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WNT-pathway medulloblastoma: what constitutes low-risk and 
how low can one go?
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ABSTRACT
Novel biological insights have established that medulloblastoma is a heterogenous 

disease comprising four broad molecular subgroups - WNT, SHH, Group 3, and Group 
4 respectively, resulting in the incorporation of molecular/genetic information in 
5th edition of WHO classification and contemporary risk-stratification. Concerns 
regarding therapy-related late toxicity in long-term survivors have led to systematic 
attempts at treatment de-intensification in good-risk medulloblastoma. Given the 
excellent survival (>90%) of WNT-pathway medulloblastoma, prospective clinical 
trials have focused on optimization of therapy to balance survival versus quality of 
survival. The currently accepted definition of low-risk WNT-pathway medulloblastoma 
includes children <16 years of age with residual tumour <1.5 cm2 and no evidence 
of metastases. This systematically excludes adolescents and young adults who have 
been perceived to have worse outcomes. We have previously reported long-term 
survival of our adolescent and young adult cohort that were largely comparable 
to childhood medulloblastoma. We now report on molecularly characterized WNT-
subgroup patients treated between 2004–2020 with risk-stratified multi-modality 
therapy to identify differences between childhood (<15 years) versus adolescent 
and young adults (>15 years). Despite modest differences in disease status at 
presentation and treatment modality, there were no significant differences in patterns 
of failure or survival between childhood versus adolescent and young adult WNT-
pathway medulloblastoma. Two de-intensification trials in low-risk WNT-pathway 
medulloblastoma – first testing omission of upfront craniospinal irradiation and second 
a primary chemotherapy approach after surgery – had to be terminated prematurely 
due to unacceptably high relapse rates suggesting that craniospinal irradiation 
remains an integral component of treatment. The presence of TP53 mutations and 
OTX2 gains have recently been reported as independent negative prognostic factors 
in a multi-institutional cohort of WNT-pathway medulloblastoma raising questions 
on eligibility of such patients for de-escalation trials. The definition of low-risk WNT-
pathway medulloblastoma may need to be refined in light of recent clinical data and 
newer biological information.
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INTRODUCTION

Medulloblastoma (MB) is the most common 
malignant central nervous system (CNS) neoplasm in 
children comprising 20–25% of all primary brain tumors 
[1]. The current standard-of-care for non-infantile 
MB comprises maximal safe resection followed by 
conventional risk-stratified post-operative radiotherapy 
(RT) and 6–8 cycles of adjuvant systemic chemotherapy 
[2, 3]. Given the high propensity of neuraxial spread 
via cerebrospinal fluid (CSF) pathways, craniospinal 
irradiation (CSI) to a dose of 23.4–36 Gy plus posterior 
fossa/tumor-bed boost (18–30.6 Gy) for total primary-
site dose of 54–55 Gy remains the cornerstone of 
adjuvant RT in medulloblastoma [4–6]. Traditionally, 
children over the age of 3 years with no or small post-
operative residual tumor (<1.5 cm2) and no evidence 
of leptomeningeal metastases (M0) were classified as 
average-risk disease [5] with >80% long-term survival 
[4–6]. Conversely, presence of one or more high-risk 
features [5] defined as age <3 years, residual disease 
≥1.5 cm2, or metastases (M+) resulted in much worse 
5-year survival (30–60%) despite aggressive multi-
modality therapy [7]. 

Novel biological insights have vastly improved 
our fundamental understanding of pediatric brain tumors 
with potential to transform therapy [2, 3]. It is now well 
established that MB is a heterogenous disease [8–10] 
comprising four broad molecular subgroups - wingless 
(WNT), sonic hedgehog (SHH), Group 3, and Group 4 
respectively with unique developmental origins, distinct 
molecular pathways, diverse phenotypes, and varying 
clinical behaviour prompting the inclusion of genetic 
based classification in the 5th edition of the World Health 
Organization (WHO) classification of CNS tumors [11]. 
The risk-stratification schema [5] which was hitherto 
based entirely on clinico-radiological grounds has been 
refined by incorporating molecular/genetic information 
into low-risk, standard-risk, high-risk, and very high-risk 
with expected 5-year survival of >90%, 75–90%, 50–75%, 
and <50% respectively in the molecular era [12].

