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Introduction

Glioblastoma (GBM) represents the most common primary
malignancy of the central nervous system in adults. While
the vast majority of GBMs are supratentorial lesions
(S-GBM), 0.9% to 3.4% of GBMs occur in the cerebellum
(C-GBM) (1-3). Considering this rarity, relatively few
studies have examined C-GBMs specifically and the majority
of these studies have been understandably limited by small
patient populations. Despite sharing many histopathologic
characteristics, the question of what degree of clinical and
biological similarity there is between C-GBM and S-GBM
has been raised (4). In addition, much of the molecular
understanding of GBM is restricted to the supratentorial
setting. Pursuant to this, studies have highlighted the need
for genetic and molecular characterization of C-GBMs
(3-8). In the present commentary, we will provide a brief
literature review of the clinical demographics and outcomes
of C-GBM. In addition, we will highlight and discuss
the findings in Cho 2019 and other studies regarding the
distinct genetic and molecular profile of C-GBM (8).

From past to present: a brief literature review of
cerebellar GBM

Given that only a small percentage of GBMs occur in the
cerebellum, it stands to reason that these lesions may be
clinically distinct. As such, many studies in the past several
decades have attempted to define the outcomes of patients
with C-GBM. An overview of eleven highlighted studies
and summary findings are presented in Table 1. Four
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single-arm observational studies and one meta-analysis
from 1998 to 2012 report median OS between 9.9 to
18.4 months (7,10-13). The three largest observational
studies from Adams 2012, Babu 2013, and Cho 2019
detected no statistically significant difference in overall
survival for C-GBM vs. S-GBM (3,5,8). The largest study
examining clinical outcomes at present by our group
reported on 201 C-GBMs and 36,893 S-GBMs and found
a median survival of 7 months and 8 months respectively
with no statistically significant difference (P=0.24) (3). With
the increased availability of multi-institutional databases,
a re-examination of these findings may be warranted.
Nonetheless, there is at present no statistically significant
difference in overall survival between GBMs occurring
either in the supratentorial or cerebellar regions.

Few, if any, discernable demographic characteristics have
been found in relation to C-GBM as compared to S-GBM.
A statistically significant younger-age of diagnosis has been
reported in the two largest studies in C-GBM compared
to S-GBM (3,5). Similar to S-GBM, these two studies also
reported that younger age was a favorable prognostic factor
in C-GBM patients less than 40 years of age (3,5). It should
be noted that both studies utilized the SEER database, but
with differences in the dates of enrollment and the overall
number of patients. Adams ez /. also reported a predilection
for Asian or Pacific Islander race, but this association was
not subsequently found by Babu ez 4/. Treatments that may
confer an OS or progression-free survival (PFS) benefit have
also been reported for C-GBM. Babu ez /. reported that
radiation therapy (HR: 0.33; 95% CI: 0.24-0.47; P<0.0001)
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Table 1 Overview of 11 studies on cerebellar GBM reporting clinical or genetic and molecular features

Number Primar Age of Overall Imoroved
Study DOE Design Population of . y diagnosis survival P Comments
) lesion OS/PFS*
patients (years) (months)

Cho 2019 1996 to Obs Seoul Medical C: 39; Y Median (range): Median (range): NR ¢ No EGFR mutations;

(8) 2016 Center S: 853 C:55.32 C:15.8 . Significant PDGFRA (most
(19 10 89); (14.6to 17.1); common) or ATRX alterations;
S: 56.90 S: 211 ’
(24 to 89); (11.3t0 47.1); ¢ Suggest OPC origin;
P=0.54 P=0.36

¢ No H3F3A K27M mutations;

e Majority of cases had IDH1 and
p53 mutations;

e TERT promoter/Chr 7 gain/Chr
10 loss (n=2);

¢ Largest study examining
genetic and molecular profile of

C-GBM
Tauziéde- 1982to Obs Sainte-Anne C: 12 NR  Median (range): Median (range): NR ¢ No IDH, BRAF, TERT, loss of
Espariat 2016 Hospital 48 (24 to 81) 7.5(1t018) Chr 10, EGFR mutations;
2018 (4)

¢ Loss of ATRX (n=3);
* No p53 overexpression on IHC

Nomura NR Obs Multi- C:27* NR Median (range): NR NR < Suggest OPC origin;

