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resection were treated with carboplatin plus either etopo-
side or vincristine. One patient (case 44), who had com-
plete tumor removal, underwent combined radiotherapy
and ACNU (3-[(4-amino-2-methyl-3-pyrimidinyl) methyl]-
I-(chloroethyl)-l-nitrosourea) chemotherapy. At relapse,
chemotherapy was used in a few cases following the same
scheme. i

Prognosis

Of the 44 patients, 32 were still alive. The median follow-up
period for the whole population was 63.1 months. The fol-
low-up period was longerthan4 years for 21 patients (48 %)
and longer than 10 years for six (14 %). OS was 84.5 % (CI
95 %: 73.7-96.7) after 24 months and 71.6 % (CI 95 %:
55.7-92.0) after 10 years (Fig. 2a). On univariate analysis,
OS was not influenced by sex, tumor size, radiotherapy, or
chemotherapy, but was influenced by type of surgery (biopsy
vs partial resection vs gross total resection) (p = 0.04)
(Table 3). Older age was associated with a shorter OS
(p = 0.03). Median PFS was 38.4 months (CI 95 %:
29.2-72.5). PFS was 68.9 % (CI 95 %: 55.6-85.2) after
24 months, 37.9 % (CI 95 %: 24.0-69.9) after 48 months,
and 26.6 % (CI95 %: 13.4-52.7) after 72 months (Fig. 2b).
On univariate analysis, PFS was not influenced by age, sex,
chemotherapy, or radiotherapy (Table 3). In total, 25
patients (56.8 %) experienced at least one relapse, the pri-
mary site being affected in 22. Of the 22 patients presenting
with local recurrences, 13 were irradiated and nine were not.
Two patients underwent radiosurgery (cases 4 and 42), 10
localized conformal radiotherapy (cases 2, 3, 7, 10, 14, 17,
27, 29, 36 and 38), and one craniospinal irradiation with a
boost to the primary site (case 6). One patient had local
recurrence and fourth ventricle spread (case 29). Three other
patients had distant relapse, one with spinal spread (case 5),

one with simultaneous spinal and meningeal spread (case
26), and one with cerebellar spread (case 35). Twelve
patients experienced a second relapse, which was local in 7
cases (cases 1,4, 6, 13, 24, 27, and 29) or extended in 5 cases:
bulbar (case 2), cerebellar and frontal ventricular (case 20),
spinal and entire ventricular system (case 22), local with
posterior fossa extension (case 31), and cerebellar (case 35).
Of the 7 cases with local recurrence, 5 had adjuvant treat-
ments after the first surgery: radiotherapy, chemotherapy
alone or with craniospinal irradiation, stereotactic radiosur-
gery, or brachytherapy. Five patients had a third relapse and
one patient a fourth. After the second or subsequent relapses,
2 patients had chemotherapy: one (case 22) received gem-
citabine—oxaliplatine (GEMOX) as second line chemother-
apy for a spinal and ventricular relapse and showed a partial
response after 9 cycles, while the other (case 35) showed a
partial response after 9 cycles of carboplatin plus etoposide.

Discussion

The present series of 44 cases represents the largest ret-
rospective series of PTPRs to date, extending previously
published data [4] by increasing the number of patients and
doubling the median follow-up period to 63.1 months. This
tumor occurs across a wide age range (from 5 to 66 years
in our series), with the vast majority occurring in young
adults, in agreement with other reports [14-16]. Some
cases have already been described in children [4, 17-19],
one being a 15 month-old boy, the youngest patient to
present with PTPR [18].

Radiological descriptions of PTPR are quite rare. In our
series, MRI results was not always available, so a detailed
review of imaging findings was not performed. Radiolog-
ically, PTPRs are mildly lobulated, partially cystic,
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Table 3 Univariate analysis of
overall and progression-free

Overall survival

Progression-free survival

survival for the qualitative data Events/Patients (%)* p value Events/Patients (%)* p value
Sex 0.57 0.89
Male 5021 (23.8 %) 10/21 (47,6 %)
Female 4/23 (17,4 %) 14/23 (60.9 %)
Type of surgery 0.04 0.18
Biopsy 3/6 (50.0 %) 316 (50.0 %)
Gross total resection 3/26 (11.5 %) 13/26 (50.0 %)
Partial resection 3/12 (25.0 %) 9/12 (75.0 %)
Chemotherapy 0.49 0.86
Yes 18 (12.5 %) 5/8 (62.5 %)
No 8/36 (22.2 %) 20/36 (55.5 %)
® Percentage of events (death or ~ Radiotherapy 0.12 015
relapse), p values in the Log- Yes 8/28 (28.6 %) 15/28 (53.6 %)
Rank test <0.05 were No 1/16 (6.2 %) 10/16 (62.5 %)

considered significant

heterogeneously enhancing masses, and are usually asso-
ciated with obstructive hydrocephalus [10, 11, 14, 20, 21].
They are difficult to distinguish from other clinical entities,
especially pineocytomas [10, 14]. T2-weighted MRI often
reveals heterogeneous, hyperintense regions, whereas T1-
weighted imaging often reveals low-to-intermediate
intensities [11, 13, 22]. However, hyperintensity on non-
contrast T1l-weighted sequences has been described in
some patients presenting with PTPR, which might be
explained by high concentrations of proteins in the small
cystic spaces seen in these neoplasms [23-28]. However,
this hyperintensity was not found in other cases [11, 25],
suggesting a variation in radiographic findings in different
lesions. In two reported cases, proton MR spectroscopy
revealed increased choline and decreased N-acetyl aspar-
tate peaks and a slightly increased lactate peak [13, 26].
Positron emission tomography has shown increased
18-fluorodeoxyglucose uptake at the site of the lesion,
suggesting a malignant tumor with increased glucose
metabolism [13]. Further studies are required to validate
these results obtained in case reports of PTPR.

Data on treatment options and their outcomes have only
been published for small series, and prognostic factors and
formal consensus guidelines for optimal management of
patients presenting with PTPR are not yet well established.
Our study showed that the extent of surgery was identified
on univariate analysis as the only clinical factor signifi-
cantly associated with a better OS, highlighting the
importance of surgery as the primary mainstay of therapy
for PTPR. This result confirms the tendency for gross total
resection to be associated with better OS and PFS previ-
ously reported with fewer patients [4]. As PTPRs may be
derived from snbcommissural modified ependymocytes,
the clinical behavior of PTPRs can be compared to that of
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ependymomas. The effect of the extent of tumor removal
has been well documented in intracranial ependymomas in
adults by some authors [29—-34], more particularly when the
extent of resection was adequately evaluated. The initial
treatment of choice for PTPRs, as in ependymomas, seems
to be complete resection whenever safely feasible.

