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Chapterr 6 

Abstract t 
Neuroblastomaa is a childhood tumour of the developing sympathetic nervous system 
(SNS)) with a highly variable prognosis. Tumours with high expression of the 
neurotrophinn receptor TrkA have a favourable prognosis, whereas TrkB expression is 
associatedd with a poor outcome. We previously showed that ectopic expression of 
TrkA,, but not of TrkB, can silence Phox2B expression in neuroblastoma cell line SH-
SY5Y.. Phox2B is a key regulator of the chromaffin lineage of the SNS and is mutated 
inn a subset of neuroblastomas. Previous data suggested that the chromaffin lineage 
differentiationn is also controlled by Delta-Notch pathway genes. Here we have 
analysedd whether TrkA and TrkB also differentially regulate the Delta-Notch pathway 
geness and other regulatory genes. Dlkl, a homologue of the Drosophila Delta gene, 
wass silenced by TrkA, but not TrkB. Also other genes of the Delta-Notch pathway 
weree regulated. Furthermore, TrkA and TrkB differentially regulated HAND1, IGF2, 
RETT and several differentiation markers. These results suggest that TrkA, Phox2B 
andd the Delta-Notch pathway have a strong regulatory interaction in neuroblastoma. 
Furthermore,, the identification of a series of developmental genes that are regulated 
byy TrkA and not by TrkB might contribute to the understanding of the different 
biologicall effects of these receptors. 

Introduction n 
Neuroblastomaa is a childhood tumour originating from the developing sympathetic 
nervouss system (SNS). The tumour displays a broad spectrum of clinical behaviour, 
rangingg from spontaneous regression to fatal progression despite intensive therapy. 
Inn general, tumours with a good prognosis are diagnosed in children below 1 year of 
age.. Unfavourable tumours occur in older children and are characterised by 
chromosomall rearrangements (1). Markers predictive for poor outcome are 
amplificationn of MYCN, deletion of chromosome lp, gain of 17q and high expression 
off TrkB, the receptor for Brain Derived Neurotrophic Factor (BDNF). In contrast, high 
expressionn of TrkA, the receptor for Nerve Growth Factor (NGF), is associated with a 
goodd prognosis (2;3). 
Thee human neuroblastoma cell line SH-SY5Y is intensively used to study the 
differentiall effects of TrkA or TrkB expression. Ectopic expression of TrkA induced 
growthh inhibition and impaired tumorigenicity in SH-SY5Y, while ectopic TrkB 
expressionn resulted in enhanced proliferation and rapidly growing tumours (4;5). 
Althoughh these phenotypes strongly differ, little is known about the molecular 
pathwayss underlying the differences between TrkA and TrkB signalling. Upon 
activationn by their specific ligands, Trk receptors dimerise and autophosphorylate 
cytoplasmicc tyrosines which recruit intermediates in intracellular signalling cascades. 
Ass a result, Trk receptor signalling activates several small G proteins, including Ras, 
Rap-1,, and members of the Cdc42-Rac-Rho family, as well as pathways regulated by 
MAPP kinase, PI 3-kinase and phospholipase-C-y (PLCy) (6-9). 
Wee recently found that expression of TrkA, but not TrkB, can strongly downregulate 
thee mRNA expression of Phox2B in SH-SY5Y. Phox2B is a homeobox transcription 
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factorr that can be mutated in sporadic and familial neuroblastomas (10;11). Also cell 
linee SH-SY5Y carries a Phox2B mutation (11). Phox2B plays an important role in the 
developmentt of the autonomic nervous system. Transgenic mice with a homozygous 
inactivationn of Phox2B fail to express the enzyme Dopamine Beta Hydroxylase (DBH) 
(12).. DBH catalyses the last step of noradrenalin production and high DBH 
expressionn is therefore a hallmark of chromaffin cells, which secrete this hormone 
intoo the circulation. Indeed, SY5Y cells in which Phox2B was silenced by TrkA also 
showedd an abrogation of DBH expression (11). TrkA might therefore influence the 
noradrenergicc differentiation in the SNS by controlling the Phox2B expression. 
Thee developing SNS can differentiate into different cell types, of which chromaffin 
cellss and neuronal cells are the most important. We previously proposed that the 
decisionn to differentiate in either of the two lineages is mediated by the Deita-Notch 
pathwayy (13). In general, Notch genes function as receptors for Delta proteins on 
adjacentt cells and this interaction can start a process of divergent differentiation 
betweenn two cells (14). Adrenal chromaffin cells highly express Dlkl, a homologue of 
thee Drosophila delta gene, as well as DBH. Also neuroblastoma cell lines with a high 
DBHH expression showed high Dlkl expression. In contrast, neuroblastoma cell lines 
withoutt Dlkl and DBH expression often showed Notch3 expression (13). Therefore, 
Dlkll positive neuroblastoma cells might represent the chromaffin lineage, while 
Notch33 positive cells might be blocked in another differentiation stage. 
Thesee combined studies suggested that chromaffin lineage differentiation and DBH 
expressionn are regulated by the TrkA-Phox2B route, but not by TrkB. As also the 
Delta-Notchh pathway is involved in chromaffin lineage differentiation, we set out to 
analysee whether there is a relationship between TrkA, TrkB and the Delta-Notch 
pathway.. TrkA and TrkB were found to have a strongly differential effect on 
expressionn of Dlkl and Notch3, as well as on a series of other genes with a role in 
SNSS differentiation. 

