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ABSTRACT 

The long-term objectives of this project were twofold: (1) to identify transcription 

factors (both novel and previously identified) which may influence cell fate and/or 

maturation in the nervous system, and (2) to investigate the role(s) that these transcription 

factors may play in either the cell-fate decisions and/or maturation of an in vitro model of 

peripheral neurogenesis called RT4. 

In the first phase of this project, five POU-domain genes (Oct-1, Oct-2, Bm-2, Bm-

5 and Tst-1/SCIP), as well as REST/NRSF (a repressor of neuronal-specific gene 

expression) were shown to be expressed, and their expression levels characterized in the 

RT4 cell line family. We also reported that 4 candidate transcription factors (Bm-1, Bm-3, 

Bm-4 and MASH-1) were not expressed in the RT4 cell line family. The second phase of 

this project involved the elucidation of the possible role(s) of Tst-1/SCIP and REST/NRSF 

in the RT4 cell line family. We examined whether Tst-1/SCIP influenced the conversion of 

RT4 stem cells to derivative cell types. The conversion frequency was essentially 

unchanged when transfected with wild-type Tst-1/SCIP, or a dominant-negative version of 

Tst-1/SCIP, or pcDNA3 vector alone. Although the conversion frequency among 

transfection groups (i.e., Tst-1/SCIP; Tst-1/SCIP AN; pcDNA3 vector alone) groups was 

approximately the same to all of the derivative cell types, the total number of stably 

transfected colonies within the Tst-1/SCIP transfection group was considerably less than 

the other transfection groups. The transcription factor REST/NRSF was examined in terms 

of its possible role(s) in regulating maturation-specific gene expression. Although we were 

able to demonstrate that the REST/NRSF-mediated repression of an RE 1-CAT reporter was 

at least partially relieved, we were unable to detect the de novo expression of a set of 

maturation-specific genes in RT4-B8, which would expect to be expressed if the cell line 

had been stimulated to mature. 



LIST OF TABLES 

1.1. RT4 versus Neuroblastoma cell lines 12 

2.1. A summary of the transcription factors examined in this study 36 

3.1. Total colonies counted for each transfection group 51 

3.2. The percent of total colonies counted for each transfection group 52 

4.1. Genes with consensus REl DNA elements 73 

5.1. Derivation of the RT4 derivative cell types from different RT4-AC clones 86 

VI 



LIST OF FIGURES 

1.1. Properties of the RT4 cell lines 13 

2.1 Oct-2, Tst-1/SCIP and Bm-2 were expressed in lineage specific patterns in 
RT4 37 

2.2 REST/NRSF, Bm-5 and Oct-1 were expressed in all of the RT4 cell lines 38 

2.3 MASHl, Bm-1, Bm-3.0 and Bm-4 were not expressed in the RT4 cell lines 39 

2.4 POU proteins were expressed in the RT4 cell line family 40 

2.5 A proposed model of the RT4 cell line family 41 

3.1 Photographs of the RT4 cell line family 53 

3.2 Functional assay of transfected Tst-1/SCIP and Tst-1/SCIPAN 54 

4.1 REST/NRSF protein levels were unchanged when RT4 cells were cultured 
under maturation inducing conditions 74 

4.2 REST/NRSF functions as a transcriptional repressor in RT4-B cells 75 

4.3 Transient ectopic expression of p73 does not induce maturation in RT4-B cells 76 

4.4 Screen of REST/NRSF-mediated repression in RT4-B cell lines stably 
expressing p73 77 

4.5 p73 is ectopically expressed in SC2,SC8 and s e n .' 78 

4.6 Stable ectopic expression of p73 does not induce maturation of RT4-B cells 79 

4.7 Tau and MAP2bmRNA was expressed in RT4-B and s e n 80 

4.8 SCGIO and Nail mRNA was expressed at similar levels in RT4-B and SC11 81 

A.l ChaptermDNAconstmcts 97 

A.2 Chapter IV DNA constmcts 98 

A. 3 Position of primers for RT-PCR amplification of MAP2 and tau 99 

B. 1 Sequence of RT-PCR products and their alignments to previously 
isolated genes 101 

vu 



CHAPTER I 

INTRODUCTION AND BACKGROUND 

Introduction 

The mammalian peripheral nervous system (PNS) is composed of neurons, both 

afferent (sensory) and efferent (autonomic and somatic), and glial cells including 

myelinating and nonmyelinating Schwann cells and satellite cells. These different cell types 

comprise a variety of different stmctures including sensory, sympathetic and 

parasympathetic ganglia, as well as the cranial and spinal nerves. The entire PNS is 

derived during development from the neural crest, a population of cells which arises from 

the dorsal edge of the neural tube. The neural crest is a transient heterogeneous mixture of 

committed, bipotent, and multipotent stem cells which give rise to lineage-restricted 

daughter cell types which mature to become fully differentiated cells. 

A major unanswered question in developmental biology is how a stem cell 

generates daughter cell types of restricted developmental potential. Work presented herein 

describes the use of the RT4 cell line family as an in vitro model of peripheral neurogenesis 

to begin to understand the molecular mechanisms of how a stem cell that can give rise to 

both neurons and glia undergoes lineage commitment and maturation. 

The neural crest 

Origin of the neural crest. Cells that give rise to the neural crest in mammals are 

derived from a population of cells between the neural ectoderm, which will be enfolded to 

generate the neural tube, and the epidermal ectoderm, which will make up the epidermis 

overlaying the neural tube after closure. Following closure of the neural tube, it separates 

from the overlying ectoderm. The neural crest at this point lies directly on the dorsal 

surface of the neural tube, between the neural tube and the epidermal ectoderm. 
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Neural crest lineage diversification. The neural crest has been divided into four 

axial levels based on migratory pathways and subsets of derivatives that arise from the 

different axial regions. The four axial regions are cranial, tmnk, vagal and sacral. Cranial 

neural crest gives rise to the cranial sensory ganglia, ciliary ganglia, connective tissue, the 

perioccular skeleton, Schwann cells and some facial muscle. Tmnk neural crest gives rise 

to the neurons and glia of the sensory ganglia, noradrenergic and cholinergic sympathetic 

ganglia, melanocytes in the skin, and adrenal chromaffin cells. The vagal and sacral neural 

crest primarily contribute to the enteric nervous system (Selleck et al.. 1993). 

In normal circumstances, the set of progeny cells which arises from a particular 

axial region of the neural crest is fixed. For example, connective tissue is only produced 

by the cranial neural crest. This observation could be interpreted in two complementary 

ways. First, it could suggest that the stem cells from different axial regions are somewhat 

lineage-restricted as to only give rise to a small subset of cell fates which normally arise 

from that axial region. Conversely, it could suggest that the stem cells, although capable of 

contributing to a wider subset of cell fates than in a single axial level, give rise to a small 

subset due to the extrinsic cues which are specific to the various regions. Transplantation 

studies have revealed that in many cases, the cell fate of neural crest is dependent on the 

position of engraftment rather than the axial region from which the explant was taken (Le 

Douarin and Dupin 1993). For example, the quail-chick marker system was used as a 

means to trace transplanted cells (e.g., quail) in a background of host cells (e.g., chick). 

Through this technique it was possible to transplant neural crest from one axial region to 

other axial regions, so that in the adult, neural crest-derived cells from the transplanted 

material could be distinguished from the host. It was found that when explants from chick 

neural crest taken from a particular axial region were transplanted into quail at a different 

axial region, the transplanted neural crest was able to give rise not only to derivatives 

specific for the axial region of the explant, but to most derivatives of the host axial region 



(Le Douarin and Dupin 1993). The salient findings of these studies suggest that the neural 

crest from all axial regions is largely multi-potent, and that the axial region-specific extemal 

cues to which the cells are exposed during migration influence the fate of neural crest cells. 

The importance of in vitro models to study the neural crest 

The derivatives of the neural crest give rise to a variety of cells ranging from 

sympathetic neurons to melanocytes. The neural crest is a transient migrating population of 

cells, consequently, the molecular analysis of individual cell types and differentiation 

events is very difficult. Since a stem cell is defined as a cell capable of giving rise to 

daughter cell types of restricted developmental potential, and is capable of self renewal, the 

detailed molecular analysis of individual stem cells is very difficult in vivo, or in primary 

cultures of neural crest. In vitro systems which mimic cell fate specification and 

maturation have many advantages over in vivo or primary culture approaches. First, the 

stem cell can be extensively characterized in terms of gene expression and derivative cell 

types. Second, relatively pure populations of cells may be obtained to carry out detailed 

molecular analyses. Third, the ability of the researcher to experimentally manipulate gene 

expression or extemal cues is greatly enhanced. Over the past twenty years, a number of 

cell culture systems have been derived which may emulate the neural crest, making 

molecular analysis feasible. Well characterized neural crest cell lines include NUB-7 

(Dimitroulakos et al., 1994), GOTO (Sekiguchi et al., 1979), SK-N-SH (Tsokos et al., 

1987), the sympathoadrenal cell line family (Anderson and Axel 1986; Anderson et al., 

1991), and the RT4 cell line family (Imada and Sueoka 1978; Donahue et al., 1996). 

The RT4 cell line family 

The RT4 family of cell lines was isolated from an ethylnitrosourea-induced rat 

peripheral neurotumor (Imada and Sueoka 1978; Tomozawa and Sueoka 1978; Tomozawa 



et al., 1985). The system is comprised of four distinct cell types representing the stem cell 

(RT4-AC), neuronal derivatives (RT4-E, RT4-B), and a glial derivative (RT4-D). The 

multi-potential stem cell (RT4-AC) is responsible for giving rise to all of the other cell types 

in the RT4 system and expresses markers of both neuronal and glial lineages. RT4-AC24 

(a subclone of RT4-AC, which is capable of generating the three different daughter cell 

types) converts permanently, spontaneously and reproducibly at a rate of 10-6-10"5 cell 

divisions in culture into each of the three daughter cell types in a process termed cell type 

conversion (Imada and Sueoka 1978; Tomozawa and Sueoka 1978; Haag et al., 1984; 

Tomozawa et al., 1985). In this study, the stem cell subclone, RT4-AC24, was only used 

in Chapter ni. All other experiments involving RT4-AC cells were performed using the 

RT4-AC subclone RT4-AC36A, which retains all of the properties of RT4-AC cells, yet 

does not undergo cell type conversion at a detectable frequency (Freeman and Sueoka, 

1987). As summarized in Figure 1.1, the neuronal lineages consisting of RT4-E and RT4-

B express many markers of immature neurons. Markers common to the neuronal-like 

derivatives, RT4-B and RT4-E, include voltage-dependent Na"*" influx and K"*" efflux as 

well as the ability to fire action potentials. The predominant voltage-dependent sodium 

channel expressed by RT4-B and RT4-E is the tetrodotoxin-resistant sodium channel SkM2 

(Donahue et al., 1991). In addition to morphological differences between the neuronal-

like derivatives, RT4-B expresses a neuronal-specific gene, SCGIO, while RT4-E does not 

express detectable levels of this gene (Donahue et al., 1996). 

The RT4 derivative cell types undergo further maturation when treated with 

dibutyryl-cAMP and testosterone (Droms and Sueoka 1987). The neuronal derivatives are 

thought to mature morphologially due to the extension of long processes resembling 

neurites when cultured with dibutyryl-cAMP and testosterone (Droms and Sueoka 1987; 

Donahue et al., 1996). The glial-like derivative RT4-D, does not express any of the 



neuronal markers that have been studied in RT4-E, and RT4-B, yet displays its own set of 

markers unique to the glial lineage. These markers include P̂ ,, a component of peripheral 

myelin (Lemke and Axel 1985); glial fibrillary acid protein (GFAP), the major component 

of intermediate filaments in astrocytes and Schwann cells (Debus et al., 1983); and 

Suppressed cAMP Inducible POU (SCIP/Tst-1), a POU domain-containing transcription 

factor believed to be important in the development of Schwann cells (Monuki et al., 1989; 

Suzuki et al., 1990; He etal., 1991). RT4-D also undergoes maturation when treated 

with dibutyryl-cAMP and testosterone, expressing Myelin Basic Protein (MBP; Hagiwara 

et al., 1993), and acquires a high affinity Gamma-Amino Butyric Acid (GABA) uptake 

mechanism (Droms and Sueoka 1987). These, as well as other markers examined in the 

RT4 cell line family are diagrammed in Figure 1.1. 

The RT4 system as a developmental model. In order to use an in vitro model to 

study aspects of neuronal differentiation, it must mimic what is known about in vivo 

differentiation. RT4-ACs ability to differentiate in vitro into lineage restricted daughter cell 

types is similar to in vivo neural differentiation in four ways. (1) Lineage tracing analysis 

(Anderson 1989; Le Douarin and Dupin 1993; Serbedzija et al., 1994; Bronner-Fraser 

1995), and clonal analysis of primary neural crest cultures (Sieber-Blum and Cohen 1980; 

Baroffio et al., 1988; Stemple and Anderson 1992) establish that in the development of the 

peripheral nervous system, multipotential stem cells are capable of giving rise to both 

neurons and glia. (2) At least one bi-potent neural crest stem cell in vivo (Anderson et 

al., 1991) expresses markers of derivative cell types which segregate in a cell type-specific 

pattem upon conversion and commitment to a particular lineage. (3) Under appropriate 

cell culture conditions RT4-E, -B, and -D cells have the capacity to mature in a manner 

characteristic of their lineage in a process separate from cell type conversion (Droms and 

Sueoka 1987; Hagiwara et al., 1993; Donahue et al., 1996) 4) The combination of 



markers expressed by RT4 cells places the system in a temporal developmental context 

similar to cells of the neural crest at ~E10-E12 and at earlier developmental stages than 

other well characterized neuroblastoma cell lines such as NUB-7, GOTO and SK-N-SH, 

(Table 1.1; Donahue et al., 1996). The resemblance of the RT4 system to in vivo 

counterparts discussed above establish it as a powerful tool for understanding many 

different aspects of neural development in a system well suited for molecular analysis. 

Gene regulation during development 

In the course of the development of an organism, a fertilized egg must ultimately 

give rise to a staggering number of cells of which there are 200 specific somatic cell types, 

each with identical genomes. Cellular specialization depends on differential gene 

expression in divergent cell types. Eukaryotic cells have elaborate mechanisms in place to 

regulate the expression of different genes in response to developmental, extracellular, 

intracellular, and cell cycle cues. There are at least seven ways in which regulation of gene 

expression may take place: (1) transcriptional regulation, (2) RNA splicing or regulation 

of processing, (3) RNA export out of the nucleus into the cytoplasm (4) regulation of 

translation, (5) regulation of mRNA degradation, (6) post translational"modification 

(e.g., phosphorylation), (7) protein degradation. Alterations in gene expression are 

ultimately responsible for generating different cellular identities in the context of 

development. 

Transcriptional regulation. Perhaps the most intensely studied avenue of gene 

regulation is the regulation of transcription. In eukaryotes, in order to transcribe DNA into 

mRNAs, RNA polymerase II (Pol II) must form a preinitiation complex with general 

transcription factors TFIIA, TFIID, THIB, TFIIF, TFIIE, TFHJ, and TFIIH near the 

transcription start site. Once the complex has formed, Pol II is phosphorylated and 



transcription is initiated (reviewed in Roeder 1991; Peterson and Tjian 1992; Kaiser and 

Meisteremst 1996; Maldonado and Reinberg 1995; Orphanides et al., 1996) 

Although all genes transcribed by pol n require the formation of the preinitiation 

complex, cis-acting DNA sequence elements greatly influence the rate of initiation of 

transcription. These DNA elements function by tethering DNA-binding transcription 

factors or transcription factor complexes, allowing them to interact directly with the general 

transcription factors at the preinitiation complex. There are many conserved families of cis-

elements including the E-box, octamer elements, and the neuron restrictive silencer element 

(NRE/REl), to which bind many of the myogenic factors, POU domain factors (Pit-1, Oct-

1, Unc-86), and RE1-S.ilencing Transcription factor / Neuron-Restrictive S.ilencing Factor) 

REST/NRSF 1, respectively. Usually these DNA elements are located in the 5' 

transcriptional regulatory regions of a particular gene, but may be located 3' of the coding 

sequence or within an intron or exon of the gene, and in many cases may be moved or 

reversed without significandy affecting their function. 

Many transcription factors may be grouped into gene families based upon the DNA 

binding motifs they contain. The most common DNA binding motif identified to date is the 

ochelix-tum-ahelix domain. A developmentally important sub-family of this classification 

is the homeodomain, which has been shown to play a fundamental role in the patteming of 

Drosophila as well as higher animals during early embryogenesis (Duboule and Dolle, 

1989; Graham et al., 1989; Hunt and Kmmlauf, 1991; Biggin and McGinnis 1997). A 

further subclass of the homeodomain is the POU domain gene family, which has been 

implicated in a wide range of developmental processes, especially in the nervous system 

(Hara et al., 1992; He et al., 1989; Herr et al., 1988; Rosenfeld, 1991; Verrijzer and Van 

der Vliet, 1993). Other transcription factor gene families include the zinc finger, basic 

helix-loop-helix and the CCAAT/enhancer-binding proteins. 



Transcription factors as developmental regulators. If cellular specialization 

depends upon differential gene expression in divergent cell types, then it is not surprising 

to find that transcription factors regulate differentiation in many well characterized systems. 

For example, intense investigation in myogenesis has revealed a network of related 

regulatory trancription factors called the MyoD family of myogenic regulatory proteins. 

The basic helix-loop-helix transcription factor, MyoD, was the first molecule of this family 

to be discovered. The critical role for MyoD in the regulation of myogenesis was revealed 

by its ability to convert a variety of non-muscle cell types to the myogenic lineage (Davis et 

al., 1987). Myogenin, Myf-5 and MRF4 were uncovered soon thereafter and were shown 

to be transcription factors that were involved in myogenic differentiation (reviewed in 

Lassar and Munsterberg 1994). Briefly, mice carrying targeted mutations in either the 

MyoD or Myf-5 genes did not display any major muscle defects. Double knockout (myoD" 

/myf-5") mice, however, did not develop any myoblasts. Myogenin knockout mice 

develop normal myoblasts, but the myoblasts did not progress to form muscle fibers 

(Hasty et al., 1993). These data suggest that MyoD and Myf-5 have overlapping roles in 

myoblast determination, while myogenin is required for committed myoblasts to 

differentiate into myotubes (reviewed in Buckingham 1992; Lassar and Munsterberg 

1994). 

Analysis of the different myogenic knockout mouse models described above 

confirm that the myogenic transcription factors are involved in regulating the expression of 

other members of the family as well as autoregulate to activate and maintain high levels of 

expression throughout development (reviewed in Weintraub, 1993). Once the myogenic 

factors are expressed, they act coordinately to activate the transcription of a battery of 

muscle-specific genes including muscle creatine kinase, muscle actin, troponin, and 

tropomyosin (Alberts et al., 1994) as well as participating in the withdrawal of 
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differentiating muscle cells from the cell cycle. For example, the transcription of a cyclin-

dependent kinase inhibitor (p21) is activated by MyoD. P21 inhibits cyclin-dependent 

kinases (cdks), which normally inhibit the function of the retinoblastoma protein (pRb). 

Through this pathway, pRb remains active, thus preventing the cell from entering the cell 

cycle (Halevy et al., 1995; Skapek etal., 1995). Understanding the cascade of myogenic 

transcription factors which are activated during myogenesis may help in the elucidation of 

the molecular mechanisms which regulate other differentiation pathways. 

Participation of transcription factors in differentiation is not limited to myogenesis. 

Advances in understanding the mechanism of muscle development was undoubtedly aided 

by a well defined in vitro differentiation system. In neurogenesis for example, there are 

many examples of transcription factors which have important roles in cell fate decisions and 

cell type-specific gene expression. Perhaps the most intriguing gene family involved in this 

process is the POU domain family of transcription factors. 

POU domain-containing genes have been shown to affect cell fate decisions in the 

nervous system and in neuroendocrine cells. Three well documented examples are: (1) 

mutations in the unc-86 gene from C. elegans result in the loss of specific lineages of 

sensory neurons (Finney and Ruvkun 1990). (2) The dwarf phenotype in two different 

mouse strains was found to be due to mutations in the Pit-1 gene, which caused a decrease 

in expression of the growth hormone gene (Li et al., 1990). (3) Tst-1/SCIP is expressed 

in primitive Schwann cells in the developing PNS. Expression of Tst-1/SCIP is lost as 

cells mature, but may be expressed again in the event of injury (Monuki et al., 1990; 

Monuki et al., 1989). Transactivation analyses have suggested that SCIP represses 

"mature" Schwann cell markers including P„, LNGFR, and MBP (Monuki et al., 1990, 

1993). It has been proposed that the expression of Tst-1/SCIP prevents premyelinating 

Schwann cells from progressing to the myelinating stage by the co-ordinate repression of 

P„ and MBP (Monuki etal., 1989, 1990; Weinstein etal., 1995). This hypothesis is 



further supported by the correlation that upon damage to the sciatic nerve, Tst-1/SCIP is 

expressed again, while P̂  and MBP are repressed, presumably by Tst-1/SCIP (Monuki et 

al., 1989, 1990). 

In addition to POU domain genes, other transcription factors have been identified 

which may be involved in cell-fate specification in the nervous system. N-myc is one such 

example. N-myc is a transcription factor expressed in pre-migratory and migratory neural 

crest. After migration, only cells which will ultimately become neurons continue to express 

high levels of N-myc (Wakamatsu et al., 1997). An analysis of N-myc knockout mice 

revealed that there was a substantial decrease in the number of neural crest-derived neurons 

in the dorsal root and sympathetic ganglia (Stanton et al., 1992; Charron et al., 1992; 

Sawai et al., 1993). As a complement to the loss of function experiments, N-myc gain of 

function experiments have been performed. An N-myc expression plasmid was transiently 

transfected into pre-migratory neural crest cells excised from quail embryos which were 

grafted into chick embryos (Wakamatsu et al., 1997). It was found that the N-myc-

transfected quail neural crest underwent massive precocious ventral migration to colonize 

regions where ganglia form (Wakamatsu et al., 1997). High N-myc expression in these 

cells also correlated with neuronal differentiation, as measured by the expression of 

neurofilament (160 kD), and dopamine-p-hydroxylase proteins (Wakamatsu et al., 1997). 

While the studies described above (and many others) demonstrate that transcription 

factors are involved in the regulation of neurogeneis, the mechanism by which they 

influence cell fate remains an area of intense study. The experiments described in this 

study represent our first step toward understanding how transcription factors may regulate 

cell fate and maturation in the RT4 cell line family. 

