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Summary of research

In this thesis we have focused on the systematic validation of potential drug targets 
in the intrinsic apoptotic pathway in neuroblastoma. For targeted drug development 
we follow a stepwise procedure. First a potential drug target gene is identified based 
on genomic and expressional aberrations. Subsequently, the target is validated by 
silencing and over-expression experiments. Finally, a clinically applicable compound 
can be tested for in vitro efficacy and in vivo efficacy. Targets and targeted com-
pounds that show consistent results and a favorable phenotype (e.g. apoptosis or 
growth inhibition) in all these steps can be used for further development towards a 
Phase I/II clinical trial.

In chapter 2 we showed that Survivin (BIRC5) was highly expressed in neuroblas-
toma, which correlated to a poor prognosis. We functionally validated BIRC5 by 
targeted silencing using lentiviral shRNA. BIRC5 knockdown induced apoptosis in 
neuroblastoma cells via mitotic catastrophe, indicating that BIRC5 may indeed be a 
viable target for therapy. 

In chapter 3 we therefore tested the efficacy of YM155, a novel small molecule 
BIRC5 inhibitor1-5, which induced apoptosis in a large subset of neuroblastoma cell 
lines as a result of specific BIRC5 inhibition. However, we also identified a subgroup 
of cell lines to be resistant to YM155, even though these cell lines were sensitive to 
lentiviral BIRC5 knockdown. Resistance to YM155 was strongly related to ABCB1 
over-expression. ABCB1 is a protein that functions as a multidrug resistance pump6-

8 and we were able to sensitize resistant cell lines to YM155 by pre-treatment with 
cyclosporine, a known ABCB1 inhibitor.7,9 

In chapter 4 we identified a high expression of BCL2 in neuroblastoma. BCL2 knock-
down induced apoptosis in neuroblastoma cells with high BCL2 expression, but not 
in neuroblastoma cells without BCL2 expression or in normal fibroblasts. We vali-
dated ABT263, a small molecule BCL2 inhibitor10-13, which showed the same BCL2-
dependent efficacy in neuroblastoma cells compared to BCL2 shRNA. ABT263 was 
also very effective in our neuroblastoma xenograft model and worked synergistically 
with doxorubicin, etoposide and vincristin in vitro.  

Finally, in chapter 5, we investigated the intrinsic apoptotic genes as a group and 
concluded that BIRC5, BIRC6 and BCL2 are the most promising drug targets in the 
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intrinsic apoptotic pathway in neuroblastoma. Since BIRC5 and BCL2 were already 
validated in the previous chapters, we investigated the potency of BIRC6 as a drug 
target. BIRC6 is highly expressed in neuroblastoma and knockdown induced apop-
tosis. Functional analysis indicated that BIRC6 functions in neuroblastoma cells as 
an inhibitor of apoptosis protein in the cytoplasm where it can bind and degrade 
DIABLO. We hypothesized that BIRC6 is a viable target for neuroblastoma therapy 
especially in combination with ABT263. However, no clinically applicable BIRC6 in-
hibitor is currently available. 

Discussion

Clinical implementation of YM155 in neuroblastoma treatment
Phase I/II clinical trials with YM155 show promising results.1,2,4,5 Also in vitro and in 
vivo BIRC5 knock-down experiments and experiments with BIRC5 inhibitors have 
shown consistent apoptotic responses. The next step is in vivo testing of the efficacy 
and pharmacokinetics of YM155. Preliminary data showed that this compound is 
very effective in a neuroblastoma xenograft mouse model and therefore we aim at a 
Phase I/II clinical trial in pediatric neuroblastoma. A preclinical evaluation of patient 
selection biomarkers and biomarkers for efficacy is needed. 
 
Almost all high risk neuroblastoma tumors present with gain of 17q and high BIRC5 
levels. Therefore, neither BIRC5 DNA copy number nor mRNA expression are ad-
equate biomarkers for neuroblastoma patient selection. However, we showed in 
chapter 3 that ABCB1 can induce resistance to YM155. ABCB1 could be a biomark-
er for patient selection if expression can be detected in tumor material before starting 
YM155 treatment. ABCB1 detection methods such as qPCR or immunohistochemis-
try have to be developed and optimized for diagnostics. Because BIRC5 expression 
is inhibited by YM155, BIRC5 mRNA and protein expression are potential biomark-
ers for efficacy. Therefore multiple tumor biopsies are required during treatment for 
detection of BIRC5 inhibition. BIRC5 levels could be measured using Western blot or 
immunohistochemistry on tumor biopsies. Alternatively, analysis in surrogate tissue 
(hair) could be used to prevent multiple biopsies. 
 