Materialss and methods 

Tissuee culture 
Celll lines were cultured in RPMI1640 medium with glutamax (Invitrogen, Breda, The 
Netherlands)) supplemented with 10% foetal calf serum, 0.15% bicarbonate, 20mM 
L-Glutamine,, 35mM HEPES, 100U/ml penicillin and lOO^g/ml streptomycin. Cells 
weree maintained at C under 5% CO2. 

Introductionn of TrkA or TrkB cDNA in neuroblastoma cell lines 

Full-lengthh TrkA and TrkB cDNAs were cloned into the retroviral expression vector 
pLNCXX or pLNCX2 (Clontech, Palo Alto, CA) respectively, as previously described (5). 
Briefly,, the receptor constructs were transfected into the packaging cell line Bing by 
electroporation,, and virus-containing supernatant (10ml) from these cells was added 
too LipoTaxi (Stratagene, La Jolla, CA) and used to infect SH-SY5Y cell cultures. 
Mediumm was changed twice a week. Infected cells were subjected to selection with 
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5000 Mg/ml G418 (Sigma, Munich, Germany). Drug resistant cell cultures were 
subclonedd by limited dilution to obtain single-cell clonal lines. As negative controls, 
SH-SY5YY cells were infected with a retrovirus bearing the pLNCX empty retroviral 
vectorr (SY5Y-vec). The identity of all clones was confirmed by sequencing after 
infection. . 

SAGE E 

SAGEE was performed as described (15;16) with minor adaptations. Libraries were 
constructedd from a SY5Y-vec and a SY5Y-TrkA clone. Total RNA was extracted by the 
LiCII ureum method (17). Poly(A)+ RNA was isolated using the MessageMaker kit 
(Gibco-BRL)) according to the manufacturer's instructions. SAGE libraries were 
generatedd using 3 ug of poly(A)+ RNA. The cDNA was synthesized according to the 
Superscriptt Choice System (Gibco-BRL), digested with Nlalll and bound to 
streptavidd in-coated magnetic beads (Dynal). Linkers containing recognition sites for 
BsmFII were ligatedto the cDNA. Linker tags including a cDNA tag were released by 
BsmFII digestion, ligated to one another and amplified. The PCR products were 
heatedd for 5 min at C before preparative analysis on a polyacrylamide gel. After 
thee ligation, concatamers were digested with SphI and fragments between 500 and 
900bpp were purified and cloned in pZero-1 (Invitrogen). Colonies were screened with 
PCRR using M13 forward and reverse primers. Inserts >300 bpwere sequenced with a 
BigDyee terminator kit and analysed on an ABI 3730 (Applied Biosystems) automated 
sequencer. . 