Balance between survival and quality of survival

Contemporary aggressive multi-modality treatment 
provides excellent long-term survival particularly in 
WNT-MB with 5-year survival exceeding 90% [12, 13]. 
However, this results in significant toxicity in long-
term survivors, especially children who are more 
vulnerable and susceptible to RT dose and volume-
dependent late morbidity such as neuro-cognitive deficits, 
endocrinopathies, sensori-neural hearing impairment, 
cerebro-vascular accidents, cardio-pulmonary toxicity and 
second malignant neoplasms [14, 15]. An optimal balance 
needs to be reached between survival versus therapy-
related toxicity and its resultant impact upon quality of 

survival through conduct of subgroup-specific prospective 
clinical trials [2, 16] of treatment de-intensification in 
MB. The currently accepted definition of low-risk WNT-
MB [5] includes children <16 years of age with residual 
tumour <1.5 cm2 and no evidence of metastases. This 
systematically excludes adolescents and young adults 
(AYAs) who have been perceived to have worse outcomes 
compared to their childhood counterparts. An analysis of 
the Surveillance, Epidemiology, and End Results (SEER) 
database [17] from 1992–2013 reported comparable 
2-year, 5-year, and 10-year survival between childhood 
(n = 616) and adult MB (n = 349). We have also previously 
reported long-term survival outcomes of our AYA-MB 
cohort [18] that were largely comparable to childhood 
MB. We now reviewed our molecularly characterized 
WNT-MB cohort based on differential expression of 12 
protein-coding genes and 9 microRNAs [19] treated with 
risk-stratified multi-modality therapy between 2004-
2020 to identify differences if any between childhood 
(<15 years) and AYA (≥15 years) WNT-MB in terms of 
presentation, treatment modality, patterns of failure, and 
survival. Patient, disease, and treatment characteristics 
were compared using chi-square test or Fishers’ exact test 
as appropriate. Time-to-event outcomes were analysed 
using Kaplan-Meier method and compared with log-rank 
test. Any p-value <0.05 was considered as statistically 
significant. All analysis was done on SPSS version 24.0 
and RStudio version 4.03.

During this time-period, a total of 67 patients - 
44 children (<15 years) and 23 AYAs (≥15 years) were 
diagnosed with WNT-MB at our institute. Patient, disease, 
treatment characteristics and patterns of failure are 
summarized in Table 1. Five children had metastases at 
presentation compared to none from AYA cohort. Classic 
MB was predominant histological subtype in children 
whereas MB - not otherwise specified was commonly 
seen in AYA cohort. Children with WNT-MB were more 
likely to have received adjuvant systemic chemotherapy. 
Conversely, AYA WNT-MB were more likely to have 
received higher CSI doses. There were no significant 
differences in patterns of failure between childhood and 
AYA WNT-MB cohorts (Table 1). At a median follow-
up of 72 months (inter-quartile range 51–101 months), 
5-year Kaplan-Meier estimates of progression-free 
survival (PFS) with 95% confidence interval (CI) were 
86.2% (95% CI: 75.5–92.3%) for childhood WNT-MB 
compared to 81.8% (95% CI: 61.9–100%) for the AYA 
cohort (p = 0.80, Figure 1A). Similarly, there were no 
significant differences in 5-year overall survival (OS) with 
Kaplan-Meier estimates of 91.1% (95% CI: 81.5–100%) 
and 91.7% (95% CI:77–100%) respectively (p = 0.30, 
Figure 1B).

Our results are in accordance with previously 
published reports. Nobre et al. [20] reported on relapses 
from a retrospective multi-institutional clinically annotated 
cohort of WNT-MB (n = 93). Fifteen patients with relapse 
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Figure 1:  Comparison of progression-free survival (A) and overall survival (B) between children (<15 years) versus adolescents and 
young adults (AYAs ≥15 years) with WNT-pathway medulloblastoma.

