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Abstract
Diagnosing MPNST can be challenging, but genetic alterations recently identified in polycomb repressive
complex 2 (PRC2) core component genes, EED and SUZ12, resulting in global loss of the histone 3 lysine
27 trimethylation (H3K27me3) epigenetic mark, represent drivers of malignancy and a valuable diagnostic
tool. However, the reported loss of H3K27me3 expression ranges from 35% to 84%. We show that advances
in molecular pathology now allow many MPNST mimics to be classified confidently. We confirm that MPNSTs
harbouring mutations in PRC2 core components are associated with loss of H3K27me3 expression; whole-
genome doubling was detected in 68%, and SSTR2 was amplified in 32% of MPNSTs. We demonstrate that
loss of H3K27me3 expression occurs overall in 38% of MPNSTs, but is lost in 76% of histologically classical
cases, whereas loss was detected in only 23% cases with heterologous elements and 14% where the diagnosis
could not be provided on morphology alone. H3K27me3 loss is rarely seen in other high-grade sarcomas and
was not found to be associated with an inferior outcome in MPNST. We show that DNA methylation profiling
distinguishes MPNST from its histological mimics, was unrelated to anatomical site, and formed two main
clusters, MeGroups 4 and 5. MeGroup 4 represents classical MPNSTs lacking H3K27me3 expression in the
majority of cases, whereas MeGroup 5 comprises MPNSTs exhibiting non-classical histology and expressing
H3K27me3 and cluster with undifferentiated sarcomas. The two MeGroups are distinguished by differentially
methylated PRC2-associated genes, the majority of which are hypermethylated in the promoter regions in
MeGroup 4, indicating that the PRC2 target genes are not expressed in these tumours. The methylation pro-
files of MPNSTs with retention of H3K27me3 in MeGroups 4 and 5 are independent of mutations in PRC2
core components and the driver(s) in these groups remain to be identified. Our results open new avenues of
investigation.
© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of
Great Britain and Ireland.
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Introduction

Malignant peripheral nerve sheath tumours (MPNSTs)
are characterised by nerve sheath differentiation and
account for roughly 5% of all sarcoma subtypes
[1]. Approximately 45% present in the context of neuro-
fibromatosis type-1 (NF-1), a germline tumour

predisposition syndrome (incidence �1/3,500) caused
by constitutional mutations in the tumour suppressor
gene neurofibromin 1 (NF1); 45% of cases occur as spo-
radic tumours and 10% are radiation-associated.
MPNST has an aggressive clinical course, with 50%
relapsing and an overall average 5-year survival rate of
43% [2]. The classical variant of MPNST shows features
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of a monomorphic spindle cell sarcoma with alternating
hypercellular and hypocellular areas and geographic
tumour necrosis. Heterologous sarcomatous differentia-
tion may also be seen, the most common being rhabdo-
myoblastic differentiation (Triton tumour) [1]. However,
the histology is not always typical and MPNSTs may
exhibit significant pleomorphism [3]. The differential
diagnoses include, amongst others, spindle cell sarcoma
not otherwise specified (NOS), synovial sarcoma, derma-
tofibrosarcoma protuberans, spindle cell rhabdomyosar-
coma (SC-RMS), and melanoma [1].
Detection of somatic NF1 genetic alterations has been

reported in sporadic and radiation-associated MPNST,
but with variable detection rates ranging from 44% to
100% [4–6]. NF1 is a regulator of Ras protein activity
and loss of function (LOF) ofNF1 results in hyperactiva-
tion of the Ras pathway and excessive proliferation.
MPNST is characterised by LOF of additional tumour
suppressor loci, including p16INK4A (CDKN2A) and
TP53; however, these alterations are also seen in atypical
neurofibroma, the presumed precursor of MPNST. In
contrast, promotion of malignancy has been reported to
be associated with recurrent somatic LOF alterations in
genes encoding the polycomb repressive complex
2 (PRC2) core components, Embryonic Ectoderm
Development (EED) and Suppressor of Zeste 12
(SUZ12). These have been identified in 23–70% of NF-
1-associated, 36–92% of sporadic, and 90% of
radiation-associated MPNSTs [4,5,7]. Subsequently,
loss of H3K27me3 expression has been shown to corre-
late strongly with high-grade MPNST harbouring muta-
tions in EED and SUZ12, consistent with the knowledge
that the PRC2 complex trimethylates H3K27 [3]. How-
ever, in follow-up studies, the reported loss of
H3K27me3 immunoreactivity has been variable, rang-
ing from 34% [8] to 84% of cases [3,4,9–11].
Röhrich et al reported that high-grade nerve sheath

tumours clustered on the basis of their DNAmethylation
status, data that complemented the known role of the
PRC2 complex in methylating H3K27. They identified
two distinct clusters, the larger associated with loss of
H3K27me3 immunoreactivity and the smaller group,
sited in a paraspinal location, which retained expression
of this protein [12]. Moreover, they and others demon-
strated that loss of H3K27me3 immunoreactivity was
valuable for distinguishing neurofibroma and low-grade
MPNST from high-grade disease [3,4,8,9,13,14]. In this
study, we investigate further the genomic and epige-
nomic landscape of MPNST and H3K27me3 expression
in the context of morphologically distinct groups of
MPNST.

Materials and methods

Ethical approval was obtained from the Cambridgeshire
2 Research Ethics Service (09/H0308/165).

Sample selection and identification of clinical
information
All cases were retrieved from the Royal National Ortho-
paedic Hospital (RNOH) pathology archives between
1 January 2003 and 21 December 2015 (supplementary
material, Table S1). A collection of undifferentiated
pleomorphic sarcomas (UPSs), subjected to whole-
genome sequencing (WGS) in a previous study, was also
studied [15]. A spinal/paraspinal tumour was defined on
imaging as arising from or involving a large spinal nerve
route (supplementary material, Supplementary materials
and methods).

Cases (totalling 176) where a diagnosis of MPNST
had been considered in the differential diagnosis with a
variable degree of confidence were selected for the study
(by RT, DL, FA, and AMF). Additional IHC and molec-
ular tests were performed where required to provide a
more definitive diagnosis. Examples of the original
reports of such cases included ‘a spindle cell sarcoma
NOS with features raising the possibility of a MPNST’
or ‘the diagnosis includes an MPNST with rhabdomyo-
blastic differentiation and an SC-RMS’. Following
review, the diagnosis of the latter would have been con-
firmed by detection of the MYO-D1 single-nucleotide
variant (SNV) p.L122R. Following this review, we clas-
sified the cases into ten histopathological groups
(Table 1): 124 were considered to represent nerve sheath
tumours in Histopathology Groups (HP Groups) 0, 1A,
1B, and 2 (Table 2). Diagnoses were made according
to WHO and Trojani guidelines [16] (supplementary
material, Supplementary materials and methods).