Affymetrixx HGU95Av2 oligonucleotide microarrays (~12,600 genes) 

SH-SY5YY cells harbouring the Trk receptor constructs or empty vector control were 
lysedd in Trizol (Gibco) in the absence of neurotrophins. Total mRNA was prepared 
accordingg to the manufacturer's instructions. RNA was purified using the Qiagen 
RNeasyy Mini Kit (Qiagen, Hilden, Germany). Fragmentation of cRNA, hybridisation to 
U95Av22 microarrays (Affymetrix Inc, Santa Barbara, CA), washing and staining as 
welll as scanning the arrays in a GeneArray scanner (Agilent, Palo Alto, CA) was 
performedd according to the manufacturer's recommendations. Signal intensities and 
decisionn calls for further analysis were determined using the GeneChip Microarray 
Suitee (MAS) 5.0 software (Affymetrix). Scaling across all probe sets of a given array 
too an average intensity of 1000 units compensated for variations in the amount and 
qualityy of the cRNA samples and other experimental variables. 

Northernn blot analysis 

Totall cellular RNA was isolated by the LiCI ureum method (17). Twenty micrograms 
off RNA was electrophoresed through a 1% agarose gel containing 6.7% 
formaldehydee and blotted on Hybond nylon membrane (Amersham Biosciences, 
Roosendaal,, The Netherlands) in 16.9x SSC and 5.7% formaldehyde. DNA probes 
weree hybridised for 16hr at C in 0.5M Na2HP04, pH6.8, 7%SDS, ImM EDTA and 
50|ig/mll herring sperm DNA. Filters were washed in 40mM Na2HP04, 1%SDS at 

. . 
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Probes s 

Sequencess of all probes were verified before hybridisation. Probes for several of the 
humann genes were generated by PCR, using neuroblastoma cDNA or EST clones 
obtainedd from the IMAGE consortium as template, and subsequently cloned in the 
plasmidd vector pGEMT-easy (Promega, Leiden, The Netherlands). For other genes, 
insertss of EST clones from the IMAGE consortium were used as probe for northern 
blott analysis. Several probes are described previously (13), new probes are included 
inn table 1 or table 2. NPY probe was a gift from J.Molenaar. 

Tablee 1 : overview of PCR primers used for gene am 
Gene e 
GAP43 3 
SCG10 0 
IGF2 2 
HAND2 2 
HAND1 1 
Phox2A A 

Forwardd primer 
gctgagacagaaagtgcc c 
atgctgtcactgatctgc c 
ttgaggagtgctgtttcc c 
ccgttgcagcaataatgcc c 
aggctgaactcaagaagg g 
cctacctcaattcgtacg g 

Reversee primer 
gagaaagagggctagtgg g 
cctgatatcgcatgatcc c 
tggaacctgatggaaacg g 
agactcagtggttccaacc c 
agcctttcatcttcctgc c 
tcacgcgtgtaaatgtcg g 

plif ication n 
Productt length 
452 2 
567 7 
423 3 
340 340 
655 5 
352 2 

template e 
aa663505 5 
aa013360 0 
cDNA A 
cDNA A 
cDNA A 
cDNA A 

Tablee 2: Overvieww of probes derived f rom EST clones 
Gene e 
TrkA A 
TrkB B 
Notch3 3 
CHGA A 
Phox2B B 
cRET T 

Accession n 
bg110843 3 
aw770836 6 
ai814756 6 
W15214 4 
ai266171 1 
h24956 6 

Insertt length 
850 0 
1300 0 
2681 1 
398 8 
1449 9 
700 0 

Immunofluorescence e 

Cellss were grown on glass coverslips and fixed with 4% paraformaldehyde in 
phosphatee buffered saline (PBS) at room temperature for 5 min. To reduce 
background,, slides were incubated in lOOmM glycine (Sigma) twice for 5 min. After 
washing,, the fixed cells were blocked and permeabiiised with 5% rabbit serum 
(Aurion)/10%% BSA-C (Aurion)/0.2% cold water fish skin (CWFS, Aurion)/0.2%Tween 
inn PBS for 1 hr at . Then, slides were incubated overnight at C with goat-anti-
Dlkll (1:250) (Dlkl-C19, Santa Cruz, CA) in blocking solution, washed, incubated lhr 
att C with rabbit-anti-goat FITC-conjugated secondary antibody (1:5000) (Sigma 
F7367)) in blocking solution and washed again. Cells were embedded in vectashield 
(Vectorr Laboratories Inc.) and nuclei were counterstained with propidium iodide. 
Analysiss was performed using a Zeiss Axioskop microscope equipped with a 
Cytovisionn Image Analysis system (Applied Imaging Ltd). 