10 



Objectives of this study 

The overall objective of this study was to elucidate the molecular mechanism by 

which a stem cell generates lineage-restricted daughter cell types. The RT4 cell line family 

was used as a model of peripheral neurogenesis to study (1) which transcription factors are 

differentially expressed in the RT4 stem cell vs. the derivative cell types, (2) the role(s) that 

these transcription factors play in cell type specific gene expression observed in RT4, (3) 

whether or not the differentially expressed transcription factors are involved in the cell type-

conversion of the stem cell to the derivative cell types. Work presented in Chapter II is an 

expression analysis of POU-domain and other candidate transcription factors in the RT4 

cell line family. Chapter II also presents data suggesting that RT4 represents a very early 

"developmental window" in which to examine events in neural differentiation, and presents 

a model of RT4 in the context of gene expression during development. Chapter HI 

describes studies directed at understanding the functional role of Tst-1/SCIP in RT4 with 

respect to conversion of the RT4 stem cell to the derivative cell types. Chapter IV examines 

the hypothesis that REST/NRSF, a gene important in the repression of neuronal-specific 

genes in non-neuronal cell types, may also be involved in the repression of mature neuronal 

genes in immature, primitive neurons. 

11 



Table 1.1. RT4-AC versus Neuroblastoma cell lines. Compared to 
other neuroblastoma cell systems, RT4-AC is the most immature. 
+ indicates expression of the neural marker gene and - indicates the 
lack of expression, and blank indicates that this information is 
unknown (reproduced from Donahue et al., 1996). 

Marker 
Laminin 
Vimentin 

SI 006 
GFAP 

CNPase 
MAP2c 
GAP43 
NF200 
NF160 
NF68 

Peripherin 
TH 

ChAT 

RT4-AC 
+ 
-1-
+ 
+ 
+ 
+ 
-

-

-

-

-

-

-

GOTO 
+ 
-1-
-

+ 
+ 

-

-

-

-

-

+ 

SK-N-SH 
-1-
+ 
-

+ 

+ 
+ 

NUB-7 
+ 
+ 
-

+ 
+ 
+ 
4-
+ 
+ 

' 
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RT4-AC 
(stem cell type) 

+ SlOOfi 
+ PO 
+ GFAP 
+ CNPase 
+ SCIP 
+ LNGFR 
+ Na influx 
+ K efflux 
+ action potential 
+ SCGIO 

_̂ _ 

+ 
+ 
+ 
+ 
+ 
+ 
-

" 

+ 
+ 
-

RT4-D 
(glial type) 

SlOOfi 
PO 
GFAP 
CNPase 
SCIP 
LNGFR 
Na influx 
K efflux 
action potential 
SCGIO 

1 cAMP 
GABA uptake 
MBP 
processes 

RT4-B RT4-E 
(neuronal type 1) (neuronal type 2) 

- SlOOfi 
- PO 
- GFAP 
- CNPase 
- SCIP 
+ LNGFR 
+ Na influx 
+ K efflux 
+ action potential 
+ SCGIO 

- SlOOfi 
- PO 
- GFAP 
- CNPase 
- SCIP 
- LNGFR 
+ Na influx 
+ K efflux 
+ action potential 
- SCGIO 

1 cAMP 1 cAMP 
- GABA uptake 
- MBP 
+ processes 

- GABA uptake 
- MBP 
+ processes 

Figure 1.1. Properties of the RT4 cell lines. The RT4-AC stem cell line expresses 
properties characteristic of both neuronal and glial cells (electrical excitability, 
SCGIO, GFAP, SlOOp, PQ). Upon conversion of the stem cell to RT4-B and 
RT4-E, only neuronal properties are expressed, whereas upon conversion to 
RT4-D, only glial properties are expressed (based primarily on work from 
Noboru Sueoka's laboratory (University of Colorado, Boulder, CO; see 
introduction; reviewed in Donahue et al., 1996). 
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CHAPTER n 

TRANSCRIPTION FACTOR GENES ARE 

DIFFERENTIALLY EXPRESSED DURING 

LINEAGE COMMITMENT OF RT4 

Abstract 

We have examined the expression of ten transcription factor genes in RT4 to begin 

to understand the role(s) of transcription factors in neural differentiation. RT4 is a family 

of cell lines derived from a rat peripheral neurotumor and consists of a multipotential stem 

cell (RT4-AC) which spontaneously and reproducibly gives rise to a glial derivative (RT4-

D) and two neuronal derivatives (RT4-B, RT4-E). In this study, we examined the 

expression of MASHl, REST/NRSF, Oct-1, Oct-2, Tst-1/SCIP, Bm-1, Bm-2, Brn-3.0, 

Bm-4, and Bm-5 in the RT4 cell lines. These genes were chosen because they were 

known to affect neural differentiation in other systems, or have been demonstrated to be 

expressed predominantly in neural tissue. We report here that all of the RT4 cells express 

REST/NRSF, Oct-1 and Bm-5, but do not express MASHl, Bm-3.0 or Bm-4. 

Furthermore, we report that Bm-2 and Tst-1/SCIP expression was restricted to the RT4 

stem cell line and glial derivative, while Oct-2 was expressed predominantly by the RT4 

stem cell line and neuronal derivatives. Because of this pattem of gene expression, the 

RT4 system appears to be a unique model for examining very early events in neuronal 

versus glial cell fate determination. 

Introduction 

The molecular mechanisms underlying the ability of a neural stem cell to 

differentiate into both neurons and glia remain unknown. Differentiation can be defined as 

two processes: determination and maturation. Determination is the process whereby the 
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fate of a cell becomes committed to a particular lineage and maturation is the process 

leading to overt expression of differentiated properties in a determined cell. There is 

growing evidence to suggest that the regulation of both determination and maturation in the 

vertebrate nervous system is controlled in part by cell type-specific transcription factors. 

Several transcription factors of the homeodomain, basic helix-loop-helix and POU domain 

families have been found to be expressed in neural tissue, but the precise role(s) of many of 

these factors in neural differentiation is unknown (Treacy and Rosenfeld, 1992; Kmmlauf, 

1994; Anderson, 1995; Kageyamaet al., 1995). 

We are using the the rat PNS-derived RT4 family of cell lines as a model of 

neuronal and glial differentiation. The multipotential stem cell line RT4-AC converts 

spontaneously and reproducibly in culture to a glial derivative (RT4-D) or either of two 

neuronal derivatives (RT4-B, RT4-E; Imada and Sueoka, 1978). The stem cell expresses 

properties of both neuronal (the ability to fire action potentials, SCGIO) and glial (SlOOp, 

GFAP, Po) lineages, and upon conversion to the derivative cell types, these properties 

segregate in a cell type-specific pattem (Fig. 1.1; reviewed in Donahue et al., 1996). The 

derivative cell types appear to be immature, determined neuronal and glial cells, which can 

be induced to mature under appropriate culture conditions (Droms and Sueoka, 1987; 

Hagiwara et al., 1993; Donahue et al., 1996). 

In this study, we examined the expression of Mammalian A c/wtete Schute //omolog 

-J_(MASH1), REl-Silencing Transcription factor (REST), also identified as Neuron-

Restrictive Silencing Factor (NRSF) (Chong et al. 1995; Schoenherr and Anderson 1995a; 

Schoenherr et al. 1996), and eight POU domain genes in the RT4 cell line family. Through 

this study we (1) placed the RT4 cell lines within a known developmental context, and (2) 

analyzed the cell type specificity of some of these factors. Here we report that 

REST/NRSF, a repressor of neuronal gene transcription (Schoenherr and Anderson, 
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1995a; Chong et al., 1995) was expressed in all of the RT4 cell lines, while MASHl 

(which is expressed early in the differentiation of sympathetic and enteric neurons; Lo et 

al., 1991), and Bm-3.0 (which is expressed early in the differentiation of sensory neurons; 

Fedtsova and Tumer, 1995) were not expressed in any of the RT4 cell lines. We also 

reported that the expression of three POU domain genes was cell type-specific. Bm-2 and 

Tst-1/SCIP expression was coincident with glial cell fate commitment, and while no factor 

tested was exclusively neuronal-specific in the RT4 system, a high level of Oct-2 

expression was coincident with conversion of the stem cell to the RT4 neuronal derivative, 

RT4-B8. From the expression pattems of the ten genes analyzed herein, we propose that 

the RT4 system represents a unique developmental "window" in which to examine early 

events in neuronal versus glial cell fate determination and maturation. 

Materials and methods 

Cell lines and tissue culture methods 

The RT4 clonal sublines used in this study were RT4-D6-5-1 (RT4-D6), RT4-B8, 

RT4-E5-1 (RT4-E5) and RT4-AC36A (RT4-AC). The RT4-AC36A subline does not 

undergo cell-type conversion at a detectable frequency, but retains all other properties of 

RT4-AC (Freeman and Sueoka, 1987). The regular growth medium used for the RT4 cell 

lines was high glucose (4500 mg/L) Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 5% fetal calf semm (FCS), 100 units/ml penicillin and 100 |ig/ml 

streptomycin (PS), and maintained in a humidified atmosphere of 10% CO2 at 37°C. NIH 

3T3 cells (American Type Culture Collection, Rockville, MD; ATCC) were grown as 

above except medium was supplemented with 10% calf semm (CS). PC 12 cells (ATCC) 

were grown on collagen coated tissue culture dishes in DMEM supplemented with 10% 

horse semm and 5% FCS. HeLa cells (ATCC) were grown exactly as described for NIH 
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3T3 cells except that FCS was substituted for CS. C6 glioma cells (ATCC) were grown as 

described for NIH 3T3 cells except that the medium was supplemented with 15% horse 

semm and 2.5% FCS and PS. 

NIH 3T3-i-Tst-l cells were generated by transiently transfecting NIH 3T3 cells 

(Donahue and Stein, 1988) with the full length Tst-1/SCIP cDNA (provided by M.G. 

Rosenfeld, UCSD, San Diego, CA; diagrammed in Appendix A) subcloned into the 

eucaryotic expression vector pcDNA3 (Invitrogen, San Diego, CA). Briefly, 5X10^ NIH 

3T3 cells were added to individual 100 mm tissue culture dishes. Twenty-four hours later, 

a calcium phosphate-DNA co-precipitate containing 20 |Lig of the Tst-1/SCIP expression 

vector was added to the cells. After 24 hr, the medium was changed to regular growth 

medium (described above). Cells were harvested 3 days later for preparation of nuclear 

extracts (see electrophoretic mobility shift assay methods below). 

RNA isolation and quantitation 

Total RNA and poly (A)"*" RNA were isolated as previously described (Donahue et 

al., 1991, 1996). The concentration of RNA was determined by optical density 

measurements. Northem blots and RNase protection assays (RPAs) were visualized both 

by autoradiography and by using a Molecular Dynamics Phospholmager 445SI 

(Sunnyvale, CA). Bands were quantified using ImageQuaNT software (Molecular 

Dynamics, Sunnyvale, CA). The relative amounts of RNAs used in both the RPAs and 

Northem blots were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

mRNA. 

17 



Generation of probe templates for POU domain genes by 
degenerate RT-PCR 

Templates for Oct-1, Oct-2 and Bm-4 probes were generated by reverse 

transcription polymerase chain reaction (RT-PCR) cloning of POU domains. The 

GeneAmp RNA PCR kit (Perkin Elmer Cetus, Norwalk, CT) was used to reverse 

transcribe and amplify 100 ng of DNase treated poly (A)+ RNA from each of the RT4 cell 

lines used in this study. Twenty five picomoles of each primer were used in 100 |Lil 

reactions. The following degenerate primers were designed to amplify most of the known 

POU domains: forward primer 5'{TAGAATTCA( AG)(AT)(CG) (GATC)AC 

(GATC)AT(ACT)TG(CT)(AC)G (GATC) TT(TC)GA}3', and reverse primer 

5'{TAGGATCC TG(GATC)(CG)(GAT)(G ATC)(CT)(GT) (GA) TT(AG) CA 

(AG)AACCA (GATC)AC}3' (Andersen et al., 1993). The primer sequences were 

complementary to two conserved regions within the POU domain, yielding predicted 

amplification products of -350 base pairs in length with a BamHl restriction site at one end 

and an EcoRl restriction site at the other end. Typical PCR reaction conditions were 95°C 

for 3 min., then 35 cycles of 94°C (1 min), 50°C (1.5 min), 72°C (1 min) in a 100 |Lil 

reaction volume. RT-PCR products were size fractionated by electrophoresis through a 

1.5% low melting point agarose gel containing ethidium bromide (EtBr). Bands 

corresponding to ~350bp were excised out from the gel and used as template DNA for 

further PCR amplification using the same POU domain primers and reaction conditions as 

described above. These PCR products were then digested with EcoRl and BamHl and 

ligated with T4 DNA ligase into pBluescript H SK"̂  (pBSn SK+; Stratagene, La Jolla, CA) 

and electroporated into E.coli XLl blue (Stratagene, La Jolla, CA). Plasmid DNA from 

transformants, was digested with EcoRl and BamHl and size fractionated on a 1.5% 

agarose gel to identify clones with ~350bp inserts. All plasmids with ~350bp inserts were 

sequenced by the dideoxy method using the sequenase kit (United States Biochemical, 
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Cleveland, OH) as described below. Plasmid DNA was isolated by standard miniprep 

procedure as described by Sambrook et al. (1989). For sequencing, 5 [ig of the plasmids 

were denatured by adding 0.1 volumes of 2.0 M NaOH, 2 M EDTA. After a 30 min. 

incubation at 37°C, the solution was neutralized by adding 0.1 volumes of 3.0 M sodium 

acetate, and the DNA was precipitated with 2 volumes of 100% ethanol at -80°C for 15 

min. The DNA was pelleted by centrifugation (13,000 RPM; 10 min; 4''C), and washed in 

70% ethanol. The DNA pellet was resuspended in 7 |J,1 HjO; 2 |Lil of the sequenase reaction 

buffer and 1 |xl of the -40 primer provided with the sequenase kit were added. The 

annealing, labeling and termination reactions were performed as described in the 

manufacturers protocol provided with the sequenase kit. The samples were then heated to 

75°C for 5 min and electrophoresed through a 6% Long Ranger gel (FMC) containing 8M 

urea at 200V for - 2 hours. The gel was then transferred to filter paper and dried under 

vacuum and heat for 1 hour. Typically the gel was exposed to X-ray film for 16 hours. 

DNA sequences obtained through the methods described herein were compared with 

sequences in the DNA data banks at the National Center for Biotechnology Information 

using the BLAST network service. Three clones generated in this manner, AS 1, AC4 and 

E5-91 were found to encode the POU domain sequences for Oct-1, Oct-2 and Bm-4, 

respectively (for the sequences of these clones, see Appendix B), and were used as probe 

templates for RNase protection assays as described below. 

RT-PCR amplification 

RT-PCR was used to examine expression of Bm-2. Five hundred nanograms of 

DNase treated poly (A)+ RNA from RT4-AC, RT4-D6, RT4-E5, RT4-B8 and NIH 3T3 

cells, and 500 ng of total RNA from postnatal day five (P5) rat brain was reverse 

transcribed and amplified using the GeneAmp RNA PCR kit (Perkin Elmer Cetus, 
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Norwalk, CT). The specific primers for Bm-2 were: forward primer 

5'{CAAGCAATTCAAGCAGAGGC}3', and reverse primer 

5* {ACCTCCTTCTCCAGCTGTAAGC} 3'. Twelve and one-half picomoles of each 

primer were used in 50 |Lil reactions. Amplification conditions were 94°C for 1.5 min, 

followed by 40 cycles of 94°C for 30 sec, 60°C for 30 sec, 72°C for 1.5 min, followed by 

72°C for 7 min. Then 10 |j.l of the RT-PCR reaction was separated on a 2% agarose gel 

containing EtBr and visualized with an ImageStore 7500 image capturing device (Ultra 

Violet Products, Upland, CA). To confirm that the amplified fragment was Bm-2, it was 

cloned into pT7Blue(R)T (Novagen, Madison, WI) and sequenced (Appendix B). The 

resulting plasmid was named pBm-2t, and was used as a probe template for RNase 

protection assays as described below. 

Northem blot 

Northem blots were used to examine the expression level of REST/NRSF mRNA 

in the RT4 cell lines. Five micrograms of poly (A)* RNA from each sample were 

electrophoresed through 0.8% agarose gels containing 6% formaldehyde. After 

electrophoresis, the gels were placed in HjO 2 X 30 min., then 2 X 30 min. in 50 mM 

NaOH, 10 mM NaCl, followed by 2 X 30 min. in 0.1 M Tris, pH 7.5. The gels were then 

equilibrated in 20 X SSC for 30 min. and were vacuum-blotted to nitrocellulose. 

Hybridizations were performed at 45°C ovemight using 2X10^ cpm/ml of the 

REST/NRSF-specific probe (described below) in 50% formamide, 1 X Denhardt's 

solution, 5 X SSC, 250 |Lig/ml sheared salmon sperm DNA and 0.1% SDS. The probe 

used was a -600 bp rat REST/NRSF fragment from the Ml PL6 plasmid (Chong et al., 

1995; provided by G. Mandel, SUNY, Stony Brook, NY), prepared by digesting the 

plasmid with Sad and Xbal, followed by electrophoresis through a 1% low melting point 

agarose gel. The -600 bp REST/NRSF fragment was excised from the gel and labeled 

20 



32 
with a[ P] dCTP by primer extension using the Prime-It kit (Stratagene, La Jolla, CA). 

After hybridization, the filter was washed 4 X 30 min at 45°C in 0.2% SSC and 0.1% 

SDS, and exposed to X-ray film. 

RNase Protection Assay 

RNase protection assays were performed to examine expression of GAPDH, 

MASHl, Oct-1, Oct-2, Bm-1, Bm-2, Bm-3.0, Bm-4, Bm-5 and Tst-1/SCIP. Two to 10 

|Lig of poly (A)"*" RNA from each cell line or 20 |Xg of total RNA from each tissue examined 

4 32 

were hybridized with 1 -5X10 cpm of the appropriate P-antisense RNA probe at 45°C 

ovemight in solution A from the Ambion RPAII kit (Austin, TX). The unhybridized probe 

and RNA were digested using RNase, and the protected fragments were subjected to 

electrophoresis using a 6% polyacrylamide, 8.3 M urea gel, which was dried and exposed 

to film or to a phosphorimage storage screen (Molecular Dynamics, Sunnyvale, CA). 
32 All P-labeled antisense RNA probes were synthesized using the Riboprobe kit 

(Promega, Madison, WI). The template for GAPDH was purchased from Ambion and a 

418 nucleotide (nt) antisense RNA probe was synthesized using SP6 polymerase. The 

predicted size of the GAPDH protected fragment was 316 nt. The -380 nt MASHl 

antisense RNA probe was generated by PVMII linearization of the MASHl cDNA clone, 

Njl-19 (provided by D. J. Anderson, Cal. Inst. Tech., Pasadena, CA) followed by 

transcription using T7 polymerase (Johnson et al., 1990). The expected size for the 

MASHl protected fragment was -288 nt. The -240 nt Oct-1 and -400 nt Oct-2 antisense 

RNA probes were synthesized using clones AS 1 and AC4 respectively (described above), 

by linearizing the plasmids with EcoRl, followed by transcription with T3 polymerase. 

The predicted size of the Oct-1 protected fragment was -200 nt and the Oct-2 protected 

fragment was -310 nt. The -190 nt Bm-1 antisense RNA probe was generated by 
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linearization of the pBm-1 plasmid (provided by J.M. Mathis, UT Southwestem, Dallas, 

TX) with BspllOl, followed by transcription with T3 polymerase. The predicted size of 

the protected Bm-1 fragment was -130 nt. The 381 nt Bm-2 antisense RNA probe was 

generated by subcloning the Bm-2 insert of plasmid pBm-2t (see section on RT-PCR 

amplification above) into pBSII SK+ (Stratagene, La Jolla, CA), followed by linearization 

with Xbal and transcription with T7 polymerase. The predicted size of the protected Bm-2 

fragment was 369 nt. The -290 nt Bm-3.0 antisense RNA probe was constmcted by 

linearizing plasmid R5505 (provided by E. Tumer, UCSD, La Jolla, CA) with Xbal, 

followed by transcription with T3 polymerase. The expected size of the Bm-3.0 protected 

fragment was -210 nt. To constmct a -400 nt Bm-4 antisense RNA probe, the plasmid 

E5-91 (described above) was linearized with EcoRl and transcribed with T3 polymerase. 

The predicted size of the Bm-4 protected fragment was -290 nt. For the Bm-5 probe, the 

cDNA clone POU-56 (provided by M.G. Rosenfeld, UCSD, La Jolla, CA) was linearized 

with Xbal, and then T3 polymerase was used to generate a -400 nt antisense RNA probe 

(Andersen et al., 1993). The expected size for the Bm-5 protected fragment was -290 nt. 

The -215 nt Tst-1/SCIP antisense RNA probe was constmcted by digesting the SCIP H-6 

Xho plasmid (provided by G. Lemke, The Salk Institute, San Diego, CA) with BspllOl, 

followed by transcription with T7 polymerase (Monuki et al., 1989). The expected size of 

the Tst-1/SCIP protected fragment was -120 nt. 

Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts were prepared from confluent cell cultures exactly as described 

(Schreiber et al., 1989). Briefly, cell monolayers were rinsed 3 times with ice cold saline 

(0.9% NaCl) and scraped in 1 ml of saline into 1.5 ml centrifuge tubes. The cells were 

pelleted by centrifugation at 1500 X g for 3 min. The pellets were resuspended in buffer A 
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(10 mM HEPES pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA; ImM DTT; 0.5 

mM PMSF and CLAP [0.1|ig/ml of each of chymostatin, leupeptin, antipain and 

pepstatin]). The cells were swelled for 15 min. at 4°C and then 25 |il of 10% NP-40, was 

added and the tubes were vigorously agitated. The homogenates were centrifuged 30 min 

at 13,000 RPM in a microfuge to pellet the nuclei; then 50 îl of buffer C (20 mM HEPES 

pH 7.9; 0.4 M NaCl; 1 mM EDTA; 1 mM EGTA; ImM DTT; ImM PMSF and CLAP) was 

added and the samples were were vigorously rocked for 15 min. at 4°C. The nuclear lysate 

was then centrifuged at 13,000 RPM in a microfuge at 4°C and the supematant fluid was 

placed into a fresh microfuge tube and stored at -80''C or used immediately. The double 

stranded DNA probes used were O-WT (wild type octamer consensus element; 

GGGTGTCGAATGC AAATCACTAGAA) and O-MT (mutant octamer consensus element 

in which 2 base pairs [underlined] have been mutated to dismpt the specific binding of 

POU proteins; GGGTGTCGAATGCAA CG CACTAGAA) described by Scholer et al. 

