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Abstract t 

Wee have previously described that the MYCN oncogene strongly increases the expression of the 

nm23-Hll  and H2 genes. These two genes map in the minimal chromosome 17q region that is 

amplifiedd in 70% of neuroblastomas. About 25% of neuroblastomas have both gain of 17q and 

MYCNN amplification, leading to a very high nm23-Hl and H2 expression. The biological effect of 

highh nm23-Hl or H2 expression is unknown. As MYCN can sensitize to apoptosis, we analyzed 

whetherr this effect is mediated by nm23 genes. Unexpectedly, we found that nm23-H2 protects 

neuroblastomaa cells against drug-induced apoptosis. We silenced nm23-Hl and H2 expression by 

RNAii  in four neuroblastoma cell lines. Down-regulation of nm23-H2, but not of nm23-Hl, 

increasedd the level of drug-induced apoptosis in two cell lines with gain of 17q only and in one cell 

linee with gain of 17q and MYCN amplification. Nm23-H2 therefore protects neuroblastoma cell 

liness with gain of 17q to apoptosis. The role of nm23 genes in MYCN expressing cell lines was 

furtherr analyzed in the SHEP-21N cell line. SHEP-21N has high expression of an ectopic MYCN 

genee inducing the nm23 genes. The MYCN expression in these cells results in an increased 

susceptibilityy to apoptosis. Silencing of nm23-H2, but not of nm23-Hl, further increased the 

MYCNN induced susceptibility to apoptosis. The strong induction of nm23-H2 by MYCN therefore 

counteractss the pro-apoptotic effects of MYCN. The anti-apoptotic effect of nm23-H2 is mediated 

byy inhibition of the mitochondrial route to apoptosis, while the death receptor route as triggered by 

TRAILL is unaffected. These data support a role of nm23-H2 in neuroblastoma pathogenesis. 

61 1 



Introduction n 

Neuroblastomaa is a childhood cancer originating from neural crest derived cells1. The tumor 

exhibitss remarkable clinical and genetic heterogeneity. Gain of chromosome 17q (70% of tumors) 

andd amplification of the MYCN oncogene (25% of tumors) are two important abnormalities in 

neuroblastomaa and are both correlated with an unfavorable outcome2"7. 

Thee m_yo family of oncogenes encode transcription factors that play a central role in the regulation 

off  cellular processes like growth, proliferation, tumorigenesis and apoptosis8. Induction of apoptosis 

iss best studied for the c-Myc gene9'10, but also MYCN can induce apoptosis11. Ectopic MYCN 

expressionn in a neuroblastoma cell line sensitizes to programmed cell death upon treatment with 

interferon-yy or cytostatic drugs". In addition, MYCN enhances the susceptibility to apoptosis in a 

varietyy of cells like fibroblasts and neurons12. Apoptosis can be mediated by two major pathways, 

thee death receptor pathway activating caspase 8 and the mitochondrial apoptosis pathway activating 

caspasee 9. Cross-talk between both pathways is possible by the BID protein, that is stimulated by 

thee death receptors and can activate the mitochondrial route and caspase9. The myc genes probably 

activatee the mitochondrial pathway. The c-Myc-induced apoptosis proceeds by cytochrome c 

releasee from mitochondria and subsequent formation of the apoptosome consisting of APAF1 and 

procaspase-99 . MYCN mediated apoptosis is associated with a collapse of the mitochondrial 

membranee potential11. 

Thee observation that MYCN sensitizes cells to apoptosis in experimental systems, suggests that 

neuroblastomaa tumors with amplification and over-expression of MYCN have a mechanism to 

escapee from apoptosis. The best-studied block in a pro-apoptotic pathway in neuroblastoma is 

hypermethylationn and transcriptional silencing of the caspase 8 gene, which blocks the death 

receptorr pathway to apoptosis14. Binding of CD95/FAS, TNF (tumour necrosis factor) or TRAIL 

(TNF-relatedd apoptosis-inducing ligand) to the death receptors triggers the association of the 

intracellularr adaptor protein FADD with the CD95 receptor, resulting in activation of caspase 815. 