Results s 
Transfectionn of TrkA or TrkB induces different phenotypes in neuroblastoma cell 
lines,, but the underlying molecular mechanisms are unknown. We therefore 
comparedd the gene expression profiles of the neuroblastoma cell line SH-SY5Y with 
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ectopicc expression of either TrkA or TrkB (SY5Y-TrkA and SY5Y-TrkB). The TrkA and 
TrkBB receptors are constitutively active in these cells (18). Even in the absence of 
theirr respective exogenous ligands, they show a low level of autophosphorylation, 
probablyy due to their high protein expression levels. Gene expression profiles of the 
cellss were compared by Serial Analysis of Gene Expression (SAGE) (15) and 
oligonucleotidee microarrays. We constructed SAGE libraries of a SY5Y vector control 
andd a SY5Y-TrkA clone with 45,737 and 47,486 tags respectively. Each tag 
representedd an mRNA expressed in these cell lines. Comparison of the libraries 
identifiedd 128 genes with a significantly (p<0.01) differential expression. The most 
strikingg difference was observed for Dlkl, which showed 132 transcript tags per 
50,0000 mRNAs in SY5Y and 0 transcript tags in SY5Y-TrkA (Table 3). In parallel, we 
usedd oligonucleotide arrays to analyse mRNA from SY5Y, SY5Y-TrkA as well as SY5Y-
TrkBB (18). The array data indicated a strong down regulation of Dlkl by TrkA, but not 
byy TrkB (Table 3). We therefore decided to verify all Delta-Notch pathway genes 
identifiedd in the SAGE or microarrays by Northern blot analysis. In addition, we 
examinedd genes involved in the noradrenalin synthesis route and some other 
differentiationn markers (Table 3). 

TrkAA silences Dlkl expression in neuroblastoma 

Northernn blots with total RNA from SH-SY5Y, an empty vector control clone, three 
independentt clones with ectopic TrkA expression and two with ectopic TrkB 
expressionn were hybridised with probes for TrkA and TrkB (Figure la). The TrkA and 
TrkBB clones showed a high expression of the transfected genes (two of the three 
TrkAA clones are shown; the hybridisation results are identical for all three clones). 
Dlkll mRNA expression was indeed completely switched off by TrkA, but not by TrkB 
(Figuree la). The differential Dlkl expression in the TrkA and TrkB clones was 
confirmedd at the protein level. Immunofluorescent staining with an antibody for Dlkl 
showedd that SH-SY5Y, empty vector control and SY5Y-TrkB cells were positive for 
Dlkll protein, while all SY5Y-TrkA cells were negative (Figure 2). We next analysed 
whetherr the four human Notch receptors were regulated by the Trk receptors. 
Notch33 was previously found to be the most frequently expressed Notch gene in 
neuroblastomaa cell lines (13). The oligonucleotide arrays did not reveal differential 
Notch33 expression, while the SAGE libraries showed a Notch3 upregulation by TrkA 
fromm 0 to 6 transcript tags per 50,000 transcripts (p<0.05). The Northern blots 
confirmedd that Notch3 is indeed upregulated by TrkA and to an even greater extend 
byy TrkB (Figure la). The other Notch genes did not show (differential) expression in 
thee SAGE or oligo-array data, but Northern blot analysis showed a weak upregulation 
off Notchl by TrkA and TrkB (Figure la). These results show a new regulatory 
connectionn between the TrkA signalling route and the Delta-Notch pathway. 
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Tablee 3: Expression of selected groups of genes in SY5Y-vec, SY5Y-TrkA and SY5Y-
TrkBB as analysed by SAGE and oligonucleotide microarrays. 

gene e 

Dlkl l 
Dill l 
DII3 3 
DII4 4 

jaggedd 1 
jagged2 2 
Notchh 1 
Notch2 2 
Notch3 3 
Notch4 4 
HES1 1 
HEY1 1 
DBH H 
DDC C 
CHGA A 
CHGB B 
HASH1 1 

HAND1 1 
HAND2 2 
Phox2A A 
Phox2B B 
IGF2 2 

GAP43 3 
NPY Y 

SCG10 0 

RET T 

category y 

Delta-Notch h 

notchh ligand 
notchh ligand 
notchh ligand 
notchh ligand 
notchh ligand 
receptor r 
receptor r 
receptor r 
receptor r 
notchh effector 
notchh effector 

CAA synthesis 
CAA synthesis 
Dense-core e 
Dense-core e 

tf f 

tf f 
tf f 
tf f 
tf f 
Differentiation n 

Differentiation n 
Differentiation n 

Differentiation n 

Differentiation n 

Unigene e 
Hs. . 

