J Neuropathol Exp Neurol
Vol. , No. , , pp. 1–8
https://doi.org/10.1093/jnen/nlac075

Clinical, Pathological, and Molecular Characteristics of
Diffuse Spinal Cord Gliomas
Mekka R. Garcia, MD, Yang Feng, PhD, Varshini Vasudevaraja, MS, Kristyn Galbraith, MD,
Jonathan Serrano, MS, Cheddhi Thomas, MD, Alireza Radmanesh, MD, Eveline T. Hidalgo, MD,
David H. Harter, MD, Jeffrey C. Allen, MD, Sharon L. Gardner, MD, Diana S. Osorio, MD,
Christopher M. William, MD, PhD, David Zagzag, MD, PhD, Daniel R. Boue, MD, PhD, and
Matija Snuderl , MD

Abstract
Diffuse spinal cord gliomas (SCGs) are rare tumors associated
with a high morbidity and mortality that affect both pediatric and
adult populations. In this retrospective study, we sought to characterize the clinical, pathological, and molecular features of diffuse SCG
in 22 patients with histological and molecular analyses. The median
age of our cohort was 23.64 years (range 1–82) and the overall median survival was 397 days. K27M mutation was significantly more
prevalent in males compared to females. Gross total resection and
chemotherapy were associated with improved survival, compared to
biopsy and no chemotherapy. While there was no association between tumor grade, K27M status (p ¼ 0.366) or radiation
(p ¼ 0.772), and survival, males showed a trend toward shorter survival. K27M mutant tumors showed increased chromosomal instability and a distinct DNA methylation signature.
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INTRODUCTION
Primary spinal cord tumors are rare, with an overall incidence of approximately 0.22 per 100 000 and account for 2%–
4% of all central nervous system tumors (1–3). Spinal cord gliomas (SCGs) represent 8%–10% of primary spinal cord tumors
of which the majority are intramedullary and histologically
classified as astrocytomas and ependymomas (4, 5). Astrocytomas could be further subdivided depending on histology, with
low-grade pilocytic astrocytoma accounting for most SCG,
while infiltrating gliomas can be challenging to grade on histology alone as samples are usually small given the morbidity associated with surgical biopsy and/or resection. The current
treatment of SCGs is maximal safe surgical resection followed
by an adjuvant chemotherapy and/or radiation based on regimens designed for other brain tumors with similar histology;
usually with poor outcomes (6, 7). However, limited understanding of SCG biology impairs our ability to improve the
treatment of this disease. Furthermore, though histologically
similar to their intracranial counterparts, diffuse SCGs have
distinct genetic alterations and molecular profiles (8, 9).
Recent genome-wide studies have established molecular
drivers in intracranial gliomas and have revealed distinct genomic aberrations. The discovery of recurrent mutations in
isocitrate dehydrogenase 1 and 2 (IDH1/2) and the H3F3A and
HIST1H3B genes encoding the histone H3 variants H3.3 and
H3.1, respectively, are important genetic drivers of diffuse gliomas in both children and adults (10, 11). Tumors with G34R/
G34V mutations arise in the cerebral hemispheres, while K27altered tumors are classically present in midline brain structures, such as the thalamus, hypothalamus, brainstem, and spinal cord (12, 13). These midline tumors harboring the K27M
mutation are thought to primarily occur in children and young
adults and are associated with a very poor prognosis. While
K27-altered cerebral tumors have been the focus of multiple
studies over the years, characteristics of K27-altered SCGs are
less well-explored largely due to their rarity.
We have previously shown the usefulness of genomewide DNA methylation in defining the molecular signatures

C The Author(s) 2022. Published by Oxford University Press on behalf of American Association of Neuropathologists, Inc.
V

All rights reserved. For permissions, please email: journals.permissions@oup.com

1

Downloaded from https://academic.oup.com/jnen/advance-article/doi/10.1093/jnen/nlac075/6673886 by New York Universtiy Law School Library user on 15 September 2022

