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Abstract

OBJECTIVE: To clarify clinical significance of the H3F34 K27M mutation (H3K27M)
and analyze the correlation between H3K27M, H3K27me3 status, and EZH2
expression and prognosis in spinal cord gliomas.

METHODS: Patients with spinal cord diffuse glioma regardless of World Health
Organization (WHO) grade underwent genetic analysis for H3F3A, HIST1H3B, TERT
promoter, /IDH1/2, and BRAF. H3K27me3 status and EZH2 expression were analyzed
through immunohistochemistry. Thereafter, the association between H3K27M,
H3K27me3 status, and EZH2 expression and prognosis was retrospectively analyzed
using the log-rank test.

RESULTS: A total of 26 cases, 5 with WHO grade 4, 9 with grade 3, and 12 with grade
2 glioma, were analyzed. Although WHO grade 2 cases tended to present favorable
overall survival, the difference was not statistically significant. H3K27M, which was
detected in four grade 4 cases (80%) and three grade 3 cases (33%), was not associated
with prognosis among grade 3 and 4 cases. Among WHO grade 2-4 cases, the
combination of retained H3K27me3 and negative EZH2 expression was correlated
with favorable overall survival (p = 0.03).

CONCLUSION: The combination of H3K27me3 status and EZH2 expression was
considered as a potential prognostic marker in WHO grade 2—4 diffuse spinal cord
gliomas.

(197 words)
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SHORT TITLE:
H3K27M, H3K27me3 AND EZH2 IN SPINAL CORD GLIOMAS

ABBREVIATIONS; DMG = diffuse midline glioma; FFPE = formalin-fixed paraffin-
embedded; GBM = glioblastoma; H3K27M = histone H3K27M mutation; HE =
hematoxylin and eosin; 1/2; IHC = immunohistochemical staining; KDM6A = lysine

demethylase 6A; MGMT = methylguanine methyltransferase; MRI = magnetic
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resonance imaging; OS = overall survival; PRC2 = polycomb recessive complex 2; TMZ

= temozolomide; WHO = World Health Organization



Introduction

A somatic missense mutation at amino acid position 27 of the HS3F3A or
HIST1H3B gene (H3K27M), which changes a lysine residue into a methionine residue,
has been frequently detected in pediatric glioblastomas (GBMs) [1], diffuse intrinsic
pontine gliomas [2], thalamic gliomas in young adults [3], and spinal cord gliomas [4,
5. H3F3A and HIST1HS3B encode histone variants H3.3 and H3.1 and regulate gene
expression [1, 2]. Due to unfavorable prognosis in gliomas harboring the H3K27M
mutation, “diffuse midline glioma with H3K27M mutation (DMG-H3K27M)” has been
newly established in the 2016 World Health Organization (WHO) Classification of
Central Nervous System Tumors [6].

Spinal cord gliomas have been more infrequent compared to intracranial gliomas,
which account for 6%—8% of primary spinal cord tumors [7]. Although DMG-H3K27M
frequently occurs in the spinal cord [8], little has been known regarding the clinical
characteristics of DMG-H3K27M in the spinal cord due to its rarity.

Loss of trimethylation in residual H3K27 (H3K27me3), which generates global
transcriptional dysregulation, has been a hallmark in gliomas harboring H3K27M [9,
10]. Polycomb recessive complex 2 (PRC2) consists of enhancer of zeste homolog 2
(EZH2) and several proteins that act as methyltransferases for H3K27 [11].
Inactivation of PRC2 due to mutant H3K27M protein has been considered to cause
H3K27me3 loss [12]. H3K27me3 loss has been observed in several types of malignant
tumors of the central nervous system or peripheral nerves, such as malignant
peripheral nerve sheath tumor caused by an inactivating mutation in genes of the
PRC2 component [13, 14] or posterior fossa type A ependymomas classified by DNA
methylation status [15]. Although H3K27me3 loss has been frequently observed in
DMG-H3K27M, the prognostic role of H3K27me3 status in spinal cord gliomas has
remained unclear.

