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Abstract

Purpose The diagnosis of diffuse intrinsic pontine glioma (DIPG) is based largely on a combination of clinical and radiological
findings due to the difficulty of obtaining a biopsy. An accurate evaluation of magnetic resonance imaging (MRI) scans is
consequently essential. Recent analyses on the genomic landscape of DIPG revealed recurrent mutations in the H3F3A and
HIST1H3B histone genes. We reviewed cases with available tumor tissue from institutional DIPG series to ascertain the
consistency between their histo-molecular findings and clinical-radiological features.

Methods We conducted a radiological and pathological central review of 22 cases enrolled in institutional DIPG trials. We
performed immunohistochemical analyses to detect H3F3A/HISTIH3B K27M mutations, histone trimethylation, and EZH2
expression. Mutational analysis was performed for ACVR1, H3F3A, and HIST1H3B genes.

Results Patients’ median age at diagnosis was 8 years, and their median overall survival was 11 months. Nineteen/22 cases (86%)
showed evidence of K27M mutation on immunohistochemistry and/or mutation analysis. Histone trimethylation expression was
low or lacking in these mutated cases. Sequence analysis revealed 13 cases with H3F3A and 1 case with HISTIH3B K27M
mutation. There was no significant difference in EZH2 expression between the K27M mutant and wild-type DIPGs. Upon
external, blinded MRI re-evaluation one lesion not consistent with DIPG showed no evidence of K27M mutation and retained
histone trimethylation expression.

Conclusion In conclusion, our study demonstrates a high frequency of histone K27M mutations in DIPG when MRI features are
carefully assessed, thus confirming the consistency of imaging with biological markers in our institutional series of DIPG.
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Introduction

Marzia Giagnacovo, Manila Antonelli and Veronica Biassoni contributed

equally to this work. Diffuse intrinsic pontine glioma (DIPG) is a malignant

brainstem neoplasm of childhood for which the median sur-
vival rarely exceeds 12-24 months [1]. The tumor’s location
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gene have been reported in supratentorial high-grade gliomas,
but not in DIPG [7].

The N-terminal tails of histones contain lysine and arginine
residues that can undergo posttranslational modifications and
thus regulate transcription. These changes involve acetylation,
methylation, phosphorylation, ubiquitination, and
SUMOylation and may prompt changes in DNA function
and transcription by regulating DNA access to cellular tran-
scriptional machinery [8]. As a prototypic example, histone
H3F3A bears a lysine residue at amino acid residue position
27 that can undergo methylation and is associated with the
silencing of transcription. Alterations in these processes are
now known to have a central role in the pathogenesis of cancer
through large-scale gene expression remodeling [9].

Since histone K27M mutations are known to alter the
methylation of K27 amino acid residue, we used immunobhis-
tochemistry to investigate the expression level of
trimethylation mark in tumor cells and EZH?2 (a histone meth-
yltransferase responsible for K27 methylation) [10].

In the last 20 years, we enrolled DIPG patients in a succes-
sion of institutional clinical trials, as described elsewhere [11,
12]. In these series, the diagnosis of DIPG was frequently
based on a combination of clinical and radiological findings
only [13]. The purpose of the present study was to seek the
consistency of MRI features with the histological and biolog-
ical markers in our institutional series of DIPG cases for which
tissue material was available for histological and molecular
reassessment.

Methods
Patients and tumor specimens

We retrieved clinical data of 45 cases for which biopsy had
been performed between 1987 and 2014. Sufficient biological
material could be retrieved from 12 different Italian pathology
units belonging to hospitals whose neurosurgery departments
sent patients to INT (Fondazione Istituto Nazionale dei
Tumori, Milan) Pediatric Unit for oncological treatment.
Further studies were therefore possible on 22/45 cases.
Additional tumor biopsies of enrolled patients could not be
analyzed due to a variety of causes, mainly missing consent or
residual material. MRI findings were assessed by an external
expert neuroradiologist (MW-M), blinded to any clinical data
or study results, as described [12]: briefly, strict MRI eligibil-
ity criteria for verifying a DIPG were the presence of an in-
trinsic, pontine-based infiltrative lesion hypointense on T1-
weighted sequences and hyperintense on T2-weighted se-
quences, involving at least 2/3 of the pons. T2-weighted se-
quences in all three planes were required, when available, to
accurately estimate the tumor’s features. This study was ap-
proved by the review board of INT.
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Immunohistochemistry