New compounds can be implemented in therapy either as a single compound or in 
combination with currently used cytostatics if there is rationale for combined treat-
ment. It is therefore necessary to perform in vitro and in vivo combination assays 
especially with compounds that are used in current treatment protocols. In addition 
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to the cytostatics that are currently used, new compounds could be tested for syn-
ergy. In chapter 2 we have provided evidence for BIRC5 as a microtubule stabilizing 
protein during cell division, which could guide combinatorial treatment of a BIRC5 
inhibitor with other compounds. Most interestingly, preliminary data showed that 
ABT263 and YM155 combined are synergistic in neuroblastoma cell lines with high 
BCL2 expression (data not shown). Mitotic catastrophe induced apoptosis by YM155 
activates apoptosis by Cytochrome C release from the mitochondria. This can be 
blocked by high BCL2 levels. It would be of major interest to test this combination in 
an in vivo assay as well.
 
We have shown that ABCB1 induced resistance to YM155 in neuroblastoma cells. 
We were able to resensitize cell lines with high ABCB1 expression with cyclosporine. 
However, cyclosporine concentrations needed for this application in patients were 
toxic in combination treatment, presumably because cyclosporine induced sensiti-
zation of the bone marrow to chemo therapy.7,14 Next-generation ABCB1 inhibitors 
are currently in clinical trial. PSC833 is a non-immunosuppressant derivative ABCB1 
inhibitor with promising in vitro and in vivo results.15 Clinical trials with PSC833 show 
mixed results. In patients with Acute Myeloid Leukemia (AML) PSC833 did not im-
prove outcome, however some patients with pediatric acute leukemia showed com-
plete remission or a partial response.16,17 In vitro testing of this compound in neuro-
blastoma cells is currently ongoing. 

Clinical implementation of ABT263 in neuroblastoma treatment
ABT263, a small molecule BCL2 inhibitor, was also validated as a potential target 
for intervention in neuroblastoma. Targeted BCL2 inhibition has been investigated in 
a neuroblastoma model earlier by Lestini et al.18 They concluded that BCL2 knock-
down in neuroblastoma cell lines did not induce apoptosis. Our BCL2 knockdown 
experiments are in line with their results, as SKNAS was resistant to knockdown or 
inhibition of BCL2. However, they concluded that this cell line is resistant to BCL2 
knockdown, possibly because of a high MCL1 expression, whereas we concluded 
that the resistance in SKNAS results from the absence of BCL2 expression. Our 
studies show that only two neuroblastoma cell lines have BCL2 and MCL1 expres-
sion levels comparable to neuroblastoma tumors. Both cell lines were very sensitive 
to BCL2 shRNA. Therefore we concluded, unlike Lestini et al18, that BCL2 alone can 
be a good target for neuroblastoma therapy. 

We are currently further validating ABT263 in vivo. We have shown that this com-
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pound delays tumor growth, but we also have to demonstrate growth inhibition in 
more established tumors. In addition, we will verify if the synergy that we detected 
in vitro between ABT263 and commonly used cytostatics can be confirmed in vivo. 
Since new compounds in Phase I/II clinical trial will be implemented in relapse pa-
tients first, in vivo synergy assays will include cytostatics that are currently used in 
these patients, such as etoposide, topotecan and temozolomide.

In parallel, we will start collaborations with Abbott to explore the possibilities for a 
combined Phase I/II clinical trial for ABT263 in neuroblastoma. Since neuroblastoma 
with low BCL2 expression will probably not respond to treatment with this compound, 
an assay to predict sensitivity based on BCL2 expression levels has to be optimized 
for diagnostics. In chapter 4 we showed that BCL2 RNA levels showed a very strong 
correlation with BCL2 protein expression. This suggests that BCL2 protein levels 
could be used as a biomarker for patient selection. Goldsmith et al19 previously pub-
lished an assay to predict sensitivity of cell lines to AT-101 and ABT-737. BCL2 and 
NOXA were elevated in ABT263 sensitive cell lines, whereas MCL1 expression was 
higher in resistant cell lines.20 However it is impossible to use this assay in a clinical 
setting since viable cells are needed. We conclude that BCL2 protein expression 
analysis has to be optimized as a patient selection biomarker. Patients with low 
BCL2 expression levels should be excluded from the ABT263 trial.  

