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prevented in normal development. It has been suggested that in developmental 

pathologies (including tumors), fault NTRs are prevalent and form the basis for disease 

[Cillo, 1994; Macleod, 1996; Shah, 1995; Matise and Joyner, 1999]. 

Figure 1.1 
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In eukaryotes, genes encoding proteins are transcribed by RNA Polymerase II, whose 

activity is regulated by a core promoter upstream of the gene, and enhancer regions which may be very 

distant and either upstream or downstream of the gene. The core promoter determines the start of 

transcription and assembles a Pre-Initiation Complex containing the polymerase and a set of General 

Transcription Factors (from Department of Biochemistry and Molecular Biology Website, University 

College London, UK) 
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Figure 1.2 
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Receptor tyrosine kinase signaling pathway (from Biochemistry 2nd Ed. by Garrett & 

Dimerization stimulates tyrosine kinase activity leading to autophosphorylation of the 

receptor at its tyrosine domains causing a conformational change in the receptor. These 

phosphorylated tyrosine domains then serve as docking sites for the non-catalytic 

domains, called Src-homology 2 and 3 (SH2 and SH3). It contains target molecules that 

recognize the phosphorylated receptor and therefore activates a signal transduction 

mechanism in the cytoplasm via a G-protein (e.g. Ras) [Gilbert, 2000]. The function of 

G-proteins is to relay signals from the RTKs to the nucleus in order to stimulate cell 

proliferation and differentiation. G-proteins, like Ras, are found in an inactive state in the 

cytoplasm. Stimulation of the adapter (e.g. Grb2) and docking (e.g. Shc) proteins 

recruits the guanine nucleotide exchange factor (GEF), which activates the G-protein 

(e,g. Ras) by stimulating it to give up its guanine-diphosphate (GDP) (G-proteins cycle 

between two conformational states - active state when guanine triphosphate (GTP) is 

14 
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Figure 1.3 The TGF-~ signaling pathway (from Walter O'Dell, Ph.D.). 

The most important feature of these receptors is their kinase activities that are essential 

for the signaling of these receptors, however the C-terminal tail of T~R-II is not required 

for signal transduction [Wrana et al., 1992; Wrana et al., 1994]. The serine/threonine 

kinase of T~R-II is constitutively active therefore, after ligand binding and heteromeric 

receptor complex formation T~R-II phosphorylates the GS domain as well as other 

regions on T~R-I, resulting in T~R-I kinase activation [Wrana et al., 1994; 

Souchelnytskyi et al., 1996]. The latter will then be responsible for the transmission of 

intracellular signaling by phosphorylating Smad proteins (Smad2 and Smad3) - due to 

simplification of nomenclature, the designation Smad has been suggested for vertebrate 

homologues of Sma and Mad. Sma and Mad are genes that have been identified as 

components in signal transduction pathways downstream of serine/threonine kinase 

receptors [Massaque et al., 1997]. Smad3 will then oligomerize with Smad4 [Lagna et 

al., 1996; Zhang et al., 1997], enters the nucleus and act as components of transcription 

factor complexes [Liu et al., 1997]. To date, the Smads are the only direct substrates of 

16 
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The nuclear hormone-signaling pathway. Nuclear hormones regulate the expression of 

complex gene programs by binding to members of the nuclear receptor superfamily of ligand-activated 

transcription factors. The basic concept of the nuclear receptor signaling pathway involves production of 

the signal, its transport to peripheral organs and activation of the receptor by ligand binding (from Carsten 

Carlberg, PhD.). 

Genetic studies have shown that transcription coregulators with no specific DNA-binding 

activity are essential components of transcriptional regulation, leading to the 

identification of a series of nuclear receptor-interacting coregulatory proteins. These 

include SRC1, TIF2/GRIP1, AIB1/ACTR/pCIP, the bridging protein factor CBP/p300, 

TIF1, SRA, ARA70, RIP140 and many others [Kamei et al., 1996; Hong et al., 1997; 

Anzick et al., 1997; Chakravarti et al., 1996; Glass and Rosenfeld, 2000; Robyr et al., 

2000]. These proteins exhibit three characteristic features: firstly, they bind to target 

transcription factors in a ligand-dependant manner; secondly, many of them can directly 

interact with the basal transcriptional machinery and thirdly, some of them exhibit 

enzymatic function intrinsically linked to gene regulation, such as nucleosome-modifying 

histone acetyl transferase (HAT) or deacetylase (HDAC) activities. Additionally, they 

often harbor transferable transactivation or repression domains. Consequently, these 

coregulatory proteins seems to function by either remodeling of the chromatin structures 

and/or acting as adapter molecules between nuclear receptors and the components of 

the basal transcriptional apparatus. 
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phosphorylation of these four residues in neuronal cell lines. A recent study on 

coordinated activation of autophosphorylation sites in c-RetlRET receptor, 

demonstrated the synchronized utilization of individual c-RetlRET tyrosine residues in 

neurons in vivo and also reveal the important role of c-RetlRET Tyr(1062) for GDNF 

mediated neuronal differentiation and survival [Coulpier et a/., 2002]. 

Figure 1.5 
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IX! 
Binding of GDNF to c-ReURET. (A) GDNF dimer binds to two molecules of GFRa-1 and 

this complex binds to c-ReURET that dimerizes. (8) The dimerization of c-ReURET causes 

autophosphorylation of the tyrosine residues of the two subunits (from Kirmo Wartiovaara, Ph.D.). 

1.6.1.2 Role of GDNF/c-Ret signaling in human cancer 

As mentioned above, the c-RetlRET proto-oncogene encodes a receptor tyrosine 

kinase for neurotrophic molecules. c-RetlRET is a prime example of how point 

mutations, deletions and recombination of a single gene may cause different human 

diseases. Specific mutations in c-RetlRET have been associated with the development 

of familial medullar thyroid carcinoma (FMTC) and multiple endocrine neoplasia (MEN) 

syndromes, types 2A and 2B. c-RetlRET is also involved in Hirschsprung's disease 

(HSCR) which occasionally occurs in association with MEN2A or FMTC [Donis-Keller et 

al., 1993; Mulligan et a/., 1993]. The expression of c-RetlRET is restricted to normal and 

malignant cells of neural crest origin, for example, NB, as observed in c-RetlRET 
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Figure 1.6 RXR and RAR are nuclear receptors that bind either all trans retinoic (tRA) or 9-cis 

retinoic acid (9cisRA). In the absence of ligand, corepressors with histone deacetylase activity are bound 

to the RXRlRAR heterodimer and suppress transcription. Once they bind retinoic acid, a conformational 

change in the receptors cause the dissociation of the corepressors and the binding of coactivators with 

histone acetylase activity. Following ligand binding by the heterodimer, the receptors and proteins in the 

basal transcription machinery (like TBP and TAF135) are degraded by the proteosome (from Kopf Eliezer, 

Ph.D.). 