The role of radiotherapy in the treatment of patients
presenting with PTPR is not established. Our results
showed that radiotherapy did not influence OS or PFS, but
the number of patients treated was quite low. This negative
result may be due to the retrospective nature of our study,
which involved heterogeneous radiotherapy regimens in
the different centers. As the prognosis for PTPRs seems to
be similar to that of ependymomas, with a propensity for
local recurrence, many institutions treat the patient with
post operative radiotherapy. The precise role of radiother-
apy in ependymomas, more particularly the optimal dose,
timing, and field size, is still debated, but its seems that
adjuvant radiotherapy may be beneficial to control disease
locally [34, 35]. Adjuvant radiotherapy was frequently used
in the PTPR cases reported [8, 9, 13, 14, 20-22, 24,27, 36—
43]. Prospective studies are required to analyze the role of
radiotherapy in PTPRs, more particularly after incomplete
resection or when surgery cannot be performed.

The role of chemotherapy in the treatment of patients
presenting with PTPR is also poorly documented. Only a few
cases of PTPRs treated with chemotherapy have been repor-
ted previously [4, 11, 16, 44]. Our results showed that che-
motherapy did not influence OS or PFS. One patient with a
PTPR thatrecurred after surgery and radiotherapy was treated
with temozolomide and is still symptom-free 9 years after the
first treatment [44]. This alkylating drug can inhibit all stages
of tumor cell growth and may present some advantages in
patients with PTPRs. Although hypermethylation of the
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promotor of the O6-methylguanine-DNA-methyltransferase
gene has not been described in PTPRs, in other brain tumors,
such as glioblastoma, it has been shown to be associated with
improved outcome and may be a predictive marker of sensi-
tivity to alkylating agents [45].

Our series further confirms the high rate of recurrence in
PTPR, which accounted for 58 % at 5 years and greater
than 70 % at 6 years. This high rate of recurrence is similar
to that reported for intracranial ependymomas [46].
Recurrences were more often local and 13 patients under-
went only one relapse (local or not). Spinal dissemination
seems to be rare and was only seen in 3 cases. Some cases
of PTPR may be more aggressive and have a potential for
seeding into the spinal canal, particularly if complete tumor
resection cannot be achieved [4, 47].

In conclusion, these data confirm the high risk of
recurrence in PTPR and emphasize the importance of gross
total resection, while adjuvant radiotherapy or chemother-
apy failed to exert significant effects on OS and PFS.
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Dynamic changes in magnetic resonance imaging appearance
of dysembryoplastic neuroepithelial tumor with or without
malignant transformation

Report of 2 cases
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Dysembryoplastic neuroepithelial turnors {DNETs) have conventionally been regarded as benign and stable
tumors and considered curable with surgery without adjunctive therapy. Recently, recurrent DNETs with or without
malignant transformation have been described. The authors report 2 unusual cases of DNET: 1) an enlarging lesion
that developed an enhancing component over the natural course of 4 years, and 2) a recurrent DNET that developed
an enhancing component 10-11 years after gross-total resection The patient in the first case was treated with subto-
tal resection and adjuvant radiochemotherapy; histological examination of the tumor led to the diagnosis of DNET,
WHO Grade I, for the nonenhancing component and anaplastic oligodendroglioma, WHO Grade 11, for the enhanc-
ing component. The patient in the second case was treated with repeat gross-total resection; the original tumor had
been histologically diagnosed as DNET, and the nonenhancing and enhancing components of the recurrent tumor
were diagnosed as simple and complex forms of DNET, respectively. These and previous reports suggest an aggres-
sive subtype of DNETs. If follow-up MRI reveals progressive behavior, resection should be performed without delay.

Additional radiochemotherapy is needed if the histological diagnosis demonstrates malignant transformation
(http://thejns.org/doi/abs/103171/2013.1 PEDS11449)

Key WorDs ¢
magnetic resonance imaging  ©

nign, usually supratentorial glial-neuronal neo-

plasm classified as a WHO Grade I tumor and
characterized by a predominantly cortical location and
by drug-resistant partial seizures. These lesions typically
have a complex columnar and multinodular architecture
and are often associated with cortical dysplasia.> DNET
tends to occur in children or young adults and was first de-
scribed by Daumas-Duport and colleagues.®* The tumor
appears hypodense on CT, hypointense on T1-weighted
MRI, and hyperintense on T2-weighted MRI,® with en-

DYSEMBRYOPLAS’HC neuroepithelial tumor is a be-

Abbreviations used in this paper: CDKN2A = cyclin-dependent
kinase irtibitor 2A; DNET = dysembryoplastic neuroepithelial
tumor; EGFR = epidermal growth factor receptor; ERBB2 = v-erb-
b2 erythroblastic leukemia viral oncogene homolog 2; GFAP = glial
fibrillary acidic protein; IDHI/2 = isocitrate dehydrogenase ! and
2; NFP = neurofilament protein; Olig2 = oligodendrocyte transcrip-
tion factor 2; PTEN = phosphatase and tensin homolog; SYN =
synaptophysiny 7P53 = tumor protein p33; WHO = World Health
Organization.

J Neurosurg: Pediatrics / February 22, 2013

dysembryoplastic neuroepithelial tumor
malignant transformation  °

oncology *
recurrence

hancement on T1-weighted MR images obtained after
Gd administration in 18%—-33% of cases.**¢ DNETs
may exhibit changes in the MRI pattern over time; the
development of enhancement does not necessarily imply
malignant transformation,® but true malignant transfor-
mation of DNETSs has been reported recently.811.12

We describe 2 cases of DNET demonstrating dy-
namic radiographic changes during their clinical courses,
with or without malignant transformation. We analyzed
IDH1/2 mutation by direct sequencing with immunohis-
tochemistry and copy number changes for 1p, 7p (EGFR),
9p (CDKNZ2A), 10q (PTEN), chromosome 17 (TP53 and
FERBB2), and 19q by multiple ligation-dependent probe
amplification. This retrospective study was conducted
under approval of the ethics committee of Tohoku Uni-
versity School of Medicine, and written informed consent
was obtained from the parents of both patients.

This article contains some figures that are displayed in color
online but in black-and-white in the prnt edition.
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Case Reports
Case 1

History and Presentation. This 4-year-old girl was
referred to our department with enlargement of a lesion in
the right parietal region appearing as low density on CT
after a follow-up period of 4 years.

She had suffered a complex partial seizure localized
in the left upper limb 10 months after birth. She was taken
to a hospital with a pediatric department, and neuroim-
aging was performed. Head CT revealed a right parietal
low-density lesion (Fig. 1A) Tl-weighted MRI with Gd
administration did not demonstrate any enhancing lesion
at this point (Fig. 1B), but FLAIR imaging did show a
hyperintense lesion predominantly in the right primary
sensory area, corresponding to the low-density lesion on
CT (Fig. 1C). Her seizures were controlled by antiepilep-
tic drug therapy. Follow-up CT was performed at age 4
years. The right parietal low-density area had enlarged
and a high-density spot within this area was suspicious
for calcification (Fig. 1D). She was then referred to our
department.