Whilee inactivation of caspase 8 by methylation is frequent in MYCN amplified neuroblastoma, no 

consistentt defects in the mitochondrial route to apoptosis have been described for this category of 

tumors.. This raises the question whether and how MYCN amplified neuroblastomas can escape 

fromm the MYCN induced apoptosis mediated by the mitochondrial pathway as observed in 

experimentall  in vitro systems. 
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Wee recently described that MYCN strongly increases the expression of the nm23-Hl and H2 

genes16.. These two genes map in the minimal chromosome 17q region that is amplified in 70% of 

neuroblastomas.. Neuroblastomas with both MYCN amplification and additional copies of 

chromosomee 17q therefore have a strong over-expression of nm23-Hl and H216. The highly 

homologouss nm23-Hl and H2 genes encode the constitutively expressed nucleoside diphosphate 

kinasess (NDPK) A en B, respectively. They function to transfer terminal phosphoryl groups to 

generatee nucleoside triphophates other than ATP17. In addition, several data suggest a role for these 

geness in cancer. High nm23-Hl expression is correlated with prolonged disease-free or overall 

survivall  in breast, ovarian, cervical, gastric and hepatocellular carcinomas and melanoma . In 

contrast,, high nm23-Hl expression in neuroblastoma, pancreas carcinomas and hematologic 

malignanciess is associated with a poor prognosis19"23. These reports suggest a tissue specific 

functionn of nm23-Hl. The correlation of nm23-H2 with clinical outcome is less clear. In view of 

thee induction of the nm23 genes by MYCN and their map position in a critical chromosomal region 

withh extra copies in aggressive neuroblastoma, we have analyzed whether the nm23 genes play a 

rolee in the control of apoptosis. Here we report that over-expression of nm23-H2 protects 

neuroblastomaa cells to apoptosis. This is found in MYCN single copy neuroblastoma cell lines, and 

evenn stronger in MYCN amplified cell lines. 

materialss and methods 

CellCell lines 

Thee neuroblastoma cell lines, IMR32, SK-N-AS, IMR32 were cultured in Dulbecco modified Eagle 

mediumm (DMEM) supplemented with 10% fetal calf serum, 20mM L-glutamine, 10 U/ml penicillin 

andd 10 |ig/ml streptomycin. The SHEP-21N cell line was grown in RPMI 1640 medium 

supplementedd with 10% fetal calf serum, 4 mM L-glutamine, 100U/ml penicillin and 100 ug/ml 

streptomycin.. Cells were maintained at 37°C under 5% CO2. The SHEP-21N cell line was 

transfectedd with a tetracycline-regulated MYCN expression vector. MYCN expression can be 

switchedd off by tetracycline24. Tetracycline (Sigma) was used at a concentration of 10 ng/ml 

mediumm to inhibit MYCN expression. 

63 3 



PostPost transcriptional silencing by RNA interference 

Shortt interfering RNA (siRNA) against human nm23-Hl and H2 were designed with 3' 

overhangingg uridine dimers following the procedure described by Elbashir et al.25. Oligo's; nm23-

Hl :: (anti-sense) 5'cag gga aga aug guc ggu ctt 3 ', (sense) 5'g ace gac cau uccu ucc cug tt 3 ', nm23-

H2:: (anti-sense) 5'acc aac aag gcg aat cct tt 3', (sense) 5'tt tgg ttg ttc cgc ctt agg 3'. Homology with 

otherr genes was excluded after standard BLAST search with of the NCBI database. siRNAs were 

chemicallyy synthesised (Invitrogen, UK). 

Sensee and anti-sense RNAi of each gene were incubated for 1 hr to prepare 20uM double stranded 

RNAi.. Double stranded RNAi, transfection agent lipofectamine (Invitrogen, UK) and Opti-MEM™ 

(Invitrogen,, UK) were incubated at room temperature for 15-20 min, according to Elbashir et al25. 

Neuroblastomaa cells were grown to 40-60% confluency. The volume of media overlaying the 

neuroblastomaa cells was adjusted and the siRNA transfection complexes were added at a 104 M 

finalfinal concentration. Cells were incubated for 4 hrs supplemented with fetal calf serum to a final 

concentrationn of 10%, and harvested for Western blotting analysis. 

WesternWestern immunoblotting 

Cellss were lysed in 20 mM Tris-HCl pH8.0,1.37 mM NaCl, 10% glycerol, 1% NP-40 and protease 

inhibitorss (protease cocktail, Roche). Western blotting was performed according to standard 

procedure.. Briefly, 2,5u£ cell line lysates were electrophoretically separated on SDS resolving gels 

containingg 15% polyacrylamide and transferred to a PVDF membrane (Milipore, USA). The 

polyconall  anti-NM23-Hl and anti-nm23-H2 antibodies were a kind gift of Dr. M.L. Lacombe26 

(Facultéé de Médecine Saint Antoine, France). For staining we used peroxidase conjugated anti-

rabbitt (1/10000, Biosys) antibodies and an enhanced chemoilluminescence detection system 

(Amersham). . 