DNA sequencing
Whole-exome sequencing (WES) or WGS (n = 2) was
performed on 51 of the 176 tumours for which frozen
tumour and matched normal tissue were available
(> 60% tumour-rich and < 20% necrotic). Table 2 pro-
vides a summary of the clinicopathological features of
these 51 cases. Details for sequencing, data processing,
and germline variant classification are provided in sup-
plementary material, Supplementary materials and
methods. WES data are available in the EGA database
at EMBL-EBI, https://www.ebi.ac.uk/ega/studies/
EGAS0000100452.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on
formalin-fixed, paraffin-embedded (FFPE) whole tissue
sections cut at 4 μm. Details are provided in supplemen-
tary material, Supplementary materials and methods.

EPIC array protocol and data analysis
DNA methylation array assays were undertaken as pub-
lished elsewhere [12]. DNA (500 ng) from frozen
tumour samples was bisulphite-converted using a Zymo
EZ DNA methylation Gold kit (Zymo Research Corp,
Irvine, CA, USA) and hybridised to Infinium
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HumanMethylationEPIC BeadChip arrays (Illumina,
San Diego, CA, USA). Details are provided in supple-
mentary material, Supplementary materials and
methods. RNOH and the Heidelberg group methylation
array data [12] are available in the ArrayExpress data-
base at EMBL-EBI under accession number E-
MTAB-8864.

Statistical analysis
No statistical methods were used to predetermine sample
size. All statistical analyses were performed using R
[17]. Kaplan–Meier analysis was conducted using the
R packages ‘survminer’ [18] and ‘survival’ [19], with
survival time defined as the time from diagnosis to death
or last follow-up: survival data were obtained in August
2019. P values less than 0.05 were considered statisti-
cally significant.

Results

Diagnoses and genomic landscape of MPNST
The diagnosis of MPNST was excluded in 12/51 (27%)
of the sequenced tumours following review of the
pathology, new IHC, molecular tests, and clinical infor-
mation. One sample (case 16, reclassified as UPS) failed
the sequencing quality control (Figure 1A, Table 2, and
supplementary material, Table S1 show details of the
refined diagnoses).

NF1 mutations in MPNST
Of 39 of the 51 sequenced tumours considered to repre-
sentMPNST, twowere epithelioidMPNSTs and 16were
from patients exhibiting the clinical phenotype of NF-1,
a finding substantiated by detection of germline NF1
mutations in 12/16 patients (Table 2, supplementary
material, Table S1, and Figure 1B). Nevertheless, the
tumours in the four remaining patients (cases 4, 12,
21, and 23) were considered to represent bona fide
MPNSTs on the following evidence: all had an NF-1

clinical phenotype; the tumour from case 12 arose from
a large nerve and exhibited a low-grade component;
and cases 21 and 23 contained a low-grade compo-
nent, while case 4 revealed heterozygous alterations
of core genes of PRC2. Of the remaining 21 tumours,
three harboured biallelic somatic NF1 alterations;
two had homozygous NF1 copy number loss (detected
by visual inspection of read counts using the Integra-
tive Genomics Viewer); three had non-synonymous
NF1 mutations; and two had a heterozygous loss of
NF1. In total, 27/37 (73%) MPNSTs had NF1 genetic
alterations including loss of heterozygosity (LOH)
(Figure 1B and Table 2). Of the remaining ten
MPNSTs in which an NF1 alteration was not detected,
six exhibited typical morphological features (cases
1, 15, 18, 21, 28, and 36) and were categorised in HP
Group 1A or 1B (supplementary material,
Figure S1). Four tumours had a higher degree of
nuclear pleomorphism than seen in the MPNST classi-
cal variant (HP Group 2), three of which (cases 19, 34,
and 37) harboured LOH in EZH2. Neither NF1 nor
PRC2 alterations were detected in case
26 (H3K27me3-retained), but this case arose from a
paraspinal nerve, as did case 37.

Whole-genome doubling and copy number
alterations are common in MPNST
Weobserved evidence of genome doubling (GD) in 25/37
(68%) tumours, including 2 × GD in two cases (cases
7 and 30) (supplementary material, Table S3 and
Figure S2). 22/25 (88%) tumours with GD were grade
3, but GDwas not associatedwith a particular histological
phenotype or anatomical site (Table 2). Recurrent regions
of gain and loss included amplification in six genomic
regions, most reported previously [20–22]. Notably, the
region 17q25.1 (chr17:70118936–72241393), which
contains the somatostatin receptor 2 (SSTR2), was ampli-
fied in 12/37 (32%) cases (supplementary material,
Table S5 provides a list of genes in this region). Sixteen
genomic regions showed recurrent loss including the
genomic loci containing NF1, SUZ12 (17q11.2), and

Table 1. Histopathological groups (HP Grps).
Histopathological
group (n)

Description

HP Grp 0 (15) Benign nerve sheath tumours and MPNST grade 1
HP Grp 1A (46) Classical MPNST; fascicles with monomorphic spindle cells with alternating hypercellular and hypocellular areas and geographic

tumour necrosis without heterologous elements
HP Grp 1B (31) Classical MPNST; spindle cell sarcoma with heterologous element, e.g. rhabdomyoblastic, osteosarcoma; also, MPNST with a variable

degree of cellular pleomorphism but in which a classical low-grade MPNST component was identified
HP Grp 2 (41) MPNST in the absence of classical histological morphology, e.g. tumours exhibiting scattered atypia/pleomorphism, but where the

diagnosis was supported either with additional phenotypic, genomic data pointing towards MPNST or arising from a large nerve
HP Grp 3 (21) Spindle cell sarcoma NOS (DNA sequencing not available) which does not exhibit typical MPNST morphology and without other

evidence, as listed in Grp 2, to support a diagnosis of MPNST
HP Grp 4 (7) Sarcoma with specific diagnosis based on genetic alterations including SYT–SSX, COL1A1–PDGFB, and others
HP Grp 5 (4) Epithelioid MPNST requiring loss of INI-1
HP Grp 6 (1) Undifferentiated pleomorphic sarcoma (UPS); tumour set had undergone WGS [15]
HP Grp 7 (5) Spindle cell/sclerosing-RMS (SC-RMS) with MYOD1 mutation
HP Grp 8 (5) Melanoma supported by publicly available genomic data [29]

H3K27me3, DNA methylation, and histological variants in MPNST 153
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CDKN2A/B (9p21.3) (Figure 1C and supplementary
material, Table S5).