Examination. On admission, the child had no neu-
rological deficit. Tl-weighted MRI demonstrated a hy-
perintense ring corresponding to the area of possible
calcification within the large hypointense lesion, with
ring enhancement within this hyperintense ring by Gd
administration (Fig. 1E) T2-weighted MRI showed a hy-
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perintense lesion that corresponded with the hypointense
lesion on Tl-weighted images (Fig. 1F)

Operation and Posioperative Course. The patient
underwent subtotal resection including total resection of
the area of enhancement (Fig. 1G), but not the precentral
gyrus and pyramidal tract with tumor invasion. Intra-
operatively, tissue samples were obtained from both the
enhancing lesion confirmed by a neuronavigation system
and the surrounding nonenhancing lesion.

Pathological Examination. Histological examination
of the area that appeared hypointense on Tl-weighted
MRI showed multiple cystic structures with myxomatous
background and proliferation of oligodendroglia-like
cells with oval nuclei in the wall of the cystic spaces (Fig.
2A). Neuronal elements with “floating neurons” were
found, indicating a glioneuronal lesion, within the cystic
cavity (Fig. 2B arrows). Immunohistochemical analysis
revealed intensely positive staining for Olig2 Immuno-
Biological Laboratories; 1:500) and less reactivity for
GFAP (DAKO; clone 6F2, 1:100) in the glial compo-
nent, and positive reaction for NFP (DAKO; clone 2F11,
1:100) and SYN (DAKO; clone SY38, 1:300) in the neu-
ronal elements (Fig. 2C-E, SYN not shown). The Ki 67
(DAXKO; clone MIB-1, 1:30) labeling index was 2% (Fig.
2F). Therefore, the main part of the tumor, appearing as
hypointense on T1-weighted MR images, was diagnosed
as DNET, WHO Grade L.

Histological examination of tissue from the enhancing

Fis. 1. Case 1. Axial CT and MR images obtained 10 months after birth (A-C) and &t age 4 years {(D-F}) and postoperative

follow-up MR image (G).

A: CT scan showing a sllghﬂy hypodense lesioninthe right hemisphere (arrow).

B: Tt-weighted MR

image obtained after Gd administration demonstrating no enhancement.  C: FLAIR MR image disclosing a hy perintense lesion

predominantly inthe right postcentral gyrus (arrow), with invasion into the right precentral knob (arrowhead).

D: CT scanclan-

fying marked enlargement. of the hypodense lesion, with an emerging hyperdense ringlike nodule inside the lesion (arrow) E:
T1-weighted MR image obtained after Gd administration showmg ringlike enhancemert (arrow) inside the hyperintense rim onthe
F: T2-weighted MR image depicting a hyperintense lesion predomi-
‘nantly in'the right postcentral gyrus corresponding to the hypom ense lesion on the T1-weighted MR image. The hyperintense

T1-weighted MR image obtained without Gd (not shown).

rim on the T1-weighted MR image appears as hypointense on the T2-weighted MR image (arrow).

G: Postoperative axial T1-

weighted MR image obtained after Gd administration demonstrating no enhancing lesion,
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Fis. 2. Case T Photomlorographs of the: surgical specimen from the lesion that showed no Gd enhancement on MRl A
Multiple cystic structures are observed on a mucinous background. H & E, original magnificétion x100.  B: High-power view of
A, showing floating neurons (arrows) scattered inthe cystic structure, H & E, original magnification x400. C-E: Immunocstain-
ing for GFAP (C), Olig2 (D), and NFP (E} are all positive. Original magnification x100. ~ F: The Ki 67 labeling index was 2%.
Original magnification 100

component demonstrated atypical glial cells with swollen cells, and focal microvascular proliferation (that is, pil-
oval nuclei, proliferating with a high cellular density (Fig. ing up of the endothelial cells with glomeruloid appear-
3A). A meshwork of capillary-like vasculature showing a ance) was observed (Fig. 3B). Immunochemical analysis
chicken-wire appearance had developed among the glial showed markedly positive staining for Olig2, only focal

&&a@m«\m s ; A i & 7 i

Fi.3. Case1l. Photomlcrographs of the surgical specimen from the lesion that showed enhancement on MRL A: Markedly
proliferated atypical glial cells'and chicken-wire appearances are observed. H &E; original magnification x100.  B:High-power
view-of A, showing microvascular proliferation. H & E stain, original magnification x400. C~E: Immunost amlng for GFAP (G}
and NFP (E) are negative; but Olig? | 083[8 strongly positive. Ongnna! magnificetion x100.  F: TheKi67 labeling index was focally
up t0-30%. Original magnification x1
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positive staining for GFAP, and no positive staining for
NFP or SYN (Fig. 3C-E, SYN not shown). The Ki 67
labeling index was focally up to 30% (Fig. 3F).

Immunochemical staining for IDH1 R132H (Diano-
va; clone HO9, 1:400) was negative in both nonenhanc-
ing and enhancing components of the lesion (data not
shown). The diagnosis of the enhancing component was
anaplastic oligodendroglioma, WHO Grade II1. The mo-
lecular profile of the nonenhancing component was wild-
type IDH /2 and no chromosomal copy changes of TP53,
PTEN, EGFR, CDKN2A, ERBB2, and 1p/19q (Table 1).
No molecular profile of the enhancing component was
obtained.

Additional Treatment and Postoperative Course.
Adjuvant therapy consisted of 60-Gy fractionated radia-
tion to the extended local field. Nimustine hydrochloride
(ACNU) was administered intravenously at 100 mg/m?
body surface area on the first day of radiation therapy.
The child was discharged home 7 weeks after the surgery
without neurological deficit. She was treated with main-
tenance ACNU therapy bimonthly (6 times per year) at
an outpatient clinic, and follow-up MR images obtained
20 months after surgery disclosed no tumor recurrence.

Case 2

Initial Presentation and Imaging. This 3-year-old
boy was initially referred to our hospital with simple
partial seizures localized to the left side of the face. On
admission, neuroimaging showed a tumor located in the
right facial motor cortex (Fig. 4A).

First Operation and Postoperative Course. A cra-
miotomy and gross-total resection were performed (Fig.
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4B). The histological diagnosis was DNET. The boy was
discharged home, treated with antiepileptic drug therapy,
and followed up with regular MRL

At age 14, he began to experience partial seizures
again, this time localized to the left upper limb. At that
time he was a student in regular junior high school. Gado-
lintum-enhanced T1-weighted MRI revealed an enhancing
lesion located on the upper posterior aspect of the previous
resection cavity (Fig. 4C); the lesion had not been evident 1
year previously. Tumor recurrence was suspected, and the
patient was admitted to our hospital for surgery.

Second Operation. On this second admission, the
boy was neurologically intact. Gross-total resection of
the tumor was performed with motor evoked potential
monitoring. Infraoperatively, the enhancing component
(as confirmed by an intraoperative neuronavigation sys-
tem) was not macroscopically differentiated from the sur-
rounding nonenhancing component !esion.

