code, originally named for their expression pattern that overlaps with a 

domain that generates the glial derivatives oligodendrocytes at later stages (reviewed in 

Kessaris et al., 2001; Zhou and Anderson, 2002). Early in development, this combination 

results in the birth of all motor neurons, defined by expression of motor neuron 

determination transcription factor MNR2, which migrate laterally and ventrally to a region 

outside of the ventricular zone, giving rise to the nascent motor pools. Later, after motor 

neurons have been generated, NGN2 is downregulated in this domain through an unknown 

mechanism, which then allows OLIGI/2+ progenitor cells to switch from generating motor 

neurons to give rise to oligodendrocytes (Zhou and Anderson, 2002). This suggests that an

4
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as-of-yet unidentified extrinsic/intrinsic signal tells the progenitor domains to stop 

generating neurons and start generating glial derivatives at precise times during 

development, and that some progenitors remain in these domains to generate these later 

arising cell types.

Extrinsic and intrinsic mechanisms are also important for the development of the 

peripheral sensory nervous system that is generated from a subpopulation of neural crest 

cells (reviewed in Morrison, 2001a; Sommer, 2001). An experimentally rich system in 

which to investigate this question as it pertains to vertebrate neurogenesis is the dorsal root 

ganglion (DRG), and is the system that we have utilized in our studies. Neural crest cells 

are induced to form at the boundaries between the neural plate and epidermal ectoderm 

during gastrulation. After neural tube closure, the neural crest migrates out of the dorsal 

neural tube along well-defined routes whereby subpopulations of crest generate different 

peripheral derivatives (Lallier and Bronner-Fraser, 1988). Mature DRG contain 

approximately twenty types of post-mitotic neurons that differ in their sensory modalities, 

morphologies, and biochemistry, in addition to support glial cells (Scott, 1992). Immature 

ganglia contain a less well-defined population of cells consisting primarily of nascent, 

undifferentiated neurons and, importantly, mitotically active progenitor cells that can 

generate neurons and/or glial cells.

In the nascent DRG, the first-born post-mitotic differentiating neurons aggregate 

and cluster in the core of the ganglia, ensheathed by mitotically active progenitor cells 

(Lallier and Bronner-Fraser, 1988). Classic cell-lineage studies of neural crest demonstrate 

that indeed, these are a multipotent stem cell-like population in vivo, with certain crest able 

to generate all subpopulations of peripheral cell types (Fraser and Bronner-Fraser, 1991;



Frank and Sanes31991). However it is becoming clear that subpopulations of crest exist 

with a more restricted lineage in vivo, such that some give rise to sensory rather t h a n  

sympathetic ganglia, and within a given ganglion, some generate different types of neurons 

and/or glia (reviewed in Anderson, 1999, 2000; Morrison, 2001a, 2001b; Sommer, 2001). 

For example high concentrations of the extrinsic signaling molecule BMP promotes neural 

crest to differentiate into sympathetic specific cells, and is expressed by the dorsal aorta 

endothelial cells in vivo, adjacent to the sympathetic ganglia anlagen. This in turn 

upregulates the proneural gene Mash I, which is necessary and sufficient to drive crest to 

differentiate into sympathetic neurons when ectopically expressed. Similarly low BMP 

concentrations promote neural crest to differentiate into sensory rather than sympathetic 

cells, and result in the upregulation of the proneural genes NGNI/2, which are necessary 

and sufficient to promote neural crest to differentiate into sensory ganglia specific cells; 

DRG fail to form in mice with null mutations in both of these genes (Ma et ah, 1999). 

Single mutations in either NGN2 or NGNl demonstrate that each proneural gene is 

expressed by a subpopulation of neural crest sensory precursors, that NGN2 is responsible 

for the early wave of neurogenesis producing TrkC and TrkB neurons, that NGNl is 

responsible for a later wave of neurogenesis producing most if not all TrkA neurons, and 

that these separate subpopulations can compensate for the loss of each other (Ma et ah, 

1999). This demonstrates a genetic correlate for a heterogeneic sensory neural crest 

subpopulation, and accordingly overexpression of either NGN in neural crest cells biases 

them towards a sensory fate (Perez et ah, 1999).

However the precise roles of the NGNs in the development of the peripheral 

sensory nervous system remains unclear, as revealed by recent fate-mapping studies

6



demonstrate in which cells transiently expressing Ngn2 are permanently labeled. These 

studies demonstrate that NGN2+ sensory specific neural crest cell subpopulation gives rise 

to both neurons and glia with no bias, and no apparent bias in sensory neural 

subpopulations either (Zirlinger et ah, 2002). This seems to contradict these previous 

studies that have shown that NGN2 gives rise to TrkB and TrkC sensory neural 

subpopulations early and NGNl gives rise to the TrkA subpopulation later (Ma et ah, 

1999), and therefore further experiments are needed to elucidate this apparent discrepancy. 

It was also shown that while NGN2 could permit Mashl -depependent sympathetic 

precursors to initiate sympathetic ganglion formation, it could not support their 

proliferation and further development (Parras et ah, 2002), and it normally is not expressed 

in these cells in vivo (Perez et ah, 1999; Parras et ah, 2002; Zirlinger et ah, 2002).

Indeed much of what we have learned about the development of DRG has come 

from the classic studies of the later effects of neurotrophins and the roles of their cognate 

Trk receptors during target regulated programmed cell death (Hamburger, at ah, 1981; 

reviewed by Farinas et ah, 2002). Mature avian DRG that have undergone retrograde 

neurotrophin transport and target regulated programmed cell death contain a well-defined 

organization where the first bom large diameter neurons (TrkB+ and TrkC+) are located 

ventro-laterally, and the later-arising small diameter (TrkA+) neurons are located dorso- 

medially. Interestingly in the course of investigating the role of NGF in the survival of this 

dorso-medial population of neurons, Hamburger and colleagues described the location in 

which these neurons originate as being in the medial dorsal. Small diameter neurons 

accumulated in this region and displaced the larger neurons towards the ventro-lateral 

region of the ganglion (Hamburger et ah, 1981). This population of small diameter

7



neurons is TrkA+, and genetically arises from the NGNl precursor pool which undergoes 

its peak period of neurogenesis and differentiation later at ~E6 (Ma et ah, 1999). 

Immunoreactivity for TrkA expression at E4.5 demonstrates that indeed a population of 

nascent neurons in the dorsal region are TrkA+, however these nascent neurons actually co

express other neurotrophin receptors, in particular TrkC, and exhibit very dynamic 

neurotrophin receptor switching during development (Rifken et ah, 2000). NGNl gene 

expression is confined to the dorsal pole and the ensheatbing cell layer progenitor domains 

(Perez et ah, 1999; Nelson and Lefcort, unpublished). Furthermore the downstream 

proneural gene NeuroD is also restricted to the progenitor domains at these later stages, and 

not in nascent neuroblasts in the core of the ganglia that widely express pan-neural markers 

(Nelson and Lefcort, unpublished). Other studies investigating neuron glial decisions in 

the ensheatbing cell layer propose that, as neurons (and perhaps glia) are bom they migrate ' 

into the core to differentiate (Wakamatsu et ah, 2000). This raises the question then, as 

where exactly do neurons and glia originate in the DRG, and where do they end up? In 

other words, do neurons and glia intermingle with other nascent neurons in the core, or do 

they instead pack around the core in layers or groups in neurons? Although not the specific 

topic of this dissertation, this intriguing question is currently understudy (Nelson and 

Lefcort, unpublished).

While much is known about the development of peripheral sensory neurons, the set 

of identified molecules and their functions cannot fully account for the generation of such 

diversity nor explain this process. We have utilized this system to identify new molecules 

involved in regulating sensory neurogenesis and differentiation, by designing a subtraction 

screen to identify genes specifically expressed in immature E4.5 DRG, at a stage that

8



represents the peak period of neurogenesis and differentiation. The candidate molecules 

identified in our preliminary analyses have not been previously identified in this tissue. 

Extensive characterization of one candidate, neural epidermal growth factor-like like 2 

(NELL2) has demonstrated a unique expression pattern and intriguing in vivo function, the 

first demonstrated for this family of secreted glycoproteins. We have also studied the in 

vivo function of two receptor tyrosine kinases during DRG development, c-Eyk and c-Rek, 

members of the same RTK family of receptors. Finally we have sought to develop 

techniques for in ovo knockdowns, some of which should prove to be very useful and 

expand the range of the chick model system in experimental embryology.

9



2. IDENTIFICATION OF GENES REGULATING SENSORY NEUROGENESIS AND

10

DIFFERENTIATION '

Abstract

The dorsal root ganglia (DRG) derive from a population of migrating neural crest 

cells that coalesce laterally to the neural tube. As the DRG matures, discrete cell types 

emerge from a pool of differentiating progenitor cells. To identify genes that regulate 

sensory genesis and differentiation, we have screened the transcriptomes of immature and 

mature DRG. Several differentially expressed genes were identified in these analyses 

that belong to important regulatory gene families. One molecule we identified is a 

secreted glycoprotein, neural epidermal growth factor-like like 2 (NELL2), which we 

found to be exclusively expressed in the immature DRG, in addition to exhibiting a 

strikingly dynamic expression pattern in the developing spinal cord and hindbrain. 

Confirmation of the differential expression of NELL2 and other genes identified in our 

screen demonstrate the usefulness of this approach for isolating key regulatory genes 

dynamically involved in the genesis and differentiation of discrete cell types and tissues 

(Nelson et ah, 2002a).

Introduction

A central question in biology is how a multicellular organism, consisting of an 

extremely diverse population of cell types, can arise from a single cell. The restricted 

expression of subsets of genes to a particular tissue during specific developmental stages 

ultimately results in the differentiation of discrete cell types. The goal is to identify key
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genes that regulate such fundamental events as the genesis and differentiation of these 

discrete cell types. An experimentally rich system in which to investigate this question as 

it pertains to vertebrate neurogenesis is the dorsal root ganglion (DRG)3 which derives 

from a population of migrating neural crest cells that aggregate laterally to the neural 

tube. Mature DRG contain approximately twenty types of post-mitotic neurons that 

differ in their sensory modalities, morphologies, and biochemistry, in addition to support 

glial cells (Scott, 1992). Immature ganglia contain a less well-defined population of cells 

consisting primarily of nascent, undifferentiated neurons and importantly, mitotically 

active progenitor cells that can generate neurons and/or glial cells. Molecular differences 

between immature and mature ganglia will be reflected in their respective transcriptomes 

and proteomes. Identification of these molecular differences is key to understanding how 

such diversity arises, as well as to elucidate how developmental programs can go awry to 

result in sensory neural pathologies.

Once DRG have formed, sensory neurons mature and innervate discrete central 

and peripheral targets, followed by an extensive period of target-regulated programmed 

cell death. However, the intervening cellular and molecular events prior to the period of 

target-mediated cell death, yet subsequent to neural crest migration, remain incompletely 

characterized. An elucidation of these events is required because it is during this time 

period when all of neurogenesis, and the majority of differentiation of discrete classes of 

sensory neurons occur. Certainly the neurotrophins (NGF, BDNF, NT-3, NT-4/5) and 

their receptors (TrkA, TrkB, TrkC and p75NTR) play critical roles during sensory 

neurogenesis (Lindsay, 1996), while the basic-helix-loop-helix transcription factors 

Neurogenin I and Neurogenin 2 are required for the formation of DRG, as mice with null
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mutations in both of these genes do not form DRG (Ma et al., 1999). In addition, 

restricted expression of members of the ETS family of transcription factors can influence 

the functional identity of subsets of sensory neurons (Lin et al., 1998; Arber et al., 2000), 

and Notch and Delta-1 interactions can modulate neural/glia fate determination in the 

developing DRG (Wakamatsu et al., 2000). Though these molecules play important roles 

during DRG development, they alone cannot fully account for the developmental 

processes underlying the diversity of sensory neural fate decisions. Thus the goal of this 

study was to identify genes involved in sensory neurogenesis and differentiation in the 

nascent DRG by searching for genes with a highly restricted developmental expression 

pattern.

A powerful experimental strategy to identify genes that regulate specific 

developmental events is to characterize the transcriptome of a tissue at a particular 

developmental stage. The identification of differentially expressed genes during 

development begins by either comparing the ensemble of transcripts or the ensemble of 

proteins from a particular immature tissue to those from the mature tissue. Three 

. previous transcriptome analyses have been performed on the DRG. Akopian and Woods, 

(1995) employed a subtraction scheme whereby a mixture of non-neural tissue derived 

cDNA and neural tissue derived cDNA (driver) was subtracted from postnatal rat DRG 

cDNA (tester). This resulted in the identification of transcripts specifically or highly 

expressed in the peripheral sensory nervous system. However because the tester was 

derived from postnatal DRG, the molecular cues that exclusively govern sensory 

neurogenesis would not be identified because the DRG had already completed 

neurogenesis by the time the subtraction was performed. A second experimental



13

approach utilized RNA fingerprinting to identify genes specific to the NT-3 or NGF 

dependent subpopulations of mature sensory neurons (Friedel, et al. 1997). This resulted 

in the identification of transcripts differentially expressed in one of these two 

subpopulations. However, transcriptom.es were derived from mature DRG excised 

several days after the period of neurogenesis, and then cultured for 4 days, thus reducing 

the likelihood of identifying genes whose function is to regulate sensory neurogenesis, as 

well as potentially altering their transcriptome by isolating them from their normal 

embryonic environment. A third recent experiment utilized suppressive subtractive 

hybridization PCR (SSH-PCR) to compare neonatal DRG from wild type to Ngnl -/- 

mice, in which most TrkA+ neurons, including the nociceptive subclass, fail to generate 

(Dong, et al. 2001). This resulted in the identification of transcripts known to be 

expressed in TrkA+ neurons, including a new family of G protein-coupled receptors 

(GPCRs) termed MAS-related genes (mrgs) that are specifically expressed in 

subpopulations of nociceptors. Although this approach exemplifies the utility of 

combining SSH-PCR and knockout strategies, it still does not address the problem of 

identifying molecules that regulate DRG neuron genesis and differentiation.

To this end, our strategy was designed to identify genes that function specifically 

during sensory neurogenesis and differentiation. We utilized SSH-PCR to directly 

compare the in vivo transcriptome of immature E4.5 chick DRG to the in vivo 

transcriptome of mature ES.5 DRG (Diatchenko et al., 1996). The genes identified in our 

screens were not found in the previous DRG transcriptome analyses. Our study has 

revealed several intriguing molecules whose function during DRG development we are 

now in the process of determining.
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Results

DRG derive from migrating neural crest cells that coalesce laterally to the neural 

tube beginning at ~ Embryonic Day 2.75-3 in the chick (E2.75-3; Lallier and Bronner- 

Fraser5 1988). Neurogenesis in the nascent DRG then ensues, peaking at ~ E4.5-5, which 

is followed by target innervation and programmed cell death of post-mitotic neurons 

between ~ ES-E12, peaking between E7-E9 (Carr and Simpson5 1978). At E4.5, DRG 

are immature with ca 30% of the cells being mitotically active progenitor cells .(Lefcort5 

unpublished observations), and the majority of the remaining cells being nascent, post

mitotic neurons (Rifkin et al., 2000: Wakamatsu et ah, 2000). Gliogenesis becomes 

prevalent after E6 (Carr and Simpson5 1978). In order to identify genes that regulate 

sensory neurogenesis and differentiation we isolated DRG from embryos at E4.5, and 

compared their cDNA to cDNA derived from mature DRG (E8.5) consisting of post

mitotic, well-differentiated neurons and glia (Nelson, B.R., Anderson, L.W., Kasemeir,

J., Lefcort, F., 2002, manuscript in preparation).

Full-Iensth Phase E4.5 chick DRG cDNA Library

We began our investigations by creating a full-length phage E4.5 chick DRG 

cDNA library (Stratagene) for use as a tool with which to obtain full-length clones 

identified from our screenings. Results from initial screenings with alpha-tubulin and 

TrkC probes determined that this library does indeed contain large inserts and a 

sufficiently high titer and complexity, with appropriate frequencies for a highly abundant 

transcript (alpha-tubulin and moderately abundant transcripts (TrkC and Bm3A; Table I). 

Furthermore, additional cDNAs have been identified through PCR based screening for
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members of the proto-cadherin, BmBA transcription factor, and anaplastic lymphoma 

kinase (ALK) family of RTKs.

Table I. Full-length phage E4.5 Chick DRG cDNA Library

Titer =10* plaque forming units/ml

cDNA Method % Frequency Insert size

Alpha-tubulin probe 2 .8% 1.3-2.3kb

140/5000 clones

TrkC probe 0 .18% l-4kb

37/20,000 clones

BmBA probe 0.137%

11/8000 clones

Proto-cadherins PCR

Alk PCR

Subtraction analysis

The in vivo transcriptomes of E4.5 and ES.5 DRG were directly compared with a 

suppressive subtractive hybridization PCR (SSH-PCR) / differential screening 

methodology (Lukyanov et ah, 1995; Munroe et ah, 1995; Diatchenko et ah, 1996; von 

Stein et ah, 1997). We have initially screened approximately 600 clones from our E4.5 

subtracted library with probes derived from total, unsubtracted cDNAs from both ages, 

and the subtracted cDNAs from both ages. Figure I shows the typical results of our 

differential screening. The top long arrow points to an amplicon from a clone (identified 

as neural epidermal growth-factor like like 2, NELL2) having different signal intensities
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with these probes, indicating that SSH-PCR has significantly enriched NELL2 at E4.5 

and that NELL2 is much less expressed at ES.5. The bottom row is a series of control 

amplicons, and the lower right arrow points out the subtraction of the glyceraldehyde 3-

Subtracted Unsubtractcd

-.■> #* 4
* ..

E4.5 y  N  y
* *
* ♦

E8.5 y  y

•e * .  %

Figure I. Differential screening. Films from quadruplicate arrays of 
amplified cDNAs from the E4.5 DRG subtraction library hybridized with 
E4.5 subtracted and unsubtracted, and ES.5 subtracted and unsubtracted P32 
labeled probes. Top right long arrow indicates a clone identified as 
NELL2. Bottom right short arrow is the subtraction control G3PDH. 
Bottom left short arrow indicates a clone identified as Neuroserpin.

phosphodehydrogenase (G3PDH) amplicon in both subtracted probe sets, while strong 

signals are seen in both unsubtracted probe sets, indicative of the success of SSH-PCR. 

The amplicon in the lower left corner (left arrow) is a random clone picked from the 

ES.5 subtracted library as a reverse control, showing that it was significantly enriched by 

the reverse experiment and, interestingly, was later identified as Neuroserpin, a gene 

known to be involved in and expressed in later stages of neural differentiation 

(Osterwalder et ah, 1996; Krueger et ah, 1997).