2017 (9) Institutional 64 (28 to 81) . SETD2 truncation (n=4), H3F3A

K27M mutation (n=3);

e P53 Mutation (n=9), PPM1D
mutation (n=2), PPM1D fusion
(n=1);

¢ No IDH Mutations, One TERT
Mutation;

¢ WHO Grades IV (n=19), lll (n=5),

Il (n=3)

Takahashi NR Obs Kumamoto C:10; Y Median: Median: C: 9; NR  Reports absence of IDH mutations,

2014 (6) University S: 216 C: 58.6; S: 568.1; S:12; P=not P53 immunopositivity, and EGFR
Hospital P=not significant  significant immunonegativity in all C-GBM

cases (n=6)

Utsuki 2000to Obs Kitasato C:4 Y:1; Median (range): NR NR  Reports absence of IDH mutations,

2012 (7) 2010 University N:3 48.5(33to 67) P53 immunopositivity, and EGFR
School of immunonegativity in all C-GBM
Medicine cases (n=4)

Babu 1990to Obs SEER C: 201; Y Mean: C: 56.6; Median: C: 7; RT; SG; Patients before 1990 were

2013 (5) 2009 Database S: 36893 S:61.8; P<0.001 S: 8; P=0.24 age <40 excluded to reflect modern

treatments and subsequently
accurate survival and prognostic
data. No significant survival
differences

Table 1 (continued)
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Number Primar Age of Overall Imoroved
Study DOE Design Population of . y diagnosis survival P N Comments
) lesion OS/PFS
patients (years) (months)
Adams 1973to Obs SEER C: 208; Y Mean: C: 58; Median: RT; SG; The authors state that survival was
2012 (3) 2009 Database S:23121 S: 61; P<0.001 C:8;S:9; age <40 improved for C-GBM following
P=0.14 adjustment for stratification

Tsung 1990to Obs UT-MD C: 21

Y: 18; Median (range): Median (95%

variables.

No LD; Informative single-institution,

2011 (10) 2019 Anderson N: 3 C:39.9 Cl): 18.4 (13.5 CT  single-arm, retrospective series.
Cancer Center (19.1 t0 60.9) to 69) Limited by small sample size.
Stark 1991 to Obs  University of C:4 NR  Median (range): NR NR  Series of illustrative cases of infra-

2010 (11) 2008 Kiel

Weber 1979to Obs
2006 (12) 2004

Rare Cancer C: 45
Network N: 3

C: 58.5 (49 to 80)

tentorial GBM, including C-GBMs.
Limited by follow-up, sample size

Y: 42; Median (range): Median: C: 9.9 No BSI; Single-arm database driven study
C:50.3

(0.1t0222.3)  SG

(21.2 to 82.2)

Djalilian 1975t0 MA
1998 (13) 1994

Literature C: 41
Review

NR  Median (range): Median: C: 11 SG; RT Meta-analysis of 31 studies,
51.5 (19 to 80)

identifying 26 adult C-GBM cases
and 15 pediatric cases

*, clinical features associated with statistically significant improved survival metrics; **, included WHO tumors less than Grade IV. DOE,
dates of enrollment; n, number of patients; OS, overall survival; PFS, progression-free-survival; Obs, observational; MA, meta-analysis; V,
yes; N, no; C, cerebellar glioblastoma; S, supratentorial glioblastoma; NR, not reported; SG, surgery; RT, radiotherapy; CT, chemotherapy;

BSI, brainstem involvement; LD, leptomeningeal disease.

and surgical resection (HR: 0.66; 95% CI: 0.45-0.96;
P=0.028) were independently favorable for prognosis (5).
The most consistent treatment-related finding across all
studies is a statistically significant survival benefit related to
a greater extent of resection (3,5,10-13). Survival benefits
were also reported in three studies associated with radiation
therapy (3,5,13), and in only one study associated with
chemotherapy (10).

Overall, the clinical course of patients with C-GBM is
poor and is similar to patients with S-GBM. There is at
present no statistically significant difference in survival, few
identifiable demographic differences, and a similar response
to treatment. This suggests that both C-GBM and S-GBM

are clinically similar disease entities.