Formalin-fixed and paraffin-embedded (FFPE) material was
available for immunohistochemistry in 17/22 cases.
Immunohistochemical studies were performed using a Leica
BondMax immunostainer, with the following antibodies: rab-
bit polyclonal anti-histone H3.3 K27M mutant antibody
(#ABE419 Millipore, 0.5 ug/ml, 1:1000), rabbit monoclonal
anti-trimethyl-histone H3 (Lys27) antibody (C36B11, Cell
Signaling Tech, 1:200), and rabbit monoclonal EZH2 anti-
body (D2C9, Cell Signaling Tech, 1:200).

Slides were scored for H3K27M, H3K27me3, and EZH2
staining by three independent examiners, including two neu-
ropathologists (MA, FG), who were all blinded to the tumor
genotype. Samples were considered positive for H3K27 M
staining if tumor cells showed strong nuclear staining; both
H3.1 and H3.3K27 M mutants were recognized by anti-
histone antibody, while nonneoplastic elements (such as en-
dothelial and vascular smooth muscle cells or lymphocytes)
did not stain. The H3K27me3 negative staining was consid-
ered as true negative if control blood vessels were positive for
the antibody. H3K27me3 immunoreactivity and H3K27 M
positivity were mutually exclusive. The EZH2 immunobhisto-
chemistry was considered positive if there was nuclear stain-
ing. EZH2 is upregulated in prostatic carcinoma, and tissue
sections of prostatic adenocarcinoma were used as positive
controls. Protein expression was scored as negative (score =
1), weak (2), moderate (3), or strong (4)

Mutation analysis

Genomic DNA from DIPGs was extracted from FFPE mate-
rial using the QIAamp DNA FFPE Tissue kit (Qiagen). First
DNA quality was assessed by polymerase chain reaction
(PCR) amplification of a control 150 bp locus. Six/22 cases
did not pass the quality assessment due to the age and paucity
of the FFPE material. The presence of K27M mutations in
histone H3F3A and HIST1H3B genes was investigated with
a PCR-RFLP strategy. A 153 bp PCR-amplified fragment
encompassing the mutation site was submitted to restriction
endonuclease Nlalll digestion at 37 °C for 3 h. The ¢.211A >
T point mutation creates a Nlalll restriction site, thereby di-
viding the PCR fragment in two (H3F3A,75 + 78 bp;
HIST1H3B, 66 + 87 bp). Digested and undigested products
were separated by 4% agarose gel electrophoresis and
inspected with the PhotoDoc-It Imaging System (UVD,
Inc.). The reference sequences are NM_002107.4 (H3F3A)
and NM_003537.3 (HISTIH3B).

In addition, histone genes and ACVR1 gene coding
exons were PCR-amplified using intronic primers and
underwent Sanger sequencing using the 1.1 BigDye
Terminator kit (ThermoFisher).
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Each PCR amplification was run using TaqGold polymer-
ase (ThermoFisher) at an annealing temperature of 55 °C, with

40 amplification cycles. The primer sequences were as
follows:

Locus Primer forward
H3F3A exon2 GTACAAAGCAGACTGCCCGC
HISTIH3B ex1 AGACAGCTCGGAAATCCACC

ACVRI exon6
ACVRI exon7
ACVRI exon8
ACVRI exon9

CCACAGGATTTATTGGATCATTC
CTCCCGTGATGAGAAGTCATGG
CAGTTAGCTGCCTTCGAATAG
TGGTTTAAAATCCTTCAGCAGC

Primer reverse Size
(bp)
CTTTGTCCCATTTTTTTCCTG 153
TTTGGTAGCGGCGGATCTCG 153
AACTAACATTGCATATTACCCAC 153
AAAACGGAGAGAGCAAAGGC 152
ATGCAACACTGTCCATTCTTC 151
ATGTAGCGCTTGGTGCCCAC 152

Results

During the study period 1987-2014, a total of 137 children
with brainstem gliomas were diagnosed and treated. In 45/137
(33%) patients, a surgical biopsy was performed, and we were
able to retrieve sufficient biological material and consent from
22/45 cases for subsequent review of radiological, pathologi-
cal, and molecular features.