At least 50% of MPNSTs have alterations in PRC2-
related genes
DNA sequencing of MPNSTs revealed non-
synonymous somatic mutations in EED (4/37; 11%)
and SUZ12 (2/37; 5%). None of the 37 tumours dis-
played somatic mutations in EZH2. LOH was observed
in EED in 12/37 (32%), in SUZ12 in 16/37 (43%), and
in EZH2 in 10/37 (27%) cases (Figure 1B), and TP53
was lost in 17/37 (46%) cases. Two tumours, cases
20 and 40, had a somatic mutation in addition to LOH
(biallelic alterations) in EED and SUZ12, respectively.
In total, 25/37 (68%) cases had at least one genomic
aberration in EED, SUZ12 or EZH2 (including LOH)
(Table 3 and Figure 1B). Alterations in PRC2 core com-
ponents were detected in 13/16 (81%) tumours in the set-
ting of NF-1 and in 12/21 (57%) sporadic tumours. For
completeness, visual inspection of other PRC2 complex
genes, EPC1, AEBP2, and RBBP7, was undertaken but
revealed no non-synonymous mutations. One case had
a missense mutation in the H3K27me3 demethylase
KDM6B (case 32, supplementary material, Table S2).
A driver mutation analysis (supplementary material,
Supplementary materials and methods) confirmed the
importance of the PRC2 genes in MPNST by classifying
EED and NF1 as significant driver genes.
We investigated how H3K27me3 immunoreactivity

correlated with the genomic data. Loss of the protein
was observed in all cases (n = 6) in which an SNV in
any of the PRC2 genes was detected (SUZ12, EED;
p = 0.004, chi-square independence test). However,
eight cases showed loss of H3K27me3 without an
SNV being detected at these genes, although five of
these had LOH in either SUZ12 or EED. In contrast,
immunoreactivity was not associated with LOH of
EZH2. In summary, loss of H3K27me3 expression was
observed in 50% (n = 16) of NF-1-associated MPNSTs,
25% (n = 20) of sporadic MPNSTs, and in the single
radiation-associated MPNST (case 35, Table 3), with
an overall loss of H3K27me3 in 38% (14/37) of
sequenced MPNSTs, including two grade 1 cases.

MPNST histology correlates with H3K27me3
immunoreactivity
To investigate the variable loss of H3K27me3 immuno-
reactivity reported in previous studies [3,4,8,9,11,13],
we extended our tumour set to 176 cases, including
the above-mentioned 51 sequenced cases. Following a
review of the pathology, combined with additional
molecular diagnostic testing and clinical information,
we refined our original diagnoses in 30% (n = 52/176)
of cases (Figure 2A and supplementary material,
Table S1). Of the remaining 124 MPNSTs, 38%
(n = 47/124) of MPNSTs revealed loss of H3K27me3
immunoreactivity. However, when classified according
to the HP groups, we found that loss of H3K27me3Ta

bl
e
2.

Co
nt
in
ue
d

Ca
se

Ag
e*

An
at
om

ic
al
sit
e

Si
te

Ge
nd

er
Ar
isi
ng

fr
om

a
ne
rv
e

Cl
in
ic
al

fe
at
ur
es

of
N
F1

H
ist
op
at
ho

lo
gi
ca
ls
ub

ty
pe

As
so
ci
at
ed

lo
w
-

gr
ad
e
co
m
po
ne
nt

Tu
m
ou

rg
ra
de

Pr
im
ar
y
or

lo
ca
lr
ec
ur
re
nc
e

H
3K

27
m
e3

IH
C
st
at
us

Ra
di
at
io
n

fi
el
d

40
39

Th
ig
h

Ex
tr
em

ity
Fe
m
al
e

N
o

Ye
s

H
P
G
rp

2
N
A

3
Pr
im
ar
y

Lo
ss

N
o

41
34

Sh
ou
ld
er

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

1A
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

47
36

Th
ig
h

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

1A
N
A

2
Pr
im
ar
y

Lo
ss

N
o

17
69

Le
g,
lo
w
er

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

6
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

25
67

Fo
re
ar
m

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

3
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
7

11
Fo
re
ar
m

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

7
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
8

19
Fo
ot

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

7
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

6
54

Sh
ou
ld
er

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

3
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

11
73

Th
ig
h

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

3
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
0

24
Ar
m

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

5
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
1

46
Bu

tt
oc
k

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

5
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
35

Le
g,
up
pe
r

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

3
N
A

3
Pr
im
ar
y

Lo
ss

N
o

15
5

73
Th
ig
h

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

8
N
A

N
A

Pr
im
ar
y

Re
ta
in
ed

N
o

15
6

61
Ax
ill
a

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

8
N
A

N
A

Pr
im
ar
y

Re
ta
in
ed

N
o

15
7

84
Ch

es
t
w
al
l

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

8
N
A

N
A

Pr
im
ar
y

Re
ta
in
ed

N
o

16
5

61
U
ln
ar

ne
rv
e

Ex
tr
em

ity
Fe
m
al
e

N
o

N
o

H
P
G
rp

4
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

16
9

46
Le
g

Ex
tr
em

ity
M
al
e

N
o

N
o

H
P
G
rp

7
N
A

3
Pr
im
ar
y

Re
ta
in
ed

N
o

*A
ge

(y
ea
rs
)a
t
pr
es
en
ta
tio

n.

H3K27me3, DNA methylation, and histological variants in MPNST 155

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol October 2020; 252: 151–164
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


expression was observed in 76% (35/46 cases) of HP
Group 1A, and 0/15, 23% (8/35), and 14% (4/28) of
cases in HP Groups 0, 1B, and 2, respectively
(Figure 2B). Loss of H3K27me3 expression was seen
in all five radiotherapy-associated MPNSTs, whereas
it was retained in 76% (16/21) of paraspinal cases (sup-
plementary material, Table S1 and Figure S3), in the
two epithelioid MPNSTs, and in all but 2/52 non-
MPNST high-grade sarcomas cases (case 16, UPS; case
5, sarcoma NOS – HP Group 3). Loss of H3K27me3
expression was seen in 40% (19/47) of patients with
an NF-1 phenotype and in 32% (22/69) of sporadic
cases (supplementary material, Tables S1 and S3).
Assessment of 82 synovial sarcomas, harbouring the
characteristic fusion gene, and 53 UPSs revealed loss
of H3K27me3 immunoreactivity in only two cases
and one case, respectively [15] (supplementary mate-
rial, Table S4). Three per cent (5/187) of low-grade
MPNST cases revealed loss of H3K27me3 calculated

as a specificity of 97% (182/187) and a sensitivity of
43% (47/109).

In view of the demethylation role of KDM6A/B, these
loci were interrogated but revealed no evidence of bialle-
lic inactivation; no association was found between the
loss of copy number of these genes and the expression
of H3K27me3 (supplementary material, Table S1).