Analysis of the SSH-PCR experiment indicates that I) G3PDH, a highly abundant 

house-keeping gene present in both E4.5 and ES.5 transcriptomes was efficiently 

subtracted out, 2) clones from the E4.5 subtraction library show differential signal



17

Table 2. Differentially expressed cDNAs identified by SSH-PCR

cDNA Embryonic Dav # of clones

Neural Epidermal Growth Factor-Like E4.5 41

Like 2 (NELL2)

14-3-3^ / YWHAZ / Leonardo E4.5 13

26S ATPase complex Subunit 4 E4.5 13

Novel E4.5 I

Neuroserpin ES. 5 I

intensities indicating that enrichment occurred for a subset of E4.5 specific genes in the 

forward experiment, and 3) clones from the ES.5 subtraction library show differential 

signal intensities as well, indicating that the reverse experiment was successful in 

enriching for ES.5 specific genes. This demonstrates that our transcriptome analysis 

effectively enriched differentially expressed transcripts and subtracted common, 

housekeeping transcripts. Table 2 lists the candidate differentially expressed genes 

chosen on the basis of their specifically enriched signal in the E4.5 subtraction library, 

~70 candidates were sequenced. We are continuing to screen this library by probing it 

with a mixture of probes made by PCR-DIG labeling of previously identified clone 

fragments, which has already yielded a new novel candidate cDNA. Furthermore we 

examine the other subtraction library that is enriched for ES.5 specific cDNAs to identify 

candidates with potential roles in mature ganglia. Finally we will screen a 

complementary retina subtraction library (T. Reh), enriched for genes expressed in 

immature retinal progenitor domains rather than mature differentiating retinal domains.



with our DRG subtraction probe sets in a screen designed to identify genes common and 

unique to these developmental processes in the CNS and PNS.

18

RT-PCR confirmation o f differential sene expression

To verify that the cDNAs isolated in our screens were in fact differentially 

expressed, we used RT-PCR to compare the relative expression levels of the identified, 

candidate genes from both differential-screening experiments. Total RNA from E4.5 and

ES.5 DRG were quantified by absorption and their concentrations normalized for RT-

PCR 0
1

O
22
22
Wi

S
NE 1 .12

14-3-3z<rto 

ATPasc cS4 

c-Eyk 

Aeto-Actin

C3PDH

RT(-)

Figure 2. RT-PCR confirmation o f differential expression. Candidate 
differentially expressed genes were assessed for their relative expression levels in 
immature E4.5 DRG and mature ES.5 DRG.

analysis. Figure 2 demonstrates that the common, housekeeping transcripts beta-actin 

and G3PDH were present at equal amounts in both samples, and the RT(-) controls 

demonstrate no genomic DNA contamination in either sample. Indeed RT-PCR of all the 

identified transcripts from the subtraction analysis confirms their differential expression. 

NELL2, 14-3-3C,, and 26S ATPase cS4 were robustly expressed in the immature E4.5
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DRG compared to the mature, folly differentiated ES.5 DRG. Furthermore c-Eyk, a 

candidate RTK identified from a RTK specific differential screen (Anderson and Lefcort 

unpublished) is also preferentially expressed in the immature E4.5 DRG. These results 

confirm that the molecules identified in our comparative transcriptome analyses are 

dynamically expressed during sensory neuron genesis and differentiation.

Discussion

A powerful strategy for understanding the development of specialized cells is to 

identify the mRNA transcripts that are selectively expressed in defined cell types at 

discrete stages. Toward this end we have used suppressive subtractive hybridization PCR 

(SSH-PCR) to identify genes expressed specifically during the peak period of 

neurogenesis and differentiation in the DRG. Additionally we constructed a full-length 

phage E4.5 chick DRG cDNA Library for use in obtaining foil-length cDNAs from 

candidate differentially expressed fragments identified in our analysis.

Evidence for the effectiveness of our suppressive subtractive hybridization (SSH) 

screen includes confirming by RT-PCR that the identified cDNAs from the forward 

subtraction were in fact differentially expressed in the immature E4.5 DRG compared to 

mature ES.5 DRG (see Figure 2), and confirming with in situ hybridization that NEL is 

robustly expressed in immature E4.5 DRG while being virtually undetectable in mature 

ES.5 DRG (Nelson et ah, 2002b). The usefulness of this strategy is also supported by 

the fact that the functions of the identified gene products correlate with mediation of 

important cellular events during development. For example, neuroserpin, the clone that 

showed enrichment from the reverse experiment, is an axonally secreted inhibitor of
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serine-proteases that is developmentally regulated and important for neuronal migration, 

neurite outgrowth, and synaptogenesis (Osterwalder et ah, 1996; Krueger et ah, 1997). 

ATPase complex subunit 4 (S4) is one of a number of different subunits of the 

multimeric regulatory complex that combines with the 20S proteolytic core to form the 

26S proteasome, which mediates selective protein degradation (Dubiel et ah, 1992; Singh 

et ah, 1996). Regulation of cellular proliferation through ubiquitin-mediated proteolytic 

degradation of cell cycle components is a crucial function of the proteasome, and its 

levels are particularly high in immature and mitotically active cells (Ichihara and Tanaka, 

1995). Furthermore subunits of the proteasome are regulated both spatially and 

temporally in developing embryos, and also exhibit dynamic subcellular localization 

during cellular proliferation and differentiation events (Pal et ah, 1988; Klein et ah, 1990; 

Kawahara and Yokosawa, 1992; Amsterdam et ah, 1993; Hutson et ah, 1997).

Regulation of protein levels and cellular processes through selective degradation is as 

essential as the selective transcription/translation events normally associated with these 

cellular events. Therefore controlling the levels of the various, individual proteasomal 

subunits themselves would be a highly efficient method for the cell to regulate its 

degradation machinery.

Another molecule identified in our screen is the zeta isoform of the 14-3-3 family 

of proteins, which are key regulators and integrators of many different signal transduction 

pathways, and therefore mediate such diverse cellular processes as proliferation, 

differentiation, survival and apoptosis (Skoulakis and Davis, 1998; Fu et ah, 2000). In 

fact more than 50 different proteins have been found to associate directly with 14-3-3 

family members such as receptor and non-receptor protein kinases and phosphatases.
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docking and adaptor proteins, transcription and virulence factors, and other assorted 

proteins and enzymes including B- and D-Raf and PKC (reviewed by Fu et a l, 2000). 

Interestingly, they are abundantly expressed in the nervous system and disruptions in 

their function perturb neuronal differentiation (Chang and Rubin, 1997; Kockel et al., 

1997; Li et al., 1997; Skoulakis and Davis, 1998). For example, disruption of 14-3-3 

binding to the B-Rafkinase domain uncouples NGF induced cellular differentiation of 

PC12 cells (MacNicol et al., 2000). Furthermore 14-3-3 proteins were first described as 

activators of tyrosine and tryptophan hydroxylases in the presence of Ca+2 calmodulin- 

dependent protein kinase II, which are the rate-limiting enzymes in the serotonin and 

catecholamine biosynthesis pathways; interestingly serotonin has been shown to 

influence neural crest development (Ichimura et al., 1987; Garcia-Arraras and Martinez, 

1990; Moiseiwitsch and Lauder, 1995; Hansson et al., 1999). Regulation of 14-3-3 

proteins themselves should therefore be under tight control, and it is known that their 

developmental expression pattern is highly dynamic and complex (Skoulakis and Davis, 

1998). Changes in 14-3-3 isoform gene expression during development would also be a 

highly efficient method of regulating this important class of molecules, and would be 

expected to alter a cell’s ability to integrate various signaling pathways, ultimately 

influencing cell fate. We have shown that indeed 14-3-3^ is differentially expressed 

during DRG development (Figure 2), and therefore it is likely that 14-3-3 £ mediates the 

integration of signals important for determining neuronal fates during the early stages of 

ganglion formation. Further experimentation will be necessary to elucidate the exact role 

14-3-3^ plays in this complex process.



Another candidate cDNA fragment of considerable interest identified in our 

subtraction screen is chicken neural epidermal growth factor-like (NEL, Matsuhashi et 

al., 1995), by DNA sequencing and BLAST analysis of GenBank (Altschul et ah, 1990). 

Two human and rat cDNAs were later independently identified as NEL-Like I and NEL- 

Like 2; chicken NEL is -40-50% homologous to NELLI, and -80% homologous to 

NELL2 (Watanabe et al., 1996; Kuroda et ah, 1999). Therefore we refer to chicken NEL 

as NELL2; chicken NELLI has hot yet been identified. NELL2 contains six EGF-Iike 

domains, which are likely to serve as potential binding sites for novel protein interactions 

(for schematic see Fig 8 A; Kuroda et al., 1999; Kuroda and Tanizawa, 1999; Oyasu et 

al., 2000). NELL2 also belongs to the Laminin G / N-terminus Trombospondin I (N- 

TSPI) / Pentraxin gene superfamily (Beckmann et ah, 1998). This is an extensive class 

of multi-domain adhesive proteins in the extracellular matrix that act as molecular 

bridges between cells and the matrix, and participate in cell-cell communication. NELL2 

and TSPl are structurally similar proteins: both contain Epidermal Growth Factor-Like 

domains (EGF), von Willebrand Factor C domains (vWC), and a similar N-terminal 

domain, a heparin binding N-TSPl motif, which strongly suggest interactions with cell 

surface heparin sulfate proteoglycans HSPGs. Based on sequence analysis and 

homologies to other proteins containing these domains, NELL2 has been proposed to act 

as a signaling ligand in similar key developmental events as function the Notch/DSL, 

NRG, SLIT, and TSPl proteins (Shah et ah, 1994; Matsuhashi et ah, 1995; Watanabe et 

ah, 1996; Kuroda et ah, 1999; Yuan et ah, 1999).

In summary our transcriptome analysis has successfully identified genes likely to 

be involved in mediating neurogenesis and differentiation rather than common

22
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housekeeping genes. The known and proposed functions of the identified genes correlate 

well with the developmental stages of the DRG at which they are expressed. We also 

obtained a novel candidate differentially expressed cDNA fragment that can be used to 

screen our full-length library, made into a probe for in situ hybridization studies, and 

even used as a target sequence to specifically knockdown the in vivo gene product 

through an RNAi-mediated strategy (in progress, see Chapter 5). Investigations into the 

functions of the identified molecules should provide considerable insight into the cellular 

and molecular mechanisms regulating sensory neurogenesis and differentiation in the 

DRG. Currently we have initiated a complementary proteomic analysis of immature and 

mature DRG by searching for proteins that are differentially regulated during DRG 

development (Nelson and Lefcort, unpublished).

Experimental Procedures

Construction o f full-lensth phase E4.5 chick DRG cDNA library

Fertilized white leghorn eggs were obtained (Spafas), and grown to appropriate 

stages (Hamburger and Hamilton, 1951). All embryos were treated in accordance with 

IACUC stipulations. E4.5 DRG mRNA was isolated using MicroPoly(A)Pure (Ambion, 

Inc.) as directed. This was converted to full-length double-stranded cDNA and packaged 

into Lambda phage as directed (Stratagene). PCR-DIG labeled probes generated from a 

fragment of alpha-tubulin and the extra-cellular domain of TrkC were used to screen the
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library (see below), candidates were selected, inserts checked via restriction analysis, 

sequenced, and identified by blasting GenBank.

Suvvressive Subtractive Hybridization PCR (SSH-PCR)

SSH-PCR was used to analyze transcriptome differences between immature, 

embryonic day 4.5 dorsal root ganglia (E4.5 DRG) and mature, fully differentiated E8.5 

DRG (Lukyanov et ah, 1995; Diatchenko, et ah, 1996). E4.5 and E8.5 DRG mRNAs 

were isolated using MicroPoly(A)Pure (Ambion, Inc.), as directed. These mRNAs (2ug 

each) were then prepared for SSH-PCR analysis using PCR-Select (Clontech), as 

directed. The forward subtraction experiment consisted of subtracting E8.5 DRG cDNA 

(driver) from E4.5 DRG cDNA (tester), enriching for E4.5 specific cDNAs. The reverse 

subtraction experiment consisted of subtracting E4.5 DRG cDNA (driver) from E8.5 

DRG cDNA (tester), enriching for ES.5 specific cDNAs. E4.5 and ES.5 DRG cDNA 

subtraction libraries were created from both the forward and reverse subtraction 

experiments by TA-cloning an aliquot of each secondary, nested PCR reaction into the 

PCRII vector (Invitrogen). A modified secondary, nested PCR reaction was used to 

radiolabel (dCTP32 8 00Ci/mMol, New England Nuclear) or chemically label (PCR DIG 

dNTP labeling mix, Roche Molecular Biochemicals) E4.5 and ES.5 DRG subtracted and 

unsubtracted control cDNAs for differential screening. Unincorporated label was 

removed from all probes with QIAquick PCR Purification spin columns (Qiagen).

.4'
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DRG cDNA subtraction library differential screening

The E4.5 DRG cDNA subtraction library was differentially screened for candidate 

differentially expressed clones (Munroe et al., 1995; von Stein et ah, 1997). Initially 300 

random, recombinant clones were selected for differential screening and used to inoculate 

IOOul LB-kan/amp cultures grown overnight at 37° C. Inserts were amplified by colony 

PCR with the nested primer set, and analyzed on large format, 2% Ag/EtBr gels. The 

remaining cultures were then mixed with glycerol and frozen at -8 O0C. 0.5ul of each 

diluted amplicon (1:10) was arrayed in duplicate, onto quadruplicate, positively charged 

nylon membranes (Osmonics, Inc.). Because the nested primer set was used to create 

both the amplicons and the probes, oligos corresponding to the sequences of both 

adaptors were synthesized (MWG Biotech, Inc.) and used to block hybridization signals 

due to adaptor background. As a control for adaptor background, the 603bp band from 

the Phi-Xl 74 DNA/Haelll (Promega) phage subtraction control experiment, which is 

flanked by both adaptors, was gel extracted (QIAquick Gel Extraction, Qiagen), re

amplified with the nested primer set, and prepared for arraying. As a control for 

subtraction efficiency, specific primers were used to amplify a segment of G3PDH, which 

was then prepared for arraying (see RT-PCR methods for sequences). As further controls 

for subtraction efficiency, 5 random, recombinant clones from the ES.5 DRG cDNA 

subtraction library were also prepared for arraying. Membranes were denatured in 0.5M 

NaOH, 1.5M NaCl for 2min, neutralized in 0.5M Tris-Cl, pH 7.5, I.SM NaCl for 5min, 

rinsed in 0.2M Tris-Cl/2X SSC for 30 sec, and UV cross-linked (Stratalinker, Stratagene). 

Membranes were pre-hybridized with the blocking oligos for Ihr in standard 

hybridization buffer at 72° C in a Mini Oven MKII (Hybaid). Probes were mixed with
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another equivalent of blocking oligos and denatured by boiling for Smin5 cooled on ice for 

2min, added to the membranes and hybridized overnight at 72° C. Membranes were 

washed twice in 2X SSC/0.1%(w/v) SDS for 15 min at 72° C5 and then washed twice 

again in 0.5X SSC/0.1% (w/v) SDS for 15 min at 72° C. Radiolabeled membranes were 

then exposed to film (BioMax5 Kodak) for 2-7 days at -80° C. DIG labeled membranes 

were prepared for chemiluminescent detection as directed (Roche Molecular 

Biochemicals) and exposed to film (BioMax5 Kodak) for S-ISmin at room temp.. 

Candidate differentially expressed cDNA clones were grown, plasmids were isolated with 

the QIAprep mini-prep kit (Qiagen)5 sequenced on an ABI PRISM Genetic Analyzer with 

the BIG DYE Terminator kit, and analyzed with Sequencher 3.0 (Gene Codes).

Candidates with signals specifically enriched by the subtraction were picked for 

identification; sequences were aligned to GenBank using the BLAST program. From the 

first 300 clones arrayed, ~40 were chosen for sequencing. This yielded a large number of 

cDNA inserts corresponding to NELL2. Therefore a DIG labeled cDNA probed was 

prepared from one of these clones and used to screen the E4.5 subtraction library to select 

300 additional, non-NELL2 recombinant clones. These non-NELL2 clones were 

prepared and screened as described. Candidates were chosen on the basis of their signal 

intensities as above, and sequenced. This approach resulted in identification of additional 

cDNAs, as would additional rounds of screenings and selections in this manner (see Table 

2 for results).
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Confirmation o f differential sene expression

RT-PCR from E4.5 and ES.5 DRG total RNA with primers specific to NELL2, 

14-3-3^, cS4, and Eyk was used to confirm their differential gene expression. E4.5 and 

ES.5 DRG were collected as described above, and total RNA isolated with standard 

techniques. Genomic DNA contamination was removed by digesting with 2U RQl 

RNase-free DNase (Promega) for 3 Omin at 37°C, phenol/chloroform extracting, and 

isoproponol precipitation. Total RNA was resuspended in 25ul nuclease-free H2O, 

quantified by absorption (GeneQuant, Pharmacia Biotech). MacVector 6.5.3 (Oxford 

Molecular) was used to design specific primers from available sequence data for chicken 

G3PDH, Beta-actin, NELL2, 26S ATPase complex Subunit 4, and Eyk. As the chicken 

14-3-3 sequence is unknown, the 14-3-3 C1 forward primer was designed from a 

conserved region between human 14-3-3^ (accession number NM 003406) and mouse 

14-3-3^ (accession numbers D830337 and D87660), upstream from our candidate 

differentially expressed sequence to yield a specific 800bp amplicon. The ACCESS 

System (Promega) was used for single-step RT-PCR from total RNA, as directed. Equal 

concentrations of E4.5 and E8.5 DRG total RNA were used to analyze the relative 

expression levels of these genes at these developmental stages (150ng for controls and 

Eyk, 25Ong for NELL2, S4,14-3-3Q. 5ul aliquots were removed at 20X, 3OX, and 40X 

cycles of PCR and analyzed on 2%Ag/EtBr gels. Single bands corresponding to the 

correct sizes were detected for all the subtraction clones and controls. Eyk amplicon was 

confirmed by DNA sequencing. Figure 2 shows results for 3 OX cycles of PCR.
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Specific primer sets

NELL2 (forward 5’-CTCCCACACAGAAGTATTCCC, reverse 5’- 

TAGGCATTGTCCTCCCGAAG); 14-3-3; (forward 5’-

GCCTTCCAACTTTTGTCTGCCTC, reverse 5’-TGTTTTTACTGCTGCGCTCG); 26S 

ATPase complex Subunit 4 (forward 5 ’ -TGGGGAAGAAGAAGAAGAAGAAGACG, 

reverse S’-TCATCCATCAGGACTCCAATCAC); G3PDH (forward 5’- 

ACCACAGTCCATGCCATCAC, reverse 5 ’ -TCC AC AAC ACGGTT GCT GTA); Beta- 

actin (forward 5’-TGGAATCCTGTGGCATCCATGAAAC, reverse 5’- 

TAAAACGCAGCTCAGTAACAGTCCCG); Eyk (forward 5’- 

TTGGATTCGGTCATCCCCCAAG, reverse 5 ’ -TCCTGATTCACACCCTGATTTG);

GenBank submission

Chicken 14-3-3; partial cDNA sequence has been submitted to GenBank, accession

f i

number AF465638. Novel candidate partial cDNA sequence will also be submitted.