High EZH2 expression has been reported as a marker of poor prognosis in DMG-
H3K27M [16]. In addition, EZH2 expression is required for the maintenance of cancer
stem cells in cerebral GBM [17]. Therefore, EZH2 has been associated with patient
prognosis in gliomas other than DMG-H3K27M. Nonetheless, the association between
EZH2 expression and prognosis in spinal cord gliomas has remained unknown to date.

The present study thus aimed to clarify the clinical significance of H3K27M

mutation in spinal cord gliomas, as well as determine the correlation between
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H3K27me3 status and EZH2 expression and prognosis in spinal cord gliomas.

Methods
Patient population

This retrospective study included patients with spinal cord diffuse glioma.
Pathological diagnosis was provided by institutional pathologists based on the WHO
classification at diagnosis. All WHO grades of cases were analyzed in this study.
Patient’s clinical data, including age, gender, tumor location, type of operation,
postoperative treatment, and clinical course, were obtained from their medical record
and retrospectively analyzed. Overall survival (OS) was defined as the duration
between initial surgery and censoring or death. Approval from the institutional review
board was obtained prior to study initiation; as this study was retrospective, the

requirement for informed consent was waived.

Genetic analysis

DNA was extracted from frozen tumor tissue using an AllPrep DNA/RNA Mini Kit
(Qiagen, Tokyo, Japan) or from a formalin-fixed paraffin-embedded (FFPE) block using
ReliaPrep™ FFPE gDNA Miniprep System (Promega, Madison, USA). Mutation
hotspots at codons 27 and 34 of H3F3A, codon 27 of HIST1H3B, the TERT promoter
(C228T, C250T), codon 132 of IDH1, codon 172 of IDHZ2, and codon 600 of BRAF were
screened using Sanger sequencing (Supplementary Table). Genomic DNA was
amplified through polymerase chain reaction (PCR) using Amplitaq Gold Quick Taq ®
HS DyeMix (TOYOBO, Osaka, Japan). The oligonucleotide primers used for PCR are
summarized in Supplementary Table. Cycle sequencing was conducted using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,
USA) with forward and reverse PCR primers as sequencing primers. Sequencing data
were obtained using the Genetic Analyzer 3130 Avant (Applied Biosystems, Foster City,
CA, USA).

Immunohistochemical staining
A FFPE block was cut into 4-um sections. Antigen-retrieval was performed by
pressure-cooking for 3 min in 10 mM sodium citrate buffer (pH 6.0). Endogenous

peroxidase was blocked using peroxidase blocking solution (Dako, Carpinteria, CA,
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USA). Antibodies against H3K27me3 (1:200, No. ab6002, Abcam, Cambridge, UK),
EZH2 (1:50, No. 52468, Cell Signaling Technology, Danvers, USA) and methylguanine
methyltransferase MGMT) (1:25, No. bsm-51234M, Bioss, Boston, USA) diluted with
Can Get Signal Immunostain SolutionA (TOYOBO, Osaka, Japan) were added
followed by overnight incubation at 4 °C. Antibodies were detected using the EnVision
Dual Link system-HRP (Dako, Carpinteria, CA, USA) followed by the addition of
Liquid DAB+ Substrate Chromagen System (Dako, Carpinteria, CA, USA) for
visualization. Slides were counterstained with Meyer’s hematoxylin (Sakura Finetek
Japan, Tokyo, Japan) and dehydrated in 70%, 80%, and 100% ethanol and xylene.
Mean positive rate of H3K27me3 and EZH2 staining were calculated by two
pathologists independently and more than 70% of the cells positive for H3K27me3
were considered retained H3K27me3 [18], while none of the cells negative for EZH2

were considered negative [19].

Statistical analysis

Statistical analysis was performed using EZR (Saitama Medical Centre, Jichi
Medical University, http://www.jichi.ac.jp/saitama-
sct/SaitamaHP files/statmed EN.html; Kanda, 2012), a graphical user interface for R
(The R Foundation for Statistical Computing, Vienna, Austria, version 2.13.0). A p
value less than 0.05 derived using the log-rank test and Mann-Whitney U test was

considered statistically significant.