1.6.3.2 Effects of retinoic acid on human cancer 

Retinoic acid plays an important role in regulating the growth and differentiation of 

normal, premalignant and malignant cells, especially with epithelial origin, mainly 

through interaction with two types of nuclear receptors, RARa, -~, -y and RXRa, -~, -yo 

The idea that RA directly controls gene transcription has attracted much attention and 

interest from scientists interested in altering the behavior of cancer cells through 

induction of differentiation. Treatment that induces differentiation of cancer cells and 

therefore preventing further proliferation, are known as differentiation therapy. One of 

26 
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Table 2.1. of neuroblastoma cell lines. 

ATCC# Tissue 

HTB-11 SK-N-SH brain 

HTB-10 SK-N-MC 
brain 

CRL-2137 SK-N-AS brain 

CRL-2271 brain Neuroblast 

CRL-2270 MC-1XC brain Fibroblast 
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Table 2.2. n"'Q:l"rintir\" of 

ATCC# 

CRL-5815 

CRL-5975 

were: 1) nerve 

1 

neuroendocrine tumor cell lines. 

NCI·H727 

NCI·H720 

UMC·11 

NCI·H1770 

a 

bronchus 

Non-small cell 

cancer; lung 
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trk and of neural-restricted 

in relation to myc in human neuroblastomas. 

SKNMC MCIXC SKNAS SKNBE2 SKNSH 

myc no data 21 no data 150 1 

trkA 10% 10% 100% 0% 100% 

trkB 100% 100% 100% 100% 10% 

N·REST 0% 0% <50% 100% <50% 

Table I""n,e>nn The table above ro"':.ntc data for myc, trkB and N-REST. myc results were 

obtained from literature and the number of of the myc gene. TrkA and trkB results were 

"O,"",t£,,, in the nr""c:e:olnT and , .. ," .. " .... the % of cells that 

e:oY, ... re:o'c:c::",.n trkA or trkB. A in our also obtained 

results from N-REST 

neu are 

I 1 we 
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to growing In culture, and that cell lines derived from tumors generally have very 

unstable karyotypes, the hundreds of clones isolated from the original will develop 

different characteristics. Therefore, when comparing our SK-N-SH clone to the original 

SK-N-SH clone, it is possible that ours could have been altered molecularly through 

handling/culturing [Sidell et a/., 1986]. With regard to ChAT and catecholamine 

neurotransmitter synthesis, NB clones fell into two categories: purely cholinergic and 

mixed, cholinergic-adrenergic (Table 3.2A and B). No DOC expression was detected in 

any of the NBs (Table 3.2B), which is in good agreement with previous findings that in 

some NB cells there is a relative deficiency of DOC, resulting in accumulation and 

secretion of DOPA [Ikeda et a/., 1994]. 

Table 3.2. Cholinergic and catecholaminergic properties of human neuroblastomas. 

A. ChAT and DBH activity and expression of TH in human neuroblastomas based on published 

data. 

SKNMC MCIXC SKNAS SKNBE2 SKNSH 

ChAT activ mod high nd nd nd 

TH 0.5-5% + + + 0.5-5% 

DBH activ - - nd + + 

1 West et a/., 1977 

B. Expression of ChAT, TH and DOC in human neuroblastomas. 

ChAT 

TH 

DDC 

Table legend: To monitor expression of cholinergic and catecholaminergic markers in NBs, cells were 

plated on lam in in-coated 24-well plates and cultured 24 to 72 hours prior to fixation. >10,000 cells were 

scored in each culture. The total number of cells per square centimeter was determined by counting the 

DAPI-stained nuclei . Following fixation, cells were stained with anti-TH, -ChAT, -DOC antibodies. Table B 

represents the mean ± SEM (highest value of 14%) for three independent experiments. 

ABBREVIATIONS: ChAT, choline acetyltransferase; TH, tyrosine hydroxylase; DBH, dopamine-beta­

hydroxylase; DOC, 3,4-dihydroxyphenylalanine DOPA-decarboxylase; nd. no data; mod, moderate; +, 

expression; - no activity; 0, no expression; 30, 30% expression; "filled box", 100% expression; activ, 
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activity. The reason for adding "red" blocks is to distinguish the 100% (all) or 0% (nothing) expression 

from the percentage of expression between 0 and 100%. 

Multiple neurotransmitter synthesis by human NB cell lines and clones is a well­

established characteristic of NBs [Biedler et a/., 1978]. Therefore, we analyzed the 

synthesis of the neurotransmitters GABA, glutamate (Glu), glutamine (Gin), Glycine 

(Gly) and Glutathione (GSH) using immunocytochemical techniques. Our results 

revealed that all NBs were Gln- and GSH- positive and most of them (with the exception 

of SK-N-AS) were also Gly-immunoreactive (Table 3.3). None of the NBs in our 

culturing system expressed the GABA neurotransmitter at detectable levels. Therefore, 

in regard to amino acid transmitter synthesis, the five NB clones fell into three subsets: 

cells (MC-IXC) that expressed four out of five transmitters (Glu, Gin, Gly, GSH), cells 

(SK-N-MC; SK-N-BE2 and SK-N-SH) that expressed three out of five transmitters (Glu, 

Gly, GSH or Gin, Gly, GSH) and cells (SK-N-AS) that expressed two out of five 

transmitters (Gin, GSH). 

Table 3.3. Accumulation and synthesis of putative amino acid neurotransmitters in human 

neuroblastomas. 

Table legend: Cultured cells were plated on laminin-coated 24-well plates, fixed after 24 to 72 hours and 

then analyzed by immunocytochemistry using rabbit polyclonal antisera targeting gamma-amino butyric 

acid (GABA), L-glutamate (Glu), L-glutamine (Gin), glutathione (GSH), and glycine (Gly). Note that 

subsets of cells expressed multiple markers. ABBREVIATIONS: 0, no expression; "filled box", 100% 

expression; 90, 90% expression. The reason for adding "red" blocks is to distinguish the 100% (all) or 0% 

(nothing) expression from the percentage of expression between 0% and 100%. 

According to our results, no significant correlation was found for any of the amino acids 

and catecholamines, myc-amplification, trk patterns and presence of N-REST in the five 

41 
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Table 

peR of a 

mRNA data are shown in matrix format with each row the RT-

cDNA and each column the measured levels for all genes in a 

Gene names are shown in the left for Genbank ID 

,,<>ttOrF"" of all genes were n"",,..,.<:>n in untreated neuroblastomas. To visualize the the 

level of each gene is ro".ro.,ontor1 a with black 

and white no detectable Three cell from the same were 

with each three months were highly correlated in gene 

SUClaestlrlQ that the observed n",tl'orn intrinsic differences between the 

rather than variation in or",., o"t", I artifacts. 
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Figure 3.1 C). Weak N-CAM expression was observed in a minor population of SK-N­

BE2 cells «1 %) (Table 3.8; Figure 3.1A). A possible explanation for the weak N-CAM 

staining observed here might be due to the fact that this N-CAM monoclonal antibody 

(from DAKO) recognizes the less polysialated form of N-CAM and is mostly used to 

stain neuron-like cells that survived transplantation [Baker et al., 2000]. Therefore this 

antibody might just stain more mature cells and not embryonic-type of cells, meaning 

that if our study did not reveal staining of N-CAM in treated (or untreated) NBs, that 

those cells were just not mature enough to express this form of N-CAM that is 

recognized by the DAKO antibody. 