Nerve sheath tumours are characterised by distinct
methylation patterns
Loss of H3K27me3 expression caused by genetic alter-
ations of the PRC2 genes is associated with a global
change in methylation levels, a finding reflected in the
Heidelberg publication [12]. This prompted us to ana-
lyse our DNA methylation profiles from the 102 cases
from which DNA was available. We included the
DNA methylation profiles of 53 previously reported
UPS cases [15], thereby allowing comparison with

Figure 1. The somatic and germline mutational landscape of 37 MPNSTs. (A) An illustrative summary of the modification to diagnoses result-
ing from genomic sequencing analysis of 51 MPNSTs. Sarcoma, NOS: spindle cell sarcoma, not otherwise specified; SC-RMS: spindle cell
rhabdomyosarcoma; UPS: undifferentiated pleomorphic sarcoma. (B) OncoPrint showing an overview of the somatic and germline mutations
detected in the 37 sequenced MPNST cases. The numbers indicated on the x-axis are the case numbers. Somatic mutations are given for NF1,
PRC2 components, TP53, and RB1. The different colours indicate the different types of genomic alterations. The bar plot in the top indicates
the numbers of alterations detected for each patient. LOH, loss of heterozygosity, copy number = {0, n}, n > 0. (C) The CNV landscape of 37
MPNSTs. GISTIC plots showing regions of recurrent copy number gains (red) or copy number losses (blue) of the sequenced MPNST cases.
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29 high-grade sarcomas NOS included in our 176 cases
(supplementary material, Figure S4) and the Heidelberg
methylation dataset: in total, a dataset from 309 cases.

Unsupervised hierarchical clustering of the combined
RNOH and Heidelberg cases revealed six methylation
groups (MeGroups 1–6, Figure 3A and supplementary
material, Table S7): 85% of all high-grade MPNSTs clus-
tered in MeGroups 4 and 5; 78% of MeGroup 4 cases
(39/50) revealed loss of H3K27me3 protein, whereas
94% (31/33) of cases in MeGroup 5 retained H3K27me3
expression. The latter also contained 57% (46/53) of UPSs
and 66% (12/18) of sarcomas NOS. Notably, 8/14 para-
spinal MPNSTs formed a distinct cluster within MeGroup
5. Overall, MeGroup 4 comprised largely HP Group 1A
MPNSTs, all with loss of H3K27me3 expression, whereas
MeGroup 5 was dominated by HP Group 1B and HP
Group 2 samples (Figure 3B).

MeGroup 1 (n = 138) contained all benign and low-
grade nerve sheath samples from Heidelberg and
RNOH, but also included six high-grade sarcomas.
MeGroup 2 comprised sarcoma NOS samples
(n = 4) and three MPNSTs (cases 32, 289, and one-
Heidelberg sample), all of which retained
H3K27me3 expression. MeGroups 3 and 6 contained
all three SC-RMS and the majority of the epithelioid
MPNSTs, respectively (Figure 3A and supplemen-
tary material, Table S7).

Finally, the methylation data available from two of
our five reclassified malignant melanoma cases were
studied in combination with the TCGAmelanoma meth-
ylation data. A t-SNE analysis supported a diagnosis of
melanoma (supplementary material, Figure S6).

Polycomb target genes are differentially methylated
between the two MPNST methylation groups
We analysed the differentially methylated regions
(DMRs) and probes (DMPs) between MPNSTs in
MeGroup 4 (n = 50) and MeGroup 5 (n = 33), of
which 12 and 15 had been exome-sequenced, respec-
tively. Methylation analysis revealed a total of 606
DMRs and 123,950 DMPs between MPNSTs in these
two groups, of which 85,601 showed increased meth-
ylation in MeGroup 4 (supplementary material,
Tables S8 and S9). Gene Set Enrichment Analysis
(GSEA) showed strong enrichment for pathways
associated with PRC2 biology (supplementary mate-
rial, Table S10).

Analysis revealed that 1,200 of 1,350 (89%) possible
PRC2 target genes (supplementary material, Supple-
mentary materials and methods) were differentially
methylated between the two MeGroups, 65% of which
(784/1,200 target genes) were hypermethylated in the
promoter regions (200 or 1,500 bp upstream of the tran-
scription start site, TSS200 and TSS1500, respectively),
indicating that the PRC2 target genes are not expressed
in MeGroup 4. Analysis of the exome profiles failed to
identify alterations that distinguished cases from the
two MeGroups.Ta
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Finally, when comparing only cases with retained
H3K27me3 from MeGroup 4 (n = 11) and MeGroup
5 (n = 32), we found that 269 DMRs and 10,862
DMPs significantly separated these cases (supplemen-
tary material, Tables S11 and S12). 9042/10,862
DMPs were more methylated in the
H3K27me3-positive cases in MeGroup 4 than in
MeGroup 5, and 9,615 of these 10 862 DMPs were

also differentially methylated in samples in the two
groups. Of the 1,350 PRC2 target genes, the majority
(89%) were differentially methylated between all
samples in the two MeGroups, whereas only 409 were
differentially methylated, when analysing only those
samples which retained H3K27me3, of which
191 had hypermethylation of promoter regions.
GSEA showed strong enrichment for terms associated

Figure 2. Histopathological groups and their correlation with H3K27me3 immunoreactivity status. (A) A Sankey plot showing the modifica-
tion to diagnoses made in 52/176 of the tumours where a diagnosis of MPNST was provided or was considered in the differential diagnosis.
Sarcoma, NOS: spindle cell sarcoma, not otherwise specified; SC-RMS: spindle cell rhabdomyosarcoma; UPS: undifferentiated pleomorphic
sarcoma; DFSP: dermatofibrosarcoma protuberans; OFMT: ossifying fibromyxoid tumour; ST-OS: soft-tissue osteosarcoma. (B) The
H3K27me3 immunoreactivity status of 124 RNOHMPNST cases. 38% of the entire cohort exhibited loss of H3K27me3 expression. Correlation
of the H3K27me3 status with HP Grps 0, 1A, 1B, and 2 is indicated. Red = loss of H3K27me3; blue = retained H3K27me3 expression. (C) The
ten histological subgroups. HP Grp 0: case 13. Low-grade MPNST (H&E, ×10). HP Grp 1A: case 15. Classical MPNST, grade 3, showing a
tumour with a compact fasciculated architecture composed of monomorphic spindle cells with tapering nuclei (H&E, ×10). HP Grp 1B: case
22. MPNST with heterologous rhabdomyoblastic differentiation (Triton tumour). Note the plump cells with brightly eosinophilic cytoplasm
and striations, indicative of a rhabdomyoblastic phenotype. These cells were strongly immunoreactive for desmin and myogenin (H&E,
×10). HP Grp 2: case 51. A spindle cell sarcoma arising from a nerve in a patient with neurofibromatosis type 1. The morphological features
are not entirely classical but the associated clinicopathological features support the diagnosis (H&E, ×10). HP Grp 3: case 6. Spindle cell sar-
coma, NOS. The morphological features are not typical for MPNST and there was no other supporting evidence to justify the diagnosis of
MPNST (H&E, ×10). HP Grp 4: case 83. A tumour with definitive molecular evidence to exclude the diagnosis of MPNST. This case is a der-
matofibrosarcoma protuberans with fibrosarcomatous transformation, confirmed by the presence of a COL1A1–PDGFB fusion on FISH (H&E,
×10). HP Grp 5: case 116. A tumour composed of sheets of cells with an epithelioid morphology. This tumour was strongly positive for S100
and has loss of INI-1 (H&E, ×10). HP Grp 6: a tumour composed of pleomorphic spindle cells and an undifferentiated immunophenotype,
confirming the diagnosis of undifferentiated pleomorphic sarcoma (H&E, ×10). HP Grp 7: case 7. A tumour composed of monomorphic spin-
dle cells with eosinophilic cytoplasm, embedded in a densely collagenous stroma. This tumour was strongly positive for desmin and myogenin,
and had aMYOD1 p.L122R missense mutation, confirming the diagnosis of spindle cell/sclerosing rhabdomyosarcoma (H&E, ×10). HP Grp 8:
case 17. A pleomorphic spindle cell tumour, focally positive for S100 and negative for melan-A and HMB45 with a mutational signature
attributable to UV light, supporting the diagnosis of malignant melanoma (H&E, ×10).
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with PRC2 biology (supplementary material,
Table S13).