BIRC6 as a potential drug target
In chapter 5 we validated BIRC6 as a potential new drug target for neuroblastoma 
treatment. We observed that knockdown of BIRC6 induced apoptosis and we showed 
that BIRC6 is functional as an IAP in the cytoplasm in neuroblastoma cells21,22. We 
have shown that neuroblastoma have extensively increased levels of DIABLO in 
the mitochondria. BIRC6 seems crucial in this specific setting where DIABLO in the 
cytoplasm has to be degraded very effectively by BIRC6 to prevent an apoptotic 
response. We hypothesize that cells with high levels of DIABLO are therefore ex-
tremely sensitive for BIRC6 inhibition. Targeted inhibition of BIRC6 using an inhibit-
ing compound is therefore a potential new intervention that could specifically affect 
neuroblastoma cells and not other cells. However, a BIRC6 inhibitor is currently not 
available. Alternatively BIRC6 could be inhibited using bortezomib, a proteasome 
inhibitor that may inhibit the DIABLO degradation by BIRC6. This compound can 
indeed induce apoptosis in neuroblastoma cell lines.23,24
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Lack of mutations in the intrinsic apoptotic pathway in neuroblastoma
Activating or inactivating mutations in the intrinsic apoptotic pathway are rare in pri-
mary neuroblastoma tumors. Recent analysis of 87 primary neuroblastoma in our 
lab using whole genome sequencing by Complete Genomics25,26, also revealed an 
absence of somatic events in the coding sequence of these genes. Therefore we 
concluded that inhibition of the intrinsic apoptotic pathway results from upstream 
transcriptional deregulation, epigenetic events and/or copy number alterations as a 
result of gains or losses of larger chromosomal regions. The latter point is analyzed 
in chapter 5 using CGH analysis and SNP arrays. Apoptosis does occur in untreated 
neuroblastoma as is clearly visible on cleaved caspase 3 stainings of neuroblastoma 
tumors. This is however fully compensated by the extensive tumor growth. We con-
clude that apoptosis is not completely inactivated in neuroblastoma, but it is rather 
unbalanced by a combination of events that lead to a change in expression of genes. 

The extrinsic apoptotic pathway
This thesis focuses on the intrinsic apoptotic pathway and we validated two clini-
cally available inhibitors as potential drugs in neuroblastoma treatment. However, 
the extrinsic apoptotic pathway has also been studied in neuroblastoma. CASP8 is 
hypermethylated and thereby inactive in some neuroblastoma resulting in an inac-
tive extrinsic apoptotic pathway.27,28 Also the NF-κB pathway, which has many target 
genes that are involved in cell death and survival, has been widely investigated.29-32 
Combinations of drugs targeting both the intrinsic and extrinsic apoptotic pathway 
should be explored, since this may lead to a synergistic effect.



122

6

References

1.  Giaccone, G., Zatloukal, P., Roubec, J., Floor, K., Musil, J., Kuta, M. et al, Multicenter Phase II Trial 
of YM155, a Small-Molecule Suppressor of Survivin, in Patients With Advanced, Refractory, Non-
Small-Cell Lung Cancer. Journal of Clinical Oncology, 2009; 27: 4481-4486.

2.  Lewis, K.D., Samlowski, W., Ward, J., Catlett, J., Cranmer, L., Kirkwood, J. et al, A multi-center 
phase II evaluation of the small molecule survivin suppressor YM155 in patients with unresectable 
stage III or IV melanoma. Invest New Drugs, 2009.

3.  Nakahara, T., Takeuchi, M., Kinoyama, I., Minematsu, T., Shirasuna, K., Matsuhisa, A. et al, YM155, 
a novel small-molecule survivin suppressant, induces regression of established human hormone-
refractory prostate tumor xenografts. Cancer Research, 2007; 67: 8014-8021.