169228 8 
250500 0 
127792 2 
3736 6 
409202 2 
166154 4 
311559 9 
8121 1 
8546 6 
436100 0 
250666 6 
234434 4 
2301 1 
150403 3 
172216 6 
2281 1 
1619 9 

152531 1 
36029 9 
276879 9 
87202 2 
349109 9 

79000 0 
1832 2 

90005 5 

350321 1 

ocus s 
ink k 

8788 8 

10683 3 

182 2 

4851 1 
4853 3 
4854 4 

4855 5 
3280 0 
23462 2 
1621 1 
1644 4 
1113 3 
1114 4 
429 9 

9421 1 
9464 4 
401 1 
8929 9 
3481 1 

2596 6 
4852 2 

11075 5 

5979 9 

tag g 

atacagaata a 
atatctgtaa a 
ggagcgcggt t 
cctccaacta a 
tgcttctgcc c 
gctgttggtg g 
ggtaagtaac c 
tatagatcct t 
ttccatagcc c 
gtagggagga a 
cactatattt t 
gaactgtggt t 
ctgggccggg g 
tggctaaatg g 
aagctctcct t 
cttatgacaa a 
gccggctcgc c 
taatgctatt t 
cctgttgtgc c 
gacctgctgg g 
aggcctgtcc c 
tgcatatagt t 
gggggggggt t 

cctgaactct t 
cattcaaaaa a 
cattcaaaag g 
gtttaaaaag g 
atgctactga a 
tatcataaaa a 

SAGE E 
SY5Y--
Vec c 
132,2 2 
0 0 

2,1 1 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

2,1 1 
17,4 4 
13,1 1 
5,4 4 
17,4 4 
9,8 8 
6,5 5 
8,7 7 
6,5 5 
5,4 4 
4,3 3 
6,5 5 

5,4 4 
36 6 
17,4 4 
49,1 1 
5,4 4 
41,5 5 

SAGE E 
SY5Y--
TrkA A 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
6,3 3 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 
0 0 
1 1 
6,3 3 
9,4 4 

2,1 1 
0 0 

2,1 1 
0 0 
0 0 
3,1 1 
0 0 
17,8 8 

SAGE E 
P--
value e 
0,000 0 

--
0,238 8 

--
--
--
--
--
0,016 6 

--
--
0,238 8 
0,000 0 
0,000 0 
0,028 8 
0,000 0 
0,009 9 
0,014 4 
0,017 7 
0,613 3 

0,251 1 
0,328 8 
0,014 4 

0,216 6 
0,000 0 
0,000 0 
0,000 0 
0,028 8 
0,002 2 

Chip--
SY5Y-Vec c 

44864 4 

--
--
--
543 3 

--
--
31 1 
908 8 
31 1 
124 4 

--
2764 4 
17052 2 
2661 1 
7556 6 
2574 4 
11237 7 

--
--
--
2789 9 
207 7 
484 484 

7283 3 
12488 8 

27991 1 

3993 3 

Chip--
SY5Y--
TrkA A 
130 0 

--
--
--
1169 9 

--
--
67 7 
1107 7 
158 8 
177 7 

--
231 1 
68 8 
43 3 
97 7 
257 7 
1197 7 

--
--
--
159 9 
190 0 
386 6 
621 1 
116 6 

3744 4 

1550 0 

Chip--
SY5Y--
TrkB B 
51225 5 

--
--
--
714 4 

--
--
272 2 
1220 0 
133 3 
150 0 

--
1693 3 
11159 9 
1472 2 
5712 2 
1203 3 
5966 6 

--
--
--
3013 3 
663 3 
723 3 
1005 5 
4728 8 

15835 5 

1845 5 

tf:: transcription factor. CA: catecholamine. For SAGE analysis, tag counts are normalised to 50,000. 
Somee genes are represented by two different tags (due to alternative splicing or a single nucleotide 
polymorphism)) and also for some genes two independent oligo sets were spotted on the array. 

