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Frequent HRAS Mutations in Malignant
Ectomesenchymoma

Overlapping Genetic Abnormalities With Embryonal
Rhabdomyosarcoma

Shih-Chiang Huang, MD,* { Rita Alaggio, MD,} Yun-Shao Sung, MSc,* Chun-Liang Chen, MSc¢,*
Lei Zhang, MD,* Yu-Chien Kao, MD,*§ Narasimhan P. Agaram, MD,* Leonard H. Wexler, MD, ||
and Cristina R. Antonescu, MD*

Abstract: Malignant ectomesenchymoma (MEM) is an exceed-
ingly rare pediatric sarcoma with a predilection for infants and
young children and is composed of dual malignant mesenchymal
and neuroectodermal components. Microscopically, MEM dis-
plays areas of rhabdomyosarcoma (RMS) with intermixed
neuronal/neuroblastic foci. The molecular alterations associated
with MEM and its relationship with embryonal RMS (ERMS)
and malignant peripheral nerve sheath tumor (MPNST) have
not yet been elucidated. In this study we used whole-tran-
scriptome sequencing in 2 MEM index cases with available
frozen tissue, followed by screening of the identified genetic
abnormalities in 5 additional cases. No candidate fusion genes
were detected by FusionSeq analysis; however, the mutation
detection algorithms revealed HRAS and PTPRD hotspot mu-
tations in both index cases, with 1 case harboring an additional
FBXW?7 mutation. As these mutation profiles have been pre-
viously described in ERMS we have tested their incidence in a
control group of 7 age-matched ERMS. In addition, the gene
signature of MEM was compared with that of RMS, MPNST,
and neuronal lineage. All 7 MEM patients were male, with
a mean age of 7.5 months (range, 0.6 to 17mo). All except 1
occurred in the pelvic/urogenital region. Most cases showed
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ERMS elements, with occasional spindle or undifferentiated/
round cell areas. The intermixed neuroectodermal components
were mostly scattered ganglion cells, ganglioneuroma, or gan-
glioneuroblastoma. By Sanger sequencing, 6 of 7 (86%) MEMs
had HRAS mutations, with no additional case harboring
PTPRD or FBXW?7 mutations. The only case lacking HRAS
mutation showed neuroblastic micronodules without ganglion
cells. The trimethylation at lysine 27 of histone H3 (H3K27me3)
expression, typically lost in MPNST, was retained in all cases. In
the control ERMS group, 5 of 7 (71%) showed RAS mutations,
equally distributed among NRAS, KRAS, and HRAS genes. The
expression profiling of MEM showed upregulation of skeletal
muscle and neuronal genes, with no significant overlap with
MPNST. Our results of common HRAS mutations and com-
posite gene signature with RMS and neuronal/neuroblastic el-
ements suggest a closer genetic link of MEM to RMS rather
than to MPNST.

Key Words: ectomesenchymoma, rhabdomyosarcoma, HRAS,
PTPRD, FBXW7

(Am J Surg Pathol 2016;40:876-885)

M alignant ectomesenchymoma (MEM) is an exceed-
ingly rare multiphenotypic sarcoma consisting of
both mesenchymal and neuroectodermal lines of differ-
entiation.'> The mesenchymal component is represented
by rhabdomyosarcoma (RMS), frequently of embryonal
phenotype and less commonly resembling other var-
iants.>* The admixed neuroectodermal component dis-
plays elements of the (ganglio)neuroblastoma spectrum,
varying from primitive neuroblastic cells to mature gan-
glion cells, with rare cases being reported with malignant
peripheral nerve sheath tumor (MPNST), peripheral
primitive neuroectodermal tumor, or glioma morphol-
ogy.>® The MEM nomenclature is derived from its
possible tumorigenesis from the pluripotential neural
crest remnants, the so-called ectomesenchyme. !
Although quite limited, most of the existing data on
MEM patients, including cytogenetic abnormalities,
clinical behavior, and therapeutic response, show over-
lapping features with RMS, suggesting that MEM might
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represent a variant of ERMS.%%10 Contradictory to this
evidence, a genomic study on the so-called “intracranial
MEM” revealed an expression profile closer to
MPNST.!! Furthermore, the latest edition of the World
Health Organization classification of soft tissue and bone
tumors categorized MEM under nerve sheath tumors.!?
As there are no comprehensive studies examining the
genetic abnormalities of MEM, our present investigation
using whole-transcriptome sequencing for novel oncogene
discovery and expression signatures aims at addressing
the pathogenetic relationship of MEM with ERMS and
nerve sheath tumors (ie, MPNST).