Results
Patient demographics and genetic landscape of spinal cord glioma

A total of 26 cases, 5 with WHO grade 4, 9 with grade 3, and 12 with grade 2
disease, were analyzed herein (Table 1). Chemotherapy was performed in 10 cases
including 5 cases with temozolomide (TMZ), and radiotherapy was performed in 17
cases. H3K27M mutation was detected in four grade 4 cases (80%) and three grade 3
cases (33.3%) but not in grade 2 cases (Fig. 1). All cases with an H3K27M mutation
harbored a H3F3A mutation. H3K27M mutation and other recurrent genetic

alternations were presented in a mutually exclusive fashion. One case with H3K27M
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had been initially diagnosed as WHO grade 2 following biopsy but was subsequently
diagnosed as grade 3 after additional resection, which was considered as the final
diagnosis (Supplementary Fig. 1). Sixteen patients including 7 cases with H3K27M
presented positive MGMT staining on immunohistochemical staining (IHC), while

expression of MGMT was not associated with OS (Supplementary Fig. 2).

Clinical features of H3K27M and wild type H3KZ27 cases in WHO grade 3 and 4 spinal
cord gliomas

Given that H3K27M mutations were detected exclusively within WHO grade 3
and 4 cases, a comparison between H3K27M and wild type H3K27 cases was
conducted among these high-grade cases. Age at onset did not significantly differ
between H3K27M and wild type H3K27 cases, while H3K27M cases presented
bimodal peaks among teenagers and those in their fifties (Supplementary Fig. 3A).
Both H3K27M and wild type H3K27 cases had few lower thoracic cord tumors with a
median involvement of 4 levels in both of these groups (Supplementary Fig. 3B).

Although WHO grade 2 cases tended to present favorable OS compared to grade
3 and 4 cases, the difference was not statistically significant (Fig. 2A), suggesting the
necessity of novel prognostic markers other than pathological diagnosis. Among WHO
grade 3 and 4 cases, OS in H3K27M and wild type H3K27-cases did not significantly
differ (Fig. 2B).

Analysis of H3K27me3 status and EZHZ2 expression in WHO Grade 2—4 spinal cord
gliomas

Considering that WHO grade 2 cases included those with poor (i.e., died within
several years) and good prognosis (.e., long-term survival over 10 years)
(Supplementary Fig. 4), we attempted to identify novel prognostic markers in WHO
grade 2—4 in diffuse spinal cord gliomas. Given previous reports showing that
H3K27M-mutated gliomas present reduced H3K27me3, we analyzed H3K27me3
status and expression of EZH2, a component of PRC2 that acts as a methyltransferase
for H3K27, through immunohistochemistry (Fig. 3, Fig. 4A). All cases with H3K27M
exhibited loss of H3K27me3 that was consistent with previous reports [9, 10], while a
subset of cases without H3K27M also presented reduced H3K27me3. Notably, four

grade 2 cases who died several years after initial surgery presented reduced
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H3K27me3. Moreover, EZH2 expression was positive mainly in WHO grade 3 and 4

cases.

Prognostic role of H3K27me3 status and EZHZ expression

Although the correlation between OS and H3K27me3 status and EZH2
expression was not statistically significant, cases with retained H3K27me3 and
negative EZH2 expression tended to present long-term survival (Supplementary Fig.
5). Among WHO grade 2—4 cases, those with retained H3K27me3 and negative EZH2
expression presented extremely favorable outcomes compared to the other types (p =
0.03; Fig. 4B). Majority of the H3K27me3(+)/EZH2(-) cases had been diagnosed as
WHO grade 2, with only one grade 3 case presenting long-term survival belonging to

this group (Fig. 4A).

Discussion

Prognostic role of H3K27M mutation in diffuse midline gliomas

Although DMG-H3K27M has currently been classified as WHO grade 4, recent studies
on spinal cord high-grade gliomas have reported slightly favorable outcomes among
H3K27M-mutated cases than among wild type H3K27 cases [20, 21]. Similarly,
although this study included small number of cases, our results showed no significant
difference in prognostic outcomes between H3K27M and wild type H3K27 cases.
However, another study had reported that H3K27M-mutated spinal cord gliomas had
worse prognosis compared to wild type H3K27 cases [22].