ORIGINAL ARTICLE

Garcia et al

J Neuropathol Exp Neurol • Volume 00, Number 0, 2022

MATERIALS AND METHODS
Patients and Clinical Data
Histopathological analyses and medical chart reviews
were performed on patients diagnosed with intramedullary diffuse glioma histological World Health Organization (WHO)
Grade 2–4 at NYU Langone Medical Center and Nationwide
Children’s Hospital between 1998 and 2018. Pediatric patients
were defined as <18 years of age and adult as 18 years of
age. All tumors were primary, originating in the spinal cord.
Patients with a histological diagnosis of ependymoma and
pilocytic astrocytoma were excluded from this study. Clinical
presentation, neuroimaging features, extent of surgery, adjuvant therapy, and follow-up were recorded from patients’
medical records. Approval from the institutional review board
was obtained before the initiation of this study (NYU IRB
#i14-00948). A gross total resection (GTR) was defined as a
complete removal of all tumors based on either the surgeons’
notes after completion of the procedure or a magnetic resonance imaging (MRI) exam that demonstrated no residual tumor, subtotal resection was defined as resection with residual
tumor. In biopsies, only a representative sample was provided
for diagnosis and a resection was not attempted per surgeon’s
notes. Disease progression was defined as either a new lesion
that appeared after initial treatment (surgery, radiation, and/or
chemotherapy), or as the enlargement of an existing lesion after subtotal resection/biopsy and adjuvant therapy.

Radiological Analysis
Of the 22 patients, preoperative brain MRI from 16
patients with glioblastoma, IDH-wildtype, astrocytoma IDHwildtype, diffuse midline glioma, H3 K27-mutant diagnosed
by histology and/or methylation was available. A boardcertified pediatric neuroradiologist reviewed all magnetic resonance images. Each tumor was evaluated for enhancement,
edema, and leptomeningeal dissemination.

Whole-Genome DNA Methylation Profiling
Genome-wide methylation was possible in 16/22
patients. DNA was extracted from the FFPE tissue using the
automated Maxwell system following clinically validated protocol (Promega, Madison, WI). The DNA methylation kit
from Zymo Research (Irvine, CA) was then used to bisulfiteconvert the DNA samples. Whole-genome DNA methylation
analysis and classification were performed at the NYU Molecular Laboratory as described previously using the Illumina
methylation array. The raw IDATs image files were generated
from iScan, processed and analyzed using the Bioconductor R
Minfi package (15). The samples were profiled with different
array types (450K and EPIC). The CpG probes that were common between 2 array types were obtained using combineArrays from the Minfi package. The probes were then quantile
normalized and corrected for background signal. Samples
were then checked for their quality by calculating the mean
detection p value. Samples with p values <0.05 were used for
further analysis. dbSNP and sex chromosome probes were excluded from analysis to rule out any variation in the downstream analysis. Beta values were generated using the
resulting set of probes. Differential methylation analysis was
done comparing K27M versus Wt samples which resulted in
84 probes that were significant (false disscover rate [FDR] <
0.05). Beta values <0.2 were considered as hypomethylated
probes and probes with beta value >0.8 were considered
hypermethylated. Heatmaps were generated in a semisupervised manner using the ComplexHeatmap R package,
which shows the hierarchical clustering between the samples
for top 84 significantly differentially methylated probes along
with tumor grade, sex, K27M status, histology, and spinal tumor location annotations (16).

Copy Number Variation Analysis
Histology and Immunohistochemistry
Tissue samples for all analyses were obtained from the
initial surgery. Formalin-fixed paraffin-embedded (FFPE) sections were stained by the hematoxylin and eosin method from
all tumor blocks and were reviewed and histologically graded
independently by 2 neuropathologists (MS and CT) using
WHO 2021 criteria. In cases of inter-observer disagreement,
the case was reviewed together and the final grade was established as a consensus of both observers. Representative paraffin blocks from each tumor were selected for
immunohistochemistry (IHC) analysis. Mutation-specific IHC
for histone H3 K27M, IDH1-R132H, and BRAF V600E was
performed in the CLIA-certified pathology clinical IHC laboratory following established clinical protocols.
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DNA methylation array data profiled on 16/22 samples
were also used to perform the copy number variation (CNV)
using the conumee R package (17). Each sample was processed using conumee to generate CNV segment files which
were then combined to generate a CNV Summary plot between K27M and wildtype samples. Frequency of copy number gains and losses were generated using the GenVisR
package between K27M versus wildtype sample types (18).
Green represents copy number gains and red represents copy
number loss.