According to our data of neuronal and glial marker expression, NBs shared the 

potential for neural commitmenUdifferentiation (Table 3.8). However, the mechanisms 

underlying the realization of this potential are not operational and the apparent 

developmental pathways are not functional in these cells. 

Table 3.8. Percentage of neuronal and glial marker expression in untreated neuroblastomas. 

Table legend: Cells were grown for six days on lam in in-coated 24-well plates in DMEM/F-12 media 

supplemented with B27. Following culturing, cells were fixed and stained with antibodies against human­

reactive ~llltubulin, GFAP, internexin-a, NF-L-phos, N-CAM and MAP-2. All cells were counterstained 

with DAPI to reveal the nuclei. Four fields of 200 cells were counted for evaluation. The percentage of 

NBs that exhibited GFAP, internexin-a, N-CAM, NF-L-phos, MAP-2 and ~llItubulin, over a six-day period, 

are presented as numbers. ABBREVIATIONS: 0, no expression; "filled box", 100% expression; 90,90% 

expression; 80, 80% expression; <1, <1 % expression; <5, <5% expression. The reason for adding "red" 

blocks is to distinguish the 100% (all) or 0% (nothing) expression from the percentage of expression 

between 0 and 100%. 
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Table 3.11. Effects of GDNFfTGF-p1 on the expression of Pilitubulin and GFAP in neuroblastomas. 

A 

KNMC MCIXC 

o 0 

o 0 

Table legend: Cells were grown for six days on laminin-coated 24-well plates in DMEM/F12 media 

supplemented with B27 in the presence of GDNF (100ng/ml) and TGF-p1 (50pg/ml). Following culturing 

for six days, cells were fixed and stained with antibodies against human-reactive Pilitubulin and GFAP. 

ABBREVIATIONS: 0, no expression; 10-25, 10-25% expression; "filled box", 100% expression. The 

reason for adding "red" blocks is to distinguish the 100% (all) or 0% (nothing) expression from the 

percentage of expression between 0 and 100%. 

3.3.3 Changes in the TF expression profile of neuroblastomas upon GDNFITGF-f31 

treatment 

Given that cooperative effects of GONF and TGF-f31 resulted in either enhanced or 

inhibited proliferation of NBs (Table 3.10) and elevated expression of certain neural 

markers (Table 3.11), we next tested our second hypothesis, which stated that extrinsic 

factors, GDNFITGF-f31, alter the expression of regulatory genes in NBs (as described in 

section 3.2). To test our hypotheses, we analyzed the mRNA expression levels (using 

qualitative RT-PCR) of about 50 regulatory genes in five different neuroblastomas upon 

GDNFITGF-~1 treatment. Since one of the aims of our study was to propose a way to 

improve the diagnostics of NBs, we determined only at mRNA level whether a specific 

gene was expressed or not and how it changed upon treatment. Determination of the 

level of protein expression is necessary for therapeutics, however, not critical for our 

purposes. Even though our study was only concerned with rnRNA expression, we are 

aware that mRNA expression is not a strict predictor of protein concentration [Anderson 

and Seilhamer, 1997; Gygi SP et al., 1999] and that quantitative protein determination is 

important to measure the final expression product rather than an intermediate [Lockhart 

OJ and Winzeler EA, 2000]. 

Two major adaptations in the TF networks of NBs were observed upon 

GDNFITGF-~1 treatment: The first adaptation constituted a group of genes that 
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sympathoblastoma), in contrast to its non-detectable expression In tumors of non­

neuronal origin [Draberova et al., 1998]. In view of this background, one may conclude 

that RA treatment revealed the more neuronal nature of MC-IXC, SK-N-BE2 and SK-N­

SH cells, while SK-N-MC and SK-N-AS are most likely of non-neuronal origin (which is 

in good agreement with their morphology). Our data also revealed that "more neuronal" 

NBs also tended to preferentially expressed internexin-u, a marker expressed in neural 

precursor cells at the onset of neuronal differentiation during the development of the 

nervous system [Fliegner et al., 1994]. In addition to that, another interesting finding 

from our study revealed the differential effects of RA on the synthesis of glutathione 

(GSH) in various NBs (see Table 3.18). In normal development, all cells of the 

embryonic nervous system express high levels of GSH, whereas adulthood neurons 

(except the dorsal root ganglia and the cerebellar granule cells) become GSH-negative 

and glia, ependyma, choroid plexus and neurovascular cells become rich in GSH and 

variously express other GSTs [Lowndes et al., 1994]. Accordingly, reduced levels of 

GSH in NB cells, in response to RA treatment, might be an indication of initiated 

neuronal and suppressed glial differentiation in these tumors. As Schwann cell stroma 

has been reported to greatly increase NB differentiation [Kwiatkowski et al., 1998], it 

becomes quite evident from these and our findings that drugs which do not support glial 

differentiation are likely to remain highly ineffective in relation to differentiating NB 

tumors. 

Table 3.14. Expression of ~ Illtubulin. GFAP and internexin-a in untreated and RA-treated 

neuroblastomas. 

Table legend: Cells were grown for six days on laminin-coated 24-well plates in DMEM/F-12 media 

supplemented with B27 in the presence of 1IJM RA. After six days of culturing. cells were fixed and 

processed for ~llltubulin. GFAP. internexin-a. All the cells were counterstained with DAPI to reveal the 

nuclei. Four fields of 200 cells were counted for neurons (~llltubulin-positive) and astrocytes (GFAP-
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Table 3.15. Effect of RA on receptor expression in untreated and RA-treated neuroblastomas. 

Table legend: Cells were grown for six days on laminin-coated 24-well plates in DMEM/F12 media 

supplemented with B27 in the presence of 1IJM RA. Following culturing, cells were fixed and processed 

for trkA and trkB using immunocytochemical techniques. All cells were counterstained with DAPI to reveal 

the nuclei. Four fields of 200 cells were counted for evaluation. The percentage of NBs that exhibited trkA 

and trkB expression over a six-day period, are presented as numbers. ABBREVIATIONS: 0, no 

expression; 10, 10% expression; 20, 20% expression; 50, 50% expression; "filled box", 100% 

expression. The reason for adding "red" blocks is to distinguish the 100% (all) or 0% (nothing) expression 

from the percentage of expression between 0 and 100%. 

Multi-transmitter phenotype. 

In adult-derived neural stem cell cultures, RA has been established to sustain or up­

regulate trkA, trkB, trkC, and p75NGFR expression, whereas the sequential application 

of RA followed by BDNF or NT-3 led to a significant increase in neurons displaying 

mature GABA, ChAT, TH, or calbindin phenotypes [Takahashi et al., 1999]. Regarding 

that, we investigated the possibility that RA could affect the expression of various 

transmitters in NBs. 