(1989). To generate radioactive probes, the GGG 5' overhangs present in O-WT and O-

MT were filled in using a [̂ ^P] dCTP 3000 Ci/mmol (Dupont NEN, Boston, MA) and 

32 Klenow (Promega, Madison, WI). The P-labeled probes were purified by Bio-Gel p-30 

spin columns (Bio-Rad Laboratories, Hercules, CA). Binding reactions were performed 

by mixing 20 fxg of nuclear extract with 10,000 cpm of the labled probe in a binding 

cocktail containing lOmM Tris pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% 

glycerol and IjXg poly (dI:dC). After an incubation of 20 min at room temperature (RT), 

the entire reaction was subjected to electrophoresis through a 4% nondenaturing 

polyacrylamide gel. The gel was then dried; autoradiography and phosphorimagery (as 

described in the RNA isolation and quantitation methods above) were performed. 
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Immunohlotting 

Nuclear extracts were prepared from the RT4 cell lines (see the EMSA methods 

described above). The samples were prepared for electrophoresis by adding 1/4 volume of 

sample buffer (500 mM Tris, pH6.8, 8% SDS, 80 mM DTT, 40% glycerol and 0.04% 

bromophenol blue). For electrophoresis, the samples were heated at 85°C for 5 min, then 

separated by SDS-PAGE on 4% stacking and 9% mnning gels. After electroblotting to 

Immobilon P (Millipore, Bedford, MA), the membranes were washed 3 X 15 min in TBST 

(150 mM NaCl, 20 mM Tris, pH 7.6, 0.05% Tween-20) at RT, followed by blocking 1.5 

hr in 5% nonfat dry milk (Camation) in TBST at RT. Membranes were then incubated 

with Oct-2 antisemm (rabbit anti-human Oct-2; Santa Cmz Biotechnology, Santa Cmz, 

CA) at a dilution of 1:1000 in 5% milk in TBST for 45 min. at RT. Membranes were then 

incubated with donkey anti-rabbit horseradish peroxidase (HRP) conjugated secondary 

antibody (Amersham, Arlington Heights, IL) at.a 1:5000 dilution in 5% milk in TBST at 

RT for 1.5 hr. Membranes were then washed 3 X 5 min. in TBST at RT, followed by 5 

min. at RT in TBS. Membranes were then incubated with Renaissance chemiluminescence 

reagents (DuPont NEN, Boston, MA), and exposed to X-ray film for 2-60 min. 

Results 

We have identified developmentally relevant transcription factors expressed in the 

RT4 cell line family as a first step towards understanding the role transcription factors may 

have in regulating differentiation in RT4. In this report, we have demonstrated that 3 

transcription factors (Tst-1/SCIP, Bm-2 and Oct-2) exhibited a lineage-specific expression 

pattem in RT4, while 3 transcription factors (REST/NRSF, Oct-1 and Bm-5) were 

expressed in all of the RT4 cell lines. In addition, 4 of the genes examined (MASH-1, 

Bm-1, Bm-3.0 and Bm-4) were not expressed in any of the RT4 cell lines. A summary of 

these results is shown in Table 2.1. 
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Lineage-specific transcription factor gene expression 

Neuronal-specific. Oct-2 was expressed primarily expressed in the neuronal lineage 

of RT4. RPA analysis was performed to determine the expression levels of Oct-2 mRNA 

in RT4 cells (Fig. 2.1a). Oct-2 mRNA was expressed at highest levels in the neuronal 

derivative RT4-B8 (-50X higher than in RT4-D6), followed by the stem cell, RT4-AC, 

and the neuronal derivative, RT4-E5, which both transcribed -10X-20X more Oct-2 

mRNA than RT4-D6. Oct-2 expression was detectable in the glial derivative, RT4-D6, only 

after prolonged exposure of the RPA gel to film (see Fig. 2.1a, inset). As expected, Oct-2 

was detected in postnatal day 5 (P5) rat brain as a positive control (after overexposure), but 

was not detected in NIH 3T3 cells as a negative control. Two RPAs were performed on 1 

set of GAPDH-normalized mRNA samples. One additional RPA was performed using 

separate mRNA samples for all of the RT4 cell lines except for RT4-D, for which the 

sample was the same as for the first 2 RPAs. 

Glial-specific. Bm-2 and Tst-1/SCIP were observed to be expressed in a glial 

lineage-specific pattem in the RT4 cell line family. By RPA analysis, we observed 

transcription of Bm-2 mRNA in both the RT4 stem cell line and the glial derivative, but no 

expression was detected in the neuronal derivatives (Fig. 2.1c). Expression in the glial 

derivative was consistently -2X higher than in the stem cell line. As expected, Bm-2 was 

also expressed in P5 rat brain, but not in NIH 3T3 cells. In this RPA analysis, with this 

particular probe, we were unable to find conditions under which all of the non-hybridizing 

probe was completley digested, as evidenced by the presence of a band which comigrated 

with the undigested probe (400 nt) in all of the samples (including the yeast tRNA as a 

control for complete digestion of the probe). To eliminate the possibility that incompletely 

digested material was responsible for the 369 nucleotide band that we observed, RT-PCR 

analysis was also performed to examine Bm-2 expression in the RT4 cell lines (Fig. 2. Id). 
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RT-PCR analysis revealed expression of Bm-2 in the stem cell, RT4-AC, and in the glial 

derivative, RT4-D6. Expression was not detected in either of the neuronal derivatives, 

RT4-E5 and RT4-B8 (Fig. 2.1d). As expected, the 369 bp specific RT-PCR product was 

detected in P5 rat brain, but not in NIH 3T3 cells. Cloning and sequencing of the 369 bp 

RT-PCR product confirmed that it was Bm-2 (Appendix B). Four RPAs were performed 

using a single set of GAPDH-normalized mRNA samples. Two RT-PCR reactions were 

performed using the same set of samples as for the Bm-2 RPAs, except that a different 

sample for RT4-AC was used. 

Tst-1/SCIP had previously been reported to be expressed in the RT4 stem cell line, 

RT4-AC and the RT4 glial derivative, RT4-D6 (Hagiwara et al., 1993). In agreement with 

the published results, by RPA analysis we detected similar levels of Tst-1/SCIP expression 

in RT4-AC and RT4-D6, but did not detect expression in the RT4 neuronal derivatives, 

RT4-B8 and -E5 (Fig. 2.1b). As expected, Tst-1/SCIP was also detected in P5 rat brain. 

The observation that our results so closely agree with the previously published 

observations of Tst-1/SCIP mRNA expression in the RT4 cell lines suggests that the cells 

are stable over time with regard to Tst-1/SCIP gene expression. Two Tst-1/SCIP RPAs 

were performed on 1 set of GAPDH-normalized mRNA samples. One additional RPA was 

performed using separate mRNA samples for all of the RT4 cell lines except for RT4-D, 

for which the sample was the same as for the first 2 RPAs. 

Transcription factor genes expressed in all of the RT4 cell lines 

Northem blot analysis was performed to examine expression of REST/NRSF, and 

RPA analyses were performed to examine expression of Bm-5 and Oct-1 in the RT4 cell 

lines (Fig. 2.2). 

Northem analysis revealed that REST/NRSF was expressed in all of the RT4 cell 

lines (Fig. 2.2a). The neuronal derivative, RT4-E5, expressed approximately 3X more 
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REST/NRSF than the glial derivative (RT4-D6) while both the stem cell (RT4-AC) and the 

neuronal derivative (RT4-B8) expressed approximately 2X less mRNA than the glial 

derivative. As expected REST/NRSF mRNA was detected in C6 glioma cells (Schoenherr 

and Anderson, 1995a). REST/NRSF mRNA was not detected in PC12 cells by northem 

blot analysis. REST/NRSF mRNA has been reported to be approximately 7.6 kb (Chong 

et al., 1995), which was in agreement with the mRNA size we observed. Two RPAs and 

2 northem blots were performed on a single set of GAPDH-normalized mRNA samples, 

except that the RT4-AC mRNA samples used for the northem blots were a different sample 

from the sample used for the RPAs. Two REST/NRSF immunoblot analyses were also 

performed (Chapter IV) in which 2 different extracts were used. 

Bm-5 mRNA was expressed at relatively equal levels in all of the RT4 cell lines as 

determined by RPA analysis (Fig. 2.2b). A low level of Bm-5 mRNA was detected upon 

overexposure in PO rat brain as a positive control, but not in NIH 3T3 cells as a negative 

control. Samples used for the Bm-5 RPAs were the same as discussed for the Oct-2 

RPAs. 

Oct-1 was found to be expressed in all of the RT4 cell lines by RPA analysis (Fig. 

2.2c). However, we did note that Oct-1 was expressed at slightly higher-levels (-2 X) in 

RT4-B8 than the other RT4 cell lines. Samples used for the Oct-1 RPAs were the same as 

discussed for the Oct-2 RPAs. 

GAPDH normalization 

As described in Materials and Methods, the mRNAs used in both the northem blot 

analysis and in all of the RPA analyses reported in this Chapter were normalized for 

GAPDH expression. A representative example of an RPA which was performed to 

normalize mRNA levels is shown in Figure 2.2d. For normalization, the expression of 

GAPDH was assayed in triplicate aliquots of a single mRNA preparation from each of the 
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RT4 cell lines. GAPDH expression was quantitated by phosphorimagery and amounts of 

mRNA used in subsequent analyses were normalized according to GAPDH mRNA levels. 

MASHl. Bm-1. Bm-3.0 and Bm-4 mRNAs were not detected in 
anv of the RT4 cell lines 

MASHl mRNA was not detected in any of the cells in the RT4 cell line family by 

RPA analysis, but as expected, MASHl mRNA expression was detected in PC 12 cells 

(PC; Fig. 2.3b). Bm-1, Bm-3.0 and Bm-4 mRNAs were detected in the positive control 

samples of PO or P5 rat brain; however, Bm-1, Bm-3.0 or Bm-4 mRNAs were not 

detected by RPA analysis in any of the RT4 cell lines (Fig 2.3). 

Detection of POU domain proteins in the RT4 cell lines 

Having established that POU domain genes were expressed in the RT4 cell lines, the 

presence of POU domain proteins were examined by a combination of electrophoretic 

mobility shift assay (EMSA) and immunoblot analysis. EMSAs were performed to 

estimate the number of proteins which could bind to the consensus octamer element (DNA 

element that most POU domain genes are capable of binding to) in nuclear extracts of the 

RT4 cell lines (Fig. 2.4a). EMSA analysis revealed 5 shifted bands (labeled a-d) in the 

stem cell line (RT4-AC), and relativley fewer bands in the derivative cell lines. 

To determine whether the shifted bands in the EMSAs were specific interactions of 

proteins with the octamer element, RT4-AC nuclear extract was pre-incubated with 3-fold 

and 30-fold molar excess amounts (-1-3 XS, +30 XS) of unlabeled wild type (O-WT) or 

mutant (O-MT) octamer sequences (Fig. 2.4a, right panel). We observed that pre

incubation of the nuclear extract with 3 or 30 fold molar excess of unlabled wild type 

octamer element was able to decrease the amount of the labeled probe that was bound to 

protein. However, when 2 bp of this sequence was changed (O-MT) the sequence could 
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not decrease the amount of shifted protein. This observation suggested that the shifted 

bands were specifically binding to the octamer consensus sequence because a 2 bp change 

in the sequence abolished competition (Fig. 2.4a, right panel). 

The band labeled (a) observed in the RT4 extracts was most likely Oct-1, since it 

co-migrated with the only shifted band observed in NIH 3T3 cells (Fig. 2.4a, left panel, 

lane 3T3). Oct-1 has been shown to be expressed in NIH 3T3 cells (Sturm et al., 1988) 

and has been reported to migrate very slowly in EMSAs (Scholer et al., 1989). The band 

labeled (d) that was observed in both RT4-AC and RT4-D6 extracts most likely was Tst-

1/SCIP (Fig. 2.4a; band d), since it co-migrated with a band observed in extracts prepared 

from NIH 3T3 cells which were transiently transfected with a Tst-1/SCIP expression 

vector (Fig. 2.4a, left panel, 3T3-i-Tst-l; Tst-1/SCIP expression vector constmct 

diagrammed in Appendix A). In addition, this band was only present when nuclear 

extracts from the RT4 cell lines that express Tst-1/SCIP mRNA were used (RT4-AC and 

RT4-D6; Fig. 2.4a, left panel, lanes AC, D6, D6' and 3T3+Tst-1). 

It has been reported that the DNA binding activity of Tst-1/SCIP was lost after 

several weeks of storage of nuclear extracts at -70°C (Suzuki et al., 1990). We therefore 

compared octamer binding proteins in freshly prepared RT4-D6 nuclear extracts to nuclear 

extracts which had been stored for 20 days at -80°C. Lane D6' (Fig. 2.4a, left panel) 

represents a nuclear extract prepared from RT4-D6 and used the same day it was prepared. 

The D6' extract contains an increased level of the putative Tst-1/SCIP band as compared 

with the RT4-D6 nuclear extract (Fig. 2.4). We do not know why this particular RT4-D6 

extract (D6') contained a large amount of what appeared to be Oct-1 and Tst-1/SCIP shifted 

bands, as compared to other D6 extracts (lane D6). The identity of the other shifted bands 

(bands b and c) observed in the RT4 nuclear extracts were unknown, but may represent 

forms of Oct-2, Bm-2 and Bm-5. Three separate sets of nuclear extracts were used for the 

EMSAs described above. 
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Having established that Oct-1 and Tst-1/SCIP proteins were expressed, we 

examined the presence of Oct-2 protein by immunoblot analysis. Oct-2 protein was 

expressed at highest levels in the neuronal derivative RT4-B8, followed by both the stem 

cell RT4-AC and the neuronal derivative RT4-E5. At least 8 different protein forms of Oct-

2 have been reported which arise from altematively spliced mRNAs (Wirth et al., 1990; 

Stoykova et al., 1992). Multiple Oct-2 species were present in RT4-B8 cells. A -60 kDa 

form was the only form detected in RT4-AC and RT4-E5 cells. A band was observed at 

-40 kDa and multiple bands between -60-70 kDa (Fig. 2.4b). The -60 kDa form we 

observed is consistent with reported Oct-2 isoforms (Scheidereit et al., 1987; Wirth et al., 

1990; Stoykova et al., 1992) and the pattem of multiple forms present between -60-70 kDa 

has been previously observed in Westem blots using lymphoid cell extracts (Wirth et al., 

1990). The relative amounts of Oct-2 protein we observed were consistent with the Oct-2 

mRNA levels observed by RPA (Fig. 2. la). Two separate sets of nuclear extracts were 

used for the Oct-2 immunoblots. 

Discussion 

The RT4 model represents a unique developmental "window" 

REST/NRSF was identified as a zinc finger protein that binds to a cis-acting 

silencer element in the regulatory regions of the rat type n sodium channel gene (Chong et 

al., 1995) and SCGIO (Schoenherr and Anderson, 1995a). Consensus REST/NRSF 

binding sites have also been identified in the promoters of other neuronal-specific genes 

(discussed further in Chapter IV; Schoenherr and Anderson, 1995a). Because 

REST/NRSF is expressed in a variety of non-neuronal cells, but not in neurons (Chong et 

al., 1995; Schoenherr and Anderson, 1995a, 1995b), REST/NRSF may repress the 

expression of neuron-specific genes in non-neuronal cell types. 
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REST/NRSF may also repress neuron-specific gene expression in immature 

neurons, since REST/NRSF is expressed at low levels in PC12 cells (Chong et al., 1995) 

and in embryonic day 11.5 and 13.5 (El 1.5 and E13.5) mouse embryos in tissues where 

proliferating neuroblasts are abundant, such as neural crest-derived ganglia (Chong et al., 

1995; Schoenherr and Anderson, 1995a). Our finding that REST/NRSF was expressed in 

the RT4 neuronal derivatives strengthens the hypothesis that REST/NRSF functions in 

primitive neuroblasts to regulate the expression of neuronal-specific genes in a 

developmental context. 

It is interesting that REST/NRSF is expressed in RT4-AC and RT4-B8 

simultaneously with two genes that are regulated by REST/NRSF: the type n voltage-gated 

sodium channel (Nail; Donahue et al., 1991), and SCGIO (Donahue et al., 1996). 

Therefore, either insufficient REST/NRSF is present to silence the expression of these 

genes (as in RT4-B8), or additional repressors may be required to silence neuronal-specific 

gene expression in the RT4 cell lines. 

None of the RT4 cell lines expressed MASHl or Bm-3.0. MASHl is a basic 

helix-loop-helix protein that is expressed transiently during both CNS and PNS 

development, prior to overt neuronal differentiation. In the PNS, MASHl is expressed 

exclusively in precursors of autonomic lineages, and is first detected at eymbryonic day 

11.5 (El 1.5) in the developing sympathetic ganglia, prior to tyrosine hydroxylase 

expression (Lo et al., 1991). By E13.5, MASHl expression is extinguished, concomitant 

with the appearance of mature neuronal markers (Lo et al., 1991). In Mashl null mice, 

neuronal precursor cells are present, but fail to mature, as evidenced by the lack of 

expression of Pm-tubulin, tyrosine hydroxylase and peripherin (Guillemot et al., 1993; 

Sommer et al., 1995). Bm-3.0 is one of a subclass of mammahan homeodomain 

containing genes, the POU genes (He et al., 1989). In the PNS, Brn-3.0 expression is 
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restricted to sensory ganglia (Gerrero et al., 1993; Tumer et al., 1994; Fedtsova and 

Tumer, 1995) and is first observed in mice at E9 (Gerrero et al., 1993; Fedtsova and 

Tumer, 1995; E9 in mouse is approximatley equivalent to El 1.5 in rat, Donahue et al., 

1996). The onset of expression of Bm-3.0 in sensory ganglia occurs in a rostral to caudal 

sequence and expression continues in all of the sensory ganglia at birth (Fedtsova and 

Tumer, 1995). 

The lack of MASHl and Bm-3.0 expression in the RT4 cell lines is consistent with 

our previous studies that indicate that the RT4 cell lines resemble tmnk neural crest-derived 

cells prior to -El 1.5 in rat (Donahue et al., 1996). Thus, the RT4 neuronal derivatives 

may represent a primitive neuroblast state prior to commitment to an autonomic or sensory 

lineage. However, we cannot mle out the possibility that commitment to one of these 

lineages has occurred, but the cells are too immature to express either MASHl or Bm-3.0. 

While the expression of REST/NRSF in the RT4 stem cell and glial derivative 

provides little information conceming developmental timing, REST/NRSF expression by 

the neuronal derivatives does. REST/NRSF expression in RT4-E5 and -B8, along with the 

lack of expression of a battery of more mature neuronal markers, supports the hypothesis 

that the neuronal derivatives are very immature (Fig. 2.5; see also Donahue et al., 1991, 

1996). All of the RT4 cell lines express REST/NRSF, but do not express MASHl or Bm-

3.0, placing the RT4 cell lines at a very early stage of neuronal and glial cell fate 

commitment. In addition, restriction of POU domain gene expression occurred during 

lineage commitment in the RT4 system. The RT4 stem cell line expressed five POU 

domain genes and upon conversion to the glial derivative expression of Oct-2 was 

significantly diminished. Expression of Tst-1/SCIP and Bm-2 was extinguished upon 

conversion to the neuronal derivatives. These findings, coupled with the observations that 

POU domain genes are widely expressed early in development (-E10-E16 in rat), but have 

highly restricted expression pattems in the adult (reviewed in Rosenfeld, 1991; Verrijzer 
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and Van der Vliet, 1993) are consistent with the idea that a stem cell may undergo lineage 

restriction events by selectively repressing the expression of one or a set of POU domain 

genes (Monuki et al., 1990). 

The three POU domain eenes. Tst-1/SCIP. Bm-2 and Oct-2 are 
differentiallv expressed following neuronal and 
glial cell fate commitment in RT4 

Tst-1/SCIP is a POU domain gene that was isolated and characterized from brain, 

testis and keratinocytes (reviewed in Bermingham et al., 1996) and was expressed by the 

RT4 stem cell line and glial derivative (previously reported by Hagiwara et al., 1993). Tst-

1/SCIP is widely expressed in the rat neural tube beginning at ElO (He et al., 1989) and 

later is transiently expressed by Schwann cells and oligodendrocytes (Monuki et al., 1989; 

Monuki et al., 1990; Scherer et al., 1994; Collarini et al., 1991; Collarini et al., 1992). 

Tst-1/SCIP was initially hypothesized to repress expression of the myelin genes MBP and 

Po in premyelinating Schwann cells (Monuki et al., 1990; He et al., 1991; Monuki et al., 

1993; Weinstein et al., 1995). However, the co-expression of PQ and Tst-1/SCIP in the 

RT4 stem cell and glial derivative (Fig. 2.1b; Hagiwara et al., 1993) suggests that Tst-

1/SCIP may not play a dominant role in repression of myelin protein gen6 expression in the 

RT4 cell line family. In addition, studies of Tst-1/SCIP null mice suggest that Tst-1/SCIP 

may be involved in axonal wrapping, and not directly involved in regulating myelin protein 

gene expression (Bermingham et al., 1996; Jaegle et al., 1996). 

Bm-2 expression is widespread in the brain (He et al., 1989; Alvarez-Bolado et al., 

1995) and was observed only in the RT4 stem cell line and glial derivative. Despite the 

widespread expression in brain, only cells in the later stages of differentiation of the 

endocrine hypothalamus and posterior pituitary are severely affected in homozygous Bm-2 
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null mice, (Nakai et al., 1995; Schonemann et al., 1995). To our knowledge, Bm-2 

expression has not been extensively examined in the PNS. 

The identical expression pattems of Tst-1/SCIP and Bm-2 in the RT4 cell line 

family may reflect the significant overiap of POU domain gene expression in the brain (He 

et al., 1989; Alvarez-Bolado et al., 1995). This family of genes may possess functional 

redundancy since (1) oligodendrocytes apparently myelinate normally in Tst-1/SCIP null 

mice (Bermingham et al., 1996) and (2) Bm-1 expression is upregulated 30% in Bm-2 null 

mice (Nakai et al., 1995). Interestingly, melanoma cell lines have elevated levels of Bm-

2.0 compared to normal melanocytes (Eisen et al., 1995), and blocking Bm-2 expression 

with antisense constmcts in the melanoma cell line, MM96L, resulted in the loss of all 

melanocytic markers and tumorigenic potential (Angus et al., 1995). Therefore, Bm-2 may 

be expressed in the RT4 stem cell line and glial derivative because they are the two RT4 cell 

lines that are tumorigenic (Imada et al, 1978). Altematively, Bm-2 expression may 

indicate a melanocytic potential that has not previously been observed in RT4. There is 

evidence for a bipotent Schwann cell-melanocyte precursor in neural crest; moreover 

Schwann cell precursors can transdifferentiate into melanocytes if treated with phorbol 

esters or basic fibroblast growth factor (Sherman et al., 1993). 