Pathological Examination. Histological examination
of the nonenhancing component demonstrated glioneu-
ronal elements in a columpar orientation on a mucinous
background. Similar to Case 1, proliferation of oligoden-
droglia-like cells with oval nuclei was observed in the
wall of the cystic spaces (Fig. 5A). The cystic cavities
contained “Hoating neurons” surrounded by oligodendro-
glioa-like glial cells (Fig. 5B). Immunochemical staining
showed a positive reaction for GFAP and Olig2 in the gli-
al component and a positive reaction for NFP and SYNin
the neuronal element (Fig. SC-E, SYN not shown). The
Ki 67 labeling index was 2% (Fig. SF).

Histological examination of the enhancing component
demonstrated an oligodendroglioma-like appearance with
profiferation of small vessels with increased endothelial

TABLE 1: Immunohistochemistry and genetic profiles of the enhancing and nonenhancing lesion components*

Case 1 Case 2
Parameter Nonenhancing Enhancing Nonenhancing Enhancing

histological diagnosis DNET (S) AO DNET (S} DNET (C)
immunostaining

GFAP + - + +

Olig2 + + + +

NFP + - + -

SYN + - + -

IDH1 — - - -

Ki 67 labeling index (%) 2 30 2 2
genetic profile

1DH1/2 wildAwild NA wild/wild NA

TP531 retain NA retain NA

PTENT retain NA retain NA

EGFRY retain NA retain NA

CDKN2AT retain NA retain NA

ERBB2t retain NA retain NA

1p & 19qt retain NA retain NA

* AO = anaplastic oligodendroglioma; DNET (C) = DNET, complex form; DNET (S) = DNET, simple form; NA = not available.

T Analyzed chromosome copy number change.
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Fie. 4. Case 2 Axial T1-weighted MR images obtained after Gd
administration: before (&) and &fter (B) the first operation (at ‘age 3
years) and before (C) and after (D) the second operation-(at age 14

years).  A:Preoperdive image showing a hypointense nonenhancing
lesionin the right facial motor area.  B: Postoperative image showing
total resection  C: Imaging performed 11 years later revealed a hy-
pointense lesionwith an enhancing area {amow) that wes not evident on
earlierstudies. D:Postoperative image showing no enhancinglesion,

prominence (Fig. 6A and B). However, the typical piled-up,
multilayered appearance of endothelial cells in the typical
microvascular proliferation was absent. Immunochem ical
staining showed a positive reaction for GFAP and Olig2
(Fig. 6C and D), but was negative for NFP and SYN (Fig.
6E, SYN not shown) The Ki 67 labeling index was 2%
(Fig. 6F).

Immunochemical staining for IDH1 R132H was nega-
tive in both the nonenhancing and enhancing components
{(data not shown); the histological diagnoses were simple
and complex forms of DNET, respectively. The molecular
profiles of the nonenhancing component of the tumor were
wild-type /DH /2, and no copy changes of TP53, PTEN,
EGFR, CDKN2A, ERBB2, and 1p/19q (Table 1) No molec-
ular profiles of the enhancing component were obtained.

Based on the histological diagnosis and gross-total re-

section, no additional radiochemotherapy was performed,.

and the patient was discharged home without neurological
deficit. He was followed up with regular MRI, and at the
most recent MRI examination, 33 months after the second
surgery, no tumor recurrence was detected (Fig 4D).

Discussion
Is DNET a Benign, Stable Lesion?

Dysembryoplastic neuroepithelial tumor has always
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been regarded as a benign quasi-hamartomatous lesion.
It has been divided into 3 subtypes: the simple form,
cornplex form, and nonspeciﬁc form.3* The simple form
contains only the specnﬁc glioneuronal element” con-
sisting of intracortical oligodendrocyte-like cells and
ﬁoatlng neurons, in which ganglion cells appear to be
“floating” within pools of basophilic mucinous matrix
The complex form also includes glial nodules, which are
most often patterned and mucin-rich, containing mostly
oligodendro'cyte like cells.3* The nonspecific form re-
mains highly controversial since it contains neither of
these pathological hallmarks; instead it resembles a dif-
fuse glioma but is confined to the cortex® Unfavorable
histological findings such as nuclear atypia, mitosis,
microvascular proliferation, or high cell density have
not suggested malignant gliomas and had no prognostic
significance in DNETs. The Ki 67 labeling index should
not be used to distinguish DNETSs from ordinary gliomas
unless the lesion is stable.® Actually, most DNETs show
very low proliferative activity, with Ki 67 labeling indices
usually lower than 1%. However, elevated Ki 67 ]abelmg
indices have been reported in some cases, especially the
complex and nonspecific forms.!** Our present cases and
other recentreports suggest that DNETs may have the
potential to undergo dramatic changes such as malignant
transformation. All cases with malignant transformation
had high Ki 67 labeling index values (Table 2), and the
tumors demonstrated aggressive behavior® 1112 Therefore,
neurosurgeons must recognize that DNETs have progres-
sive potential.

Histological Correlations With Neuroimaging Findings

Generally, DNET appears as a low-density area on
CT, a well-demarcated low-intensity area on T l-weighted
MRI, and a high-intensity area on T2-weighted MRI, with
nodular, ringlike, or heterogeneous contrast enhancement
in 20% of cases. Calcifications are generally observed in
approximately 40% of DNETs. The MRI findings cor-
respond to the histological findings as follows: the glio-
neuronal element, characterized by ohgodendrocyte~11ke
cells and. floating neurons, has the conventional neu-
roimaging appearance, whereas the enhancing regions
occasionally contain glomeruloid vessels, usually in the
vicinity of enhancing tumor classified as the complex
type.s Additionally, DNETs may exhibit a changing
MRI pattern over time, and the development of enhance-
ment does not necessarily imply malignant transforma-
tion.’® Enhancement on MR images was observed in our
2 cases, diagnosed as anaplastic oligodendroglioma and
as the complex form of DNET. Clearly, enhancement on
neurcimaging does not always correspond to malignant
transformation. 1916 However, 3 cases of malignant trans-
formation of DNET have been reported with enhance-
ment on MRI (Table 2).3!*'* Therefore, malignant trans-
formation should be considered if enhancement occurs.

Comparison With Previous Cases of Malignant
Fransformation

Several cases of malignant transformation of DNET
have been reported (Table 2) 5112
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Fis. 5. Case 2. Photomicrographs of the second surgical specimen from the nonenhancing lesion in Fig. 4C. - A: Glioneuronal
elements in a columnar orientation are observed on a mucinous background H &E, original magnification x100.  B: High-power
view of A, showing floating neurons {arrow) scattered in the cystic structure. H & E stain, original magnification x400.  C-E: Im-
munostaining for GFAP. (C), Olig2 (D), and NFP (E) were alf positive. Original magnification x400.  F: The Ki67 labeling index was

2% . Original megnification x400.,

The first documented case was reported by Ham-
mond et al,® who described malignant transformation of
a DNET in a man who had undergone subtotal resection
of a tumor without adjuvant therapy at the age of 29, af-
ter presenting with partial seizures. Eleven years later, he

presented with progressive seizures. Magnetic resonance’
imaging revealed a “recurrent left midfrontal mass” with
enhancement, and the patient underwent a second resec-
tion. The primary histological diagnosis at the first sur-
gery was fibrillary astrocytoma, whereas the histological.