DoxorubicinDoxorubicin and trail  treatment and apoptosis measurement 

RNAii  treated cells were treated with final concentrations of 0,2 ug/mL doxorubicin (Farmitalia, 

Italy)) or 30 ng/mL TRAIL/APO-2L (Prepro Tech Inc., Rocky Hill , NJ) for 36 or 16 hrs 

respectively.. Cells were harvested; washed with PBS and spun down at 200xg. DNA fragments 

weree stained with propidium iodide according to standard procedures27. Stained fragments were 

quantifiedd utilizing a FACscan flow cytometer (Beekman) and CELL-Quest software (Becton 
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Dickinson,, Germany). Each experiment was performed in triplicate. At least 1x10 cells were 

analyzed.. Induction of apoptosis after apoptotic trigger was defined as a 2-fold induction or more of 

thee baseline apoptosis. 

Inn case of IMR32 nuclei were stained with 20 ng/ml DAPI and embedded in antifade solution (20 

mMM DABCO, 1 M Tris-HCl and 90 % glycerol). Signals were microscopically analyzed using an 

Olympuss microscope and images were stored after digitalization. Per slide the apoptotic and normal 

nucleii  were scored at 40 times with a minimum of 100 nuclei. The apoptosis index is the total 

amountt of apoptotic nuclei per normal nuclei. 

DeterminationDetermination of the mitochondrial membrane potential, Ay/m 

Cellss were incubated with 3.3'-dihexyloxacarbocyanide iodide (DiOC6(3)), 40nM, Sigma, 

Germany)) for 15 min at 37°C in a dark space and analysed on a flow cytometer and CELL-Quest 

softwaree (Becton Dickinson, Germany). Loss of the A\|/m was defined by the relative comparison of 

thee collapse of the green fluorescent DiOC6(3) signal of intact cell populations with and without the 

apoptoticc trigger. All measurements were performed in duplo. 
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Results s 

SilencingSilencing ofnm23 expression by RNAi in neuroblastoma cell lines 

MYCNN has been shown to sensitize the neuroblastoma cell line SHEP-21N to doxorubicin induced 

apoptosiss . We have previously demonstrated that MYCN over-expression induces expression of 

nm23-Hll  and H2 in this cell line. To analyze whether the nm23-Hl and H2 genes play a role in the 

sensitivityy of neuroblastoma cells to apoptosis, we silenced their expression in neuroblastoma cell 

liness by RNA interference. Two MYCN single copy cell lines, one MYCN amplified cell line and 

onee cell line with ectopic MYCN expression were treated with RNAi molecules specific for nm23-

Hll  and H2. The nm23-H2 RNAi reduced nm23-H2 protein expression to almost zero in all four cell 

lines,, without interfering with nm23-Hl expression levels (fig. 1). Nm23-Hl protein expression 

couldd be silenced by RNAi in 3 out of 4 cell lines, without affecting the nm23-H2 protein levels 

(fig-- 1). 

SilencingSilencing ofnm23-H2 enhances doxorubicin mediated apoptosis in neuroblastoma cell lines 

Too test whether nm23-Hl or H2 expression plays a role in apoptosis of neuroblastoma cells, we 

measuredd doxorubicin-triggered apoptosis with and without RNAi silencing of nm23-Hl or H2. 

Knock-downn of NM23-H1 or H2 persists for at least 36 hours in all cell lines, regardless of the 

presencee of doxorubicin. We first analyzed a possible role of nm23-Hl or H2 in MYCN single copy 

celll  lines. FACS analysis of the SK-N-AS cell line showed 19% apoptosis after doxorubicin 

treatment.. Knock-down of nm23-Hl combined with doxorubicin did not change the apoptotic rate, 

butt silencing of nm23-H2 enhanced the doxorubic in-induced apoptosis to 31% (fig. 2a). Knock-

downn of nm23-Hl or H2 without doxorubicin treatment did not affect the background level of 

apoptosiss (fig. 2a, white bars). The MYCN single copy cell line SJNB-1 showed a 33% apoptotic 

responsee to doxorubicin treatment. Nm23-Hl knock-down did not affect this rate, but nm23-H2 

RNAii  treatment increased this rate to 50% (fig. 2a). These data show that nm23-H2 expression 

protectss against doxorubicin-induced apoptosis in MYCN single copy neuroblastoma cell lines. 