MATERIALS AND METHODS

Case Selection, Pathologic Criteria, and
Immunohistochemistry

We identified 7 MEM cases from the Surgical
Pathology files of Memorial Sloan Kettering Cancer
Center and Padova University Hospital, Italy. One case
had been previously reported.’? The diagnosis of MEM
was confirmed by the presence of a biphasic tumor, with
histologic evidence of RMS and neuroectodermal ele-
ments.®’ The latter component included variable gan-
glion cells, ganglioneuroma, ganglioneuroblastoma, or
neuroblastoma foci, following the criteria of the Inter-
national Neuroblastoma Pathology Classification.!* The
RMS component was mainly composed of an embryonal
RMS (ERMS), although areas that resembled spindle
cell RMS or alveolar RMS (ARMS) were also noted and
recorded as such, according to the Soft Tissue Sarcoma
Committee of the Children’s Oncology Group.!> All cases
with round/undifferentiated areas resembling solid or
classic ARMS were tested by fluorescence in situ hy-
bridization for FOXO1 gene rearrangements, to exclude a
fusion-positive ARMS. These compact sheet-like areas of
round to undifferentiated cells within a fusion-negative
RMS have been recently recognized by the Children’s
Oncology Group as a potential pitfall with ARMS and
designated as “dense pattern” of ERMS.!?

The individual components were confirmed by im-
munohistochemical (IHC) stains—desmin and myogenin
for RMS, S100 protein for schwannian differentiation,
and synaptophysin for neuronal differentiation. THC
staining for neural markers alone without morphologic
evidence of neural/neuronal differentiation was consid-
ered insufficient for diagnosis.” In addition, H3K27me3
(07-449, 1:250; Millipore, Billerica, MA) IHC was inves-
tigated in all MEM cases, as most MPNSTs show loss of
H3K27me3 (trimethylation at lysine 27 of histone H3)
expression due to frequent loss-of-function PRC2 com-
plex abnormalities.!¢ In the control group, 7 patients with
ERMS, younger than 5 years of age and with classic
morphology, were retrieved from our files. The relevant
clinical information was collected from the medical re-
cords or from communications with the referring path-
ologists. This study was approved by the individual IRB
at each participating institution.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

RNA Sequencing and Data Analysis Using
FusionSeq and Mutation Detection Algorithms

Two index cases (MEM1 and MEM2) with frozen
tissue were analyzed by whole-transcriptome sequencing.
Total RNA was processed for RNA sequencing in ac-
cordance with the standard Illumina mRNA sample
preparation protocol. Briefly, mRNA was isolated with
oligo(dT) magnetic beads from total RNA (2ug) and
fragmented by incubation at 94°C for 2.5 minutes in
fragmentation buffer. The adaptor-ligated library was
then enriched by polymerase chain reaction (PCR) for 15
cycles and purified. The library was sized and quantified
using the DNA1000 kit (Agilent) on an Agilent 2100 Bi-
oanalyzer according to the manufacturer’s instructions.
Paired-end RNA sequencing at read lengths of 50 or
51 bp was performed on the HiSeq 2000 platform.

All reads were independently aligned with STAR
alignment software against the human genome sequence
(hg19) and a splice junction library, simultaneously. The
mapped reads were converted into Mapped Read Format
and analyzed with FusionSeq to identify potential fusion
transcripts. RNA sequencing data were also used for gene
mutation calls. BAM files were generated by STAR
alignment, followed by PicardTools (ver. 1.130) standard
preprocessing. MuTect (ver. 1.15) and VarScan (ver.
2.3.8) variant callers were both applied for mutation de-
tection, followed by vcf2maf for converting VCF into
MATF files, with the annotation added by Variant Effect
Predictor tool provided by Ensembl. Sanger sequencing
validation was performed subsequently.

Gene Expression Signatures Using RNAseq Data
and Affymetrix HG-U133A

We used different data sets to establish gene sig-
natures of RMS and peripheral nerve sheath tumors. The
available RNA sequencing data from > 100 sarcomas
(which includes 9 RMS cases) were analyzed to obtain an
RMS gene signature by using log,FC (fold change) >1
and P < 0.01 for statistical analysis. We then used our
Affymetrix HG-U133A microarray expression data to
establish a peripheral nerve sheath tumor—enriched gene
list by comparing a group of 14 benign and malignant
peripheral nerve sheath tumors (9 schwannomas, 3 neu-
rofibromas, and 2 MPNSTs) with 27 other sarcoma
samples'”!® using a similar log,FC > 1 and P < 0.01 for
statistical analysis. From the study by Fredlund et al'® on
neuroblastoma, we selected 16 genes implicated in neu-
ronal differentiation, including MEISI (Meis Homeobox
1), PHOX2B (Paired-Like Homeobox 2b), CHGA
(Chromogranin A), NTRKI (Neurotrophic Tyrosine
Kinase, Receptor, Type 1), etc. Furthermore, the HG-
U133 plus 2 microarray expression data of the reported
intracranial MEM were compared with our 2 index MEM
case signatures with RNAseq data.!!