Statistics
Clinical and pathological variables were compared using 2-tailed Fisher exact test, Chi-squared statistics, and
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of rare tumors, such as pleomorphic xanthoastrocytomas (14).
Few studies to date have examined genome-wide DNA methylation in diffuse SCG. In addition to the DNA methylationbased classification, DNA methylation array also enables the
assessment of the copy number profile. Due to the limited
quantities of spinal cord biopsy samples, separate large DNA
NGS panels or genomic array for copy number assessment are
often not feasible. Here, we present a large cohort of primary
diffuse SCG. Incorporating the utility of genome-wide DNA
methylation analysis, we retrospectively analyzed the clinical,
pathological, and molecular features of 22 pediatric and adult
patients with diffuse SCG. We reviewed clinical data, histology and H3 K27M mutation status, and molecular features
and copy number of each tumor by DNA methylation.
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RESULTS
Clinicopathological Characteristics
The clinical characteristics of our cohort are summarized in the Table. The median age was 23.64 years (range 1–
82 years). There was a significant male predominance for the
K27M-mutant tumors compared to H3-wildtype (p < 0.05).
Tumor location distribution was divided between cervical
(50%), thoracic (41%), and lumbar (10%). There was a significant predilection toward the thoracic region for pediatric
patients compared to adults (p ¼ 0.03). One pediatric patient
developed metastasis to the pons at the time of progression.
Only 17 patients had complete clinical data for survival analysis, with the median overall survival of 397 days (Fig. 1).
There was a trend of decreased overall survival when comparing male versus female patients (p ¼ 0.06). However, histological tumor grade or H3 K27M mutation status showed no
significant association with overall survival (p ¼ 0.779) and
(p ¼ 0.366), respectively.
Of the patients with data available, GTR was achieved
in 5 (23%) cases, while most patients (55%) underwent
TABLE. Patient Demographics
Variable

WT (n ¼ 9)

H3 K27M (n ¼ 13)

p Value

Age (years)
Sex (male)
WHO tumor grade
2
3
4
Extent of surgery
Biopsy
PR
STR
GTR
Treatment
Surgery
Surgery þ RTx
Surgery þ CTx
Surgery þ RTx þ CTx
Other Tx*
Leptomeningeal spread
Level of lesion
Infratentorial
Cervical
Thoracic
Lumbar

28.7 6 29.75
2 (22)
2.75 6 0.81
5 (55.5)
2 (22)
2 (22)

20.2 6 15.7
9 (90)
3.9 6 0.27
0 (0)
1 (8)
12 (92)

0.39
0.02
<0.0001
0.005
0.54
0.0015

2 (22)
2 (22)
1 (11)
2 (22)

2 (15)
5 (38.5)
0 (0)
3 (23)

>0.99
0.65
0.41
>0.99

7 (77.8)
2 (22.2)
2 (22.2)
1 (11)
2 (22.5)
2 (25)

10 (77)
8 (61.5)
9 (69)
8 (61.5)
6 (46)
6 (46)

>0.99
0.07
0.03
0.02
0.38
0.27

0 (0)
5 (62.5)
4 (50)
1 (12.5)

3 (23)
6 (46.2)
5 (38.5)
1 (7.6)

0.26
0.66
0.67
>0.99

Data are shown as mean 6 standard deviation or number of patients and (%).
*Other therapies included IVIG, Nivolumab, Avastin, Crisotinib, Binimetinib,
Zarnestra, Temozolomide, Vinblastine, Trametinib, and Everolimus.

subtotal resection or a biopsy. Biopsy was associated with
overall decreased survival compared to GTR (p ¼ 0.022)
(Fig. 1). Ten patients received adjuvant radiotherapy (45%),
11 chemotherapy (50%), and 9 radiotherapy/chemotherapy
(41%). More patients with K27M-mutant tumors received adjuvant radiotherapy (p ¼ 0.07), chemotherapy (p ¼ 0.03), and
radiotherapy/chemotherapy combined (p ¼ 0.02) compared to
patients with H3-wildtype tumors. Patients who did not receive chemotherapy had an overall decreased survival compared to those who received chemotherapy (p ¼ 0.019), while
radiotherapy was not associated with significant improvement
in overall survival (p ¼ 0.772). The percentage of patients
with H3-wildtype tumors receiving adjuvant radiotherapy
(22%), chemotherapy (22%), and both radiotherapy/chemotherapy (11%) was lower than that of H3 K27M-mutant tumor
patients (62%, 69%, and 62%, respectively with p ¼ 0.07,
p ¼ 0.03, and p ¼ 0.02). Of the 2H3-wildtype patients who received radiation, one received only one round. Other therapeutic agents included intravenous immunogobulin (IVIG),
nivolumab, avastin, crizotinib, binimetinib, zarnestra, temozolomide, vinblastine, trametinib, everolimus, and ONC201.

Radiological Analysis
Sixteen of the 22 patients had preoperative imaging
available. In 12 (75%), the tumor had areas of enhancement
and 2 (12.5%) demonstrated surrounding cord T2 hyperintensity, suggesting edema. Out of the 12 patients with enhancement, 9 (75%) were K27M-mutant tumors (p ¼ 0.01). Of the
16 patients with imaging, 7 had progression of disease. Tumor
length varied from 2-segments to 6-segments long. Out of the
7 patients with disease progression, 5 (71%) were K27Mmutant tumors with enhancement. The K27M-mutant tumors
were long-segmental lesions, the longest involving the cervicomedullary junction extending to C6. Eight patients had extensive leptomeningeal enhancement at the time of diagnosis
(Fig. 2). Of those with leptomeningeal disease, 75% were
K27M-mutant tumors; however, the difference did not reach
statistical significance (p ¼ 0.27).