Wee then analyzed whether the high expression levels of nm23-Hl or H2 resulting from MYCN 

inductionn protect the cells to apoptosis. We used the SHEP-21N cell line, which has a high 

expressionn of an exogenic MYCN construct. The exogenic MYCN expression can be completely 

switchedd off by treatment of these cells with tetracycline24. When MYCN is switched off in the 

cells,, treatment with doxorubicin gives a minimal increase in apoptosis from a background level of 
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22 % to a level of 7 % (fig. 2b, grey bars). When MYCN is expressed, induction of apoptosis by 

doxorubicinn is increased from 3% to 18%. The induction of apoptosis by MYCN is therefore quite 

moderate,, in agreement with previous observations24. Nm23-Hl and H2 are strongly up-regulated 

byy MYCN in this cell line16. We therefore analyzed whether nm23-Hl or H2 limits the pro-

apoptoticc effect of MYCN. Silencing of nm23-Hl showed no significant change in the doxorubicin-

inducedd apoptotic rates, whether MYCN was over-expressed or not. However, knock-down of 

nm23-H22 in MYCN expressing cells increased the doxorubicin-induced apoptosis from 18 % to a 

levell  of 34 % (fig. 2b). When MYCN was switched off under these conditions, apoptosis dropped to 

11%.. Summarizing, when MYCN is expressed, nm23-H2 reduces apoptosis from 34% to 18%. 

Whenn MYCN is not expressed, nm23-H2 reduces apoptosis from 11% to 7%. Therefore, nm23-H2 

expressionn protects MYCN expressing cells against apoptosis. The strong induction of nm23-H2 by 

MYCNN may therefore function to counteract the pro-apoptotic effect of MYCN. 

Too further extent these observations we also tested a neuroblastoma cell line with amplification and 

over-expressionn of the endogenous MYCN gene. As this cell line could not be analyzed by F ACS 

wee measured apoptosis by DAPI staining of nuclei (fig. 2c). Silencing of nm23-Hl or H2 in cell 

linee IMR32 had no significant effect on baseline levels of apoptosis (fig. 2a, white bars). Treatment 

withh doxorubicin (gray bars) induced apoptosis in 9% of the cells (fig. 2a). Nm23-H2 knock down 

combinedd with doxorubicin treatment gave a 2-fold increase of apoptosis from 9 to 19%. Knock 

downn of nm23-Hl had no effect. Therefore, nm23-H2 also protects MYCN amplified 

neuroblastomaa cells against apoptosis. 

DeathDeath receptor mediated apoptosis is unaffected by nm23~H2 RNAi 

Too assess a possible role of nm23 in death receptor mediated apoptosis, we treated neuroblastoma 

celll  lines with TRAIL (TNF-related apoptosis-inducing ligand) and measured the influence of 

nm23-H22 knock down. We used the SHEP-21N cell line because it is one of the few neuroblastoma 

celll  lines with a functional caspase 8 gene29. Nor nm23-Hl, nor nm23-H2 knock down has any 

effectt on TRAIL induced apoptosis in SHEP-21N (fig. 3). This shows that nm23-H2 does not 

interferee with the activity of the death receptor pathway to apoptosis. 
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EnhancedEnhanced Ay/m loss in SHEP-21N upon nm23-H2 RNAi and doxorubicin 

Too assess the involvement of the mitochondrial apoptosis pathway we measured the mitochondrial 

transmembranee potential (A\|/m) loss DiOC6(3) staining. SHEP-21N exposed to doxorubicin showed 

ann increase from 4% to 22% of cells with a loss of the Aym (fig. 4a and 4b). This is in agreement 

withh the previously reported MYCN dependent Aym drop after doxorubicin treatment28. Silencing 

nm23-Hll  combined with doxorubicin treatment did not increase the DiOC6(3) signal loss compared 

too the cells treated with doxorubicin only. In case of nm23-H2 knock-down a clear additional 

DiOC6(3)) signal loss was found (fig. 4a, bottom). This corresponded with a two fold increase of 

A\]/mm loss from 22% up to 44% (fig. 4b). These findings indicate that nm23-H2 exerts its anti-

apoptoticc effect through interference with the mitochondrial mediated pathway to apoptosis. 

Discussion n 

Thee clinical prognosis of neuroblastoma ranges from spontaneous regression to very aggressive 

tumorss with severely impaired survival. Several genomic defects have been associated with a poor 

prognosiss of neuroblastomas. Additional copies of a large region of chromosome 17q is the most 

frequentt one, found in about 70% of rumours. MYCN amplification is found in about 25% of cases. 