Distinct genetic and molecular profile of S-GBM
and C-GBMs

The clinical similarities of these lesions do not preclude
potential immunohistochemical, genetic, and molecular
differences in C-GBMs as compared to S-GBMs. Here
we discuss five studies in the last decade which have all

highlighted potential differences, outlined in 7azble 1 (4,6-9).
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In 2012, Utsuki et al. reported four cases of C-GBM which
were immuno-positive for p53 and immuno-negative
for EGFR and IDHI, in contrast to many S-GBMs (7).
Interestingly, three of the four cases also found small regions
of low-grade histology within the tumors, suggesting that
these C-GBMs may have arose as secondary tumors despite
no detection of IDH1 and IDH2 mutations. Utsuki ez a/.
conclude by stating that C-GBMs may arise through
different mechanistic pathways as compared to S-GBMs (7).
In 2014, Takahashi ez 4/. reported similar findings in six
cases of C-GBM again with p53 immunopositivity and
EGFR immuno-negativity on immunohistochemistry.
In addition, they noted the absence of IDH mutations
with PCR amplification and sequencing. Given the
limited sample size of these two studies and no further
immunohistochemical or genetic characterizations, it is
difficult to draw conclusions regarding the generalizability
of their findings. However, they nonetheless highlight a
potential difference in C-GBMs compared to S-GBM.
More recently, in 2017, Nomura et a/. reported a detailed
analysis of the genetic, epigenetic, and molecular profile
of C-GBMs in combination with lower WHO grade
cerebellar gliomas (9). They highlighted SETD2, PPM1D,
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and PDGFRA-related genetic and epigenetic changes in
C-GBM compared to S-GBM, p53 mutations, infrequent
EGFR mutations as well as a potential oligodendroglial
progenitor cell (OPC) origin of development (9). In 2018,
Tauziede-Espariat er /. examined the histo-molecular
features of 12 adult C-GBMs, including IDH1/2, H3F3A/
HIST1H3B, BRAFV600E, ATRX, p16, p53, and EGFR (4).
No cases had detectable IDH or BRAF mutations. In
S-GBM, a common occurrence is the presence of hTERT
mutations (up to 80% of cases), loss of chromosome 10
(up to 70% of cases), and EGFR amplification/gain-
of-function (up to 55%) (4). Notably, none of the 12
C-GBM cases in Tauziede-Espariat er 4/. demonstrated
any of these genetic alterations. One of 12 C-GBM cases
demonstrated PDGFRA amplification. Three C-GBM cases
demonstrated loss of ATRX, without a mutation in IDH/
H3F3A/HIST1H3B, and without overexpression of p53 on
immunohistochemistry. The authors conclude by stating
that their results suggest that C-GBMs do not present with
the same genetic lesions as the S-GBM counterparts (4).

The 2019 paper by Cho ez 4l. is at present the largest and
most detailed study examining the genetic, epigenetic, and
molecular profile of C-GBMs in 19 cases of C-GBM (8).
First, the authors report no significant differences in
demographic features, treatment regimens, histologic
features, or survival between cases of C-GBM (n=39) and
S-GBM (n=814); which is consistent with prior studies. The
authors then utilized DNA-sequencing, RNA-sequencing,
and DNA methylation arrays on 19, 6, and 4 C-GBM
cases respectively and made comparisons to institutional or
publicly available datasets of S-GBM. Consistent with prior
studies, no EGFR activating alterations were found in any
cases. In addition, their data demonstrated a statistically
significant increase in exclusive alterations in ATRX or
PDGFRA in C-GBMs compared to S-GBMs. Four of
nineteen cases had ATRX mutations, and three of these
were accompanied by IDH1 and p53 wildtype in contrast
to S-GBM. The majority of their C-GBM cases did in-fact
have IDH1 and p53 mutations, in contrast to a few of the
earlier studies. It should be noted however, that some prior
studies primarily focused on dichotomous p53 immuno-
positivity or negativity. They also found that three of
nineteen cases reported RAS mutations or amplifications,
uncharacteristic of S-GBMs (8). While TERT promoter
mutations with chromosome 7 gain and chromosome 10
loss are frequent in IDH wildtype S-GBMs (up to 80%
of cases), the authors found only 10.5% of cases had these
mutations.
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In examination of GBM subtyping, they found that five
of six C-GBMs which underwent subtyping were of the
pro-neural subtype and had transcriptomic similarity to
pro-neural S-GBM. Unfortunately, other cases were not
submitted to this analysis. They also reported that despite
several differences in the above mutations, transcriptomic
data suggested that C-GBMs are more similar in expression
pattern to S-GBMs than other infra-tentorial tumors
including medulloblastoma, ependymoma, and pilocytic
astrocytoma. Even so, they subsequently examined location-
independent and location-dependent gene expression levels
through transcriptomic analysis. Notably, they identified
that NG2 (also known as CSPG4) was upregulated in
C-GBMs compared to S-GBMs. This is in agreement with
the findings of Nomura ez 4/. in 2017 who also suggested
that C-GBMs may have arisen from an OPC origin (8).
Cho et 4l. also performed DNA methylation profiling of
four C-GBMs. They report specific methylation patterns in
C-GBMs and in contrast to the Nomura study, Cho er a/.
did not find HF3A K27M mutations albeit in a limited
subset of cases (8,9). While this is not the only difference in
findings between Cho et /. and others, there may indeed be
a high degree of inter-tumor heterogeneity in C-GBM that
may explain these findings (8).

