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Introduction

Soft tissue tumors originate from mesenchymal precursor cells and are associated
with muscle, fat, connective tissue, endothelium (vessels), peripheral nerves and
other supporting tissue of the body. These represent a highly heterogeneous group
of tumors that comprises multiple entities. Traditionally soft tissue tumors are
classified by their line of differentiation according to the normal counterpart they
most closely resemble [1].

These tumors are subdivided into benign and malignant, but there are also two
intermediate groups; intermediate (locally aggressive) and intermediate (rarely
metastasizing). Benign tumors most closely resemble normal tissue and have
limited capacity for autonomous growth. They show little tendency for infiltration
into adjacent structures and local recurrence following local excision, and never
metastasize. Tumors in the intermediate group (locally aggressive) are associated
with an infiltrative and locally destructive growth pattern and show a substantial
rate of local recurrence but very rarely metastasize. Tumors in the intermediate
group (rarely metastasizing) are also often locally aggressive but in addition show
the ability to give distant metastasis. Malignant tumors, called sarcomas, represent
aggressive tumors that are capable of invasive and destructive growth and have
a high tendency for recurrence and metastasis [1, 2]. These sarcomas are graded
into low, intermediate and high grade based on morphological features and in
combination with the histologic diagnosis, grade is the best predictor of distant
metastasis and outcome [3, 4].

Soft tissue tumors are relatively rare in the general population. The vast majority
of soft tissue tumors is benign and outnumbers the malignant tumors by a
factor estimated of at least 100 [5]. The annual clinical incidence of new patients
consulting a doctor for a benign soft tissue tumors is estimated at 3000 per million
people. There is also a group of patients that will never consult a doctor, so the
actual incidence of benign soft tissue tumors will be even higher. In contrast, the
annual incidence of sarcomas is around 50 per million people and constitute less
than 1% of all malignancies [2, 6, 7].

Classification of soft tissue tumors

Soft tissue tumors are classified based on the widely used ‘WHO Classification
of Tumours of Soft Tissue and Bone’ The first edition was published in 1969 by
Enzinger [8]. This classification is revised thoroughly about every 10 years and
provides an overview of soft tissue tumors divided into groups according to their
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possible cell lineage based on a combination of histologic, immunohistochemical
and sometimes, molecular findings. Based on the described criteria these tumors
can be uniformly and reproducibly diagnosed [9, 10].

In the current WHO classification there are ~70 different soft tissue tumor
entities defined in histogenetic groups comprising adipocytic, (myo)fibroblastic,
fibrohistiocytic, vascular, pericytic (perivascular), smooth-muscle, skeletal muscle,
gastrointestinal stromal tumors, chondro-osseous and peripheral nerve sheath
tumors. Although the majority of neoplasms can be assigned to their respective
lineage/group there is a growing subset of lesions, which seem to have no
normal cell counterpart such as e.g. synovial sarcoma, epithelioid sarcoma and
undifferentiated sarcoma. They are grouped as tumors of uncertain differentiation.
The last separate category are undifferentiated small round cell sarcomas of soft
tissue including for example Ewing sarcoma [2, 6].

Classifying soft tissue tumors in a consistent manner provides a uniform and
reproducible diagnostic process and advancing molecular techniques will help
to distinguish entities based on specific and defined genetic alterations that
will lead to more knowledge of intrinsic tumor biology and further reshape the
current classification.

Tumorigenesis

Soft tissue tumors originate from mesenchymal stem- or precursor cells by
acquiring genetic alterations. Stem cells are immature tissue precursor cells that
have the capability to self-renew and differentiate into multiple cell lineages and
can be classified in four main groups; embryonic stem cells, induced pluripotent
stem cells, cancer stem cells and tissue/organ-specific stem cells [11]. Mesenchymal
multipotent stem cells (MSC) are defined as tissue-specific stem cells that are able
to differentiate into many different mesenchymal cell types including lipoblasts/
adipocytes (fat), fibroblasts (fibrous tissue), myoblasts/myocytes (muscle),
osteoblasts/osteocytes (bone) and chondroblasts/chondrocytes (cartilage) [12, 13].
MSC are rare non-hematopoietic stromal cells present in bone marrow and other,
sometimes organ-specific connective tissues in the body [11]. The process of MSC
differentiation and transformation towards more defined and differentiated cell
types is influenced by many different signaling pathways (Figure 1). During this
process genetic changes may occur, causing them to acquire or lose certain abilities
usually leading to aberrant morphology, growth kinetics, cell surface markers,
genetic composition and tumorigenicity [11, 12].
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Figure 1. Mesenchymal multipotent stem cell differentiation.

Under the influence of different signaling pathways (arrows), multipotent stem cells (MSCs) can
differentiate into different cell types. This process involves sequential signaling regulation with
subsequent differentiation stages [12].

Soft tissue tumors are clonal outgrowths of neoplastic cells caused by gene
mutations that play a role in signaling pathways that are involved in lineage
differentiation, cell survival and proliferation. They can originate in any stem cell,
regardless of its differentiation stage by acquiring a mutation in a crucial, usually
‘gatekeeping’ pathway ensuring a growth advantage [13].

The exact cell of origin for soft tissue tumors has not been conclusively identified
yet and the current understanding is that they originate from MSC transformation.
MSC can be in different developmental stages of differentiation and it is assumed
that these preprogrammed stages are responsible for the phenotype of soft tissue
tumors [14, 15]. This explains why some tumors closely resemble their normal
mesenchymal counterpart (eg. atypical lipomatous tumor, leiomyoma and well-
differentiated leiomyosarcoma) and others show a more primitive undifferentiated
phenotype like Ewing sarcoma and alveolar rhabdomyosarcoma.
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The most recent hypothesis is that soft tissue tumors originate from a mutated MSC,
which is vulnerable for subsequent genetic and epigenetic changes. Depending on
the impact of the initial and/or subsequent genetic changes, various differentiation
pathways are deregulated leading to a specific subtype of soft tissue tumor
(Figure 2) [14, 16].
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Figure 2. Mesenchymal differentiation and sarcomagenesis.

Impaired differentiation starting from a mutated “vulnerable” stem cell instead of a normal
mesenchymal multipotent stem cell (MSC). Because of this early mutation, the stem cell undergoes
asymmetric divisions giving rise to a mixture of cells with all additional mutations. Subsequently,
immortalized clones with partially or fully impaired differentiation capacity (based on the mutations)
generate soft tissue tumors with a certain degree of differentiation [14].

In contrast, sequential accumulation of carcinogenic hits in precursor lesions
leading to carcinomas is rarely seen in soft tissue tumors. This can indicate that
several mutational factors are required in the same MSC to create tumor outgrowth,
which in itself might explain the relative rarity of soft tissue tumors in comparison
to epithelial tumors [17].

1
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Genetic changes in tumors often occur in oncogenes or tumor suppressor genes.
Oncogenes are defined as genes that encode for proteins that promote cell growth
and differentiation and are often involved in signal transduction. Activation of
oncogenes result in gain of function and may be quantitative (an increase in the
production of an unaltered protein) or qualitative (the production of a modified
protein). As a result of these alterations, activated oncogenes induce abnormal cell
proliferation and therefore favor tumor development. These changes are generally
dominant and only occur in one allele. Quantitative oncogene activation occurs
either by amplification or by translocation of the oncogene to an active chromatin
domain (promotor) of another gene leading to increased protein expression.
Qualitative forms of activation occur either by point mutation or by the production
of a novel protein from a chimeric gene known as fusion gene, which are described
in up to one-third of all soft tissue tumors [18, 19].

In contrast, tumor suppressor genes encode for proteins that suppress cell division
and growth and sometimes promote apoptosis. Genetic alterations in these
genes are loss-of-function alterations and often occur in both alleles. Once tumor
suppressor genes are inactivated, the cell escapes stringent cell cycle control
leading to uncontrolled growth and division. Multiple mechanisms of inactivation
are observed including deletions, nonsense mutations, frame-shift mutations,
insertions, or missense mutations that result in inactivation of the functional
activity of a protein or production of a dominant negative protein that interferes
with the function of the normal protein, replacement of the remaining unmutated
copy by an inactive gene copy (loss of heterozygosity), reduced expression by
hypermethylation of regulatory sequences of the gene or gene interruption due to
non-recurrent translocations [18].

Molecular diagnostics of soft tissue tumors

Soft tissue tumors are well known for showing considerable morphologic and
sometimes immunohistochemical overlap between distinct benign and malignant
entities. This is further complicated by the fact that there can be considerable
morphological heterogeneity within one single tumor entity. For example nodular
fasciitis can mimic a wide range of sarcomas including myxofibrosarcoma and
leiomyosarcoma, while intramuscular myxoma can mimic myxofibrosarcoma
and low-grade fibromyxoid sarcoma [20]. Therefore detecting specific recurrent
genetic alterations in distinct tumor entities can be extremely helpful in the
diagnostic work-up.
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To date, approximately 50% of soft tissue tumor types harbor recurrent genetic
alterations and can be divided into three groups: those that contain specific
translocations or amplifications, those that harbor specific mutations and those
that contain complex genetic changes in various chromosomal regions [19, 21].
For all these different alterations many molecular techniques are currently
available (for examples of the first two groups see Table 1). Each technique has
their own suitable applicability, sensitivity and specificity for identifying specific
genetic alterations [22].

For over the past two decades the single-gene sequencing technology known
as Sanger sequencing has been used to detect single nucleotide changes (point
mutations) and small deletions or insertions (indels).

More recently high-throughput genome-wide methods have been developed
allowing massively parallel sequencing (MPS) of cancer genomes, also known as
next-generation sequencing (NGS) [22-24]. This technique can detect a wide range
of genetic alterations including mutations, copy number alterations, insertions,
deletions and chromosomal rearrangements. Within the spectrum of NGS there
are several different platforms each with their own performance characteristics in
terms of accuracy, sensitivity, read length, run time, throughput, coverage, error
mode and costs.

Table 1. Examples of genetic alterations of specific genes with their possible corresponding diagnosis
and most used molecular techniques.