DNA Extraction and PCR

Genomic DNA was extracted from either frozen or
formalin-fixed paraffin-embedded tissue using the phenol/
chloroform method or the QIAamp DNA FFPE Tissue
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Kit (Qiagen, Valencia, CA), respectively. The targeted
exon regions of candidate genes were amplified by PCR
using corresponding forward and reverse primers (Sup-
plementary Table 1, Supplemental Digital Content 1,
http://links.lww.com/PAS/A339). PCR was conducted
using the Clontech Advantage 2 PCR Enzyme System kit
(Clontech, Mountain View, CA). The PCR products were
purified using the QIAquick PCR Purification Kit (Qia-
gen) and confirmed by Sanger sequencing. All mutations
were verified bidirectionally.

RESULTS

Clinicopathologic Features and IHC Findings

The clinicopathologic features of MEM are sum-
marized in Table 1. All 7 patients were male, with a median
age of 7.5 months (range, 0.6 to 17mo); 5 of them were
infants. In all except 1 case the tumor was located in the
pelvic/genitourinary area: 2 were paratesticular, 1 was in
the urinary bladder, 1 was in the prostate, and 2 were in the
pelvic soft tissue. One case arose in the soft tissues of the
hand.!? Two cases were diagnosed as RMS on biopsy and
subsequently recognized as MEM on the resection speci-
men. All patients presented with localized disease at diag-
nosis, except for 1 who, in addition, showed locoregional
lymph node metastasis. Microscopically, the lymph node
metastasis revealed both RMS and neuroblastoma areas
(MEMO6). Six patients received chemotherapy: by following
the RMS regimen protocols in 5 patients, including COG
ARSTO0531 (3), EpSSG2005 (1), and RMS96 (1), and the
Memorial Sloan Kettering Cancer Center P6 protocol,
developed for high-risk Ewing sarcoma, in the remaining
patient. No recurrence or metastasis occurred in 6 cases
with available follow-up data during a median period of
5.4 years (range, 0.9 to 16.7y).

Microscopically, the RMS and neuroectodermal
components were intimately intermixed in all cases. Even
when sharp demarcation of the 2 elements was discerned
at low power, the high magnification disclosed both
scattered ganglion cells in RMS areas, as well as rhab-
domyoblasts within the ganglioneuroma area (Fig. 1). In
most cases, both elements were readily identified at low to
mid magnification, except in 1 case (MEM1), in which
only rare ganglion cells were scattered in a predominant
RMS component. The RMS component in all cases was
of embryonal type, showing the typical alternating myx-
oid-cellular (3), spindle cell (2), and dense/round cell (2)
pattern (Fig. 2A). The 2 MEMs with a dense/round cell
component were negative for FOXOI gene rearrange-
ments by fluorescence in situ hybridization (data not
shown). Indeed, the original classification of these 2 cases
favored an ARMS (MEMS5 and MEMG6); however, upon
rereview spindled or epithelioid rhabdomyoblasts with
more abundant cytoplasm and irregular nuclear contours
were also noted, distinct from the classic monomorphic
round cell cytology of ARMS (Fig. 2B). Both cases
demonstrated strong and diffuse desmin and myogenin
reactivity in the cellular/round cell areas, also reminiscent
of the ARMS immunostaining pattern (Fig. 2C). The
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RMS component typically had brisk mitotic activity
(> 10/10 high-power fields) and necrosis. In 4 cases, ma-
terial from the postchemotherapy resection was also
available, showing therapy-related changes, such as de-
creased cellularity, more prominent rhabdomyoblastic
maturation, and stromal hyalinization (Fig. 3A).
Ganglioneuroma was the most prevalent neuro-
ectodermal component, being present in 4 cases, whereas
scattered ganglion cells, ganglioneuroblastoma, or neuro-
blastoma occurred in 1 case each. In 1 case the ganglio-
neuroma component was quite focal and located at the
periphery of RMS areas (MEM?2). In another case, the
neuroblastic component was present as small islands em-
bedded in an RMS background, imparting a micronodular
pattern (Fig. 3C, MEMS6). The most frequent morphologic
appearance was that of typical ERMS admixed with gan-
glioneuroma or ganglion cells (Table 1). Interestingly, the
dense-pattern ERMS was accompanied by either ganglio-
neuroblastoma or neuroblastoma, suggesting a synchro-
nous level of differentiation among the 2 components.
One of these 2 cases showed a heterogenous appearance,
including scattered ganglion cells in dense ERMS, gan-
glioneuroblastoma within differentiating ERMS, and
mature ganglioneuroma (Fig. 2, MEMS). The neuroblastic
elements showed corresponding immunoprofiles based on
the different components, such as S100 protein positivity in
schwannian cells, GFAP for neuropil, and synaptophysin
for ganglion cells or neuroblastoma. No heterologous
differentiation was found. All cases retained H3K27me3
expression in both RMS and neuroectodermal regions.