Overall, Cho et al. presents several differences in this
particular population of C-GBM cases compared to
S-GBM (8). This is in support of the assertion that
C-GBM:s, while clinically similar, have genetic, epigenetic,
and molecular differences that should be taken into
consideration. Pursuant to this, the Cho 2019 study also
conducted drug screens on C-GBM primary cells from
3 patients compared to S-GBM cells from 20 patients.
Interestingly, they report that C-GBM cells were less
responsive to EGFR targeted drugs, more responsive to
MEXK inhibitors, and more responsive for VEGFR and Abl
inhibitors owing to their off-target inhibition of PDGFR (8).
One final notable finding of Cho et al. is the specific
identification of NR4A1 as a potential target in GBMs,
and especially in C-GBMs as compared to S-GBM (8).
Modulation of the NR4A1 family of nuclear receptors
may be a potential strategy for treatment in C-GBM and
other GBMs using targeted small molecules or viral gene
expression, but this remains the subject of further pre-
clinical investigation (8,14,15).

Future directions

The findings by Cho et 4l. represent a novel step forward
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in highlighting the genetic characteristics of C-GBM
as compared to S-GBM. It is our opinion that the most
notable finding is the identification of NR4A1 as a potential
target for therapeutic intervention. One main criticism,
however, is that the vast majority of studies on C-GBM
have been limited to retrospective, single-institution and
observational studies that have been limited in the number
of enrolled patients (7able 1). Even Cho et al. use smaller
subsets of patients for their subsequent analyses. This is
not surprising, given the rarity of C-GBM as compared to
its supratentorial counterpart. Ideally, the next step would
be a multi-institutional effort to bank tissue and generate
the detailed findings as presented by Cho ez 4/, but in a
larger context. Such an approach would represent a data-
set that would be more generalizable and better powered to
elucidate both the genetic profile of C-GBM and respective
potential targets. This could facilitate the development
of personalized therapeutic approaches or, at the very
least, identify more pathways of interest for pre-clinical
therapeutic development. A multi-center database can
also promote the improvement of non-invasive diagnostic
approaches including MRI and MR-spectroscopy, as has
been performed using The Cancer Genome Atlas (16,17).
Opverall, we believe that the next major step in the field of
C-GBM will require a multi-institutional and cooperative
effort to produce more generalizable findings.

Conclusions

While the clinical outcomes of C-GBMs and S-GBMs
are similar as reported in numerous studies, these
tumors appear to have several genetic and molecular
differences that must be taken into consideration in the
pre-clinical setting for mechanistic study and therapeutic
development. Nonetheless, there appears to be inter-
tumoral heterogeneity in C-GBM based on the findings
of Cho ef al. in comparison to prior studies. Whether in
the supratentorial or cerebellar setting, in accordance with
many others in the field, it is our opinion that one of the
most important points to take into consideration is the inter
and intra-tumoral heterogeneity of GBMs in the research
and clinical settings. This is well illustrated with the rise
of molecular subtyping and the use of bulk and single
cell transcriptomic profiling that have highlighted inter
and intra-tumoral heterogeneity—where a single tumor
may have present several different molecular subtypes
concurrently (18). The study by Cho et 4/. highlights several
differences between C-GBMs and S-GBMs and importantly
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has identified differential response to drug screening in
vitro and a potential for targeting of nuclear receptors;
representing a step forward in the field of understanding
this aggressive and currently poorly treated disease
process. It is our hope that future studies will begin multi-
institutional efforts to delineate the molecular and genetic
profiles of C-GBM with greater numbers of patients to
discern reliable and generalizable findings to support pre-
clinical therapeutic development.
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