Table 1: Patient, disease, and treatment characteristics of the study cohort 
Characteristics Childhood WNT-MB AYA WNT-MB p-value
Sex
Male 
Female 

(n = 44)
30 (68%)
14 (32%)

(n = 23)
19 (82%)
4 (18%)

0.54

Metastatic status at presentation
No metastases (M0)
Presence of metastases (M+)

(n = 42)
37 (88%)
5 (12%)

(n = 20)
20 (100%)

0 (0%)

0.12

Residual disease
<1.5 cm2

≥1.5 cm2

(n = 40)
32 (80%)
8 (20%)

(n = 17)
15 (88%)
2 (12%)

0.45

Histological subtype 
Medulloblastoma - NOS 
Classic 
Desmoplastic 
Large-cell/anaplastic

(n = 44)
12 (27%)
32 (73%)
0 (0%)
0 (0%)

(n = 23)
10 (43%)
9 (39%)
3 (13%)
1 (5%)

0.009

Risk-stratification 
Average-risk
High-risk 

(n = 40)
27 (67.5%)
13 (32.5%)

(n = 15)
12 (80%)
3 (20%)

0.51

Adjuvant chemotherapy 
Yes
No

(n = 38)
31 (81%)
7 (19%)

(n = 16)
8 (50%)
8 (50%)

0.04

Dose of craniospinal irradiation
23.4 Gy
35 Gy

(n = 38)
19 (50%)
19 (50%)

(n = 16)
4 (25%)
12 (75%)

0.09

Patterns of failure
Tumor-bed/posterior fossa
Leptomeningeal dissemination
Combined local + leptomeningeal
Extra-neuraxial metastases

(n = 5)
2 (40%)
2 (40%)
1 (20%)
0 (0%)

(n = 3)
0 (0%)
0 (0%)

2 (66.7%)
1 (33.3%)

0.16

All statistically significant p-values are highlighted in bold. Abbreviations: WNT: wingless; MB: medulloblastoma; AYA: 
adolescent and young adult; NOS: not otherwise specified.
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were identified, 12 in metastatic compartment including 
one with extra-neuraxial metastases and 3 in the surgical 
cavity. Lower cumulative dose of cyclophosphamide/
ifosfamide (<12 mg/m2) during maintenance 
chemotherapy (p = 0.032) and male gender (p = 0.033) 
were associated with significantly increased risk of 
relapse. Age at diagnosis, extent of resection, metastases, 
CSI dose, and additional molecular/genetic alterations 
did not influence the risk of relapse. More recently, 
5-year PFS and OS of 100% has been reported in WNT-
MB in conventionally classified average-risk (n = 46) 
as well as high-risk disease (n = 7) from a prospective 
cohort study of risk-adapted therapy (SJMB-03) [21]. 
Another prospective trial [22] that included patients from 
3–21 years of age with average-risk MB reported 5-year 
PFS and OS of 93.3% and 95.5% respectively in the 
WNT-subgroup (n = 64) confirming excellent outcomes 
regardless of risk-stratification and age. In accordance 
with above retrospective and prospective clinical data, 
we believe that age alone should not preclude WNT-MB 
patients from participation in prospective clinical trials 
testing treatment de-intensification. 

How low can one go

Attempts at treatment de-escalation in non-
metastatic childhood MB are not new and have been 
attempted systematically since the last 40 years. The first 
successful de-intensification was the reduction from full-
dose CSI (36 Gy) to reduced-dose CSI (23.4 Gy) with 
addition of adjuvant systemic chemotherapy in children 
with average-risk MB [4] which was subsequently adopted 
as the standard dose of CSI in children with average-risk 
disease. Results of subsequent attempts at de-escalation in 
non-metastatic childhood MB have been somewhat mixed. 
However, caution is warranted during any de-escalation of 
RT even in favorable biology disease. Replacing CSI with 
high-dose chemotherapy using thiotepa-based conditioning 
and autologous stem cell rescue has been attempted in 
older children (up to 10 years) similar to infant MB but 
with limited success [23]. The acute and late toxicity 
of such an approach also needs to be carefully weighed 
against the anticipated late morbidity of lower dose (18–
23.4 Gy) CSI in young children (3–10 years). Previously 
published data show that deferral of RT [24] or reduction 
of CSI dose [22] in younger children (aged between 3 to 
<8 years) with molecularly unselected medulloblastoma 
results in inferior survival, suggesting that early RT, 
particularly CSI (in appropriate doses) remains an integral 
component of treatment. We have previously reported 
unacceptably high risk of neuraxial failure with omission 
of upfront CSI in children with rigorous-defined low-risk 
WNT-MB [25]. Similar results were reported with primary 
chemotherapy approach only after surgery [26, 27] leading 
to early termination of both these studies. Although the 
results of both these trials of treatment de-intensification 