Regulationn of Notch downstream effectors 

Activationn of Notch receptors by ligands of the human Delta family members on 
adjacentt cells triggers translocation of the intracellular part of the Notch protein into 
thee nucleus, where the hairy and enhancer of split (HES) genes are regulated. Ten 
humann HES and HES-related genes are described. Neither SAGE nor microarray data 
weree informative on one of them. Five HES homologues (HES1, HES4, HES6, HEY1 
andd HEYL1) were previously shown to be expressed in a neuroblastoma cell line 
panell (13) and were therefore analysed by Northern blot. Three of them were 
expressedd in SH-SY5Y clones. Only HES1 expression was moderately induced by TrkA 
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andd TrkB (Figure la). The upregulation of HES1 suggests that the Notch receptors 
inducedd in the TrkA and TrkB expressing cells are active. However, as Dlkl is silent in 
SY5Y-TrkAA cells we searched for expression of additional Notch ligands. Based on 
theirr expression in either SAGE or microarray, DII3 and Jaggedl were analysed on 
Northernn blot. Their expression levels were very low and variable (data not shown). 

vv Q TrkA TrkB 

Figuree 1: TrkA and TrkB differentially regulate gene expression in neuroblastoma cell 
linee SH-SY5Y. 
AA northern blot with total RNA from SH-SY5Y (wt), SH-SY5Y transduced with an empty vector (mock), 
twoo clones transduced with an a TrkA expression construct (TrkA) and two clones transduced with a 
TrkBB expression construct (TrkB) was hybridised with probes for the indicated genes, (a) Expression 
off Dlkl and some other genes of the Delta-Notch pathway were differentially regulated by TrkA and 
TrkB.. (b) In addition, expression of the transcription factors Phox2B and HAND1, which regulate SNS 
differentiation,, and of DBH and chromogranins were downregulated by TrkA and not by TrkB. (c) Also 
aa series of developmental genes were differentially regulated by TrkA and TrkB. 
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bHLHH and homeodomain transcription factors of the autonomic lineage are 
downstreamm targets of TrkA 

Wee previously showed that TrkA downregulates Phox2B and DBH in the SY5Y clones 
(11).. In addition, we have observed a strong correlation between DBH and Dlkl 
expressionn in neuroblastoma cell lines and normal chromaffin cells (13). The finding 
thatt also Dlkl is downregulated by TrkA, but not TrkB, strongly suggests that the 
TrkA,, Phox2B and Delta-Notch signalling routes are closely connected in 
neuroblastoma.. We therefore further analysed the Phox2B network. Transcription of 
DBHH can be induced by both Phox2B and its homologue Phox2A (19-23). 
Hybridisationn of the Northern blots showed a high Phox2A expression in SY5Y, but no 
regulationn by TrkA or TrkB. Recently, it was shown that the bHLH transcription factor 
HAND22 can synergistically enhance the transcription of DBH by Phox2A (24;25). Also 
HAND22 is not regulated in the TrkA clones, but its expression is boosted by TrkB 
(Figuree lb). Neuroblastomas can also express HAND1, a homologue of HAND2 (26). 
Thee SAGE data suggested regulation of HAND1 and hybridisation of the Northern blot 
showedd that this gene is completely silenced by TrkA, but not by TrkB (Figure lb). 
Thesee results suggest that the down regulation of DBH in SY5Y-TrkA cells is probably 
mediatedd by the downregulation of Phox2B, and not under control of Phox2A. An 
additionall role for HAND1 has to be further analysed, as well as the possibility that 
Phox2BB controls Dlkl expression. 
Anotherr bHLH transcription factor, HASH1, directly regulates transcription of Phox2A 
andd Phox2B and is an important regulator of autonomic neuronal identity (27;28). 
Thee data in table 3 suggested differential expression of HASH1. Northern blot 
analysiss showed, however, that the variable HASH1 expression is the result of clonal 
variationn in the analysed cell lines, rather than effectuated by TrkA or TrkB (Figure 
lb). . 