Novel HRAS, PTPRD, and FBXW7 Mutations
Identified by RNA Sequencing

No fusion candidate was identified in the 2 index
cases by the FusionSeq algorithm. Instead, the bio-
informatic mutation detection tools (MuTect and Var-
Scan) revealed recurrent HRAS (exon 2, p.G13R) and
PTPRD (exon 20: p.V892A in MEMI; p.V847L in
MEM2) mutations in both index cases and FBXW7 (exon
10, p.R505H) mutations in MEM2 (Fig. 4). These mu-
tations were first validated by direct sequencing and then
screened in the remaining 5 MEM cases. On the basis of
these RNAseq findings and the previously reported hot-
spot mutations in RMS we have investigated all 7 MEMs
and the control RMS group for the following hotspots:
HRAS exons 2 and 3, NRAS exons 2 and 3, KRAS exon
2, PIK3CA exons 10 and 21, PTPRD exon 25, FBXW7
exon 10, and CTNNBI exon 3.202123 [n total, 6 of 7
(86%) MEMs harbored HRAS mutations, 4 with p.G13R
mutation and 2 with p.Q61L. Three of the p.G13R mu-
tations demonstrated nearly homozygous pattern, but no
normal DNA was available to confirm their germline
genotype. The cases containing p.G13R mutation
(MEM1-3, 7) exhibited the more common combination of
classic ERMS and ganglion cells or ganglioneuroma,
whereas the cases with p.Q61L mutation (MEM4, 5)
showed either classic or dense ERMS and ganglioneur-
oma or ganglioneuroblastoma. The only case lacking
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TABLE 1. Clinicopathologic Features of MEM

Age Size Initial Treatment Histologic Follow-up Final
Case (mo) Sex  Location  Tumor Status (cm) Stage Protocol Components (y) Status
1* 0.6 M Paratesticular Primary — — EpSSG2005 ERMS-s+GC 8.0 NED
2% 12 M Paratesticular  Primary — — None RRMS-s+GN 2.0 NED
3 8 M  Urinary After — — RMS96 ERMS-c+GN — —
bladder treatment
4 3 M  Pelvis After 7.2 T2bNOMO COG ARST0531- ERMS-c+GN 0.9 DOO
treatment A
5t 17 M Hand Primary 2.7 T1aNOM0O MSKCC P6 ERMS-d +GNB 16.7 NED
6 11 M Pelvis After 6.1 T2bNIMO COG ARST0531- ERMS-d+NB 2.9 NED
treatment B
7 1.2 M Prostate After 8.0 T2bNOMO COG ARST0531- ERMS-c+GN 8.1 NED
treatment B

*Tested by RNA sequencing.

tPreviously reported.!?

DOO indicates dead of other causes; ERMS-c, ERMS, classic pattern; ERMS-d, ERMS, dense pattern; GC, ganglion cells; GN, ganglioneuroma; GNB, ganglio-
neuroblastoma; NB, neuroblastoma; NED, no evidence of disease; spRMS, spindle cell RMS.
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FIGURE 1. Microscopic features of MEM. The common appearance consisted of discrete sharply demarcated RMS (right) and
ganglioneuroma (left) components (A, MEM2). The RMS component exhibited interlacing bundles of monomorphic spindle cells
(B), whereas the ganglioneuroma component showed ganglion cells (asterix), nerve bundles, schwannian cells, and intermixed
rhabdomyoblasts (arrowheads) (C, MEM2). Few ganglion cells (arrow) were scattered within the mitotically active RMS area
(inset: synaptophysin stain) (D).
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RAS mutations (MEMG6) demonstrated dense ERMS and
neuroblastoma without ganglion cells. In the control
RMS group, we detected 5 RAS mutations in 7 cases
(71%), including 1 HRAS (p.Q61K), 2 NRAS (p.Q61K;
p.Q61H), and 2 KRAS (p.G12D) mutations (Fig. 4B).