4.  Satoh, T., Okamoto, I., Miyazaki, M., Morinaga, R., Tsuya, A., Hasegawa, Y. et al, Phase I Study 
of YM155, a Novel Survivin Suppressant, in Patients with Advanced Solid Tumors. Clinical Cancer 
Research, 2009; 15: 3872-3880.

5.  Tolcher, A.W., Mita, A., Lewis, L.D., Garrett, C.R., Till, E., Daud, A.I. et al, Phase I and Pharmacokinetic 
Study of YM155, a Small-Molecule Inhibitor of Survivin. Journal of Clinical Oncology, 2008; 26: 5198-
5203.

6.  Evers, R., Kool, M., Smith, A.J., van Deemter, L., de Haas, M., and Borst, P., Inhibitory effect of the 
reversal agents V-104, GF120918 and pluronic L61 on MDR1 Pgp-, MRP1- and MRP2-mediated 
transport. British Journal of Cancer, 2000; 83: 366-374.

7.  Shen, F., Chu, S., Bence, A.K., Bailey, B., Xue, X., Erickson, P.A. et al, Quantitation of doxorubicin 
uptake, efflux, and modulation of multidrug resistance (MDR) in MDR human cancer cells. Journal of 
Pharmacology and Experimental Therapeutics, 2008; 324: 95-102.

8.  Smith, A.J., Mayer, U., Schinkel, A.H., and Borst, P., Availability of PSC833, a substrate and inhibitor 
of P-glycoproteins, in various concentrations of serum. Journal of the National Cancer Institute, 
1998; 90: 1161-1166.

9.  Glavinas, H., Krajcsi, P., Cserepes, J., and Sarkadi, B., The role of ABC transporters in drug 
resistance, metabolism and toxicity. Curr.Drug Deliv., 2004; 1: 27-42.

10.  Ackler, S., Xiao, Y., Mitten, M.J., Foster, K., Oleksijew, A., Refici, M. et al, ABT-263 and rapamycin 
act cooperatively to kill lymphoma cells in vitro and in vivo. Molecular Cancer Therapeutics, 2008; 7: 
3265-3274.

11.  Ackler, S., Mitten, M.J., Foster, K., Oleksijew, A., Refici, M., Tahir, S.K. et al, The Bcl-2 inhibitor ABT-
263 enhances the response of multiple chemotherapeutic regimens in hematologic tumors in vivo. 
Cancer Chemotherapy and Pharmacology, 2010; 66: 869-880.

12.  Lin, T.S., New agents in chronic lymphocytic leukemia. Curr.Hematol.Malig.Rep., 2010; 5: 29-34.
13.  Lock, R., Carol, H., Houghton, P.J., Morton, C.L., Kolb, E.A., Gorlick, R. et al, Initial testing (stage 1) 

of the BH3 mimetic ABT-263 by the pediatric preclinical testing program. Pediatric Blood & Cancer, 
2008; 50: 1181-1189.

14.  Nobili, S., Landini, I., Giglioni, B., and Mini, E., Pharmacological strategies for overcoming multidrug 
resistance. Current Drug Targets, 2006; 7: 861-879.

15.  Emmink, B.L., Van Houdt, W.J., Vries, R.G., Hoogwater, F.J.H., Govaert, K.M., Verheem, A. et 
al, Differentiated Human Colorectal Cancer Cells Protect Tumor-Initiating Cells From Irinotecan. 
Gastroenterology, 2011; 141: 269-278.

16.  Kolitz, J.E., George, S.L., Marcucci, G., Vij, R., Powell, B.L., Allen, S.L. et al, P-glycoprotein inhibition 
using valspodar (PSC-833) does not improve outcomes for patients younger than age 60 years with 
newly diagnosed acute myeloid leukemia: Cancer and Leukemia Group B study 19808. Blood, 2010; 
116: 1413-1421.

17.  O’Brien, M.M., Lacayo, N.J., Lum, B.L., Kshirsagar, S., Buck, S., Ravindranath, Y. et al, Phase 
I Study of Valspodar (PSC-833) With Mitoxantrone and Etoposide in Refractory and Relapsed 
Pediatric Acute Leukemia: A Report From the Children’s Oncology Group. Pediatric Blood & Cancer, 
2010; 54: 694-702.