Oct-2 is a POU gene preferentially expressed in B lymphocytes and in neural tissue 

(reviewed in Stoykova et al., 1992), that produces at least 8 altematively spliced mRNAs 

(Wirth et al., 1990; Stoykova et al., 1992). Expression of the Oct-2 splice variants ranges 

from relatively cell type-specific to widespread (Dent et al., 1991; Lilly crop and Latchman, 

1992; Stoykova et al., 1992; Liu et al., 1995). Two of the splice variants, Oct-2.5 

(Lillycrop and Latchman, 1992) and mini-Oct (Oct-2d; Stoykova et al., 1992), are 

expressed at high levels in neural tissue. Using a probe specific to the POU domain of Oct-

2 (present in all splice variants), we detected Oct-2 mRNA in all of the RT4 cell lines. The 

highest levels were observed in the stem cell line and neuronal derivatives, particularly 
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RT4-B8. While RT4-B8 expressed multiple forms of Oct-2 protein, it is not clear which 

splice variants are represented by these isoforms. The specific splice variants expressed in 

RT4 could be examined through RT-PCR analysis utilizing primers specific for the 

different splice variants. 

Conclusions 

In this study, the RT4 cell line family was examined for the expression of ten 

transcription factor genes that have been implicated in the regulation of neural cell fate 

decisions and are expressed predominantly in neural tissue. The expression pattems we 

observed place the RT4 cell line family within a known developmental context (Fig. 2.5). 

Since all of the RT4 cell lines were found to express REST/NRSF, but not MASHl or 

Bm-3.0, the RT4 family may represent the earliest development stage "captured" in an in 

vitro neural differentiation model. We have also demonstrated that the expression of three 

of these putative developmental regulators is cell type-specific within the RT4 cell line 

family. 
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Table 2.1. A summary of the expression pattems of the transcription factors 
examined in this study. The relative levels of expression can only be compared 
between the cell lines for any individual gene. The relative amounts of RNAs used in 
both the RPAs and Northem blots were normalized to GAPDH mRNA. In some 
cases, normalization to GAPDH was performed after experiments had already been 
performed, therefore some variation may exist between the numbers reported for the 
levels of transcription factor expression in this table and the relative signal strength on 
the gel used to demonstrate that result. 

Transcription 
Factor 

Bm-2 

Tst-1/SCIP* 

Oct-2 

REST/NRSF 

Oct-1 

Bm-5 

MASHl 

Bm-1 

Brn-3.0 

Bm-4 

Gene family 

POU 

POU 

POU 

Zinc F. 

POU 

POU 

HLH 

POU 

POU 

POU 

RT4-AC 
(stem cell) 

+ 

-1-

++++ 

+ 

+ 

+ 

-

-

-

-

RT4-D6 
(glial) 

+ 

+ 

(+/-) 

++ 
-1-

+ 

" 

-

-

-

RT4-E5 
(neuronal) 

-

-

-i-i-

-H+-I-

+ 

+ 

-

-

-

-

RT4-B8 
(neuronal) 

-

-

++-I-++++ 
-I-++++++ 

-1-

-f-f-

+ 

-

-

-

-
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Figure 2.1, Oct-2, Tst-1/SCIP and Bm-2 were expressed in lineage specific pattems in 
RT4. The lane designations for the RT4 cells were: RT4-AC (AC); RT4-E5 
(E5); RT4-B8 (B8); RT4-D6 (D6). The RT4 lanes were also labeled S, G or 
N, for stem cell, glial derivative and neuronal derivative, respectively.RPAs 
were performed to determine the expression levels of Oct-2 (panel a), Tst-
1/SCIP (panel b) and Bm-2 (panel c) mRNA in the RT4 cell lines. Ten 
micrograms of poly (A)^ RNA were used for each lane in panels a and c, 
while 5 |Xg of poly (A)"*" RNA was used in panel b. The inset in the Oct-2 
RPA (a) is a nine-fold longer exposure of the gel. Twenty micrograms of 
total RNA isolated from P5 rat brain were used as a positve control in each 
RPA. Probe alone and markers are denoted (P) and (M), respectively. Yeast 
RNA (t) was used as a digestion control to ensure complete digestion of the 
probe. Bm-2 expression was also examined by RT-PCR analysis (panel d) in 
which 500 ng of DNase treated poly {Af RNA from each cell line or 500 ng 
of total RNA from P5 rat brain was subjected to reverse transcription and 
amplification using Brn-2-specific primers. M (panel d) designates 123 bp 
ladder markers. Asterisks (*) mark the expected size of the protected 
fragments in (a), (b) and (c), and the expected size of the specific amplified 
product in (d). 
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Figure 2.2. REST/NRSF, Bm-5 and Oct-1 were expressed in all of the RT4 cell lines. 
Poly (A)"̂  RNA was isolated from each cell line and 5 |ig was used to assay 
the expression levels of REST/NRSF (Northem blot analysis; panel a), Bm-5 
(RPA; panel b) and Oct-1 (RPA; panel c). Lane designations are the same as 
Fig. 2.1. For the REST/NRSF northem blot (a), C6 glioma cells were used 
as a positive control (C6), and PC 12 cells were used as a negative control 
(PC). For the Bm-5 RPA, 20 |ig of total RNA from PO rat brain (PO) was 
used as a positive control (overexposure reveals a band in the PO lane), and 
NIH 3T3 mRNA was used as a negative control. Panel d is an example of an 
RPA to examine the expression levels of expression of GAPDH mRNA in the 
RT4 cell lines to use for a normalization control so that all mRNA samples 
contained the same amount of GAPDH. In each panel, an asterisk marks the 
expected size of the REST/NRSF mRNA (panel a) or the protected fragment 
sizes for the RPA analyses (panels b-d). 
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Figure 2.3. MASHl, Bm-1, Brn-3.0 and Bm-4 were not expressed in the RT4 cell lines. 
All lane designations were the same as in Fig. 2.1. RNase protection assays 
were performed using 5 |ig of poly (A)^ RNA isolated from each RT4 cell line 
to determine whether MASHl, Bm-1, Bm-3.0 or Brn-4 were expressed in 
RT4 cells. Twenty micrograms of total RNA isolated from PO rat brain (PO) 
was used as a positive control for the Bm-3.0 (a), Bm-1 (c) and Bm-4 (d) 
RPAs. Five micrograms of poly (A)^ RNA isolated from NIH 3T3 cells 
(3T3) were used as a negative control for Bm-3.0 and Bm-1 expression. 
Five micrograms of poly (A)"̂  RNA isolated from PC 12 cells (PC) were used 
as a positive control for MASHl expression (b). An asterisk (*) marks the 
expected size of the protected fragments in each panel. 
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Figure 2.4. POU proteins were expressed in the RT4 cell line family. Lane designations 
are the same as Figs. 2.1. Nuclear extracts isolated from each cell line were 
analyzed through EMSA analysis in which 5 fxg of the nuclear extract was 
incubated with a consensus sequence to which POU proteins bind, then the 
binding reactions were subjected to elecrophoresis. 3T3-f-Tst-l represents 
nuclear extracts prepared from NIH 3T3 cells which had been transfected with 
a Tst-1/SCIP expression vector. D6' denotes a nuclear extract of RT4-D6 
used the same day it was prepared. Major bands observed have been labeled 
a-d. The 5 lanes in the right half of panel a represent competition binding 
EMSAs in which 3 or 30 fold molar excess (3XS or 30XS) of cold O-WT 
(wild type octamer element) or O-MT (mutated octamer element) were 
preincubated with RT4-AC nuclear extract. Panel b is an Oct-2 immunoblot 
in which 20 )ig of nuclear extract was subjected to Westem analysis using 
Oct-2-specific antisera. 
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Figure 2.5. A proposed model of the RT4 cell line family. All of the RT4 cell lines 
expressed REST/NRSF, but did not express MASHl or Bm-3.0, placing the 
RT4 cell lines at a very early stage of neuronal and glial cell fate commitment. 
In addition, restriction of POU domain gene expression occurred during 
lineage commitment in the RT4 system. These findings, coupled with the 
observations that POU domain genes are widely expressed early in 
development (~E10-E16 in rat), but have highly restricted expression pattems 
in the adult (reviewed in Rosenfeld, 1991; Verrijzer and Van der Vliet, 1993) 
are consistent with the idea that a stem cell may undergo lineage restriction 
events by selectively repressing the expression of one or a set of POU domain 
genes (Monuki et al., 1990). Additional markers of neuronal maturation are 
depicted on the left side of the diagram (Donahue et al., 1996). 
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CHAPTER m 

THE EsfVOLVEMENT OF TST-1/SCIP IN CONVERSION OF 

THE RT4 STEM CELL TO ITS DERIVATIVE CELL TYPES 

Abstract 

This study examined the role of Tst-1/SCIP in the conversion of the stem cell line 

RT4-AC to its derivative cell types. Tst-1/SCIP is a POU domain gene expressed in the 

RT4 stem cell, RT4-AC, and the glial derivative, RT4-D, but not in the RT4 neuronal-like 

derivatives, RT4-B and -E. The pattem of expression in RT4 cells, taken with putative 

functional roles for Tst-1/SCIP in Schwann cell differentiation, has led us to assess its 

involvement in the regulation of cell fate in the RT4 cell line family. 

Expression plasmids for Tst-1/SCIP, Tst-1/SCIP AN (a competitive inhibitory 

version of Tst-1/SCIP) or pcDNA3 vector alone were stably transfected into RT4-AC24 

cells. The conversion frequency of the stem cell was assayed by scoring colonies of the 

derivative cell types. No differences were observed in the RT4 stem cell conversion 

frequency among transfection groups. These data suggest that Tst-1/SCIP does not 

regulate the conversion of the RT4 stem cell to the derivative cell types. However, since 

we only scored colonies, cells which were induced to form terminally differentiated, non-

dividing neurons or glia would not be detected. 

Background and objectives 

In the peripheral nervous system, neural crest-derived stem cells undergo a series of 

differentiation events to become myelinating Schwann cells. Schwann cells can be 

characterized into three distinct developmental cell types during this process: the Schwann 

cell precursor, the premyelinating Schwann cell, and the myelinating Schwann cell. The 

committed Schwann cell precursor is characterized by the co-expression of the low affinity 
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nerve growth factor receptor (LNGFR), S-lOOp and glial fibrillary acid protein (GFAP). 

The premyelinating stage has been defined by expression of Tst-1/SCIP, and the absence 

of P^ and myelin basic protein (MBP)(Monuki et al.,1990). The myelinating Schwann cell 

acquires the expression of the mature myelin genes, while Tst-1/SCIP and the LNGFR are 

no longer expressed. Several studies have indicated that Tst-1/SCIP, a POU domain 

transcription factor, plays a major role in the differentiation of the Schwann cell lineage 

(Monuki et al., 1990, 1993; Jaegle et al., 1996; Bermingham et al., 1996). 

Tst-1/SCIP is expressed in the RT4 stem cell (RT4-AC) and glial derivative (RT4-

D), but not in the neuronal derivatives, RT4-B and -E (see Chapter II, Fig 2.1). The 

expression pattem of Tst-1/SCIP observed in the RT4 cell lines, and its suspected 

involvement in Schwann cell differentiation, we hypothesised that it may influence the 

conversion of the RT4 stem cell to its derivative cell types. In this study we have used gain 

and loss of function studies to address this hypothesis. 

Materials and methods 

Culture of RT4-AC24 and NIH 3T3 cells 

The RT4 stem cell line used in this study was RT4-AC24-2, a clone of RT4-AC 

which spontaneously but reproducibly gives rise to a glial derivative, RT4-D, as well as the 

2 neuronal-like derivatives, RT4-B and -E (Imada and Sueoka 1978). RT4-AC24 was 

grown in high glucose (4500 mg/L) Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 5% fetal calf semm (FCS), 100 units/ml penicillin and 100 p-g/ml 

streptomycin (PS)(growth medium), and maintained in a humidified atmosphere of 10% 

C02 at 37°C. NIH 3T3 cells (American Type Culture Collection, Rockville, MD; ATCC) 

were grown as above except medium was supplemented with 10% calf semm (CS) and 

PS. 
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Plasmids 

Diagrams of all plasmids used in this study are presented in Appendix A. 

Tst-1-SCIP. pTst-1/SCIP contains the entire coding sequence of Tst-1/SCIP 

(provided by M.G. Rosenfeld, UCSD, San Diego, CA) subcloned into the eucaryotic 

expression vector, pcDNA3 (Invitrogen, San Diego, CA). The pTst-1/SCIPAN plasmid is 

similar to pTst-1/SCIP except that the transcriptional effector domain corresponding to 

bases 26-740 was deleted. 

psiteAluc. psiteAluc was a gift of M. Wegner (Universitat Hamburg, Hamburg; 

Wegner et al., 1993). psiteAluc is a reporter constmct which contains one copy of the Tst-

1/SCIP binding site A obtained from the JC viral promoter which has been placed upstream 

of the rat minimal prolactin promoter fused to the coding sequence of luciferase as a 

reporter of promoter activation. 

pCAT-C. pCAT-C is an expression vector which constitutivley expresses 

chloramphenicol acetyltransferase (Promega, Madison, WI). 

Transfections 

Transfection and colony scoring of RT4-AC24 cells. RT4-AC24 cells were stably 

transfected with pTst-1/SCIP or pTst-1/SCIPAN. 5X10^ cells were seeded per 100 mm 

tissue culture dish. Twenty-four hr after seeding, a calcium phosphate-DNA co-precipitate 

containing either 20 [ig of pcDNA3 vector alone, pTst-1/SCIP, or pTst-1/SCIPAN 

expression vectors was added to the cells. After 24 hr, the medium was changed to growth 

medium (described above) for 24 hr, then was replaced with selection medium (growth 

medium containing 400 |ig/ml G418). 
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Scoring of RT4-AC24 colonies. RT4-AC24 cells were grown in 400 |ig/ml G418 

for 2 to 3 weeks after transfection until discreet colonies of >20 cells had formed. Cells 

were then fixed in methanol: the cells were rinsed 3 X in PBS at 4''C, then 15 ml of -20°C 

methanol was placed on the cells. After incubation for incubated 20 min. at -20°C, the 

methanol was removed and the cells were rinsed 2 X with 20 ml PBS at 4''C. Cells were 

then stored at 4°C until use. 

For colony scoring, the plates were coded and randomized so that the colony 

scoring was done in a single-blind manner. A reference grid was placed under the plate 

before counting to assure that all of the area on the plate was scored only once. Based on 

morphological differences, the colonies were identified as one of the RT4 cell types or as 

an unidentifiable colony morphology, termed X morphology (for photographs of the RT4 

cell lines, see Figure 3.1). Mixed colonies of different cell types were also scored. 

Transfection of NIH 3T3 cells. NIH 3T3 cells were transiently transfected with 1, 

5, or 25 |Lig of pTst-1/SCIP, 20 |ig of psiteAluc reporter, and 10 |Lig of pCAT-C. Twenty-

five ng of pTst-1/SCIPAN was also transfected with 5 |Lig of pTst-1/SCIP and 20 |ig of 

psiteAluc reporter, along with 10 p,g of pCAT-C. In all transfections, various amounts of 

pcDNA3 vector was used to equalize the total amount of DNA transfected so that 60 |Ltg of 

DNA were transfected in each experiment. 

Chloramphenicol acetyltransferase and luciferase assays 

Extracts for chloramphenicol acetyltransferase (CAT) and luciferase assays were 

prepared using the luciferase assay system with reporter lysis buffer (Promega, Madison, 

WI). At the time of harvesting, medium was removed and the cells were washed 3X with 

ice-cold saline. Then 1 ml of ice-cold saline was placed on the cells and the cells were 

scraped into 1.5 ml centrifuge tubes and centrifuged at 9K RPM at 4°C. Cell pellets were 

resuspended in 50 |J.l of reporter lysis buffer and taken through 2 freeze-thaw cycles, 
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altematively using a dry ice-ethanol bath and RT water bath. The cellular debris was then 

pelleted by centrifugation at 13,000 RPM at 4°C. The supematant fluid was placed in a 1.5 

ml centrifuge tube and were either used immediately or stored at -80°C. 

Luciferase assays were performed by combining 5 |il of the extract as prepared 

above with 15 |il of reporter lysis buffer (supplemented with Img/ml BSA) and 100 |Lil of 

luciferase substrate (Promega), and mixed for 5 sec. Relative light units (RLU) were 

measured using a Monolight 2010 luminometer (Analytical Luminescence Laboratory, San 

Diego, CA). 

CAT assays were performed using either 20 or 37.5 |il of the extract as prepared 

above. The extract was incubated for 10 min at 60°C to inactivate endogenous deacetylase 

activity. The extracts were then combined with 64 |xmoles of acetyl coenzyme A 

(Pharmacia, Madison, WI), and 0.64 \i moles of [̂ "̂  C]-chloramphenicol (50 \x Ci/mmol; 

Amersham, Arlington Heights, IL) in a final reaction volume of 50 |LI1, and incubated 20 

min- 18 hours at 37°C. Reactions were stopped by the addition of 400 |il ethyl acetate, and 

were vortexed for 30 sec. The organic and aqueous layers were separated through 

centrifugation for 1 min. at 13,000 RPM and the top (organic) layer was extracted and 

dried by vacuum centrifugation. The samples were resuspended in 15 jilof ethyl acetate 

and spotted onto plastic thin layer chromatography plates precoated with silica gel 60 (EM 

Separations, Gibbstown, NJ). Thin layer chromatography was performed using 

chloroform:methanol (95:5) as the mobile phase to separate the acetylated forms of 

chloramphenicol from the unacetylated forms. Phosphorimagery was performed for 

quantification of the percent conversion of the total input [^^c] chloramphenicol to the 

acetylated forms. 
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Results 

To directly assess the ability of Tst-1/SCIP to influence the developmental fate of 

the RT4 stem cell, pTst-1/SCIP or a competitive inhibitor of Tst-1/SCIP (pTst-1/SCIPAN), 

was exogenously expressed in the stem cell line (RT4-AC24) and its conversion frequency 

to its derivative cell types was assayed. RT4-AC24 cells which had been stably transfected 

with either pTst-1/SCIP, pTst-1/SCIPAN or pcDNA3 vector alone were expanded into 

discrete colonies under the selection of G418. The identity of each colony containing >20 

cells was then scored morphologically as either the unconverted stem cell or as one of the 

derivative cell types. Colonies which were unidentifiable were scored as "X" morphology. 

As shown in Table 3.1, the total number of colonies counted in each transfection group 

was 135, 481 and 600 for Tst-1/SCIP, Tst-1/SCIPAN and vector alone, respectively. The 

conversion frequency of the stem cell to the derivative cell types was unchanged among 

transfection groups (Table 3.2). The percentage of unconverted RT4-AC24 cells was 

88.9%, 85.4% or 85.3% for pTst-1/SCIP, pTst-1/SCIPAN and vector alone, respectively, 

whereas the percentage of RT4-E colonies was 2.2%, 1.4% and 2.3%. There was 

however, a difference in the gross number of colonies counted among transfection groups 

(Table 3.2). In three separate transfections, the average number of colonies scored were: 

Tst-1/SCIP, 45 ± 9.71; Tst-1/SCIPAN, 160.3 ± 46.67; vector alone, 200 ± 84.85. 

We wished to determine if the exogenously expressed proteins were functional 

since the exogenous expression of Tst-1/SCIP or Tst-1/SCIPAN in RT4-AC24 did not lead 

to a difference in the conversion frequency of the RT4-AC24 to its derivative cell types. We 

performed transient transfections into NIH 3T3 cells using increasing amounts of pTst-

1/SCIP with a reporter of Tst-1/SCIP-mediated transcription, psiteAluc (Wegner, et al., 

1993), and pCAT-C as a transfection control. Transfection of 20 [ig of psiteAluc reporter 

along with increasing amounts of Tst-1/SCIP resulted in a Tst-1/SCIP-dependent increase 
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in the amount of the reporter activity (Fig. 3.2). To confirm that the competitive inhibitor 

(Tst-1/SCIPAN) protein was capable of attenuating Tst-1/SCIP activity, 25 |ig of pTst-

1/SCIPAN was cotransfected with 5 p.g of pTst-1/SCIP and 20 |ig psiteAluc. The addition 

of 25 jig of pTst-1/SCIP AN resulted in a decrease in psiteAluc reporter activity, 

presumably due to competition with the Tst-1/SCIPAN protein with the exogenously 

expressed wild-type Tst-1/SCIP (Fig. 3.2). These data suggest that in NIH 3T3 cells, the 

pTst-1/SCIP and pTst-1/SCIP AN expression plasmids used in this study were expressing 

proteins which functioned properly. 

Discussion 

The role of Tst- 1/SCIP in the conversion event of RT4-AC24 

As described in results, no differences in conversion frequency were observed 

when the RT4 stem cell was transfected with the Tst-1/SCIP expression vector, the 

competitive inhibitor of Tst- 1/SCIP (pTst- 1/SCIPAN), or the pcDNA3 vector alone (Table 

3.2). However, a difference in the absolute number of colonies produced was observed 

among the transfection groups (Table 3.1). This difference in colony number can be 

explained in several ways. The Tst-1/SCIP expression vector is the largest of all of the 3 

plasmids transfected; thus the number of molecules transfected may be lower than for the 

competitive inhibitor with a 714bp deletion or for the vector alone. The actual difference in 

plasmid size is pTst-1/SCIP, 6995bp; pTst-1/SCIPAN, 6281bp; pcDNA3 vector 5446bp. 

Therefore, if 25 |ig of each plasmid were transfected, 5.4 pmoles of pTst-1/SCIP was 

transfected as compared to 6.0 pmoles for Tst-1/SCIPAN and 6.9 pmoles for pcDNA3. 