were disappointing, the search for optimal balance 
between quality of life and survival needs to continue 
across all subgroups of MB including WNT [28]. The 
optimal dose of CSI in low-risk WNT-MB remains an 
area of active investigation in ongoing prospective clinical 
trials [2, 16] such as the SJMB-12 (NCT01878617), COG 
ACNS1422 (NCT02724579), PNET-5 (NCT02066220) 
and FOR-WNT 2 (NCT04474964). The SJMB-12 study 
evaluating 15 Gy CSI plus boost RT for total primary site 
dose of with 50 Gy primary-site dose followed by 4 cycles 
of cisplatin, cyclophosphamide, and vincristine in low-risk 
WNT stratum has recently completed accrual and may 
emerge as the next standard-of-care for low-risk disease 
if such an approach is associated with >90% long-term 
survival. Subsequently efforts to further reduce CSI dose 
to 12 Gy may need to be tested in the future.

Various molecular markers and associated signalling 
pathways involved in metastases from MB have been 
described [29]. However, given >95% survival in adequately 
and appropriately treated patients of WNT-MB, prognostic 
factors affecting outcomes, patterns of failure, and drivers 
of metastatic dissemination are not well understood in this 
subgroup. In a recent large multi-institutional cohort of 191 
patients of WNT-MB, presence of TP53 mutations or OTX2 
gains emerged as independent poor prognostic markers 
[30] raising questions on eligibility of such patients for de-
escalation trials. Second generation molecular subgrouping 
[31] has identified multiple subgroups within each broad 
molecular subgroup which could impact the conduct of 
subgroup-specific clinical trials in the future.

CONCLUSIONS

Concerns regarding therapy-related late toxicity 
have prompted systematic attempts at treatment de-
intensification in good-risk MB over the last four decades. 
However, results of prior studies should be used to inform 
and guide controlled de-intensification of therapy even in 
low-risk and favourable biology disease. The definition of 
low-risk WNT-MB may need to be further refined in light 
of recent clinical data and newer biological information.

Author contributions

Concept and design: Tejpal Gupta, Clinical conduct: 
Abhishek Chatterjee, Girish Chinnaswamy, Tejpal 
Gupta, Data extraction and analysis: Shakthivel Mani, 
Abhishek Chatterjee, Tejpal Gupta, Molecular profiling: 
Neelam Shirsat, Sridhar Epari, Literature review: Archya 
Dasgupta, Girish Chinnaswamy, Manuscript draft - initial: 
Shakthivel Mani, Manuscript draft - final: Tejpal Gupta, 
Final approval: All authors.

ACKNOWLEDGMENTS

Brain Tumor Foundation (BTF) of India.



Oncotarget109www.oncotarget.com

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

 1. Ostrom QT, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan 
JS. CBTRUS Statistical Report: Primary Brain and Other 
Central Nervous System Tumors Diagnosed in the United 
States in 2014-2018. Neuro Oncol. 2021; 23:iii1–105. 
https://doi.org/10.1093/neuonc/noab200. [PubMed]

 2. Lazow MA, Palmer JD, Fouladi M, Salloum R. 
Medulloblastoma in the Modern Era: Review of 
Contemporary Trials, Molecular Advances, and Updates in 
Management. Neurotherapeutics. 2022; 19:1733–51. https://
doi.org/10.1007/s13311-022-01273-0. [PubMed]

 3. Gajjar A, Pfister SM, Taylor MD, Gilbertson RJ. Molecular 
insights into pediatric brain tumors have the potential 
to transform therapy. Clin Cancer Res. 2014; 20:5630–
40. https://doi.org/10.1158/1078-0432.CCR-14-0833. 
[PubMed]

 4. Packer RJ, Goldwein J, Nicholson HS, Vezina LG, Allen JC, 
Ris MD, Muraszko K, Rorke LB, Wara WM, Cohen BH, 
Boyett JM. Treatment of children with medulloblastomas 
with reduced-dose craniospinal radiation therapy and 
adjuvant chemotherapy: A Children’s Cancer Group Study. 
J Clin Oncol. 1999; 17:2127–36. https://doi.org/10.1200/
JCO.1999.17.7.2127. [PubMed]

