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PRECLINICAL MODELS OF DIPG AND AT/RT
Central to successful preclinical research in any disease is the availability of representative models. 

In cancer research, these models generally consist of cell cultures in the laboratory and either 

genetically engineered mice that spontaneously develop the cancer of interest, or immunodeficient 

mice in which human tumors can be grown – so-called xenograft models.

When the work presented in this thesis started, representative DIPG models were very scarce, 

with our laboratory possessing just two primary cell cultures, alongside one xenograft model 

that phenotypically resembled DIPG, but was derived from an adult glioblastoma patient.1,2 In 

the following years, with the introduction of autopsy and research biopsy protocols at our hospital 

and by the international DIPG community, disease-representative in vitro and in vivo models of DIPG 

were developed for preclinical research.3-9 The development of these models allowed researchers to 

study the biology of DIPG and the efficacy of biology-based therapeutic strategies for these tumors. 

Together with the discovery of the Histone 3 mutations as the driving event in DIPG oncogenesis, 

this lead to the first publications describing effective preclinical treatments for DIPG.4,5,7,8,10-12

In the course of establishing DIPG models, research groups developed different methods to 

maintain DIPG cells in culture, which were not compared directly.13 In Chapter three we present 

such a direct comparison between different culture methods for DIPG cells, and demonstrate 

the effect of the chosen culture conditions on the outcome of translational studies.14 By showing 

that the chosen culture method can be responsible for the in vitro antitumor efficacy of targeted 

therapies on DIPG cells, we explain some discrepant results between international research groups 

and identify an important confounder in this type of research. 

As AT/RT, in contrast to DIPG, is treated by surgical resection, tumor material is more readily 

available for research purposes. Owing to this, the development of patient-derived in vitro and in 

vivo models of AT/RT has preceded that of DIPG by several years.15,16 Nonetheless, representative 

models of AT/RT still remain scarce owing to the rarity of the disease. In chapter six we describe 

the development of a 3D culture and xenograft model from material obtained at surgical resection 

from an AT/RT patient, both at diagnosis and relapse after chemotherapy. Reminiscent of 

the situation in DIPG research, there is no consensus among research groups on the methods by 

which these models are established or maintained, and the influence of the different protocols used 

on the results of preclinical AT/RT studies is still unclear.15-21

Parallel to the establishment of representative patient-derived xenograft models of DIPG and 

AT/RT, several groups attempted to develop genetically engineered mouse models in which mice 

spontaneously develop these tumors, to enable the study of their development and the interaction 

of the tumors cells with the immune system. Early attempts to simulate DIPG in mice used viruses to 

knock out p53 or p14, and to overexpress PDGF-B to induce glioma development in the brainstem 

of neonatal mice.22 Although this mouse model was later improved by the induction of the typical 

Histone 3 mutations in the tumor cells, it is not fully representative of the disease in children, as 

neither p14 mutations nor PDGF-B overexpression are seen in DIPG.23,24 Moreover, evidence is 

increasing that DIPG originates during embryonic or early postnatal CNS development, meaning 

that mouse tumors should be induced during equivalent developmental stages to accurately 
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reflect the etiology of DIPG.6,25,26 These discoveries founded the basis for the development of a new 

generation of murine DIPG models induced in mouse embryos.27 An improved version of this model 

has been used to validate the efficacy of one of our proposed therapeutic strategies in vivo in 

Chapter seven (Courtesy of dr. Phoenix, University of Cincinnati).28 

To date, only one genetically engineered mouse model of AT/RT, driven by SMARCB1 and p53 

loss in neural progenitor cells, is available, the translational value of which is still to be determined.29

PRECLINICAL THERAPY DEVELOPMENT FOR DIPG
The main focus of the research presented in this thesis has been the preclinical development of 

a therapeutic strategy for DIPG. To this day, all attempts to treat children with DIPG using protocols 

for other CNS tumors have failed to show any beneficial effect, and early clinical trials based on 

the newly gathered knowledge on the biology of DIPG have not yet yielded significant beneficial 

effects on the survival of DIPG patients, as discussed extensively in Chapter eight.30-37 

One of the main reasons for the failure of clinical trials is the presence of the blood-brain barrier 