Thee catecholamine biosynthesis and secretion route is influenced by TrkA 

Wee analysed the expression profiling data for additional genes with a role in 
noradrenalinn synthesis. DBH is the last enzyme of the noradrenalin biosynthesis route 
andd converts dopamine to noradrenalin. The enzyme dopa decarboxylase (DDC) 
catalysess the preceding step as it converts 3,4-dihydroxyphenylalanine (dopa) to 
dopamine.. The SAGE and microarray data indicate that also DDC is strongly down-
regulatedd by TrkA, and not by TrkB (table 3). Chromaffin cells store and secrete 
(nor)adrenalinn with dense-core secretory granules. Chromogranins A and B (CHGA 
andd CHGB) are major constituents of these granules and they were found to be 
stronglyy downregulated by TrkA, but not by TrkB (Table 3 and figure lb). 

Additionall d iff eren tiaton markers regulated by TrkA and TrkB 

TrkAA also affected the expression of other differentiation markers of neuroblastoma 
(tablee 3). IGF2 expression was described as a marker for extra-adrenal paraganglia 
andd for adult, but not foetal, adrenal medulla (29;30). Northern blot analysis showed 
thatt IGF2 mRNA is downregulated by TrkA, but not by TrkB (Figure lc). SAGE and 
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microarrayy data also suggested regulation of GAP43, SCG10 and NPY by TrkA. GAP43 
iss an axonal protein involved in growth cone motility and synapse formation. SCG10 
(orr stathmin-like 2) is also present in neuronal growth cones. NPY is expressed in 
immature,, proliferating cells of the sympathetic nervous system and mature neurons, 
butt not in noradrenergic chromaffin cells. Northern blot analysis confirmed the strong 
downn regulation of GAP43, SCG10 and NPY by TrkA. In contrast to the other genes 
identifiedd in this study, they are also downregulated by TrkB. Also the RET gene 
appearedd to be downregulated in our SY5Y-Trk system (Table 3). RET is the receptor 
forr glial cell line-derived neurotrophic factor (GDNF) and is active in most 
neuroblastomass (31). Interestingly, RET expression can be induced by HASH1, 
Phox2AA and Phox2B (12;32). Northern blot analysis does not correspond precisely 
withh the profiling results, as RET appears to be downregulated by TrkB, and not by 
TrkAA (Figure lc). 

Expressionn of Delta-Notch signalling elements is similar in SY5Y-TrkA and 
SH-EPP cells 