No additional PTPRD or FBXW7 mutations were
identified in the remaining MEM or the control RMSs.
Both PTPRD exon 20 mutations were located in the sixth
fibronectin type III domain. The FBXW7 missense mu-
tation occurred at 1 of the 3 critical arginine residues in
the WD (tryptophan-aspartic acid) repeat, which mediate
substrates binding to the Skpl-Cullin-F-box ubiquitin-
ligase complex.?* No PIK3CA or CTNNBI hotspot mu-
tations were identified in the MEM cohort. No PRC2
component mutations (ie, in EED and SUZ12 genes) nor
decreased expression was identified in the 2 index MEM
cases with available RNAseq data.

MEM Expression Profiling in Relationship to
RMS and MPNST

The unsupervised hierarchical clustering using the
RNAseq data set of a large panel of >100 different soft
tissue tumors showed MEM and RMS tightly grouped to-
gether, separate from all other tumor types (data not
shown). Using the same data set, we obtained an RMS
signature of 279 genes (log,FC > 1 and P < 0.01) by
comparing the 9 RMSs with all other sarcoma types (ex-
cluding the 2 MEM cases). By the RMS signature, the su-
pervised clustering demonstrated MEM and RMS
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aggregated closely (Fig. 5A). Gene set enrichment analysis
confirmed that both RMS and MEM were enriched in the
RMS signatures (Fig. 5B). We then established a peripheral
nerve sheath tumor signature, comparing a group of 3
neurofibromas, 9 schwannomas, and 2 MPNSTs with a
group of different sarcoma types available on the Affymetrix
HG-U133A array (437 genes, log,FC>1 and
P < 0.01)!718 and subsequently validated by gene set en-
richment analysis (Supplemental Fig. 1A, Supplemental
Digital Content 2, http://links.lww.com/PAS/A340). This
437 peripheral nerve sheath tumor gene signature was then
applied for supervised clustering of the RNAseq samples,
which showed no specific cluster correlation, indicating a
distinct expression profile from MEM (Supplemental
Fig. 1B, Supplemental Digital Content 2, http://links.
lww.com/PAS/A340). We additionally investigated a 20
highly expressed gene signature reported in an intracranial
MEM by HG-U133 plus 2 microarray analysis.!! However,
only 2 genes—SCN7A4 (Sodium Channel, Voltage Gated,
Type VII Alpha Subunit) and C7 (Complement Component
7)—were differentially overexpressed in our 2 MEM cases
compared with RMS, but it was statistically nonsignificant
(logo,FC =2.08 and 3.52; P=0.333 and 0.511, re-
spectively). Of the 4 highly overexpressed genes in their in-
tracranial MEM—MAGP2 (MFAP5, Microfibrillar
Associated Protein 5), SULTIEI (Sulfotransferase Family
1E, Estrogen-Preferring, Member 1), PDGFRL (Platelet-
Derived Growth Factor Receptor-Like), and CXCLI3
(Chemokine, C-X-C Motif, Ligand 13)—all had low level
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FIGURE 2. The morphologic spectrum of the RMS and neuroectodermal components in MEM. One of the unusual patterns of
RMS resembled solid variant ARMS and was composed of solid sheets of primitive round cells (so-called dense pattern of ERMS)
(A, B; MEM5), which were diffusely positive for myogenin (C). The ganglioneuroblastoma areas in this case were composed of
maturing neuroblastic cells with a variable amount of cytoplasm, focal rosetting, and neuropil stroma (D, MEMS5). Some areas
showed intermingled mature ganglion cells (upper) and spindled rhabdomyoblastic cells (lower) (E), whereas others showed pure

ganglioneuroma areas (F).
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FIGURE 3. After treatment MEM showed decreased ceIIuIarlty and scattered rhabdomyoblasts and gangllon cells in a myxoid
background (A, MEM4); an S100 stain highlights schwannian and satellite cells (B). Another postchemo MEM showed less
treatment response, being composed of neuroblastoma islands with a micronodular pattern, within the RMS areas (C, MEM®6).
The neuroblastic cells have monomorphic round, hyperchromatic nuclei and form Homer-Wright rosettes (D). The desmin stain

highlights the rhabdomyoblasts but not the neuroblastoma nodules (E), whereas synaptophysin stains the neuroblastoma nodules
but not the surrounding rhabdomyoblasts (F).