3. RESTRICTED NEURAL EPIDERMAL GROWTH FACTOR-LIKE LIKE 2 

(NELL2) EXPRESSION DURING MUSCLE AND NEURONAL DIFFERENTIATION

Abstract

We have identified a secreted glycoprotein, neural epidermal growth factor-like 

like 2 (NELL2), in a screen designed to isolate molecules regulating sensory neuron 

genesis and differentiation in the dorsal root ganglia (DRG; Nelson et ah, 2002a, Chapter 

2). In investigating NELL2 expression during embryogenesis, we demonstrate here that 

NELL2 is highly spatially and temporally regulated, being only transiently expressed in 

discrete regions of the CNS, PNS, and in a subset of mesodermal derived structures 

during their peak periods of development. In the CNS and PNS, NELL2 is maximally 

expressed as motor and sensory neurons differentiate. Interestingly its expression is 

restricted to sublineages of the neural crest, being strongly expressed throughout the 

immature DRG, but excluded from sympathetic ganglia. Similarly during muscle 

development, NELL2 is specifically expressed by hypaxial muscle precursor cells in the 

differentiating somite and derivatives in the forelimbs and body wall, but not by epaxial 

muscle precursors. Furthermore, NELL2 is differentially regulated in the CNS and PNS: 

in the CNS, NELL2 is only expressed by nascent, post-mitotic .neurons as they 

commence their differentiation, yet in the PNS, NELL2 is expressed by subsets of 

progenitor cells in addition to nascent neurons. Based on this restricted spatial and 

temporal expression pattern, functional studies are in progress to determine NELL2’s role 

during neuronal differentiation in both the PNS and CNS (Nelson et ah, 2002c, Chapter

29

4)
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The restricted expression of subsets of genes to a particular tissue during specific 

developmental stages ultimately results in the differentiation of discrete cell types. The 

goal is to identify key genes that regulate the genesis, and differentiation of these discrete 

cell types. An experimentally rich system in which to investigate this question as it 

pertains to vertebrate neurogenesis is the dorsal root ganglion (DRG). DRG derive from 

a subpopulation of migrating neural crest cells that coalesce laterally to the neural tube 

(Lallier and Bronner-Fraser51988). As the DRG matures, discrete cell types emerge from 

a pool of differentiating progenitor cells. Mature DRG contain approximately twenty 

types of post-mitotic neurons that differ in their sensory modalities, morphologies, and 

biochemistry, in addition to support glial cells (Scott, 1992).

Once DRG have formed, sensory neurons mature and innervate discrete central 

and peripheral targets, followed by an extensive period of target-regulated programmed 

cell death (Lindsay 1996). However, the intervening cellular and molecular events that 

occur prior to the period of target-mediated cell death, yet subsequent to neural crest 

migration, remain incompletely characterized. An elucidation of these events is required 

because it is during this time period when the majority of neurogenesis and 

differentiation of discrete classes of sensory neurons occurs. Certainly molecules such as 

the neurotrophins and their cognate Trk receptors, the transcription factors neurogenin 

land 2 and members of the ETS family, and Notch and Delta-1 interactions play critical 

roles during sensory neurogenesis (Lindsay, 1996; Lin et al., 1998; Ma et ah, 1999; Arber 

et al., 2000; Wakamatsu et al., 2000). However, given the complexity of cellular and 

molecular interactions mediating DRG development, it is evident that additional



molecular mechanisms must be elucidated. Ultimately an interplay between extrinsic and 

intrinsic signals is thought to sculpt the formation of the final pattern of cell types within 

the DRG (Morrison 2001; Sommer 2001).

Neurogenesis in the nascent chick DRG peaks at HH st 25/E4.5-5, which is 

followed by target innervation and programmed cell death of post-mitotic neurons 

between E5-E12 (Carr and Simpson, 1978). At E4.5, DRG are immature with ~30% of 

the cells being mitotically active progenitor cells (Lefcort, unpublished observations), and 

the majority of the remaining cells being nascent, post-mitotic neurons (Pannese, 1974; 

Rifkin et ah, 2000; Wakamatsu et ah, 2000). Gliogenesis becomes prevalent after E6 

(Carr and Simpson, 1978). By E8.5 DRG are considered mature in that neurogenesis is 

complete, neurons express their mature pattern of neurotransmitters, Trk receptors and 

ETS transcription factors, and the majority of fibers have innervated their targets 

(Pannese, 1974; Carr and Simpson, 1978; Lindsay 1996; Lin et ah, 1998; Arber et ah, 

2000; Rifkin et ah, 2000). Thus in order to identify genes that regulate sensory 

neurogenesis and differentiation we isolated DRG from immature embryos at E4.5, and 

compared their cDNA to cDNA derived from mature E8.5 DRG. E4.5 and E8.5 DRG 

were directly compared with a suppressive subtractive hybridization PCR (SSHrPCR) / 

differential screening methodology (Lukyanov et ah, 1995; Munroe et ah, 1995; 

Diatchenko et ah, 1996; von Stein et ah, 1997) the results of which will be published 

separately (see Chapter 2). A candidate cDNA fragment was identified as chicken neural 

epidermal growth factor-like (NEL, Matsuhashi et ah, 1995), by DNA sequencing and 

BLAST analysis of GenBank (Altschul et ah, 1990). Two human and rat cDNAs were 

later independently identified as NEL-Like I and NEL-Like 2; chicken NEL is -40-50%

31
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homologous to NELLI, and -80% homologous to NELL2 (Watanabe et ah, 1996; 

Kuroda et ah, 1999). Therefore we refer to chicken NEL as NELL2; chicken NELLI has 

not yet been identified.

Sequence analysis of NELL2 and initial in vitro biochemical characterization 

indicate that it is a large peptide, ~90kD, with -5 OkD of N-Iinked carbohydrate, contains 

a cleavable N-terminal signal peptide sequence, and in addition to monomers forms 

putative homo-trimers in solution (see Fig 8 A for schematic; Matsuhashi et ah, 1995; 

Watanabe et ah, 1996; Kuroda et ah, 1999). Furthermore NELL2 belongs to an 

intriguing class of proteins that contain EGF-Iike domains (Engel, 1989; Davis, 1990), 

including amongst others. Notch and its ligands Delta/Serrate/Lag (DSL), the Neuregulin 

(NRG) family of ligands, and the SLIT family of ligands. NELL2 contains six EGF-Iike 

domains, which are likely to serve as potential binding sites for novel protein interactions 

(Kuroda et ah, 1999; Kuroda and Tanizawa, 1999; Oyasu et ah, 2000). NELL2 also 

belongs to the Laminin G/N-terminus Thrombospondin I (N-TSPl)ZPentraxin gene 

superfamily (Beckmann et ah, 1998), a large class of multi-domain adhesive proteins in 

the extracellular matrix that act as molecular bridges between cells and the matrix, and 

participate in cell-cell communication. Based on homologies to the Notch/DSL, NRG, 

SLIT, and TSPl proteins, NELL2 has been proposed to act as a signaling ligand in 

similar key developmental events.

RT-PCR confirmation o f differential NELL2 expression

To verify that the candidate NELL2 cDNA isolated in our screen was in fact 

differentially expressed, we used RT-PCR to independently compare the relative
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expression levels of NELL2 in both immature E4.5 and mature E8.5 DRG (Figure 3 A). 

Figure 3 A demonstrates that the common, house-keeping transcripts /?-actin and 

glyceraldhyde-3 phosphodehydrogenase (G3PDH) were present at equal amounts in both 

samples, and the RT(-) controls with G3PDH primers show no genomic DNA 

contamination in either sample. In confirmation of our subtraction and differential 

screen, the RT-PCR results demonstrate that NELL2 is more robustly expressed in the 

immature E4.5 DRG (Fig 3 A, I) compared to the mature, differentiated ES.5 DRG (Fig 

3 A, 2).

In situ hybridization analysis ofNELL2 expression during embryogenesis

NELL2 expression peaks during sensory and motor neuron differentiation. To further 

analyze NELL2’s differential expression during DRG development, we conducted in situ 

hybridizations on transverse sections of chick embryos at key stages of DRG 

development (Hamburger and Hamilton, 1951). NELL2 expression commences with the 

onset of DRG gangliogenesis (data not shown), and is strongly expressed in DRG by st 

21 (Fig 3 H). Figure 3 B-D demonstrates that at E4.5, NELL2 is specifically expressed in 

the DRG, including the dorsal pole (arrow), during the peak period of neurogenesis (Fig.

3 B), in agreement with the initial description of NELL2 in the DRG at this stage 

(Matsuhashi, et al. 1995). Furthermore, within the subsequent 24hrs (E5.5, data not 

shown) NELL2’s expression in the DRG dramatically decreases, becoming virtually 

undetectable in maturing E6.5 and mature ES.5 ganglia (Fig 3 C, D
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Figure 3. NELL2 expression is spatially and temporally restricted during neuronal and muscle 
development. (A) RT-PCR confirms differential NELL2 expression between immature E4.5 DRG (I) 
and mature ES.5 DRG (2). (B-D) In situ  hybridization reveals that NELL2 expression is restricted to the 
peak periods o f both motor and sensory neuron differentiation (B E4.5, C E6.5, D ES.5; arrowheads, 
motor neuron MN). (E) st 21 whole-mount in situ  reveals that NELL2 is also discretely expressed in the 
pineal gland (pg) and other neural tissues (arrowheads, discussed later), and in the forelimb and lateral 
trunk mesoderm (arrows). (F) Transverse section at early st 17 localizes NELL2 to the lateral edge of  
dermamyotomes (small arrowheads), in migrating neural crest cells lateral to the dorsal neural tube (large 
arrowhead), and to a subpopulation of cells in the ventricular layer o f the neural tube and nascent motor 
neuron pools (arrows). (G) st 17 whole-mount demonstrating NELL2 expression in the lateral 
dermamyotomes (arrowhead). (H, I) At st 21, NELL2 is expressed by hypaxial muscle precursor 
derivatives in both the dorsal (H) and ventral (I) forelimb (arrow) and lateral body wall (arrowhead), and 
note the robust expression in the DRG. (J) By st 25 NELL2 is restricted to a discrete region in the dorsal, 
posterior forelimb (arrow), and lateral trunk mesoderm: note the difference in expression between the 
foreIimb (J) and hindlimb (K). (L, M) Sympathetic ganglia do not express NELL2; (L) alpha-XubuWn 
control, (M) NELL2 (ES.5).
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respectively). Interestingly, NELL2 also exhibits a strikingly dynamic pattern of 

expression in the spinal cord (SC; compare Fig 3 B to C to D). NELL2 is initially highly 

expressed throughout the mantle layer of the spinal cord, a region undergoing 

differentiation (Fig 3 B; see also Matsuhashi, et al. 1995), with extremely high levels of 

expression in motor neuron regions (arrowheads). Within the next few days NELL2 

expression is rapidly reduced, becoming restricted to discrete motor neuron pools at later 

stages (Fig 3 C, D, arrowheads), along the rostral-caudal axis in both lateral and medial 

motor columns. These results prompted us to investigate additional tissues and stages in 

which NELL2 might be discretely and dynamically expressed. Whole-mount in situ 

hybridization demonstrates that in addition to expression in the pineal gland (pg), NELL2 

is expressed in cranial sensory ganglia and discrete regions within the CNS (Fig 3 E 

arrowheads, discussed later), and in discrete mesodermal derivatives in the limbs and 

lateral trunk (Fig 3 E, arrows).

NELL2 is expressed by sublineages o f the somite and neural crest. To further 

characterize NELL2’s expression, we examined embryos from earlier and later stages of 

development. Weak NELL2 expression could first be detected in somites and the neural 

tube at st 13-15 (data not shown). Byst 17 (Fig 3 F, G) NELL2 transcripts are 

upregulated, and can be detected in the lateral edges of somites encompassing the ■ 

prospective wing bud and trunk levels. Transverse sections at early st 17 (Fig 3 F; small 

arrowheads) and whole-mounts at st 17 (Fig 3 G) indicate that this signal is localized to 

.. the lateral edge of the dermomyotome, which contain the skeletal/hypaxial muscle 

precursor cells that migrate into the limbs and trunk to give rise to all skeletal muscle
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derivatives (C. Krull5 personal communication; Ordhal and Le Douarin5 1992). NELL2 

expression also increases during this period in the neural tube, and by st 17 (Fig 3 F 

arrows) strong expression can be detected in the early spinal cord, especially in nascent 

motor neuron regions, and in a subset of migrating neural crest cells (Fig 3 F, large 

arrowhead).

NELL2 is later expressed in discrete regions in the forelimb and lateral trunk mesoderm, 

by the progeny of the labeled cells detected in the younger somite that have migrated to their 

target fields. At st 21 NELL2 is expressed in the posterior region of the dorsal, and ventral 

forelimb (Fig 3 H-I). Also note the faint labeling in the gut (Fig 3 I asterisks), which 

corresponds to the developing mesonephros and in the heart, corroborating previously reported 

NELL2 expression in the early kidney and heart (Matsuhashi et ah, 1995; Watanabe et ah, 1996). 

Between st 23-25 NELL2 expression in the dorsal forelimb becomes localized to a very discrete 

posterior region, coinciding with the posterior margin of where the proximal limb extends from 

the body (Fig 3 J, arrow). By this stage NELL2 expression in the ventral forelimb is strongly 

reduced (data not shown). NELL2 expression is maintained in a discrete, proximal region 

through sections of forelimbs at E6.5 and ES.5 (data not shown). Interestingly, this discrete 

expression pattern in the forelimb is not observed in the hindlimb, even at later stages (Fig 3 K, 

arrows).

Examination at E4.5 clearly indicated a lack of NELL2 expression in the primary chain 

of sympathetic ganglia, which have just begun to form at ~E4 and develop into the secondary 

chain by ES (Lillie 1908; Lallier and Bronner-Fraser, 1988). Therefore we examined sections 

from E6.5 and ES.5 embryos to determine whether the secondary chain of sympathetic ganglia
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expressed NELL2; NELL2 expression was not detected in sympathetic ganglia, even at this age 

(Fig 3 L, M).

NELL2 expression is dynamically regulated during cranial sensory ganglia and pharyngeal arch 

development. NELL2 expression is first weakly detected in the pineal gland anlagen at st 14 

(data not shown). Byst 17 the pineal gland (Fig 4 A, arrow) and trigeminal ganglia (T) are 

clearly labeled. Byst 19 NELL2 is upregulated and expressed in all cranial sensory ganglia (Fig
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Figure 4. Dynamic NELL2 expression during cranial sensory ganglia and pharyngeal arch 
development. (A) st!7 NELL2 labels the pineal gland (arrow) and trigeminal ganglia (T). (B) By st 19 
NELL2 is expressed in all cranial sensory ganglia; trigeminal (T), geniculate (G), otic vesicle (O), 
petrosal (P), nodose (N): note the intense expression in the distal mmV branch o f T, and expression in 
the rostral O. (C, D) NELL2 is maximally expressed in cranial sensory ganglia during st21-23, and 
labels a region in the face and pharyngeal arches (asterisks): note the staining in the otic vesicle O (D, 
arrowheads). (E) By st25 NELL2 expression begins to decrease in cranial sensory ganglia, except for 
the mmV branch of T, while strong expression continues throughout the arches and in the face 
(asterisks). (F) NELL2 expression becomes restricted in the arches at later stages to discrete regions 
within the prospective maxilla and mandible.
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4 B), and expression peaks during st 21-23 (Fig 4 C, D). By st 25 (Fig 4 E) NELL2 expression 

decreases in all cranial sensory ganglia, although it is maintained in the mmV branch of the 

trigeminal ganglia (Fig 4 D, E). Beginning at ~st 19, and by st 21-25 (Fig 4 C, E) NELL2 

expression can be detected throughout the pharyngeal arches, during their peak period of 

development (Lillie, 1908). By st 25 NELL2 becomes increasingly localized around branchial 

cleft I, from which the maxilla (anterior) and the mandible (posterior) arise, and continues to be 

strongly expressed in discrete regions in st 28 embryos (Fig 4 F). Transient NELL2 expression 

in the face is detected between st 21-25, and decreases between st 26-28 (Fig 4 C, E, F). It is 

interesting to note that NELL2 expression is maximal in the pharyngeal arch target fields as its 

expression wanes in the respective innervating neural structures.

NELL2 is expressed by differentiating retinal ganglion cells and in the otic vesicle. One of the 

first tissues to express NELL2 is the developing eye (~st 14, data not shown). At st 18 (data not 

shown) NELL2 is clearly expressed in the optic cup, with strong expression through the optic 

stalk. By st 20 (Fig 5 A, arrows) NELL2 is strongly expressed throughout the retinal region 

circumscribing the lens. This retinal expression becomes localized to ganglion cells in the 

inner layer by st 25 (Fig 5 B; T. Reh, personal communication), which are interspersed 

with non-NELL2 expressing cells. NELL2 expression in the otic vesicle can be observed 

in whole-mount embryos at st 21-25 (see Fig 4). Transverse sections at st 25 indicate that 

distinct regions within the vestibular-cochlear ganglion (V) express varying levels of 

NELL2 (Fig 5 C, asterisks), and that NELL2 is also expressed in discrete regions within the 

otocyst (Fig 5 C, arrowheads).
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Figure 5. NELL2 is expressed by 
retinal ganglion cells and in the otic 
vesicle. Section through st20 lens 
localizes NELL2 expression to the 
retina in a region circumscribing the 
lens (A, arrows). By st25 (B) NELL2 
is strongly expressed by single cells in 
the apical surface o f the retina 
identified as nascent, differentiating 
retinal ganglion cells. (C) At st25 
NELL2 is also expressed at different 
levels within discrete regions o f the 
vestibular-cochlear ganglion (V, 
asterisks) and the otocyst (0 , 
arrowheads).

NELL2 expression in the developing CNS. In the CNS, NELL2 is first expressed at ~st 17-18 by 

a layer of cells in the most lateral region within the neuroepithelium. By st 20 NELL2 is 

expressed in the wall of the rostral metencephalon (Fig 7 A), and a population of cells in the 

ventral floor of the mesencephalon (Fig 7 B), diencephalon, and telencephalon (data not shown). 