Expression of ChAT and TH: It has been reported that some NBs change their 

neurotransmitter phenotype from noradrenergic to cholinergic under RA treatment as a 

consequence of changes in the expression and activity of the biosynthetic machinery for 

both neurotransmitters [Handler et al., 2000]. In cultures of rat post-mitotic sympathetic 

neurons, RA has been observed to induce cholinergic differentiation of these neurons 

by reducing the activities of TH and DBH, and decreasing the levels of NE [Berrard et 

a/., 1993]. In good agreement with these findings, in our culture conditions, we did not 

observe changes in the expression of ChAT in NBs upon RA treatment (Table 3.16). In 

this context, it is of interest to note that stimulation of ChAT activity has been described 

for MC-IXC cells upon RA treatment [Casper and Davies, 1989]. We observed that RA 

treatment significantly reduced the expression of TH in SK-N-AS cells (less than 10% of 
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cells remained TH-immunoreactive upon treatment) (Figure 3.10, P), whereas it had no 

effect on the expression of TH in SK-N-BE2 cultures (Table 3.16, Fig. 3.1 N). Moreover, 

we observed that a few SK-N-AS cells (less than 1 %) started to express DOC upon RA 

treatment. 

Table 3.16. Expression of ChAT, TH and DOC in untreated and RA-treated neuroblastomas. 

Table legend: Cells were grown for six days on laminin-coated 24-well plates in DMEM/F-12 media 

supplemented with B27 in the presence of 1IJM RA. Then fixed and stained with antibodies against 

human ChAT, TH, and DOC. All NBs expressed ChAT, while failed to express detectable levels of DOC. 

The percentages of NBs that exhibited expression of ChAT, TH and DOC over a six-day period of RA 

treatment are presented as numbers. ABBREVIATIONS: 0, no expression; 1, 1% expression; 10; 10% 

expression; 30, 30% expression; "filled box", 100% expression. The reason for adding "red" blocks is to 

distinguish the 100% (all) or 0% (nothing) expression from the percentage of expression between 0 and 

100%. 

Changes in expression and nuclear localization of an orphan receptor Nurr1 and a homeodomain 

transcription factor, a pair of transcription factors that are associated with catecholaminergic 

phenotype, in NBs upon RA treatment: A pair of transcription factors that is associated with 

the dopaminergic phenotype in the ventral midbrain during normal development, 

consists of an orphan receptor Nurr1 and a homeodomain transcription factor Ptx-3 

[Hynes and Rosenthal, 1999]. Our data revealed that RA treatment significantly 

changed the cellular localization of Nurr1 in SK-N-MC, SK-N-BE2 and SK-N-SH cells, 

by supporting its preferential nuclear translocation (Fig. 3.11, J, K, L, M), whereas no 

change in the nuclear localization of Nurr1 was observed in MC-IXC and SK-N-AS cells 

both, before and after treatment. On the other hand, sustained expression of TH was 

observed only in SK-N-BE2 cells before and after treatment, whereas other NBs 

exhibited either reduced or lack of TH expression upon treatment, suggesting that 

expression of TH in NBs could be affected by Ptx-3/Nurr1 interactions. Indeed, we 
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observed that RA treatment resulted in the loss of Ptx-3 in all but SK-N-BE2 cells (Table 

3.17). 

Table 3.17. Nuclear expression of an orphan receptor, Nurr1, and a homeodomain transcription factor, 

PITX3, in untreated and RA-treated neuroblastomas. 

Table legend: Effects of RA-treatment on the expression of Nurr1 protein and PITX3 mRNA in different 

NBs, as detected by immunofluorescence and RT-PCR, respectively. Cells were cultured for six days with 

and without RA and then part of the cells was fixed and stained for Nurr1 (shown in Figure 3.1) and the 

rest of the cells was subjected to total RNA isolation and RT-PCR analysis using PITX3-specific primers. 

Numbers represent the proportion of Nurr1-positive cells showing Nurr1 nuclear localization out of the 

total number of cells in the culture. ABBREVIATIONS: 0, no expression; 10, 10% expression; 30, 30% 

expression; 50, 50% expression; 80, 80% expression; "filled box", 1 00% expression. The reason for 

adding "red" blocks is to distinguish the 1 00% (all) or 0% (nothing) expression from the percentage of 

expression between 0 and 1 00%. 

Changes in expression of other transmitters: Next, we examined the changes in the 

regulation of the expression of other amino acid transmitters in NB cells in response to 

RA-treatment. Upon RA treatment, the synthesis of an inhibitory amino acid, GABA, 

was not subject to regulation in any of the NBs (Table 3.18). Whereas the synthesis of 

another inhibitory amino acid Gly, was substantially downregulated in SK-N-MC, MC­

IXC, and SK-N-BE2 cells and not affected in SK-N-AS and SK-N-SH cells. There were 

outstanding differences observed also in the levels of Glu and Gin between NBs upon 

RA treatment. Notably, the synthesis of Glu was not detectable in any of the NBs upon 

treatment, whereas the synthesis of Gin was affected in MC-IXC, SK-N-BE2 and SK-N­

SH cells and remained unaltered in SK-N-MC and SK-N-AS (Table 3.18). Accordingly, 

RA had selective effects on glycinergic, glutamatergic and glutaminergic pathways and 

did not affect GABAergic pathways in RA-differentiated NB cells. Cells have developed 

a number of defensive mechanisms to maintain intracellular redox homeostasis, 
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including the glutathione (GSH) system. Intracellular levels of GSH have been shown to 

affect the sensitivity of cells to cell death-inducing stimuli, as well as the mode of cell 

death [Fernandes and Cotter, 1994]. Redox disequilibria induced by GSH depletion may 

serve as a general trigger for apoptosis in neuronal cells [Nicole et al., 1998]. Recent 

studies have demonstrated that various tumors express enhanced levels of GSH. 

Moreover, there are grounds for claiming that GSH plays a crucial role in cell 

proliferation and tumor resistance [Locigno and Castronovo, 2001]. Our data showed 

that even though under the RA treatment, GSH levels were significantly reduced in most 

of NBs with the exception of SK-N-AS cells, significant decrease in cell number was 

observed only in RA-treated MC-IXC and SK-N-BE2 cultures (Table 3.18). 

Table 3.18. Differentiated neuroblastomas showed heterogeneous responses to transmitter synthesis. 

A Control (untreated) B RA treated 

Table legend: Differentiation of NBs with RA revealed differences in the percentage of cells that 

expressed transmitters before versus after treatment. The above table shows the percentages of cells 

synthesizing/accumulating GABA, L-Glutamate (Glu), L-Glutamine (Gin), Glycine (Gly) and Glutathione 

(GSH) before and after treatment with 1IJM RA for six days. ABBREVIATIONS: 0, no expression; 10,10% 

expression; 30, 30% expression; 40, 40% expression; 90, 90% expression; "filled box", 100% 

expression. The reason for adding "red" blocks is to distinguish the 100% (all) or 0% (nothing) expression 

from the percentage of expression between 0 and 100%. 