of expression in our 2 index MEM and 9 RMS cases with As MEM and RMS cases grouped together upon
RNAseq data (Supplemental Fig. 1C, Supplemental unsupervised hierarchical clustering, we obtained a common
Digital Content 2, http://links.lww.com/PAS/A340). MEM-RMS gene signature of 307 differentially expressed
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FIGURE 4. Novel oncogenic mutations identified in MEM. A, HRAS mutation: homozygous p.G13R mutation (left), heterozygous
p.G13R mutation (middle), heterozygous p.Q61L mutation (right). B, Distribution and frequency (%) of RAS family member
mutations in MEM and RMS (RMSc, control RMS group; RMSr1, RMS meta-analysis?%-2? [limited to patients <5y of age]; RMSr2,
RMS from same meta-analysis [>5y of age]). C, PTPRD mutations (p.V892A and p.V847L) and protein domains (IgC, im-
munoglobulin-like C2-type domains; FN, fibronectin type Ill domain; PTPc, phosphatase catalytic domain). D, FBXW7 mutation
(p.R505H) and protein domains (D, dimerization domain; Fb, F-box domain; WD, tryptophan-aspartic acid repeat domain).

genes by comparing with all other sarcoma types on the
RNAseq data set (logoFC > 3.5 and P < 0.001). Among
the top upregulated genes in both MEM and RMS, there
were many involved in skeletal muscle function, such as
MYOG (Myogenin), CHRND (Cholinergic Receptor, Nic-
otinic, Delta), MRLN (Myoregulin), and MEGFI0 (Multi-
ple EGF-Like-Domains 10). When comparing MEM with
RMS, there were several neuronal developmental genes
among the top-ranked gene list, such as EPHA3 (EPH
Receptor A3), ADM (Adrenomedullin), NEFM (Neuro-
filament, Medium Polypeptide), and SPOCK?2 (Sparc/Os-
teonectin, Cwev And Kazal-Like Domains Proteoglycan)
(Supplemental Fig. 1D, Supplemental Digital Content 2,
http://links.lww.com/PAS/A340). However, the main neu-
ronal developmental genes described as upregulated in
neuroblastomas, such as MFEISI, PHOX2B, CHGA, and
NTRK]I, were not overexpressed in MEM.!?
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DISCUSSION

The first description of a tumor with dual RMS and
ganglioneuroma components was in the cerebellopontine
angle of a 15-month-old boy under the designation of
“gangliorhabdomyosarcoma.”? Naka et al' subsequently
proposed the term MEM for a retroperitoneal tumor
arising in a 2-year-old girl showing ganglioneuroblastoma
and a variety of mesenchymal components, including
RMS, liposarcoma, and chondroid tissue. The MEM
terminology was used thereafter to describe tumors with
mixed malignant mesenchymal and neuroectodermal
elements,>* including primary central nervous system
tumors containing heterologous differentiation.?® Ap-
proximately 64 cases of MEM have been so far docu-
mented in the literature, mostly as single case reports.>*
The majority (82%) of cases occurred in the first decade
of life, with a slight male preponderance (M:F ratio of

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 5. Overlapping gene signature of MEM and RMS. By hierarchical clustering of a large panel of sarcomas available on the
RNAseq using the 279 RMS-enriched gene list, MEM grouped closely with RMS (A). Gene set enrichment analysis of combined
RMS and MEM cases showed uniform enrichment of RMS signature genes, including many myogenesis genes (B).

1.38). The most common anatomic site is the pelvic/per-
incal or the intra-abdominal/retroperitoneal region
(50%), followed by the intracranial site (17%), head and
neck (17%), extremities (14%), and mediastinum (2%).
As the broader definition (ie, including heterologous ele-
ments) seemingly encompasses various entities, we restrict
our study selection criteria for cases exhibiting RMS and
neuroblastic differentiation according to the 2 larger
published studies.®?