Fis. 8. Case 2. Photomicrographs of the second surgical specimen from the enhancing lesion.  A: Oligodendrogiia-like
cells, and partly microvascular proliferation, are found with no apparent endothelial swelling. H & E stain oniginal magnifica-
tion x100.  B: High-power view of A, showing no endothelial swelling and proliferation. H & E stain, original magnification
%400, C-E:lmmunostaining for GFAP (C) and Olig2 (D) are positive, but NFP (E) is negative. Original magnification x400.  F:

The Ki 67 labeling index was 2%. Original magnification x400.

428

J Neurosurg: Pediatrics / February 22, 2013



Recurrent DNETs

TABLE 2: Reported cases of malignant transformation of DNET*

Recurrence/Progression

Authors & Year Age (yrs), Sex Location Interval (mos}  Enhancement  Resection Histology Ki 67 LI (%)
Hammond et al., 2000 29, M frontal 132 + subtotal glioblastoma 35
Rushing et al., 2003 14, M temporoparietal 36 + subtotal  anaplastic astrocytomat 12
Ray et al., 2009 12,F parietal 80 + subtotal  anaplastic astrocytomat 85
present study, Case 1 4. F frontoparietal 48 + subtotal  anaplastic oligodendro- 30

glioma

* LI = labeling index.

T Initial histological diagnosis was low-grade glioma, and adjunctive radiotherapy was administered following initial surgical treatment.

diagnosis at the second surgery was Grade IV astrocy-
toma. The average Ki 67 labeling index of the specimen
obtained during the second surgery was 35%. After the
second surgery, the original specimen (from the first sur-
gery) was reviewed and the diagnosis was revised to the
complex form of DNET, based on the specific glioneuro-
nal element feature of “floating neurons™ and the oligo-
dendroglia-like cells. In the first specimen, the random
Ki 67 labeling index was 0.3% and the maximum Ki 67
index was 4%. The patient died 3 months after the second
‘resection.

Rushing et al.’? reported on a patient who first un-
derwent subtotal resection of a tumor diagnosed as an
oligoastrocytoma (histological diagnosis) at the age of
14 years. The Ki 67 labeling index was 0.1%—0.3%. The
patient was treated with adjunctive radiation therapy con-
sisting of 30 Gy to the whole brain followed by 25 Gy
to the primary tumor site and subsequent oral lomustine
(CCNU) chemotherapy. Three years after the initial re-
section, a recurrent lesion was found, with enhancement
on CT. Another craniotomy was performed. The histolog-
ical diagnosis was anaplastic astrocytoma, WHO Grade
III. The Ki 67 labeling index was up to 12%. The original
specimen was reviewed and some DNET features were
identified. The Ki 67 labeling index was 0.1%-3.0% in
the first specimen. The diagnosis of the original tumor
was revised to the complex form of DNET.

Ray et al.! reported on a female patient who original-
ly presented at the age of 12 years with left arm seizures
and underwent subtotal resection at another hospital. The
histological diagnosis was protoplasmic astrocytoma,
WHO Grade II. Postoperatively, the patient underwent
adjuvant radiation therapy (54 Gy). Seven years after the
initial resection, ann MRI study showed a lesion with ring
enhancement, marked edema, and mass effect. The pa-
tient underwent subtotal resection of the lesion, followed
by oral temozolomide administration. The histological
diagnosis at the second surgery was anaplastic astrocy-
toma, WHO Grade III. The Ki 67 labeling index was up
to 8.5%. Immunochemical staining showed a strong re-
action for GFAP. Review of the first specimen identified
oligodendroglia-like cells and numerous floating neurons
and a Ki 67 labeling index of less than 1%. The revised
histological diagnosis of the first specimen was DNET,
WHO Grade L.

In the latter 2 cases of recurrent lesions, the patients
were treated with radiation therapy after initial resec-

J Nevrosurg: Pediatrics / February 22, 2013

tion, and the potential mutagenic effects of radiation
are known.!'2 However, the first case, like our Case 1,
involved malignant transformation of DNET without ir-
radiation.? In addition, the patient in our Case 1 had an
enhancing lesion that was found to be anaplastic oligo-
dendroglioma within the typical DNET region, and the
malignant transformation had occurred during the natu-
ral course of 4 years without resection.

These findings suggest that many DNETs may have
been misdiagnosed as gliomas, and vice versa, in the past,
resulting in needless radiochemotherapy or inadequate
therapy, respectively. Refinement of the diagnostic crite-
ria, especially for the complex and nonspecific forms of
DNET, is essential to ensure correct and effective inter-
ventions.

Some DNETs show aggressive behavior, such as ma-
lignant transformation, but the prognostic factors for ma-
lignant transformation remain unknown. Recurrence is
possible over 10 years after an initial resection, as shown
by our Case 2. Close follow-up is required for patients
with DNETS, especially when subtotal resection has been
performed or the lesion is a complex DNET.

Genetic Background of DNETs

The genetic background of DNETs has not been
systemically investigated. Neither loss of heterozygos-
ity at 1p/19q or TP53 gene mutation has been detected in
DNETs,” nor has JDH] mutation.?” The present 2 cases
did not carry IDH /2 mutation and retained 1p and 19q,
TP53, PTEN, EGFR, CDKN2A, and ERBB?2 in the non-
enhancing tumor. These findings suggest that DNETs are
genetically different from astrocytomas and oligoden-
drogliomas, which sometimes show a histological resem-
blance to the complex form of DNET. In one study of mu-
tations in primary intracranial tumors, 60% of anaplastic
oligodendrogliomas were found to have IDH! mutations,’
so DNETs might be distinguished from astrocytomas and
oligodendrogliomas based on the presence or absence of
IDH1/2 mutation. More genetic investigation of DNETs
is required.