To summarize, in most of the untreated cells, concentrations of the amino acid 

neurotransmitters, GABA, glutamate (Glu), glutamine (Gin), glycine (Gly) and 

glutathione (GSH) were low in some they were markedly high. This made it quite easy 

to identify NB cells by the combination of synthesized amino acid neurotransmitters. All 

cell lines contained Gly and GSH and in many NBs they coexisted with other amino 

acids such as Glu, Gin, but in none with GABA. The patterns of the amino acid 
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Figure 3.2. Histogram of untreated, GDNFITGF-~1 and RA-treated NBs revealing expression of early 

negative regulators of neural differentiation (Gene Group 1). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents early negative regulators of neural 

differentiation (Gene Group 1). Three bars grouped together represent a single tumor sample. Expression 

patterns of genes were analyzed in untreated (black bars); GDNFITGF-~1 (red bars) and RA (blue bars) 

treated neuroblastomas. To visualize results, the total number of genes expressed in Gene Group 1, by a 

single NB sample, is represented by a bar. Data are presented as mean ± SO (n = 10), calculated for 

three independent experiments. SO values were calculated between tumors of the same treatment. SK­

N-BE2, SK-N-AS, SK-N-SH were considered significantly different from SK-N-MC and MC-IXC when 

analysis of variance showed an F value with P < 0.02. 

Since our data revealed that tumors, expressing group1 genes, are significantly different 

from each other, a Bonferroni post hoc test was performed to determine between which 

tumors were the significant variation observed. According to our data, the gene 

expression of SK-N-MC and MC-IXC is significantly different from SK-N-BE2 (P = 

0.015), SK-N-AS (P = 0.004) and SK-N-SH (P = 0.014). 

Therefore, according to our analyses, there is a significant difference between these 

tumors in regard to their expression of early negative regulators of neural differentiation. 

Since the high expression of group 1 genes in the SK-N-MC/MC-IXC group indicated 

suppression of neural differentiation and promotion of epidermogenesis, we can 

conclude from our results that other than neural developmental programs are also 

active in the SK-N-MC/MC-IXC group of NBs compared to the other three tumors. 
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Gene Group 2: Transcriptional regulators linking neural differentiation to activation of 

proneural genes. 

The nine genes constituting transcriptional regulators linking neural differentiation to 

activation of proneural genes are responsible for promoting primary neurogenesis. 

These genes are activated upon suppression of BMP signaling by neural inducers 

[Sasai, 1998]. Gene group 2 consisted of Gli-1, Gli-2, Gli-3, Zic-1, Zic-2, Zic-3, Irx-2a, 

Irx-3 and Sox-2. Results from this gene group showed that SK-N-MC had the highest 

expression out of nine genes, also upon treatment. Upon performing a two-way analysis 

of variance, it was clear that there was an extremely significant difference (P < 0.0001) 

between the five NBs in regard to the number of group 2 genes expressed. However, 

we observed that the gene expression for each treatment was not significantly different 

(P = 0.749) from each other. 

Figure 3.3. Histogram of untreated, GONFfTGF-~1 and RA-treated NBs revealing expression of 

transcriptional regulators linking neural differentiation to activation of proneural genes (Gene Group 2). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcriptional regulators linking neural 

differentiation to activation of proneural genes (Gene Group 2). Three bars grouped together represent a 

single tumor sample. Expression patterns of genes were analyzed in untreated (black bars), GONFfTGF­

~1 (red bars) and RA (blue bars) treated neuroblastomas. To visualize results, the total number of genes 

expressed in Gene Group 2, by a single I\lB sample, is represented by a bar. The number of genes was 

expressed as mean ± SO (n = 9), calculated for three independent experiments. SO values were 

calculated between tumors of the same treatment. MC-IXC, SK-N-BE2, SK-N-AS and SK-N-SH were 
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markers compared to the other three tumors. Therefore, we can speculate that all five 

NB tumors, exhibited expression of neuronal markers/activity. We can also speculate 

that the SK-N-MC/MC-IXC group has more active non-neural programs and less active 

neuronal programs when compared to the other three tumors (SK-N-BE2, SK-N-AS and 

SK-N-SH), which were just the opposite. 

Figure 3.4. Histogram of untreated, GONFITGF-~1 and RA-treated NBs revealing expression of 

transcriptional regulators linking neural determination to specification of neurogenic genes (Gene Group 

3). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcriptional regulators linking neural 

determination to specification of neurogenic genes (Group Group 3). Three bars grouped together 

represent a single tumor sample. Expression patterns of genes were analyzed in untreated (black bars), 

GONFITGF-p1 (red bars) and RA (blue bars) treated neuroblastomas. To visualize results, the total 

number of genes expressed in Gene Group 3, by a single NB sample, is represented by a bar. The 

number of genes was expressed as mean ± SO (n = 18), calculated for three independent experiments. 

SO values were calculated between tumors of the same treatment. No significant P values could be 

derived from the analysis of variance for the five tumors, as well as the different treatments. 

Gene Group 4: Transcription factors characterizing fate switches to specific neural 

lineages. 

The 11 genes constituting transcription factors that characterize fate switches to specific 

neural lineages are Brn-4, Brn-5, Dlx-2, Gata-2, Gata-3, LM04, Otx-1, Otx-2, Pax-6, 

Pbx-1, and Sox-11. During normal development, cells that are selected to become 

83 



Univ
ers

ity
 of

 C
ap

e T
ow

n

neurons begin to express NeuroD1 [Korzh et al., 1998; Lee et al., 1995]. However, 

numerous other regulators are needed to provide fine positional and specification 

information to maturing neurons. Therefore, we can assume that gene group 4 consists 

of transcriptional regulators that have previously been identified to specify various 

neuronal phenotypes. Our histogram (Figure 3.5) revealed that, as seen in gene groups 

1 and 2, the SK-N-MC/MC-IXC group again has the highest expression of all untreated 

NBs. However, the highest gene expression for growth factor treated NBs were 

observed in SK-N-SH. According to our analysis of variance there was almost a 

significant difference (P = 0.0517) observed between the five NBs in regard to the 

amount of group 4 genes expressed. However, there was definitely no significant 

difference (P = 0.229) observed in the gene expression patterns for each treatment. 

Figure 3.5. Histogram of untreated, GDNF/TGF-~1 and RA-treated NBs revealing expression of 

transcription factors characterizing fate switches to specific neural lineages (Gene Group 4). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcription factors characterizing fate 

switches to specific neural lineages (Gene Group 4). Three bars grouped together represent a single 

tumor sample. Expression patterns of genes were analyzed in untreated (black bars), GDNF/TGF-p1 (red 

bars) and RA (blue bars) treated neuroblastomas. To visualize results, the total number of genes 

expressed in Gene Group 4, by a single NB sample, is represented by a bar. The number of genes was 

expressed as mean ± SD (n = 11). calculated for three independent experiments. SD values were 

calculated between tumors of the same treatment. No significant P values could be derived from the 

analysis of variance for the five tumors. as well as the different treatments. 
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Upon combining the number of genes expressed in all four groups of genes, for each 

tumor (now assuming all 48 neurogenesis-involved regulatory genes having the same 

function), we observed that (Figure 3.6) the SK-N-MC/MC-IXC group of NBs showed 

the highest number of gene expression, when compared to the other three tumors 

(which seemed to group together). No drastic changes were observed when comparing 

the different treatments to each other, in all of the tumors. According to our two-way 

analysis of variance results, the five NBs were significantly different (P < 0.0001) from 

each other in regard to their expression of the 48 neurogenesis-involved regulatory 

genes, analyzed in our study. However, the gene expression patterns for each 

treatment, was not significantly different (P = 0.128) from each other. In order to 

determine which NBs are significantly different from each other based on their 

expression of the 48 regulatory genes, we performed a Bonferroni post hoc test. The 

data of this test revealed that gene expression of SK-N-MC was significantly different 

from SK-N-BE2 (P = 0.008), SK-N-AS (P = 0.0005) and SK-N-SH (P = 0.007). We also 

observed a significant difference between the gene expression of MC-IXC and SK-N­

BE2 (P= 0.008). 