Genetic change Diagnosis Molecular technique
Gene fusion
AHRR-NCOA2 Soft tissue angiofibroma RT-PCR
GTF2I-NCOA2 NGS (Archer)
FISH
NAB2-STAT6 Solitary fibrous tumor RT-PCR
NGS (Archer)
Usp6 Nodular fasciitis RT-PCR
Myositis ossificans NGS (Archer)
Fibro-osseos pseudotumor of digits FISH

Aneurysmal bone cyst
Cellular fibroma of tendon sheath

S5518-55X1 Synovial sarcoma RT-PCR
5518-55X2 NGS (Archer)
S518-S5X4 FISH

13




| Chapter 1

Table 1. Continued

Genetic change

Diagnosis

Molecular technique

EWSR1

FUS-DDIT3
FUS-CREB

COL6A3-CSF1

Ewing sarcoma
Desmoplastic round cell tumor
Myxoid liposarcoma

Extraskeletal myxoid chondrosarcoma

Clear cell sarcoma

Myoepithelioma of soft tissue
Angiomatoid fibrous histiocytoma
Sclerosing epithelioid fibrosarcoma

Myxoid liposarcoma
Low-grade fibromyxoid sarcoma
Sclerosing epithelioid fibrosarcoma

Tenosynovial giant cell tumor

RT-PCR
NGS (Archer)
FISH

RT-PCR
NGS (Archer)
FISH

RT-PCR
NGS (Archer)

Amplification

MDM2 Liposarcoma FISH
NGS

Mutation

GNAS Intramuscular myxoma NGS

CTNNB1 Desmoid fibromatosis NGS

PRKARTA Cardiac myxoma NGS

KIT Gastro-intestinal stroma cell tumor NGS

*not complete

Different NGS techniques can extract information from the genome (DNA),
transcriptome (RNA), epigenome (methyl-Seq) or chromatin (ChIP-Seq). These
techniques are all widely used in the research setting but are at different levels of
implementation in clinical diagnostic processes [23, 25, 26].

The big advantage of these new NGS techniques is that they require remarkably
low amount of input material for successful analysis, which is very beneficial
considering the demanding precision diagnostics on often limited biopsy material.
Most platforms and applications need input in the range of 0,1-1 ug DNA or RNA
and this can be obtained from only a few formalin-fixed paraffin-embedded (FFPE)
tissue sections (one 20-50 um thick tissue section, with >20% tumor cells) [22].

One of the techniques that has been developed for extracting information from
DNA that has been isolated from FFPE tissues is the NGS-based approach employing
single-molecule molecular inversion probes (smMIP) that combines multiplex
analysis with single-molecule tagging, also named Unique Molecule Identifiers
(UMI). By using this method, duplicate reads from both strands can be identified
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and merged into a single consensus, reducing false-positive calls originated during
PCR or related to fixation artefacts and allowing a technical sensitivity of 1%
mutant allele. In addition, the actual number of sequenced genomic DNA (gDNA)
molecules can be determined, which is especially relevant when analyzing limited
amounts of gDNA [27].

Challenges for soft tissue tumor diagnostics

In soft tissue pathology, molecular analysis plays an increasing role in the diagnostic
process. Integration of clinical, pathological and genetic information is critical and
recent publications have shown that molecular testing was necessary to diagnose
and guide management in more than 20% of soft tissue tumors [28-30].

The recently developed and emerging genome-wide molecular techniques have
already led and will continue to lead to new discoveries and this fast growing
amount of data is reshaping our current understanding of soft tissue tumors. Novel
entities arise and previously established entities are being reclassified according to
their genotype and a more nuanced classification is emerging [26, 30-34]. Ongoing
thorough evaluation and validation of newly detected genetic alterations and
correlation with clinical and pathological data is necessary for improved insight in
soft tissue tumor biology.

The aim of this thesis is to analyze genetic alterations especially in benign soft tissue
tumors to help to improve the diagnostic work-up and contribute to reshaping the
current classification.

Outline of thesis

Intramuscular myxoma (IM) is a hypocellular benign soft tissue neoplasm and,
especially on biopsy material, can be difficult to distinguish from low-grade
fibromyxoid sarcoma or low-grade myxofibrosarcoma. GNAS mutations are frequently
involved in IM, in contrast to these other malignant tumors. Therefore, sensitive
molecular techniques for detection of GNAS aberrations in IM, which frequently
yield low amounts of DNA due to poor cellularity, will be beneficial for differential
diagnosis. In chapter 2 we investigated GNAS mutations in intramuscular myxoma
using two different molecular techniques; real-time PCR technique, called TagMan
assay, and the NGS smMIP assay in order to compare results in reliable mutation
detection and report on the wider range of GNAS mutations using the NGS technique.

Cardiac myxoma is the most common primary cardiac benign soft tissue tumor and
10% arise as a component of the Carney complex of which the majority is caused

15




16

| Chapter 1

by mutations in the PRKARTA gene. Several attempts have been made to identify
PRKARTA mutations in sporadic non-syndromic cardiac myxoma with only limited
success. In chapter 3 we analyzed PRKARITA, the regulatory subunit of cAMP-
dependent protein kinase A (PKA) using custom lon AmpliSeq and smMIP assays in
sporadic cardiac myxomas to examine new insights in tumor biology.

In chapter 4 we examined the incidence of USP6 rearrangements in myositis
ossificans, a soft tissue tumor defined as a self-limiting pseudotumor composed
of fibrous tissue and bone using FISH. Therefore we evaluated its relationship to
nodular fasciitis and aneurysmal bone cyst, two lesions also known to harbor USP6
rearrangements. Testing of these genetic aberrations in the diagnostic workup of
(myo)fibroblastic lesions of soft tissue and bone is important for discriminating
these lesions from malignant tumors. Chapter 5 further explores USP6
rearrangements in fibro-osseous pseudotumor of digits, another bone forming
(myo)fibroblastic lesion and expand the spectrum of clonal transient neoplasms
harboring this rearrangement leading to possible reclassification.

Desmoid fibromatosis is a locally aggressive myofibroblastic neoplasm that
usually arises in deep soft tissue. It is characterized by mutations in the CTNNBT
gene coding for B-catenin or alternatively, in the APC tumor suppressor gene.
Chapter 6 reports the multifocal occurrence of mainly sporadic extra-abdominal
desmoid fibromatosis. This rare multifocality is mostly described in patients with
germline APC mutations. The biological background in multifocal cases remains
poorly understood with often aggressive clinical behavior and challenging
therapeutical management.

Soft tissue angiofibroma (STAF) is a rare benign soft tissue tumor with recurrent
chromosomal translocations resulting in rearrangement of NCOA2,in most cases. In
chapter 7 we investigated the diagnostic value of fusion genes AHRR-NCOA2 and
GTF2I-NCOA2 described in STAF using RT-PCR. In addition, we used a RNA sequence
technique to detect a novel alternative fusion gene. We also examined the potential
use of NCOA2 immunohistochemistry as a diagnostic marker.

Chapter 8 reports on myxoid liposarcoma (MLS), the only translocation-associated
liposarcoma subtype, in distal extremities using RT-PCR and/or FISH. This tumor
is extremely rare in this location and atypical presentation of MLS is important to
recognize because of its ability to widespread metastasize while normally being
known as a radiotherapy- and chemotherapy-sensitive tumor.
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Abstract

Background: Intramuscular myxoma (IM) is a hypocellular benign soft tissue neoplasm
characterized by abundant myxoid stroma and occasional hypercellular areas. These
tumors can, especially on biopsy material, be difficult to distinguish from low-grade
fibromyxoid sarcoma or low-grade myxofibrosarcoma. GNAS mutations are frequently
involved in IM, in contrast to these other malignant tumors. Therefore, sensitive
molecular techniques for detection of GNAS aberrations in IM, which frequently yield
low amounts of DNA due to poor cellularity, will be beneficial for differential diagnosis.

Methods: In our study, a total of 34 IM samples from 33 patients were analyzed for
the presence of GNAS mutations, of which 29 samples were analyzed using a gene-
specific TagMan genotyping assay for the detection of GNAS hotspot mutations
c.601C>T and c602G>A in IM, and 32 samples using a novel next generation
sequencing (NGS)-based approach employing single-molecule tagged molecular
inversion probes (smMIP) to identify mutations in exon 8 and 9 of GNAS. Results
between the two assays were compared for their ability to detect GNAS mutations
with high confidence.

Results: In total, 23 of 34 samples were successfully analyzed with both techniques
showing GNAS mutations in 12 out of 23 (52%) samples. The remaining 11 samples
were analyzed with either TagMan assay or smMIP assay only. The TagMan assay
revealed GNAS mutations in 16 out of 29 samples (55%), with six samples c.601C>T
(p.R201C; 38%) and ten samples c.602G>A (p.R201H; 62%) missense mutations.
The smMIP assay identified mutations in 16 out of 28 samples (57%), with five
samples c.601C>T (p.R201C; 31%) and seven samples ¢.602G>A (p.R201H; 44%)
missense mutations. In addition, four samples (25%) revealed novel IM-associated
mutations, including c.601C>A (p.R201S), c.602G>T (p.R201L), c.602G>C (p.R201P)
and ¢.680A>G (p.Q227R). Combining the results of both tests, 23 out of 34 sporadic
IM samples (68%) showed a GNAS mutation.

Conclusions: Both the TagMan and the smMIP assay a show a high degree
of concordance in detecting GNAS hotspot mutations in IM with comparable
sensitivity. However, since the NGS-based smMIP assay permits mutation detection
in whole exons of GNAS, a broader range of GNAS mutations can be identified by
the smMIP approach.

Keywords: next generation sequencing, TagMan genotyping, smMIP assay, GNAS
mutation, intramuscular myxoma
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Background

Intramuscular myxoma (IM) is a benign soft tissue neoplasm that belongs to the
group of myxoid tumors characterized by a marked abundance of extracellular
myxoid matrix. These tumors share several histological features, and depending on
their clinical presentation and place of origin, can be subdivided into intramuscular,
superficial-cutaneous, odontogenic and juxta-articular myxoma [1, 2]. These
myxomas all represent distinct entities with different characteristic gene lesions
involved in their pathogenesis. Therefore, gene mutation analysis can be very
helpful in differential diagnosis to support the histopathology of these tumors [3, 4].

IM is characterized by bland spindle- and/or stellate-shaped cells embedded in
a hypovascular, abundant myxoid stroma. The nuclei are small showing no or
minimal nuclear atypia. Often areas with increased cellularity can be observed and
when hypercellular areas predominate it is designated as cellular myxoma [2, 5, 6],
which can easily be confused with low-grade fibromyxoid sarcoma or low-grade
myxofibrosarcoma, especially in very small biopsies. IM is a somatic mosaic disorder
generally occurring as a sporadic solitary neoplasm, although it can be part of
Mazabraud’s syndrome characterized by a combination of polyostotic fibrous
dysplasia with multiple IM’s [7, 8]. Mazabraud’s syndrome and the closely related
McCune-Albright syndrome, which is associated with fibrous dysplasia, café au lait
macules and endocrine disorders, are caused by activating missense mutations in
codon 201 of the GNAS gene [8-12].

GNAS encodes the stimulatory G-alpha subunit of the heterotrimeric G-protein
complex, which regulates activation of adenylyl cyclase that converts adenosine
triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). Overproduction
of second messenger cAMP and activation of downstream signaling pathways has
been observed in cells harboring GNAS mutations [13, 14]. In 2000, Okamoto et al.
first described somatic post-zygotic GNAS mutations in IM with and without fibrous
dysplasia [8]. Thereafter, three more studies showed that GNAS lesions occur frequently
in sporadic IM, which were detected in 36%-61% of the cases, and exclusively involved
¢.601C>T (p.R201C) and c.602G>A (p.R201H) mutations [8, 15, 16]. On the other hand,
GNAS mutations are absent in low-grade myxofibrosarcoma, which can be useful in
the differential diagnosis with (cellular) IM [17, 18]. Notably, juxta-articular myxoma
and cardiac myxoma also lack GNAS driver mutations [4, 16].