Bothh defects are associated with each other, as almost all MYCN-amplified tumours have additional 

17qq material. Fifty percent of neuroblastomas therefore have gain of 17q only. The identification of 

thee gene(s) on 17q that play a role in neuroblastoma pathogenesis has been problematic, as the 

regionn of gain is very large (17q21.3-17qter), and encodes for hundreds of genes. We have 

previouslyy determined that the two adjacent nm23 genes map at the edge of the minimal region of 

gain,, at 17q21.3 16. The finding that the expression of these genes is strongly induced by MYCN, 

madee them interesting candidates for a role in neuroblastoma pathogenesis. Here we describe the 

firstfirst physiological effect of over-expression of an nm23 gene that could explain a role in 

neuroblastomaa pathogenesis. Our data show that nm23-H2 protects neuroblastoma cells against 

apoptosis.. The finding that this is the case both in MYCN amplified and in MYCN single copy 

tumorss suggests that nm23-H2 is an important candidate for a 17q gene with a role in 

neuroblastomaa pathogenesis. As the minimal region of 17q gain in neuroblastoma extends from the 

nm233 genes at 17q21.3 til l the 17q telomere, it is likely that additional genes on 17q further 

contributee to tumor aggressiveness. One other interesting candidate for such a role is the survivin 

gene,, that maps much more telomeric on 17q30. Also survivin protects against apoptosis. 
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Thee effect of MYCN on apoptosis is somewhat paradoxical. In vitro systems have clearly shown 

thatt high ectopic MYCN expression renders cells prone to apoptosis. However, neuroblastomas 

withh MYCN amplification are the most aggressive tumors, with a very poor prognosis. This 

suggestss that in MYCN amplified neuroblastomas some mechanism exists to circumvent the pro-

apoptoticc effect of MYCN. The transcriptional inactivation of caspase 8 is well described in 

neuroblastoma,, and assumed to block the death receptor route to apoptosis 31. However, the pro-

apoptoticc effects of the c-Myc and MYCN genes are best documented for the mitochondrial 

apoptosiss route. One would therefore expect that MYCN amplified neuroblastomas also have a 

mechanismm to escape from the mitochondrial-mediated apoptosis route. The protection of nm23-H2 

againstt apoptosis could function as such, as the expression of nm23-H2 is 10-fold induced by 

MYCN.. This induction is superimposed on the gain of 17q found in a larger group of 

neuroblastomas,, and probably explains the very high nm23-H2 levels observed in MYCN amplified 

tumours16.. As nm23-H2 protects against a loss of the mitochondrial membrane potential, nm23-H2 

probablyy acts on the mitochondrial apoptosis route. Methylation of caspase 8 and over-expression 

off  nm23-H2 can therefore contribute to a block in the two major pathways to apoptosis in 

neuroblastoma. . 

Byy what mechanism nm23-H2 exerts its anti-apoptotic effect is unclear. Nm23 has been reported to 

bindd various proteins that are involved in different biochemical pathways. The Nm23-Hl protein 

hass been found to interact with Tiam, a guanine nucleotide exchange factor GEF for Rac-1 . 

Nm23-Hll  was also found as a GAP for Rad, a GTPase33. These reports suggest a G-protein 

regulatingg role of nm23. Although this was not found for the highly homologous Nm23-H2 protein, 

aa direct interaction of nm23-H2 with proteins leading to the mitochondrial apoptosis route is well 

possible.. The nm23-H2 protein has been reported to have DNA binding properties, which is 

independentt of the enzymatic activity34. Nm23-H2 was reported to affect the transcription of c-Myc 

andd PDGF-A35, while nm23-Hl activated genes involved in myeloid differentiation, e.g. 

myeloperoxidase36.. Finally a protein kinase activity for nm23-Hl has been reported . 

Inn this paper we show that nm23-H2 has an anti-apoptotic effect in neuroblastoma cell lines. The 

expressionn of the gene is up-regulated by MYCN, which strongly limits the pro-apoptotic effect of 

thee MYCN oncogene. As nm23-H2 is also up-regulated by the c-Myc oncogene ' , this 

mechanismm may function both in tumors with MYCN or c-Myc overexpression. Nm23-H2 is 
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thereforee an interesting protein to inactivate with novel drugs, also because an inactivation would 

stronglyy enhance the cytotoxic effect of currently used chemotherapeutic drugs like doxorubicin. 
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Legends s 

RNAii  nm23-Hl 

RNAii  nm23-H2 

SHEP-21N N 

-- + -

SK-N-AS S 

-- - + 

-- + 

IMR322 SJNB-1 

++ - + 

Ü tt  V * NDPK B 

Figuree 1. Silencing of nm23 by RNAi in 4 neuroblastoma cell lines. 