The present study investigating 7 MEM patients
demonstrates a remarkable demographic overlap with
ERMS, including male predominance, young age (below
2y), and pelvic/urogenital distribution. Five of them re-
ceived RMS treatment regimens, and all 3 cases with
long-term follow-up pursued uneventful courses. Histo-
logically, these cases have various ERMS patterns and
neuroblastic elements, and none contained additional
heterologous differentiation. Most cases showed obvious
rhabdomyoblastic differentiation reminiscent of ERMS,
with a variety of growth patterns, including alternating
myxoid cellular areas, fascicular spindle cell growth, or
compact round cell sheets. The latter growth pattern,
negative for FOXOI fusion, has been designated as
“dense pattern” of ERMS by the Children’s Oncology
Group,”® to be distinguished from the solid variant of
ARMS by their angulated nuclei and variably prominent
nucleoli. In a large retrospective Children’s Oncology
Group analysis, among the 225 ARMS reviewed, 84
(33%) cases were reclassified as ERMS; half of these cases
displayed a uniformly dense cellularity, resembling solid
ARMS-like pattern.!> Moreover, the dense ERMS areas
often show strong myogenin expression, a further over-
lapping feature with ARMS. Of note, ARMS has been
previously described in MEM by 2 cooperative studies,
either alone or mixed with ERMS®?; however, no FOXO1
gene rearrangements have been identified to date.* Our
current results strongly suggest that the ARMS-like pat-
tern described in MEM represents the dense ERMS. A
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botryoid ERMS subtype has also been described in a
vaginal MEM.?’

The neuroectodermal elements represented in MEM
cover the entire spectrum of neuroblastic phenotype,
ranging from scattered ganglion cells, mature ganglio-
neuroma, intermediate ganglioneuroblastoma, to primi-
tive neuroblastoma. The mature ganglioneuroma pattern
is the predominant morphology. The neuroblastic com-
ponents are typically intimately associated with RMS.
One of our cases (MEMG6) exhibited a unique micro-
nodular neuroblastoma pattern within the RMS back-
ground, which was previously reported in the Intergroup
Rhabdomyosarcoma Study Groups study.” However, the
genetic alterations often present in neuroblastoma, such
as N-M YC amplification or ALK exon 23 or 25 mutation,
were not identified in this MEM case (data not shown).
Rare case reports describing peripheral primitive neuro-
ectodermal tumor in MEM without molecular support
raise skepticism regarding the diagnosis.®2%2% In 1 case,
the peripheral primitive neuroectodermal tumor compo-
nent was positive for CD56 and S100; however, no CD99
status was investigated.?® These reports illustrate the in-
consistent diagnostic criteria for MEM diagnosis.®*" In-
deed, the Intergroup Rhabdomyosarcoma Study Groups
and Cooperative Weichteilsarkom Studiengruppe suggest
that MEM could be either underdiagnosed or over-
diagnosed, respectively.®?

Aside from the similar clinicopathologic features,
our MEM cohort also shows a high frequency (86%) of
HRAS mutations, in keeping with a homogenous patho-
logic and molecular entity. An activated RAS signaling
pathway through oncogenic mutations is also observed in
the control pediatric ERMS cases (71%); however, the
spectrum of mutations seen spans all NRAS, KRAS, and
HRAS members. Notably, the HRAS mutation (p.Q61K)
detected in one RMS results in a different amino acid
substitution than the one seen in MEM (p.Q61L). The
lysine (K) amino acid shows a positively charged side
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chain rather than the hydrophobic side chains of leucine
(L). The prevalence of RAS mutations in ERMS ranges
from 11.7% to 22.6%.202231 Among the 44 RAS-mutant
ERMS from 4 series,2® 2231 NRAS mutations are the
most common (27, 61%), followed by KRAS (11, 25%)
and HRAS mutations (6, 14%). The hotspots for both
NRAS and HRAS mutations in ERMS occur in codon
61.11:202131 There are 3 ERMS cases reported with
identical HRAS p.G13R and g.Q61L mutations as de-
tected in our MEM cases.?’13% Interestingly, the HRAS
mutations seen in MEM are different from the ones de-
scribed in Costello syndrome, a rare multisystem disorder
caused by heterozygous germline HRAS mutation and
showing a phenotype characterized by craniofacial dys-
morphology, intellectual disabilities, cardiac malforma-
tions, and short stature.333* The Costello syndrome
confers tumor predisposition, including RMS, neuro-
blastoma, and urothelial cell carcinoma of the urinary
bladder.”> The HRAS mutation genotype appears to
correlate with the phenotype and even with the risk for
malignancy.

Ras proteins are well-known proto-oncogenes that
are somatically mutated in a wide variety of human can-
cers.’® The Ras family, including HRAS, KRAS, and
NRAS, belongs to the small G protein superfamily and
involves the Ras/MAPK (mitogen-activated protein kinase)
pathway, which transduces the extracellular input to the
intracellular compartment through the GDP/GTP-regu-
lated switches. The cancer-related somatic mutations in Ras
members often occur at amino acids 12, 13, or 61, which
are the conserved sites for modulating GDP/GTP binding
and hydrolysis. There is increasing evidence that Ras pro-
teins have isoform-specific biological functions and tu-
morigenic effects, possibly attributed to the C-terminal
hypervariable region, and that different mutation codons
might induce different transformation potential. Fur-
thermore, different cancers show diverse RAS mutation
predominance: KRAS in colorectal and pancreatic cancers;
NRAS in hematopoietic neoplasm and malignant melano-
ma; and HRAS in salivary gland and urinary tract carci-
noma.?3-3 In addition, HRAS mutations were detected in
both naive and treated MEMs, suggesting an intrinsic event
rather than a chemotherapy-induced process. As previously
reported3’ and seen in 2 of our cases, a diagnosis of MEM
was rendered only after the surgical specimen was exam-
ined, the biopsy material showing only ERMS areas.