There is only a difference of about 20% in the amount of pTst-1/SCIP DNA transfected as 

compared to pcDNA3, while we observed a 4.4-fold decrease in G418-resistant colony 

formation. Although the difference in plasmid size should have resulted in fewer colonies, 

it can not account for the entire descrepancy in G418-resistant colonies observed between 
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transfection groups (Table 3.1, total column). Altematively, the difference in colony 

number observed among transfection groups may be due to the exogenous expression of 

the Tst-1/SCIP protein causing differentiation of RT4-AC24 into a non-dividing Schwann 

cell. If this were the case, mature cells would not have formed colonies and would not 

have been detected in the assay. This would result in fewer colonies within the Tst-1/SCIP 

transfection group. This possibility could be further studied through the use of inducible 

expression systems. For example, if the expression of Tst- 1/SCIP and Tst- 1/SCIPAN 

were inducible, a population of stable colonies could be established, and then the 

expression of the effector plasmids could be induced. This experimental approach would 

allow us to determine if the exogenous expression of Tst- 1/SCIP in RT4-AC results in a 

cell type which does not divide. 

There are a number of commercially available inducible gene expression systems 

which can be used to address this concem. These include the LacSwitch system 

(Stratagene, LaJolla, CA), the ecdysone system (Invitrogen) and the Tet systems (Tet-on 

and Tet-off; Clontech, Palo Alto, CA). Because inducible expression systems such as 

these require stable transfection and proper function of two different plasmids in the same 

cell line, many stably transfected cell lines must be screened to obtain tmly inducible gene 

expression. This drawback is exacerbated in RT4-AC24 because it spontaneously converts 

in culture to neuronal and glial derivatives. Therefore, during the time it takes to test each 

clone, the stem cell have generate derivative cell types which would contaminate the clone. 

For these reasons, inducible expression systems for Tst-1/SCIP and Tst-1/SCIPAN were 

not pursued in this study. If a suitable inducing system were available, stable RT4-AC24 

cell lines in which the expression of Tst-1/SCIP was inducible could have been seeded at 

clonal density. After the colonies had grown to about 20 cells, Tst-1/SCIP expression 

could be induced and the conversion frequency to the derivative cell types determined. The 

inducible system would allow the direct measurement of the RT4 stem cell conversion 

49 



frequency in uninduced vs. induced conditions. By comparing the conversion frequency 

between the induced and uninduced conditions the effect of Tst-1/SCIP on cell fate in RT4 

could be determined. 

In summary, the results presented in this study represent a first step toward 

understanding the functional role of Tst-1/SCIP in the RT4 cell line family. Although we 

were unable to demonstrate that Tst-1/SCIP was involved in the regulation of cell fate in 

RT4, it may be involved in other aspects of glial differentiation such as maturation in RT4. 
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Table 3.1. Total colonies counted for each transfection group (Tst-1/SCIP, Tst-
1/SCIPAN or vector alone). Numbers reported in the table represent the numbers of 
colonies scored and identified as RT4-AC (AC), RT4-E (E), RT4-D (D), RT4-B (B) 
or unidentifiable morphology (X) from three different experiments. The relatively 
few colonies that were composed of more than 1 cell type were excluded from the 
table under the heading of colony type, but were included in the calculation of the 
total number of colonies counted for each transfection group. 

Transfection 
group 

Tst-1 

Tst-1 AN 

Vector alone 

Total colonies 

> 50 cells 
20 -50 cells 
Total 
co lonies 

> 50 cells 
20 -50 cells 
Total 
co lonies 

> 50 cells 
20 -50 cells 
Total 
co lonies 

counted 

AC 
69 
51 

120 

323 
88 

4 1 1 

403 
109 

5 1 2 

in 3 
Col 

E 
3 
0 
3 

6 
1 
7 

13 
1 

14 

experiments 
ony 

D 
0 
0 

% 

2 
1 

3 

6 
4 

10 

type 

B 
0 
0 

^ ^ 0 

1 
0 
1 

0 
0 
0 

X 
5 
7 

1 2 

23 
31 

5 4 

37 
23 

6 0 

Total 
77 
58 

1355 

360 
121 

481i 

463 
137 

6 0 0 | 
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Table 3.2. The percent of total colonies counted for each transfection 
group. Numbers reported in the table represent the percent of all 
colonies scored within each transfection group (Tst-1/SCIP, Tst-
1/SCIPAN or vector alone) and identified as RT4-AC (AC), RT4-E 
(E), RT4-D (D), RT4-B (B) or unidentifiable morphology (X). The 
relatively few colonies that were composed of more than 1 cell type 
were excluded from the table. 

Percent of total colonies counted in 3 
Transfection 

group 

Tst-1 

Tst-1 AN 

Vector al( one 

Colony 

AC E 
> 50 cells 89.6 3.8 
20 -50 cells 87.9 0 
Total 8 8 . 9 2 . 2 
cqlonies 

> 50 cells 89.7 1.6 
20-50 cells 72.7 0.8 
Total 8 5 . 4 1.4 
co lonies 

> 50 cells 87.0 2.8 
20 -50 cells 79.6 0.7 
Total 8 5 . 3 2 . 3 
co lonies 

experiments 
type 

D B 
0 0 
0 0 
0 0 

0.5 0.3 
0.8 0 

0 .6 0 .2 

1.3 0 
2.9 0 

1.7 0 

X 
6.4 

12.0 
8 .8 

6.4 1 
25.6 

1 1 . 2 

8.0 
16.8 

10 .0 
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Figure 3.1. Photographs of the RT4 cell line family. The RT4 cells were photographed in 
normal growth conditions (Materials and methods. Chapter II). The bar in 
each panel indicates 50 iim. 
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Figure 3.2. Functional assay of transfected Tst-1/SCIP and Tst-1/SCIPAN. Open 
boxes indicate values obtained by cotransfection of 1, 5 or 25 |ig of pTst-
1/SCIP with 20 |ig the psiteAluc reporter and 10 |i.g pCAT-C as a transfection 
control, into NIH 3T3 cells. Solid boxes indicate reporter activity following 
cotransfection of 5 |ig pTst-1/SCIP and 25 îg pTst-1/SCIPAN with 20 |ig 
psiteAluc reporter and 10 jig pCAT-C as a transfection control. Various 
amounts of pcDNA3 vector was added to each transfection to equalize the total 
amount of DNA transfected to 60 |Lig. Luciferase and CAT activity was 
measured and values expressed as relative light units divided by CAT activity 
(RLU/CAT). The 2 data points for each transfection group represent separate 
results of 2 individual plates of cells. This experiment was performed one 
additional time with similar results. 

54 



CHAPTER IV 

THE ROLE OF REST/NRSF IN MATURATION-

SPECIFIC GENE EXPRESSION IN RT4 

Abstract 

REST/NRSF is a protein believed to play a major role in repressing many neuronal-

specific genes in non-neuronal cell types. Because REST/NRSF is expressed in early 

neuroblasts, it may also be involved in repressing the expression of neuronal genes until 

the appropriate time for maturation has been reached. Therefore, blocking the actions of 

REST/NRSF at this early stage may allow these early cells to differentiate to more mature 

neurons. The RT4 cell lines may be an excellent model system to test this hypothesis since 

the neuronal derivatives of these cell lines express REST/NRSF, suggesting that they may 

be arrested at the early neuroblast stage of neural differentiation. 

In this chapter, we have used a truncated form of the REST/NRSF protein (p73) to 

interfere with the function of the wild type REST/NRSF in RT4-B8 (a presumptive 

primitive neuroblast cell line), to assess its function in regulating progression into a more 

mature phenotype. As a measure of maturation, a battery of maturation-specific neuronal 

genes were examined via immunoblot analysis. 

We were successful in expressing the truncated version of REST/NRSF in RT4-B8 

cells, and found that REST/NRSF activity was moderately inhibited. Under these 

conditions, none of the maturation-specific markers were expressed. These studies indicate 

that full activity of REST/NRSF in RT4-B8 is not required to prevent immature neuronal 

cells from progressing to a more mature phenotype. 
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Introduction 

As a neural precursor cell differentiates to become a neuron, it must coordinate the 

expression of an array of neuronal-specific genes (reviewed in Rosenfeld 1991; Simpson 

1995; Quinn 1996; Roush 1996). There are two facets to understanding gene regulation 

during development; activation and repression in the appropriate cells at the correct times. 

While the majority of the research conceming gene expression during development has 

focused on positive regulators of gene expression, some studies have investigated 

repression in neural development (review: Ghysen and Dambly-Chaudiere 1989; 

Schoenherr and Anderson 1995b; Simpson 1995). 

One gene which has received much attention recently for its role in the repression of 

a large number of neuronal-specific genes is the RE1-S.ilencing Transcription factor 

(REST), also identified as Neuron-Restrictive S.ilencing Factor (NRSF) (REST: Chong et 

al., 1995; NRSF: Schoenherr and Anderson 1995a). A common DNA element was 

identified in the promoters of SCGIO (Schoenherr and Anderson 1995a) and the type II 

voltage-dependent sodium channel genes (Nail) (Chong et al., 1995). This DNA element 

was found to be both sufficient and necessary for silencing these genes in non-neuronal cell 

types. This DNA element was used as a tool to isolate a protein which binds to this 

sequence and functions as a silencing transcription factor. The gene encoding this protein 

was cloned and sequenced simultaneously by two research groups (REST: Chong et al., 

1995; NRSF: Schoenherr and Anderson 1995a). It was reported that this transcription 

factor could (1) bind to the NRSE in the SCGIO promoter, and to the REl silencing 

element found in the Nail promoter as demonstrated via EMSA analysis, (2) repress 

transcription of a reporter construct containing an REl binding site, and (3) possibly 

coordinate the repression of multiple neuronal-specific genes (Schoenherr et al., 1996). 

Since the discovery that this protein was involved in silencing the transcription of SCGIO 

and Nan, it has been suggested that REST/NRSF is also involved in silencing the 
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expression of synapsin I (Schoch et al., 1996) and the m4 muscarinic acetylcholine 

receptor genes (Wood et al., 1996). In addition to these four genes, which are believed to 

be repressed through a consensus REl/NRSE-type silencing element, 30 additional genes 

have been reported to contain the consensus ~23bp DNA element as determined through 

database searching (Schoenherr et al., 1996). Twenty one out of of 25 sequences tested 

thus far exhibited REST/NRSF binding activity. Eleven out of 11 sequences had silencing 

activity when placed 5' of a CAT reporter and transfected into CH310T1/2 cells, which 

express endogenous REST/NRSF (Schoenherr et al., 1996). A compilation of genes 

which are thought to be regulated by REST/NRSF is shown in Table 4.1. 

Although REST/NRSF may be primarily involved in restricting neuronal-specific 

gene expression in non-neuronal cell types, it may also impinge the expression of 

maturation-specific genes in immature, primitive neuroblasts. For example, REST/NRSF 

RNA expression was detected in primitive neuroblasts within the neural tube (ependymal 

layer) and developing ganglia of the PNS, but not in more mature neurons (Chong et al., 

1995). This expression pattem, taken with the putative role of REST/NRSF in repressing 

a battery of neuronal-specific genes, provides a rationale for examining its possible role(s) 

in maturation of primitive neurons. 

In support of this rationale, experiments reported by Nishimura et al., (1996), have 

demonstrated that REST/NRSF mRNA levels decrease upon cAMP (forskolin treatment) 

and staurosporine-induced differentiation of the neuroblastoma cell line, NB-OK-1. In this 

system, REST/NRSF mRNA gradually decreased over 6 days when the cells were 

stimulated to mature (Nishimura et al., 1996). Interestingly, synapsin I, a gene reported to 

be repressed by REST/NRSF (Schoch et al., 1996), was expressed after 4 days of 

treatment, possibly due to the release of the repression conferred by REST/NRSF as its 

expression decreased. Although a correlation was reported between a decrease in 
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REST/NRSF expression and an increase in synapsin I expression, it was not demonstrated 

that REST/NRSF was directly involved in the differentiation of the NB-OK-1 cell line. 

A detailed study of the RT4 cell line family has recently been published which 

examined the expression of 16 different maturation-specific genes to better understand its in 

vivo counterpart (Donahue et al., 1996). It was found that the pattem of marker genes 

expressed in the RT4 cell line family most closely matched that observed in rat neural crest 

derivatives at ElO-12. For example, RT4 cells expressed relatively early markers of neural 

crest-derived stem cells such as nestin, vimentin and MAP2c. However, more mature 

marker genes such as MAP2a,b, Class III p-tubulin (Plll-tubulin), tau, the neurofilament 

triplet proteins (NF68, NF160, NF200), GAP-43, and peripherin were not expressed in 

any of the RT4 cells (Donahue et al., 1996). In addition to these markers, Bm-3.0 and 

MASHl, two important early markers of commitment to either the sensory or autonomic 

lineages, respectively, were not expressed in any of the RT4 cells (Fig. 2.3). Although the 

addition of cAMP and testosterone to the culture medium was thought to induce the RT4 

cells to mature, the expression pattem of these marker genes did not change in response to 

cAMP and testosterone (Donahue et al., 1996; Reinhart, A.J. and Donahue, L.M., 

unpublished observations). 

Experiments described in this chapter are directed towards understanding the role(s) 

of REST/NRSF in the maturation of primitive neurons. We hypothesized that REST/NRSF 

functions to repress maturation in primitive neurons. To test this hypothesis, partial 

REST/NRSF loss of function experiments were performed in a primitive neuronal cell line 

to assess whether REST/NRSF was involved in neuronal maturation. A neuronal 

derivative of the RT4 cell line family, RT4-B, was chosen as an in vitro model to address 

this hypothesis because it is a primitive neuronal cell line which expresses REST/NRSF 

(Fig. 2.2a). To evaluate whether inhibition of REST/NRSF function had induced the RT4-
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B cell line to mature we chose to measure the expression of the following maturation-

specific genes: neurofilament triplet proteins (NF200, NF160 and NF68), pill-tubulin, 

MAP2a,b, tau, peripherin and GAP-43. Although we report that competitive inhibitor of 

REST/NRSF was expressed in RT4-B and partially relieved REST/NRSF-mediated 

transcriptional repression of the REl DNA element, we did not detect any de novo 

expression of a set of 8 maturation-specific proteins examined via immunoblot analysis. 

Materials and methods 

Cell lines and tissue culture 

The RT4 clonal sublines used in this study were RT4-D6-5-1 (RT4-D6), RT4-B8, 

RT4-E5-1 (RT4-E5), RT4-AC36A (RT4-AC) and RT4-AC24. The RT4-AC36A subline 

does not undergo cell-type conversion at a detectable frequency, but retains all other 

properties of RT4-AC (Freeman and Sueoka, 1987). RT4 cell lines were grown in culture 

conditions described in Chapter II. HeLa and L6 cells (American Type Culture Collection, 

Rockville, MD; ATCC) were grown in culture conditions as described for RT4 cells 

(Chapter II) except that the medium was supplemented with 10% fetal calf serum (FCS) 

instead of 5% FCS. The RT4 cells which were treated with cAMP and testosterone were 

seeded at 1.5 X 10̂  cells per 10 cm Falcon Primaria tissue culture dish. The media were 

removed 24 hours later and replaced with fresh media containing 1.0 mM dibutyryl cAMP 

and 100 nM 5 a-dihydrotestosterone. After 72 hours, the cells were harvested for whole 

cell protein extracts. 

Immunohlotting 

Gel electrophoresis and electroblotting were performed as described In Chapter n. 

After electroblotting to Immobilon P (Millipore, Bedford, MA), the membranes were 
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washed 3 X 15 min in TBST (150 mM NaCl, 20 mM Tris, pH 7.6, 0.05% Tween-20) at 

room temperature (RT), followed by blocking 1.5 hr in 5% nonfat dry milk (Camation) in 

TBST at RT. Membranes were then exposed to primary antibody in 1% milk in TBST 

ovemight at 4°C. The filter was then washed 2 X 30 min in TBS (150 mM NaCl, 20 mM 

Tris, pH 7.6) at RT, and unless stated otherwise, exposed to horseraddish peroxidase 

(HRP)-conjugated goat anti-mouse IgG (Cappel, Westchester, PA) for 60 min at RT. For 

REST/NRSF and peripherin immunoblots, the secondary antibody was donkey anti-rabbit-

HRP conjugated IgG (Amersham). Membranes were then washed 3 X 5 min in TBST at 

RT, followed by 5 min at RT in TBS. Membranes were then incubated with Renaissance 

chemiluminescence reagents (DuPont NEN, Boston, MA), and exposed to X-ray film for 

2-60 min. 

Primary antibodies 

The following primary antibodies were used at the dilutions indicated. 

REST/NRSF polyclonal antisemm (generously provided by G. Mandel, SUNY, 

Stonybrook) was used at a 1:4000 dilution. Neurofilament high (200 kDa), medium (160 

kDa), low (68 kDa), p-in tubulin and MAP2 monoclonal antibodies were purchased from 

Sigma (St. Louis, MO), and were used at 1:4000 dilutions in all cases except for MAP2, 

which was used at 1:5000. Peripherin antisemm was generously provided by E. Ziff 

(NYU Medical Center, New York, NY) and was used at a dilution of 1:10000. GAP-43 

and tau monoclonal antibodies were purchased from Boehringer Mannheim (Indianapolis, 

IN) and were used at 1:1000 (GAP-43) or 1:20000 (tau) dilutions. 
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Plasmids 

All plasmids described below are diagrammed in Appendix A. 

REl-CAT (pSDK7) contains a CAT reporter under the transcriptional regulation of 

the REl DNA element from the type II voltage gated sodium channel (Nail) promoter 5'of 

the Nail minimal promoter (described in Chong et al., 1995; generously provided by G. 

Mandel, SUNY, Stonybrook, NY). 

pMB4 contains a CAT reporter regulated only by the minimal promoter from the 

Nail gene (Kraner et al., 1992; generously provided by G. Mandel). 

The p73 expression plasmid contains the DNA binding region of REST/NRSF 

cloned into the pcDNAl vector (Invitrogen). It does not contain the two transcriptional 

repression domains described by Tapia-Ramirez et al., (1997; generously provided by G. 

Mandel). 

Transient transfections 

L6 and RT4-B8 cells were transiently cotransfected with either 25 |ig of REl-CAT 

plasmid or pMB4 with 25 îg of the p73 expression plasmid or 25 |Xg of pcDNA3 vector 

(Invitrogen) as a control. Since transfection of RT4-B cells occurs at a low efficiency 

(Donahue and Sueoka, unpublished observation), a chloroquine/glycerol shock treatment 

was added to the transfection protocol to increase transfection efficiency. At the time of 

transfection, 10 |Lil of 100 mM chloroquine was added to the cells in 10 ml of growth 

medium (final concentration of chloroquine is 10 ̂ iM). After 3 hours, cells were rinsed 

with saline and 4 ml DME -f-10% glycerol was placed on the cells. After 2 min, 6 ml of 

DME was added to the plates, and then all of the medium was removed from the cells. The 

cells were then rinsed once with growth medium, before the addition of growth medium. 

Cells were harvested for whole cell protein extracts or for luciferase and CAT assays 48 hr. 

later. As transfection controls, constitutively active chloramphenicol acetyltransferase-
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expressing or luciferase-expressing plasmids (pCAT-C and pGL3; Promega, Madison, 

WI) were cotransfected to monitor assay parameters and transfection efficiency, 

respectively. CAT and luciferase assays were performed as described in Chapter III. 

Stable transfections 

Stable transfections were performed as described in Chapter III. The pcDNAl 

expression vector (Invitrogen, San Diego, CA), into which the p73 coding sequence was 

cloned, does not independently confer neomycin resistance. Therefore, it was cotransfected 

with a plasmid conferring neomycin resistance (RSV-NEO) at a 20:1 ratio (20 |ig RSV-

NEO: l|ig of the p73 expression plasmid). Individual colonies of G418-resistant cells 

were isolated by placing stainless steel cloning rings over the colonies which were then 

individually expanded and maintained. Stably transfected cells were maintained in medium 

containing 400 |Lig/ml G418. Expression of the.REl-CAT reporter was assayed in p73-

stably transfected cell lines by transientiy transfecting 20 |ig of the REl-CAT reporter into 

these cell lines as described in Chapter HI. CAT and luciferase assays were performed as 

described in Chapter III. 

RT-PCR 

RT-PCR reactions were performed as described in Chapter II except that 1 jig of 

DNase treated RNA (total RNA from tissue samples; poly (A)+ RNA from cell lines) was 

used in the RT step. This cDNA was then split and used for 10 PCR experiments so that 

100 ng of mRNA was reverse transcribed for each PCR reaction. To amplify MAP2b, 

primers 2b 1 and 2b2 were used. These primers amplify MAP2b mRNA splice variants 

3R-MAP2b and 4R-MAP2b, which differ in the inclusion of exon 16, a 93bp microtubule-

binding domain (Muller et al., 1997; diagrammed in Appendix A). Tau was amplified 

using primers t3 and t4 also as described by Muller et al., (1997; diagrammed in Appendix 
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A). These primers amplify tau mRNA splice variants 3R-tau and 4R-tau which differ in the 

inclusion of exon 10, a 93bp microtubule-binding domain (Muller et al., 1997). Reaction 

conditions for both MAP2b and tau were 94°C (4 min), followed by 35 cycles of 94°C (1 

min), 60°C (1 min), 72° (1 min), followed by a final extention at 72°C (5 min). The 

identity of the amplified band of the expected size was confirmed by DNA sequencing 

(performed by the Biotechnology Institute, TTU; results shown in Appendix B). 

RPA analysis 

RPA analyses were performed as described in Chapter II. For the SCGIO 

hybridization probe, the cDNA clone SCGlO-8.6 (provided by D.J. Anderson, Cal-Tech, 

Pasadena, CA) was linearized with Hindlll. SP6 polymerase was used to generate a 409 nt 

probe. The expected size of the protected fragment is 399 nt. The Nail probe is a genomic 

fragment spanning the terminal 5' untranslated and contiguous 5' coding sequence of the 

rat Nail gene and was provided by G. Mandel (SUNY, Stony brook, NY; Cooperman et 

al., 1987). The expected size of the probe was ~ 200 nt and the expected size of the 

protected fragment is 120 nt. 

Results 

Morphological maturation of RT4-B does not require a change in 
REST/NRSF protein levels 

The RT4 neuronal derivatives (RT4-E, RT4-B) undergo morphological maturation 

when treated with cAMP and testosterone as defined by the extension of long neurite-like 

processes (Droms and Sueoka 1987; Donahue et al., 1996). To determine if a change in 

REST/NRSF expression was correlated with cAMP-induced maturation, REST/NRSF 

protein levels were examined by immunoblot analysis in the presence or absence of cAMP 

and testosterone (Fig. 4.1). Although REST/NRSF was originally reported to resolve at 
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116 kDa (Chong et al., 1995), it has more recently been reported that the rat REST/NRSF 

protein actually resolves at approximately 200 kDa (Tapia-Ramirez et al., 1997). 