Histology and Immunohistochemistry
Histopathologically, patients diagnosed with H3wildtype tumors showed a lower histological grade
(2.75 6 0.82) compared to those diagnosed with H3 K27Mmutant tumors (3.9 6 0.27) (p ¼ 0.0004). The youngest patient
with a spinal cord GBM was 2 years old. There were 11 (50%)
tumors classified by histology as GBM (100% K27M-mutant),
4 (18%) anaplastic astrocytoma WHO 3 (50% K27-altered),
and 7 (32%) diffuse astrocytomas WHO 2 (0% K27-altered).
K27M-mutant tumors showed a wide variety of histological
features, ranging from diffuse SCG with mildly increased cellularity and atypia, to classic glioblastoma with microvascular
proliferation and pseudopalisading necrosis as well as extreme
nuclear pleomorphism (Fig. 3).
Histone H3 K27M mutation was tested by IHC (15
cases) and/or DNA methylation array (16 cases). Of the 22
tumors, 13 (59%) were positive for the histone H3 K27M mutation, 2 (9%) pilocytic astrocytoma, and 1 (4.5%) glioblastoma
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Wilcoxon rank sum test with continuity correction. Survival
analysis was performed using the log-rank test and KaplanMeier method to compare different groups. Overall survival
was defined as the time from the initial surgery to death. P values <0.05 were considered statistically significant. RStudio
software was used for analysis.
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FIGURE 2. Patient with K27-altered tumor with leptomeningeal disease, as highlighted by the arrows, at the time of diagnosis.

IDH-wildtype either by IHC or DNA methylation. The K27M
mutation was nearly equally prevalent in the cervical (54%)
and thoracic (46%) spinal cord. Interestingly, both K27wildtype tumors as well as the K27M-mutant tumors were present in adult (11, 55% K27M-mutant) and pediatric populations
(11, 73% K27M-mutant) and the histone H3 K27M mutation
was the single most prevalent aberration we could identify and
was present in 55% of adult and 64% of pediatric tumors. All
tumors that harbored the K27M mutation were high-grade
tumors, while only 44% of the wildtype tumors were high
grade (Table). All tumors were negative for the BRAF V600E
and IDH1 R132H mutations and none classified as IDH mutant
glioma, or any of the methylation low-grade glioma subclasses
by DNA methylation. In the 16 tumors with MGMT promoter
methylation tested, the MGMT promoter of 10 K27M-mutant
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tumors were unmethylated, while the rest were methylated
K27-wildtype tumors.

DNA Methylation Analysis and Copy Number
Changes
Copy number profiles from the DNA methylation array
showed that K27M-mutant tumors have complex copy number
changes with multiple large chromosomal gains and losses
compared to H3 K27-wildtype tumors (Fig. 4). In contrary,
H3 K27-wildtype tumors were characterized by lack of significant copy number changes. In H3 K27M-mutant tumors,
copy number varied from almost no changes, to extensive
gains and losses of whole chromosomes across the genome.
K27M-mutant tumors with chromosomal aberrations included
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FIGURE 1. Kaplan-Meier curves showing overall survival of H3-wildtype and K27-altered tumors in our cohort. (A) Overall
survival curve based on sex. Decreased overall survival was observed in male compared to females (p ¼ 0.069). (B) Overall
survival curve-based surgery type. Decreased overall survival was observed in the biopsy group compared to the gross total
resection (GTR) group (p ¼ 0.022). (C) Overall survival curve based on chemotherapy. A trend toward decreased overall survival
for K27-altered tumors was observed (p ¼ 0.1).
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chromosome 13 loss (including Rb gene) and chromosome 17
loss (including NF1, TP53 genes) and focal amplifications of
receptor kinase genes MET and PDGFRA as is commonly observed in adult classic hemispheric GBMs. One of the pediatric (6-years old) and adult (58-years old) patients with H3
K27M-mutant tumor showed homozygous loss of NF1 locus.
A DNA methylation hierarchical clustering showed distinct
methylation patterns between K27-wildtype and K27Mmutant tumors (Fig. 5).