Table 1 summarizes the clinical, including treatment ap-
plied and outcome, pathological, and molecular characteristics
of the 22 cases on which immunohistochemistry and/or mo-
lecular analyses were feasible and MRIs were reviewed.

The patients’ median age at diagnosis was 8 years, the
median duration of their symptoms at the time of diagnosis
was less than 3 months, and their overall survival was 11
months. During the time span of our retrospective review, 6
different treatment protocols were applied, whose results have
already been published [11, 12, 14]

On re-review, the histological diagnoses were grade 2 as-
trocytoma in 3 cases, grade 3 astrocytoma in 8 cases, and
glioblastoma in 11 cases. All the original diagnoses had been
confirmed according to WHO 2016 classification.

Radiological findings

Most MRI had been performed with a few “standard” se-
quences: T2 and fluid attenuated inversion recovery
(FLAIR) weighted images and T1-weighted with and without
contrast; very rare additional imaging sequences (e.g., diffu-
sion, perfusion, DTI, spectroscopy) could be performed.
MRI findings, assessed by an external neuroradiologist
(MW-M) blinded to any clinical data or study results, were
as described [12] (Figs. 1-2). Originally [12], all but one le-
sion were found consistent with DIPG: the exception was of
bulbar origin (ID 13, Fig. 3). All the other tumors were locat-
ed primarily in the pons, encompassing at least 50% of the

pons and causing its expansion. Tumors were, as it is typically
described, hypo- or iso-intense on T1-weighted imaging, hy-
perintense on T2-weighted imaging, and relatively homoge-
nous on fluid attenuated inversion recovery (FLAIR) se-
quences. They usually showed little to no contrast enhance-
ment at initial diagnosis, but enhancement patterns varied con-
siderably. Often, involvement of the pons encased the basilar
artery.

Immunohistochemistry and molecular findings

In 19/22 (86%) cases, the histone K27M mutation was iden-
tified by immunohistochemistry and/or molecular analysis
(Table 1). Mutational analysis was successful in 17/22 cases
and revealed the H3F3 A gene K27M mutation in 13 cases and
the HIST1H3B gene K27M mutation in 1 (Fig. 4 A-B). The
H3F3A gene G34 amino acid residue was never found mutat-
ed in the DIPGs analyzed. Similarly, no ACVR 1 mutation was
detected in the case series analyzed.

Among the 17/22 cases that underwent immunohisto-
chemical analysis, positive staining with histone K27M
mutant antibody was seen in 16 (Fig. 4C). Conversely,
trimethyl-histone H3 (Lys27) antibody exhibited a weaker
expression of trimethylation mark in tumor cells in 16/17
cases (Fig. 4D), thus showing an inverse correlation with
the K27M mutant antibody (Table 1).

Combined immunohistochemistry and mutational analysis
was only possible in 12 cases due to the poor quality and/or
limited quantity of the material available. In all instances,
these analyses produced concordant results (Table 1).