NELL2 is also intensely expressed in the midbrain floor in more mature embryos at st 25 and st 

28, (Fig 6 A, B arrows). NELL2 expression in the floor of the hindbrain is quite dynamic during 

these periods. Byst 21 NELL2 is strongly expressed in the region of the upper and lower 

rhombic lips (Fig 6 C, top arrow, bottom arrow, respectively), and in two pairs of stripes in the 

floor of the hindbrain (Fig 6 C): this ventral expression in the floor extends the entire length of



the hindbrain. At st 21 NELL2 expression is diffuse in anterior rhombomeres (Rl-2), while 

discrete stripes are present in more
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Figure 6. Discrete NELL2 expression in the midbrain and hindbrain. (A, B) NELL2 is strongly 
expressed in the floor of the mesencephalon from ~stl9, revealed by removing the optic tectum from 
st25 and st28 embryos; note the medial and lateral regions at st28 (dorsal views o f embryos oriented 
with face to top, eyes (e), trigeminal (t), and ventricles indicated for reference). (C-Ff) Dorsal views of  
embryos st21 -26 reveal dynamic expression o f NELL2 in pairs o f stripes in the floor of the hindbrain, 
and in the region o f the rhombic lip.

posterior rhombomeres, and expression is also detected between the rhombomeric boundaries 

(Fig 6 C, arrowheads). By st 23 (Fig 6 D) expression in the anterior rhombomeres also becomes 

restricted to these stripes. At st 25 the medial pair extends the entire length of the hindbrain, 

through rhombomeres 1-7 (Fig 6 Fe), while the lateral pair of stripes extend caudally from R2 

(Fig 6 Ee;sma!l arrowhead; compare anterior regions in Fig 6 C to Fig 6 Ee). NELL2 expression
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in these stripes is dramatically reduced after st 25, being barely detectable by st 26 (Fig 6 F, Ff, 

same embryo rotated forward to view anterior rhombomeres; compare Fig 6 Ee to Ff). 

Furthermore NELL2 expression in the upper rhombic lip decreases during these stages (compare 

Fig 6 C top arrow, to Fig 6 Be, Ff asterisks).

NELL2 is differentially regulated in the CNS and PNS. Except for the very first, weak detection 

of NELL2 in the spinal cord ventricular zone at the onset of neurogenesis and differentiation, 

expression of NELL2 in the CNS is restricted exclusively to the differentiating mantle layer of 

the neuroepithelium, while expression in the PNS (DRG specifically) indicated that NELL2 is 

located in both differentiating zones and progenitor zones. To determine directly if mitotically 

active progenitor cells express NELL2, we combined in situ hybridizations with BrdU labeling 

(Bermingham-McDonogh et ah, 2001). NELL2 expression throughout the CNS was found not 

to co-localize with the BrdU+ progenitor zones, but rather was detected in adjacent 

differentiating layers, in particular the wall of the metencephalon, the floor of the 

mesencephalon, the retina, and the spinal cord (Fig 7 A, B, D, E respectively). The only 

exception to this pattern at these stages in the CNS was observed in the pineal gland, where a 

subpopulation of BrdU labeled cells also expressed NELL2, although most NELL2+ cells were 

BrdU- (data not shown). This absence of overlap is not the case in the PNS. Sections through 

both the trigeminal ganglia and DRG at st 20 reveal that indeed mixed populations of 

Brdu+/NELL2+ (Fig 7 C arrowhead) and BrdU+/NELL2- coexist. At st 25, during the peak 

period of neurogenesis in the DRG, while NELL2 is predominately expressed in Brdu- cells, 

there still exists a subpopulation of BrdU+/NELL2+ cells (Fig 7 F). Counts of double-labeled 

cells in both the trigeminal, and anterior and posterior DRG (indicated by sequential increasing
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slide numbering from anterior to posterior respectively) demonstrate that NELL2+/Brdu+ cells 

decrease along this axes, and over time (Table 3). Interestingly, in both the PNS and retina, 

NELL2+/BrdU- cells are often observed directly juxtaposed to BrdU+/NELL2- cells, in a pattern 

reminiscent of Notch/Delta expression.

<

st20 B st20

Figure 7. NELL2 is differentially regulated between the CNS and PNS. (A-F) NELL2 in situ hybridizations 
(purple) were combined with BrdU labeling (red). (A) Transverse section through wall o f rostral 
metencephalon at st20 localizes NELL2 to the mantle layer (differentiation zone), while BrdU+ cells are 
localized to the ventricular layer (progenitor zone). (B) Section through floor o f the mesencephalon at st20; 
note that NELL2 labels a discrete population of cells in the mantle layer o f the mesencephalon floor. (C) At 
st20 NELL2 is expressed in the trigeminal ganglion by a subset of BrdU+ cells (arrowhead), however the 
majority o f NELL2+ cells are BrdU"; also note that BrdU+ cells are often located adjacent to NELL2+ cells.
(D) The population of NELL2 expressing cells in the apical surface of the retina at st25 is BrdU", yet in 
contact with proliferating cells. (E, F) Sections through trunk at st25 clearly demonstrates the general pattern 
of NELL2 labeling mantle layer and BrdU labeling in the ventricular zone in the CNS (spinal cord, SC), while 
in the PNS mixed populations persist in the immature DRG: note the NELL2 VBrdU cell (arrowhead) next to 
the NELL2VBrdu cell (arrow) in the dorsal root (F, higher magnification). (G) NELL2 combined with 
neurofilament; NELL2 (purple), neurofilament (red). At st25, NELL2 is predominately expressed in the 
neural core o f the DRG (asterisks), however NELL2 is also expressed in neurofilament negative cells in the 
dorsal pole and in the perimeter of the ganglion adjacent to the spinal cord, known zones o f progenitor cells 
(arrowheads).
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Table 3. NELL2 expression in DRG precursors decreases during development

Stage Tissue slide# %NELL2+/Brdu+ cells

20 trigeminal 8 17

20 DRG 16 8

20 DRG 22 17.5

20 DRG 26 16.5

25 DRG 9 4.9

25 DRG 11 5

25 DRG 15 4.8

To further confirm that within the DRG NELL2 is expressed by both neurons and 

progenitor cells, we combined NELL2 in situ hybridization with neurofilament 

immunocytochemistry (Vargesson et ah, 2001). At st 25 neurofilament antibodies label the 

neural core of the ganglia and the projections to the spinal cord and target fields (Fig 7 G).

While the majority of NELL2 expressing cells are located in the neural core of the ganglia, 

NELL2 is also expressed by non-neural cells in both the dorsal pole and in the medial and lateral 

perimeter of the ganglion adjacent to the spinal cord (arrowheads, fluorescence signal dampens 

colorimetric signal slightly), both known zones of proliferation within the DRG (Hamburger et 

ah, 1981).

In summary, these studies demonstrate that NELL2 is highly spatially and temporally 

regulated in discrete regions within the nervous system, in particular the midbrain, hindbrain, 

retina, spinal cord, and peripheral sensory ganglia. NELL2 expression is maximal during the 

peak periods of both sensory and motor neuron differentiation (Carr and Simpson, 1978; Leber et



al., 1990). Furthermore, NELL2 marks specific sublineages of the somite and neural crest. 

NELL2 expression is restricted to hypaxial muscle precursor cells rather than epaxial muscle 

precursor cells, during the early specification phase of their differentiation program, and 

continues to be expressed as derivatives migrate to their target fields in the limbs and body wall, 

being down-regulated as the terminal differentiation program ensues in a manner analogous to 

Pax3 (compare with Pax3 expression Williams and Ordhal, 1994; Brand-Saberi, 1999; Stockdale 

et al., 2000). Thus NELL2 is a new marker for this early phase of hypaxial muscle 

differentiation. Furthermore NELL2 specifically marks the sensory neural lineage of the neural 

crest rather than the sympathetic or melanocyte lineage at any stage examined. This restricted 

expression pattern is similar to that of the neurogenins I and 2, which are necessary for DRG 

formation, regulate distinct waves of neurogenesis within the DRG, and bias neural crest to a 

sensory neural fate (Sommer et al., 1996; Perez et al., 1999; Ma et al., 1999). Finally NELL2 is 

differentially regulated between the CNS and PNS in that it is excluded Eom neural progenitor 

zones within the CNS, while a subset of mitotically active progenitor cells in the PNS express 

NELL2. Studies directed towards elucidating the functional significance of this differential 

expression and NELL2’s role during muscle and neuronal development are currently in progress.

Methods
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Identification ofNELL2 during sensory neuroeenesis and differentiation

Fertilized white leghorn eggs were obtained (Spafas), and grown to appropriate 

stages (Hamburger and Hamilton, 1951). All embryos were Eeated in accordance with 

IACUC stipulations. SSH-PCR was used to identify differentially expressed genes
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between immature, embryonic day 4.5 dorsal root ganglia (E4.5 DRG) and mature, 

differentiated E8.5 DRG (Lukyanov et al., 1995; Diatchenko, et al., 1996). The E4.5 

DRG cDNA subtraction library was screened for candidate differentially expressed 

clones (Munroe et al., 1995; von Stein et al., 1997), the details of which will be published 

separately (see Chapter 2).

RT-PCR confirmation o f differential NELL2 expression

E4.5 DRG and ES.5 DRG were collected and total RNA isolated with standard 

techniques, quantified by measuring absorption at 260nm/280nm, and concentration 

normalized for RT-PCR analysis. MacVector 6.5.3 (Oxford Molecular) was used to 

design specific primers from available sequence data for chicken NELL2, and the 

normalization controls glyceraldhyde-3 phosphodehydrogenase (G3PDH) and Beta-actin: 

NELL2 (forward 5’-CTCCCACACAGAAGTATTCCC, reverse 5’- 

TAGGCATTGTCCTCCCGAAG); G3PDH (forward 5’-

ACCACAGTCCATGCCATCAC, reverse S’-TCCACAACACGGTTGCTGTA); Beta- 

actin (forward S’-TGGAATCCTGTGGCATCCATGAAAC, reverse 5’- 

TAAAACGCAGCTCAGTAACAGTCCCG). The ACCESS System (Promega) was 

used for single-step RT-PCR from total RNA, as directed. Equal concentrations of E4.5 

and E8.5 DRG total RNA were used to analyze the relative expression levels of NELL2 

at these developmental stages (150ng for controls, 250ng for NELL2). 5ul aliquots were 

removed at 20X, 3 OX, and 40X cycles of PCR and analyzed on 2%Ag/EtBr gels. Single 

bands corresponding to the correct sizes were detected for NELL2 and controls. RT(-) 

control was performed with the G3PDH primer set. Results for 3 OX cycles shown.
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In situ hybridizations

A series of chick embryos at selected stages were collected. Whole-mount in situ 

hybridization and section in situ hybridization were performed with DIG-Iabeled ribo- 

probes as described with slight modifications (Henrique et ah, 1995; Chen et ah, 1998; 

Etchevers et ah, 2001). DIG-Iabeled NELL2 probes were generated from the same 

template as in Matsuhashi et al, 1995, which gave the same results. Sense-control probes 

gave no signal and are not shown. Detection of differential signal in E4.5, E6.5, and ES.5 

DRG and spinal cord was performed by allowing the slides to react at the same time with 

prepared NBT/BCIP color substrate (Sigma) until optimal signal-to-noise was reached, 

which always occurred first with the E4.5 slides, all of which were then post-fixed with 

4% paraformaldehyde, and coverslipped. Alpha-tubulin DIG-Iabeled control probe has 

been described (Miller at ah, 1987; Gloster et al., 1994).

Combined in situ hybridizations, BrdU, and neuro filament labeling

BrdU was injected in ovo into st20 and st25 embryos, eggs were sealed with 

plastic tape and incubated for 4brs, processed for in situ hybridizations (Etchevers et ah, 

2001, without proteinase K treatment) and Brdu incorporation (Bermingham-McDonogh 

et ah, 2001), or neurofilament detection (Vargesson et ah, 2001).



4. NEURAL EPIDERMAL GROWTH FACTOR-LIKE LIKE 2 (NELL2) PROMOTES 

MOTOR AND SENSORY NEURON DIFFERENTIATION m  VIVO

Al

Abstract

We have previously identified a secreted glycoprotein, neural epidermal growth 

factor-like like 2 (NELL2), through a subtraction screen designed to identify molecules 

regulating sensory neuron genesis and differentiation in the dorsal root ganglion (DRG, 

Chapter 2). Characterization of NELL2 expression during embryogenesis demonstrated 

that NELL2 is specifically expressed during the peak periods of both sensory and motor 

neuron differentiation, and is restricted to the sensory lineage of the neural crest (Nelson 

et ah, 2002b, Chapter 3). We report here that NELL2 functions autocrinely to promote 

the differentiation of both CNS and PNS progenitors into neurons, and biases neural crest 

cells towards a sensory fate in vivo. Additionally, neuron-secreted NELL2 acts 

paracrinely to stimulate the mitogenesis of adjacent cells within the nascent DRG. This 

is the first demonstration of an in vivo function for this molecule.
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Vertebrate neurogenesis and differentiation results from an intricate interplay 

between extrinsic and intrinsic cellular signals that generate a variety of different 

neuronal and glial cell types from a population of mitotically active progenitor cells. The 

question of how such diversity is generated has been a major focus in developmental 

biology. An experimentally rich system with which to. address this issue is in the chick 

dorsal root ganglia (DRG)3 which derive from a subset of migrating neural crest cells that 

coalesce laterally to the neural tube (Lallier and Brormer-Fraser3 1988). To identify 

genes that regulate this process we compared cDNA from immature embryonic E4.5 

DRG3 which contain nascent neuroblasts and mitotically active progenitor cells at the 

peak period of neurogenesis and differentiation (Carr and Simpson3 1978), to cDNA from 

mature ES.5 DRG3 which contain differentiated post-mitotic neurons and glia through a 

subtraction/differential screening strategy (see Chapter 2). From this subtraction screen 

we identified neural epidermal growth factor-like like 2 (NELL2), a large secreted 

glycoprotein, and confirmed that NELL2 was differentially expressed during DRG 

development (Nelson et al.3 2002b).

NELLI and NELL2 gene expression is highly regulated during development and 

in the adult, in a variety of vertebrate systems (Matsuhashi et ah, 1995; Watanabe et ah, 

1996; Luce and Burrows3 1999; Kuroda et ah, 1999; Oyasu et ah, 2000; Nelson et ah, 

2002b). These studies have revealed that NELL genes are expressed in discrete tissues, 

temporally restricted to periods of differentiation in the pharyngeal arches, motor and 

sensory neurogenesis and differentiation, and the early phase of skeletal muscle 

differentiation amongst others. NELL2 expression in a subset of PNS progenitors in vivo
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decreases over time (Nelson et al., 2002b), and mouse embryonic stem cells express 

NELL2 when induced to differentiate into neurons in response to retinoic acid (Guo et 

al., 2001). Although these patterns of expression correlate with phases of differentiation 

in these tissues, suggesting that NELLs may function in this process, nothing at all is 

known about the actual function of these genes in vivo.

The NELL genes belong to the Laminin G/N-terminal TSPI/Pentraxin supergene 

family, which is involved in cell:cell communication and contact (Beckman et al., 1998), 

contain a cleavable signal peptide, 6 EGF-Iike and 5 vWc domains, and have been 

proposed to act as signaling molecules involved in cell growth and/or differentiation (see 

schematic in Fig 8 A; Matsuhashi et al., 1995; Watanabe et al., 1996; Kuroda et al 1999). 

Initial in vitro biochemical analyses have demonstrated that NELLI and NELL2 are 

secreted from COS7 cells and can bind heparin sulfate (Kuroda et al., 1999; Kuroda and 

Tanizawa, 1999). Incubation of these cultures with P32-Orthophosphate shows that 

secreted NELLI and NELL2 are phosphorylated by an as-of-yet unidentified intracellular 

kinase (Kuroda and Tanizawa, 1999). Secreted rat rNELLs were added to cultures of a 

cell line that express all isoforms of the epidermal growth factor (EGF) receptor Erb 

family of receptors, and assayed for receptor phosphorylation (Kuroda et al., 1999). No 

phosphorylation was observed, suggesting that NELLs do not bind to and activate Erb 

receptors directly (data not shown, Kuroda et al., 1999). Yeast two-hybrid assays and co- 

immunoprecipitations of NELL/PKC from CO S 7 cell lysates have shown that specific 

isoforms of PKC can bind to the EGF-Iike domains and phosphorylate NELLI and 

NELL2 in vitro (Kuroda and Tanizawa, 1999). The significance of this interaction with 

various PKC isoforms is unclear, as PKC is a cytosolic molecule while NELL contains a
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cleavable signal peptide sequence, is routed to the ER for extensive N-Iinked 

glycosyaltion events, and subsequently through the Golgi and secreted. Furthermore 

NELL2 immunocytochemical analysis in the adult rat brain demonstrated that NELL2 

immunoreactivity did not completely correspond to immunoreactivity for any of the PKC 

subunits, and with electron microscopy showed that NELL2 was associated with the 

rough ER and within the ER, a cellular compartment not readily accessible to cytosolic 

PKC isoforms (Oyasu et ah, 2000). Intriguingly this study also demonstrated that 

NELL2 was exclusively expressed by neurons and not detected in any glial derivatives, 

suggesting that NELL2 is secreted by neurons in vivo.

To determine directly the function of chicken NELL2 in vivo, we have used a 

gain-of-function approach to analyze the effect of ectopic NELL2 expression in CNS and 

PNS progenitor cells by transfecting these progenitors in ovo and determining their fate at 

key stages of development. We show that an epitope- tagged NELL2 is secreted from the 

spinal cord and drives CNS progenitors to exit the cell cycle, promoting their 

differentiation in an autocrine fashion, without altering their identity. Ectopic expression 

of NELL2 in neural crest cells acts autocrinely to bias migrating crest towards a sensory 

fate, and to differentiate into sensory neurons rather than peripheral glia, without altering 

their sensory sub-type, while paracrinely acts to induce neighboring cells in the immature 

DRG to proliferate. These are the first such reported results for a biological effect of a 

NELL gene in vivo.
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Results

NELL2 is secreted from spinal cord

Expression of pNELL2:Myc was verified by transiently transfecting 

pNELL2:Myc and empty control parent vector (pmiw) into COS? cells in vitro, 

analyzing supernatants (and/or immunoprecipitations from remaining supernatants with 

anti-Myc antibody from Clontech), by both denaturing and non-denaturing PAGE and 

Western analysis with anti-Myc antibody (9el0 DHSB). Figure 8 shows that 

NELL2:Myc is secreted from COS? cells and forms the homo-trimer in solution. For in 

ovo electroporations/microinjections, NELL2:Myc was subcloned into the bicistronic 

eukaryotic expression vector pMES (Swartz et ah, 2001b), which contains the dual CMV 

IE and chick beta-actin promoters and the IRES2:eGFP sequence for dual NELL2:Myc 

and eGFP expression in the same cell, referred to now as pNELL2 for simplicity. Co

expression was confirmed by transiently transfecting COS? cells as above (Fig 8 D). Co

expression in ovo was confirmed by microinjecting and electroporating pNELL2 into 

stage 10 chick neural tubes, incubating until stage 25, dissecting and dissociating 

transfected spinal cords, and culturing in vitro overnight. Supernatants and cultures were 

analyzed as above. Indeed, NELL2 is secreted from in ovo transfected spinal cord cells 

and forms the putative homo-trimer in solution (Fig 8 H: note that these cells appear to be 

neuronal).
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N-TSPl vWC EGF vWC

Figure 8. NELL2 is secreted from spinal cord. (A) Schematic of NELL2 homo-trimer: N-TSPI, N- 
tenninal thrombospondin I motif with N -terminal heparin binding domain (HB) and coiled-coiled (cc) 
domain; vWC, von Willebrand factor C motif; EGF, epidermal growth factor-1 ike motif, blue are Ca 2 
binding type; predicted N-Iinked glycosylation sites denoted with hatched lines. Western analysis 
demonstrates that NELL2:Myc is secreted by transfected COS7 cells (B-D) and chick embryonic spinal 
cord cultures (E-H), and forms the putative homo-trimer in solution from both cell types: (B, E, F 
denaturing conditions ~130kD; F immunoprecipitation of NELL2:Myc from spinal cord supematent in 
E; C, G non-denaturing conditions). COS7 (D) and spinal cord (H) cultures were immunolabeled with 
9el0  (red) to confirm dual NELL2:Myc and GFP expression from the bicistronic vector pMES (Swartz 
et al., 2001b).