(BBB), which seems to be largely intact in DIPG.38-42 It is therefore important to select for drugs that 

are capable of crossing the BBB in translational preclinical research, as only those drugs have a high 

chance of yielding positive results in clinical trials. Alternatively, strategies to deliver the drug across 

the BBB may be utilized to achieve therapeutic concentrations of anticancer drugs in the brain. In 

this case, it is of utmost importance to evaluate the neurotoxicity of the compound of interest, as 

this may differ significantly from the neurological side effects of when the drug is administered 

systemically. Moreover, regional differences in toxicity of anticancer drugs may exist within the CNS, 

further stressing the need for adequate preclinical toxicity assessment of drugs that are to be 

administered directly to the brain.42

In our research, we identify two novel therapeutic targets in DIPG, MELK (Chapter five) and 

AXL (Chapter seven). The embryonic kinase MELK is an attractive therapeutic target as it is 

selectively and highly expressed in DIPG cells, but absent from healthy postnatal cells. We show 

that MELK inhibition effectively inhibits the growth and survival of DIPG cells. However, we also 

found that OTSSP167, the only MELK inhibitor currently in clinical trials, is a substrate for multidrug 

transporters and thereby not capable of crossing the BBB, making it unsuitable for future clinical 

trials. Nonetheless, we demonstrated the efficacy of MELK inhibition in genetically engineered mice 

lacking multidrug transporters on the BBB, validating MELK as a therapeutic target. The research 

presented in chapter five therefore mainly serves to encourage the development of BBB-penetrable 

MELK inhibitors for the treatment of DIPG.

In that regard, the preclinical therapeutic strategy for DIPG presented in chapter seven 

possesses more direct translational value. In this chapter we show that the receptor tyrosine kinase 

AXL is a therapeutic target in DIPG, and describe a synergistic combination therapy of the small 

molecule AXL inhibitor BGB324 and the histone deacetylase (HDAC) inhibitor panobinostat. 

The combination of these drugs shows potent antitumor efficacy in patient-derived DIPG cultures 

and xenograft models. Moreover, BGB324 and panobinostat sensitize DIPG cells to radiation to such 

an extent that complete eradication of tumor cells can be achieved in vitro at low doses of both 

drugs. Importantly, both BGB324 and panobinostat are capable of crossing the BBB in sufficient 



PRECLINICAL THERAPEUTIC TARGETS IN DIFFUSE MIDLINE GLIOMA

207

concentrations to achieve a therapeutic effect in the presence of an intact BBB. On a molecular 

level, we show that this combination of drugs reverses the mesenchymal phenotype of DIPG 

cells. A mesenchymal phenotype has been found to be responsible for the resistance of cancer 

cells to all therapeutic modalities – chemotherapy, radiotherapy and immunotherapy.43-46 In our 

research we used radiotherapy to demonstrate the treatment sensitizing potential of reversal of 

the mesenchymal transition in DIPG. Future research addressing the potential sensitizing effect 

of BGB324 and panobinostat on chemo- and immunotherapy in DIPG may yield other promising 

therapeutic strategies.

Based on this concept, we propose BGB324 and panobinostat as the backbone of a future 

multimodal therapeutic strategy for DIPG.

PRECLINICAL THERAPY DEVELOPMENT FOR AT/RT
The second main goal of our research has been to develop a preclinical therapeutic strategy for 

AT/RT in a similar fashion as for DIPG. In contrast to DIPG, effective treatment regimens exist for 

AT/RT, which lead to improved survival and even cure of some children.47-49 However, all treatment 

regimens capable of achieving a cure in these patients incorporate radiotherapy at some point. As 

AT/RT primarily affects children in the first three years of life, the long-term side effects of these 

treatment regimens are severe, especially with regard to neurocognitive functioning, and strongly 

reduce the quality of life of the majority of children treated this way. Therefore, there still is an 

urgent need to develop novel, therapeutic strategies for AT/RT to reduce the toxicity and side 

effects of the treatment and increase its efficacy.

Another major difference between DIPG and AT/RT with a high level of relevance for 

the preclinical development of therapeutic strategies, lies in the integrity of the blood-brain barrier. 