Neuroblastomaa cell lines have a certain capacity to transdifferentiate from one 
phenotypee into another. This phenomenon was intensively studied in neuroblastoma 
celll line SK-N-SH. Two stable subclones were derived from this line, SH-SY5Y and 
SHEP.. These two derivatives have been well characterised. SH-SY5Y is described as a 
neuronall type subclone, while SHEP is described as an epithelial-like subclone. 
However,, little is known of the molecular mechanisms behind the differentiation of 
SK-N-SHH into different directions. We previously showed that SH-SY5Y has a high 
Phox2BB and DBH expression, while SHEP lacks any expression of this genes (11). We 
thereforee hybridised a Northern blot filter with RNA from SH-N-SH, SY5Y and SHEP 
withh a Dlkl probe (figure 3). Interestingly, SY5Y and SHEP have an opposite 
hybridisationn pattern for Dlkl and Notch3 (13). SK-N-SH and SY5Y are positive for 
Dlkll and negative for Notch3, but this pattern is inversed in SHEP. Although SHEP 
doess not express TrkA (data not shown), these results show that there is a strong 
parallell in gene expression between SY5Y-TrkA and SHEP. Both cell lines lack 
expressionn of Phox2B, Dlkl and DBH, but do express Notch3. The differential 
expressionn of these genes in SH-SY5Y and SH-EP cells may explain part of the 
differencess in the phenotypes of these two cell lines. 
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Figuree 2: Dlkl protein is down-regulated by TrkA and not by TrkB in neuroblastoma 
celll line SH-SY5Y. 
Immunofluorescentt Dlkl staining (green) of SH-SY5Y wt cells and SY5Y cells transduced with TrkA 
andd TrkB. Nuclei are counterstained with dapi (blue). 
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Figuree 3: Dlkl expression in SK-N-SH, SH-SY5Y and SHEP. 
Northernn blot with total RNA from SK-N-SH and its derivatives SH-SY5Y and SHEP was hybridised with 
aa Dlkl probe. UbiquitinB hybridisation and 28S serve as loading controls. 
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Discussion n 
Inn this study we applied SAGE and oligonucleotide arrays to identify downstream 
targetss of an ectopically expressed TrkA receptor. Both technologies yielded highly 
complementaryy results in comparing the expression profiles of TrkA, TrkB or mock-
infectedd neuroblastoma cells. We focussed on the expression of genes involved in 
Delta-Notchh signalling and some differentiation markers. Ten genes whose regulation 
wass predicted by the profiling experiments were validated on Northern blot. Three 
geness were identified by SAGE only (Notch3, HAND1 and IGF2), one by the 
oligonucleotidee arrays only (Phox2B) and six were found by both analyses (Dlkl, 
DBH,, CHGA, GAP43, NPY, SCG10). Both technologies were therefore very 
instrumentall in analysing the changes in gene expression profiles induced by TrkA or 
TrkBB and in identifying novel regulatory interactions. 
Manyy of the regulatory pathways that are active in SNS development are connected 
too each other, but insights in these systems are as yet far from complete. The 
interactionss of these regulatory systems can change depending on time and space in 
thee developing embryo. Embryonic tumour cells may reflect essential aspects of 
thesee interactions. In this study we identified many new interactions between genes 
withh a role in SNS differentiation or neuroblastoma pathogenesis. Two major 
conclusionss can be drawn. Firstly, TrkA and TrkB strongly differ in their regulation of 
Dlkl,, Notch3, HAND1, IGF2 and RET. As these genes are known to play important 
roless in development and/or tumorigenesis, these findings might explain some of the 
strongg differences in phenotype induced by both genes, as well as the different 
prognosticc values of them in neuroblastoma. Secondly, these experiments reveal a 
relationshipp between two pathways implicated in SNS lineage differentiation and 
neuroblastomaa pathogenesis. The homeobox transcription factor Phox2B controls 
noradrenergicc differentiation in the SNS. Phox2B is mutated in a subset of 
neuroblastomass and is downregulated by TrkA in SY5Y cells (10;11). Here we show 
thatt TrkA/Phox2B signalling not only controls the catecholamine synthesis route and 
DBHH expression, but also the Delta-Notch pathway. This finding places the TrkA 
signallingg cascade upstream of Dlkl and DBH. The downregulation of DBH by TrkA is 
mostt likely mediated by the downregulation of Phox2B. Whether Phox2B and possibly 
HAND11 in addition mediate the Dlkl silencing remains to be analysed. These data 
showw that in principle, the TrkA/Phox2B and Delta-Notch pathways are 
interconnected. . 

Althoughh these results show some fundamental interactions between pathways, it is 
prematuree to extrapolate these findings to SNS development or neuroblastoma 
pathogenesis.. It is evident that the here described pathways are important in the 
biologyy of the SK-N-SH cell line and its derivatives SY5Y and SHEP. SY5Y and SHEP 
appearedd to have opposite expression patterns for Dlkl and Notch3, just like SY5Y 
andd SY5Y-TrkA. This suggests that the differences in Delta-Notch pathway activity 
mayy represent a major difference between SY5Y and SHEP. As we previously showed 
thatt high Dlkl (and DBH) expression is a hallmark of normal chromaffin cells, this 
suggestt that SY5Y reflects a chromaffin-type of differentiation lineage, while SHEP 
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wouldd represent another lineage of the SNS. It is difficult to speculate about the 
precisee nature of this latter lineage. The SNS knows two main types of terminally 
differentiatedd cells: chromaffin cells and ganglionic cells. SHEP cells and SY5Y-TrkA 
cellss could represent more immature cells, which have not differentiated in one of 
eitherr directions. However, many more intermediate cell types could exist during 
normall development. We recently showed in an analysis of a series of 
neuroblastomass that there was in vivo a positive correlation between expression of 
TrkA,, Phox2B and DBH. This is in apparent contradiction to the situation in SY5Y. 
Therefore,, it is not clear when and how the regulatory circuitry as described in this 
paperr for SY5Y, functions during normal differentiation of the SNS. However, the 
observedd relationships between Phox2B, which is mutated in some neuroblastoma, 
TrkA,, Delta-Notch, RET and other pathways and differentiation markers reveals a 
numberr of novel interactions which may play an important role in neuroblastoma 
pathogenesis.. As many of these genes are differentially regulated by TrkA and TrkB, 
theyy may define part of the different biological effects of both neurotrophin 
receptors. . 
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