 5. Zeltzer PM, Boyett JM, Finlay JL, Albright AL, Rorke 
LB, Milstein JM, Allen JC, Stevens KR, Stanley P, Li H, 
Wisoff JH, Geyer JR, McGuire-Cullen P, et al. Metastasis 
stage, adjuvant treatment, and residual tumor are prognostic 
factors for medulloblastoma in children: conclusions 
from the Children’s Cancer Group 921 randomized phase 
III study. J Clin Oncol. 1999; 17:832–45. https://doi.
org/10.1200/JCO.1999.17.3.832. [PubMed]

 6. Packer RJ, Gajjar A, Vezina G, Rorke-Adams L, Burger 
PC, Robertson PL, Bayer L, LaFond D, Donahue BR, 
Marymont MH, Muraszko K, Langston J, Sposto R. Phase 
III study of craniospinal radiation therapy followed by 
adjuvant chemotherapy for newly diagnosed average-risk 
medulloblastoma. J Clin Oncol. 2006; 24:4202–8. https://
doi.org/10.1200/JCO.2006.06.4980. [PubMed]

 7. Bouffet E. Management of high-risk medulloblastoma. 
Neurochirurgie. 2021; 67:61–68. https://doi.org/10.1016/j.
neuchi.2019.05.007. [PubMed]

 8. Northcott PA, Korshunov A, Witt H, Hielscher T, Eberhart 
CG, Mack S, Bouffet E, Clifford SC, Hawkins CE, French P, 
Rutka JT, Pfister S, Taylor MD. Medulloblastoma comprises 
four distinct molecular variants. J Clin Oncol. 2011; 
29:1408–14. https://doi.org/10.1200/JCO.2009.27.4324. 
[PubMed]

 9. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho 
YJ, Clifford SC, Eberhart CG, Parsons DW, Rutkowski 
S, Gajjar A, Ellison DW, Lichter P, Gilbertson RJ, et al. 

Molecular subgroups of medulloblastoma: the current 
consensus. Acta Neuropathol. 2012; 123:465–72. https://
doi.org/10.1007/s00401-011-0922-z. [PubMed]

10. Gupta T, Shirsat N, Jalali R. Molecular Subgrouping of 
Medulloblastoma: Impact Upon Research and Clinical 
Practice. Curr Pediatr Rev. 2015; 11:106–19. https://doi.org
/10.2174/1573396311666150702104030. [PubMed]

11. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, 
Figarella-Branger D, Hawkins C, Ng HK, Pfister SM, 
Reifenberger G, Soffietti R, von Deimling A, Ellison DW. 
The 2021 WHO Classification of Tumors of the Central 
Nervous System: a summary. Neuro Oncol. 2021; 23:1231–
51. https://doi.org/10.1093/neuonc/noab106. [PubMed]

12. Ramaswamy V, Remke M, Bouffet E, Bailey S, Clifford 
SC, Doz F, Kool M, Dufour C, Vassal G, Milde T, Witt O, 
von Hoff K, Pietsch T, et al. Risk stratification of childhood 
medulloblastoma in the molecular era: the current 
consensus. Acta Neuropathol. 2016; 131:821–31. https://
doi.org/10.1007/s00401-016-1569-6. [PubMed]

13. Kool M, Korshunov A, Remke M, Jones DT, Schlanstein 
M, Northcott PA, Cho YJ, Koster J, Schouten-van Meeteren 
A, van Vuurden D, Clifford SC, Pietsch T, von Bueren 
AO, et al. Molecular subgroups of medulloblastoma: 
an international meta-analysis of transcriptome, genetic 
aberrations, and clinical data of WNT, SHH, Group 3, 
and Group 4 medulloblastomas. Acta Neuropathol. 2012; 
123:473–84. https://doi.org/10.1007/s00401-012-0958-8. 
[PubMed]

14. Fossati P, Ricardi U, Orecchia R. Pediatric 
medulloblastoma: toxicity of current treatment and potential 
role of protontherapy. Cancer Treat Rev. 2009; 35:79–96. 
https://doi.org/10.1016/j.ctrv.2008.09.002. [PubMed]