H3K27me3 and genome doubling (GD) status as
prognostic markers of survival
No correlation was found between survival and patients
inMeGroups 4 (n = 28) and 5 (n = 25) (p = 0.71, supple-
mentary material, Figure S7A). There was also no asso-
ciation between H3K27me3 immunoreactivity status
and survival in MeGroups 4 and 5 (p = 0.88, supplemen-
tary material, Figure S7B), a finding validated on
extending the analysis to 100 RNOH patients with
high-grade MPNST for which survival data were avail-
able (p = 0.94, supplementary material, Figure S8 and
Table S14).
Given a recently published paper highlighting that GD

is associated with poor prognosis across cancer types

[23], we asked if such genomic events in MPNST corre-
lated with clinical outcome. This analysis was performed
on the 37 sequenced MPNSTs: GD was observed in nei-
ther of the two cases in HP Group 0, in 91% (10/11) of
HP Group 1A, in 55% (6/11) of HP Group 1B, and in
69% (9/13) of HP Group 2. Despite a strong tendency,
GD status and survival did not reach statistical signifi-
cance (p = 0.06, supplementary material, Figure S9 and
Table S14).

A subset of MPNSTs express SSTR2
In view of the lack of effective treatments for MPNST,
we sought potential therapeutic targets. Our genomic
data revealed that SSTR2 was amplified in 32% of cases
and FISH confirmed amplification in 8/11 of these cases
(supplementary material, Table S15 and Figure S10).
The discrepancy in the three cases may be accounted

Figure 3. Methylation profiling identifies distinct MPNST groups. (A) Unsupervised hierarchical clustering showing 309 samples from RNOH
and Heidelberg clustered in epigenetically distinct subgroups of benign nerve sheath tumours, low-gradeMPNSTs, high-grade MPNSTs, UPSs,
epithelioid MPNSTs, and spindle cell rhabdomyosarcoma (SC-RMS) subtypes. MPNSTs are clustered in methylation groups (MeGrps) 4 and
5. MeGrp 4 contains MPNSTs showing loss of H3K27me3 and hypermethylation of PRC2 pathway genes as opposed to MeGrp 5, which con-
tains MPNST and UPS samples with retained H2K37me3 expression. The majority of the paraspinal tumours clustered in MeGrp 5. MeGrp 1 is
composed largely of benign nerve sheath tumours and low-gradeMPNSTs. MeGrp 2 consists mostly of sarcoma NOS samples (not sequenced),
whereas MeGrp 3 contains mostly SC-RMS cases. MeGrp 6 contains the majority of epithelioid MPNSTs. (B) Pie chart showing the association
between the MPNSTs in MeGrps 4 and 5 and the histopathological groups (HP Grps) 1A, 1B, and 2. The histopathology of the Heidelberg cases
has not been reviewed in this study.
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for by tumour heterogeneity; moreover, these cases were
also aneuploid, making interpretation of the FISH chal-
lenging. Two of ten cases for which RNA-sequencing
data were available showed increased expression of
SSTR2 transcripts compared with the other eight cases
(supplementary material, Figure S11). However, protein
expression (SSTR2 IHC, supplementary material, Fig-
ures S12 and S13) showed little correlation with amplifi-
cation on FISH or sequencing (supplementary material,
Table S15), with only 12/55 (22%) cases being immuno-
reactive for SSTR2, only four of which were SSTR2-
amplified on WES and five by FISH. The expression of
SSTR2 protein was neither associated with any of the
HP Groups nor associated with the MeGroups (supple-
mentary material, Table S15; SSTR2 IHC, Figure S14).

Discussion

In this study of well-characterised high-grade MPNSTs,
we find that loss of H3K27me3 expression, occurring in
approximately 40% of cases, is lower than reported by
most groups, but similar to that reported by Bovée and
co-workers [8]. We identified that H3K27me3 expres-
sion was largely dictated by the morphology of the
tumours: 76% of the MPNSTs exhibiting the classical
histological features (HP Group 1A) revealed loss of
H3K27me3 expression, whereas MPNSTs with heterol-
ogous elements or with a low-grade component
(HP Group 1B) revealed loss of H3K23me3 in just
23% of cases. Lastly, in those MPNSTs where a diagno-
sis could not be proffered confidently on morphology
alone (HP Group 2), H3K27me3 loss was detected in
only 14% of cases. We conclude that the variation of
reported loss of H3K27me3 immunoreactivity is dic-
tated by the different histological subgroups within
MPNSTs, and propose that the reported differences in
the frequency of H3K27me3 loss by others could be
explained by the number of these subtypes represented
in the different studies [3,4,9–11]. Although our findings
show that loss of expression of this marker is highly spe-
cific for MPNST, we consider that its sensitivity is vari-
able and dependent on subtypes described herein.

Consistent with previous publications, all of our
radiation-associated MPNST cases showed loss of
H3K27me3 expression [3]. However, in contrast to other
reports [3,12], we did not find any association between
H3K27me3 loss with germline or sporadic cases, and
six of our paraspinal cases revealed H3K27me3 loss,
three of which were associated with radiation therapy.
Differences in H3K27me3 immunohistochemistry
results across laboratories could reflect how the IHC
was interpreted: ‘partial loss’ of the protein has been
reported [13], whereas we reported cases as ‘positive’
or ‘negative’. However, the number of cases reported
with partial loss in the literature is unlikely to account
fully for the wide variability in the published results.