DISCUSSION
The molecular characteristics of cerebral hemispheric
gliomas have been extensively studied. In contrast, the available molecular features of diffuse SCG are few to date, largely

due to both their rarity and limited availability of tissue. In this
study, we analyzed the clinical and pathological characteristics as well as the molecular features of 22 diffuse SCGs in
both adult and pediatric patients.
Prior studies of cerebral H3 K27M-mutant gliomas have
suggested a trend for male predominance (19–21). Our study
showed a significant male predominance for the K27Mmutant tumors compared to H3 K27-wildtype (p < 0.05). This
is unusual as other frequent molecular drivers of gliomas such
as IDH1/2, BRAF, or EGFR do not appear to show sex preference. The biological mechanism of why K27M is more prevalent in male diffuse SCG is currently not known.
There is no current standard of therapy for diffuse SCG.
The most common treatment available is a trimodal therapy
consisting of maximal safe surgical resection, radiation, and
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FIGURE 3. K27-altered tumors stained with hematoxylin and eosin (H&E). Tumors had a wide variety of histological features. (A)
Mildly hypercellular with mild-moderately pleomorphic cells, (B) hypercellular with small round blue cells, (C) hypercellular
with severely pleomorphic cells some of which are multinucleated, (D) hypercellular with microvascular proliferation and
pseudopalisading necrosis, (E) a hypocellular lesion with mildly pleomorphic tumor cells and the concurrent immunostain (F)
H3 K27M.
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chemotherapy. In our study, there was an overall decreased
survival in the biopsy cohort compared to those who received
GTR (p ¼ 0.022), suggesting that attempt for maximum safe
resection has the largest impact on survival. In our cohort,
patients not receiving chemotherapy showed decreased overall
survival compared to those who did (p ¼ 0.019). The most
commonly used chemotherapy agent in our cohort was temozolomide. Other therapies included binimetinib, avastin, and
ONC201. Finally, radiation was not associated with improved
overall survival (p ¼ 0.772), suggesting a limited role of radiation in spinal cord malignant gliomas compared to surgery and
chemotherapy.
Qiu et al recently published their imaging findings of
H3 K27M-mutant tumors in which they described the majority
of tumors as contrast-enhanced, solid tumors with uniform
signals on MRI with rare edema and hemorrhage (19). In
our study, 75% of the contrast-enhancing tumors were
K27M-mutant (p ¼ 0.04). In agreement with Qiu et al, only 2
K27M-mutant tumors in our study had surrounding edema;
however, presurgery imaging was not available for all patients
(19). It is reasonable to assume that spinal high-grade gliomas
would have a predilection for widespread disease given that

6

spinal low-grade gliomas also have a high rate of disease progression (22).
The reported incidence of the H3 K27M mutation in diffuse SCG has varied over the years. Recent studies such as
from Solomon et al have reported a rate of 53% (n ¼ 9/17) for
K27M in both adult and pediatric patients, while Picca et al
and Karremann et al reported rates of 62.5% and 54% (n ¼ 6/
11), respectively, in adult patients (23–25). In our cohort of
adult and pediatric patients, we found an incidence of 59% H3
K27M-mutant gliomas (n ¼ 13), making it the single most
prevalent driver. Diffuse midline gliomas harboring the H3
K27M mutation are known to carry a dismal prognosis (22,
25–27). Although we found no significant survival difference
between H3 K27M-mutant and wildtype spinal tumors
(p ¼ 0.366) in our cohort, this finding might be attributable to
our low sample number and limited follow-up data.
The differences in molecular characteristics of the different subtypes of diffuse SCG are not well established. K27M
mutation induces a markedly distinct DNA methylation signature, which can be used for diagnostics by DNA methylation
array. In our study, K27M-mutant tumors showed a large variety of histological features with histological features ranging
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FIGURE 4. Genome-wide copy number profiles generated by DNA methylation data of a representative wildtype (A) and K27altered tumor (B). Cumulative copy number profiles show K27-altered tumors (D) with increased copy number variation
compared to wildtype tumors (C).
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from low- to high-grade tumors. Our results show that diffuse
SCG have distinct molecular profiles and markedly increased
levels of CNV s of K27M-mutant tumors compared to H3
K27-wildtype tumors, with gains of chromosomes 2 and 4 and
loss of chromosomes 1, 3, 13, and 17.
Our study suggests that diffuse SCG can be divided into
at least 2 molecularly distinct groups. The first is characterized
by K27M mutation, distinct epigenetic phenotype, chromosomal instability, and male predominance, and the second is
characterized by K27-wildtype, often histologically lower
grade, with few chromosomal aberrations. Further studies are
necessary to characterize the molecular profile of the H3 K27wildtype tumors and to understand how molecular differences
can translate into improved treatment of these diseases.
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