REST/NRSF protein levels were unchanged in RT4 cells that were induced to mamre as 

compared with RT4 cells which had not been treaed with cAMP and testosterone (Fig. 

4-1). 

REST/NRSF functions as a transcriptional repressor in RT4-B cells 

To verify that the REST/NRSF protein expressed in RT4 cells was functioning as a 

repressor of gene transcription, we determined whether reporters known to be sensitive to 

REST/NRSF-mediated repression were repressed in RT4-B cells. The reporters used both 

contained the minimal promoter from the Nail gene (Nail min; -134 through +177; Kraner 

et al., 1992), directing the expression of the CAT gene as a reporter. One of these 

reporters, REl-CAT, additionally contained theREI DNA element from the Nail gene 

which was ligated 5' of the Nail minimal promoter (both of these reporter constructs are 

diagraimned in the Appendix A; Kraner et al., 1992). The reporter containing only the 

Nan minimal promoter (pMB4) was expressed at high levels in both RT4-B and L6 cells; 

however, the RE-1-containing reporter (pSDK7) was expressed at low levels in both cell 

lines (Fig. 4.2). These results suggest that the REl-containing reporter was repressed in 

RT4-B and L6 cells. 

Having established that an REl-containing reporter was repressed in RT4-B and L6 

cells, we next sought to determine whether this result was due to REST/NRSF-mediated 

repression. A competitive inhibitor of REST/NRSF (p73) was used to interfere with 

REST/NRSF-mediated repression in RT4-B and L6 cells (Fig 5.2). The p73 expression 

constmct contains the DNA binding domain of REST/NRSF, yet lacks the two repression 

domains described by Tapia-Ramirez et al. (1997; diagrammed in Appendix A). The 

protein expressed from this constmct had been demonstrated to interfere with wild-type 
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REST/NRSF, presumably through binding the REl DNA element, thus preventing 

REST/NRSF from binding to the REl site and repressing transcription (Chong et al., 

1995; Tapia-Ramirez et al., 1997). Transient transfection of 20 |Ltg of the p73 expression 

constmct with 20 jig of the REl-containing reporter (pSDK7) resulted in a 3 fold increase 

of reporter activity as compared with reporter activity found with cotransfection with 20 |Lig 

of the vector alone (Fig 5.2). This increase suggested that p73 was interfering with 

REST/NRSF-mediated repression in L6 and RT4-B cells. However, if REST/NRSF-

mediated repression was completely blocked in this experiment, we would expect REl-

CAT reporter activity in the presence of p73 to be similar to the reporter which does not 

contain the REl DNA element. This result was never observed. 

Partial loss of REST/NRSF function does not induce RT4-B cells 
to mature 

To determine whether REST/NRSF had prevented maturation in RT4-B cells, we 

performed REST/NRSF loss of function studies by transiently transfecting RT4-B cells 

with the p73 expression plasmid. A set of maturation-specific proteins was examined via 

immunoblot analyses to determine whether expression of p73 had induced RT4-B cells to 

mature. The expression of NF 200, NF 160, NF 68, P-III tubulin, tau, peripherin, GAP-

43, and MAP2 a,b was assayed in transiently transfected RT4-B8 cells. Although 

expression of each of these proteins was detected in PI rat cerebellum, expression of any 

maturation-specific protein examined was not detected by immunoblot analysis in RT4-B8 

cells which had been transiently transfected with the p73 expression vector (Fig 4.3). 

Since transfection of RT4-B8 occurs at a low frequency (Donahue and Reinhart, 

unpublished observations), we established stable cell lines ectopically expressing p73. 

Eleven stable cell lines were established and were transiently transfected with the REl-CAT 
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reporter constmct as a screen to select cell lines which had elevated REl transcriptional 

activity. Through this initial screen, we found 3 cell lines (stable cell lines 2, 8 and 11; 

hereafter referred to as SC2, SC8 and SCI 1, respectively) that had elevated REl 

transcriptional activity, suggesting that REST/NRSF function had been reduced in these 

three cell lines (Fig. 4.4). 

Having shown that the SC2, SC8 and SCI 1 cell lines exhibited high activity of the 

pSDK7 reporter, we then determined if the p73 protein was expressed in these 3 cell lines. 

Immunoblot analysis revealed two additional species of immuno-reactive proteins as 

compared with the untransfected RT4-B8 extract (Fig. 4.5). These bands were not present 

in untransfected RT4-B8 or HeLa lysates, yet were detected in lysates prepared from HeLa 

cells which had been transiently transfected with the p73 expression plasmid, and in lysates 

prepared from the SC2, SC8 and SCI 1 cell lines. These data suggest that the p73 

transgene has been integrated into the genome of these cell lines and directs the ectopic 

expression of the tmncated REST/NRSF protein. 

To determine whether partial loss of REST/NRSF function had induced maturation, 

immunoblot analyses were then performed to examine the expression of a set of 

maturation-specific genes (NF 200, NF 160, NF 68, p-III tubulin, tau, peripherin, GAP-

43, and MAP2 a,b) in the SC2, SC8 and SCI 1 cell lines. Although expression of all 8 

maturation-specific proteins were detected in lysates prepared from PI rat cerebellum, de 

novo expression of any of these proteins was not observed in SC2, SC8 or SCI 1 lysates 

by immunoblot analysis (Fig. 4.6). 

Since the removal of a repressor may not lead to immunoblot-detectable expression 

of the set of maturation-specific genes examined, RT-PCR was also performed as a more 

sensitive assay for gene expression to specifically examine the expression of MAP2b and 

tau in the SCI 1 cell line. MAP2b and tau were chosen because they are among the first 
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genes which would be expressed if the RT4-B cell line was to undergo maturation 

(Donahue et al., 1996). RT-PCR revealed that both MAP2b and tau mRNA were expressed 

in untransfected RT4-B8 cells and in SCI 1 cells (Fig. 4.7). The specificity of the PCR 

products were confirmed by sequencing bands at the predicted size for MAP2b and tau 

(Appendix B). 

Since maturation-specific gene expression was unchanged in response to partial 

loss of REST/NRSF function, we examined the expression levels of SCGIO and Nail 

genes which have been shown to be targets of REST/NRSF-mediated repression (SCGIO: 

Mori et al., 1992; Nail: Kraner et al., 1992; Fig. 4.8). SCGIO mRNA levels were found 

to be slightly elevated (2 fold) in SCI 1 as compared with untransfected RT4-B8 cells (Fig. 

4.8). Nail mRNA levels were unchanged in SCI 1 compared with untransfected RT4-B 

cells (Fig 4.8). These data suggest that the function of REST/NRSF was not substantially 

affected by the ectopic expression of p73 in the the SCI 1 cell line. 

Discussion 

This study was undertaken to better understand the possible role of REST/NRSF in 

the repression of maturation in primitive neurons. To this end, we sought to measure 

maturation of a primitive neuronal cell line in which REST/NRSF-mediated repression had 

been attenuated. 

We first established that REST/NRSF was functioning as a repressor in a primitive 

neuronal cell line, RT4-B. This was accomplished by measuring the transcriptional activity 

of a reporter, which is sensitive to REST/NRSF-mediated repression, in RT4 B cells. We 

were able to demonstrate that REST/NRSF was actively repressing this reporter and that 

the repression was conferred through the REl DNA element (REST/NRSF binding site). 

However, ectopic or stable expression of a competitive inhibitor of REST/NRSF function 

(p73) only partially interfered with REST/NRSF-mediated repression in RT4-B cells. 
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Therefore, it is not surprising to find that the RT4-B cells did not express levels of any of 

the maturation-specific proteins examined at levels sufficient to detect by immunoblot 

analysis. In contrast, two maturation-specific genes, MAP2b and tau, though not detected 

by immunoblot analysis, were detected by RT/PCR analysis in both RT4-B and an RT4-B-

derived cell line which stably expresses the p73 protein. This observation may suggest that 

the RT4-B cells have matured enough to express low levels of these mRNAs, but have not 

yet expressed levels of the protein sufficient for detection by immunoblot analysis. It 

would be interesting to perform RT/PCR analysis for each of the 6 other genes which were 

examined by immunoblot analysis alone. Such analysis may reveal that some of these 

genes are expressed in the RT4-B cell line as well, and may additionally be sensitive 

tprepression by REST/NRSF. 

There are two related caveats with the experiments undertaken to relieve 

REST/NRSF-mediated repression in RT4-B cells: (1) the p73 protein may not be a 

dominant negative protein, (2) very high levels of this protein may be required to fully 

derepress REl DNA elements. Specifically, the p73 protein utilized in these studies, while 

described as a dominant negative protein in the literature (Chong et al., 1995), may not be 

so. A tme dominant negative protein functions by preventing the wild type protein from 

functioning. In our studies the p73 protein functioned more as a competitive inhibitor than 

a true dominant negative protein. The p73 protein binds the REl site, but is 

transcriptionally neutral (Chong et al., 1995). Because it binds the REl site, it therefore 

competes for the REl site with the wild type REST/NRSF. Thus for this protein to 

function properly, very high levels of expression (depending on the relative DNA binding 

affinities of the two proteins) would presumably be required in a particular cell to efficiently 

displace enough of the wild type REST/NRSF to observe an effect on maturation. 

Although we were able to measure increased expression from the REl CAT (pSDK7) 

reporter constmct, we may not have been able to sufficiently relieve REST/NRSF-mediated 
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repression in RT4-B cells to yield detectable expression of the maturation-specific genes. 

Furthermore, Nail, a gene known to be repressed by REST/NRSF, was not expressed at a 

higher level when p73 was stably expressed. Other approaches also could have been taken 

to interfere with REST/NRSF activity, which may have been more effective than using the 

competitive inhibitor. These methods include the use of REST/NRSF antisense RNA or 

gene knockout studies. 

Conclusions 

Three possible conclusions may be drawn from the data presented in this chapter: 

(1) REST/NRSF may not be a master regulator of maturation in primitive neurons, (2) 

additional maturation-inducing factors may be required for RT4-B to undergo maturation or 

(3) RT4-B8 may be beyond the maturation stage at which REST/NRSF may exert its 

major function. These possible conclusions are discussed below. 

REST/NRSF may not be a master regulator of maturation 
in primitive neurons 

REST/NRSF has been reported to be both necessary and sufficient to repress the 

transcription of SCGIO and Nail in a variety of cell types including L6, HeLa and 

CH310T1/2 cells (Schoenherr and Anderson, 1995b; Chong et al., 1995; Kraner et al., 

1992). Additionally, REST/NRSF may be involved in the repression of over 30 different 

genes (Schoenherr et al., 1996). While these reports convincingly demonstrate that 

REST/NRSF is a powerful repressor of neuronal gene transcription in non-neuronal cells, 

they do not address the potentially different role(s) of REST/NRSF in primitive neurons. 

REST/NRSF may function differently in these early neuroblasts than in non-neuronal cell 

types because there may be a different complement of transcription factors expressed in 

each of these cell types. For example, RT4-B8 coexpresses REST/NRSF along with 
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SCGIO and Nail, although SCGIO and Nail are targets of REST/NRSF repression. It is 

possible that there exists a different mechanism for the expression of these genes in 

primitive neuroblasts than in non neuronal cell types. For example, we would have 

predicted that the expression of the Nail gene would increase when the function of 

REST/NRSF was partially inhibited, yet we were unable to observe any differences in Nail 

mRNA levels in a cell line stably expressing the p73 protein as compared to RT4-B cells. 

The observations that the REl-CAT (pSDK7) reporter is sensitive to REST/NRSF-

mediated repression in RT4-B cells, but Nail expression does not appear to be repressed 

by REST/NRSF in RT4-B cells may indicate that there are other transcription factors 

involved in the regulation of Nail expression in this cell line. These additional transcription 

factors may supersede the repressive action of REST/NRSF. It is plausible that certain 

transcription factors must be absent for REST/NRSF to function as a potent inhibitor of 

neuronal gene transcription. This hypothesis could be tested through promoter mapping 

smdies to examine which DNA elements in the Nail and SCGIO genes are required for 

activation in RT4-B cells. Through this analysis we may find that only after certain 

promoter elements are eliminated, REST/NRSF can repress the expression of these 

promoters. 

Additional maturation-inducing factors may be required 
for RT4-B to undergo maturation 

As previously discussed, the RT4 cell line family has been reported to mature upon 

the addition of cAMP and testosterone by extending long neurite-like processes (Droms and 

Sueoka 1987). In this report, we studied whether this morphological maturation was 

correlated with a change in REST/NRSF protein levels. We did not observe any 

differences in REST/NRSF expression as the cells underwent this maturation process. 

This is not surprising since previous studies have yet to detect a change in gene expression 
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as the neuronal derivatives undergo this morphological maturation (Donahue et al., 1996; 

Droms and Sueoka, 1987). The RT4 neuronal derivatives appear to be arrested in their 

maturation pathway because they express markers found only in very primitive neurons, 

but lack markers found in mature neurons (Donahue et al., 1996). It is also possible that 

other soluble factors are required for further maturation of the RT4 cells. In recent years, a 

number of candidate soluble factors have been described which have been proposed to 

regulate neuronal differentiation (review: Shah et al., 1994; Thoenen, 1991; Kingsley, 

1994) Candidate factors include the Bone Morphogenetic Proteins (BMP) subfamily of the 

TGF-P superfamily of proteins (Varley and Maxwell, 1996; Reissmann, et al., 1996), the 

neuregulins and the TGF-p superfamily of proteins (Shah et al., 1996; Marchionni et al., 

1993; Massague et al., 1994). Addition of these agents may be sufficient to induce further 

maturation of the RT4 cell lines, and thus decrease the levels of REST/NRSF expression. 

If this were the case, then gain of function experiments could be performed in which 

REST/NRSF was ectopically expressed and the cells could be stimulated to mature. The 

effect of REST/NRSF on this maturation event could be determined. Altematively, these 

factors may be required for maturation, but only promote maturation when the maturation-

inhibitory functions of REST/NRSF have been eliminated. 

Since REST/NRSF was reported to be involved in the repression of gene 

transcription, attenuation of REST/NRSF-mediated repression in the absence of positive 

transcription factors may not be sufficient for detectable transcriptional activation of the 

target gene. A set of transcription factors which activate the transcription of a given gene 

may be required in a given cell to initiate transcription of a particular gene. If this is the 

case, and if RT4-B8 cells do not express the transcription factors required to mature, the 

elimination of REST/NRSF activity would not be sufficient to induce maturation. This 

possibility could be explored by culturing the RT4-B-SC clones with different soluble 
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factors such as the BMP proteins, the neuregulins, the TGF-p superfamily of proteins, the 

neurotrophic factors or other candidate factors as they are discovered. 

RT4-B8 mav be bevond the maturation stage at which REST/NRSF 
mav exert its major function 

SCGIO is expressed in RT4-AC (the stem cell) and RT4-B (the neuronal 

derivative), but not in the other neuronal derivative RT4-E (Donahue et al., 1996). 

Moreover, the expression of REST/NRSF protein is lower in RT4-B as compared with the 

other RT4 cell lines (Fig. 5.1). It is possible that a gradual decrease in REST/NRSF 

expression leads to progressively more neuronal-specific gene expression. If this is the 

case, the expression of SCGIO and Nail in RT4-B may suggest that RT4-B is beyond the 

maturation point at which REST/NRSF is effective in the inhibition of neuronal-specific 

genes. RT4-B therefore, may be "permissive" for maturation, given the correct extemal 

cues. Furthermore, MAP2b and tau were detected via RT-PCR analysis in RT4-B. This 

finding further supports the hypothesis that RT4-B is maturation permissive, and may no 

longer be blocked by REST/NRSF. 

Summation and integration 

At the time this study was undertaken, it was not known if REST/NRSF 

wasinvolved in the maturation of primitive neurons. These experiments described here are 

an attempt to address this hypothesis. 

Additional techniques must be used to interfere with REST/NRSF function in order 

to understand the role(s) of REST/NRSF in maturation. These tools include REST/NRSF 

knockout mice, antisense RNA, or a tmly dominant negative version of REST/NRSF to 

perform more definitive in vitro experiments. 
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Table 4.1. Genes with consensus REl DNA elements. Data in table is adapted from 
(Schoenherr et al., 1996), with additional information from (Chong et al., 
1995), and (Wood et al., 1996). Binding activity was determined through 
EMSA analyses; silencing activity was assayed through reporter assays. * 
denotes genes which are not normally expressed in the nervous system, and nd 
indicates that this information has not been determined. 

Gene 
Rat SCGIO 
Rat type II sodium channel 
Human synapsin 
Rat BDNF 
Rat NMD A receptor 1 
Human nicotinic ACh receptor P2 

Chicken P4-tubulin 
Chicken middle neurofilament 
Human glycine receptor 
Rat glycine receptor 
Rat synaptophysin 
Human LI 
Rat atrial natriuretic peptide 
Mouse calbindin 
Rat GAB A-A receptor 6 subunit 

Rat nicotinic ACh receptor a7 
Mouse P-Lim 
Mouse Hes-3 
Human CRF 
Human olfactory receptor 
Mouse synaptotagmin IV 
Mouse AMPA receptor 
Rat VGF 
Rat proenkephalin 
m4 muscarinic ACh receptor 
Rat APRT * 
Sheep keratin * 
Mouse skeletal actin * 
Rr»A/iri/^ r . / l^n_1 l R * 

Binding activity 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
+ 
+ 
+ 
+ 
-1-

Silencing activity 
+ 
+ 
+ 
nd 
+ 
-1-

+ 
nd 
+ 
nd 
+ 
nd 
nd 
nd 
+ 
-

nd 
nd 
nd 
nd 
nd 
nd 

. nd 
nd 
+ 
nd 
+ 
nd 
+ 

Human p450-l lp* 

Human T-cell receptor p * 
Human myosin light chain * 
Mouse macrophage protein * 
Rat troponin T * 
Rat somatostatin transcription factor 

+ 

nd 
nd 

nd 

nd 
nd 
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Figure 4.1. REST/NRSF protein levels were unchanged when RT4 cells were cultured 
under maturation inducing conditions. Whole cell extracts were prepared from 
L6 myoblast cells and each of the RT4 cell lines grown under normal or 
maturation-inducing conditions (dbcAMP -i- testosterone; C/T). Twenty 
micrograms of each sample were subjected to immunoblot analysis using 
polyclonal antisemm specific for REST/NRSF. A 200 KD band was observed 
in L6 cells as a positive control, and in each of the RT4 cell lines, but not in 
HeLa cells. Upon a 10-fold longer exposure (inset), a 200 kDa band is 
detected in HeLa extracts. This immunoblot is representative of two 
experiments performed on the set of RT4 extracts used in this example, and 
one additional immunoblot performed on a separate set of RT4 extracts. A 
single set of extracts was used for HeLa and L6 cells. 
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Figure 4.2. REST/NRSF functions as a transcriptional repressor in RT4-B cells. L6 and 
RT4-B8 cells were transiently cotransfected with 25 \xg of either pSDK7 or 
pMB4 as reporters of REST/NRSF-mediated repression (pSDK7 is sensitive 
to repression by REST/NRSF and pMB4 is insensitive), along with 25 |j.g of 
the p73 expression constmct (p73 -i-) or 25 |ig of pcDNA3 vector (p73 -) and 2 
jXg of pGL3 (constitutivley active luciferase reporter as a transfection control). 
CAT and luciferase assays were performed on lysates prepared from 
transfected cells and data were presented as CAT activity / luciferase activity X 
10^ +/- standard error of 3 plates. Raw data from the CAT assays are 
presented above each bar (* indicates acetylated and # indicates unacetylated 
forms of chloramphenicol). This experiment was repeated once using 
duplicate plates and similar results were obtained. 
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Figure 4.3. Transient ectopic expression of p73 does not induce maturation in RT4-B 
cells. Whole cell extracts were prepared from PI rat brain (lane 1), NIH 3T3-
Ll cells (lane 2), RT4-B8 cells (lane 3), or RT4-B8 cells which had been 
transiently transfected with 25 |ig of the p73 expression constmct (lane 4). 
Twenty \ig of each sample was subjected to immunoblot analysis using 
antibodies specific for 8 different maturation-specific proteins. The asterisk in 
each immunoblot represents the expected size of the protein examined in each 
case. Bands of the expected sizes for each maturation-specific protein were 
detected in PI rat brain extracts as positive controls, but not in extracts of other 
cell lines examined. Similar results were observed for all of the immunoblots 
with a separate extract of RT4-B8 cells transiently transfected with the p73 
constmct. 
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Figure 4.4. Screen of REST/NRSF-mediated repression in RT4-B cell lines stably 
expressing p73. RT4-B8 cells, RT4-B8 cells transiently transfected with 25 
|Xg of the p73 constmct (p73 T), or RT4-B8 cell lines stably expressing p73 
(SC2-SC16), were transiently transfected with 25 |ig of pSDK7 (a reporter of 
REST/NRSF-mediated repression), and 2 |ig of pGL3 (as a control for 
transfection efficiency). CAT and luciferase assays were performed on lysates 
prepared from transfected cells and data were presented as CAT activity / 
luciferase activity X 10 .̂ 
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Figure 4.5. p73 is ectopically expressed in SC2, SC8 and SCI 1. Whole cell extracts were 
prepared from HeLa cells, HeLa+p73 cells (HeLa cells transiently transfected 
with 25 t̂g of the p73 constmct), RT4-B8 cells (B8), or three RT4-B8 cell 
lines stably expressing p73 (SC2, SC8 and SCI 1). Twenty |ig of protein was 
subjected to immunoblot analysis using a polyclonal antisemm specific for 
REST/NRSF. REST/NRSF protein was detected at 200 kDa (#) in RT4-B8 
and in SC2, SC8 and SCI I extracts. Putative tmncated versions of 
REST/NRSF (*) were observed in HeLa+p73 and SC2, SC8 and SCI 1, but 
not in untransfected HeLa or RT4-B8 extracts. Similar results were observed 
when this experiment was repeated two additional times using the same set of 
extracts. 
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Figure 4.6. Stable ectopic expression of p73 does not induce matuation of RT4-B cells. 
Whole cell extracts were prepared from PI rat brain (lane 1), NIH 3T3-L1 
cells (lane 2) and three RT4-B8 cell lines stably expressing p73 (SC2, lane 3; 
SC8, lane 4; and SCI 1, lane 5). In panel g (MAP2), RT4-B8 extracts (B8) 
were also included. Twenty jig of each sample was subjected to immunoblot 
analyses using antibodies specific for 8 different maturation-specific proteins. 
The asterisk in each immunoblot represents the expected size of the protein 
examined in each case. Bands of the expected sizes for each maturation-
specific protein were detected in PI rat brain extracts as positive controls, but 
not in extracts of other cell lines examined. Similar results were observed 
when this experiment was repeated one additional time using the same set of 
extracts. 
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Figure 4.7. Tau and MAP2b mRNAs were expressed in RT4-B and SCI 1 cell lines. 
mRNA was prepared from RT4-B8 (B8), SCI 1, and NIH 3T3 (3T3) cells, 
and total RNA was extracted from adult rat brain (AdRB). The RNA samples 
were DNAse treated and 100 ng was amplified by RT-PCR using primers 
specific for either tau or MAP2b. RT-PCR products were subjected to 
electrophoresis, and bands of the expected sizes for tau (*) and MAP2b (#) 
were observed in adult rat brain (as a positive control), RT4-B8 and SCI 1, but 
not in NIH 3T3 (as a negative control). 
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Figure 4.8. SCGIO and Nail mRNAs were expressed at similar levels in RT4-B and 
SCI Icell lines. RNase protection assays were performed in which 5 p-g of 
poly (A+) RNA isolated from RT4-B8 or SCI 1 cells was hybridized to 
radiolabled SCGIO or Nall-specific RNA probes. Unhybridized RNA was 
digested with RNase. Fragments which were protected from the digestion, 
through hybridization with the probe, were subjected to electrophoresis. 
Bands of the predicted size were detected in RT4-B8 and SCI 1, but not in 5 
jig of yeast RNA (Y). Undigested probe (P) is included to ensure the integrity 
of the probe. 
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CHAPTER V 

FUTURE DIRECTIONS 

Summation and general future directions 

The long term objectives of this project were twofold: 1) to identify transcription 

factors (both novel and previously identified) which may influence cell fate and/or 

mamration in the nervous system, and 2) to investigate the role(s) that these transcription 

factors may play in either the cell type-conversion event (the stem cell giving rise to the 

derivative cell types) and/or maturation of the RT4 derivative cell types. In the first phase 

of this project, five POU-domain genes (Oct-1, Oct-2, Bm-2, Bm-5 and Tst-1/SCIP), as 

well as REST/NRSF (a repressor of neuronal-specific gene expression) were shown to be 

expressed, and their expression levels characterized in the RT4 cell line family. We also 

reported that 4 candidate transcription factors (Bm-1, Bm-3, Bm-4 and MASH-1) were not 

expressed in the RT4 cell line family. The second phase of this project involved the 

elucidation of the possible role(s) of Tst-1/SCIP and REST/NRSF in the RT4 cell line 

family. Tst-1/SCIP was tested to assess whether it influenced the conversion event of the 

RT4 stem cell to the derivative cell types. The conversion frequency of the stem cell, RT4-

AC24 to the derivative cell types, was essentially unchanged when transfected with wild-

type Tst-1/SCIP, or a dominant-negative version of Tst-1/SCIP, or pcDNA3 vector alone. 