Röhrich et al were the first to report the association
between the methylation status of H3K27me3 and the

immunoreactivity of this chromatin mark in MPNST.
Our data confirm previous publications linking genetic
alterations in one of the PRC2 complex components to
tri-methylation of lysine 27 and loss of the protein.
Methylation analysis of our combined data revealed, as
reported previously [12], a distinct cluster containing
atypical neurofibroma and low-grade MPNSTs
(MeGroup 1), although six high-grade sarcomas were
also in this cluster, highlighting that optimisation of the
classifier is required prior to introducing methylation
profiling into a diagnostic clinical service. The majority
of high-grade MPNSTs formed two methylation groups,
MeGroups 4 and 5, with Heidelberg and RNOH cases
distributed across both MeGroups. MeGroup 4, com-
posed largely of MPNSTs with classical features
(HP Group 1A), was characterised by hypermethylation
of PRC2 target genes and loss of H3K27me3 immunore-
activity in 78% of cases. In contrast, MeGroup 5 was
composed of HP Group 2 cases, of which 94% retained
H3K27me3 expression. Notably, most paraspinal
MPNSTs clustered together within MeGroup 5, but did
not form a distinct cluster as previously reported [12].
It is noteworthy that 30% of cases in MeGroup

4, which is composed largely of the classical variant of
MPNSTs, show retention of H3K27me3 positivity. It is
remarkable that these cases also showed a strong enrich-
ment for GSEA terms associated with PRC2 biology
similar to those cases in which H3K27me3 expression
was lost. We speculate that this finding could be
explained by activation of the non-canonical PRC2 path-
way, a biological process that is well described in the
regulation of gene transcription [24]. For example, there
is considerable evidence that EZH2, the enzymatic sub-
unit of PRC2, can act independently of the PRC2 com-
plex, and in an independent enzymatic manner, to
bring about transcriptional regulation through a variety
of epigenetic mechanisms. This has in some cases been
shown to involve non-core PRC2 proteins such as AE
binding protein 2, JARID2, PHD finger protein 19, and
long non-coding RNAs including HOTAIR and micro-
RNAs, some of which have already been implicated in
dysregulation of gene transcription in disease [25,26].
Virtually all MPNSTs in MeGroup 5, in contrast to

MeGroup 4, expressed H3K27me3 and the morphol-
ogy of the two groups is striking. MeGroup 5 tumours
are often less clearly recognised as nerve sheath in ori-
gin. Furthermore, the clustering of these MPNSTs with
UPS in MeGroup 5 underscores the morphological
spectrum of tumours in this MeGroup and the differ-
ence to those in MeGroup 4. Perturbation of physiolog-
ical and developmental processes that are normally
tightly co-ordinated through the regulation of expres-
sion and repression of genes forming PRC2, a multi-
subunit epigenetic protein complex, could potentially
account for these findings [27]. It is therefore interest-
ing to speculate that the differences in MPNSTs in
MeGroups 4 and 5 reflect their cell of origin and path
of differentiation. However, the factors that determine
the development of nerve sheath tumours rather than
UPS remain unknown. Furthermore, the molecular
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events that promote transformation of MPNST to high-
grade disease in MeGroup 5 remain to be determined.
The detection of SSTR2 amplification in 30% of our

sequenced MPNSTs, which is supported by FISH and
RNA sequencing but not immunoreactivity, is novel and
of clinical interest, because somatostatin receptor antago-
nists are available in clinical practice [28]. However, the
biological impact of SSTR2 is unclear; with evidence in
the literature supporting both a pro-tumour survival signal
and cancer growth inhibition [29]. In small cell lung can-
cer, there is an association between SSTR2 expression
and poor outcome [29], whereas in this small cohort of
patients with MPNSTs, we found no link between out-
come and SSTR2 amplification status.
We have shown that reaching a diagnosis of MPNST is

challenging, but accuracy is improved by excluding
mimics with recognised molecular hallmarks, such as
SYT–SSX fusion genes in synovial sarcoma. We consider
that the most rigorous means of classifying MPNST is
identification of biallelic NF1 alterations, which although
not specific for MPNST, are considered diagnostic in the
context of the relevant clinical/pathology context. How-
ever, the identification of all NF1 functional alterations
is challenging because of the large gene size (60 exons),
the absence of mutational hotspots, the presence of large
structural alterations, andNF1 germline cryptic splice site
variants [30], and is best achieved using WGS and RNA
sequencing. Hence, despite our best efforts to classify
MPNSTs correctly usingWES, we accept that a rare case
may not be anMPNST, and that occasionalMPNSTsmay
have been classified as sarcoma NOS. The use of WES in
this study is also likely to explainwhyNF1 germline alter-
ations were identified in only 71% of patients with the
NF-1 phenotype. Future large-scale comprehensive
multi-omics analyses, and functional studies of MPNSTs
and those suspected of being MPNST should provide a
strong evidence base for classifying this disease and
understanding its pathogenesis [31].

Acknowledgements

Funding for this project was received from Sarcoma UK,
Rosetrees and Stoneygate Trust (M46-F1), Skeletal Can-
cer Trust, and an RNOH NHS R&D grant (AMF). IL is
supported by the Carlsberg Foundation (CF18-0663).
CDS receives funding through Cancer Research UK
(CRUK). NP is a CRUK clinician scientist (grant num-
ber 18387). AMF is an NIHR senior investigator. DL
had funding from Health Education England. AMF and
NP were supported by the National Institute for Health
Research, UCLH Biomedical Research Centre, and
the UCL Experimental Cancer Centre, which provided
support from the Genomics and Genome Engineering,
and Pathology Core facilities. We thank Dr Edward
Hookway and Mark Bi for their initial review of the
exome data and Dr Rick Lifton for providing the exome
sequencing. We are grateful to the Biobank Team at the
RNOH, and the consultants and healthcare workers who

cared for the patients, and particularly the patients for
engaging in this research.

Author contributions statement

AMF was responsible for study design. DL, AMF,
AMR, HY and CD collected data. IL, DL, CDS, PL,
ACS, NP and AMF analysed and interpreted data.
AMF, RT, DL and FA were responsible for pathology
review. IL, AMF and DL wrote the manuscript, with
contributions from NP and RT. All the authors reviewed
and edited the paper.

Data availability statement
Methylation array data are available in the ArrayExpress
database at EMBL-EBI under accession number
E-MTAB-8864 (https://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-8864/). WES data and RNA-
sequencing data are available in the EGA database at
EMBLEBI, https://www.ebi.ac.uk/ega/datasets/EGAD
00001006253.

References
1. Classification of Tumours Editorial Board. International Agency for

Research on Cancer. Soft Tissue and Bone Tumours. WHOClassifica-

tion of Tumours (Vol. 3, 5th edn). IARC Press: Lyon, 2020.
2. Kolberg M, Holand M, Agesen TH, et al. Survival meta-analyses for

>1800 malignant peripheral nerve sheath tumor patients with and
without neurofibromatosis type 1. Neuro Oncol 2013; 15: 135–147.

3. Prieto-Granada CN,Wiesner T,Messina JL, et al. Loss of H3K27me3
expression is a highly sensitive marker for sporadic and radiation-
induced MPNST. Am J Surg Pathol 2016; 40: 479–489.

4. Lee W, Teckie S, Wiesner T, et al. PRC2 is recurrently inactivated
through EED or SUZ12 loss in malignant peripheral nerve sheath
tumors. Nat Genet 2014; 46: 1227–1232.

5. Zhang M, Wang Y, Jones S, et al. Somatic mutations of SUZ12 in
malignant peripheral nerve sheath tumors. Nat Genet 2014; 46:
1170–1172.

6. Korfhage J, Lombard DB. Malignant peripheral nerve sheath tumors:
from epigenome to bedside. Mol Cancer Res 2019; 17: 1417–1428.