Conclusions

The present 2 unusual cases of DNETs occurred as
recurrence with enhancement on MRI 10 years after ini-
tial resection, and the emergence of an enhancing lesion
on MRI with malignant transformation during the natural

7
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course of 4 years. Long-term follow-up is essential, even
for the simple form of DNET and even after gross-total
resection. If follow-up MRI reveals progressive behavior,
resection should be performed without delay, with appro-
priate histological examination performed to identify ag-
gressive subtypes of DNETs. Adjunctive radiochemother-
apy 1s needed if the histological diagnosis demonstrates
malignant transformation.
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Abstract Telomerase reverse transcriptase (TERT)
promoter mutations were recently shown to drive telom-
erase activity in various cancer types, including medul-
loblastoma. However, the clinical and biological impli-
cations of TERT mutations in medulloblastoma have not
been described. Hence, we sought to describe these muta-
tions and their impact in a subgroup-specific manner. We
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analyzed the TERT promoter by direct sequencing and
genotyping in 466 medulloblastomas. The mutational dis-
tributions were determined according to subgroup affilia-
tion, demographics, and clinical, prognostic, and molecu-
lar features. Integrated genomics approaches were used
to identify specific somatic copy number alterations in
TERT promoter-mutated and wild-type tumors. Over-
all, TERT promoter mutations were identified in 21 % of
medulloblastomas. Strikingly, the highest frequencies of
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TERT mutations were observed in SHH (83 %; 55/66) and
WNT (31 %; 4/13) medulloblastomas derived from adult
patients. Group 3 and Group 4 harbored this alteration in
<5 % of cases and showed no association with increased
patient age. The prognostic implications of these mutations
were highly subgroup-specific. TERT mutations identified
a subset with good and poor prognosis in SHH and Group
4 tumors, respectively. Monosomy 6 was mostly restricted
to WNT tumors without TERT mutations. Hallmark SHH
focal copy number aberrations and chromosome 10q dele-
tion were mutually exclusive with TERT mutations within
SHH tumors. TERT promoter mutations are the most com-
mon recurrent somatic point mutation in medulloblas-
toma, and are very highly enriched in adult SHH and WNT
tumors. TERT mutations define a subset of SHH medul-
loblastoma with distinct demographics, cytogenetics, and
outcomes.

Keywords TERT promoter mutations - SHH pathway -
Adult - Medulloblastoma
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Introduction

Medulloblastoma is a highly malignant embryonal brain
tumor located in the posterior fossa [6, 29, 33, 35]. While
this tumor comprises the most common malignant brain
tamor in children, it only accounts for approximately
1 % of primary CNS tumors in adults [18, 20]. The cur-
rent consensus recognizes four core molecular subgroups
(WNT, SHH, Group 3, and Group 4) with distinct molecu-
lar, demographic, clinicopathological, and prognostic char-
acteristics [5, 15, 16, 26, 27, 37, 38, 41, 42]. The defining
features of medulloblastoma subgroups differ dramatically
according to age at diagnosis [15, 27, 41]. Specifically,
Group 3 tumors are largely confined to non-adults, SHH
tumors are most frequent in infants and adults, while WNT
and Group 4 medulloblastomas are mostly observed in
pediatric cohorts [15, 24, 27, 38, 41]. Particularly within
SHH tumors, age-associated heterogeneity was observed
regarding the transcriptional characteristics, somatic copy
number alterations (SCNA), and the prognostic impli-
cations of biomarkers [15, 18, 38, 40]. Delineation of
tumorigenic features characteristic for these age-related
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differences, particularly within SHH tumors, are highly
desirable to understand these clear biological and prognos-
tic discrepancies.

Telomere maintenance is fundamentally important to
normal self-renewing stem cells and cancer cells [3, 7, 9,
14, 22]. It has been suggested that tumors derived from cell
populations with low self-renewal capacity generally rely
on alterations that restore telomerase activity, while epi-
genetic mechanisms maintain telomerase activity in tumor
types derived from self-renewing stem cells [13]. The iden-
tification of recurrent felomerase reverse transcriptase
(TERT) promoter mutations in 21 % of 91 medulloblasto-
mas [13] is intriguing, since other mechanisms converg-
ing on increased telomerase activity including alternative
lengthening of telomeres (ALT) [8] or mutations affect-
ing the ATRX/DAXX complex are excessively uncommon
in medulloblastoma [12, 25, 32, 34, 39]. Although TERT
mutations have been reported in several cancers [2, 10, 11,
13, 19, 43], their putative association with distinct biologi-
cal behavior and clinical or even prognostic characteristics
has not been comprehensively studied. The initial analyses
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of TERT mutations in medulloblastoma [12] mainly cata-
logued the mutational frequency rather than correlating the
molecular and clinical features of these mutations in a sub-
group-specific manner.

In this study, we analyzed a representative set of 466
medulloblastomas for 7TERT promoter mutations. Sub-
sequently, we correlated the mutational distribution with
clinicopathological features, outcome, and molecular char-
acteristics in a subgroup-specific manner. We demonstrate
that TERT promoter mutations comprise the most recurrent
mutation in adult SHH tumors identified to date and poten-
tially define distinct prognostic subgroups in SHH and
Group 4 medulloblastoma patients.

Materials and methods
Tumor material and patient characteristics

All tissues and clinicopathological information were seri-
ally collected in accordance with institutional review boards
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from various contributing centers to this study. Nucleic acid
extractions were carried out as previously described [28].
The clinicopathological characteristics of the investigated
patient cohort are outlined in Table 1. The median follow-
up was 44.06 months (range 0.7-301.5 months).

Gene expression and copy number analysis

Subgroup affiliation was determined using nanoString
limited gene expression profiling as previously described
[31]. Somatic copy number alterations were assessed on
the Affymetrix Single Nucleotide Polymorphism (SNP)
6.0 array platform in 418 of 466 cases to identify SCNAs
specific for 7ERT mutant and wild-type tumors. Raw
copy number estimates were obtained in dChip, followed
by CBS segmentation in R as previously described [30].
Somatic copy number alterations were identified using
GISTIC2 [21]. TERT expression levels were compared
using R2 (www.r2.amc.nl). Differences in expression were
tested using one-way ANOVA.

Sanger sequencing

Isolated DNA (25 ng) from all 466 tumors and 7 matched
germline samples (25 ng) was amplified by PCR. PCRs
contained 1 wl DNA template, 10 uM forward (5’-CAG
GGC ACG CAC ACC AG-3") and reverse (5-GTC CTG
CCC CTIT CAC CTT C-3’) TERT-specific primers, and
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12.5 ul HotStar Tag Plus Master Mix (Qiagen, Gaith-
ersburg, Maryland, USA) in a 25 pl total reaction vol-
ume. Cycle parameters comprised 95 °C x 15 min; 28
cycles of 98 °C x 40 s, 65 °C x 30s, 72 °C x 1 min;
72 °C x 10 min. PCRs were carried out using the C1000
Thermal Cycler (BioRad, Hercules, CA, USA). PCR prod-
ucts were purified with the PureLink PCR Micro kit (Life
Technologies, Burlington, ON, Canada). In all experiments,
controls were included in the absence of DNA to rule out
contamination by PCR products. Templates for Sanger
sequencing were analyzed with forward (5-CAG CGC
TGC CTG AAA CTC-3") and reverse (5-GTC CTG CCC
CTT CAC CTT C-3/) sequencing primers using dGTP Big-
Dye Terminator v3.0 Cycle Sequencing Ready Reaction Kit
(Life Technologies), and 5 % DMSO on the ABI3730XL
capillary genetic analyzer (Life Technologies).