A complicating factor for mutation detection in IM is the mosaicism of GNAS
mutations combined with hypocellularity of the tumor, where low concentrations
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of genomic DNA are isolated from these tissue specimens, especially in the case
of biopsy material. In the past decades, several techniques for GNAS mutation
detection have been developed and used [8, 19-21]. In 2009, Delaney et al. tested
28 IM's for GNAS mutations by using conventional PCR followed by mutation-specific
restriction enzyme digestion (PCR-MSRED) and COLD-PCR/MSRED and showed that
COLD-PCR/MSRED was more sensitive than the conventional PCR (61% vs. 29%
mutations) [15]. Thus, this tumor type may benefit from the development of more
robust and sensitive techniques for mutation detection, such as next generation
sequencing (NGS). Recently, our molecular diagnostic laboratory has developed a
novel NGS-based approach employing single-molecule molecular inversion probes
(smMIP) that combines multiplex analysis with single-molecule tagging, also
named Unique Molecule Identifiers (UMI) [22, 23]. By using this method, duplicate
reads can be identified and merged into a single consensus, reducing false-positive
calls originated during PCR and sequencing and allowing a technical sensitivity
of 1% mutant allele. In addition, the actual number of sequenced genomic DNA
(gDNA) molecules can be determined, which is especially relevant when analyzing
limited amounts of gDNA. Furthermore, the strand-specific amplifications allows
the distinction between genuine C>T and G>A mutations from deamination
artifacts frequently observed when sequencing gDNA in older formalin-fixed
paraffin-embedded (FFPE) tissue specimens. [22, 23].

In this study, we applied both TagMan-based assays and the smMIP technique for
GNAS mutation detection in IM, and compared both methods for reliable mutation
detection in a diagnostic setting.

Methods

Patient sample

This study included 34 samples of sporadic intramuscular myxoma from 33 patients
that were collected retrospectively (from 1998 till 2018) from archives of the
Pathology Departments in the Netherlands of the Radboud University Medical
Centre, Jeroen Bosch Hospital (Den Bosch), PAMM institute (Eindhoven) and
Rijnstate Hospital (Arnhem). None of the patients were prior diagnosed with
fibrous dysplasia or developed this during follow-up. From one patient, two
samples (sample 28 and 29) were analyzed, which yielded identical data for
mutation analyses. For each case, a 4 um thick section of FFPE material was stained
with haematotoxylin and eosin (H&E). The histological diagnoses were revised (UF,
EB) and classified according to the 2013 World Health Organization criteria [2]. The
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samples included in this study complied with the standards of the Committee for
Human Research Ethics (CMO).

DNA isolation

Three 20 pum thick sections were cut from each specimen of FFPE tissue and
were digested at 56°C for at least 1 hour in the presence of TET-lysis buffer
(10 mmol/L Tris/HCl pH8.5, T mmol/L EDTA pH8.0, 0.01% Tween-20) with 5%
Chelex-100 (143 to 2832; Bio-Rad, Hercules, CA), 15 ug/mL GlycoBlue (AM9516;
Thermo Fisher, Waltham, MA), and 400 g proteinase K (19133; Qiagen, Valencia, CA),
followed by inactivation at 95°C for 10 minutes. DNA concentration for TagMan
assay was assessed with the NanoDrop Microvolume Spectrophotometer (Peqlab
Biotechnologies, Erlangen, Germany) and for smMIP assay with the Qubit Broad
Range Kit (Q32853; Thermo Fisher). To concentrate the DNA samples for the
robotized protocol of the smMIP procedure, supernatant was cooled on ice and
precipitated in the presence of 70% EtOH and 1/10 volume 3M NaAc (pH 5.2). Pellets
were washed with cold 70% EtOH and dissolved in 80 uL Tris-EDTA. DNA quality of
the samples was tested using a size ladder control PCR, in which gene segments of
house-keeping genes were amplified, yielding different fragment sizes (100, 200,
300 and 400 bp), depending on the extent of fragmentation of the DNA.

TagMan genotyping assay

Pre-designed and validated gene-specific TagMan Genotyping Assays from Thermo
Fisher Scientific was used for quantitative real-time RT-PCR. Every set contained
gene specific forward 5'-CTTTGGTGAGATCCATTGACCTCAA-3" and reverse primers
3’-CACCTGGAACTTGGTCTCAAAGATT-5" and fluorescence labeled probes (Table 1).
Probes are spanning an exon junction to detect genomic DNA. The PCR reaction
volume was 20 pl and contained 1 pl DNA (10 ng/ul), 10 pyl TagMan Universal
PCR Mastermix NoAmpErase UNG (Applied Biosystems, Foster City, CA), 0,5 pl
predesigned and validated gene-specific TagMan Gene Expression Assay mix
(Applied Biosystems), 0,5 ul TE buffer (Promega) and 8 pl water. ABI Prism 7500
Real-Time PCR system (Applied Biosystem) was used to amplify codon 201 of
exon 8 of the GNAS gene from each sample on a 96-well reaction plate with the
following protocol: 10 min denaturation at 95°C, 40 cycles of 15 sec denaturation at
95°C, 1 min annealing and extension at 60°C. Dilution studies were performed using
fibrous dysplasia samples harboring the two previously described GNAS mutations.
The limit of detection was reliable at a variant allele frequency (VAF) of 5%.
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Table 1. Fluorescent reporter probes for TagMan assay

TaqMan assay Reporter probe wild-type Reporter probe mutant
GNAS c.601C>T 5-CAGGACACGGCAGCGA-3’ 5-CAGGACACAGCAGCGA-3’
GNAS c.602G>A 5'-TTCGCTGCCGTGTCCT-3’ 5'-CGCTGCCATGTCCT-3’

Underscored nucleotides are hot-spot mutation position

Next generation sequencing with single-molecule molecular
inversion probes

The single-molecule molecular inversion probe (smMIP) procedure was performed
as described elsewhere [22]. In short, a pool of smMIPs covering 41 mutational
hotspot regions of 23 distinct genes, including GNAS, was phopshorylated with
T4 polynucleotide kinase. A total of 100 ng genomic DNA was used as input in the
capture reaction with the diluted phosphorylated smMIP pool. After extension,
ligation and exonuclease treatment, PCR reactions were performed with barcoded
reverse primers and iProof high-fidelity master-mix (Biorad). PCR reactions of
the different samples were pooled, and purified with 0.8 x volume of Agencourt
Ampure XP Beads (Beckman Coulter, Brea, CA). The purified libraries were prepared
for sequencing on a NextSeq 500 instrument (lllumina, San Diego, CA) according to
the manufacturer’s protocol (300 cycles Mid Output sequencing kit, v2), resulting
in 2 x 150 bp paired-end reads. Data analyses were performed as previously
described [22]. Variants were called at a VAF of >1% and >3 mutant gDNA molecules
and a minimum of 20 gDNA molecules analyzed at that position. Samples that did
not fulfil the standard settings with respect to gene coverage in combination with
tumor load were marked as inconclusive [22].

Results

Histopathology and clinical information of intramuscular

myXxoma cases

Histopathology of H&E-stained slides confirmed that a selected set of 34 samples
from 33 patients showed the classical features of IM, which were composed of
uniform, sparsely distributed cytological bland spindle- or stellate-shaped cells with
tapering eosinophilic cytoplasm and small nuclei embedded in an abundant myxoid
stroma. One case showed prominent hypercellular areas with more collagenous
stroma and was diagnosed as cellular myxoma according to the criteria defined by
Nielsen et al (Figure 1) [5, 6]. Of the 34 myxoid tumors, 31 samples were obtained
by local excision and 3 samples by needle biopsy (Table 2). From one patient
(sample 28 and 29), a biopsy and the following excision were analyzed for GNAS
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mutational status. No recurrences were reported in any of the cases and no additional
treatment was given. Follow up time ranged between 2 months and 21 years.
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Figure 1. Representative photomicrograph of heamatoxylin and eosine (H&E)-stained section of a
cellular intramuscular myxoma showing its characteristic histological morphology.

Table 2. Patient characteristics

Patient Age at presentation  Gender Tumor Tumor size Follow-up
(years) Localization (cm) excision (months)
1 74 M Lower leg 14 207
2 42 F Thigh 5 201
3 51 F Upper arm 0.8 128
4 45 M Upper leg 55 126
5 40 F Thigh Bx 99
6 47 F Lower leg 10 93
7 51 M Shoulder 3 85
8 64 M Thigh 5.2 83
9* 53 M Upper arm 2 83
10 45 M Thigh 5.8 82
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Table 2. Continued

Patient Age at presentation  Gender Tumor Tumor size Follow-up
(years) Localization (cm) excision (months)
11 57 F Thigh 9 67
12 72 M Thigh 35 63
13 71 M Back 3 210
14 55 M Thigh 4 182
15 55 M Thigh 4 157
16 53 F Upper arm 3 156
17 47 F Upper arm 5.5 100
18 38 F Upper arm 2 108
19 57 M Thigh 3.2 126
20 39 F Upper arm 7 191
21 69 F Chest 2 63
22 46 F Shoulder 35 200
23 64 F Thigh 3 194
24 46 M Thigh 5 181
25 67 F Lower arm 1.7 127
26 49 F Thigh 3 73
27 58 F Thigh 3 244
284# 33 F Thigh 7.5 224
29 65 M Thigh 55 31
30 59 F Thigh 7 12
31 40 F Upper arm Bx 260
32 71 F Thigh 1 6
33 54 M Thigh Bx 2

Bx: biopsy, *cellular myxoma, # patient with two intramuscular myxoma samples

GNAS mutation detection in intramuscular myxoma

All samples (n=34) were tested for the presence of GNAS mutations, 32 samples
using the smMIP assay and 29 samples with the TagMan genotyping assay. First,
GNAS mutation detection was performed for 29 DNA samples with the TagMan
assay, where specific fluorescently labeled probes were used for the detection of
c.601C>T (p.R201C) and c.602G>A (p.R201H) hotspot mutations (Figure 2). Each
sample was analyzed in two independent assays together with both negative and
positive control samples. GNAS genetic alterations were identified in 16 out of
29 samples (55%), with six samples c.601C>T (38%) and ten samples c.602G>A (62%)
mutations (Table 3). From one patient both samples (biopsy and excision) were
positive for c.601C>T mutation (Table 3; sample 28 and 29).
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Figure 2. Schematic overview of the Tagman assay. In addition to the genomic DNA template, four
additional oligonucleotide components are required to detect the mutation. These include an
unlabeled PCR primer pair and two TagMan probes with a FAM (F) or a VIC (V) dye label on the 5%end,
in combination with a minor groove binder (MGB) and a nonfluorescent quencher (Q) on the 3'end (1).
The TagMan probes hybridize to the target DNA after denaturation between the unlabeled PCR
primers. The signal from the fluorescent dye on the 5%end of a TagMan probe is quenched by the
quencher on its 3'end through fluorescence resonance energy transfer (FRET) (2). During PCR, the
AmpliTaq Gold DNA polymerase extends the unlabeled primers using the genomic DNA template
strand. When the DNA polymerase reaches the TagMan probe, it cleaves the molecule, separating the
fluorescent dye from the quencher. The gPCR instrument detects fluorescence from the unquenched
FAM or VIC dye in one reaction (3).