NELL2 does not act in a Ironic fashion to attract or revel DRG neurites

An intriguing observation from our previous in situ hybridization analysis was 

that NELL2 expression in the developing pharyngeal arch target fields is maximal as its 

expression wanes in the respective innervating cranial ganglia (Nelson, et al., 2002b). 

Similarly, NELL2 expression in brachial DRG decreases as its expression becomes 

restricted to discrete regions within the target forelimb. This raised the question whether
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NELL2 might function as a target-derived factor that attracted or repelled extending 

neurites, similar to other secreted glycoproteins that also contain EGF-Iike domains such 

as ROBO and its ligand Slit. We directly tested this hypothesis by coculturing CO S 7 

cells expressing rNELL2 next to explanted E4.5 DRG in collagen gels (Tessier-Levine et 

ah, 1988). Initial observations did not reveal any overt ability for secreted rNELL2 to 

attract or repel extending DRG neurites (data not shown).

CNS progenitor cells ectovicallv expressing NELL2 translocate to the mantle layer 

In ovo microinj ection/electroporation allows for the analysis of the effect of 

transient ectopic DNA transfection into cells (Muramatsu, et ah, 1997; Swartz et ah, 

2001a). Transfected cells express high levels of ectopic DNA in their normal in vivo 

environment. To label pre-migratory neural crest, we injected embryonic neural tube at 

stl 0, re-sealed the eggs, and incubated until appropriate developmental stages were 

reached: Figure 9 A and B demonstrate the methodology and its efficiency at transfecting 

cells in vivo. Transverse sections through the spinal cord of control GFP injected 

embryos at st20 and st25 (Fig 9 C and D respectively) demonstrate that all populations of 

cells in the spinal cord are generated from transfected progenitors, which are located next 

to the lumen in the ventricular zone, and that progenitors continue to express ectopic GFP 

at these later stages. However, CNS progenitors expressing high levels of ectopic 

NELL2 translocate from the ventricular zone to the mantle layer where differentiation 

occurs, and this bias in distribution occurs early after transfection (Fig 9 E, F; ectopic 

GFP can be observed -6-12 hrs post-transfection). This result demonstrates that CNS 

progenitors are competent to respond to NELL2, and that this response occurs through an
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autocrine type mechanism, either intracellularly or mediated through cell-surface 

interactions with secreted NELL2.

Figure 9. Forced NELL2 expression translocates CNS progenitor cells to the mantle 
layer. (A) In ovo microinjection/electroporation of eukaryotic expression vectors 
allows transient transfection in chicks, maintaining the in vivo environment. To label 
premigratory neural crest, plasmids are transfected at stlO. (B) Control GFP injected 
at stl 0 and incubated to E4.5 demonstrate the efficiency o f this approach.
Transverse sections o f (C) st20 and (D) st25 GFP injected controls label all 
populations of cells in the spinal cord, from the ventricular zone occupied by 
mitocially active progenitor cells (left), through the mantle layer where these cells 
migrate laterally to differentiate (right). (E) st 20 and (F) st 25 NELL2 injected 
embryos demonstrate that there is a bias in the distribution o f labeled cells towards 
the mantle layer, and that this translocation occurs early with the onset o f ectopic 
NELL2 expression.

NELL2 antocrinely promotes differentiation o f spinal cord 
prosenitors without altering specification o f cell fate

To further investigate this effect in the spinal cord, we combined plasmid 

injections with antibody staining for different classes of spinal cord progenitors or 

derivatives to determine if ectopic NELL2 influences specification of cellular identities. 

CNS progenitors in the developing spinal cord give rise to distinct classes of cells 

according to a homeodomain transcription factor code, which is generated in response to 

ventrallizing and dorsallizing gradients of secreted sonic hedgehog and BMP's
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respectively (Briscoe et a l, 2000). Neither control GFP nor NELL2 ectopic expression 

was found to induce ectopic motor neuron formation dorsal to their normal ventral 

domain, as assessed with the motor neuron specification factor MNR2 (Fig 10 A NELL2 

st20, B GFP st25; Tanabe et ah, 1998). Furthermore, ectopic NELL2 cannot induce the 

formation of PaxY progenitors ventral to their normal domain within the spinal cord (Fig 

10C).

To further investigate the ability of ectopic NELL2 to force CNS progenitors to 

translocate to the mantle layer, we have used the MNR2 to Isll transition in motor neuron 

domains, as a measure of motor neuron differentiation. MNR2 normally is expressed at 

high levels by Olig I/2 progenitors as they migrate from the ventricular zone to the 

nascent motor neuron domain (Tanabe et ah, 1998; Novitch et ah, 2001). Within these 

developing motor pools, MNR2 is expressed at higher levels medially and lower levels 

more laterally, where nascent motor neurons increase their expression of later neural 

markers such as Isll. Preliminary analysis of transfected cells within the motor neuron 

domain defined by MNR2 and Isll expression indicate that this transition occurs earlier 

in NELL2 transfected cells, demonstrating that NELL2 promotes differentiation of motor 

neurons (Fig 10 D-H; Table 4). We have also begun analyzing whether ectopic NELL2 

can directly force CNS progenitors to withdraw from the cell cycle, by combining 

microinjection/electroporations with BrdU pulses, which label CNS progenitors in S 

phase, whose nuclei are correspondingly located in the lateral region of the ventricular 

zone (Hays and Nowakowski, 2000). Preliminary observations indicate that NELL2+ 

progenitors are BrdU-, indicating that like other factors known to promote differentiation 

in the spinal cord, such as neurogenins and NKL (Lamer et al., 2001), ectopic NELL2
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Further experimentation to confirm these preliminary observations is in progress.

Figure 10. NELL2 does not alter the identity o f CNS progenitors, but rather 
increases their rate of differentiation. Transfection o f NELL2 into the 
developing neural tube does not induce the formation of ectopic MNR2+ 
(red) motor neurons (A, stage 20), similar to GFP controls (B, stage 25). 
Additionally NELL2 does not induce PAX7 expression ventral to its normal 
domain within the ventricular zone (C arrow, stage 25; dashed line ventral 
limit o f PAX7). (D-H) NELL2 increases the rate of motor neuron 
differentiation. At stage 20, GFP control (D) transfected motomeuron 
progenitors lie medially to the region o f MNR2+ compared to NELL2 
tranfected cells, which occupy more lateral regions within this domain 
(arrows): the majority o f  these NELL2+ cells are already Isll+  at stage 20 
(F). By stage 25, while GFP control (G) transfections still label 
motomeuron progenitor cells medial to the MNR2+ domain and cells within 
this domain, NELL2 transfected cells have down-regulated MNR2, and the 
majority are ISLl+ (not shown): note the extensive arborizations o f neuritis 
indicating that these cells are neural rather than glial derivatives.
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Table 4. MNR2 expression is downregulated in cells ectopically 

expressing NELL2*

^preliminary results Stl 8-20 St25

69% 26%

NELL2 n=2 embryos n=4 embryos

31/45 cells 60/232 cells

61% 51%

GFP n=3 embryos n=T embryo

27/44 cells 37/73 cells

NELL2 autocrinely biases neural crest towards a sensory rather than sympathetic fate 

Transfection of control GFP into premigratory neural crest at stlO results in the 

labeling of all neural crest derivatives, in particular enteric, sympathetic, sensory, and 

melanocyte derivatives, as described in previously published lineage-tracing experiments 

(Fraser and Bronner-Fraser, 1991; Frank and Sanes, 1991). Remarkably, ectopic NELL2 

was found to bias the early wave of neural crest migration, which normally contribute to 

more ventral sympathetic and enteric lineages, to preferentially localize to the DRG 

anlagen (Fig 11, st20 A GFP, B NELL2). Examination of the primary chain of 

sympathetic ganglia at st25, identified with staining for the neural marker Ben (red) 

revealed that control GFP labeled cells continue to contribute to sympathetic ganglia, 

while ectopic NELL2 labeled cells are absent from sympathetic ganglia (Fig 11 C GFP, 

D Nell2). Quantification of ectopically labeled cells confirm that NELL2 indeed biases 

the fate of neural crest cells (95% of cells) to localize or commit preferentially to the
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Figure 11. NELL2 biases neural crest cells towards a sensory fate. GFP control 
transfected neural crest cells migrate to their appropriate destinations at stage 19 (A) in 
both the prospective DRG (arrowhead) and sympathetic ganglia (arrow), and continue 
to continue to contribute to the primary chain o f sympathetic ganglia at st25 (C, 
identified with the neural marker Ben). Ectopic NELL2 biases migrating neural crest 
cells to preferentially localize to the prospective DRG (arrowheads) rather than the 
sympathetic ganglia (arrow) at stage 19 (B), and are absent from the primary chain of 
sympathetic ganglia at stage 25 (D).

sensory rather than sympathetic ganglia (Table 5). Control GFP transfection results in 

-70% of neural crest cells localizing to the DRG, consistent with control percentages 

from previous studies of factors influencing neural crest fate choices between sensory and 

sympathetic lineages, as the DRG normally contains more cells at this stage (Perez et ah, 

1999). This functional bias is consistent with our previous expression analysis, which 

demonstrated that while NELL2 is expressed by a subset of migrating neural crest and 

during DRG gangliogenesis, its expression was not detected in the primary chain early, 

nor the secondary chain of sympathetic ganglia at later stages (Nelson et ah, 2002b).
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Table 5. NELL2 biases the fate of Neural Crest

Location of labeled cells at st20:

% of labeled cells in the DRG versus Sympathetic Ganglia

95-/+5%

NELL2 n=3 embryos

226/246 cells

71%

GFP n=l embryo

426/594 cells

NELL2 acts autocrinely to promote the 
differentiation o f neural crest cells into sensory neurons

To investigate the fate of cells expressing ectopic DNA within the DRG, we 

analyzed transfected embryos grown to key stages of DRG development and determined 

cell identity with an array of markers. At stl8-20 (early E3) gangliogenesis has begun, 

and the first neurons have just been bom and express neural markers (Lallier and 

Bronner-Fraser, 1988). However the vast majority of cells in the nascent ganglia are 

progenitor cells that do not express these markers (Table 6); rather they encapsulate the 

newly bom cluster of neurons that are aggregating in the inner core of the ganglia, 

exemplified by Fig 12 A in which GFP transfected control cells are predominantly non- 

neural (top arrowhead) surrounding the Tujl+ neural core (asterisks), and comprise the 

non- neural cells in the ventral root (bottom arrowhead).
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Table 6. Percentage of labeled cells within the DRG expressing neural markers

St 18-20 St 25

64%+/-4.7 87%+/-4.3

NELL2 n=6 embryos n=5 embryos

224 cells 357 cells

15%+/-0.4 41%+/-9.3

GFP n=2 embryos n=2 embryos

375 cells 567 cells

In control embryos at st25/E4.5, during the peak period of sensory neurogenesis 

and differentiation, ectopic GFP DNA expression can be detected in nascent neurons and 

non-neural cells in the core of the ganglia (Fig 12 B, Ben asterisks), progenitor cells in 

the dorsal pole and the perimeter (Fig 12 B, top arrowhead), non-neural cells in the dorsal 

root (Fig 12 B, arrow), and in the ventral motor (Fig 12 B, bottom arrowhead) and 

sensory tracts (data not shown). Strong ectopic control GFP was still detected as late as 

examined (ES.5), and labeled derivates at E6.5 include TrkB+ cells (Fig 12 C, 

arrowhead), other non-TrkB+ cells which appear to have a neuronal type cell body, and 

cells which appear glial (Fig 12 C, arrow).

Ectopic NELL2 expression however results in a clear bias, in which NELL2 

autocrinely promotes the differentiation of neurons rather than glia (Table 6). Even 

during the earliest stages of ganglion formation, when neural markers are first expressed, 

67% of NELL2 cells are neurons, compared to 15% of controls, and this is a conservative
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Figure 12. NELL2 autocrinely promotes the differentiation of sensory neurons rather than glia. (A-C) 
Control GFP embryos at st20 immunolabeled with Tuj I (A), at st25/E4.5 with Ben (B), and at E6.5 
with TrkB (C). NELL2 embryos (D-J) demonsrate that ectopic NELL2 expression results in the 
formation o f sensory neurons rather than glia, and that NELL2 does not appear to alter Trk sensory 
neural subtype: st20 Ben (D-E), Hu (F), st24 Ben (G), st25 TrkC (H), E6.5 TrkA (I), E6.5 TrkB (J).
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estimate as NELL2+ cells with clear neural morphology that are not yet labeled by these 

late neural markers are often observed (Fig 12 D-F, arrowhead neuronal, arrow non

neuronal). Furthermore, while NELL2 labeled axons are detected in peripheral nerve 

tracts (Fig 12 G, arrowheads), NELL2+ cells are not found in peripheral nerve tracts (Fig 

12 F, G asterisks; compare to Fig 12 A, B). To further investigate the fate of NELL2 

expressing cells, we analyzed whether NELL2 influences the production of TrkA+ 

nociceptors, TrkB+ mechano-receptors, or TrkC+ proprioceptors. At E4.5 TrkC is 

expressed by all of the nascent neurons and a subset of progenitors resident in the core of 

the ganglia (Rifken et ah, 2000). Accordingly NELL2 labeled cells are all TrkC+ and 

appear neuronal (Fig 12 H). Later at E6.5, during the second Ngnl-dependent wave of 

neurogenesis that generates the majority of TrkA+ cells, ectopic NELL2 can be detected 

in TrkA+ differentiated neurons (Fig 12 I, arrowhead). Analysis of the TrkB 

subpopulation indicates that ectopic NELL2 can generate TrkB+neurons as well (Fig 12 

J; TrkC as well, data not shown). Although it has been difficult to obtain large numbers 

of labeled experimental cells at later stages, as in the in spinal cord it appears that NELL2 

does not influence the specificity of neuronal subtypes. Therefore NELL2 autocrinely 

promotes the differentiation of sensory neuronal fate rather than glia.

NELL2 varacrinelv induces mitosenesis o f neighboring cells within the nascent DRG 

Since NELL2 is secreted from in ovo transfected cells, we investigated whether 

secreted NELL2 influenced neighboring cells in vivo in a paracrine fashion. Surprisingly, 

ectopic NELL2 expression in one cell stimulates neighboring cells to proliferate (Table 

7), as measured by anti-Ehstone 3 (Et3) immunoreactivity, a marker for M phase
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in the nascent ganglia, only a minor subset of these and neighboring precursor cells are in
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Table 7. NELL2 paracrinely stimulates mitogenesis in nascent DRG
Percentage of GFP+ cells adjacent to PB+ cells at stl 8-20

NELL2 56%+/-4
n=3 embryos, 127 cells

GFP 20%+/-0.5
n=2 embryos, 156 cells

M phase at this time point at stl 8-20 (Fig 3 A, arrows). In contrast TB+ cells are

frequently found tightly juxtaposed to ectopic NELL2 expressing cells that are H3- and 

exhibit definite neuronal morphology (Fig 13 B, arrows), an interaction reminiscent of 

lateral inhibition or Notch/Delta interactions. Interestingly we often observe nascent 

differentiating neurons in direct contact with mitotically active progenitors in culture 

(Lefcort, unpublished observations).

Figure 13. NELL2 paracrinely induces mitogenesis within the nascent DRG at stl 8-20. (A) Control 
GFP immunolabeled with H3 shows that H3+ cells (arrows) are distributed within ectopically labeled 
cells, with no apparent bias. However with ectopic NELL2+ cells that are H3- with a definite neuronal 
morphology (B), H3+ cells are frequently tightly juxtaposed (arrows).
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Discussion

Chicken neural epidermal growth factor-like (NEL) was discovered in 1995 by 

screening an E9 chick cDNA expression library with a monoclonal antibody, mAb Pr-28 

raised against a component of a DNA binding fraction from chicken embryo extracts, in 

an effort to identify mAb Pr-28 antigen genes (Matsuhashi et ah, 1995). Subsequently 

two homologous genes in human and rat were independently isolated as part of the 

Human Genome Sequencing Project (Watanabe et ah, 1996) and through a yeast two- 

hybrid screen using a subunit of PKC as bait (Kuroda et ah, 1999), and were named 

NEL-Like I (NELLI) and NEL-Like 2 (NELL2). HumanNELLl andNELL2 genes 

were mapped to separate chromosomes, NELLI I Ipl5.1-pl5.2 and NELL2 12ql3.11- 

ql3.12, confirming that the NELLs are encoded by separate genes (Watanabe et ah,

1996). Full-length murine NELLI and NELL2 sequences, two zebrafish ESTs, and one 

oyster EST with homology to NELLs have also been deposited in GenBank. Human, rat 

and mouse NELL2s are —80-90% homologous to chicken NEL, and the NELL2s are -40- 

50% homologous to their respective NELLI orthologues (Kuroda et al., 1999).

Therefore we refer to chicken NEL as NELL2; chicken NELLI has not yet been 

identified.

NELL expression correlates with specific periods o f differentiation

NELL gene expression is highly regulated during development and in the adult, in 

a variety of vertebrate systems (chicken, Matsuhashi et al., 1995; Nelson et al., 2002:
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human, Watanabe et ah, 1996; Luce and Burrows, 1999: rat, Kuroda et ah, 1999; Oyasu 

et ah, 2000), Within the central nervous system (CNS), NELL2 cDNA fragments have 

been isolated from HH stage 10 chick (Hamburger and Hamilton, 1955) neural tube 

cDNA libraries (GenBank), and we have demonstrated by in situ hybridization that 

NELL2 expression can be specifically detected in the developing neural tube as early as 

stage 13-15 (Nelson et ah, 2002b). NELL2 expression during embryogenesis begins in 

neural tissues at the onset of neurogenesis and differentiation, and exhibits a high degree 

of temporal and spatial regulation (Nelson et ah, 2002b). In the developing chick spinal 

cord, maximal NELL2 expression precisely corresponds to the peak period of neural 

differentiation (motor neurons specifically; Leber et ah, 1990) that is restricted to the 

mantle layer, and is rapidly down regulated after neurons have matured (Nelson et ah, 

2002b). NELL2 exhibits dynamic expression in the hindbrain, as two pairs of stripes in 

the floor and in the upper and lower rhombic lips, and is expressed in discrete regions 

within the midbrain (Nelson et ah, 2002b). Some of the earliest expression of NELL2 in 

the CNS can be detected in the optic cups, which becomes restricted to the ciliary body 

and then retinal ganglion cells at later stages, and also in the pineal gland (Matsuhashi et 

ah, 1995; Nelson et ah, 2002b). Expression of NELL2 in the brain is maintained in older 

post-hatch chicks and into adulthood, as demonstrated through Northern blot analysis 

(Matsuhashi et ah, 1995; Watanbe et ah, 1996; Kuroda et ah, 1999), and localized to 

discrete regions, in particular the hippocampus and cerebral cortex (Oyasu et ah, 2000). 