15. Salloum R, Chen Y, Yasui Y, Packer R, Leisenring W, 
Wells E, King A, Howell R, Gibson TM, Krull KR, 
Robison LL, Oeffinger KC, Fouladi M, Armstrong GT. 
Late Morbidity and Mortality Among Medulloblastoma 
Survivors Diagnosed Across Three Decades: A Report 
From the Childhood Cancer Survivor Study. J Clin Oncol. 
2019; 37:731–40. https://doi.org/10.1200/JCO.18.00969. 
[PubMed]

16. Thompson EM, Ashley D, Landi D. Current 
medulloblastoma subgroup specific clinical trials. Transl 
Pediatr. 2020; 9:157–62. https://doi.org/10.21037/
tp.2020.03.03. [PubMed]

17. Li Q, Dai Z, Cao Y, Wang L. Comparing children and 
adults with medulloblastoma: a SEER based analysis. 
Oncotarget. 2018; 9:30189–98. https://doi.org/10.18632/
oncotarget.23773. [PubMed]

18. Patil R, Gupta T, Maitre M, Dasgupta A, Sahay A, Epari S, 
Shirsat N, Chatterjee A, Krishnatry R, Goda JS, Moiyadi A, 
Patil V, Chinnaswamy G, et al. Clinical Audit of Survival 
Outcomes and Prognostic Factors in Adolescents and Adults 
with Medulloblastoma. J Adolesc Young Adult Oncol. 
2022; 11:68–77. https://doi.org/10.1089/jayao.2021.0034. 
[PubMed]

https://doi.org/10.1093/neuonc/noab200
https://pubmed.ncbi.nlm.nih.gov/34608945
https://doi.org/10.1007/s13311-022-01273-0
https://doi.org/10.1007/s13311-022-01273-0
https://pubmed.ncbi.nlm.nih.gov/35859223
https://doi.org/10.1158/1078-0432.CCR-14-0833
https://pubmed.ncbi.nlm.nih.gov/25398846
https://doi.org/10.1200/JCO.1999.17.7.2127
https://doi.org/10.1200/JCO.1999.17.7.2127
https://pubmed.ncbi.nlm.nih.gov/10561268
https://doi.org/10.1200/JCO.1999.17.3.832
https://doi.org/10.1200/JCO.1999.17.3.832
https://pubmed.ncbi.nlm.nih.gov/10071274
https://doi.org/10.1200/JCO.2006.06.4980
https://doi.org/10.1200/JCO.2006.06.4980
https://pubmed.ncbi.nlm.nih.gov/16943538
https://doi.org/10.1016/j.neuchi.2019.05.007
https://doi.org/10.1016/j.neuchi.2019.05.007
https://pubmed.ncbi.nlm.nih.gov/31229532
https://doi.org/10.1200/JCO.2009.27.4324
https://pubmed.ncbi.nlm.nih.gov/20823417
https://doi.org/10.1007/s00401-011-0922-z
https://doi.org/10.1007/s00401-011-0922-z
https://pubmed.ncbi.nlm.nih.gov/22134537
https://doi.org/10.2174/1573396311666150702104030
https://doi.org/10.2174/1573396311666150702104030
https://pubmed.ncbi.nlm.nih.gov/26133181
https://doi.org/10.1093/neuonc/noab106
https://pubmed.ncbi.nlm.nih.gov/34185076
https://doi.org/10.1007/s00401-016-1569-6
https://doi.org/10.1007/s00401-016-1569-6
https://pubmed.ncbi.nlm.nih.gov/27040285
https://doi.org/10.1007/s00401-012-0958-8
https://pubmed.ncbi.nlm.nih.gov/22358457
https://doi.org/10.1016/j.ctrv.2008.09.002
https://pubmed.ncbi.nlm.nih.gov/18976866
https://doi.org/10.1200/JCO.18.00969
https://pubmed.ncbi.nlm.nih.gov/30730781
https://doi.org/10.21037/tp.2020.03.03
https://doi.org/10.21037/tp.2020.03.03
https://pubmed.ncbi.nlm.nih.gov/32477916
https://doi.org/10.18632/oncotarget.23773
https://doi.org/10.18632/oncotarget.23773
https://pubmed.ncbi.nlm.nih.gov/30046397
https://doi.org/10.1089/jayao.2021.0034
https://pubmed.ncbi.nlm.nih.gov/33891492