Although the conversion frequency among transfection groups (i.e., Tst-1/SCIP; Tst-

1/SCIPAN; pcDNA3 vector alone) was approximately the same in all of the derivative cell 

types, the total number of stably transfected colonies within the Tst-1/SCIP transfection 

group was considerably less than the other transfection groups. Subsequently, the role of 

REST/NRSF in the regulation of neuronal mamration was examined. We were able to 

demonstrate that the REST/NRSF-mediated repression of an REl-CAT reporter was at 

least partially relieved. However, we were unable to detect de novo expression of a set of 
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maturation-specific genes in RT4-B8, which would be expected to be expressed if the cell 

line had been stimulated to mature. 

Specific future directions 

The future directions of this project are focused on 3 specific aims. 

1. Examination of a set of mamration-specific marker genes via RT/PCR analysis in stable 

clones of RT4-B8 cells expressing p73 under maturation culture conditions. 

2. Examination of the expression pattems of Bm-2, Bm-5, Oct-2, Tst-1/SCIP and 

REST/NRSF in different clones of RT4-AC which differ from RT4-AC24 in the set of 

derivative cell types they are capable of generating. 

3. Examination of the functional role(s) of Bm-2 in RT4. 

Examination of a set of maturation-specific marker genes via RT/PCR 
analysis in stable clones of RT4-B8 cells expressing p73 under 
maturation culture conditions 

Immunoblot analysis was used as a tool to assess whether maturation-specific 

genes were expressed in RT4-B8 upon transfection of that cell line with the dominant-

negative REST/NRSF constmct. As noted in Chapter IV, elimination of a negative 

influence on gene transcription may not be sufficient to activate transcription of that gene at 

levels sufficient for detection by immunoblot analysis. RT/PCR analysis is a more sensitive 

tool for detecting gene expression than immunoblot analysis, and thus could possibly detect 

the de novo expression of a particular gene which may not be detected via immunoblot 

analysis. Since we would expect to observe de novo expression of the maturation-specific 

markers that were examined in Chapter IV if RT4-B8 was induced to mature, the RT/PCR 

experiments would not have to be quantitative RT/PCR studies, but a very sensitive "on or 

off assay for these markers. A partial loss of REST/NRSF function may be sufficient to 

result in a small, but significant amount of target gene transcription. RT/PCR analysis is 
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more sensitive than immunoblot analysis for detecting the amount of gene transcription 

expected in this scenario. 

Examination of the expression patterns of Bm-2. Bm-5. Oct-2. 
Tst-1/SCIP and REST/NRSF in different clones of RT4-AC 
and the derivative cell tvpes thev are capable of generating 

In the initial reports of the characterization of the RT4 cell line family, a number of 

different stem cell clones were described which differed in the compliment of lineage-

restricted daughter cell types which they could produce (Imada and Sueoka 1978). As 

presented in Table 5.1, at least 10 distinct RT4 stem cell lines exist. Only one of these stem 

cell lines, RT4-51 -AC24-2 has been reported to give rise to all three derivatives. RT4-51-

AC14-1 for example only gives rise to the neuronal derivative, RT4-E while RT4-51-

AC14-3 gives rise to the neuronal derivative, RT4-B, and the glial derivative (RT4-D) but 

not RT4-E. 

If the POU domain genes identified in Chapter II are involved in the cell type-

conversion event observed in RT4, then the pattem of expression of these transcription 

factors may correlate with the restricted lineage potential of these different RT4 stem cells. 

For example, the expression of Bm-2 can be examined in the 10 RT4 stem cell lines 

presented in Table 5.1. If Bm-2 was only expressed in the RT4 stem cell clones that gave 

rise to the glial derivative, it could be hypothesized that Bm-2 may be involved in cell type 

conversion in RT4. This hypothesis could be directly tested by exogenously expressing 

Bm-2 in the stem cell lines which expressed lower levels of Bm-2. Through this Bm-2 

gain of function study we could test whether Bm-2 is involved in cell fate in the RT4 cell 

line family. 
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Examination of the functional rolefs) of Bm-2 in RT4 

Bm-2 is a POU domain-containing gene which is expressed in the RT4 stem cell, 

RT4-AC and the glial derivative, RT4-D, but not in the RT4 neuronal derivatives, RT4-B 

and -E. The observation that Bm-2 segregates with the glial lineage upon lineage 

commitment is consistent with the observation that Bm-2 is expressed in oligodendrocytes, 

the CNS counterpart to the Schwann cell (Rosenfeld, M.G., unpublished observation). 

Work done by Fujii and Hamada (1993) suggests that Bm-2 is required for PI9 cells to 

differentiate into neurons and astrocytes (Fujii and Hamada 1993). Furthermore, as 

discussed in Chapter II, when Bm-2 expression is blocked through antisense Bm-2 

constmcts in a melanoma cell line, the cell line lost all melanocyte-specific markers, 

suggesting that Bm-2 was required for the maintenance of that cell type (Eisen et al., 

1995). 

Since Bm-2 is expressed in a cell type-specific expression pattem in RT4 cells, and 

has been reported to influence differentiation in 2 other in vitro models of differentiation, 

we hypothesize that Bm-2 may be important for lineage determination and/or maturation of 

the RT4 cell lines. To investigate the possible role(s) of Bm-2 in the RT4 cell line family, a 

dominant-negative constmct or an antisense constmct will be transfected into the stem cell, 

RT4-AC24. The methodology described in Chapter HI for assaying the effect of Tst-

1/SCIP on cell fate commitment of RT4-AC24 can be used to assess the role(s) of Bm-2 on 

cell fate determination of RT4-AC24. 
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Table 5.1. Derivation of B, D and E cells from different 
RT4-AC clones. Adapted from (Imada and Sueoka 1978). 

RT4-AC cell lines 

RT4-51-AC14-1 
RT4-51-AC14-2 
RT4-51-AC14-3 
RT4-51-AC20-1 
RT4-51-AC23-1 
RT4-51-AC23-3 
RT4-51-AC23-4 
RT4-51-AC24-2 
RT4-51-AC24-3 

Derivative cell 
RT4-B 

+ 
+ 

+ 

RT4-E 
+ 

-1-
+ 
+ 
+ 
+ 

types 
RT4-D 

+ 
+ 

+ 

86 



REFERENCES 

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J.D. (1994). Molecular 
Biology of the Cell (3 ed.). New York: Garland Publishing, Inc. 

Alvarez-Bolado, G., Rosenfeld, M. G., Swanson, L. C. (1995) Model of forebrain 
regionalization based on spatiotemporal pattems of POU-in homeobox gene 
expression, birthdates, and morphological features. J Comp Neurol 355:237-295. 

Andersen, B., Schonemann, M. D., Pearse II, R. V., Jenne, K., Sugarman, J., 
Rosenfeld, M. G. (1993) Bm-5 is a divergent POU domain factor highly expressed 
m layer IV of the neocortex. J Biol Chem 268:23390-23398. 

Anderson, D. J. (1995) Spinning skin into neurons. Curr Biol 5:1235-1238. 

Anderson, D.J, Camahan, J.F., Michelsohn, A., Patterson, P.H. (1991) Antibody 
rnarkers identify a common progenitor to sympathetic neurons and chromaffin cells in 
vivo and reveal the timing of commitment to neuronal differentiation in the 
sympathoadrenal lineage. J Neurosci 11:3507-3519. 

Anderson, D.J. (1989) The neural crest cell lineage problem: neuropoiesis? Neuron 3:1-

Anderson, D.J. (1994) Stem cells and transcription factors in the development of the 
mammalian neural crest. FASEB J. 8:707-713. 

Anderson, D.J., Axel, R. (1986) A bipotential neuroendocrine precursor whose choice of 
cell fate is determined by NGF and Glucocorticoids. Cell 47:1079-1090. 

Angus, J., Thomson, F., Murphy, K., Baker, E., Sutherland, G. R., Parsons, P. G., 
Sturm, R. A. (1995) The bm-2 gene regulates the melanocytic phenotype and 
tumorigenic potential of human melanoma cells. Oncogene 11:691-700. 

Baroffio, A., Dupin, E., Le Douarin, N.M. (1988) Clone-forming ability and 
differentiation potential of migratory neural crest cells. Proc Nad Acad Sci USA 
85:5325-5329. 

Bermingham, J. R., Scherer, S. S., O'Connell, S., Arroyo, E., Kalla, K. A., Powell, F. 
L., Rosenfeld, M. G. (1996) Tst-l/Oct-6/SCIP regulates a unique step in peripheral 
myelination and is required for normal respiration. Genes & Dev 10:1751-1762. 

Biggin, M.D., McGinnis, W. (1997) Regulation of segmentation and segmental identity by 
Drosophila homeoproteins: the role of DNA binding in functional activity and 
specificity. Dev 124(22):4425-4433. 

Bronner-Fraser, M. (1995) Origins and developmental potential of the neural crest. Exp 
Cell Res. 218:405-417. 

Buckingham, M. (1992) Making muscle in mammals. Trends in Genetics 8:144-149. 

87 

!>PIIJJl. V 



Charron, J., Malynn, B.A., Fisher, P., Stewart, V., Jeannotte, L., Goff, S.P., 
Robertson, E.J., Alt, F.W. (1992) Embryonic lethality in mice homozygous for a 
targeted dismption of the N-myc gene. Genes Dev. 6:2248-2257. 

Chong, J. A., Tapia-Ramirez, J., Kim, S., Toledo-Aral, J. J., Zheng, Y., Boutros, M. 
C , Altshuller, Y. M., Frohman, M. A., Kraner, S. D., Mandel, G. (1995) REST: a 
mammalian silencer protein that restricts sodium channel gene expression to neurons. 
Cell 80:949-957. 

Collarini, E. J., Kuhn, R., Marshall, C. J., Monuki, E. S., Lemke, G., Richardson, W. 
D. (1992) Down-regulation of the POU transcrition factor SCIP is an early event in 
oligodendrocyte differentiation in vitro. Dev 116:193-200. 

Collarini, E. J., Pringle, N., Mudhar, H., Stevens, G., Kuhn, R., Monuki, E. S., Lemke, 
G., Richardson, W. D. (1991) Growth factors and transcription factors in 
oligodendrocyte development. J Cell Sci 15:117-123. 

Cooperman, S.S., Gmbman, S.A., Barchi, R.L., Goodman, R.H., Mandel, G., (1987) 
Modulation of sodium-channel mRNA levels in rat skeletal muscle. Proc Nad Acad 
Sci USA 84:8721-8725. 

Davis, R.L., Weintraub, H., Lassar, A.B. (1987) Expression of a single transfected cDNA 
converts fibroblasts to myoblasts. Cell 51:987-1000. 

Debus, Weber, K., Osbom, M. (1983) Monoclonal antibodies specific for glial fibrillary 
acidic (GFA) protein and for each of the neurofilament triplet polypeptides. 
Differentiation 25:193-203. 

Dent, C. L., Lillycrop, K. A., Estridge, J. K., Thomas, N. S. B., Latchman, D. S. 
(1991) The B-cell and neuronal forms of the octamer-binding protein Oct-2 differ in 
DNA-binding specificity and functional activity. Mol Cell Biol 11:3925-3930. 

Dimitroulakos, J., Squire, J., Pawlin, G., Yeger, H. (1994) NUB-7: a stable I-type 
human neuroblastoma cell line inducible along N- and S-type cell lineages. Cell 
Growth and Differentiation 5:373-384. 

Donahue, L. M., Coates, P. W., Reinhart, A. J. (1996) Characterization of developmental 
stage and neuronal potential of the rat PNS-derived stem cell line, RT4-AC. Dev 
Brain Res 94:67-80. 

Donahue, L. M., Schaller, K., Sueoka, N. (1991) Segregation of Na"^-channel gene 
expression during neuronal-glial branching of a rat PNS-derived stem cell line, RT4-
AC. Dev Biol 147:415-424. 

Donahue, L. M., Stein, G. H. (1988) High efficiency DNA-mediated transformation of 
human diploid fibroblasts. Oncogene 3:221-224. 

Droms, K., Sueoka, N. (1987) Cell-type-specific responses of RT4 neural cell lines to 
dibutyryl-cAMP: Branch determination versus maturation. Proc Natl Acad Sci USA. 
84:1309-1313. 

88 

K v 



Duboule, D., and Dolle, P. (1989). The stmctural and functional organization of the 
murine HOX gene family resembles that of Drosophila homeotic genes. EMBO J. 8: 
1497-1505. 

Eisen, T., Easty, D. J., Bennett, D. C , Coding, C. R. (1995) The POU domain 
transcription factor Bm-2: elevated expression in malignant melanoma and regulation 
of melanocyte-specific gene expression. Oncogene 11:2157-2164. 

Fedtsova, N. G., Tumer, E. E. (1995) Bm-3.0 expression identifies early post-mitotic 
CNS neurons and sensory neural precursors. Mech Dev 53:291-304. 

Finney, M., Ruvkun, G. (1990) The unc-86 gene product couples cell lineage and cell 
identity in C. elegans. Cell 63:895-905. 

Freeman, M. R., Sueoka, N. (1987) Induction and segregation of glial intermediate 
filament expression in the RT4 family. Proc Natl Acad Sci USA 84:5808-5812. 

Fujii, H., Hamada, H. (1993) A CNS-specific POU transcription factor, Bm-2, is required 
for establishing mammalian neural cell lineages. Neuron 11:1197-1206. 

Gerrero, M. R., McEvilly, R. J., Tumer, E., Lin, C. R., O'Connell, S., Jenne, K. J., 
Hobbs, M. v., Rosenfeld, M. G. (1993) Bm-3.0: A POU-domain protein expressed 
in the sensory, immune, and endocrine systems that functions on elements distinct 
from known octamer motifs. Proc Nad Acad Sci USA 90:10841-10845. 

Ghysen, A., Dambly-Chaudiere, C. (1989) Genesis of the Drosophila peripheral nervous 
system. Trends in Genetics 5:251-255. 

Guillemot, F., Lo, L-C, Johnson, J. E., Auerbach, A., Anderson, D. J., Joyner, A. L. 
(1993) Mammalian achaete-scute homolog 1 is required for the early development of 
olfactory and autonomic nerons. Cell 75:463-476. 

Haag, M.M., Soukup, S.W., Sueoka, N. (1984) Clonal sublines of rat RT4 and cell 
differentiation. Dev Biol 104:240-246. 

Hagiwara, N., Imada, S., Sueoka, N. (1993) Cell-type specific segregation of 
transcriptional expression of glial genes in the rat peripheral neurotumor RT4 cell 
lines. J Neurosci Res 36:646-656. 

Halevy, O., Novitch, B.G., Spicer, D.B., Skapek, S.X., Rhee, J., Hannon, G.J., Beach, 
D., Lassar, A.B. (1995) Correlation of teminal cell cycle arrest of skeletal muscle 
with induction of p21 by MyoD. Science 267:1018-1021. 

Hara, Y., Rovescalli, A. C , Kim, Y., and Nirenberg, M. (1992). Stmcture and evolution 
of four POU domain genes expressed in mouse brain. Proc. Natl. Acad. Sci. USA 
89:3280-3284. 

Hasty, P., Bradley, A., Morris, J.H., Edmondson, D.G., Venuti, J.M., Olson, E.N., 
Klein,W.H. (1993) Muscle deficiency and neonatal death in mice with a 
targeted mutation in the myogenin gene. Namre 364:501-506. 

89 



He, X., Gerrero, R., Simmons, D. M., Park, R. E., Lin, C. R., Swanson, L. W., 
Rosenfeld, M. G. (1991) Tst-1, a member of the POU domain gene family, binds the 
promoter of the gene encoding the cell surface adhesion molecule Po. Mol Cell Biol 
11:1739-1744. 

He, X., Treacy, M. N., Simmons, D. M., Ingraham, H. A., Swanson, L. W. (1989) 
Expression of a large family of POU-domain regulatory genes in mammalian brain 
development. Nature 340:36-42. 

Herr, W., Stmm, R. A., Clerc, R. G., Corcoran, L. M., Baltimore, D., Sharp, P. A., 
Ingraham, H. A., Rosenfeld, M. G., Finney, M., and Ruvkun, G. (1988). The POU 
domain: a large conserved region in the mammalian pit-1, oct-1, oct-2, and 
caenorhabditis elegans unc-86 gene products. Genes Dev 2:1513-1536. 

Hunt, P., and Kmmlauf, R. (1991). Deciphering the HOX code: clues to patteming 
branch regions of the head. Cell 66:1075-1078. 

Imada, M., Sueoka, N. (1978) Clonal sublines of rat neurommor RT4 and cell 
differentiation. I. Isolation and characterization of cell lines and cell type 
conversion. Dev Biol 66:97-108. 

Imada, M., Sueoka, N., Rifkin, D. B. (1978) Clonal sublines of rat neurotumor RT4 and 
cell differentiation. II. A conversion coupling of tumorigenicity and a glial property. 
Dev Biol 66:109-116. 

Jaegle, M., Mandemakers, W., Broos, L., Zwart, R., Karis, A., Visser, P., Grosveld, 
F., and Meijer, D. (1996). The POU factor Oct-6 and Schwann cell differentiadon. 
Science 273:507-510. 

Johnson, J. E., Birren, S. J., Anderson, D. J. (1990) Two rat homologues of Drosophila 
achaete-scute specifically expressed in neuronal precursors. Nature 346:858-861. 

Kageyama, R., Sasai, Y., Akazawa, C , Ishibashi, M., Takebayashi, K., Shimizu, C , 
Tomita, K., Nakanishi, S. (1995) Regulation of mammalian neural development by 
helix-loop-helix transcription factors. Crit Rev Neurobio 9:177-188. 

Kaiser, K., Meisteremst, M., (1996) The human general co-factors. Trends Biochem. 
Sci. 21(9):342-345. 

Kingsley, D.M. (1994) The TGF-p superfamily: new members, new receptors, and new 
genetic tests of function in different organisms. Genes Dev. 8:133-146. 

Kraner, S.D., Chong, J.A., Tsay, H.-J., Mandel, G. (1992) Silencing the type II sodium 
channel gene: a model for neural-specific gene regulation. Neuron 9:37-44. 

Kmmlauf, R. (1994) Hox genes in vertebrate development. Cell 78:191-201. 

Lassar, A., Munsterberg, A. (1994) Wiring diagrams: regulatory circuits and the control 
of skeletal myogenesis. Curr Opin in Cell Biol 6:432-442. 

90 



Le Douarin, N.M., Dupin, E. (1993) Cell lineage analysis in neural crest ontogeny. J 
Neurobiol 24:146-161. 

Lemke, G., Axel. R. (1985) Isolation and sequence of a cDNA encoding the major 
stmctural protein of peripheral myelin. Cell 40:501-508. 

Li, S., Crenshaw III, E.B., Rawson, E.J., Simmons, D.M., Swanson, L.W., Rosenfeld, 
M.G. (1990) Dwarf locus mutants lacking three pimitary cell types result from 
mutations in the POU-domain gene pit-1. Nature 347:528-533. 

Lillycrop, K. A., Latchman, D. S. (1992) Altemative splicing of the Oct-2 transcription 
factor RNA is differentially regulated in neuronal cells and B cells and results in 
protein isoforms with opposite effects on the activity of octamer/TAATGARAT-
containing promoters. J Biol Chem 267:24960-24965. 

Liu, Y-Z., Lillycrop, K. A., Latchman, D. S. (1995) Regulated splicing of the Oct-2 
transcription factor RNA in neuronal cells. Neurosci Letters 183:8-12. 