Other notable mutations detected in rare MEM in-
volve the PTPRD and FBXW?7 genes. PTPRD is one of the
107-member family of protein tyrosine phosphatases that
induce a rapid turnover of the phosphate moiety on the
phosphorylated tyrosine residues caused by protein tyrosine
kinases.3® Therefore, several protein tyrosine phosphatase
members are candidate tumor suppressors. Inactivation of
PTPRD by deletion, mutation, or epigenetic methylation
has been described in glioblastoma, melanoma, head and
neck squamous cell carcinoma, and lung cancer.’>* In-
terestingly, recurrent microdeletions of PTPRD are also
reported in neuroblastoma.*! Most PTPRD mutations are
located at conserved domains, such as immunoglobulin-like
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C2 type, fibronectin type III, or phosphatase catalytic do-
mains. The 2 PTPRD mutations detected in MEMs occur
in the fibronectin type III domain. In contrast, RMSs show
frequent PTEN methylation (70%) or rare PTPNII mu-
tation (3.3%); the latter belongs to the nonreceptor protein
tyrosine phosphatases.’! The FBXW?7 gene encodes a
member of the F-box protein family.?* The FBXW?7 pro-
teins form dimers in the Skp1-Cullin-F-box ubiquitin ligase
complex, which function in ubiquitin-mediated proteolysis.
FBXW7 mutations are widely found in human cancers, and
most mutations occur in the 3 arginine residues (R465,
R479, and R505) that are critical for substrate interaction.
FBXW?7 mutations were occasionally described in fusion-
negative RMS (2.4% to 6.4%).2021

The unsupervised hierarchical clustering showed
that the 2 index MEM cases grouped tightly with RMS,
findings that contradict the prior report of an intracranial
MEM clustering with MPNST.!! This phenomenon is
further consolidated by the overlapping RMS signature
and correlated by gene set enrichment analysis. Almost
none of the reported top overexpressed genes in the in-
tracranial MEM were detected as upregulated in our
MEM cases compared with the RMS group. Moreover,
the retained H3K27me3 expression in MEM is also dis-
tinct from most MPNSTs, which show frequent loss-of-
function somatic alterations of the PRC2 components
(EED or SUZ12).! The MEM gene signature includes
the upregulation of not only myogenesis genes (at com-
parable expression levels with the RMS group) but also
genes implicated in neuronal development.

Among the 9 intracranial cases reported, including
the cerebrum (6), cerebellum (1), falx cerebri (1), and
cerebellopontine angle (1),%20 only the cerebellopontine
tumor showed a combined RMS and ganglioneuroma.?
Although the appearance of ganglion cells or neuro-
blastoma and rhabdomyoblasts was noted in 5 cases, the
predominant mesenchymal component was described as
nonspecific spindle-shaped cells with focal rhabdomyo-
blast-like cells, supported by focal actin or desmin pos-
itivity but not myogenin.>*!1-3042 In 1 of the cases the
diagnosis was revised in a follow-up study.®3° None of
the remaining 3 cases showed RMS differentiation, and 1
case had an oligoastrocytoma instead of neuroblastic el-
ements.32043 The same skepticism resides in the adult
MEM cases reported; most of them may represent
“malignant mesenchymoma”.’

In conclusion, we report 7 cases of MEM, defined by
composite RMS and neuroblastic differentiation. All the
RMS components resembled ERMS with classic, spindle
cell, or dense pattern, whereas the neuroblastic elements
ranged from scattered ganglion cells, ganglioneuroma,
ganglioneuroblastoma, or neuroblastoma. The MEM pa-
tients showed a homogenous clinical presentation over-
lapping that of ERMS, of very young male children,
mostly of infants, occurring in the pelvis/urogenital region.
The high frequency of HRAS mutations identified in
MEM, corroborated with a skeletal muscle-related gene
signature and retained H3K27me3 expression, suggests a
closer relationship to RMS than to MPNST.
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