Specificc nm23-Hl and H2 RNAi oligos were used to treat cell lines SHEP-21N, SK-N-AS, IMR32 

andd SJNB-1. Western blot analysis with polyclonal antibodies to nm23-Hl and H2 26 shows specific 

disappearancee of nm23-Hl and H2 gene products, NDPK A and B respectively. (+ = with RNAi; -

== without RNAi) 
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Figuree 2. Knock down of nm23-H2 enhances doxorubicin mediated apoptosis in neuroblastoma 

celll  lines. 

2a.. Nm23-H2 RNAi and doxorubicin induced apoptosis in SK-N-AS, SJNB-l and IMR32. (Grey 

bars:: doxorubicin treated cells. White bars: control cells not treated with doxorubicin.) 

Thee neuroblastoma cell lines SK-N-AS, SJNB-l and IMR32 show increased doxorubicin induced 

apoptosiss upon nm23-H2 knock down compared to the controls. Knock down of nm23-Hl has no 

effectt on apoptosis. 
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2b.. Nm23 RNAi and doxorubicin enhances apoptosis in SHEP-21N. The neuroblastoma cell line 

SHEP-21NN has an exogenic tetracycline regulated MYCN overexpression. Without tetracycline 

MYCNN is switched on (white bars). When MYCN is expressed, nm23-H2 silencing induces 

apoptosiss in doxorubicin treated cells. When MYCN is switched off, the effect of nm23-H2 knock-

downn is much weaker. 

2c.. DAP1 stain of neuroblastoma cell line IMR32 showed apoptotic morphological changes upon 

nm23-H22 silencing and doxorubicin treatment, including nuclear condensation (large arrow) and 

fragmentationn (small arrow). 
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Figuree 3. Apoptosis by the death receptor mediated route is unaffected by nm23 knock down. 

SHEP-21NN cells were treated with nm23-Hl or H2 RNAi and with TRAIL. Silencing of nm23-Hl 

andd H2 did not affect the level of TRAIL-induced apoptosis. 
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Fig.. 4a 
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Fig.. 4b 

23-HII nm23-H2 control nm23-Hl nm23-H2 
RNAii RNAi RNAi RNAi 

noo doxorubicin withh doxorubicin 

Figuree 4. Enhanced A\|/m loss upon nm23-H2 silencing of SHEP-21N cells treated with 

doxorubicin. . 

Mitochondriall transmembrane potential loss (A\|/m) was measured by DiOC6(3) staining of SHEP-

21N. . 

a.. The histogram of the SHEP-21N nm23-H2 silenced (nm23-H2 RNAi) population shows an 

increasedd loss of the A\|/m 

b.. Quantification of A\|/m upon nm23-Hl or nm23-H2 RNAi combined with DOXO treatment. 

75 5 



Referencee List 

1.. Brodeur, G. M. Neuroblastoma: biological insights into a clinical enigma. Nat.Rev.Cancer, 3: 

203-216,2003. . 

2.. Zeng, Z. S., Hsu, S., Zhang, Z. F., Cohen, A. M., Enker, W. E., Turnbull, A. A., and Guillem, 

J.. G. High level of Nm23-Hl gene expression is associated with local colorectal cancer 

progressionn not with metastases. Br.J.Cancer, 70: 1025-1030, 1994. 

3.. Nickerson, J. A. and Wells, W. W. The microtubule-associated nucleoside diphosphate kinase. 

J.Biol.Chem.,, 259: 11297-11304, 1984. 

4.. Lastowska, M, Cotterill, S., Bown, N., Cullinane, C, Variend, S., Lunec, J., Strachan, T., 

Pearson,, A. D., and Jackson, M. S. Breakpoint position on 17q identifies the most aggressive 

neuroblastomaa tumors. Genes Chromosomes.Cancer, 34: 428-436, 2002. 

5.. Davis, J. E., Smyth, M. J., and Trapani, J. A. Granzyme A and B-deficient killer lymphocytes 

aree defective in eliciting DNA fragmentation but retain potent in vivo anti-tumor capacity. 

Eur.J.Immunol.,, 31: 39-47, 2001. 

6.. Savelyeva, L., Corvi, R., and Schwab, M. Translocation involving lp and 17q is a recurrent 

geneticc alteration of human neuroblastoma cells. Am.J.Hum.Genet., 55: 334-340, 1994. 