AT/RT often shows strong contrast enhancement on MRI, implying disruption of the tight junctions 

between BBB endothelial cells.48,50 Moreover, AT/RT are generally treated by surgical resection, 

causing local vessel damage and consequential BBB disruption in the margins of the resection cavity. 

Finally, the clinical efficacy of aforementioned chemotherapeutic regimens suggests a functional 

loss of BBB integrity in AT/RT, as these regimens incorporate agents known to be unable to cross an  

intact BBB.

In chapter six we identify MELK as a promising therapeutic target for the treatment of AT/

RT, especially when combined with MEK inhibition which has previously been shown to possess 

preclinical efficacy in treating these tumors.19,20 In our study we used the MELK inhibitor OTSSP167 

and the MEK inhibitor trametinib, both of which do not cross an intact BBB.9,51 As expected based 

on the aforementioned clinical observations, we demonstrate that our xenograft model of AT/RT 

displays intratumoral vascular abnormalities and BBB disruption in areas of tumor involvement. 

Consequently, and in contrast to our research on DIPG, treatment of mice carrying these xenografts 

with OTSSP167 and trametinib did result in a significant antitumor effect. To our knowledge, this 

is the first study directly addressing the functional integrity of the BBB in AT/RT, demonstrating 

the potential to achieve therapeutic effects with non-BBB penetrable antitumor agents. Although 

the increase in survival of mice treated with OTSSP167 and trametinib was modest, a therapeutic 

strategy based on combined inhibition of MEK and MELK may be capable of controlling AT/RT 
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growth in a multimodal therapeutic strategy. In such a way, it can be used to delay radiotherapy, 

thereby limiting the long-term neurocognitive side effects that occur as a result of brain irradiation 

at an early age.



PRECLINICAL THERAPEUTIC TARGETS IN DIFFUSE MIDLINE GLIOMA

209

REFERENCES

1. Caretti, V. et al. Monitoring of tumor growth 

and post-irradiation recurrence in a diffuse 

intrinsic pontine glioma mouse model. Brain 

pathology (Zurich, Switzerland) 21, 441-451, 

doi:10.1111/j.1750-3639.2010.00468.x (2011).

2. Veringa, S. J. et al. In vitro drug response 

and efflux transporters associated with drug 

resistance in pediatric high grade glioma and 

diffuse intrinsic pontine glioma. PloS one 8, 

e61512, doi:10.1371/journal.pone.0061512 (2013).

3. Aoki, Y. et al. An experimental xenograft mouse 

model of diffuse pontine glioma designed for 

therapeutic testing. J Neurooncol 108, 29-35, 

doi:10.1007/s11060-011-0796-x (2012).

4. Grasso, C. S. et al. Functionally defined therapeutic 

targets in diffuse intrinsic pontine glioma. Nat 

Med 21, 555-559, doi:10.1038/nm.3855 (2015).

5. Hashizume, R. et al. Pharmacologic inhibition 

of histone demethylation as a therapy for 

pediatric brainstem glioma. Nat Med 20, 1394-

1396, doi:10.1038/nm.3716 (2014).

6. Monje, M. et al. Hedgehog-responsive 

candidate cell of origin for diffuse intrinsic 

pontine glioma. Proc Natl Acad Sci U S A 108, 

4453-4458, doi:10.1073/pnas.1101657108 (2011).

7. Taylor, I. C. et al. Disrupting NOTCH Slows Diffuse 

Intrinsic Pontine Glioma Growth, Enhances 

Radiation Sensitivity, and Shows Combinatorial 

Efficacy With Bromodomain Inhibition. J 

Neuropathol Exp Neurol 74, 778-790, doi:10.1097/

nen.0000000000000216 (2015).

8. Truffaux, N. et al. Preclinical evaluation of 

dasatinib alone and in combination with 

cabozantinib for the treatment of diffuse 

intrinsic pontine glioma. Neuro Oncol 17, 

953-964, doi:10.1093/neuonc/nou330 (2015).

9. Meel, M. H. et al. MELK inhibition in Diffuse 

Intrinsic Pontine Glioma. Clinical Cancer 

Research (2018).