Figure 3.6. Histogram of untreated, GDNFITGF-~1 and RA-treated NBs revealing the number of genes 

expressed in all four groups of genes. combined. 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in all four groups of genes. combined. Three bars grouped together 

represent a single tumor sample. Expression patterns of genes were analyzed in untreated (black bars). 

GDNFITGF-~1 (red bars) and RA (blue bars) treated neuroblastomas. To visualize results. the number of 
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of genes a NB a bar. 

The number was as mean ± SO :: calculated 

SO values were calculated between tumors of the same treatment. SK-N-AS 

and SK-N-SH were considered different from SK-N-MC and MC-IXC different 

SK-N-BE2 when of variance showed an F value with P < 0.01. 
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in untreated and treated neuroendocrine 

tumors. 

Table 1 .. ..,' ..... ,1'11 Cells were cultured for six on laminin-coated 24-well in serum-free DMEM/F12 
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All cells were counterstained with DAPI to reveal the nuclei and four fields of 200 cells were 
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of neural markers and neurotransmitters in five different human 

page for 

Neural marker and neurotransmitter identified immunofluorescence in 

untreated NETs. NETs were on laminin-coated 24-well in DMEM/F12 medium at a of 

for 2-3 x 1 cells/well - incubated for 24hours. cells were fixed and 

several neural 

treated. 
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Table Cells were cultured for six on laminin-coated 24-well 

DMEM/F12 medium with B27 and in the presence of 1uM RA. 

cells were fixed and for trkB and trkC 

treatment. 

in serum-free 
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All cells were counterstained with DAPI to reveal the nuclei and four fields of 200 cells were counted for 
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Multi-transmitter phenotype. 

Three of the five NETs have been reported to exhibit high levels of L-dopamine 

decarboxylase (DOC) activity (ATCC technical sheets) revealing that these cells 

synthesized noradrenaline as a neuroactive compound (neurotransmitter). Dopamine 

(DA) availability as a precursor for DDC activity is dependent, however, on the synthesis 

of tyrosine hydroxylase (TH). Therefore we decided to examine the expression of TH in 

growth factor-treated NET cells using ICC techniques. GDNFITGF-~1 treatment ceased 

the expression of TH in H720, H835 and MC-11, and significantly decreased (18-fold, 

from 90% to 5%) the number of TH-positive cells in H727 cultures (Figure 3.7G and H). 

In contrast, growth factor treatment increased (from 5% to 80%) the TH-positive 

population of cells in H1770 cultures (Table 3.29). 

Table 3.29. Changes in TF expression associated with dopaminergic/noradrenergic phenotype in 

untreated and GDI\JF/TGF-~1 treated pulmonary neuroendocrine tumors. 

GDNF/TGF-~1 

H727 H835 

Table legend: NET cells were grown for six days on lam in in-coated 24-well plates in DMEM/F12 medium 

supplemented with B27 in presence of GDNF (100ng/ml) and TGF-~1 (50ng/ml). Following six days of 

culturing, cells were fixed and processed for transmitters using immunocytochemical techniques. All cells 

were counterstained with DAPI to reveal the nuclei. Four fields of 200 cells were counted for evaluation. 

The table above shows the percentage of untreated and GDNFI TGF-~1-treated NETs expressing TH, 

Phox2a, Phox2b, PITX3, Hsal1, Hsal2 and Nurr1. ABBREVIATIONS: 0, no expression; "filled box", 

100% expression; 5, 5% expression; 90, 90% expression; 80, 80% expression. The reason for adding 

"red" blocks is to distinguish the 100% (all) or 0% (nothing) expression from the percentage of expression 

between 0 and 100%. 
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of retinoic acid on RAR and RXR &:>ovr'r&:>o':o;:, 

neuroendocrine tumors. 

in untreated and RA-treated 

Table IAl'IlAn,t"I 
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NET cells were grown for six 

with B27 in presence of 1 

RXRa and 

on laminin-coated 24-well in DMEM/F12 medium 

cells were fixed and 

All cells were 

counterstained with DAPI to reveal the nuclei. Four fields 200 cells were counted for evaluation. The 
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..::..:::.=~= Effect of RA on .... rr,lif".r"'t of neuroendocrine tumors. 

Table Cells were grown for six on laminin-coated 24-well in DMEM/F12 media 

with B27 in the presence of 1IJM RA. After six cells were dissociated and an of 

cells counted a The effect of RA on cell was measured a 

,nt"nrrlnr,,,,r,t'ln assay. Cells were on 12-well of 2-3 x 104 

and treated with 
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relative 
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embryonic astrocytes in comparison with GLAST (EAT1) messages that are highly 

expressed in E 18 and P1-P4 astrocytic cultures, declined in P1 0-P21, and was 

undetectable in P50 astrocytes [Stanimirovic et aI., 1999]. Accordingly, the lack of EAT1 

immunoreactivity in RA treated H'1770 cells, revealed the activation of signaling 

pathways involved in astrocytic maturation (Table 3.36). Upon treatment with RA, H727 

and MC-11 cells began to express smooth muscle actin (approximately 60% and 5%, 

respectively) (Figure 3.80 and P). Figures 3.80 and P showed smooth muscle actin 

expression before and after RA-treatment in H727 cells. Since all RA treated NETs 

expressed desmin (Figure 3.8H) and showed no immunoreactivity for GFAP, it is 

suggestive that all tumors, particularly H727 and MC-11 cells, have acquired strong 

phenotypic traits characteristic of smooth muscle cells. 

Table 3.33. Effect of RA on expression of neural markers in pulmonary neuroendocrine tumors. 

Table legend: NET cells were grown for six days on laminin-coated 24-well plates in DMEM/F12 

medium supplemented with B27 in presence of 1 JJM RA. Following six days of culturing, cells were fixed 

and processed for neuronal and glial markers using immunocytochemical techniques. All cells were 

counterstained with DAPI to reveal the nuclei. Four fields of 200 cells were counted for evaluation. The 

percentage of NETs that exhibited expression of neuronal and glial markers, over a six-day period, are 

presented as numbers or a "filled box". ABBREVIATIONS: 0, no expression; "filled box", 100% 

expression; 60, 60% expression; 5, 5% expression; 50, 50% expression; internex, internexin-a; 13l11tub, 
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Pilitubulin. The reason for adding "red" blocks is to distinguish the 100% (all) or 0% (nothing) expression 

from the percentage of expression between 0 and 100%. 