7.. Westermann, F. and Schwab, M. Genetic parameters of neuroblastomas. Cancer Lett., 184: 

127-147,2002. . 

8.. Pelengaris, S., Khan, M., and Evan, G. c-MYC: more than just a matter of life and death. 

Nat.Rev.Cancer,, 2: 764-776, 2002. 

9.. Juin, P., Hueber, A. O., Littlewood, T., and Evan, G. c-Myc-induced sensitization to apoptosis 

iss mediated through cytochrome c release. Genes Dev., 13: 1367-1381, 1999. 

76 6 



10.. Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land, H., Brooks, M., Waters, C. 

M.,, Penn, L. Z., and Hancock, D. C. Induction of apoptosis in fibroblasts by c-myc protein. 

Cell,, 69: 119-128, 1992. 

11.. Lutz, W., Fulda, S., Jeremias, I., Debatin, K. M., and Schwab, M. MycN and IFNgamma 

cooperatee in apoptosis of human neuroblastoma cells. Oncogene, 17: 339-346, 1998. 

12.. Fulda, S., Lutz, W., Schwab, M., and Debatin, K. M. MycN sensitizes neuroblastoma cells for 

drug-triggeredd apoptosis. Med.Pediatr.Oncol., 35: 582-584, 2000. 

13.. Henriksson, M. and Luscher, B. Proteins of the Myc network: essential regulators of cell 

growthh and differentiation. Adv.Cancer Res., 68: 109-182, 1996. 

14.. Teitz, T., Lahti, J. M., and Kidd, V. J. Aggressive childhood neuroblastomas do not express 

caspase-8:: an important component of programmed cell death. J.Mol.Med., 79: 428-436, 

2001. . 

15.. Fraser, A. and Evan, G. A license to kill. Cell, 85: 781-784, 1996. 

16.. Godfried, M. B., Veenstra, M., Sluis, P., Boon, K., Asperen, R., Hermus, M. C, Schaik, B. D., 

Voute,, T. P., Schwab, M., Versteeg, R., and Caron, H. N. The N-myc and c-myc downstream 

pathwayss include the chromosome 17q genes nm23-Hl and nm23-H2. Oncogene, 21: 2097-

2101,2002. . 

17.. Backer, J. M., Mendola, C. E., Kovesdi, I., Fairhurst, J. L., O'Hara, B., Eddy, R. L., Jr., 

Shows,, T. B., Mathew, S„ Murty, V. V., and Chaganti, R. S. Chromosomal localization and 

nucleosidee diphosphate kinase activity of human metastasis-suppressor genes NM23-1 and 

NM23-2.. Oncogene, 8: 497-502, 1993. 

18.. de la, R. A., Williams, R. L., and Steeg, P. S. Nm23/nucleoside diphosphate kinase: toward a 

structurall and biochemical understanding of its biological functions. Bioessays, 17: 53-62, 

1995. . 

77 7 



19.. Chang, C. L., Zhu, X. X., Thoraval, D. H., Ungar, D., Rawwas, J., Hora, N., Strahler, J. R., 

Hanash,, S. M, and Radany, E. Nm23-Hl mutation in neuroblastoma. Nature, 370: 335-336, 

1994. . 

20.. Leone, A., Seeger, R. C, Hong, C. M., Hu, Y. Y., Arboleda, M. J., Brodeur, G. M., Stram, D., 

Slamon,, D. J., and Steeg, P. S. Evidence for nm23 RNA overexpression, DNA amplification 

andd mutation in aggressive childhood neuroblastomas. Oncogene, 8: 855-865, 1993. 

21.. Niitsu, N., Okamoto, M, Okabe-Kado, J., Takagi, T., Yoshida, T., Aoki, S., Honma, Y., and 

Hirano,, M. Serum nm23-Hl protein as a prognostic factor for indolent non-Hodgkin's 

lymphoma.. Leukemia, 75: 832-839, 2001. 

22.. Okabe-Kado, J. Serum nm23-H 1 protein as a prognostic factor in hematological malignancies. 

Leuk.Lymphoma,, 43: 859-867, 2002. 

23.. Takeda, O., Handa, M., Uehara, T., Maseki, N., Sakashita, A., Sakurai, M., Kanda, N., Arai, 

Y.,, and Kaneko, Y. An increased NM23H1 copy number may be a poor prognostic factor 

independentt of LOH on lp in neuroblastomas. Br.J.Cancer, 74: 1620-1626, 1996. 