10. Nagaraja, S. et al. Transcriptional Dependencies 

in Diffuse Intrinsic Pontine Glioma. Cancer Cell 31, 

635-652 e636, doi:10.1016/j.ccell.2017.03.011 (2017).

11. Piunti, A. et al. Therapeutic targeting of 

polycomb and BET bromodomain proteins in 

diffuse intrinsic pontine gliomas. Nat Med 23, 

493-500, doi:10.1038/nm.4296 (2017).

12. Zhang, Y. et al. Combination of EZH2 inhibitor 

and BET inhibitor for treatment of diffuse 

intrinsic pontine glioma. Cell & bioscience 7, 56, 

doi:10.1186/s13578-017-0184-0 (2017).

13. Tsoli, M. et al. International experience in 

the development of patient-derived xenograft 

models of diffuse intrinsic pontine glioma. J 

Neurooncol 141, 253-263, doi:10.1007/s11060-

018-03038-2 (2019).

14. Meel, M. H. et al. Culture methods of 

diffuse intrinsic pontine glioma cells 

determine response to targeted therapies. 

Experimental cell research 360, 397-403,  

doi:10.1016/j.yexcr.2017.09.032 (2017).

15. D’Cunja, J. et al. Antisense treatment of IGF-IR 

induces apoptosis and enhances chemosensitivity 

in central nervous system atypical teratoid/

rhabdoid tumours cells. European journal of 

cancer (Oxford, England : 1990) 43, 1581-1589, 

doi:10.1016/j.ejca.2007.03.003 (2007).

16. Narendran, A. et al. Establishment of atypical-

teratoid/rhabdoid tumor (AT/RT) cell cultures 

from disseminated CSF cells: a model to 

elucidate biology and potential targeted 

therapeutics. J Neurooncol 90, 171-180, 

doi:10.1007/s11060-008-9653-y (2008).

17. Shim, K. W. et al. Epigenetic modification after 

inhibition of IGF-1R signaling in human central 

nervous system atypical teratoid rhabdoid 

tumor (AT/RT). Child’s nervous system : ChNS 

: official journal of the International Society 

for Pediatric Neurosurgery 29, 1245-1251, 

doi:10.1007/s00381-013-2087-7 (2013).

18. Darr, J., Klochendler, A., Isaac, S. & Eden, 

A. Loss of IGFBP7 expression and persistent 

AKT activation contribute to SMARCB1/Snf5-

mediated tumorigenesis. Oncogene 33, 3024-

3032, doi:10.1038/onc.2013.261 (2014).

19. Weingart, M. F. et al. Disrupting LIN28 in atypical 

teratoid rhabdoid tumors reveals the importance 

of the mitogen activated protein kinase pathway 

as a therapeutic target. Oncotarget 6, 3165-3177, 

doi:10.18632/oncotarget.3078 (2015).



CHAPTER 8

210

20. Choi, S. A. et al. LIN28B is highly expressed 

in atypical teratoid/rhabdoid tumor (AT/RT) 

and suppressed through the restoration of 

SMARCB1. Cancer cell international 16, 32, 

doi:10.1186/s12935-016-0307-4 (2016).

21. Rubens, J. A. et al. The TORC1/2 inhibitor TAK228 

sensitizes atypical teratoid rhabdoid tumors to 

cisplatin-induced cytotoxicity. Neuro Oncol 19, 

1361-1371, doi:10.1093/neuonc/nox067 (2017).

22. Becher, O. J. et al. Preclinical evaluation of 

radiation and perifosine in a genetically and 

histologically accurate model of brainstem 

glioma. Cancer research 70, 2548-2557, 

doi:10.1158/0008-5472.can-09-2503 (2010).

23. Halvorson, K. G. et al. A high-throughput in 

vitro drug screen in a genetically engineered 

mouse model of diffuse intrinsic pontine 

glioma identifies BMS-754807 as a promising 

therapeutic agent. PloS one 10, e0118926, 

doi:10.1371/journal.pone.0118926 (2015).