Next, we determined the presence of GNAS mutations in exon 8 and exon 9 by the
smMIP assay. Within the smMIP Cancer Hotspot Panel, two smMIPs covered GNAS
exon 8 (providing sequencing analysis of both DNA strands for a total 74 bp) and
two smMIPs GNAS exon 9 (sequencing analysis of 59 bp), respectively (Figure 3).
Other mutational hotspot regions that were covered by smMIPs included BRAF,
CTNNB1, EGFR, HRAS, KRAS, NRAS, IDH1, IDH2 and KIT (for the complete list see [22]).
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Figure 3. Schematic overview of the smMIP assay. (a) First, the single molecule molecular inversion
probe (smMIP) capture procedure is performed. smMIPs are long oligonucleotides consisting of two
targeting arms (extension probe and ligation probe), joined by a backbone. The probe sequences
are complementary to genomic DNA sequences surrounding the target region that covers a hotspot
location (indicated by the yellow asterisk). During the capture reaction, smMIPs are hybridized to
genomic DNA (gDNA), followed by an extension and ligation reaction, which results in circular smMIPs.
Subsequent exonuclease treatment will remove all linear gDNA and unused smMIPs. Between the
backbone and probe sequences are primer sequences (green bars) that are used to amplify the target
region, followed by library preparation and next-generation sequencing (NGS). (b) By including a
single-molecule tag of 8 random nucleotides (N,) at the end of the ligation probe, duplicate reads
can be identified and merged into a consensus thereby removing PCR and sequencing artifacts.
Genuine C>T and G>A mutations can be distinguished from deamination artifacts by strand specific
amplification of the smMIPs. In our smMIP design, exon 8 and exon 9 of the GNAS gene are each
covered by two independent smMIPs targeting both strands (smMIP1-2 and smMIP3-4, respectively).

The smMIP assay was performed on 32 samples in total, including the 27 samples
that also showed a successful TagMan assay and an additional set of 5 IM samples.
From these 32 samples, the NGS data of 5 samples (for which a successful TagMan
assay was available) was based on a very limited number of gDNA molecules,
and therefore could not reliably be interpreted, most likely because of very low
cellularity of the IM sample and/or inferior DNA quality (Table 3; inconclusive, Inc).
In total, 16 out of 28 samples (57%) showed a GNAS mutation, with five samples
c.601C>T (31%) and seven samples ¢.602G>A (44%) mutations. In addition, four
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samples (25%) revealed novel IM-associated mutations, including c.601C>A
(p.R201S), c.602G>T (p.R201L), c.602G>C (p.R201P) and c.680A>G (p.Q227R).
Combining the above, 23 samples were successfully analyzed with both techniques
showing GNAS mutations in 12 out of 23 (52%) samples. Collectively, our data
demonstrate that in 23 out of 34 IM samples (68%) a GNAS mutation was detected
using either TagMan and/or smMIP assay. All samples that were successfully
analyzed with both approaches and harbored the classical c.601C>T or ¢.602G>T
mutations were identified with both methods.

In total, eight samples showed the classical c.601C>T mutation (35%) and eleven
samples harbored the ¢.602G>T mutation (48%). All hotspot mutations detected
by smMIP were also identified by the TagMan assay, including samples with a VAF
of 5% (sample 2). On the other hand, due to the more stringent settings of the
smMIP assay, five cases with hotspot mutations identified by TagMan assay did not
yield sufficient data by the smMIP approach for reliable interpretation. In contrast,
the smMIP assay allowed the detection of four novel (potential) pathogenic GNAS
mutations (17% of the 23 mutated samples) beyond the c.601C>T and c.602G>A
mutations, not previously described for IM. Thus, both assays provide merits in the
molecular diagnostics of IM.
Table 3. Mutation analysis intramuscular myxoma

Sample Tagman smMIP Mutation Aminoacid Mutantallele Concordance

assay (WT/ assay (WT/ substitution frequency between Tagman
Mut/Inc) Mut/Inc) (smMIP) and smMIP assay

1 WT WT Concordant

2 Mut Mut c.601C>T  p.R201C 5% Concordant

3 WT WT Concordant

4 WT WT Concordant

5* WT Mut c.680A>G p.Q227R 27% Mutation not

included in
TagMan assay

6 WT WT Concordant

7 Mut Mut c.602G>A  p.R201H 13% Concordant

8 Mut Mut ¢.602G>A  p.R201H 14% Concordant

9 WT WT Concordant

10 Mut Mut c.602G>A  p.R20TH 26% Concordant

11 Mut NA c601C>T  p.R201C Not analyzed

by smMIP
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Table 3. Continued

Sample Tagman smMIP Mutation Aminoacid Mutantallele Concordance
assay (WT/ assay (WT/ substitution frequency between Tagman
Mut/Inc) Mut/Inc) (smMIP) and smMIP assay

12 WT WT Concordant

13 WT WT Concordant

14 Mut Mut c.601C>T  p.R201C 13% Concordant

15 Mut Inc c.602G>A  p.R201H Insufficient quality
for smMIP assay

16 WT WT Concordant

17 WT WT Concordant

18 Mut Inc c.602G>A  p.R201H Insufficient quality
for smMIP assay

19 Mut Mut c.602G>A  p.R20TH 10% Concordant

20 Mut Mut c.602G>A  p.R201H 9% Concordant

21 Mut NA c.602G>A  p.R201H Not analyzed
by smMIP

22 Mut Mut c.601C>T  p.R201C 15% Concordant

23 Mut Mut c.602G>A  p.R201H 19% Concordant

24 WT WT Concordant

25 WT WT Concordant

26* WT Mut c.602G>T  p.R201L 15% Mutation not
included in
TagMan assay

27 Mut Mut c.602G>A  p.R201H 14% Concordant

28** Mut Inc c.601C>T  p.R201C Insufficient quality
for smMIP assay

29%* Mut Inc c.601C>T  p.R201C Insufficient quality
for smMIP assay

30* NA Mut c.602G>C  p.R201P 12% Not analyzed
by Tagman

31 NA Mut c.601C>T  p.R201C 13% Not analyzed
by Tagman

32*% NA Mut c.601C>A  p.R201S 14% Not analyzed
by Tagman

33 NA Mut c.601C>T  p.R201C 17% Not analyzed
by Tagman

34 NA Mut c.602G>A  p.R201H 7% Not analyzed

by Tagman

WT: wild-type; Mut: mutation identified; Inc: inconclusive; NA: not analyzed
*Samples with novel mutations in smMIP assay which are not included in the TagMan assay
**Two samples tested from the same patient (biopsy and excision)
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Discussion

Intramuscular myxoma (IM) mostly occurs sporadically in the skeletal muscle of
the thigh. These lesions affect mainly middle-aged adults, women more often
than man [1, 24]. The prevailing view is that driver mutations of this neoplasm
are exclusively located in codon 201 of the GNAS gene, encoding the stimulatory
G-protein alpha subunit that activates the enzyme adenylate cyclase. Due to the
low cellularity and somatic mosaicism in most of these lesions, mutation detection
can be quite challenging and the presence of a mutation can be easily missed.

In our study we used two different techniques (TagMan and smMIP assay) to
compare the detection sensitivity of GNAS mutations in these lesions. In our series,
23 out of 34 sporadic IM cases (68%) showed a GNAS mutation, 16 out of 29 samples
(55%) in the TagMan assay and 16 out of 28 samples (57%) in the smMIP assay
of which 23 samples were successfully analyzed with both techniques showing
GNAS mutations in 12 out of 23 (52%) samples. The test-specific detection rate
was 55% with the TagMan assay and 57% for the smMIP approach. The VAF for the
TagMan assay was determined at >5% in this study and the required input was only
10 ng gDNA. The VAF for smMIP was set at >1% and a minimum of 3 mutant gDNA
molecules, and a coverage of 20 gDNA molecules. This demonstrates that both
tests are sensitive methods and useful for molecular diagnostics of tumor samples
harboring mutations with a low mutant allele frequency.

In comparison, Walther et al found GNAS mutations in 37% (23/63) of IMs with direct
Sanger sequencing and Delaney et al detected mutations in 61% (17/28) using
COLD-PCR/MSRED [15, 16]. However, the smMIP technique, because of the whole
exon sequencing nature of this test, allowed detection of four additional mutations
that previously have not been described in IM. By using smMIP we identified one
¢c.680A>G mutation in exon 9, and three novel mutations in exon 8, one mutation
at position ¢.601, namely c.601C>A, and two mutations at position ¢.602, which
included c.602G>C and c.602G>T. The c.601C>A mutation has previously been
reported in fibrous dysplasia, while the ¢.602G>C and ¢.602G>T mutations were
only reported in sporadic endocrine tumors so far [9, 10, 19, 25]. These mutations
were not detected by TagMan, since this assay was designed to report only the two
classical hotspot mutations c.601C>T and c.602G>T.

The smMIP approach allows the distinction between genuine C>T and G>A
mutations from deamination artifacts frequently observed when sequencing gDNA
from FFPE tissue specimens [22]. All cases harboring a C>T or G>A mutation in
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GNAS, mutant reads originating from both DNA strands were observed, showing
that these represent genuine mutations. Since the TagMan approach does not
allow this distinction, deamination artifact could potentially cause false positive
results. In our study, all hotspot mutations detected with the Tagman assay were
confirmed with the smMIP technique, indicating no false-positive results with
Tagman. Even samples with a VAF of around 5% could be detected by both TagMan
assay and smMIP. The four samples with a hotspot mutation that were detected by
TagMan, but did not yield a reliable smMIP assay result, all had a mutated VAF of
approximately 10-30% as judged by Tagman assay, and were therefore interpreted
as true mutations.

Significant benefits of the TagMan assay include low cost and short turn-around
time (<2 working days). A limitation of Tagman is that within one assay only one or
two hotspot mutations can be detected. For smMIP analysis the turn-around time in
our laboratory is <7 working days. A large initial investment was needed and high
numbers of samples are required for parallel analyses to have a cost-efficient test.
Because multiple genes can be tested at once with the smMIP assay, large amounts
of samples are relatively easy obtained in routine clinical setting with the current
demand of molecular diagnostics [22]. Because of the sensitive characteristics of
the smMIP technique and its accuracy of mutation detection on FFPE material
as well as the broader coverage of the GNAS gene, this technique to our opinion
is preferable.