Aside from spinal cord cases, previous reports on brainstem tumors have indicated
that H3K27M-mutated cases had worse outcomes compared to wild type H3K27 cases
[23, 24]. Moreover, one study showed that cases with a K27M mutation in the H3F34
gene presented poorer outcomes than those with the same mutation in the HISTI1H3B
gene [25]. Studies involving thalamic cases have shown that H3K27M mutation cases
had unfavorable or similar outcomes compared to wild type H3K27 cases [22, 26].

Previous reports indicated the association of MGMT promoter methylation and
H3K27M-mutant gliomas, which induces resistance for TMZ in laboratory
investigation [27]. Because this study included only 5 cases with patients who

underwent TMZ therapy for initial treatment, efficacy of TMZ administration was not
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clear. However, resent clinical study suggested non-efficacy of TMZ for grade 4 cases

mostly consisted with H3K27M-mutant and MGMT promoter unmethylated cases [28].

Clinical significance of H3K27me3 status and EZHZ2 expression

Although H3K27M-mutated cases are classified as WHO grade 4, diffuse midline
glioma of the pons with wild type H3K27 has been proposed based on unfavorable
outcomes regardless of histological grade or H3K27 mutational status [29]. However,
the present study showed that WHO grade 2 spinal cord gliomas included various
cases with long-term survival, as well as those with poor prognosis. Therefore,
concepts involved in diffuse midline glioma with wild type H3K27 should not be
applied to spinal cord cases.

Our results suggest that the combination of H3K27me3 status and EZH2
expression could be a novel and precise prognostic marker for detecting cases with
favorable outcome. In addition to pathological diagnosis and molecular analysis,
studies on H3K27me3 and EZH2 would provide supportive information for clinical
practice involving spinal cord diffuse gliomas.

As surgical procedures for spinal cord gliomas usually provide only a limited
amount of tumor tissue, and some it would not be rare that the surgical specimen 1is
not sufficient amount for genetic testing [20]. Our result suggest that cases of spinal
cord gliomas with good prognosis by IHC of H3K27me3 and EZH2 that does not
require much amount of tumor tissue. We consider that prognostic markers that
assessed by IHC that can be performed with small amount of tissue would be efficient

method for spinal cord gliomas.

Biological mechanisms in retained H3K27me3 and negative EZHZ cases

Because EZH2 is a exclusive methyltransferase of H3K27[30], cases with retained
H3K27me3 without EZH2 expression in this study seems to be strange phenomenon.
We consider 3 possible mechanisms that explain the presence of such cases. Firstly,
modification of H3K27 is also regulated by demethylases of H3K27 such as lysine
demethylase 6A (KDM6A) [30, 31]. As previous report show that low expression of
KDMBS6A increases H3K27me3 level in bladder cancer [31], some EZH2-negative cases
in this study might obtain retained H3K27me3 by extremely low expression of such

demethylases of H3K27. Secondly, compensatory function of enhancer of zeste homolog
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1 (EZH1) and EZH2 to obtain retained H3K27me3 has been reported in malignant
lymphomas [32]. Although EZH1 expression is not investigated in this study, some
enzymes other than EZH2 might act as methyltransferase of H3K27 and induce
retained H3K27me3 without EZH2 expression. Thirdly, minute but effective
expression might be not detected by IHC using specific antibody.

Previous pathological study of pediatric gliomas by IHC presented that the
majority of low and lower gliomas presented higher positive H2K27me3 staining and
no EZH2 staining, and EZH2 expression was higher in GBM regardless to H3K27M
mutation or wild type [10]. Although the mechanism of tumorigenesis in spinal cord
gliomas with retained H3K27me3 and EZH2 expression in our study is still unclear,
we consider that they would have biological characteristics similar to these low or
lower gliomas in the research by Venneti et al [10]. Because there have been no
reports that describe H3K27me3 status and EZH2 expression, to our knowledge, it is
unclear whether our hypothesis is applicable in entire diffuse midline gliomas or solely

in spinal cord gliomas.