Interestingly, these are known sites of neurogenesis and differentiation in the adult CNS 

(Taupin and Gage, 2002). Rat NELLI is also expressed in the nervous system.
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demonstrated through Northern blot analysis, albeit at much lower levels than NELL2 

(Kuroda et ah, 1999).

NELL2 expression in the cranial sensory ganglia of the peripheral nervous system 

(PNS) can be detected at the precise times that neurons are bom and begin to 

differentiate, from both placode and cranial neural crest derived sources in each ganglion 

respectively (reviewed in Baker and Bronner-Fraser, 2001), and is rapidly down 

regulated as these neurons mature, although expression is maintained in the mmV 

branches of the trigeminal ganglia in older embryos (Nelson et ah, 2002b). NELL2 is 

expressed by a subset of migrating trunk neural crest cells, and in the DRG anlagen, its 

expression is maximal during the peak period of sensory neurogenesis and differentiation, 

and is rapidly down regulated as sensory neurons mature (Carr and Simpson, 1978; 

Matsuhashi et ah, 1995; Nelson et ah, 2002b). Intriguingly, NELL2 expression is 

restricted to the sensory lineage of trunk neural crest, as it was not detected in 

sympathetic, enteric, or melanocyte crest derivates (Nelson et ah, 2002b). Furthermore 

within the PNS, NELL2 was found to be expressed in a subset of mitotically active 

sensory progenitor cells in both the trigeminal and DRG, and decreases as development 

progresses (Nelson et ah, 2002b). Moreover mouse NELL2 protein fragments were 

identified in a proteomic screen designed to identify molecular changes as mouse 

embryonic stem cells differentiate into neurons in response to retinoic acid induction 

(Guo et ah, 2001).

Outside of the developing nervous system, NELL2 expression has been detected 

in other embryonic tissues including the pharyngeal arches, urogenital system, heart, 

lung, and muscle (Matsuhashi et ah, 1995; Watanabe et ah, 1996; Nelson et ah, 2002b).
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During somitogenesis in the early chick, NELL2 is specifically expressed by hyapxial 

muscle precursor cells located in the lateral dermomyotome, which migrate to target 

fields in the limbs to give rise to all skeletal muscles (Ordhal and Le Douarian, 1992; 

Nelson et ah, 2002b). NELL2 is expressed during this early specification phase of 

hypaxial muscle differentiation, in migrating skeletal muscle precursors, and down 

regulated as the terminal muscle differentiation program ensues, but maintained in 

discrete regions within the limbs at later embryonic stages (Matsuhashi et ah, 1995; 

Nelson et ah, 2002b), similar to Pax3 (Williams and Ordhal, 1994; Brand-Saberi, 1999; 

Stockdale et ah, 2000). Northern blot analysis demonstrates that NELL2 expression is not 

maintained in these adult tissues, except for weak expression in testis (Matsuhashi et ah, 

1995; Watanabe et ah, 1996; Kuroda et ah, 1999). Furthermore, the NELL genes also 

exhibit restricted expression during hematopoiesis, whereby NELL2 is expressed in all 

nucleated peripheral blood cells, including B/T lymphocytes, monocytes and natural 

killer cells, but not in any of the bone marrow B cell lineages earlier in development 

(Luce and Burrows, 1999). Mature NELLI mRNA transcripts were not detected in any 

of these cell types, however an immature intron-containing transcript was detected in B- 

cells specifically, which was down regulated as B-cells mature (Luce and Burrows,

1999). Interestingly both NELL genes are expressed in multiple transformed cancerous 

cell lines, neuroblastomas, and tumors (Kuroda et ah, 1999; Luce and Burrows, 1999; 

Maeda et ah, 2001), suggesting that misexpression of these highly regulated 

developmental genes may result in serious malignancies and malformations. Though 

much is known about NELL expression, and that NELLs form novel proteimprotein 

interactions in vitro, nothing at all is known about function of these molecules in vivo.



We have utilized a powerful new approach that is significantly impacting 

developmental biology, for the chick model system in particular, that allows analysis of 

gene function in vivo, whereby plasmids driving high levels of gene expression for gain- 

of-function and in some instances loss-of-function analyses are microinjected into 

specific tissues and electroporated into cells in ovo (Muramatsu et ah, 1997; Swartz et ah, 

2001a). Epitope-tagged chicken NELL2 was subcloned into the bicistronic eukaryotic 

expression vector containing the CMVIE and chick (3-actin promoters and an 

IRES2:eGFP sequence for dual independent expression of NELL2 and GFP from the 

same plasmid (pMES, Swartz et ah, 2001b). Microinjection /electroporation into stage 

10 chick neural tubes allows transient transfection of these plasmids into both CNS 

progenitors and premigratory neural crest cells, whose fate can then be determined.

NELL2 is secreted and does not act in a trovic fashion

Sequence analysis indicates that the NELL genes contain a non-cannonical 

cleavable type I N-terminal peptide signal sequence and a number of possible N-Iinked 

carbohydrate sites. We found that recombinant NELL2 is secreted by COS7 cells in 

vitro, contain -5 OkD of N-Iinked carbohydrate moieties, and oligomerize into soluble 

homo-trimers in solution for an approximate final MW of ~130kD monomers and 

-45OkD timers (as in Kuroda et ah, 1999), and that dissociated spinal cords cultures

from in ovo transfections also secrete and process NELL2 in this manner (Fig 8). This
'

suggests a common proteimprotein interaction present in both COS7 and spinal cord cell 

biosynthesis, resulting in cleavage of NELL’s signal peptide. This allows peptides to be 

released from the membrane at some stage in the. secretory pathway in the lumen of the
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ER or golgi, or from the cell surface. Electron microscopic analysis of NELL2 

immunoreactivity in adult rat brain indicates that NELL2 is associated with the rough ER 

and inside its lumen, specifically in neurons and not in glia (Oyasu et ah, 2000), 

suggesting that NELL2 is secreted from neurons in vivo.

An intriguing observation from our analysis of NELL2 expression during 

embryogenesis was that NELL2 expression was maximal in pharyngeal arches as it 

waned in the neural tissues innervating these target fields, and that NELL2 expression is 

maintained in discrete regions in older limbs as expression in both motor and sensory - 

neurons rapidly decreases, suggesting a possible role as a target derived factor mediating 

tropic and/or trophic effects (Nelson et-al., 2002b). Therefore we directly tested whether 

NELL2 acts to influence extending neurites in a tropic and/or trophic fashion by 

coculturing explanted DRG with COS7 cell pellets secreting rNELL2, which resulted in 

no obvious effect in attracting or repelling these neurites (data not shown). This suggests 

that secreted NELL2 does not act as a target derived tropic factor, but rather acts locally 

within the tissue in which it is expressed.

NELL2 has distinct autocrine and paracrine actions

These studies demonstrate that ectopic expression of this large secreted 

glycoprotein by CNS and PNS neural progenitor cells forces these cells to differentiate 

into neurons rather than glia, and biases lineage decisions in migrating neural crest cells 

towards a sensory rather than sympathetic fate. This is a novel function for a secreted 

glycoprotein, and demonstrates that neural progenitors at these stages of development are 

competent to respond to ectopic NELL2. This effect is normally associated with



members of the acheate-scute and atonal proneural transcription factor families i.e. Mash 

and neurogenins. In fact gain-of-function experiments in chick spinal cord using in ovo 

microinj ection/electroporation techniques with these proneural transcription factors 

drives CNS progenitors out of the cell cycle and causes them to translocate to the mantle 

layer to differentiate into neurons (Lamar et ah, 2001; Johnson, 2002). In contrast, these 

transcription factors can couple neural differentiation with specification of neural 

identity, resulting in the expansion of particular types of neurons at the expense of others 

(Johnson, 2002). NELL2 does not induce this response but rather promotes neuron 

versus glial specification, suggesting that it plays a role in the more general neural 

differentiation program. How NELL2 imposes this action on cells in which it is 

expressed is not yet understood.

One possibility may consist of a feedback inhibition, whereby NELL2 expression 

is induced, which then promotes neural differentiation autocrinely and proliferation 

paracrinely. Autocrine-mediated signaling promotes neural differentiation, and as its 

expression wanes in differentiating neurons, the adjacent cells would no longer be 

stimulated to stay in the cell cycle, and hence they differentiate into later-bom neurons 

and/or glia. This is reminiscent of the classical lateral inhibition interaction mediated by 

Notch and Delta, .which regulate glial versus neuronal cell fate decisions during DRG 

development (Wakamatsu et ah, 2000; Morrison et ah, 2000). Notch is expressed in the 

progenitor cells in the dorsal pole and ensheathing cell layer (Myat et ah, 1996; Lindsell 

et ah, 1996; Wakamatsu et ah, 2000; Nelson and Lefcort, unpublished). Discrete 

expression of certain Notch ligands can be detected in cells in the outer ensheathing layer 

interposed between Notch+ cells, that presumptively migrate into the core to differentiate
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into neurons, although expression patterns of these ligands do not fully corroborate this 

prediction (Myat et ah, 1996; Lindsell et ah, 1996; Wakamatsu et ah, 2000; Nelson and 

Lefcort, unpublished). Intriguingly, NELL2 is widely expressed by nascent neurons in 

the core of the ganglia, and also expressed by a subset of mitotically active progenitor 

cells in both the dorsal pole and ensheathing cell layer progenitor domains (Nelson et ah, 

2002b). The number of these mitotically active NELL2+ progenitor cells decreases over 

time, demonstrating that NELL2 expression correlates with mitotic arrest and subsequent 

neural differentiation. NELL2 expression in nascent neurons would inhibit neighboring 

progenitors cells from differentiating by stimulating them to proliferate. NELL2 

expression then decreases in neurons as they mature, thereby serving to release 

neighboring progenitors from this mitogenic stimulus, and allowing them to differentiate 

as later-bom neurons and/or glia.

This model would also be consistent with the fact that neurogenesis precedes 

gliogenesis, and that two waves of neurogenesis exist in the DRG generating TrkC and 

TrkB neurons early and TrkA neurons later (-E6.5; Ma et al 1999), and that NELL2 is 

expressed in nascent neurons in both the CNS and PNS, and a subset of sensory neural 

progenitors differentiating into neurons in the PNS (Nelson et ah, 2002b). Forced 

expression of NELL2 results in precocious neuronal differentiation (see Results). 

However a role in a general neuron versus glia decision must be more complex in that 

NELL2 expression is restricted to subpopulations of progenitor cell populations, in 

hypaxial rather than epaxial muscle precursors in the somite and sensory precursors 

rather than sympathetic in the neural crest (Nelson et ah, 2002b, Chapter 3). Forced 

expression of NELL2 biases neural crest cells towards a sensory rather than sympathetic
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fate in vivo, however it does not alter neuronal identity of CNS spinal cord neural 

progenitors or PNS DRG sensory neural progenitors (see Results).

There are several possible signaling mechanisms that could mediate an autocrine 

action (Figure 14). NELL2 expression in neural progenitors could signal intracellularly 

during biosynthesis in the secretory pathway, or extracellularly through a cell-surface 

interaction to promote neural differentiation. NELL2 could bind directly with a specific

Fig 14. NELL2 acts autocrinely to promote neural differentiation and paracrinely to promote proliferation 
within the nascent DRG. (A) Schematic o f the developing DRG, with the neural core (green), surrounded 
by mitotically active progenitor cells (purple). (B) Enlarged view of the intercellular interaction between 
nascent neurons expressing NELL2 (green) and neighboring mitotically active progenitor cell (purple) 
induced to proliferate (red) in response to secreted NELL2 in vivo. (C) The autocrine effect may occur 
through intracellular signaling mediated from free and/or bound monomer and/or trimer through the (I) 
ER directly to the nucleus, (2) through some signal transcduction pathway from the ER through the 
cytosol to the nucleus, (3) or through extracellular signaling mediated from free and/or bound monomer 
and/or trimer through cell-surface specific receptors directly, or (4) indirectly through heparin sulfated- 
extracellular matrix (HS-ECM) mediated environmental events. Mitogenesis in neighboring cells may be 
stimulated through (5) direct ligand cell-surface interactions, and/or (6) indirectly through HS-ECM 
mediated environmental events.



receptor present inside the cell expressing NELL2 as it is secreted, with a receptor on the 

surface interacting with NELL2 as a tethered preprotein monomer or tim er waiting to be 

cleaved, or a cell-surface receptor interacting with secreted NELL2 monomer or timer. 

This type of intracellular, cell-surface interaction is known to occur during initial Notch 

and Delta expression in an early neural progenitor, as it decides whether to be a Delta 

expressing neuroblast or a Notch expressing progenitor based on stochastic levels and 

signaling of these two molecules (reviewed by Gaiano and Fishell, 2002). The 

similarities between the classical lateral inhibition pathway and the autocrine and 

paracrine functions of NELL2 raises the intriguing possibility that NELL2 may 

directly/indirectly interact with the Notch pathway as a potentially new ligand, a 

hypothesis currently being'tested.

Secreted NELL2 also binds to heparin sulfate in vitro (Kuroda et ah, 1999) 

suggesting another possibility that in vivo NELL2 may interact directly with cell surface 

receptors such as heparin sulfate proteoglycans, or indirectly with the heparin sulfate-rich 

extra-cellular matrix. One would think that at least some portion of secreted NELL2 must 

be tethered to heparin sulfate-ECM through its N-TSPl motif, which is known to interact 

with the ECM in this manner (Bomstein, 1992), and a portion free in the extracellular 

solution in equilibrium between free and bound, and monomer and tim er (Fig 14). This 

raises an intriguing possibility that neural progenitors secrete NELL2, modifying their 

environment to promote their own neural differentiation and at the same time inhibit 

neighboring precursors from differentiating, maintaining them in a proliferative state. 

This differential effect of NELL2 signaling could be mediated through a specific set of 

receptors present on the differentiating neuroblast secreting NELL2, and through a
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different set of receptors present on the neighboring progenitors cells yielding opposite 

effects. Another possibility may be that NELL2 functions to bind other secreted factors, 

which then would promote neural differentiation in NELL2+ cells, and proliferation in 

neighboring NELL2- progenitor cells.

In summary we have demonstrated that NELL2 autrocrinely biases neural crest 

cells to differentiate as sensory neurons specifically, and paracrinely stimulate 

neighboring cells to proliferate. NELL2 also autocrinely promotes CNS progenitor cells 

to differentiation as neurons, motor neurons in particular, but does not seem to alter the 

specification of the identity of motor nor sensory neuronal cell subtypes. It would seem 

then as if NELL2 maintains and/or can promote specific cell fate decisions as progenitor 

cells differentiate. Recently a similarly complex role for another novel secreted 

glycoprotein Noelin-I demonstrates that secreted glycoproteins do affect neural 

progenitors, identifying secreted glycoproteins as a new family of molecules involved in 

specific aspects of development (Barabaum et ah, 2000; Moreno and Bronner-Fraser, 

2001). This is a novel function for this type of molecule,-and its first demonstrated 

function in vivo.

Future experiments

Purification o f full-length rNELL2

Currently there are no available antibodies to NELL2 that work well for 

immunocytochemistry during development. We wished to generate function-blocking 

antibodies for use in both immunocytochemistry and in vitro and in vivo for loss-of-
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function experiments. These are best generated against full-length native protein, so we 

have built a set of eukaryotic expression constructs that express full-length C.-terminally 

tagged NELL2, and N-terminally GST tagged fragments for bacterial expression (Table 

8). Preliminary expression trials of the N-terminal GST fusion prokaryote expression 

constructs demonstrated that in BL21DE3 cells, both the N-terminal NELL2 construct 

pGNN and the C-terminal NELL2 expression construct pGCN expressed fusion proteins 

of the predicted MW at high levels, the other constructs with larger fusions pGAN and 

pGBN did not express well (data not shown). However fusion proteins were completely 

insoluble, presumably located in inclusion bodies due to the high number of disulfide 

bonds normally found in these domains. Expression trials in prokaryote systems 

designed to overcome this limitation, such as Origami’s and GroE/L’s are in progress. 

Simultaneously we are also recovering insoluble fusion proteins from these hosts, which 

can still be used to raise antibodies potentially useful for blotting and 

immunoprecipitations, and even inpnunocytochemistry. Expression of full-length 

secreted rNELL2 from COS7 cells has only been confirmed for pNELL2:Myc, however 

expression trials for both pNELL2:GST and pNELL2:His are underway. pNELL2:Myc 

was constructed primarily for in vivo transfections, however it can also be used for 

purification (Fig 15). For initial purification trials, five flasks of COS7 cells were 

transiently transfected with pNELL2:Myc, cultured in DMEM-10% FCS for 48hrs after 

which media was collected, spun, eukaryotic protease inhibitors added, and stored at 4oC. 

Media was replaced and cultured an additional 48hrs, collected and prepared as before, 

and combined for a final volume of -IOOmls. Anti-Myc affinity column(Clontech) was
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Table 8. NELL2 fusion constructs

Name Description Type of expression

pGNN N-terminal GST fusion with N-terminal BtgI fragment in 

pGEX3t3

Prokaryote

pGCN N-terminal GST fusion with C-terminal BamHI/MscI in 

pGEX3t3

Prokaryote

pGAN N-terminal GST fusion with AlwNI fragment in pGEX3t3 Prokaryote

pGBN N-terminal GST fusion with BamHI fragment in pGEX3t3 Prokaryote

pNELL2:Linker C-term Mscl/Afllll fragment replaced with a linker designed 

to remove the stop codon and insert cloning sites in pmiwC3 

(original NELL2 expression vector, dual RSV-chick beta- 

actin promoters)

Subcloning purposes

pNELL2:Myc C-terminal fusion with 6x Myc repeat epitope tag from 

pCS2MT in pNELL2:Linker

Eukaryote

pNELL2:GST C-terminal fusion with cleavable GST tag from D Rashid Eukaryote

pNELL2:E[is C-terminal fusion with cleavable His epitope tag made by 

inserting an oligo

Eukaryote

prepared, and supernatant was passed over the column, washed with PBS pH 6.5, eluted 

with 5mls of elution buffer pH 2.5 into neutralizing buffer for final pH 7.5. Five 

elutions were collected before restoring the column, and repeating this entire process 

three more times to collect rNELL2:Myc left in the media. Fig 15 demonstrates that 

NELL2:Myc can be purified from transient expressions in COS7 cells in this manner, and 

that sequential passage and elution of rNELL2:Myc media is successful in collecting 

remaining protein (not shown). Currently this process is being scaled-up to collect larger



volumes of rNELL2:Myc supernatants, expressed in a more restricted media (DMEM-1% 

PCS).
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Figure 15. Purification o f full-length secreted rNELL2:Myc from COS7 cells. SDS-PAGE 
and Western analysis o f supernatants collected from COS7 cells transiently transfected with 
pNELL2:Myc, combined, and passed over an anti-Myc antibodyiSepharose affinity column. 
Lanes (I) precolumn, (2) wash, (3) 1st elution fraction, (4-7) 2"d-5lh elution fractions 
respectively, (8) post-column fraction.