The most important differential diagnoses of IM, especially the cellular variant,
are low-grade fibromyxoid sarcoma and low-grade myxofibrosarcoma. In
biopsy material the distinction can be challenging and in those cases molecular
diagnostics can be beneficial. A specific immunohistochemical and molecular
signature is well known for low-grade fibromyxoid sarcomas with expression of
MUC4 and the presence of FUS/EWSR1-CREB 3L2/1 fusions making a distinction
from IM easily possible [17, 18]. In contrast, for low-grade myxofibrosarcoma,
specific immunohistochemical or molecular characteristics are lacking. Sensitive
molecular tests, like smMIP and TagMan assays for GNAS mutation analysis, might
be very helpful in assessing the diagnosis, which has therapeutic consequences
when considering malignancy [21]. Nevertheless there are also cases in which no
GNAS mutation could be detected, suggesting that there are still other aberrations
to be identified in IM.

Panagopoulos et al recently found abnormal karyotypes in 21 out of 68 cases, with
nine cases showing nonrandom involvement of chromosome 8 (which harbors the
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GNAS gene) with seven cases showing trisomy 8, one with a deletion and one with a
translocation. Only one case in their series showed a c.601C>T GNAS mutation [26].
Thus, chromosomal aberrations could be an alternative explanation for at least a
subset of the non-mutated cases.

The smMIP-NGS cancer hotspot panel that was employed to check for GNAS
mutations, also contained smMIPs that covered mutational hotspots in the genes
AKT1, BRAF, CTNNBI, EGFR, ERBB2, GNA11, GNAQ, H3F3A, H3F3B, HRAS, IDH1, IDH2,
JAK2, KRAS, MPL, MYD88, NRAS, PDGFRA and PIK3CA. In none of the 32 samples that
could be reliably analyzed by smMIPs, additional mutations were detected in these
regions. Thus, GNAS mutations represent a unique driver mutation for this benign
tumor type.

Conclusion

In conclusion, both TagMan and smMIP assay are comparably sensitive molecular
methods with valuable applicability in diagnostic pathology for IM. Furthermore,
due to a broader coverage of the GNAS gene by the smMIP approach, four novel
IM-associated missense mutations of GNAS could be identified (17% of all mutated
samples), which previously have only been reported in McCune-Albright syndrome
and sporadic endocrine tumors.
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Abstract

The benign neoplasm cardiac myxoma represents one of the hallmarks of Carney
complex (CNC), a familial multiple neoplasia syndrome. About 80% of the index
cases have germline mutations in PRKARTA encoding the Rla regulatory subunit
of cAMP-dependent protein kinase A (PKA). However, the role of PRKARTA gene
mutations in the pathogenesis of non-CNC-associated sporadic cardiac myxoma is
less well established. Here, we investigated the presence of PRKARTA gene variants
in a cohort of 24 sporadic cardiac myxomas using targeted next-generation
sequencing. Our study shows that 14 out of 24 cases (58%) harbor PRKARTA gene
mutations, represented mostly by frameshift, nonsense and splice site mutations
(together 84%), leading to a premature stop codon predicted to be degraded via
non-sense mediated mRNA decay. The other 16% of PRKARTA genetic alterations
involved missense mutations, often located in important functional domains of
the regulatory subunit Rla. Notably, 64% (n=9/14) of the cases harbored more than
one PRKARTA gene variant, suggesting compound heterozygous mutations either
in cis or trans. In conclusion, PRKARTA gene mutations associated with loss of Rla
function leading to increased PKA activity were observed in ~60% of sporadic
cardiac myxomas, strongly supporting an essential role for PKA in mediating
formation of cardiac myxoma.
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Introduction

Cardiac myxoma is the most common primary tumor of the heart, manifesting itself
mainly in middle-aged patients between the third and sixth decades of life, and
affects woman on average twice more than men [1]. It is a benign mesenchymal
neoplasm composed of stellate, ovoid or plump spindle cells in a myxoid stroma
with prominent vascularization [2, 3]. Most tumors occur sporadic, but up to 10%
arise as a component of the Carney Complex (CNC), a multiple neoplasia syndrome
characterized by cardiac and extracardiac myxomas, mucocutaneous pigmentation,
endocrine hyperactivity due to tumors in the corresponding organs, and malignant
melanotic nerve sheath tumor [4, 5]. Cardiac myxomas represent the most common
non-cutaneous lesions in CNC (in 20-40% of the patients), which can arise anywhere
in the heart, and are often multiple and recurrent. In contrast, sporadic cardiac
myxomas develop almost exclusively in the left atrium and are generally solitary
without recurrence after standard surgical treatment [6]. Approximately 70% of
the CNC patients show a familial history, while the remaining patients develop
tumors as a result of a de novo germline defect. Up to 80% of CNC lesions are
caused by genetic alterations affecting the PRKARTA gene, located on chromosome
17922-24 [7-10]. These contain mostly exonic and splice site mutations, while
larger deletions, including those affecting promoter/enhancer regions, have been
reported in only a few cases [11-14].

PRKARTA is a tumor suppressor gene encoding for the regulatory subunit type 1
alpha (Rla) of the 3)5-cyclic adenosine monophosphate (cCAMP)-dependent protein
kinase A (PKA) enzyme, which is constitutively expressed in all cell types [15]. In its
inactive state, PKA is an hetero-tetramer comprised of a regulatory subunit dimer
(type | subunits: Rla, RIB; type Il subunits: Rlla, RIIB) and two catalytic subunits
(three different forms: Ca, CB, PRKX) [16, 17]. Rla sequesters the PKA catalytic
subunits and inhibits PKA kinase activation in the absence of second messenger
cAMP. Mutations within the PRKARTA gene result in a mutant protein or lead to non-
sense mRNA lacking translation into Rla protein, also called non-sense mediated
mRNA decay [10, 18]. This loss of Ria function eventually results in unrestrained
activity of the PKA catalytic subunits leading to increased cell proliferation and
tumor formation.

Initial reports failed to identify PRKARTA mutations, loss of heterozygosity or
microsatellite instability in sporadic non-syndromic cardiac myxomas [19-21].
However, in three other studies employing predominantly Sanger sequencing
PRKAR1A variants were detected in 13 out of 19 (68%) [22], 9 of 29 (31%) [23], and
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39 of 61 (64%) of such lesions [24], and in an individual case [25]. A complicating
factor for mutation detection in cardiac myxomas is the relative hypocellularity,
where low concentrations of genomic DNA are isolated. Therefore, genetic analysis
of this tumor type will benefit from robust and sensitive techniques for mutation
detection using deep targeted next-generation sequencing (tNGS). In this study, we
applied two different complementary tNGS-based approaches for reliable PRKARTA
mutation detection in a cohort of 24 sporadic cardiac myxomas.

Materials and Methods

Patient cohort and tissue specimens

A total of 24 cases of sporadic cardiac myxoma were retrieved from the archives of
the Pathology Departments of the Radboud University Medical Center (Nijmegen,
The Netherlands) and Rijnstate Hospital (Arnhem, The Netherlands). Patients
were diagnosed between 2000 to 2016, and showed no signs of CNC (multiple
myxomas, spotty skin pigmentation, endocrine overactivity with corresponding
lesions). Histopathological review of the H&E-stained slides (4pm formalin-fixed
and paraffin-embedded (FFPE) tissue) was performed according to the 2021
World Health Organization criteria [26]. All samples and clinical information were
collected in accordance with the Declaration of Helsinki and of Taipei.

Genomic DNA isolation

Three 20um sections were cut from each specimen of FFPE tissue and digested at
56°C for at least 1 hour in the presence of TET-lysis buffer (10 mmol/L Tris/HCl pH8.5,
1 mmol/L EDTA pH8.0, 0.01% Tween-20) with 5% Chelex-100 (Bio-Rad, Hercules, CA,
USA), 15 pg/mL GlycoBlue (Thermo Fisher Scientific, Waltham, MA, USA), and 400 ug
proteinase K (Qiagen, Hilden, Germany), followed by inactivation at 95°C for
10 minutes, and centrifugation for 10 minutes at 20,000 x g. Supernatant containing
genomic DNA was purified with QlAamp DNA Micro Kit (Qiagen). Alternatively,
QlAamp DNA FFPE Tissue Kit (Qiagen) was used directly for genomic DNA isolation
according to manufacturer’s protocol. DNA concentration was measured with Qubit
Broad Range Kit (Thermo Fisher Scientific).

PRKAR1A mutation analysis by next-generation sequencing

For the detection of PRKARTA gene mutations two different targeted next-
generation sequencing (tNGS) approaches were employed: i) lon Torrent amplicon-
NGS (lon AmpliSeq) and ii) single molecule molecular inversion probe (smMIP)
technique followed by paired-end sequencing on Illlumina NovaSeq platform
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(IMumina, San Diego, CA, USA). For the lon AmpliSeq method, multiplex PCR
was performed with 20 ng input DNA to amplify the intron-exon boundaries
and protein-coding genomic regions of exons 2-11 of the PRKARIA gene
(Supplementary Table 1). After beads purification of the amplicons (Agencourt
AMPure XP Beads, Beckman Coulter, Brea, CA, USA), library preparation and
amplification (lon Plus Fragment Library kit and lon Xpress Barcode Adapters kit,
Thermo Fisher Scientific) as described previously [27], the samples were pooled
with equal DNA concentrations for sequencing on lon Torrent PGM using lon 318™
Chip Kit v2 BC (lon Torrent™, Thermo Fisher Scientific). An automated workflow for
smMIP pool and library preparation was performed on 100 ng input DNA for each
sample as described previously [28], and custom molecular inversion probes (MIPs)
targeting the intron-exon boundaries and protein-coding genomic regions of
exons 2-11 of PRKAR1TA (Supplementary Table 2) were included in a larger smMIP
panel as reported elsewhere [29]. NGS data output was analyzed with SeqNext
software (JSI Medical Systems, Ettenheim, Germany) with a minimum coverage
set at n=5 total variant reads for each single nucleotide variant identified by lon
AmpliSeq (without the ability to distinguish PCR duplicates) or MIP (eliminating
PCR duplicates after consensus clustering through identification of the unique
molecular identifier), and a minimum variant allele frequency (VAF) of 5% for both
lon AmpliSeq and smMIP NGS datasets (minimum read depth: 100x). For mutational
calling, synonymous variants, intronic variants (with exception of splice sites),
and single nucleotide polymorphisms (SNPs) related to known germline variants
were excluded.
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Results

Clinical characteristics

The 24 cardiac myxomas analyzed were from 14 females (58%) and 10 males (42%)
with a median age of 63 years (range 35-86 years), who presented without any
other clinical manifestations of CNC (CM01-CM24; Table 1). All tumors but one were
located in the left atrium. In one case (CM16) the tumor was spanning both, left
and right cardiac chambers. All samples were tumor resection specimens. Besides
surgery, no additional treatment was given. During follow-up (range 7- 23 years),
there were no further events.