Role of genetic analysis for spinal cord gliomas

Various studies comparing the prognosis between H3K27M and wild type H3K27
spinal cord gliomas [20-22] have shown that the prognostic role of H3K27M still
remains unclear. However, a case presented in Supplementary Figure 1 suggests that
detection of H3K27M could be wuseful in preventing the underestimation of
pathological diagnosis. In addition, several high-grade wild type H3K27 cases in the
present study have exhibited long-term survival. Despite the lack of statistical
significance for the prognostic role of H3K27M, presence of cases harboring wild type
H3K27 who exhibited favorable outcomes should be recognized, even with high-grade
pathology.

Although DMG-H3K27M carries unfavorable outcomes, recent studies have
identified potential treatments by targeting the H3K27M mutation [11, 33-35].
Further clarification of the molecular background in spinal cord gliomas would result

in novel treatment for wild type H3K27 cases as well.

Limitations of this study
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This study includes a limited number of cases with 26 patients in a single
institution. Moreover, lack of clinical variables including extent of surgical resection
and postoperative chemoradiotherapy is a limitation of this study. Owing to the
limited number of study population, we were unable to perform sufficient statistical
analysis with clinical variables. Validation cohort study with independent data set
including much number of cases and analysis with clinical variables would be required
to confirm the confidence of prognostic role of H3K27me3 status and EZH2 expression
in spinal cord gliomas. Because most of studies with genetic analysis of spinal cord
glioma consist with limited number of cases[4, 5, 20, 21], multi-center study would be

desirable for such rare disease.

Conclusion

Although spinal cord gliomas harboring H3K27M presented unfavorable
outcomes, differences between H3K27M and wild type H3KZ27cases were not
statistically significant. Moreover, our results suggest that the combination of
H3K27me3 status and EZH2 expression could be novel prognostic marker among

diffuse spinal cord gliomas, including WHO grade 2—4 cases.
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Figure legends

FIG. 1. Genetic landscape of spinal cord gliomas included in this study

FIG. 2. Kaplan—Meier survival curve for spinal cord gliomas included in this study
A: No significantly difference in overall survival (OS) was observed between each
WHO grade.
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B: No significantly difference in OS was observed between H3K27M-mutant and wild
type H3K27 cases with WHO grades 3 and 4.

FIG. 3. Illustrative findings of immunohistochemistry with H3K27me3 and EZH2
antibodies for spinal cord diffuse gliomas

A and B: Immunohistochemical staining (IHC) illustrating diffuse astrocytoma
presenting retained H3K27me3 (A) and negative EZH2 expression (B).

C and D: Immunohistochemical staining (IHC) illustrating glioblastoma harboring an

H3K27M mutation presenting loss of H3K27me3 (C) and positive EZH2 expression (D)

FIG. 4. Association between overall survival and WHO grade, H3F3A K27 status,
H3K27me3 status, and EZH2 expression in grade 2—4 cases.

A: The upper graph indicates overall survival of each case (white, alive: black, dead).
The lower chart indicates WHO grade, H3F34 K27 status, H3K27me3 status, and
EZH?2 expression in each case.

B: Kaplan—Meier survival curve showing significantly longer survival among cases

with retained H3K27me3 and negative EZH2 (p = 0.03).
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Table 1. Summary of cases with spinal cord gliomas analyzed in this study.

World Health Organization Grade

All cases
4 3 2
Number of cases 26 5 9 12
Age 35.5 37 31 42
[median (range)] (2-75) (13-55) (12-75) (10-73)
Gender
16/18 4/1 3/5 6/6
(male/female)
H3K27M 7 4 3 0
(%) (18.9) (80) (33.3) ©)
Chemotherapy 10 3 6 1
(temozolomide) (5) (1 (4) (0)
Radiotherapy 17 4 9 4
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