Oncotarget110www.oncotarget.com

19. Kunder R, Jalali R, Sridhar E, Moiyadi A, Goel N, Goel A, 
Gupta T, Krishnatry R, Kannan S, Kurkure P, Deopujari C, 
Shetty P, Biyani N, et al. Real-time PCR assay based on the 
differential expression of microRNAs and protein-coding 
genes for molecular classification of formalin-fixed paraffin 
embedded medulloblastomas. Neuro Oncol. 2013; 15:1644–
51. https://doi.org/10.1093/neuonc/not123. [PubMed]

20. Nobre L, Zapotocky M, Khan S, Fukuoka K, Fonseca A, 
McKeown T, Sumerauer D, Vicha A, Grajkowska WA, 
Trubicka J, Li KKW, Ng HK, Massimi L, et al. Pattern 
of Relapse and Treatment Response in WNT-Activated 
Medulloblastoma. Cell Rep Med. 2020; 1:100038. https://
doi.org/10.1016/j.xcrm.2020.100038. [PubMed]

21. Gajjar A, Robinson GW, Smith KS, Lin T, Merchant TE, 
Chintagumpala M, Mahajan A, Su J, Bouffet E, Bartels 
U, Schechter T, Hassall T, Robertson T, et al. Outcomes 
by Clinical and Molecular Features in Children With 
Medulloblastoma Treated With Risk-Adapted Therapy: 
Results of an International Phase III Trial (SJMB03). J 
Clin Oncol. 2021; 39:822–35. https://doi.org/10.1200/
JCO.20.01372. [PubMed]

22. Michalski JM, Janss AJ, Vezina LG, Smith KS, Billups CA, 
Burger PC, Embry LM, Cullen PL, Hardy KK, Pomeroy 
SL, Bass JK, Perkins SM, Merchant TE, et al. Children’s 
Oncology Group Phase III Trial of Reduced-Dose and 
Reduced-Volume Radiotherapy With Chemotherapy for 
Newly Diagnosed Average-Risk Medulloblastoma. J 
Clin Oncol. 2021; 39:2685–97. https://doi.org/10.1200/
JCO.20.02730. [PubMed]

23. Dhall G, O’Neil SH, Ji L, Haley K, Whitaker AM, Nelson 
MD, Gilles F, Gardner SL, Allen JC, Cornelius AS, Pradhan 
K, Garvin JH, Olshefski RS, et al. Excellent outcome of 
young children with nodular desmoplastic medulloblastoma 
treated on “Head Start” III: a multi-institutional, prospective 
clinical trial. Neuro Oncol. 2020; 22:1862–72. https://doi.
org/10.1093/neuonc/noaa102. [PubMed]

24. Kann BH, Park HS, Lester-Coll NH, Yeboa DN, Benitez V, 
Khan AJ, Bindra RS, Marks AM, Roberts KB. Postoperative 
Radiotherapy Patterns of Care and Survival Implications for 
Medulloblastoma in Young Children. JAMA Oncol. 2016; 
2:1574–81. https://doi.org/10.1001/jamaoncol.2016.2547. 
[PubMed]

25. Gupta T, Pervez S, Dasgupta A, Chatterjee A, Epari 
S, Chinnaswamy G, Jalali R. Omission of Upfront 
Craniospinal Irradiation in Patients with Low-Risk WNT-
Pathway Medulloblastoma Is Associated with Unacceptably 

High Risk of Neuraxial Failure. Clin Cancer Res. 2022; 
28:4180–85. https://doi.org/10.1158/1078-0432.CCR-22-
0758. [PubMed]

26. Cohen K, Bandopadhayay P, Chi S, London W, Rodriguez F, 
Hawkins C, Yang E, Aguilera D, Castellino R, MacDonald 
T, Stapleton S, Ashley D. Medu-34. Pilot study of a surgery 
and chemotherapy-only approach in the upfront therapy of 
children with wnt-positive standard risk medulloblastoma. 
Neuro Oncol. 2019 (Suppl 2); 21:ii110. https://doi.
org/10.1093/neuonc/noz036.192. 