24. Misuraca, K. L., Hu, G., Barton, K. L., Chung, A. 

& Becher, O. J. A Novel Mouse Model of Diffuse 

Intrinsic Pontine Glioma Initiated in Pax3-

Expressing Cells. Neoplasia (New York, N.Y.) 18, 

60-70, doi:10.1016/j.neo.2015.12.002 (2016).

25. Funato, K., Major, T., Lewis, P. W., Allis, C. D. & 

Tabar, V. Use of human embryonic stem cells to 

model pediatric gliomas with H3.3K27M histone 

mutation. Science (New York, N.Y.) 346, 1529-

1533, doi:10.1126/science.1253799 (2014).

26. Anderson, J. L. et al. The transcription factor 

Olig2 is important for the biology of diffuse 

intrinsic pontine gliomas. Neuro Oncol 19, 

1068-1078, doi:10.1093/neuonc/now299 (2017).

27. Pathania, M. et al. H3.3(K27M) Cooperates with 

Trp53 Loss and PDGFRA Gain in Mouse Embryonic 

Neural Progenitor Cells to Induce Invasive High-

Grade Gliomas. Cancer Cell 32, 684-700.e689, 

doi:10.1016/j.ccell.2017.09.014 (2017).

28. Patel, S. K. et al. Generation of diffuse intrinsic 

pontine glioma mouse models by brainstem 

targeted in utero electroporation. Neuro 

Oncol, doi:10.1093/neuonc/noz197 (2019).

29. Ng, J. M. et al. Generation of a mouse model of 

atypical teratoid/rhabdoid tumor of the central 

nervous system through combined deletion of 

Snf5 and p53. Cancer research 75, 4629-4639, 

doi:10.1158/0008-5472.can-15-0874 (2015).

30. Bailey, S. et al. Diffuse intrinsic pontine glioma 

treated with prolonged temozolomide and 

radiotherapy--results of a United Kingdom 

phase II trial (CNS 2007 04). European journal 

of cancer (Oxford, England : 1990) 49, 3856-

3862, doi:10.1016/j.ejca.2013.08.006 (2013).

31. Broniscer, A. et al. Phase I trial, pharmacokinetics, 

and pharmacodynamics of vandetanib and 

dasatinib in children with newly diagnosed 

diffuse intrinsic pontine glioma. Clinical cancer 

research : an official journal of the American 

Association for Cancer Research 19, 3050-3058, 

doi:10.1158/1078-0432.ccr-13-0306 (2013).

32. Bartels, U. et al. Phase 2 study of safety and 

efficacy of nimotuzumab in pediatric patients 

with progressive diffuse intrinsic pontine 

glioma. Neuro Oncol 16, 1554-1559, doi:10.1093/

neuonc/nou091 (2014).

33. Massimino, M. et al. Results of nimotuzumab and 

vinorelbine, radiation and re-irradiation for diffuse 

pontine glioma in childhood. J Neurooncol 118, 

305-312, doi:10.1007/s11060-014-1428-z (2014).

34. Becher, O. J. et al. A phase I study of single-agent 

perifosine for recurrent or refractory pediatric 

CNS and solid tumors. PloS one 12, e0178593, 

doi:10.1371/journal.pone.0178593 (2017).

35. Veldhuijzen van Zanten, S. E. M. et al. A phase I/

II study of gemcitabine during radiotherapy in 

children with newly diagnosed diffuse intrinsic 

pontine glioma. J Neurooncol 135, 307-315, 

doi:10.1007/s11060-017-2575-9 (2017).

36. Kilburn, L. B. et al. A pediatric brain tumor 

consortium phase II trial of capecitabine rapidly 

disintegrating tablets with concomitant radiation 

therapy in children with newly diagnosed diffuse 

intrinsic pontine gliomas. Pediatric blood & 

cancer 65, doi:10.1002/pbc.26832 (2018).

37. Cooney, T. et al. DIPG-22. A PHASE 1 TRIAL 

OF THE HISTONE DEACETYLASE INHIBITOR 

PANOBINOSTAT IN PEDIATRIC PATIENTS WITH 

RECURRENT OR REFRACTORY DIFFUSE INTRINSIC 

PONTINE GLIOMA: A PEDIATRIC BRAIN TUMOR 

CONSORTIUM (PBTC) STUDY. Vol. 20 (2018).