Table 1. Clinical characteristics patient cohort sporadic cardiac myxoma

Case number Gender Age at diagnosis  Location cardiac myxoma
CMo1 F 54 Left atrium
CMO02 F 77 Left atrium
CMo03 F 72 Left atrium
CMo4 F 74 Left atrium
CMO05 M 66 Left atrium
CMO06 F 64 Left atrium
CMmo7 F 38 Left atrium
CMo08 M 71 Left atrium
CMO09 M 62 Left atrium
CM10 M 69 Left atrium
CM11 M 63 Left atrium
CM12 F 36 Left atrium
cM13 M 39 Left atrium
CM14 F 42 Left atrium
CM15 M 55 Left atrium
CM16 M 68 Left and right atrium
cm17 F 57 Left atrium
cMm18 F 73 Left atrium
CM19 M 53 Left atrium
CM20 F 57 Left atrium
CM21 F 43 Left atrium
CM22 F 86 Left atrium
Cm23 M 75 Left atrium
CM24 F 35 Left atrium
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Histopathology

All cases showed the characteristic features of a cardiac myxoma, represented by
sparsely distributed cytological bland-looking spindle and stellate-shaped or plump
cells with indistinct cell borders embedded in a myxoid matrix with prominent
vascularity and signs of hemorrhage (Figure 1).

Figure 1. A. Hematoxylin and eosin (H&E) staining shows the characteristic morphology of cardiac
myxoma (Case 13) with a prominent vasculature in a myxoid matrix combined with inflammatory cells
and hemorrhage with hemosiderin deposits. B. High power view of case 18 demonstrating polygonal/
stellatelesional cells with an oval nucleus with open chromatin and indistinct nucleoli and aneosinophilic
cytoplasm, set in an abundant myxoid background.

PRKAR1A gene mutation analysis by two different next-generation
sequencing approaches

In all cases, sufficient FFPE tissue was available for genomic DNA isolation and
molecular analysis, focusing on PRKARTA mutation analysis without additional copy
number variation analysis. Two different complementary tNGS approaches were
used (Figure 2). First, a custom lon AmpliSeq method was designed, were the
protein coding sequence and intron-exon junctions of exons 2-11 of PRKARTA were
amplified with oligonucleotide primers generating amplicons ranging in size from
140 to 217 nucleotides, which were prepared for sequencing on lon Torrent
platform. Secondly, the smMIP technology was used that targets genomic regions
of 113 nucleotides in size, which we previously employed as a successful approach
to identify novel GNAS mutations in intramuscular myxoma [31]. Important
advantages of smMIP compared to lon AmpliSeq relates to ability to identify PCR
artefacts by the inclusion of a unique molecular identifier (UMI) sequence of (in our
case) 8 random bases in the ligation probe representing 42 = 65,536 single molecule
possibilities. Since every smMIP molecule with an individual UMI-tag can only
hybridize to one genomic DNA fragment, the UMI sequence is able to correct for
PCR duplicates in the bioinformatic analysis pipeline. Furthermore, the smMIPs are
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designed to capture overlapping regions on both sense and antisense DNA strands,
thereby distinguishing FFPE artefacts related to single strand cytosine deamination
variants from actual gene mutations detected on both DNA strands.

Sporadic cardiac mymoma (H=24)
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Figure 2. Schematic overview of the targeted next-generation sequencing approaches to detect
PRKARTA gene mutations in sporadic cardiac myxoma. On the left side the workflow of the lon
AmpliSeq method, and on the right side the single molecule molecular inversion probe (smMIP)
approach is shown. The relative positions of the sense primers and smMIPs have been mapped above
the PRKAR1A exons, while antisense primers and smMIPs are indicated below the PRKARTA exons.

Identification of PRKAR1A gene mutations in sporadic cardiac myxoma

Each case was subjected to both tNGS approaches involving lon AmpliSeq and
smMIP-based mutation analysis of the PRKARTA gene. Based on the threshold
settings employed for mutation detection (see Materials and Methods) one sample
(CMO05) was excluded from the data analysis after lon AmpliSeq tNGS, while eight
samples (CM04, CM06, CM09, CM10, CM12, CM13, CM14, CM22) did not fulfill the
criteria for PRKARTA mutation detection using the smMIP approach (“No data”
in Supplementary Table 3). However, for all 24 cases at least one tNGS approach
provided reliable NGS datasets to investigate the presence of PRKARTA gene
mutations (Supplementary Table 3). Samples analyzed by both tNGS approaches
showed identical results, except for one sample (CM16), where only lon AmpliSeq
detected a PRKARTA variant (c.955G>A; p.Gly319Arg), but not the smMIP method.
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Combining the results from both tNGS approaches, PRKARTA variants were
identified in 14 of 24 (58%) sporadic cardiac myxomas (Table 2). These involved
a total of 25 distinct variants within the PRKARTA gene, including 56% (n=14/25)
frameshift mutations, 24% (n=6/25) missense mutations yielding amino acid
substitutions, 16% (n=4/25) nonsense mutations resulting in a premature stop
codon, and 4% (n=1/25) splice site mutation (Figure 3).
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Figure 3. Summary of the identified PRKARTA gene mutations (n=25) in sporadic cardiac myxoma.
The different exonic regions (exon 1- exon 11) of the human PRKARTA gene are shown, and coding
regions are indicated in blue. The functional protein domains of the regulatory subunit Rl alpha that
are encoded by the different PRKARTA exons are represented by the colored circles.

The frameshift mutations resulted from indels with the deletion and/or insertion of
single nucleotides (n=11/14; 79%) or multiple nucleotides (n=3/14; 21%).The PRKAR1A
mutations were distributed over all coding exons, except exon 11. The majority of
variants were located in exon 2 (c.1-c.177) and exon 7 (c.550-c.708). Loss-of-function
mutations resulting from frameshift and nonsense mutations together with the splice
site mutation were classified as pathogenic (n=11/25; 44%) or likely pathogenic
(n=8/25; 32%), while the six missense mutations were categorized as variant of
uncertain significance (n=6/25; 24%) (p.Arg13His located in the dimerization/docking
domain; p.Met125lle, p.Asp183Asn, p.Asp227Asn located in c-AMP binding domain A;
p.Gly319Arg located in c-AMP binding domain B; p.Pro87Ser in the C-linker region).
In total, 11 out of 25 variants (44%) were previously identified in CNC patients, two
additional variants detected in unrelated sporadic cardiac myxoma cases, while
12 variants represented novel genetic alterations in PRKARTA (Supplementary Table 3).
The median VAF of all identified variants was 17% (range 6%-38%) for lon AmpliSeq
and 24% (range 14%-44%) for smMIP, indicating that these single nucleotide variants
reflected somatic mutations. Notably, 9 out of 14 (64%) cases showed more than one
PRKARTA variant, suggestive for the presence of compound heterozygous PRKARTA
mutations in sporadic cardiac myxoma. In one case (CM09) this involved two missense
mutations (c.259C>T, c.679G>A), while in the other eight cases these represented a
combination of either a frameshift and/or nonsense mutations.
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Table 2. PRKARTA gene mutation analysis in sporadic cardiac myxoma

Case DNA variant PRKAR1A Protein alteration  VAF lon VAF Effect

number PRKAR1A AmpliSeq smMIP

CMO1 €.238delG p.Asp80Metfs*49 31% 24% Frameshift
c.682C>T p.Arg228Ter 25% 25% Nonsense

CM02 c.124C>T p.Arg42Ter 20% 20% Nonsense
c.178-2A>T p.? 17% 19% Altered splicing

CMO03 c.623delG p.Gly208Glufs*14 26% 29% Frameshift
c.641delC p.Thr214Metfs*8 21% 28% Frameshift

CMO04 c.87_91delGCTGC p.Leu30GInfs*13 12% Nodata Frameshift
¢.251_252delinsG p.Pro84Argfs*45 12% Nodata Frameshift

CMO05 No variant detected - No data NVDt -

CMO06 No variant detected - NVD Nodata -

CMmo7 No variant detected - NVD NVD -

CMo08 c.748_749delinsG p.Leu250Valfs*7 6% No data  Frameshift

CMO09 c.259C>T p.Pro87Ser 8% No data Missense
c.679G>A p.Asp227Asn 6% No data Missense

CM10 No variant detected - - Nodata -

CcM11 c.101delC p.Ser34Leufs*95 17% 73%* Frameshift

CcM12 c.786G>A p.Trp262Ter 18% Nodata Nonsense

CM13 c.21delC p.Ala8Profs*121 9% No data  Frameshift
c.78_79delCA p.lle27Serfs*17 11% Nodata Frameshift

CcM14 No variant detected - NVD Nodata -

CM15 c.463delT p.Ser155Argfs*10 16% 16% Frameshift

CcM16 c.955G>A p.Gly319Arg 10% NVD Missense

cm17 No variant detected - NVD NVD -

CcM18 c.514delG p.Asp172llefs*5 20% 14% Frameshift
c.846delT p.lle282Metfs*15 17% 23% Frameshift

CM19 No variant detected - NVD NVD -

CM20 No variant detected - NVD NVD -

CMm21 No variant detected - NVD NVD -

CcM22 c.124C>T p.Arg42Ter 7% Nodata Nonsense
c.375G>A p.Met125lle 7% Nodata Missense
c.38G>A p.Arg13His 15% No data Missense
c.547G>A p. Asp183Asn 26% No data Missense

cMm23 No variant detected - NVD NVD -

CM24 ¢.76_85dupAACATTCAAG  p.Ala29Glufs*19 33% 44% Frameshift
c.619delT p.Tyr207Metfs*15 38% 36% Frameshift

VAF, variant allele frequency; No data: too few reads; TNVD: no variant detected; * Relative low
sequencing depth at that position with smMIP may have resulted in a skewed VAF; this value was not
included in the calculation of the median VAF.
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Discussion

Cardiac myxomas are the most common primary tumors of the heart with an
estimated prevalence of 0.03% in the general population [32]. The pathobiology
of cardiac myxomas has still remained unclear so far, but there is evidence of an
obvious role for PRKARTA mutations in CNC-associated cardiac myxomas [5].
However, in sporadic lesions, in the beginning it appeared more challenging to
assess the role of PRKARTA gene mutations. Sensitive methods involving tNGS are
required to detect gene variants in hypocellular tissues at lower abundancy. Here,
we presented two different tNGS methods for PRKARTA gene mutation detection
in 24 sporadic cardiac myxomas. One method involved lon AmpliSeq where
amplicons generated by multiplex PCR of PRKAR1A exonic regions were sequenced
on lon Torrent platform, while the second method used UMI-tagged MIPs to
capture genomic fragments from both DNA strands of the PRKARTA gene that were
sequenced on an lllumina platform. Integration of both NGS datasets showed that
14 of 24 cases (58%) displayed PRKARTA gene variants with an average median VAF
of 21%, due to the relative low tumor percentage. This frequency is similar to the
findings of two previous studies where PRKARTA gene mutations were detected in
68% and 64% of sporadic cardiac myxomas, respectively [22, 24]. In the study of
Maleszewski et al. they only found PRKARTA gene mutations in 31% of cases. This
could possibly be explained by their reported low quantity and quality of the DNA
(only 26% was adequate) and the Sanger sequencing technique, which has lower
sensitivity and limitations in detecting larger deletions or duplications [23].