Lo, L-C, Johnson, J. E., Wuenschell, C. W., Saito, T., Anderson, D. J. (1991) 
Mammalian achaete-scute homolog 1 is transiently expressed by spatially restricted 
subsets of early neuroepithelial and neural crest cells. Genes & Dev 5:1524-1537. 

Maldonado, E. and Reinberg, D. News on initiation and elongation of transcription by 
RNA polymerase H. (1995) Curr Opin Cell Biol. 7(3):352-361. 

Marchionni, M.A. et al.,(1993) Glial growth factors are altenativley spliced erbB2 ligands 
expressed in the nervous system. Nature 362:312-318. 

Massague, J., Attisano, L., Wrana, J.L. (1994) The TGF-p family and its composite 
receptors. Trends in Cell Biol 4:172-178. 

Monuki, E. S., Kuhn, R., Lemke, G. (1993) Repression of the myelin Po gene by the 
POU transcription factor SCIP. Mech Dev 42:15-32. 

Monuki, E. S., Kuhn, R., Weinmaster, G., Trapp, G., Lemke, G. (1990) Expression and 
activity of the POU transcription factor SCIP. Science 249:1300-1303. 

Monuki, E. S., Weinmaster, G., Kuhn, R., Lemke, G. (1989) SCIP: a glial POU domain 
gene regulated by cyclic AMP. Neuron 3:783-793. 

Mori, N., Schoenherr, C , Vandenbergh, D.J., Anderson, D.J. (1992) A common 
silencer element in the SCGIO and type II Na-I- channel genes binds a factor present 
in nonneuronal cells but not in neuronal cells. Neuron 9(l):45-54. 

Nakai, S., Kawano, H., Yudate, T., Nishi, M., Kuno, J., Nagata, A., Jishage, K., 
Hamada, H., Fujii, H., Kawamura, K., Shiba, K., Noda, T. (1995) The POU 
domain transcription factor Bm-2 is required for the determination of specific 
neuronal lineages in the hypothalamus of the mouse. Genes & Dev 9:3109-3121. 

91 



Nishimura, E., Sasaki, K., Mamyama, K., Tsukada, T., Yamaguchi, K. (1996) Decrease 
in neuron-restrictive silencer factor (NRSF) mRNA levels during differentiation of 
cultured neuroblastoma cells. Neurosci Let 211:101-104. 

Orphanides, G., Lagrange, T., Reinberg, D. (1996) The general transcription factors of 
RNA polymerase II. Genes & Dev l:10(2I):2657-2683. 

Peterson, M.G., Tjian, R.(1992) The tell-tail trigger. Namre 358:620-621. 

Quinn, J.P. (1996) Neuronal-specific gene expression ~ the interaction of both positive 
and negative transcriptional regulators. Prog in Neurobiol 50:363-379. 

Reissmann, E., Ernsberger, U., Frances-West, P.H., Rueger, D., Brickell, P.M., Rohrer, 
H. (1996) Involvement of bone morphogenetic protein-4 and bone morphogenetic 
protein-7 in the differentiation of the adrenergic phenotype in developing sympathetic 
neurons. Dev 122:2079-2088. 

Roeder, R.G. (1991) The complexities of eukaryotic transcription initiation: regulation of 
preinitiation complex assembly. Trends in Biochem Sci 16:402-408. 

Rosenfeld, M. G. (1991) POU-domain transcription factors: pou-er-ful developmental 
regulators. Genes & Dev 5:897-907. 

Roush, W. (1996) "Smart" genes use many cues to set cell fate. Science 272:652-653. 

Sawai, S., Shimono, A., Wakamatsu, Y., Palmes, C , Hanaoka, K., Kondoh, H. (1993) 
Defects of embryonic organogenesis resulting from targeted dismption of the N-myc 
gene in mouse. Dev 117:1445-1455. 

Sambrook, J., Fritsch, E.F., Maniatis, T., (1989) Molecular cloning: a laboratory manual 
(2nd. edition) Cold Spring Harbor, New York: Cold Spring Harbor Laboratory. 

Scheidereit, C , Heguy, A., Roeder, R. G. (1987) Identification and purification of a 
human lymphoid-specific octamer binding protein (OTF-2) that activates transcription 
of an immunoglobulin promoter in vitro. Cell 51:783-793. 

Scherer, S. S., Wang, D., Kuhn, R., Lemke, G., Wrabetz, L., Kamholz, J. (1994) 
Axons regulate Schwann cell expression of the POU transcription factor SCIP. J 
Neurosci 14:1930-1942. 

Schoch, S., Cibelli, G., Thiel, G. (1996) Neuron-specific gene expression of synapsin I. J 
Biol Chem 271:3317-3323. 

Schoenherr, C. J., Anderson, D. J. (1995a) The neuron-restrictive silencer factor (NRSF): 
a coordinate repressor of multiple neuron-specific genes. Science 267:1360-1363. 

Schoenherr, C. J., Anderson, D. J. (1995b) Silencing is golden: negative regulation in the 
control of neuronal gene transcription. Curr Opin Neurobio 5:566-571. 

92 



Schoenherr, C.J., Paquette, A.J., Anderson, D.J. (1996) Identification of potential target 
genes for the neuron-restrictive silence factor. Proc Nati Acad Sci USA 93:9881-
9886. 

Scholer, H. R., Hatzopoulos, A. K., Balling, R., Suzuki, N., Gruss, P. (1989) A family 
of octamer-specific proteins present during mouse embryogenesis: evidence for 
germline-specific expression of an Oct factor. EMBO J 8:2543-2550. 

Schonemann, M. D., Ryan, A. K., McEvilly, R. J., O'Connell, S. M., Arias, C. A., 
Kalla, K. A., Li, P., Sawchenko, P. E., Rosenfeld, M. G. (1995) Development and 
survival of the endocrine hypothalamus and posterior pituitary gland requires the 
neuronal POU domain factor Bm-2. Genes & Dev 9:3122-3135. 

Sekiguchi, M., Oota, T., Sakakibara, K., Inui, N., Fujii, G. (1979) Establishment and 
characterization of a human neuroblastoma cell line in tissue culture. Japan J Exp Med 
49:67-83. 

Selleck, M. A. J., Scherson, T. Y., and Bronner-Fraser, M. (1993). Origins of Neural 
crest diversity. Dev Biol 159: 1-11. 

Serbedzija, G.N., Bronner-Fraser, M., Eraser, S.E. (1994) Developmental potential of 
tmnk neural crest cells in the mouse. Dev 20:1709-1718. 

Shah, N.M., Groves, A.K., Anderson, D.J. (1996) Alternative neural crest cell fates are 
instmctively promoted by TGF-p superfamily members. Cell 85:331-343. 

Shah, N.M., Marchionni, M.A., Isaacs, I., Stroobant, P., Anderson, D.J. (1994) Glial 
growth factor restricts mammalian neural crest stem cells to a glial fate. Cell 77:349-
360. 

Sherman, L., Stocker, K. M., Morrison, R., Ciment, G. (1993) Basic fibroblast growth 
factor (bFGF) acts intracellularly to cause the transdifferentiation of avian neural 
crest-derived Schwann cell precursors into melanocytes. Dev 118:1313-1326. 

Sieber-Blum, M., Cohen, A.M. (1980) Clonal analysis of quail neural crest cells: they are 
pluripotent and differentiate in vitro in the absence of noncrest cells. Dev Biol 80:96-
106. 

Simpson, P. (1995) Positive and negative regulators of neural fate. Neuron 15:739-742. 

Skapek, S.X., Rhee, J., Spicer, D.B., Lassar, A.B. (1995) Inhibition of myogenic 
differentiation in proliferating myoblasts by cyclin Dl-dependent kinase. Science 
267:1022-1024. 

Sommer, L., Shah, N., Rao, M., Anderson, D. J. (1995) The cellular function of MASHl 
in autonomic neurogenesis. Neuron 15:1245-1258. 

Stanton, B.R., Perkins, A.S., Tessarollo, L., Sassoon, D.A., Parada, L.F. (1992) Loss 
of N-myc function results in embryonic lethality and failure of epithelial component 
of the embryo to develop. Genes & Dev. 6:2235-2247. 

93 



Stemple, D.L., Anderson, D.J. (1992) Isolation of a stem cell for neurons and glia from 
mammalian neural crest. Cell 71:973-985. 

Stoykova, A. S., Sterrer, S., Erselius, J. R., Hatzopoulos, A. K., Gmss, P. (1992) Mini-
Oct and Oct-2c: two novel, functionally diverse Oct-2 gene products are differentially 
expressed in the CNS. Neuron 8:541-558. 

Sturm, R. A., Das, G., Herr, W. (1988) The ubiquitous octamer-binding protein Oct-1 
contains a POU domain with a homeo box subdomain. Genes & Dev 2:1582-1599. 

Suzuki, N., Rohdewohld, H., Neuman, T., Gmss, P., Scholer, H. R. (1990) Oct-6: a 
POU transcription factor expressed in embryonal stem cells and in the developing 
brain. EMBO J 9:3723-3732. 

Tapia-Ramirez, J., Eggen, B. J. L., Peral-Rubio, M. J., Toledo-Aral, J. J., and Mandel, 
G. (1997). A single zinc finger motif in the silencing factor REST represses the 
neural-specific type n sodium channel promoter. Proc Natl Acad Sci USA 94:1177-
1182. 

Thoenen, H. (1991) The changing scene of neurotrophic factors. Trends in Neurosci 
14:165-170. 

Tomozawa, Y., Sueoka, N. (1978) In vitro segregation of different cell lines with 
neuronal and glial properties from a stem cell line of rat neurotumor RT4. Proc Nati 
Acad Sci USA 75:6305-6309. 

Tomozawa, Y., Sueoka, N., Miyake, M. (1985) Clonal sublines of rat neurotumor RT4 
and cell differentiation. Dev Biol 108:503-512. 

Treacy, M. N., Rosenfeld, M. G. (1992) Expression of a family of POU-domain protein 
regulatory genes during development of the central nervous system. Annu Rev 
Neurosci 15:139-165. 

Tsokos, M., Scarpa, S., Ross, R.A., Triche, T.J. (1987) Differentiation of human 
neuroblastoma recapitulates neural crest development. Am J Pathol 128:484-496. 

Varley, J.E., Maxwell, G.D. (1996) BMP-2 and BMP-4, but not BMP-6, increase the 
number of adrenergic cells which develop in quail tmnk neural crest cultures. Exp 
Neurol 140:84-94. 

Verrijzer, C. P., and Van der Vliet, P. C. (1993). Pou domain transcription factors. 
Biochim Biophys Acta 1173: 1-21. 

Wakamatsu, Y., Watanabe, Y., Nakamura, H., Kondoh., H. (1997) Regulation of the 
neural crest cell fate by N-myc: promotion of ventral migration and neuronal 
differentiation. Dev 124:1953-1962. 

Wegner, M., Drolet, D.W., Rosenfeld, M.G. (1993) Regulation of JC vims by the POU-
domain transcription factor Tst-1: implications for progressive multifocal 
leukoencephalopathy. Proc Nati Acad Sci U S A . 90(10):4743-4747. 

94 



Weinstein, D. E., Burrola, P. G., Lemke, G. (1995) Premature Schwann cell 
differentiation and hypermyelination in mice expressing a targeted agonist of the POU 
transcription factor SCIP. Mol Cell Neurosci 6:212-229. 

Weintraub, H. (1993) The MyoD family and myogenesis: redundancy, networks, and 
thresholds. Cell 75(7): 1241-1244. 

Wirth, T., Priess, A., Annweiler, A., Zwilling, S., Oeler, B. (1990) Multiple Oct-2 
isoforms are generated by altemative splicing. Nuc Acids Res 19:43-51. 

Wood, I.e., Roopra, A., Buckley, N.J. (1996) Neural specific expression of the m4 
muscarinic acetylcholine receptor gene is mediated by a REl/NRSE-type silencing 
element. J Biol Chem 271:14221-14225. 

95 

K v 



APPENDIX A 

DNA CONSTRUCTS 
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Tst-1/SCIP coding sequence 

\ 

pTst-1/SCIP DNA binding domain Transcriptional 
effector domain 

714 bp deletion 

pTst-1/SCIPAN DNA binding domain 

psiteAluc 

Luciferase reporter 

7 
One copy of the Tst-1/SCIP binding 
site A from the JC viral promoter 
(Wegner, et al., 1993) 

Rat minimal prolactin promoter 

Figure A. 1. Chapter III DNA constmcts. For use in studies described herein, the coding 
sequences for Tst-1/SCIP and Tst-1/SCIPAN were subcloned into the 
pcDNA3 vector (Invitrogen, Carlsbad, CA). pTst-1/SCIP and pTst-
1/SCIPAN constmcts were provided by M.G. Rosenfeld (UCSD). psiteAluc 
was provided by M. Wegner (Univeritat Hamburg). 
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REST/NRSF REP. 
Domain 

DNA binding domain REP. 
Domain 

p73 DNA binding domain 

REl-CAT 
(pSDK7) 

REl Nan minimal 
promoter 

CAT reporter 

pMB4 Nail minimal 
promoter 

CAT reporter 

Figure A.2. Chapter IV DNA constmcts. The REST/NRSF and p73 expression plasmids, 
and the RE-CAT (pSDK7) and pMB4 reporter constmcts were provided by G. Mandel 
(SUNY, Stony Brook, NY). 
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MAP2 gene stmcture 

atg 
L 

9-11 
4089bp 

2^ 2b2 tga 

tau gene stmcture 

atg 
L ^ 

t4 

2 
87bp 

3 
87bp 

10 
93bp 

tga 

Figure A.3. Position of primers for RT-PCR amplification of MAP2 and tau. Gene 
stmcture and PCR primer locations for MAP2 and tau. Reproduced from 
figure 1; Muller, et al., (1997). The PCR primers are indicated above the 
gene stmcmre. Differentially spliced exons in the MAP2 and tau genes are 
numbered in bold type, and the shaded exon in each gene stmcmre indicates 
the differentially spliced exon which is included or excluded in the MAP2 and 
tau PCR products. 
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Clone 91 vs. Bm-5 in Genbank: 

C l o n e 9 1 : 37 ACACATCACACCCAAGAGTGCCCAGAAGCrcAAGCCGGTTTTGGAAAAGCGGTTGAACGA 96 

I M I M I I I M I I I I M I I I M I M I I I I I I I I I I I I I I I I I I i l l l l M I I M I I M 

Bm-5: 1350 AGACATCACACCCAAGAGTGCCCAGAAGCTGAAGCCGGTTTTGGAAAAGTGGTTGAACGA 1409 

Clone 91: 97 GGCAGAGCTCCGGAACCAGGAAGGCCAGCAGAATCTGATGGAGTTTGTGGGTGGTGAGCC 156 

l l l i M M I I M I I I I I I I I I I M M I I I I I I M I I I i l l l l l M M I I I I 11 M i l l 

Bm-5: 1410 GGCAGAGCTCCGGAACCAGGAAGGCCAGCAGAATCTGATGGAGTTTGTGGGCGGCGAGCC 1469 

Clone 91: 180 TCCTTCACACCACAGGCCATAGAGGCTCTCAATGCCTACTTTGAGAAAAACCCCCTGCCC 239 

I I I I M I I I M I I I I I M I I M I I I I I I I I I I I M I I I I I I I I I I I I I I I I I M M I I I I 

Bm-5: 1495 TCCTTCACACCACAGGCCATAGAGGCTCTCAATGCCTACTTTGAGAAAAACCCCCTGCCC 1554 

Clone 91: 240 ACCGGCCAGGAGATCACCGAGATCGCTAAGGAGCTCAACTATGACCGCGAG 290 

I I I I M I I I I I I M I I I I M I I I I I I M I I M I I I M I I I I I I I I I I I I M 
B m - 5 : 1555 ACCGGCCAGGAGATCACCGAGATCGCTAAGGAGCTCAACTATGACCGCGAG 1605 
Clone AC4 v s . Oct-2 i n Genbank: 

C l o n e AC4: 6 CAAAGGACAATCTGCCGGTTCGAGGCCCTTAACCTGAGCTTCAAGAACATGTGTAAACTC 65 

MM I I I II I I I I M M M M M M M M M I M M M M M M M M I M M M 

Oct-2: 58 CAAACGACCATTTCCCGCTTCGAGGCCCTTAACCTGAGCTTCAAGAACATGTGTAAACTC 117 

Clone AC4 66 AAGCCCCTCCTGGAGAAGTGGCTCAACGACGCAGAGACTATGTCTGTGGATTCAAGCCTA 125 

M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M 

Oct-2: 118 AAGCCCCTCCTGGAGAAGTGGCTCAACGACGCAGAGACTATGTCTGTGGATTCAAGCCTA 177 

Clone AC4: 126 CCCAGCCCAAACCAGCTGAGCAGCCCCAGCCTGGGTTTCGACGGGCTGCCGGGGCG 181 

M M I M M M M M M M M M M M M M M M M M M M M M I M M M M 
O c t - 2 : 178 CCCAGCCCAAACCAGCTGAGCAGCCCCAGCCTGGGTTTCGACGGGCTGCCGGGGtG 233 

Figure B. 1. Sequence of RT/PCR products and their alignments to previously isolated 
genes. DNA sequencing was performed and sequences obtained were 
compared to DNA sequences at the National Center for Biotechnology 
Information using the BLAST network service. The sequences used in this 
figure are results of single sequencing reactions for a particular clone. 
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Clone AS13 vs. Oct-1 in Genbank: 

Clone AS13: 1 GAATTCTCCAGGGTTGGGGGCTGAGGGCTTGAATCGTAGGAGGAAAAAACGCACCAGCAT 60 

M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M 

SDjct: 252 GAATTCTCCAGGGTTGGGGGCTGAGGGCTTGAATCGTAGGAGGAAAAAACGCACCAGCAT 311 

Clone AS13: 61 AGAGACCAACATCCGTGTGGCCTTAGAAAAGAGTTTCATGGAGAATCAAAGCCTACCTC 120 

I I I M M M I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

SJDjct: 312 AGAGACCAACATCCGTGTGGCCTTAGAAAAGAGTTTCATGGAGAATCAAAGCCTACCTC 371 

Clone AS13: 121 GGAAGGATATCACCTTGATTGCTGAACAGCTCAATATGGAGAAGGAGGTGATTCGTGTTTG 180 

I M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M 

Sbjct: 372 GGAAGGATATCACCTTGATTGCTGAACAGCTCAATATGGAGAAGGAGGTGATTCGTGTTTG 431 

Clone AS13: 181 GTTT 184 

MM 
Sbjct: 432 GTTT 435 

Figure B.l Continued. 
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Brn-2 RT/PCR sequence vs. M.musculus brain-2 mRNA containing POU domain. 

BRN-2 RT/PCR 65 CAAGCAATTCAAGCAGAGGCGATCAAACTAGGATTTACTCAACCAAACGTGGGGCTGGCGCTGGGCACC 

M M M M M M M M M M M M M M M M M M M M M II I I I I I I I 1 1 I I I I 1 1 I I I I I I I I 
BRN-2 898 CAAGCAATTCAAGCAGAGGCGATCAAACTAGGATTTACTCAAGCAGACGTGGGGCTGGCGCTGGGCACC 

MAP2b RT/PCR product vs. high molecular weight microtubule-associated protein (MAP2) mRNA. 

M2 RT/PCR: 103 tcgagaaacatagaaaagaaaaacctt t taaaactgggagaggcagaatt tccactcctg 162 

M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M 

HMW MAP2: 122 tcgagaaacatagaaaagaaaaaccttttaaaactgggagaggcagaatttccactcctg 181 

M2 RT/PCR: 163 aaagaaaagtagctaaaaaggaacctagnanggtctccagggatgaagtgagaaggaaaa 222 

M M M M M M M M M M M M M M I I I I I I I11 I I111I I I I M IIII1111II 

HMW MAP2: 182 aaagaaaagtagctaaaaaggaacctagcacggtctccagggatgaagtgagaaggaaaa 241 

M2 RT/PCR: 223 aagcagtntataaganggnngaacttgctacnnaatcagangttcaggcccactctcctt 282 

M l l l l l l l l l l l l II l l l l l l l l l l I M I I I I l l l l l l l l l l l l l l l l l l l 

HMWMAP2: 242 aagcagtttataagaaggctgaacttgctaaagaatcagaagttcaggcccactctcctt 301 

M2 RT/PCR: 283 ccaggacgactcatttnaaaacctgctatcaaatacactagaccanctcatctctcntgt 342 

I MM I l l l l l l l l M M M M M M M M M M M M M M I I I M I M M Ml 
HMW MAP2: 302 ccagga-aac tca t t t t aaaacc tgc ta tcaaa tacac tagaccaac tca tc tc tcc tg t 360 

Figure B.l Continued. 
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Tau RT/PCR product vs. Rat big tau micrombule-associated mRNA. 

Tau RT/PCR 31 catggtctgtcttggctttggnattctccctgaaggtcagcttgtgggttt-aatcttct 89 
M M M M M I M M M M M I I I I 1 1 I I I MM 1 1 1 1 I I I I I I I I I I I I I I M I I I I 

Rat tau 1939 catggtctgtcttggctttggcattctccctgaaggtcagcttgtgggtttcaatcttct 1880 

Tau RT/PCR 90 tattccctcctccagggacatgggtgatgttatccaaggagccaatcttcgactggactc 149 

M M J M M J J M I M M J M M M M M M M M M M J M M M M M M M J I M M 

Rat tau 1879 tattccctcctccagggacatgggtgatgttatccaaggagccaatcttcgactggactc 1820 

Tau RT/PCR 150 tatccttgaagtccagcttctctgattttacttctacctggccacctcctggcttgtgat 209 

M M M M M M M M J M M M M M M M M M M M M M I J i J I M M M M M M 

Rat tau 1819 tatccttgaagtccagcttctctgattttacttctacctggccacctcctggcttgtgat 1760 

Tau RT/PCR 210 ggatgttccctaaggaa-cacacttggaggtcacctagctcaggtccactggcttgtaga 268 

l l l l l l l l l l l l l l l l l M M M M M M M M M 11111IIII1111 MM 111III 
Rat tau 1759 ggatgttccctaaggaaccacacttggaggtcaccttgctcaggtccactggcttgtaga 1700 

Tau RT/PCR269 ctatatgcacactgcctccgcccgggacgtgtttgatattgtccgttgagccacacttgg 328 

l l l l l l l l l l l l l l l i l l l l M I I I I I I I M I I I I I I I I I I I I I lllllllllllllll 
Rat tau 1699 ctatatgcacactgcctccgcccgggacgtgtttgatattgtcctttgagccacacttgg 1640 

Figure B.l Continued. 
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