Figure 3.B. Expression of neural marker expression in five different human pulmonary neuroendocrine 

tumors (see opposite page for figure). 

Figure Legend: Neural marker expression identified by immunofluorescence in untreated and RA­

treated NETs. NETs were plated on laminin-coated 24-well plates in DMEM/F12 medium (with or without 

1 ~M RA) at a density of 2-3 x 10' cells/well - incubated for 24hours. Following this incubation, cells were 

fixed and analyzed for several neural markers, using immunocytochemical techniques. ABBREVIATIONS: 

+RA, RA-treated; NF-P, phosphorylated neurofilament; SM-a, smooth muscle actin. 

The co-expression of neuronal filaments (NFs, ~llltIJbulin, MAP-2) (Figure 3.8F and G) 

with desmin (Figure 3.8H), A2B5 (Figure 3.8E), in some cases internexin-a (Figure 

3.80) and smooth muscle actin (Figure 3.80 and P), revealed that these NETs 

exhibited aberrant regulation of structural proteins. However, the aberrant expression of 

intermediate filaments is not a feature unique to a group of highly unusual tumors or due 

to a tissue-culture phenomenon, but is found throughout the spectrum of lung cancers 

[Gaiter et aI., 19871. Additionally, NSE, which is a characteristic molecular marker for 

NETs, was induced in three of the five NET cell lines upon RA treatment (Table 3.33). 

3.8.3 Changes in the TF expression profile of pulmonary neuroendocrine tumors upon 

RA treatment. 

Although RA was not responsible for inducing dramatic overall changes in the 

proliferation of NETs (except for H1770) (Table 3.32) or in the expression of neural 

markers (Table 3.33), our study proceeded in testing our second hypothesis which 

stated that the expression of regulatory genes in five human NETs was altered upon RA 

treatment. To test our hypotheses, we analyzed the mRNA expression levels (using 

qualitative RT-PCR) of about 50 regulatory genes in five different NETs upon RA 

treatment. Since one of the aims of our study was to propose a way to improve the 

diagnostics of NETs, we determined only at mRNA level whether a specific gene was 

expressed or not and how it changed upon treatment. Determination of the level of 

protein expression is necessary for therapeutics, however, not critical for our purposes. 
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3.34. mRNA "'V'''''','''',I''I'' genes in untreated 

neuroendocrine tumors. 

Table 16 .... '6 ... ,1'1· 
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Control (untreated) 

"'Vlnr.""",;n" data are show in matrix format with each row ~"""~",,,,,,,, .... +i,,,., the RT-PCR 

each column r"'r'r"" ... ",.~fir.,., the measured ",v, ... r",,,,,;. levels for all 

1\",,,,,, .. ,,,r1i,, for Genbank ID Gene names are shown in the left 
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the highest gene expression upon GDNFITGF-~1 treatment, whereas the highest 

expression upon RA-treatment was observed in H727 and H835. Upon performing a 

two-way analysis of variance, it was clear that there was a significant difference (P = 
0.004) between the five NETs in regard to the number of group 1 genes expressed. 

However, a significant difference (P = 0.013) was also observed between the gene 

expression patterns for each treatment. Since a significant difference was found in both, 

gene expression among tumors as well as treatments, we determined between which 

tumors and treatments were the significant differences observed, using a Bonferroni 

post hoc test. According to our results, the number of genes expressed in H727 was 

significantly different from H720 (P = 0.0351), H835 (P = 0.0351) and H 1770 (P = 

0.020). Also was there a significant variation between the number of genes expressed 

in H720 and H 1770 (P = 0.038), which also revealed a significant difference between 

treatments in these two tumors (P = 0.031). 

Figure 3.9. Histogram of untreated, GONFITGF-~1 and RA-treated NETs revealing expression of early 

negative regulators of neural differentiation (Gene Group 1). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents early negative regulators of neural 

differentiation (Gene Group 1). Three bars grouped together represent a single tumor sample. Expression 

patterns of genes were analyzed in untreated (black bars), GONFITGF-~1 (red bars) and RA (blue bars) 

treated NETs. To visualize results, the total number of genes expressed in Gene Group 1, by a single 

NET sample, is represented by a bar. The number of genes was expressed as mean ± SO (n = 10), 

127 



Univ
ers

ity
 of

 C
ap

e T
ow

n

calculated for three independent experiments. SO values were calculated between tumors of the same 

treatment. H720, H835 and H1770 were significantly different from H727, and H720 significantly different 

from H1770 when analysis of variance showed an F value with P < 0.04. 

Therefore, according to our analyses, there is a significant difference between these 

tumors in regard to their expression of early negative regulators of neural differentiation. 

The higher number of genes expressed in H727 and H720 tumors, compared to the rest 

of the NETs, was a possible indication of suppressed neural differentiation and 

promotion of epidermogenesis. Therefore, we can conclude, as in NBs that other than 

neural developmental programs was also active in H727 and H720 NETs. 

Gene Group 2: Transcriptional regulators linking neural differentiation to activation of 

proneural genes. 

The nine genes constituting transcriptional regulators linking neural differentiation to 

activation of proneural genes are responsible for promoting primary neurogenesis. 

These genes are activated upon suppression of BMP signaling by neural inducers 

[Sasai, 1998]. Gene group 2 consists of Gli-1, Gli-2, Gli-3, Zic-1, Zic-2, Zic-3, Irx-2a, Irx-

3 and Sox-2. As observed in our histogram (Figure 3.10), H727 revealed the highest 

untreated number of genes expressed, with H1770 revealing the lowest. Gene 

expression upon treatment differed somewhat in each tumor, when compared to 

untreated expression profile in that tumor sample. However, according to our statistical 

analyses, it was clear that there was no significant difference (P = 0.342) among the five 

NETs in regard to the amount of group 2 genes expressed. Also did we observe that the 

gene expression patterns for each treatment was not significantly different (P = 0.123) 

from each other. 
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Figure 3.10. Histogram of untreated, GDNF/TGF-~1 and RA-treated NETs revealing expression of 

transcriptional regulators linking neural differentiation to activation of proneural genes (Gene Group 2). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcriptional regulators linking neural 

differentiation to activation of proneural genes (Gene Group 2). Three bars grouped together represent a 

single tumor sample. Expression patterns of genes were analyzed in untreated (black bars), GONF/TGF­

~1 (red bars) and RA (blue bars) treated NETs. To visualize results, the total number of genes expressed 

in Gene Group 2, by a single NET sample, is represented by a bar. The number of genes was expressed 

as mean ± SO (n = 9), calculated for three independent experiments. SO values were calculated between 

tumors of the same treatment. No significant P values could be derived from the analysis of variance for 

the five tumors, as well as the different treatments. 

Gene Group 3: Transcriptional regulators linking neural determination to specification of 

neurogenic genes - e.g. proneural and neurogenic genes. 