Clonins o f Zebrafish NELL ’s

Our functional data for NELL2 in chicks is the result of gain-of-function studies, 

in which a molecule of interest can readily be overexpressed. However, for reasons 

discussed later, the complementary loss-of-function studies for NELL2 in chick is not as 

technically feasible. To overcome this experimental limitation in chicks, we have 

initiated investigations into NELL function during zebrafish development. Zebrafish are 

another wel I -characterized embryological model system, one that allows both gain-of- 

function and loss-of-function experiments both through genetic and 

morphological/embryological approaches. For example injection of full-length capped 

mRNAs coding for a particular molecule and a separate one coding for a marker allow 

overexpression of certain molecules during development. Similarly injection of a non- 

classical, anti-sense morpholine oligo targeted to the translation start sites of mRNAs, 

allows for selective inhibition of translation of specific molecules, effectively a 

knockdown and loss-of-function effect. Analysis of GenBank revealed that two zebrafish
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NEL-Like EST clones, ij47fLl and fj43hl I, had been sequenced in the Zebrafish 

Genome Project, with sequences corresponding to both 5’end and 3’end specific 

sequences for each clone respectively. These clones were obtained; however 

resequencing revealed that they were in fact not the correct ESTs, apparently a frequent 

problem within the EST community (D. Raible, personal communication). Therefore we 

designed primer sets that could be used to amplify each EST specifically, and in 

combinations to amplify potential full-length products. Three different cDNA 

preparations were used as templates for initial cloning studies, 24hpf (hour post

fertilization), 48hpf, and 120hpf. Touchdown PCR amplification with proofreading Pfu 

turbo DNA polymerase and each set of primers and cDNA templates resulted in the 

amplification of both fj47f01 and fj43hl I 5’end specific bands corresponding to each

appropriate size (Fig 16 A, arrows), and several extra products in fj47f01 reactions.

L 1 2 3 4 5 6 7 8  9 L

2kb 
I .Skb

- 4  l.Okb 

.... O Skb

Figure 16. Zebrafish NELL cloning. (A) Specific amplifications of 5’ and 3’ 
fragments: L ladders, 1-4 24hpf, 5-8 48hpf, 9-12 120hpf; 3, 11 fj47f01 5 ’; 9 
fj43hl I 5 ’. (B) Amplifications for potential full-length products: L ladders, 1- 
3 24hpf, 4-6 48hpf, 7-9 120hpf; 4, 7 fj47f01; 8 fj43hl I.
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Longer amplicons were obtained in reactions containing the 5’-forward and 3’-reverse 

primers for each clone respectively (Fig 16 B, arrows). These amplicons were gel- 

extracted, reamplified and A-tailed with Taq polymerase, purified, and cloned (TOPO 

cloning, Invitrogen). Transformants are currently being checked for inserts and will then 

be sequenced to confirm whether specific NELL cDNA fragments and larger, possibly 

full-length zebrafish NELLs have been cloned. If zebrafish NELL clones have been 

obtained, we will first analyze their respective expression patterns during zebrafish 

development, and then design morpholinos for knockdown studies.

Continuing work

Future work on NELL2 function will be to construct mutant NELL2 in which the 

heparin-binding domain has been deleted, and a KDEL ER retention signal is cloned C- 

terminal to the Myc epitope, so that we can further elucidate the autocrine and paracrine 

functions of NELL2. We can also analyze the role of individual structural motifs with 

this approach. If NELL2 knockdowns demonstrate an essential role in these processes, 

we will initiate investigations towards creating knockout and reporter mice for both 

NELLI and NELL2. Additionally we will initiate studies towards elucidating 

proteimprotein interactions using a NELL2:Myc-Sepharose affinity columns and 

immunoprecipitation/mass spectroscopy methodologies. Finally, we are collaborating 

with C. Krull to investigate the role of NELL2 on skeletal muscle formation and 

differentiation, as in Swartz et ah, 2001b.
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Methods

NELL2 constructs

A C-terminal Myc epitope tagged NELL2 construct was created by replacing the 

C-terminal Mscl/Aflll fragment from full-length chicken NELL2 in the eukaryotic 

expression vector pmiw (RSV-chick B-actin promoters, pmiwC3; Matsuhashi et ah,

1995) with an Mscl/Aflll oligo designed to remove the stop codon and insert EcoRV and 

NsiI restriction sites. Primers were designed with these restriction sites and used to PCR 

amplify the 6XMyc tag from pCSM2+ (REFERENCE), which was cut and cloned it into 

the NELL2 vector; pNELL2:Myc. Sequencing confirmed that the stop codon from 

NELL2 had been removed, and that the Myc tag was in-frame. This epitope tagged 

NELL2 construct was then subcloned into the bicistronic eukaryotic expression vector 

pMES, which contains the CMVIE-chick B-actin promoters and IRES2-eGFP sequences 

(Schwartz et ah, 2001). Full-length NELL2:Myc was removed by cutting with AflII, 

blunt-ending with T4 DNA polymerase, followed by XbaI digestion. This fragment was 

subcloned into the Xbal/Smal sites in pMES.

In vitro NELL2 transfections

Expression of pNELL2-Myc and pNELL2-MES was verified by transient 

transfection of COST cells with FuGene (Roche) according to the manufacturers protocol. 

Supernatants were collected after 48hrs, subjected to denaturing SDS-PAGE and non

denaturing Native-PAGE, transferred to PVDF, and blotted with the 9el0 monoclonal 

antibody that recognizes the Myc epitope (DHSB), followed with goat anti
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mouse:biotinylated (Jackson Labs), ABC amplification (Vecstatin), and 

chemiluminescent detection. Remaining cultures were fixed in 4% paraformaldehyde 

and immunostained with the 9el0 antibody, followed by goat anti-mouse:TRITC 

(Jackson Labs), and mounted with Pro-Long anti-fade (Molecular Probes).

In gyp NELL2 transfections

Fertilized white leghorns were obtained (Spafas) and grown to appropriate stages 

(Hamburger and Hamilton, 1951). St 10 embryos were windowed, DNA (2.0-5.0 p,g/pl) 

was microinjected into the lumen of the caudal neural tube and electroporated into one 

side (Muramatsu et ah, 1997; Schwartz et ah, 2001). Eggs were sealed and allowed to 

develop to appropriate stages. Embryos were checked in ovo for ectopic gene expression 

via GFP fluorescence, dissected into PBS, and fixed overnight in 4% paraformaldehyde 

at 4°C.

Spinal cord cultures

StlO embryos were microinjected with control pGFP and pNELL2:MES, in ovo 

electroporated as above, and incubated to st 25. Spinal cords from GFP+ embryos were 

collected in DMEM-10% FCS, washed with DMEM, and triturated by trypsin digestion 

and sequential passage through pulled pipettes of smaller diameter. This cell suspension 

was plated into 35mm dishes and cultured overnight in DMEM-10% FCS. The following 

day, the supernatants from control and experimental dishes were collected, spun, and 

transfer to sterile tubes. Aliquots of this supernatant were processed for SDS-PAGE and 

NATIVE-PAGE analysis, while the rest was immunoprecipitated at 4°C overnight with
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the 9el0 anti-myc antibody (Clontech), followed with Protein A-Sepharose (Pharmacia) 

for 2hrs, washes, elution with SDS sample buffer and SDS-PAGE analysis. All gels were 

transferred and blotted as above. The remaining cultures were fixed and stained as 

above.

Immunocvtochemistrv

Transverse cryosections of experimental and control embryos were stained with 

the following antibodies to determine the fate of cells with ectopic gene expression:

TrkA, TrkB and TrkC (Lefcort et ah, 1996); Tujl (Frankfurter et ah, YEAR), anti- 

Histone 3 (Upstate Biotechnology); BrdU (Chemicon); Hu, Ben, MNR2, M l, Lim3, 

Nkx2.2, Pax7, Pax6 (DHSB). Respective secondary antibodies were TRITC, Texas Red, 

or Cy3 conjugated.
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5. LOSS-OF-FUNCTION STRATEGIES IN CHICK

The chick embryo has served as an excellent vertebrate developmental model 

system. It is readily accessible, its genome is currently being sequenced (Krumlauf et ah, 

unpublished), transgenics through a retroviral-mediated methodogy seem possible (R. 

Lansford, personal communication), much of what we have learned over the past 100 

hundred years has been from experimental embryological studies in chick, and compared 

with other developmental model systems, the chick is inexpensive. Furthermore the 

technique of in ovo microinj ection/electroporation of plasmids and/or injections of 

viruses driving dual expression of GFP and a molecule of interest in specific cell types 

during development allows gain-of-function and in some instances loss-of-function 

analysis (Muramutsu et ah, 1997; Swartz et ah, 2001 a, b ; Nelson et ah, manuscript in 

preparation). Nevertheless loss-of-function approaches for the chick are quite limited, 

and therefore this type of analysis represents a major hurdle to overcome. As genetic 

knockout strategies are not yet feasible in chick, as they are in mouse and zebrafish, 

currently the best approach is to overexpress a dominant negative mutant version of a 

molecule of interest that interferes with the native molecules and results in a measurable 

decrease in a cellular process. This type of approach has proved quite effective, however 

it requires full-length cDNAs and knowledge as to how to specifically create a dominant 

negative version of a given molecule, which usually requires a significant time 

investment. For certain types of molecules such as receptor tyrosine kinases (RTK) this 

approach can be more readily applied, as RTKs require oligomerization with other 

transmembrane proteins, usually in the form of self-dimerization through binding of a



bipartite ligand or cell-cell interaction allowing phosphorylation of their respective kinase 

domains and resulting in signal transduction (reviewed by Hubbard, 1999; Schlessinger, 

2000). These types of molecules provide the ideal platform for a dominant negative 

approach, as replacement of the kinase domain with an epitope tag usually functions to 

decrease signal transduction from native receptors by sequestering native non- 

phosphorylated receptors. We have previously identified several RTKs expressed during 

the development of sensory neurons within the dorsal root ganglia (DRG: Nelson et al., 

manuscript in preparation), and have used this approach to study their function during 

DRG development.
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c-Evk and c-Rek receptor tyrosine kinases

Using primers to conserved regions of RTKs, c-Rek, was identified as being 

expressed in the immature E4.5 DRG (Anderson and Lefcort, unpublished). c-Rek is a 

member of the Axl/Tyro3 family of RTKs and its expression is developmentally 

regulated, being maximally expressed in the retina during the period of neuronal and glial 

cell differentiation (Biscardi et al., 1996; Fiordalisi and Maness, 1999). Intriguingly, a 

differential screen designed specifically to identify RTKs expressed more prominently in 

immature E4.5 DRG rather than in mature ES.5 DRG identified the orphan RTK c-Eyk 

(Anderson and Lefcort, unpublished). This receptor was first identified as the proto

oncogene from which the viral oncogene v-Eyk was derived (Jia et al., 1992). We 

confirmed by RT-PCR that c-Eyk is preferentially expressed in E4.5 DRG compared to 

ES.5 DRG (see Figure 2), and have also directly observed strong neuronal expression in
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the DRG at E4.5 by in situ hybridization (data not shown). c-Eyk is also a member of 

the Axl/Tyro family of RTKs and its ligand is currently unknown. Activated c-Eyk 

constitutively stimulates the JAK-STAT pathway while only moderately activating the 

Ras-MAP kinase and JNK pathways (Zong et al., 1996; Besser, et ah, 1999). It has two 

C2-type immunoglobulin domains and two FN-III domains in its extracellular region, , 

suggesting that it may play a role in cell-cell interactions (Jia and Hanafusa, 1994). Its 

normal cellular function is not known and is currently under study.

Dominant Negative and Constitutively Active Constructs

We constructed dominant negative and constitutively active constructs for each 

receptor (Table 9). Restriction enzyme analysis in silico (MacVector) showed that EcoRI 

cleaved just upstream of the start codon and a the beginning of the kinase domain, so this 

fragment was cut from full-length Eyk (gift from D. Besser) and subcloned into the 

eukaryotic expression vector pCAX, which contains the dual CMVIE chick Beta-actin 

promoter system. A Myc epitope tag was fused inframe at the C-terminus by PCR 

amplifying this sequence from pCS2MT with primers designed with HindIII and BamHI 

sites, and subcloning behind the truncated receptor, creating Dominant Negative Eyk 

Mvc (pDNEM). A constitutively active Eyk construct has been made previously, by 

fusing the kinase domain of Eyk to the extracellular domain of CDS (pCDSEyk), which 

exists as >80% disulfide bonded and phosphorylated homodimers and results in a ligand 

independent increase in signal transduction (Besser, pers comm). Although pCDSEyk 

was in an eukaryotic expression vector, we wished to place it into the same pCAX system 

as the rest of our constructs for more comparable effects.
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This required that CDSEyk had to first be subcloned in two steps into Bluescript 

to give unique RE sites at each end. Full-length CDSEyk was cut out with Sail and NotI, 

blunt-ended and subcloned into pCAX cut with SmaI (pCD8Eyk-CX). A dominant 

negative Rek was built by first blunt-end subcloning the Myc epitope sequence into the

Table 9. Constructs for gain-of-function and loss-of-function RTK studies

Plasmid Description

pCXM The 6X Myc repeat epitope tag was blunt-end cloned into the MscI site in the 
eukaryotic expression vector pCAX, which contains the dual CMVIE/chick beta- 
actin promoters; serves as a control expression and C-terminal Myc fusion vector.

pDNEM Dominant-Negative Eyk Mvc (DNEM) in pCAX Loss-of-function

pDNRM Dominant-Negative Rek Myc in pCAX Loss-of-function

pCD8Eyk(CAX) Constitutively active Eyk in pCAX Gain-of-function

pRek Full-length Rek in pCAX

pEyk:MES Full-length Eyk in pMES (IRES2:GFP)*

pRekMES Full-length Rek in pMES (IRES2:GFP) Gain-of-function

pDNEM:MES DNEM in pMES (IRES2:GFP) Loss-of-function

pDNRM:MES DNRM in pMES (IRES2:GFP) Loss-of-function

pCD8Eyk:MES CDSEyk in pMES (IRES2:GFP) Gain-of-function

pCD8Rek:MES CDSRek in pMES (IRES2:GFP)*

pRed Hc-Red-I coding sequence subcloned into pCAX

pMES:Red pMES IRES2 sequence was subcloned into pRED, creating a complementary 
IRES2:RED vector for co-expression experiments with IRES2:GFP vectors

*in progress

MscI site in pCAX f CAX-Myc. pCXM), followed with PCR amplification of the 

extracellular-to-kinase domain with primers designed to allow insertion into pCXM 

upstream and inframe with respect to the Myc epitope (pDNRM). All constructs were 

sequenced and expressed in COST cells to confirm expression and activity (see Figl9).
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Further these constructs were all subcloned into the bicistronic eukaryotic expression 

vector pMES (gift of C. Krull; Schwartz et ah, 2001b), which is the pCAX vector with an 

IRES2:GFP sequence that allows dual expression and independent translation of a eGFP 

coding sequence for reporting expression: pDNEM was subcloned with Xbal/BamHI, 

pDNRM was subcloned with EcoRI, and CDSEyk was subcloned into pMES as it was 

with pCAX (pDNEMM, pDNRMM, pCDSEM). Transfecting COS7 cells and 

immunolabeling for with anti-Myc antibody confirmed dual expression of the DNs (see 

Fig 19 A, B). Dual expression from pCDSEM was confirmed by transfection into COS7 

cells, checking for GFP fluorescence, and then blotting for CDSEyk as below (see Fig 19, 

and data not shown). To obtain a construct for gain-of-function studies for Rek, we are 

currently building a constitutively active chimeric receptor with the extracellular domain 

of CDS and the transmembrane/intracellular kinase domain of Rek (pCDSRek in pCAX), 

which will ultimately be subcloned into pMES as well. Further, as simply 

overexpressing these RTKs results in their autophosphorylation and hence a gain-of- 

function, we have subcloned full-length Rek into the pMES vector, and are in the process 

of subcloning full-length Eyk in to pMES as well, see Table 9.

Dominant Negative Assay

To confirm that the DNs actually function as such, we developed an assay that 

tests their ability to inhibit the phosphorylation of native full-length receptors, which 

would result in a decrease in signal transduction. Increasing concentrations of the DN 

vectors were cotransfected with respective full-length vectors at a fixed concentration 

into COS7 cells, and incubated for 48hrs, upon which cells were washed and lysed
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(Tris/SDS/Tx-100, eukaryotic protease and phosphotase inhibitor cocktails). Lysates 

were collected, spun, and concentration determined by measuring total protein 

concentration (Bradford assay). Concentrations were normalized, and equal 

concentrations from each cotransfection were aliquoted into separate tubes, so that the 

full-length RTKs from each cotransfection could be immunoprecipitated with specific 

anti-Eyk or anti-Rek antibodies respectively, and the coexpressed DNs could be
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independently immunoprecipitated from the other aliquot with an anti-Myc antibody 

(Clontech). Antibody complexes were collected with an equal amount of Protein A- 

Sepharose, washed, and eluted with 25uls of 2X SDS sample buffer, which was analyzed 

with 6% SDS-PAGE, transferred to PVDF. Full-length Eyk and Rek IP’s were blotted 

with anti-phosphotyrosine antibody (Upstate Biotechnology) to determine the extent of

Figure 19. Dominant negative Eyk and Rek constructs in vitro  and in vivo. (A) DNEMM and (B) 
DNRMM transfected into COST and immunolabeled with anti-Myc confirms dual expression of 
DNs and eGFP. DNEMM (C) and DNRMM (D, E) in vivo: note that DNRMM+ cells are located 
in clusters in the dorsal pole and in the ectoderm (ec, melonacytes)
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phosphorylation and hence activity of the pool of native receptors, while DNEM and 

DNRM IP’s were blotted with anti-Myc (9el0 DHSB) to measure the amount of 

expression. Figure 17 and Figure 18 demonstrate that both DNEM and DNRM function 

as dominant negatives by inhibiting the autophosphorylation of native full-length Eyk 

(Fig 17) and Rek (Fig 18) receptors respectively, which results in a decrease in signal 

transduction from each receptor. Furthermore, pCDSEyk in pCAX was shown to be 

expressed and constitutively active in the same manner (Fig 17). pDNEMM and 

pDNRMM have been microinj ected/electroporated into chicks (Fig 19). Preliminary 

observations indicate that DNEM labels cells similar to control GFP, which could mean 

that Eyk signaling has no effect at this early age, or that Eyk signaling is normally 

inhibited and that overexpression may elicit a biological response. DNRM however does 

appear to have an effect on transfected cells, whereby in the DRG labeled cells are found 

in clusters in the dorsal pole separate from the neural core, scattered in the ectoderm, and 

often appear unhealthy. Further experimentation is underway to elucidate the exact roles 

of these molecules during sensory neural development.