PRECLINICAL THERAPEUTIC TARGETS IN DIFFUSE MIDLINE GLIOMA

211

38. Warren, K. E. Novel therapeutic delivery 

approaches in development for pediatric gliomas. 

CNS Oncol 2, 427-435, doi:10.2217/cns.13.37 (2013).

39. Jansen, M. H. et al. Bevacizumab Targeting 

Diffuse Intrinsic Pontine Glioma: Results of 

89Zr-Bevacizumab PET Imaging in Brain Tumor 

Models. Molecular cancer therapeutics 15, 2166-

2174, doi:10.1158/1535-7163.mct-15-0558 (2016).

40. Subashi, E. et al. Tumor location, but not H3.3K27M, 

significantly influences the blood-brain-barrier 

permeability in a genetic mouse model of pediatric 

high-grade glioma. J Neurooncol 126, 243-251, 

doi:10.1007/s11060-015-1969-9 (2016).

41. Jones, C. et al. Pediatric high-grade 

glioma: biologically and clinically in need 

of new thinking. Neuro Oncol 19, 153-161,  

doi:10.1093/neuonc/now101 (2017).

42. Sewing, A. C. P. et al. Preclinical evaluation of 

convection-enhanced delivery of liposomal 

doxorubicin to treat pediatric diffuse intrinsic 

pontine glioma and thalamic high-grade 

glioma. Journal of neurosurgery. Pediatrics 19, 

518-530, doi:10.3171/2016.9.peds16152 (2017).

43. Halliday, J. et al. In vivo radiation response of 

proneural glioma characterized by protective 

p53 transcriptional program and proneural-

mesenchymal shift. Proc Natl Acad Sci U S A 111, 

5248-5253, doi:10.1073/pnas.1321014111 (2014).

44. Pala, A., Karpel-Massler, G., Kast, R. E., Wirtz, C. 

R. & Halatsch, M. E. Epidermal to Mesenchymal 

Transition and Failure of EGFR-Targeted 

Therapy in Glioblastoma. Cancers (Basel) 4, 

523-530, doi:10.3390/cancers4020523 (2012).

45. Segerman, A. et al. Clonal Variation in Drug and 

Radiation Response among Glioma-Initiating 

Cells Is Linked to Proneural-Mesenchymal 

Transition. Cell Rep 17, 2994-3009, doi:10.1016/j.

celrep.2016.11.056 (2016).

46. Yeung, K. T. & Yang, J. Epithelial-mesenchymal 

transition in tumor metastasis. Mol Oncol 11, 

28-39, doi:10.1002/1878-0261.12017 (2017).

47. Fidani, P. et al. A multimodal strategy based 

on surgery, radiotherapy, ICE regimen and 

high dose chemotherapy in atypical teratoid/

rhabdoid tumours: a single institution 

experience. J Neurooncol 92, 177-183, 

doi:10.1007/s11060-008-9750-y (2009).

48. Slavc, I. et al. Atypical teratoid rhabdoid tumor: 

improved long-term survival with an intensive 

multimodal therapy and delayed radiotherapy. 

The Medical University of Vienna Experience 

1992–2012. Cancer Medicine 3, 91-100, 

doi:10.1002/cam4.161 (2014).

49. Zaky, W. et al. Intensive induction chemotherapy 

followed by myeloablative chemotherapy with 

autologous hematopoietic progenitor cell rescue 

for young children newly-diagnosed with central 

nervous system atypical teratoid/rhabdoid tumors: 

the Head Start III experience. Pediatric blood & 

cancer 61, 95-101, doi:10.1002/pbc.24648 (2014).

50. Ginn, K. F. & Gajjar, A. Atypical teratoid rhabdoid 

tumor: current therapy and future directions. 

Frontiers in oncology 2, 114, doi:10.3389/

fonc.2012.00114 (2012).

51. de Gooijer, M. C. et al. The impact of 

P-glycoprotein and breast cancer resistance 

protein on the brain pharmacokinetics 

and pharmacodynamics of a panel of MEK 

inhibitors. International journal of cancer 142, 

381-391, doi:10.1002/ijc.31052 (2018).