27. Cohen K, Chi S, Hawkins C, Rodriguez F, London W, 
Castellino RC, Aguilera D, Stapleton S, Ashley D, Landi 
D, Bandopadhayay P. MBCL-25. Pilot Study Of A Surgery 
And Chemotherapy-Only Approach In The Upfront 
Therapy Of Children With Wnt-Positive Standard Risk 
Medulloblastoma: Updated Outcomes. Neuro Oncol. 2020 
(Suppl 3); 22:iii393–94. https://doi.org/10.1093/neuonc/
noaa222.501. 

28. Remke M, Ramaswamy V. WNT Medulloblastoma Limbo: 
How Low Can We Go? Clin Cancer Res. 2022; 28:4161–
63. https://doi.org/10.1158/1078-0432.CCR-22-1780. 
[PubMed]

29. Li M, Deng Y, Zhang W. Molecular Determinants of 
Medulloblastoma Metastasis and Leptomeningeal 
Dissemination. Mol Cancer Res. 2021; 19:743–52. https://
doi.org/10.1158/1541-7786.MCR-20-1026. [PubMed]

30. Goschzik T, Mynarek M, Doerner E, Schenk A, Spier I, 
Warmuth-Metz M, Bison B, Obrecht D, Struve N, Kortmann 
RD, Schmid M, Aretz S, Rutkowski S, Pietsch T. Genetic 
alterations of TP53 and OTX2 indicate increased risk of 
relapse in WNT medulloblastomas. Acta Neuropathol. 
2022; 144:1143–56. https://doi.org/10.1007/s00401-022-
02505-5. [PubMed]

31. Cavalli FMG, Remke M, Rampasek L, Peacock J, Shih 
DJH, Luu B, Garzia L, Torchia J, Nor C, Morrissy AS, 
Agnihotri S, Thompson YY, Kuzan-Fischer CM, et al. 
Intertumoral Heterogeneity within Medulloblastoma 
Subgroups. Cancer Cell. 2017; 31:737–54.e6. https://doi.
org/10.1016/j.ccell.2017.05.005. [PubMed]

https://doi.org/10.1093/neuonc/not123
https://pubmed.ncbi.nlm.nih.gov/24203893
https://doi.org/10.1016/j.xcrm.2020.100038
https://doi.org/10.1016/j.xcrm.2020.100038
https://pubmed.ncbi.nlm.nih.gov/32743560
https://doi.org/10.1200/JCO.20.01372
https://doi.org/10.1200/JCO.20.01372
https://pubmed.ncbi.nlm.nih.gov/33405951
https://doi.org/10.1200/JCO.20.02730
https://doi.org/10.1200/JCO.20.02730
https://pubmed.ncbi.nlm.nih.gov/34110925
https://doi.org/10.1093/neuonc/noaa102
https://doi.org/10.1093/neuonc/noaa102
https://pubmed.ncbi.nlm.nih.gov/32304218
https://doi.org/10.1001/jamaoncol.2016.2547
https://pubmed.ncbi.nlm.nih.gov/27491009
https://doi.org/10.1158/1078-0432.CCR-22-0758
https://doi.org/10.1158/1078-0432.CCR-22-0758
https://pubmed.ncbi.nlm.nih.gov/35653134
https://doi.org/10.1093/neuonc/noz036.192
https://doi.org/10.1093/neuonc/noz036.192
https://doi.org/10.1093/neuonc/noaa222.501
https://doi.org/10.1093/neuonc/noaa222.501
https://doi.org/10.1158/1078-0432.CCR-22-1780
https://pubmed.ncbi.nlm.nih.gov/35866882
https://doi.org/10.1158/1541-7786.MCR-20-1026
https://doi.org/10.1158/1541-7786.MCR-20-1026
https://pubmed.ncbi.nlm.nih.gov/33608450
https://doi.org/10.1007/s00401-022-02505-5
https://doi.org/10.1007/s00401-022-02505-5
https://pubmed.ncbi.nlm.nih.gov/36181537
https://doi.org/10.1016/j.ccell.2017.05.005
https://doi.org/10.1016/j.ccell.2017.05.005
https://pubmed.ncbi.nlm.nih.gov/28609654