7. De Raedt T, Beert E, Pasmant E, et al. PRC2 loss amplifies Ras-driven
transcription and confers sensitivity to BRD4-based therapies. Nature
2014; 514: 247–251.

8. Cleven AH, Sannaa GA, Briaire-de Bruijn I, et al. Loss of H3K27 tri-
methylation is a diagnostic marker for malignant peripheral nerve
sheath tumors and an indicator for an inferior survival. Mod Pathol

2016; 29: 582–590.
9. Asano N, Yoshida A, Ichikawa H, et al. Immunohistochemistry for

trimethylated H3K27 in the diagnosis of malignant peripheral nerve
sheath tumours. Histopathology 2017; 70: 385–393.

10. Lu VM, Marek T, Gilder HE, et al. H3K27 trimethylation loss in
malignant peripheral nerve sheath tumor: a systematic review and
meta-analysis with diagnostic implications. J Neurooncol 2019;
144: 433–443.

11. Schaefer IM, Fletcher CD, Hornick JL. Loss of H3K27 trimethylation
distinguishes malignant peripheral nerve sheath tumors from histo-
logic mimics. Mod Pathol 2016; 29: 4–13.

162 I Lyskjær et al

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol October 2020; 252: 151–164
www.thejournalofpathology.com

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8864/
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8864/
https://www.ebi.ac.uk/ega/datasets/EGAD00001006253
https://www.ebi.ac.uk/ega/datasets/EGAD00001006253
http://www.pathsoc.org
http://www.thejournalofpathology.com


12. Röhrich M, Koelsche C, Schrimpf D, et al. Methylation-based classi-
fication of benign and malignant peripheral nerve sheath tumors. Acta
Neuropathol 2016; 131: 877–887.

13. Otsuka H, Kohashi K, Yoshimoto M, et al. Immunohistochemical
evaluation of H3K27 trimethylation in malignant peripheral nerve
sheath tumors. Pathol Res Pract 2018; 214: 417–425.

14. Le Guellec S, Macagno N, Velasco V, et al. Loss of H3K27 trimethy-
lation is not suitable for distinguishing malignant peripheral nerve
sheath tumor frommelanoma: a study of 387 cases including mimick-
ing lesions. Mod Pathol 2017; 30: 1677–1687.

15. Steele CD, Tarabichi M, Oukrif D, et al. Undifferentiated sarcomas
develop through distinct evolutionary pathways. Cancer Cell 2019;
35: 441–456 e8.

16. Trojani M, Contesso G, Coindre JM, et al. Soft-tissue sarcomas of
adults; study of pathological prognostic variables and definition of a
histopathological grading system. Int J Cancer 1984; 33: 37–42.

17. Team RC. R: A Language and Environment for Statistical Comput-
ing, Vienna, Austria, 2013. [Accessed 2 February 2020]. Available
from: https://www.R-project.org

18. Kassambara A, Kosinski M, Biecek P, et al. survminer: Survival
Analysis and Visualization, 2019. [Accessed 2 May 2020]. Available
from: https://rpkgs.datanovia.com/survminer/index.html

19. Therneau TM, Lumley T, Atkinson E, et al. A Package for Survival
Analysis in R. R package version 3.1-11 2020. [Accessed 2 July
2020]. Available from: https://CRAN.R-project.org/package=survival

20. Brohl AS, Kahen E, Yoder SJ, et al. The genomic landscape of malig-
nant peripheral nerve sheath tumors: diverse drivers of Ras pathway
activation. Sci Rep 2017; 7: 14992.

21. Zietsch J, Ziegenhagen N, Heppner FL, et al. The 4q12 amplicon in
malignant peripheral nerve sheath tumors: consequences on gene
expression and implications for sunitinib treatment. PLoS One 2010;
5: e11858.

22. Holtkamp N, Okuducu AF, Mucha J, et al. Mutation and expression of
PDGFRA and KIT in malignant peripheral nerve sheath tumors, and its

implications for imatinib sensitivity. Carcinogenesis 2006; 27: 664–671.
23. Bielski CM, Zehir A, Penson AV, et al. Genome doubling shapes the

evolution and prognosis of advanced cancers. Nat Genet 2018; 50:
1189–1195.

24. Zhang P, Garnett J, Creighton CJ, et al. EZH2–miR-30d–KPNB1
pathway regulates malignant peripheral nerve sheath tumour cell sur-
vival and tumourigenesis. J Pathol 2014; 232: 308–318.

25. Tang Q, Hann SS. HOTAIR: an oncogenic long non-coding RNA in
human cancer. Cell Physiol Biochem 2018; 47: 893–913.

26. Hojfeldt JW, Hedehus L, Laugesen A, et al. Non-core subunits of the
PRC2 complex are collectively required for its target-site specificity.
Mol Cell 2019; 76: 423–436 e3.

27. van Mierlo G, Veenstra GJC, Vermeulen M, et al. The complexity of
PRC2 subcomplexes. Trends Cell Biol 2019; 29: 660–671.

28. BehnammaneshH, Jokar S, ErfaniM, et al. Design, preparation and biolog-
ical evaluation of a 177Lu-labeled somatostatin receptor antagonist for tar-
geted therapy of neuroendocrine tumors. Bioorg Chem 2020; 94: 103381.

29. Lehman JM, Hoeksema MD, Staub J, et al. Somatostatin receptor
2 signaling promotes growth and tumor survival in small-cell lung
cancer. Int J Cancer 2019; 144: 1104–1114.

30. Landrith T, Li B, Cass AA, et al. Splicing profile by capture RNA-seq
identifies pathogenic germline variants in tumor suppressor genes.
NPJ Precis Oncol 2020; 4: 4.

31. Miller DT, Cortes-Ciriano I, Pillay N, et al. Genomics of MPNST (GeM)
Consortium: rationale and study design for multi-omic characterization of
NF1-associated and sporadic MPNSTs. Genes (Basel) 2020; 11: E387.

32. Pekmezci M, Cuevas-Ocampo AK, Perry A, et al. Significance of
H3K27me3 loss in the diagnosis of malignant peripheral nerve sheath
tumors. Mod Pathol 2017; 30: 1710–1719.

33. Volante M, Brizzi MP, Faggiano A, et al. Somatostatin receptor type
2A immunohistochemistry in neuroendocrine tumors: a proposal of

scoring system correlated with somatostatin receptor scintigraphy.
Mod Pathol 2007; 20: 1172–1182.

34. AmaryMF, Ye H, Berisha F, et al. Fibroblastic growth factor receptor
1 amplification in osteosarcoma is associated with poor response to
neo-adjuvant chemotherapy. Cancer Med 2014; 3: 980–987.

35. Varella-Garcia M, Diebold J, Eberhard DA, et al. EGFR fluorescence
in situ hybridisation assay: guidelines for application to non-small-
cell lung cancer. J Clin Pathol 2009; 62: 970–977.