Genes, constituting transcriptional regulators linking neural determination to 

specification of neurogenic genes, that is operational during normal development, is well 

applicable for monitoring the activated developmental programs in NETs and involved 

proneural and neurogenic genes of the bHLH family. Gene group 3 consisted of 18 

regulatory genes namely, NN-1, NN-3, hASH-1, NeuroD1, NeuroD2, NeuroD3, NSCL-1, 

NSCL-2, Hes-1, Hes-5, Hey-1, Hey-2, HeyL, MyT-1, MyT-2, MyT-3, Olf-1 and Olf-1H. 

According to the histogram for gene group 3 (Figure 3.11), the expression patterns for 

the 18 genes of this group varied in each tumor with the highest number of genes 

expressed observed in H 1770 cells, also upon treatment. The two-way analysis of 

variance data revealed that there was a significant difference (P = 0.0009) between the 
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five NETs in regard to the amount of group 3 genes expressed. However, no significant 

difference (P = 0.573) was observed between the gene expression patterns for each 

treatment. The differences among the tumors expressing group 3 genes, as observed 

with the two-way ANOVA, allowed us to perform a Bonferroni post hoc test to determine 

between which tumors were the significant differences observed. Data from the post­

test revealed that H727 showed significant variation in the number of group 3 genes 

expressed when compared to H720 (P = 0.009) and MC-11 (P = 0.032). Also did our 

results reveal that H1770 was significantly different from H720 (P = 0.020) and MC-11 

(P = 0.006). 

Figure 3.11. Histogram of untreated, GON FfTG F-01 and RA-treated NETs revealing expression of 

transcriptional regulators linking neural determination to specification of neurogenic genes (Gene Group 

3). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcriptional regulators linking neural 

determination to specification of neurogenic genes (Gene Group 3). Three bars grouped together 

represent a single tumor sample. Expression patterns of genes were analyzed in untreated (black bars), 

GOI\lFfTGF-01 (red bars) and RA (blue bars) treated NETs. To visualize results, the total number of 

genes expressed in Gene Group 3, by a single NET sample, is represented by a bar. The number of 

genes was expressed as mean ± SO (n = 18), calculated for three independent experiments, SO values 

were calculated between tumors of the same treatment. H720 and MC-11 were significantly different from 

H727, and H1770 significantly different from H720 and MC-11 when analysis of variance showed an F 

value with P < 0,04, 
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Based on the prominence of neural features, our results, which revealed a significant 

difference in gene expression between these five NETs, indicated that the H 1770 tumor 

would classify this as developmentally more advanced/mature than the rest of the 

tumors because of its high expression of Group 3 genes. Its characteristic set of 

expressed transcriptional regulators included many which are typical of postmitotic 

neural cells, including all NeuroDs, NSCL-1 and NSCL-2, and the structural proteins -

NFs. 

Gene Group 4: Transcription factors characterizing fate switches to specific neural 

lineages. 

The 11 genes constituting transcription factors that characterize fate switches to specific 

neural lineages are Brn-4, Brn-5, Dlx-2, Gata-2, Gata-3, LM04, Otx-1, Otx-2, Pax-6, 

Pbx-1, and Sox-11. During normal development, cells that are selected to become 

neurons begin to express NeuroD1 [Korzh ef al., 1998; Lee et al., 1995]. However, 

numerous other regulators are needed to provide fine positional and specification 

information to maturing neurons. Therefore, we can assume that gene group 4 

consisted of transcriptional regulators that have previously been identified to specify 

various neuronal phenotypes. Our histogram (Figure 3.12) revealed only slight changes 

in the number of genes expressed between each tumor. In agreement with our 

histogram presentation, the statistical analyses revealed no significant difference (P = 
0.265) between the five NBs in regard to the amount of group 4 genes expressed. Also 

was there no significant difference (P = 0.116) observed between the gene expression 

patterns of each treatment. 
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Figure 3.12. Histogram of untreated, GCNFITGF-~1 and RA-treated NETs revealing expression of 

transcription factors characterizing fate switches to specific neural lineages (Gene Group 4). 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

number of genes expressed in the group of genes that represents transcription factors characterizing fate 

switches to specific neural lineages (Gene Group 4). Three bars grouped together represent a single 

tumor sample. Expression patterns of genes were analyzed in untreated (black bars), GONFITGF-~1 (red 

bars) and RA (blue bars) treated NETs. To visualize results, the total number of genes expressed in Gene 

Group 4, by a single NET sample, is represented by a bar. The number of genes was expressed as mean 

± SO (n = 11), calculated for three independent experiments. SO values were calculated between tumors 

of the same treatment. No significant P values could be derived from the analysis of variance for the five 

tumors, as well as the different treatments. 

Upon combining the number of genes expressed in all four groups of genes, for each 

tumor, we observed that (Figure 3.13) all five NETs showed different untreated and 

treated gene expression patterns. According to our statistical analyses, the five NETs 

are significantly different (P = 0.022) from each other in regard to their expression of the 

48 regulatory genes, analyzed in our study. Our data revealed that the gene expression 

patterns for each treatment were also significantly different (P = 0.011) from each other. 

These results allowed us to determine between which tumors and treatments were the 

significant differences observed, in regard to their expression of the 48 regulatory 

genes. According to the Bonferroni post hoc test, the only significant differences were 

observed between H727 and MC-11 (P = 0.012). The post hoc test on the treatment 

results revealed a significant difference in untreated NET gene expression versus 
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GDNFITGF-~1 (P = 0.018) treated NETs as well as RA-treated gene expression profile 

versus that of GDNFITGF-~1 (P = 0.022) treated. No significance was found between 

the gene expression profiles of untreated versus RA-treated NETs. 

Figure 3.13. Histogram of untreated, GONFITGF-~1 and RA-treated NETs revealing number of genes 

expressed for all four groups of genes, combined. 
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Figure legend: mRNA expression data are shown in histogram-format with each bar representing the 

total number of genes expressed for all four groups of genes, combined. Three bars grouped together 

represent a single tumor sample. Expression patterns of genes were analyzed in untreated (black bars), 

GONFITGF-~1 (red bars) and RA (blue bars) treated NETs. To visualize results, the number of genes 

expressed in all four groups of genes combined, in a single NET sample, is represented by a bar. The 

number of genes was expressed as mean ± SO (n = 48), calculated for three independent experiments. 

SO values calculated between tumors of the same treatment. H727 and MC-11 were considered 

significantly different from each other when analysis of variance showed an F value with P < 0.02. Also 

did the analysis of variance reveal that untreated NETs were significantly different from GONFITGF-~1 

treated NETs and RA treated significantly different from GONFITGF-~1 treated NETs with P < 0.03. 

According to our results obtained of the five human NETs analyzed in this study, we are 

able to reject the null hypotheses and accept our first hypotheses in that each of the five 

analyzed NETs is molecularly different from the other based on their expression of the 

four groups of neurogenesis-involved regulatory genes. Based on our statistical 

analyses, we could again reject the null hypotheses and therefore accept our second 
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