Interestingly, the one case (ID 13) originally not con-
firmed as DIPG on MRI reassessment (because it was of
bulbar rather than pontine origin) showed no H3F3A
K27M expression on immunohistochemistry; it was glio-
blastoma K27M wild-type on mutational analysis; and it
retained a histone trimethylation expression (Table 1).
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Table 1  Patients’ characteristics
ID Gender Age  Histology H3.3 K27 histone EZH2 Gene Treatment received (ref.) (0N
(years) K27M trimethylation (IHC) mutated months
(THC) (IHC)
1 F 7 GBM + - Strong  H3F3A VP16/ ARAC/ IFO/CDDP/DACT/ 24
+ concom RT (11)
2 F 4 A3 + - Strong  na VP16/ ARAC/ IFO/CDDP/DACT 17
+ concom RT (11)
3 F 7 A3 + - Moderate H3F3A VP16/ ARAC/ IFO/CDDP/DACT 12
+ concom RT (11)
4 F 6 GBM + - Strong ~ H3F3A CDDP/VP16%*2, 11
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
5 M 11 A3 + - Weak na CDDP/VP16*2, 10
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
6 F 17 A3 + - Weak HISTIH3B CDDP/VP16*2, 8
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
M 10 A2 + - None H3F3A Nimotuzumab concomitant and post-RT (14) 8
F 6 GBM + - None H3F3A Nimotuzumab concomitant and post-RT (14) 21
F 10 A3 + - Strong na Nimotuzumab concomitant and post-RT (14) 7
10 M 8 GBM + - ‘Weak H3F3A Nimotuzumab concomitant and post-RT (14) 7
11 M GBM + - Strong H3F3A Nimotuzumab concomitant and post-RT (14) 11
12 M 7 A3 na na na H3F3A Nimotuzumab/vinorelbine concomitant and 14
post-RT (12)
13 F 2 GBM Negative  Positive Moderate Wild-type  Nimotuzumab/vinorelbine concomitant and 93+
post-RT (12)
14 M 7 A2 + - Strong na Nimotuzumab/vinorelbine concomitant and 13
post-RT (12)
15 M 9 GBM + - Strong na Nimotuzumab/vinorelbine concomitant and 15
post-RT (12)
16 M 13 A3 + - Strong ~ H3F3A CDDP/VP16*2, 13
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
17 M 10 GBM + - na H3F3A Nimotuzumab/vinorelbine concomitant and 9
post-RT (craniospinal for metastatic disease)
18 F 8 A2 na na na Wild-type  CDDP/VP16*2, 9
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
19 F GBM na na na H3F3A Nimotuzumab concomitant and post-RT (14) 10
20 F GBM na na na H3F3A Nimotuzumab/vinorelbine concomitant and 6
post-RT (12)
21 M 7 GBM na na na Wild-type  CDDP/VP16*2, 8
HDMTX/VCR/CYCLO*2,HDthiotepa*1,
focal RT, CCNU/VCR*1 year (11)
22 M 10 A3 + - Weak H3F3A VP16/ ARAC/ IFO/CDDP/DACT + concom 3

craniospinal RT (11)

Legend: /HC immunohistochemistry, A3 grade III astrocytoma, A2 grade II astrocytoma, GBM glioblastoma, na data not available (quality/quantity of
material not suitable for analysis), + positive immunostaining, - negative immunostaining, / D high dose, ARAC cytarabine, /FO ifosfamide, CDDP
cisplatin, DACT actinomycin D, RT radiotherapy, CYCLO cyclophosphamide, CCNU lomustine, VCR vincristine

Immunohistochemistry revealed an EZH2 protein ex-
pression that was strong in 8/17 cases (Fig. 4E), moderate
in 2, weak in 4, and lacking in 3. No significant differences
in EZH2 expression were observed between K27M mutant
and wild-type DIPGs or between trimethylation mark pos-
itive or negative DIPGs.
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Discussion

Until this last decade, different treatment strategies for DIPG
had failed to improve patients’ prognosis [2, 11], and radio-
therapy was the only treatment definitely indicated even at
relapse [15]. In recent years, a pilot protocol that combined
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Fig. 1 MRI imaging of
HIST1H3B-mutated DIPG case
6. Margins are unsharp; there is a
patchy and multifocal contrast
enhancement. No edema, necro-
sis, cysts, or hemorrhage are
apparent

Fig.2 MRIimaging of K27 wild-
type DIPG case 21. The postop-
erative MRI shows a typical
DIPG with necrosis, hemorrhage
and contrast enhancement. There
is a postoperative injury within
the pons containing cephalo-
spinal fluid
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Fig. 3 MRI imaging of non-
DIPG case 13. The tumor origin is
nearly completely outside the
pons and within medulla
oblongata; margins are unsharp.
The MRI performed postopera-
tively shows necrosis, hemor-
rhage, and contrast enhancement