The majority of variants that were identified by tNGS in our cases represented
genetic alterations that are predicted to result in Rla loss-of-function, including
fourteen frameshift and four nonsense mutations, which as a single mutation
most likely result in haploinsufficiency due to non-sense mediated mRNA decay
(NMD) or truncated protein resulting from a premature stop codon. These types
of genetic alterations also predominate in CNC-associated PRKARTA germline
variants [10, 18, 20]. However, some PRKARTA variants may escape NMD, especially
those that cluster in cAMP binding domain A (CBD-A) [33], thereby giving
rise to the expression of an altered and dysfunctional Ria protein. In addition,
PRKARTA mutations can also promote accelerated Rla protein degradation [34].
Similar to findings in other reported sporadic as well as CNC-associated cardiac
myxomas [23, 25, 35], we furthermore identified missense mutations that mapped
in the dimerization/docking domain or cAMP binding domains of Rla. Notably,
mutation p.Met125lle was located in the isoform-specific N3A motif representing
the Rla homodimer interface [36], and mutation p.Asp227Asn in the hinge domain
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of CBD-A, both representing allosteric hotspots [37]. However, it still remains
to be established whether each of the identified missense mutations will affect
the Rla function. In addition, we identified one mutation outside the PRKARTA
coding sequencing, representing a splice site mutation affecting Rla function, also
occurring frequently in CNC associated lesions [7, 10, 18].

Another important observation from our study is that almost two-thirds of the
sporadic cardiac myxomas displayed multiple PRKARTA variants, in line with
previous findings [24, 25]. Although, mosaicism could formerly not be excluded [38],
it is very likely that the majority of these cases show PRKARTA inactivation either
in cis or trans by compound heterozygous mutations. Thus, the occurrence of
cardiac myxoma is strongly associated with uncontrolled PKA activation, either
through germline CNC-associated PRKARTA mutation combined with loss-of-
heterozygosity as seen in the other CNC associated lesions [8], or somatic loss-
of-function mutations. Heterozygous knock-out of the PRKARTA gene in mice
leads to extracardiac myxomatous soft tissue tumors[22], in line with some of the
CNC-associated tumors including cardiac myxomas. However, mice displaying
cardiac-specific heterozygous ablation of PRKARTA show no signs of cardiac tumor
formation, but instead diminished cardiomyocyte hypertrophy and augmented
cardiomyocyte necrosis [39, 40].

Cardiac myxomas negative for PRKARTA mutation(s) may activate PKA through
other molecular pathways. These include activating micro-insertions in PRKACA
encoding the catalytic subunit Ca of PKA [41], and loss-of-function mutations in
KIF1C, a member of the kinesin superfamily of molecular motor proteins, resulting
in decreased PRKARTA expression [42]. Other candidates that could affect PKA
activity are regulators of Rl, RIl and C subunits [17, 43], but specific mutations in
their genes have not yet been linked to cardiac myxoma.

In conclusion, our findings indicate that about 60% of sporadic cardiac myxoma
harbor PRKARTA mutations leading most often to loss of the regulatory subunit
Rla, and unscheduled activation of the PKA enzyme. Notably 64% of the affected
tumors show multiple PRKARTA variants suggesting PRKARTA inactivation by
compound heterozygous mutations. This is in concert with previously published
results. Further investigation using genome-wide next generation sequencing is
required to investigate and identify other potential driver mutations involved in the
pathogenesis of sporadic cardiac myxomas.
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Supplementary Tables

Supplementary Table 1
Target lon AmpliSeq Fwd primers lon AmpliSeq Rev primers Amplicon
region length
PRKAR1A
Exon2-1  TCCCTGTGAATCAGTTGTCT GCACAATAGAATCTTTGAGCAG 215
Exon 2-2 GTGAGCTCTACGTCCAGAAG CAACTGTCACAATCACCTCATC 169
Exon3-1  GCCGAAGGATCTCATTTTGC CTTTAACCACTGGGTTGGGTG 140
Exon 3-2 CAGACTCAAGGGAGGATGAG AAGTGGGTCCCAAAAGCATCC 172
Exon 4 GGAATTGTCATTTGACCTTCAG AACAATTTGGGATCACACCC 184
Exon 5 TCACCAGATGACAGTCTGGG TATTGCATGCTCCAGAGGCC 187
Exon 6 TCACAGTACCACTGTAAAATAAG CTTATTGCTCGGAAGCGATC 217
Exon7-1  GATGTCACTTGCACTTTAGG TTTGACAGTGGCTGCTCTCG 118
Exon 7-2 TGAATGGGCAACCAGTGTTG CACACTCTCAAACACCATGG 173
Exon 8 ACACGTCTTGGGGATATCAC AGGCTTTTCCCAAGTCCATC 180
Exon 9-1 TGGGCATGGCTATTTGGTTG AAGAACTCATCCCCTGGTTC 207
Exon9-2  GTCTCTGGACAAGTGGGAAC TCCCTCTTAGAGCGTACAAC 208
Exon 10 CCTGGGTTTGAGAGTGTGTG CTGAGAGGTGACTTAAAGAAACC 187
Exon 11-1  CAGAAGTGCACTGCTTTAAGG GTCTGAGCATGGGCCAAGAAC 189

Exon 11-2  TGCCACAGTTGTTGCTCGTG

GTTTGCATGAGTGAAGCATGG

199
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Supplementary Table 3

Sample lon AmpliSeq c.HGVS- lon AmpliSeq lon lon AmpliSeq smMIP c.HGVS-PRKAR1A

PRKAR1A p.HGVS-PRKART1A AmpliSeq VAF-PRKAR1A
reads SNV

CMO1 c.238delG p.Asp80Metfs*49 1877 31% c.238delG
c.682C>T p.Arg228Ter 4327 25% c.682C>T

CMO02 c.124C>T p.Arg42Ter 915 20% c.124C>T
c.178-2A>T splicing 1303 17% c.178-2A>T

CcMmo3 c.623delG p.Gly208Glufs*14 7000 26% c.623delG
c.641delC p.Thr214Metfs*8 1526 21% c.641delC

CMo04 .87_91delGCTGC p.Leu30GInfs*13 67 12% No data
c.251_252delinsG p.Pro84Argfs*45 50 12%

CMO05 No data No variant detected

CM06 No variant detected No data

CMo7 No variant detected No variant detected

CMo08 c.748_749delinsG p.Leu250Valfs*7 330 6% No data

CMO09 c.259C>T p.Pro87Ser 646 8% No data
c.679G>A p.Asp227Asn 1511 6%

CM10 No variant detected No data

CM11 c.101delC p.Ser34Leufs*95 3094 17% c.101delC

CcM12 c.786G>A p.Trp262Ter 214 18% No data

cMm13 c.21delC p.Ala8Profs*121 680 9% No data
c.78_79delCA p.lle27Serfs*17 1430 11%

CM14 No variant detected No data

CM15 c.463delT p.Ser155Argfs*10 1730 16% c.463delT

CM16 Cc.955G>A p.Gly319Arg 35 10% No variant detected

cm17 No variant detected No variant detected

CcM18 c.514delG p.Asp172llefs*5 905 20% c.514delG
c.846delT p.lle282Metfs*15 624 17% c.846delT

CM19 No variant detected No variant detected

CM20 No variant detected No variant detected

CM21 No variant detected No variant detected

CM22 c.124C>T p.Arg42Ter 245 7% No data
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smMIP p.HGVS- smMIP  smMIP Pathogenicity (ACMG scoring) § Variant Variant in
PRKAR1A reads VAF-PRKAR1A in Carney sporadic
SNV complex# myxoma#
p.Asp80Metfs*49 508 24% Likely pathogenic (PVS1 + PM2)  No No
p.Arg228Ter 310 25% Pathogenic (PVS1 + PS4 + PM2)  Yes No
PMID: 20358582
p.Arg42Ter 155 20% Pathogenic (PVS1 + PS4 + PM2)  Yes Yes
PMID: 20358582 PMID: 29262613
splicing 150 19% Pathogenic (PVS1 + PM2) Yes No
PMID: 20358582
p.Gly208Glufs*14 64 29% Pathogenic (PVS1 + PS4 + PM2)  Yes No
PMID: 20358582
p.Thr214Metfs*8 42 28% Likely pathogenic (PVS1 + PM2)  No No
Likely pathogenic (PVS1 + PM2)  No Yes
PMID: 29262613
Likely pathogenic (PVS1 + PM2)  No Yes
PMID: 29262613
Likely pathogenic (PVS1 + PM2)  No No
Variant of uncertain significance  No No
(PP2 +PM2)
Variant of uncertain significance  No No
(PP2 +PM2)
p.Ser34LeufsTer95  58* 73% Pathogenic (PVS1 + PM2) Yes No
PMID: 20358582
Likely pathogenic (PVS1+PM2)  No (Yes: Indel, No
fs Trp262)
Likely pathogenic (PVS1 + PM2)  No No
Pathogenic (PVS1 + PM2) Yes No
PMID: 31264077
p.Ser155ArgfsTer10 20 16% Pathogenic (PVS1 + PM2) Yes No
PMID: 20358582
Variant of uncertain significance  No No
(PP2 +PM2)
p.Asp172llefsTer5 22 14% Pathogenic (PVS1 + PM2) Yes Yes
PMID: 36456122 PMID: 24618615
p.lle282MetfsTer15 62 23% Likely pathogenic (PVS1 + PM2)  No No
Pathogenic (PVS1 + PS4 + PM2) Yes Yes

PMID: 20358582

PMID: 29262613
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Supplementary Table 3 Continued

Sample lon AmpliSeq c.HGVS- lon AmpliSeq lon lon AmpliSeq smMIP c.HGVS-PRKAR1A
PRKAR1A p.HGVS-PRKART1A AmpliSeq VAF-PRKAR1A
reads SNV
c.375G>A p.Met125lle 338 7%
c.38G>A p.Arg13His 314 15%
c.547G>A p-Asp183Asn 166 26%
cm23 No variant detected No variant detected
CM24 ¢.76_85dupAACATTCAAG p.Ala29Glufs*19 6197 33% ¢.76_85dupAACATTCAAG
c.619delT p.Tyr207Metfs*15 9709 38% c.619delT