Genotyping assay

Two primers (forward primer, 5-CAG CGC TGC CTG
AAA CTC-3; reverse primer, 5-GTC CTG CCC CIT
CAC CIT C-3") were designed to amplify a 163-bp prod-
uct encompassing C228T and C250T hotspot mutations
in the TERT promoter—corresponding to the positions
124 and 146 bp, respectively, upstream of the ATG start
site. Two fluorogenic LNA probes were designed with
different fluorescent dyes to allow single-tube genotyp-
ing. One probe was targeted to the WT sequence (TERT
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Table 1 Clinicopathological and molecular characteristics according
to TERT mutational status

Characteristic TERT MUT TERTWT pvalue
Age (years)
Median 22.00 7.08 <0.0001*
Range 0.66-49.00 0.24-56.32
NA 1 ]
Gender
Male 56 236 0.47®
Female 37 129
NA 3 5
Histology
MBEN 3 8 0.59%
Desmoplastic 10 59
Classic 46 217
LC/A 11 38
NA 26 48
M-stage
MO 58 240 0.03%
M1-3 12 103
NA 26 27
TP53 status
MUT 4 12 0.78%
WT 42 97
NA 50 261
Subgroup
WNT 6 47 <0.0001*
SHH 80 133
Group 3 2 48
Group 4 8 142

F female, LC/A large cell/anaplastic, M male, MB medulloblastomal,
MBEN medulloblastoma with extensive nodularity, NA not available
{data were excluded from statistical comparison)

Bold values indicate p < 0.05
# Mann-Whitney U test

® Fisher’s exact test

* Chi-square test

WT, 5-5HEX-CCC CTC CCG G-3IABKFQ-3), and one
was targeted to either of the two mutations (TERT mut,
5/-56FAM-CCC CTT CCG G-3IABKFQ). Primer and
probes were custom designed by Integrated DNA Technol-
ogies (Coralville, Iowa, USA) using internal SNP design
software, and sequence homogeneity was confirmed by
comparison to all available sequences on the GenBank
database using BLAST (http:/fwww.ncbinlm nih.gov/
BLAST/). Primers were optimized to avoid for hairpins and
homo- and heterodimers. Primers and probes were obtained
from Integrated DNA Technologies.

Real-time PCR was performed in 25 pl reaction mix-
tures containing 12.5 wl of TagMan Universal Master Mix
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I with UNG (Applied Biosystems), 900 nM concentrations
of each primer, 250 nM TERT WT probe, 250 nM TERT
MUT probe, and 1 w1 (25 ng) of sample DNA. Thermocy-
cling was performed on the StepOnePlus (Applied Biosys-
tems) and consisted of 2 min at 50 °C, 10 min at 95 °C, and
40 cycles of 95 °C for 15 s and 60 °C for 1 min.

Analysis was performed using StepOne Software, ver-
sion 2.1. Samples were considered mutant if they had CT
values of <39 cycles. Each sample was verified visually by
examining the PCR curves generated to eliminate false pos-
itives due to aberrant light emission. End-point allelic dis-
crimination genotyping was performed by visually inspect-
ing a plot of the fluorescence from the WT probe versus
the MUT probe generated from the post-PCR fluorescence
read.

Statistical analysis

Survival time according to TERT mutational status was
assessed using the Kaplan—-Meier estimate and a log-rank
test. Comparisons of binary and categorical patient char-
acteristics between subgroups and cohorts were performed
using the two-sided Fisher’s exact test or Chi-squared test.
Continuous variables were analyzed using the Mann—Whit-
ney U test. p values <0.05 were considered statistically sig-
nificant. Multivariate Cox proportional hazards regression
was used to adjust for additional covariates using the sur-
vival R package (v.2.36). All other statistical analyses were
performed using StataSE 12 (Stata Corp. College Station,
TX, USA) and Graphpad Prism 5 (La Jolla, CA, USA).

Results
Characteristics of TERT-mutated medulloblastomas

We performed Sanger sequencing on a clinically well-
ammotated medulloblastoma cohort (n = 466), reflecting
the spectrum of demographics and histological subtypes
of the disease (Table 1; Supplementary Figure 1A). Our
results were verified using a Tagman-based genotyping
assay that detects both of the most highly recurrent TERT
promoter mutations (C228T and C250T). Since both
mutational hotspots are located in highly homologous
sequences, C228T and C250T mutations result in an iden-
tical binding sequence for the mutation-specific probe
(CCCGGAAGGGG; Supplementary Figure 1B). A total
of 21 % of medulloblastomas harbored TERT mutations
(Fig. 12). In line with a previous report, these mutations were
enriched in older patients (Table 1; p < 0.0001), all muta-
tions were heterozygous, and none of the available matched
germline controls displayed this mutation [13]. Interestingly,
we found that TERT-mutated medulloblastomas present less
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frequently with metastatic dissemination at diagnosis com-
pared to TERT wild-type tumors (p = 0.03).

TERT mutations are specifically enriched in SHH
medulloblastonias

In a subgroup-specific analysis, we revealed that TERT
mutations were. significantly enriched in SHH tumors
(807213; 38 %; p < 0.0001) compared to WNT (6/53; 11 %)
and Group 3 (2/50; 4 %) or Group 4 tumors (8/150; 5 %).
TERT mutations -in both. WNT and SHH medulloblasto-
-mas were positively correlated with age. TERT mutations
‘were significantly enriched in adult patients (Fig. lc, d,
both p < 0.0001). Increasing age was not associated with
increased mutational frequency in either Group 3 or Group
4 tumors (n.s.). While histopathological features were simi-
lar between TERT-mutated and wild-type tumors across
‘subgroups, we observed that classic histology was more
commonly observed in TERT mutant SHH tumors, and
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desmoplastic histology in wild-type SHH tumors (Fig. le;
Table 2; p =0.04), respectively.