36. Choi M, Scholl UI, Ji W, et al. Genetic diagnosis by whole exome
capture and massively parallel DNA sequencing. Proc Natl Acad

Sci U S A 2009; 106: 19096–190101.
37. Li H, Durbin R. Fast and accurate short read alignment with Burrows–

Wheeler transform. Bioinformatics 2009; 25: 1754–1760.
38. McKenna A, HannaM, Banks E, et al. The GenomeAnalysis Toolkit:

a MapReduce framework for analyzing next-generation DNA
sequencing data. Genome Res 2010; 20: 1297–1303.

39. Stenson PD,MortM, Ball EV, et al. The HumanGeneMutation Data-
base: towards a comprehensive repository of inherited mutation data
for medical research, genetic diagnosis and next-generation sequenc-
ing studies. Hum Genet 2017; 136: 665–677.

40. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of
human missense mutations using PolyPhen-2. Curr Protoc Hum

Genet 2013 Chapter 7: Unit 7.20.
41. Sandmann S, Karimi M, Ode Graaf A, et al. Appreci8: a pipeline for

precise variant calling integrating 8 tools. Bioinformatics 2018; 34:
4205–4212.

42. Jones D, Raine KM, Davies H, et al. cgpCaVEManWrapper: simple
execution of CaVEMan in order to detect somatic single nucleotide
variants in NGS data. Curr Protoc Bioinformatics 2016; 56:
15.10.1–15.10.18.

43. Ye K, Schulz MH, Long Q, et al. Pindel: a pattern growth approach to
detect break points of large deletions and medium sized insertions
from paired-end short reads. Bioinformatics 2009; 25: 2865–2871.

44. Ng PC, Henikoff S. SIFT: predicting amino acid changes that affect

protein function. Nucleic Acids Res 2003; 31: 3812–3814.
45. Chalmers ZR, Connelley CF, Fabrizio D, et al. Analysis of 100,000

human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med 2017; 9: 34.

46. Martincorena I, Raine KM, Gerstung M, et al. Universal patterns of
selection in cancer and somatic tissues. Cell 2017; 171: 1029–1041.

47. Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of muta-
tional processes in human cancer. Nature 2013; 500: 415–421.

48. Van Loo P, Nordgard SH, Lingjaerde OC, et al. Allele-specific copy
number analysis of tumors. Proc Natl Acad Sci U S A 2010; 107:
16910–16915.

49. Mermel CH, Schumacher SE, Hill B, et al. GISTIC2.0 facilitates sen-
sitive and confident localization of the targets of focal somatic copy-
number alteration in human cancers. Genome Biol 2011; 12: R41.

50. Fortin JP, Labbe A, LemireM, et al. Functional normalization of 450k
methylation array data improves replication in large cancer studies.
Genome Biol 2014; 15: 503.

51. Aryee MJ, Jaffe AE, Corrada-Bravo H, et al. Minfi: a flexible and
comprehensive Bioconductor package for the analysis of Infinium
DNAmethylation microarrays. Bioinformatics 2014; 30: 1363–1369.

52. Fox J,Weisberg S. An R Companion to Applied Regression (2nd edn).
Sage Publications: Thousand Oaks, CA, 2014.

53. Morris TJ, Butcher LM, Feber A, et al. ChAMP: 450k Chip analysis
methylation pipeline. Bioinformatics 2014; 30: 428–430.

54. Kolde R. pheatmap: Pretty Heatmaps. R package version 1.0.8, 2015.
[Accessed March 2020]. Available from: https://CRAN.R-project.
org/package=pheatmap.

55. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics

2016; 32: 2847–2849.
References 32 – 55 are cited only in the supplementary material.

H3K27me3, DNA methylation, and histological variants in MPNST 163

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol October 2020; 252: 151–164
www.thejournalofpathology.com

https://www.R-project.org
https://rpkgs.datanovia.com/survminer/index.html
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
http://www.pathsoc.org
http://www.thejournalofpathology.com


SUPPLEMENTARY MATERIAL ONLINE
Supplementary materials and methods

Figure S1. Histopathological features of the ten MPNSTs showing no germline or somatic mutation in NF1

Figure S2. Whole-genome doubling estimation

Figure S3. Paraspinal case with loss of H3K27me3 immunoreactivity

Figure S4. Hierarchical clustering of RNOH cases

Figure S5. MeGrp 2: histopathological features

Figure S6. Malignant melanoma cases

Figure S7. No correlation between MeGroups or H3K27me3 status and survival

Figure S8. H3K27me3 loss is not associated with inferior survival in MPNST

Figure S9. Cases with genome doubling have a tendency towards shorter overall survival

Figure S10. Representative images of SSTR2 FISH analysis

Figure S11. RNA sequencing confirms higher expression of SSTR2 in samples with genomic amplification of SSTR2

Figure S12. SSTR2 immunohistochemistry (IHC) controls

Figure S13. Representative images of SSTR2 IHC

Table S1. Clinicopathological features and reclassification of cases (n = 176)

Table S2. SNVs from 37 sequenced MPNST cases

Table S3. Estimation of whole-genome doubling (GD)

Table S4. H3K27me3 status of 82 synovial sarcoma cases

Table S5. GISTIC deleted/amplified regions, 37 sequenced MPNST cases

Table S6. SNVs from two sequenced epithelioid MPNST cases

Table S7. Methylation groups of 387 cases included in this study

Table S8. Differential methylated regions (DMRs) between MPNSTs in methylation groups 4 and 5

Table S9. Differential methylated probes (DMPs) between MPNSTs in methylation groups 4 and 5

Table S10. GSEA analysis – methylation group 4 versus 5

Table S11. Differential methylated regions (DMRs) between H3K27me3 retained cases in methylation groups 4 and 5

Table S12. Differential methylated probes (DMPs) between retained H3K27me3 MPNSTs in methylation groups 4 (n = 11) and 5 (n = 34)

Table S13. GSEA analysis – retained H3K27me3 MPNST cases in methylation groups 4 and 5

Table S14. Survival in relation to H3K27me3 IHC status and genome doubling (GD) of RNOH MPNST cases

Table S15. SSTR2 analysis

164 I Lyskjær et al

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol October 2020; 252: 151–164
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com

	H3K27me3 expression and methylation status in histological variants of malignant peripheral nerve sheath tumours
	Introduction
	Materials and methods
	Sample selection and identification of clinical information
	DNA sequencing
	Immunohistochemistry
	EPIC array protocol and data analysis
	Statistical analysis

	Results
	Diagnoses and genomic landscape of MPNST
	NF1 mutations in MPNST
	Whole-genome doubling and copy number alterations are common in MPNST
	At least 50% of MPNSTs have alterations in PRC2-related genes
	MPNST histology correlates with H3K27me3 immunoreactivity
	Nerve sheath tumours are characterised by distinct methylation patterns
	Polycomb target genes are differentially methylated between the two MPNST methylation groups
	H3K27me3 and genome doubling (GD) status as prognostic markers of survival
	A subset of MPNSTs express SSTR2

	Discussion
	Acknowledgements
	Author contributions statement
	Data availability statement

	References