18.  Lestini, B.J., Goldsmith, K.C., Fluchel, M.N., Liu, X.Y., Chen, N.L., Goyal, B. et al, Mcl1 downregulation 
sensitizes neuroblastoma to cytotoxic chemotherapy and small molecule Bcl2-family antagonists. 
Cancer Biology & Therapy, 2009; 8: 1587-1595.

19.  Goldsmith, K.C., Lestini, B.J., Gross, M., Ip, L., Bhumbla, A., Zhang, X. et al, BH3 response profiles 
from neuroblastoma mitochondria predict activity of small molecule Bcl-2 family antagonists. Cell 
Death and Differentiation, 2010; 17: 872-882.



123

Summary and Discussion

6

20.  Tahir, S.K., Wass, J., Joseph, M.K., Devanarayan, V., Hessler, P., Zhang, H.C. et al, Identification 
of Expression Signatures Predictive of Sensitivity to the Bcl-2 Family Member Inhibitor ABT-263 in 
Small Cell Lung Carcinoma and Leukemia/Lymphoma Cell Lines. Molecular Cancer Therapeutics, 
2010; 9: 545-557.

21.  Hao, Y.Y., Sekine, K., Kawabata, A., Nakamura, H., Ishioka, T., Ohata, H. et al, Apollon ubiquitinates 
SMAC and caspase-9, and has an essential cytoprotection function. Nature Cell Biology, 2004; 6: 
849-860.

22.  Qiu, X.B. and Goldberg, A.L., The membrane-associated inhibitor of apoptosis protein, BRUCE/
Apollon, antagonizes both the precursor and mature forms of Smac and caspase-9. Journal of 
Biological Chemistry, 2005; 280: 174-182.

23.  Naumann, I., Kappler, R., von Schweinitz, D., Debatin, K.M., and Fulda, S., Bortezomib Primes 
Neuroblastoma Cells for TRAIL-Induced Apoptosis by Linking the Death Receptor to the Mitochondrial 
Pathway. Clinical Cancer Research, 2011; 17: 3204-3218.

24.  Pagnan, G., Di Paolo, D., Carosio, R., Pastorino, F., Marimpietri, D., Brignole, C. et al, The Combined 
Therapeutic Effects of Bortezomib and Fenretinide on Neuroblastoma Cells Involve Endoplasmic 
Reticulum Stress Response. Clinical Cancer Research, 2009; 15: 1199-1209.

25.  Drmanac, R., Sparks, A.B., Callow, M.J., Halpern, A.L., Burns, N.L., Kermani, B.G. et al, Human 
Genome Sequencing Using Unchained Base Reads on Self-Assembling DNA Nanoarrays. Science, 
2010; 327: 78-81.

26.  Negrini, S., Gorgoulis, V.G., and Halazonetis, T.D., Genomic instability - an evolving hallmark of 
cancer. Nature Reviews Molecular Cell Biology, 2010; 11: 220-228.

27.  Brodeur, G.M., Neuroblastoma: Biological insights into a clinical enigma. Nature Reviews Cancer, 
2003; 3: 203-216.

28.  van Noesel, M.M. and Versteeg, R., Pediatric neuroblastomas: genetic and epigenetic ‘Danse 
Macabre’. Gene, 2004; 325: 1-15.

29.  Baud, V. and Karin, M., OPINION Is NF-kappa B a good target for cancer therapy? Hopes and 
pitfalls. Nature Reviews Drug Discovery, 2009; 8: 33-40.

30.  Varfolomeev, E., Blankenship, J.W., Wayson, S.M., Fedorova, A.V., Kayagaki, N., Garg, P. et al, IAP 
antagonists induce autoubiquitination of c-IAPs, NF-kappa B activation, and TNF alpha-dependent 
apoptosis. Cell, 2007; 131: 669-681.

31.  Vince, J.E., Wong, W.W.L., Khan, N., Feltham, R., Chau, D., Ahmed, A.U. et al, IAP antagonists 
target cIAP1 to induce TNF alpha- dependent apoptosis. Cell, 2007; 131: 682-693.

32.  Kasperczyk, H., La Ferla-Bruhl, K., Westhoff, M.A., Behrend, L., Zwacka, R.M., Debatin, K.M. et al, 
Betulinic acid as new activator of NF-kappa B: molecular mechanisms and implications for cancer 
therapy. Oncogene, 2005; 24: 6945-6956.