Prognostic implications of TERT mutations

When medulloblastoma patients across -all subgroups
were stratified by TERT mutational status, we observed
no significant differences in survival (Fig. 2a; p = 0.45).
Further after normalizing the subgroup composition to
reported subgroup ratios, a statistical ‘difference’ was still
not revealed (data not shown; p = 0.36) [1, 15, 26, 41].
However, when TERT mutational status is re-analyzed'in a
subgroup-specific mannef, several important survival asso-
ciations are observed. TERT mutations had no prognostic
impact within WNT tumors (Fig. 2b; p = 0.17). However,
asignificant association between TERT promotér mutations
and. outcomes was noted in SHH and. Group 4 medullo-
blastomas. Specifically, the 5-year overall survival of SHH
tumors with and without TERT mutations was 77.6 + 7 %
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Table 2 Clinicopathological and molecular characteristics of SHH
medulloblastoma according to 7ERT mutational status

Characteristic TERTMUT TERTWT p value
Age (years)
Median 25.00 3.00 <0.0001*
Range 0.66-49.00 0.24-52.00
NA 1 0
Gender
Male 46 80 0.77%
Female 31 48
NA 3 5
Histology
MBEN 3 4 0.04%
Desmoplastic 10 44
Classic 34 47
LC/A 10 16
NA 23 22
M-stage
Mo 46 87 0.84%
Mi1-3 10 22
NA 24 24
TP53 status
MUT 4 8 1®
WT 38 71
NA 38 54

F female, LC/A large cell/anaplastic, 3/ male, MB medulloblastoma,
MBEN medulloblastoma with extensive nodularity, NA not available
{(data were excluded from statistical comparison)

Bold values indicate p < 0.05
# Mann-Whitney U test

¢ Fisher’s exact test

* Chi-square test

and 64.1 &+ 5.1 %, respectively (Fig. 2c; p = 0.04). In
contrast to the improved prognosis of TERT mutant
SHH tumors, we observed the inverse pattern in Group 4
tumors where the 5-year overall survival for patients with-
out and with TERT mutations was 73.3 % + 4.3 % and
62.5 % £ 17.1 % (Fig. 2d; p = 0.04). Similar to the unfa-
vorable prognosis of TERT mutations in Group 4 tumors,
both of the patients with TERT-mutated Group 3 tumors
died after 7 and 45 months of follow-up, respectively (Sup-
plementary Table 1). Thus, we conclude that TERT muta-
tions define distinct prognostic patient cohorts in a sub-
group-specific fashion with good prognosis in SHH and
poor prognosis in Group 4 medulloblastomas.

Survival analysis restricted to specific age groups

As TERT mutations are predominantly observed in non-
infant medulloblastomas, we evaluated the prognostic
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implications of these promoter mutations across all four
medulloblastoma subgroups in an age-dependent manner.
TERT mutational status across subgroups had no prog-
nostic impact among patients older than 3 years of age at
diagnosis (Fig. 3a; p = 0.59). Interestingly, the prognos-
tic impact of TERT mutation was more pronounced in the
non-infant SHH population with a 5-year overall survival
of 76.9 % £+ 7.6 % and 59.3 % + 6.9 % of non-infants
with and without TERT promoter mutations, respectively
(Fig. 3b; p = 0.019). These prognostic implications were
similar in adult medulloblastoma patients and in the adult
SHH subgroup (Supplementary Figure 2). In a subset of
76 SHH cases with known TP53 mutational status [44],
we revealed that 7P53 mutations identify non-infant SHH
tumors with a particularly poor prognosis, while in con-
trast TERT mutations identify a subsets with good prog-
nosis (Fig. 3c; p = 0.047). Mutations of both TERT and
TP53 were observed in 4/12 SHH tumors (Supplementary
Table 2). Non-infant Group 4 showed an inverse prognos-
tic association with poor outcome of TERT-mutated cases
(Fig. 3d; p = 0.024). Lastly, we analyzed the overall sur-
vival of SHH patients under a multivariate Cox propor-
tional hazards model comprising age at diagnosis, TERT
mutational status, M-stage, and histology. In addition to the
known prognostic significance of M-stage (p < 0.001) and
histology (p = 0.02), we revealed that TERT status con-
tinued to be associated with good prognosis (HR 0.17, CI
0.04-0.69, p = 0.01), independent of other prognostic fac-
tors including age at diagnosis (p = 0.35).

Distinct somatic copy number alterations of TERT-mutated
medulloblastomas

To identify additional genetic features associated with these
distinct demographic and clinical differences, we evaluated
broad and focal copy number alterations according to sub-
group affiliation and TERT promoter mutations. Notably,
only 1/6 (17 %) of TERT-mutated WNT tumors harbored
monosomy 6, while this alteration is observed in approxi-
mately 80 % of TERT wild-type medulloblastomas of the
WNT subgroup (Fig. 4a; p = 0.005). Loss of chromo-
some 2 and 10q loss were significantly enriched in TERT
wild-type SHH tumors, while 3q loss was more frequently
observed in their TERT mutant counterparts (Fig. 4b). Pre-
viously described focal alterations characteristic for SHH
tumors including amplification of MYCN/GLI2/CDK¢/
YAPI/PPMID, and deletions targeting PTCHI/CDKN2A/
CDKN2B/PTEN were largely confined to TERT wild-type
SHH medulloblastomas, while TERT mutant SHH (Fig. 5)
and Group 4 (Supplementary Figure 3) showed very few
focal SCNAs. Consistent with the higher frequency of
TERT mutations in SHH tumors, we observed increased
TERT expression in the SHH subgroup compared to Group
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Medulloblastomas across subgroups
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Fig. 2 Prognostic impact of TERT promoter mutations varies accord-
ing to medulloblastoma subgroups. Kaplan-Meier estimate display-
ing overall survival (OS) according to 7ERT mutational status in pri-

4 tumors in two independent gene expression profiling
studies (p < 0.001; Supplementary Figure 4). Furthermore,
we observed TERT amplification in two tumors included in
the entire cohort of 1,088 previously studied tumors [30].
Both of these cases with TERT amplification were SHH-
driven medulloblastomas with wild-type TERT status,
which were derived from pediatric patients who were both
alive after 15 and 83 months of follow-up (Supplementary
Figure 5). Thus, broad and focal SCNAs underline that
TERT mutations define a genetically distinct subset within
SHH tumors and possibly within the WNT and Group 4
tmmors.

Discussion

The underlying biology of adult medulloblastomas remains
poorly understood. Next-generation sequencing stud-
ies have revealed a broad spectrum of novel, potentially
tumorigenic mutations in the recent past, but none of these
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mary medulloblastomas (a), within WNT (b), SHH (¢), and Group 4
(d) subgroups. Survival differences were calculated using continuous
log-rank tests. MUT mutation, OS overall survival, WI" wild-type

studies focused on adult medulloblastomas [12, 25, 32, 34,
39]. In addition, the vast majority of these mutations are
not recurrent enough to stratify patients into distinct clini-
cal and prognostic subgroups.

In this study, we demonstrate that TERT promoter muta-
tions, initially described in melanoma [10, 11], comprise
the most recurrent mutation described so far across medul-
loblastoma subgroups, with a particular enrichment in
older patient cohorts. These somatic mutations are espe-
cially common in older patients with SHH tumors (83 %)
and to a lesser extent in adults with WNT medulloblasto-
mas (11 %). Based on the transcriptional heterogeneity of
SHH tumors in infant and adult patients, we suspect that
the adult cluster mainly comprised TERT-mutated medul-
loblastomas [24]. According to the initial classification of
tumor types with 7ERT mutations at frequencies over 15 %
(TERT-high) vs. below this threshold (TERT-low) [13], our
report suggests distinct baseline telomerase activity of the
cell of origin in each of the subgroups (Group 3 > Group
4 > WNT >> SHH). Furthermore, the identification of