As in vivo data for mouse homologues indicate that different combinations of 

Axl/Tyro/Mer family members are required to elicit a loss-of-function phenotype, we are. 

currently determining whether DNRM can inhibit Eyk, or DNEM can inhibit Rek, in a 

similar fashion in vitro. Preliminary assays indicate that this may be the case, although 

experiments are in progress to confirm this (data not shown). If the DNs do cross-react it 

will be necessary to compare the results of single DN injections with coinjections of both 

DNs. Therefore in coinjection experiments, identification of cells expressing each 

ectopic DN is necessary, as mixed populations of cells expressing DNEM, DNRM, both,
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and neither are likely to exist. Analysis of mixed populations requires ectopic expression 

of two reporters. A second equivalent IRES vector is needed, and we have created a 

version of pMES that expresses a red fluorescent protein, HcRedI that will allow 

simultaneous in ova real-time functional analysis of gain-of-function and loss-of- 

function combinations of two targeted molecules. HcRedl was generated by mutagenesis 

of a non-fluorescent chromoprotein from the reef coral Heteractis crispa to fluoresce in 

the far-red region. It is proposed to form a dimer, similar to the other red fluorescent 

protein DsRedI, which forms homo-tetramers and large aggregates that can be cytotoxic 

(R. Lansford, personal communication). HcRedI however is more like GFP, and is well 

tolerated by cells and does not form cytotoxic aggregates, and when DsRed proteins have 

been mutated to prevent oligomerization, they can be used in multilabeling experiments 

along with cyan and yellow GFP variants, as separation of signals is now possible due to 

new confocal technologies (Zeiss).

Figure 20. pRED st21/E3.5 in ovo  expression.



HcRedl was subcloned into pCAX, microinjected/electroporated into chicks as 

before, incubated to ES.5. Figure 20 demonstrates that pRED expresses in vivo like 

pGFP. Importantly HcRedI matures at a comparable rate as GFP, unlike DsRedI, which 

allows for early simultaneous detection of ectopic DNA expression. The IRES2 

sequence from pMES has been subcloned into pRED to create an IRES2:RED vector. A 

dual IRES system whereby two molecules could be studied simultaneously in ovo would 

represent a significant advancement for chick embryology. Additionally full-length 

cDNA libraries generated in these eukaryotic expression vectors, from different stage 

tissues or cancerous and non-cancerous states, would allow large-scale expression 

profiling of single and/or pools of clones in defined cells types, for example PC12s, and 

quick phenotypic analysis from dual GFP and RED expression.

Non-classical antisense strategies

The other gene family that this DN approach is often applied to is transcription 

factors that contain discrete activation and/or repression domains, which can be altered in 

some predictable fashion. However for most molecules, this approach is limited, and 

with the rate of increase in data available from global functional genomics and 

proteomics approaches favored in present day biology, would not be feasible for 

adaptation to a streamlined global functional loss-of-fimction approach that would be 

necessary to keep pace. We and others have sought to develop methodologies towards 

this goal: a readily applicable strategy that allows for the loss-of-function analysis for a 

wide range of molecules in vivo.
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We have initiated investigations into a non-classical antisense-based approach and 

an RNAi mediated strategy to specifically knockdown in ovo targeted mKNAs identified 

through screening experiments. Antisense technology has been shown to be effective in 

certain instances at inhibiting translation of targeted mRNAs and their degradation 

through an RNaseH mediated event: Traditional antisense approaches are based on the 

delivery of antisense DNA oligos into a given cell type, and assessing the knockdown 

effect at the protein level with'a corresponding decrease in immunoreactivity. However 

frequent non-specific effects are more often observed, and this is why antisense has not 

been widely used. Recent advances in this field have brought antisense back to life, by 

demonstrating that certain non-classical approaches can be very effective at knockdowns 

and overcome the problems normally found with traditional oligos. Morpholino based 

strategies take advantage of a morpholine rather than a sugar/phosphate based backbone, 

which makes morpholines inaccessible to endo- and exonucleases and dramatically 

increases their half-life, and at the same time forms extremely specific and tight binding 

interactions with their target mRNA (Summerton and Weller, 1997). Morpholinos work 

quite well in developing embryos that can be directly injected as early zygotes, such as 

Xenopus and zebrafish, and are most effective if the target is expressed early in 

development. Morpholinos have been used in chicks, in the same manner as in ovo 

plasmid microinjections/electroporations (Kos et ah, 2001), however there has been 

limited success in most applications.

Recently a novel type of an antisense DNA oligo has been generated, which has 

the ability to catalyze cleavage of specific target mRNA’s, a DNA version of the RNA- 

ribozyme (Santoro and Joyce, 1998; Floege et ah, 1999; Basu et ah, 2000). This is



advantageous as now much lower concentrations are needed, addition of 5’ fluorescent 

labels and a 3’ protecting group are standard chemistry, they are still charged molecules 

that will allow efficient in ovo electroporations, and are relatively inexpensive. DNA- 

enzymes have been designed to target sequences in NELL2, and are currently being 

assessed for ability to knockdown NELL2:Myc in'cotransfection assays in COS7 cells. 

The best catalysts will be remade with a 5’ fluorescent label and 3’ inverted base, and 

electroporated into chicks in ovo and assessed for their ability to knockdown targets in 

vivo.

Another recent novel antisense technology that is proving quite efficient at 

knockdowns is RNA mediated interference methods (RNAi), capitalizing on inherent 

cellular protection machineries that detect and specifically repress dsRNA, usually 

present from dsRNA viruses (reviewed by Zamore, 2002). Introducing specific dsRNAs 

targeted to an endogenously expressed gene can provoke this effect. Plasmids containing 

an RNA Polymerase III promoter drive expression of short hairpin transcripts that when 

expressed act as very efficient substrates for targeting the knockdown effect. Two such 

plasmids have been obtained, pSUPER and pSUPER.Retro, which contain a pol III 

expression cassette in Bleuscript and mouse stem cell virus plasmids respectively. Target 

oligos for three different sites in NELL2 have been cloned into each of these vectors, 

pSUPER-NELL2-1 (pSNl-3) and pSUPER.Retro-NELL2-1 (pRNl-3), and are currently 

being assessed for their ability to knockdown NELL2:Myc in cotransfection studies in 

COS7 cells. One problem with this approach is that for in ovo applications, one needs to 

follow the fate of cells transfected with this ectopic DNA, therefore we have begun to put 

GFP or RED expression cassettes into these vectors. However the addition of a strong
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pol II promoter to the plasmid could interfere with pol III transcription (Ambion, personal 

communication), although this remains to be tested. Another KNAi strategy involves in 

vitro transcription of short 21-23 bp complementary transcripts, which can then be 

chemically labeled in vitro with Cy3 or fluoroscein (Ambion). This would allow 

detection of cells transfected in ovo with labeled siKNAi’s. In an intriguing report in 

press (Nature Biotech), Stoeckle and colleagues demonstrate that much longer strands of 

dsKNA ~0.5-2kb in length, provoked a very strong and specific KNAi response by in ovo 

microinj ecting/electroporating early chicks (C. Krull, personal communication; Stoeckle 

et al., in press). Long dsKNAs had proved to be quite toxic in mammalian cells, but 

apparently not for chicken cells. Although it is still unclear how the authors tracked the 

fate of cells with the ectopic dsKNA, we will apply the method for short dsKNAs and 

label long dsKNA with Cy3 or fluoroscein, and in ovo microinject/electroporate chicks 

and analyze for loss-of-function. We will also test whether rUTP-Fluoroscein can be 

directly incorporated during in vitro transcription, to give the strongest label and still 

remain active at KNAi. Since NELL2 is ~2.5 KB, we have sublconed smaller fragments 

into Bleuscript, which specifically target separate sites in the coding sequence and the 3 ’ 

UTR (untranslated region), see Table 10. As controls for in ovo KNAi knockdowns, we 

can utilize plasmids we have on hand, such as TrkC for which we have an antibody and 

its KNAi knockdown should be able to recapitulate its known loss-of-function 

phenotypes. We can also use plasmids containing fragments of Notch, Delta, NGN I and 

2, which would serve as a positive control for the method, and also have phenotypes 

distinct from that of NELL2. As a negative control, we can use a plasmid that contains a 

fragment of another member of the proneural family of atonal homologs Cath5 (chicken
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atonal homologue 5), which is expressed in the retina and not in the spinal cord or trunk 

neural crest derivatives. Antibodies to some of these molecules exist and attempts will be 

made to obtain them, however this RNAi method also results in the loss of actual 

endogenous transcripts. Therefore we can combine in ovo RNAi knockdowns with 

fluoroscein-labeled dsRNAs with in situ hybridizations with DIG-Iabeled probes for each 

respective target, and with other immunocytochemical markers to determine the fate of 

neural progenitors with ectopic dsRNA. These experiments are in progress.
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Table 10. RNAi NELL2 vectors for in ovo knockdown
pRNl BamHI fragment- - I . Ikb containing the 2nd 1A of NELL2

pRN2 EcoRI fragment- ~400bp containing NELL2’s signal peptide and 
heparin binding domain

pRN3 EcoRTTIindIII fragment- ~1.2kb containing the - I st 1A of Nell2

pRN4 HindIIEMscI fragment- -Ikb  containing the 2nd 1A of NELL2

pRN5 MscEHindIII fragment- -SOObp containing the C-terminus and 3’ 
UTR of NELL2



6. CONCLUSION

97

The goal of my work from the outset has been to identify and characterize new 

molecules that function during vertebrate neurogenesis and differentiation. Towards this 

end we designed a subtraction screen to identify molecules regulating sensory neuron 

genesis and differentiation, and confirmed that candidate differentially expressed cDNAs 

were enriched in immature DRG accordingly. This has been a fruitful approach that has 

already yielded several intriguing molecules whose function during these processes we are 

now determining. The libraries generated from these studies will prove to be a rich source 

for future work, as additional screens are performed on the subtraction libraries to yield 

more candidates. Furthermore, the full-length phage E4.5 DRG cDNA library will prove 

useful for retrieving full-length clones of molecules involved in sensory neurogenesis and 

differentiation.

One candidate from these screens that we have extensively investigated is neural 

epidermal growth factor-like like 2 (NELL2) that had been cloned and shown to be 

expressed in the immature E4.5 DRG, but had never been further studied during 

embryogenesis or functionally in vivo. From experiments initiated during a summer course 

in embryology at the Marine Biological Laboratory in Woods Hole, MA, we decided to 

extensively characterize the expression pattern of NELL2 during embryogenesis, as a first 

step towards understanding possible functions for this uncharacterized molecule. This 

approach proved quite successful and generated a manuscript that reveals quite an 

intriguing pattern of gene expression, which implicates NELL2 as having specific roles 

during the differentiation of discrete cell types (Nelson et ah, 2002b, Chapter 3). These



studies provide a fairly complete description of NELL2 expression and demonstrated in 

situ that NELL2 expression during early embryogenesis is temporally and spatially 

regulated, something not revealed in previous analyses.

The observations from this work laid the framework for analyzing NELL2 

functional data, which demonstrate that NELL2 functions both as a differentiation factor 

for neural progenitors and a mitogen for other progenitors. This is quite intriguing, as 

NELL2 is a large secreted glycoprotein that when ectopically expressed in neural 

progenitor cells autocrinely promotes their differentiation into neurons rather than glia 

without altering their neural subtype identity. This demonstrates that these progenitor cells 

are competent to respond autocrinely to a NELL2-mediated signaling event, whether it 

occurs intracellularly or extracellularly through secreted NELL2 acting back on the cell. 

This function places NELL2 in a class of molecules that generally function to promote 

neuronal differentiation, such as Delta/Serrate/Jagged and the proneural bHLH 

transcription factors Ngnl, Ngn2, and Mashl. Though these molecules are generally 

permissive for neuronal differentiation, they can also promote the differentiation of specific 

types of neurons, something not observed with NELL2.

Secreted NELL2 could potentially interact directly with Notch on neighboring cells 

in a manner similar to its known ligands, resulting in an effect consistent with NELL2’s 

autocrine and paracrine actions. The expression of Notch ligands and the proneural genes 

are co-regulated, so that as a progenitor decides to differentiate into a neuron, it is 

expressing both a particular Notch ligand and a particular proneural transcription factor. In 

the spinal cord, this progenitor cell then migrates laterally from the mitotically active 

progenitor zone in the ventricular layer to the mantle layer to differentiate. Once this cell
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leaves the ventricular zone, it downregulates its Notch ligand and proneural transcription 

factor, and upregulates NELL2, however Delta is expressed by a subset of differentiating 

motor neurons in the mantle layer, even though Notch expression is confined to the 

ventricular zone. Once CNS progenitor cells leave the ventricular zone they also 

upregulate downstream proneural transcription factors, such as NeuroM and NeuroD, that 

function to promote or maintain neural differentiation (Roztocil et ah, 1997). It is 

interesting that the strongest expression of NELL2 in the spinal cord, except for motor 

neurons, occurs in the intermediate zone of the mantle layer that is directly adjacent to the 

ventricular zone, which partially overlaps with NeuroM expression. As progenitor cells 

proliferate in the ventricular zone, they undergo interkinetic nuclear migration from the 

lumen to the pial surface, maintaining contact with each surface through their endfeet. This 

would allow a positional mechanism whereby secreted NELL2, from the newly . 

differentiating cells in the adjacent intermediate layer, could signal back to the progenitor 

cells in the ventricular zone inhibiting them from differentiating, perhaps by stimulating 

them to proliferate as is the case in the immature DRG. As these neurons mature and 

downregulate NELL2 in this adjacent layer, neighboring proliferating cells in the 

ventricular zone could then differentiate into laterbom neurons and/or glia. Prolonged 

NELL2 expression in motor neuron pools, similar to Delta, could be the result of the time it 

takes for motor neurons to fully differentiate into their final discrete identities.

A similar event is proposed in the PNS, whereby mitotically active progenitor cells 

expressing Notch are located in the dorsal pole and ensheathing cell layer of the DRG. 

Transient activation of Notch in these progenitors in vitro drives them towards a glial cell 

fate, and in vivo a subset of Delta expressing cells are found interposed between Notch
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progenitors. These Delta expressing cells are proposed to then migrate into the neural core 

of the ganglia and differentiate into neurons, although in the DRG the expression of Notch 

ligands is not fully consistent with hypothesis. The proneural transcription factors NghZ 

and Ngnl also have similar roles in sensory neural development, although their regulation 

with respect to Notch and its ligands are less clear. For example NgnZ is required early to 

bias a subpopulation of neural crest cells towards a sensory rather than sympathetic cell 

fate, and then later to promote the genesis of certain subpopulations of sensory neurons in 

the DRG. NghZ expression is quite transient, being expressed in the earliest cells 

localizing to the DRG anlagen, and rapidly downregulated as NeuroD and NeuroM are 

upregulated. Ngnl expression begins after gangliogenesis, restricted to the population of 

progenitor cells in the dorsal pole and ensheathing cell layer. Ngnl expression promotes 

the genesis of separate sensory neuron subpopulations, and is rapidly downregulated as 

downstream factors such as NeuroD and NeuroM are upregulated. Intriguingly, analysis of 

the expression patterns of these later neural determination factors demonstrates that they 

are also restricted to the progenitor domains developing ganglia. Interestingly the time- 

course of NELL2 expression closely mirrors that of NeuroM. The expression patterns and 

functions of Notch and the proneural genes are consistent with their roles in the spinal cord, 

although the Notch ligands, while being strongly expressed in the progenitor domain in the 

spinal cord, are weakly if at all expressed in these domains in the DRG. However, NELL2 

expression in the DRG progenitor zones overlaps with that of Notch, Ngnl and Ngn2, and 

NeuroM and NeuroD, and then could potentially serve as a novel Notch ligand. NELL2 is 

expressed by a subset of mitotically active sensory neural progenitor cells, which decreases 

as development progresses, consistent with a role in differentiation, and ectopic NELL2 .



101

expression results in these sensory progenitors differentiating into neurons. This is 

consistent with a Notch ligand role in a progenitor domain. NELL2 expression in the 

neural core of the ganglia could then serve to autocrinely maintain these newly bom 

neurons differentiating into a neuronal fate, and at the same time paracrinely stimulating 

neighboring Notch expressing cells in the progenitor domain to proliferate, as it could in 

the spinal cord intermediate layer. Ectopic expression of NELL2 does stimulate 

neighboring cells to proliferate in the immature DRG. As NELL2 expression wanes in 

mature neurons, neighboring cells would be released from this mitogenic stimulus, 

allowing them to differentiate into later bom neurons and/or glia. Therefore NELL2 may 

serve a general role in promoting neuronal differentiation without altering the identities of 

specific neural subpopulations, by maintaining particular cell fate decisions such as 

neuronal versus glial fates.

It is interesting then that like the NGNs, ectopic NELL2 expression biases neural 

crest cells towards a sensory rather than a sympathetic cell fate. This also suggests that its 

differential expression in hypaxial rather than epaxial muscle precursors may be important 

in specifying their identities and/or promoting hypaxial muscle differentiation, something 

currently being addressed. Therefore a general role in maintaining neuronal versus glia 

fates in the nervous system must be more complicated, as ectopic expression of NELL2 in 

certain progenitor populations results in a clear bias in the types of neurons formed, i.e. 

sensory neurons rather than sympathetic neurons. These are novel functions for this kind 

of molecule, and the first described functions for a NELL gene in vivo. Further 

experimentation is in progress to address the mechanism by which NELL2 can act both 

autocrinely and paracrinely.
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Preliminary investigations into the other two molecules initially chosen for further 

study, c-Eyk and c-Rek receptor tyrosine kinases, are also in progress. To study these 

receptors we have constructed a set of gain-of-function and loss-of-function vectors to 

study these RTKs, which have already demonstrated novel phenotypes in DRG 

development. For example inhibiting Rek activity in ovo demonstrates that transfected 

cells cluster in the dorsal pole of the DRG as if they were inhibited from differentiating and 

possibly apoptotic, although further experimentation will be needed to determine the exact 

function of Rek. In the course of these studies, it became apparent that one limitation of 

this in ovo microinj ection/electroporation approach with the GFP reporter system was that 

only a single molecule could be analyzed at a time. Therefore we have constructed and 

equivalent reporter system utilizing a novel far-red fluorescent protein (HcRedl), which 

now allows for simultaneous analysis of the in ovo function of two molecules 

independently. We have also sought to develop and apply high-throughput methods for 

functional analysis of the vast amount of candidate differentially expressed genes identified 

through global functional genomics approaches. Of these methods the combination of 

dual-color IRES vectors, RNAi, and in oyo microinj ection/electroporation technologies is 

likely to prove the most successful and applicable for use in wide-scale functional analyses, 

and will further expand the usefulness if the chick as a model embryological system.

Finally I have been fortunate enough to have co-authored two grant proposals on the basis 

of this work, one funded NIH R03 HD40343 and one currently under review NSF, which 

has allowed our lab to continue to study the molecules identified in this initial work.
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