Fig. 4 DIPG histological and molecular re-evaluation.(a) H3F3A and
HISTIH3B K27M mutation detected by PCR-RFLP analysis of DIPG
tumor DNA (M molecular weight marker, /// HISTIH3B gene, H3
H3F3A gene, u undigested PCR product, d Nlalll-digested PCR product).
(b) Sanger sequencing electropherogram of H3F3A heterozygous muta-
tion causing K27M substitution (c.211A > T; p.Lys27Met). (¢)
Immunohistochemistry of a K27M-positive DIPG case showing strong

@ Springer

H3.3K27 M antibody nuclear positivity in tumor cells, but no staining in
the nuclei of endothelial and smooth muscle cells in blood vessels. (d)
Immunohistochemistry with trimethyl-histone H3(Lys27) antibody stain-
ing on the same K27M-positive DIPG sample showing an overall decline
in the expression of trimethylation mark in tumor cells. (e)
Immunohistochemistry for EZH2 showing a DIPG with a strong nuclear
positivity in tumor cells
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nimotuzumab (an anti-EGFR antibody) with concomitant ra-
diation and vinorelbine has shown a promising survival ben-
efit and safety profile [11].

Given the limited success of mono-institutional experi-
ences to date, some international collaborative DIPG research
efforts and clinical trials have begun, and, as a first step, both
the SIOPE [16] and some American institutions have
established DIPG research networks that have enabled the
genomic landscape of DIPG to be unraveled and the genetic
alterations behind it to be identified [3-5].

While these recent advances are promising steps toward a
better understanding of the disease’s biology and better patient
care, comparisons with historical case series remain crucial in
interpreting the outcome of nowadays trials — at least until the
results of randomized, international clinical trials become
available. Biopsies were rarely obtained in the past because
this tumor is scarcely amenable to surgical resection, and little
genetic information was available, so its diagnosis was based
solely on a combination of clinical and radiological findings.

To test the consistency of our past institutional DIPG case
series with the latest pathological and molecular data, we re-
trieved cases with available tumor tissue and re-reviewed their
histopathological, biological, clinical, and radiological fea-
tures. We identified histone K27M mutations (but not histone
G34 V/R or ACVRI mutations) in 86% of cases. It is note-
worthy that the one case originally found radiologically incon-
sistent with a diagnosis of DIPG on external and blind re-
evaluation of MRI findings concordantly showed no evidence
of any K27M mutation and retained histone trimethylation
expression.

While we could assess DIPG diagnosis based on typical
criteria according to an expert retrospective review, we could
not obtain other results on more than standard imaging se-
quences. Recent papers have in fact compared full description
of'the MRI findings at diagnosis and at relapse integrated with
the molecular profiling data and clinical outcome [17, 18].
Exploring MRI sequences to compare H3 wild-type DIPG
with H3 K27M mutated DIPG was beyond the scope of our
work, but we consider that such a strategy will have the po-
tential to reveal if genetic heterogeneity can correspond to
specific imaging features.

EZH2 (enhancer of zeste homolog 2), also known as Enx1,
is a member of the polycomb group of proteins, and it is
involved in cell cycle regulation. EZH2 is expressed ubiqui-
tously during early embryogenesis and becomes restricted to
the central and peripheral nervous systems and sites of fetal
hematopoiesis during later development. EZH2 represses
transcription via trimethylation of histone H3 on Lys27
(H3K27), as indicated by the fact that RNAi-mediated knock-
down of EZH2 resulted in a loss of H3K27 trimethylation
[10]. Using immunohistochemistry, we found that EZH2 ex-
pression did not correlate with either K27M mutation or
trimethylation mark, indicating that the K27M mutation in

DIPG can act in a dominant negative way, suppressing
trimethylation irrespective of EZH?2 status.

In conclusion, the new data deriving from our past institu-
tional case series revealed a significant consistency with re-
cent reports on the imaging, pathological, and molecular fea-
tures of DIPG. In particular, we found a strong consistency
between the imaging and molecular features of DIPG, which
further supports the validity and strength of our historical se-
ries for the purposes of an appropriate comparison with pres-
ent and future series.
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