24.. Lutz, W., Stohr, M., Schurmann, J., Wenzel, A., Lohr, A., and Schwab, M. Conditional 

expressionn of N-myc in human neuroblastoma cells increases expression of alpha-

prothymosinn and ornithine decarboxylase and accelerates progression into S-phase early after 

mitogenicc stimulation of quiescent cells. Oncogene, 13: 803-812, 1996. 

25.. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T. Duplexes 

off 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature, 411: 

494-498,2001. . 

26.. Pinon, V. P., Millot, G., Munier, A., Vassy, J., Linares-Cruz, G., Capeau, J., Calvo, F., and 

Lacombe,, M. L. Cytoskeletal association of the A and B nucleoside diphosphate kinases of 

interphasee but not mitotic human carcinoma cell lines: specific nuclear localization of the B 

subunit.. Exp.Cell Res., 246: 355-367, 1999. 

78 8 



27.. Nicoletti, I., Migliorati, G., Pagliacci, M. C, Grignani, F., and Riccardi, C. A rapid and simple 

methodd for measuring thymocyte apoptosis by propidium iodide staining and flow cytometry. 

J.Immunol.Methods,, 139: 271-279, 1991. 

28.. Fulda, S., Lutz, W., Schwab, M, and Debatin, K. M. MycN sensitizes neuroblastoma cells for 

drug-triggeredd apoptosis. Med.Pediatr.Oncol., 35: 582-584, 2000. 

29.. van Noesel, M. M., van Bezouw, S., Salomons, G. S., Voute, P. A., Pieters, R., Baylin, S. B., 

Herman,, J. G., and Versteeg, R. Tumor-specific down-regulation of the tumor necrosis factor-

relatedd apoptosis-inducing ligand decoy receptors DcRl and DcR2 is associated with dense 

promoterr hypermethylation. Cancer Res., 62: 2157-2161, 2002. 

30.. Islam, A., Kageyama, H., Hashizume, K., Kaneko, Y., and Nakagawara, A. Role of survivin, 

whosee gene is mapped to 17q25, in human neuroblastoma and identification of a novel 

dominant-negativee isoform, survivin- beta/2B. Med.Pediatr.Oncol., 35: 550-553, 2000. 

31.. Teitz, T., Wei, T., Valentine, M. B., Vanin, E. F., Grenet, J., Valentine, V. A., Behm, F. G., 

Look,, A. T., Lahti, J. M., and Kidd, V. J. Caspase 8 is deleted or silenced preferentially in 

childhoodd neuroblastomas with amplification of MYCN. Nat.Med., 6: 529-535, 2000. 

32.. Otsuki, Y., Tanaka, M, Yoshii, S., Kawazoe, N., Nakaya, K., and Sugimura, H. Tumor 

metastasiss suppressor nm23Hl regulates Racl GTPase by interaction with Tiaml. 

Proc.Natl.Acad.Sci.U.S.A,, 98 : 4385-4390, 2001. 

33.. Zhu, J., Tseng, Y. H., Kantor, J. D., Rhodes, C. J., Zetter, B. R., Moyers, J. S., and Kahn, C. 

R.. Interaction of the Ras-related protein associated with diabetes rad and the putative tumor 

metastasiss suppressor NM23 provides a novel mechanism of GTPase regulation. 

34.. Berberich, S. J. and Postel, E. H. PuF/NM23-H2/NDPK-B transactivates a human c-myc 

promoter-CATT gene via a functional nuclease hypersensitive element. Oncogene, 10: 2343-

2347,, 1995. 

35.. Postel, E. H. and Ferrone, C. A. Nucleoside diphosphate kinase enzyme activity of NM23-

H2/PuFF is not required for its DNA binding and in vitro transcriptional functions. 

79 9 



36.. Postel, E. H„ Berberich, S. J., Rooney, J. W., and Kaetzel, D. M. Human NM23/nucleoside 

diphosphatee kinase regulat. 

37.. Wagner, P. D. and Vu, N. D. Phosphorylation of ATP-citrate lyase by nucleoside diphosphate 

kinase.. J.Biol.Chem., 270: 21758-21764, 1995. 

38.. Schuhmacher, M., Kohlhuber, F., Holzel, M, Kaiser, C, Burtscher, H., Jarsch, M., 

Bornkamm,, G. W., Laux, G., Polack, A., Weidle, U. H., and Eick, D. The transcriptional 

programm of a human B cell line in response to Myc. Nucleic Acids Res., 29: 397-406, 2001. 

80 0 