§ " Pathogenic" with score PVS1 + PM2 (+ PS4), and variant in Carney complex; " Likely pathogenic"
with score PVS1 + PM2, but unknown variant in Carney complex; " variant of uncertain significance"
with score PP2 + PM2

# Frameshift mutations have been compared at the affected PRKARTA amino acid position (column 4)
* This region was covered by < 100 reads
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smMIP p.HGVS- smMIP  smMIP Pathogenicity (ACMG scoring) § Variant Variantin
PRKAR1A reads VAF-PRKAR1A in Carney sporadic
SNV complex# myxoma#

Variant of uncertain significance  No No

(PP2 + PM2)

Variant of uncertain significance  No No

(PP2 + PM2)

Variant of uncertain significance  No No

(PP2 + PM2)
p.Ala29GlufsTer19 96 44% Pathogenic (PVS1 + PM2) Yes No

PMID: 20358582

p.Tyr207MetfsTer15 178 36% Pathogenic (PVS1 + PM2) Yes No

PMID: 20358582
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Abstract

Myositis ossificans is defined as a self-limiting pseudotumor composed of reactive
hypercellular fibrous tissue and bone. USP6 rearrangements have been identified
as a consistent genetic driving event in aneurysmal bone cyst and nodular fasciitis.
It is therefore an integral part of the diagnostic workup when dealing with (myo)
fibroblastic lesions of soft tissue and bone. Two cases of myositis ossificans with
USP6 rearrangement were published so far. We determine herein the incidence
of USP6 rearrangement in myositis ossificans using USP6 fluorescence in situ
hybridization analysis (FISH). Of the 11 cases included, seven patients were female
and four were male. Age ranged from 6 to 56 years (mean 27 years). Lesions were
located in the thigh (n=5), knee (n=1), lower leg (n=1), lower arm (n=1), perineum
(n=1), gluteal (n=1) and thoracic wall (n=1). All assessable cases except one ( 8/9)
showed rearrangement of USP6 providing evidence that myositis ossificans is
genetically related to nodular fasciitis and aneurysmal bone cyst.
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Introduction

Myositis ossificans is defined as a self-limiting pseudotumor composed of reactive
hypercellular fibrous tissue and bone. This rapid growing and involuting lesion is
mostly located in the skeletal muscle of the extremities or limb girdles of young
patients and is usually interpreted as a posttraumatic lesion [1,2]. However, its
cause is debated since its early description in 1892 [3].

The clinical characteristics depend on the developmental stage; the early phase is
characterized by a painful swelling and within 6 weeks after onset it becomes more
circumscribed and firm. Eventually, it evolves into a painless, well-demarcated hard
lump with a diameter of ca. 3to 6 cm [1].

Radiographically, soft tissue fullness is observed in the early stage. Subsequently,
calcification becomes apparent with patchy and irregular densities maturing after
approximately 6 weeks into a bony periphery with a radiolucent center [1].

The histological findings reflect those of the clinical symptoms and radiology. The early
stage is characterized by nodular fasciitis-like features and additional development of
woven bone terminally showing a prominent zonation with cancellous bone at the
periphery [1,2]. In addition, entrapment of muscle fibers is often observed.

Since USP6 rearrangement was identified as a consistent genetic driving event,
initially in aneurysmal bone cyst (ABC) and later in nodular fasciitis as well, it is an
integral part of diagnostic workup when dealing with (myo)fibroblastic lesions of
soft tissue and bone [4-9].

Interestingly, two cases of myositis ossificans containing USP6 rearrangements
were published by Sukov et al and classified as being aneurysmal bone cysts of soft
tissue [10].

We therefore set out to determine the incidence of USP6 rearrangement in myositis
ossificans using USP6 fluorescence in situ hybridization analysis (FISH).
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Material and Methods

The cases were retrieved from the authors’ (referral) files. Clinical details were
obtained from the referring physicians. The study was conducted in accordance
with the Code of Conduct of the Federation of Medical Scientific Societies.

In all cases the tissue was fixed in 4% buffered formalin, routinely processed
including decalcification, if needed, and embedded in paraffin; 2-4 pm thick
sections were stained with hematoxylin and eosin.

USP6 FISH detection was performed on paraffin sections of 4um. Slides were
mounted and dried for 45 minutes at 55°C. They were deparaffinized in xylene for
5 minutes, rehydrated in ethanol (99,5%) and demineralized water. Pretreatment
with 1T0mM Sodiumcitrate (pH=6.0) at 96°C for 10 minutes followed and after
cooling down, rinsing in demineralized water. Slides were rinsed with 0,01 M HCL
for 5 minutes and cells were digested by 200 U/ml pepsin (0,01M HCL) for
15 minutes at 37°C. To remove pepsin, slides were rinsed 3x shortly with 0,01M HCI
and rinsed with PBS. Slides were fixated in 1% formaldehyde/PBS for 5 minutes.
After that, slides were rinsed shortly with PBS and demineralized water and finally
dehydrated in increasing ethanol series and are dried.

For the ISH staining, 10ul USP6 (Kreatech, KBI-00094 split probe, Leica, Rijswijk, The
Netherlands) was applied per pre-treated slide. The probe incubated area were
covered with a cover glass and sealed with photo glue. The slides were denaturated
at 80°C for 10 minutes and hybridization overnight at 37°C. After hybridization
the slides were washed in 2xSSC at 42°C for 5 minutes to remove the cover glass,
washed for 1x1 minutes and 1x2 minutes in 2xSSC-NP40 3% washbuffer at 73°C
and rinsed with 2xSSC for 5 minutes (covered). Slides were dehydrated again in
increasing ethanol series to demineralized water and are dried. Slides were covered
with Vectashield mounting medium with DAPI (Vector, Brunschwig, Amsterdam,
The Netherlands) and stored at 4°C.

USP6 signals were scored by two independent experienced technicians and
considered positive if at least 20% of the 50 counted cells showed split signals.
Slides were scored using a Leica DM4000 (Leitz) fluorescence microscope with a
Leica DFC310 FX camera and LAS AF software.

As positive control, we included 10 samples of nodular fasciitis and 10 aneurysmal
bone cysts.
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Results

Clinical and FISH results are summarized in Table 1. Of the 11 patients included,
seven were female and four were male. The age ranged from 6 to 56 years (mean
27 years). Lesions were located in the thigh (n=5), knee (n=1), lower leg (n=1), lower
arm (n=1), perineum (n=1), gluteal (n=1) and thoracic wall (n=1).

Table 1. Clinical characteristics and FISH results

Case # Sex/age Site USP6 FISH (% of nuclei)
/24 Perineum >50

—_

2 /19 Lower leg 34

3 m/28 Lower arm Failed
4 m/44 Thoracic wall 20

5 m/25 Thigh 25

6 /17 Thigh 50

7 f/38 Thigh 30

8 f/32 Thigh 50

9 f/8 Knee 25

10 m/56 Thigh <10
1M f/6 Gluteal Failed

f, female; m, male

Figure 1. By CT, a diffuse swelling of the proximal rectus femoris muscle with faint peripheral
calcifications was seen (Case 8).
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By computed tomography, coronal reconstruction, bone window, a diffuse swelling
of the proximal rectus femoris muscle with faint peripheral calcifications was seen
(Case 8) (Figure 1). On MRI, TSE T2-weighted coronal image with fat saturation of
the same patient showed a sharply delineated lesion with inhomogeneous high
signal intensity with peripheral low signal intensity (Figure 2).

Six patients underwent resection, in the remaining patients, only a biopsy was
taken until now.

Figure 2. On MRI, a sharply delineated lesion with inhomogeneous high signal intensity with
peripheral low signal intensity was observed.

Grossly, all lesions were located in the voluntary muscle. The resection specimens had
an ill-defined, firm and grey-white appearance with gritty areas. Small cystic spaces
were seen in one case (Case 3). Microscopically, the lesions showed an infiltrative



Myositis ossificans - Another condition with USP6 rearrangement | 69

growth with entrapped muscle fibers. Nodular fasciitis-like areas with tissue
culture-like myofibroblasts intermingled with woven bone maturating peripherally
were seen in all cases. There was osteoblast rimming without atypia. Scattered
around, osteoclastic giant cells in a varying number were observed (Figure 3).
ABC-like pseudocystic spaces were present in only one case (Case 3, Figure 4).

Using FISH, USP6 rearrangement were shown in eight out of 11 cases with one case
being negative (<10% signals) (Figure 5). Two cases repeatedly failed for analysis,
probably related to decalcified end stage areas (Table 1).

Figure 3. Classical features of myositis ossificans showing tissue culture-like myofibroblasts intermingled
with woven bone were seen in all cases.
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Figure 4. ABC-like pseudocystic spaces were present in case 3.

Figure 5. Using FISH, break apart signals of USP6 were seen in 8/9 cases demonstrating rearrangement.
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Discussion

Nodular fasciitis, myositis ossificans and aneurysmal bone cyst share
clinicopathologic characteristics. First, they mainly occur in young patients.
Second, the soft tissue lesions, nodular fasciitis and myositis ossificans, are of
short duration with rapid growth and secondary involution, also called transient
neoplasms [1,2,5,11,12].

All three entities are microscopically related by the presence of bland looking
tissue culture like (myo)fibroblastic cells. Osteoclasts are mainly present in the
two bone forming lesions and secondary pseudocystic changes are possible in all
three neoplasms although they are most prominent in aneurysmal bone cyst, as
expected. In exceptional cases, nodular fasciitis shows metaplastic bone formation,
called fasciitis ossificans [1,2,11,12].

Another neoplasm clinicopathologically related to aneurysmal bone cyst is giant
cell lesion of small bones [13].

The most convincing argument for these conditions forming a spectrum rather
than distinct entities is the presence of USP6 rearrangement (4,5,7,8,13]. This is
supported by our study with rearrangement in eight out of nine cases (89%).

Interestingly, the presence of USP6 rearrangement has also been described in
a subset of cellular fibromas of the tendon sheath, retrospectively assigned to
nodular fasciitis [14].

USP6 (ubiquitin specific protease) is one of deubiquinating enzymes involved in
several cellular processes as intracellular trafficking, protein turnover, inflammatory
signaling, and cell transformation [7,11]. It has been shown that the USP6
fusion genes result in USP6 overexpression due to promoter switch. This in turn
leads to tumorigenesis, osteoblastic maturation, osteolysis, inflammation and
neovascularisation [7]. Jak1-STAT3, c-Jun/AP-1 and Wnt signaling are the known
involved pathways [15,16,18].

There is a variety of fusion partners described in ABC which are mainly functionally
assigned to the fibroblastic-osteoblastic lineage (CDH11,TRAP150, ZNF9, OMD,
COL1A1, RUNX2, PAFAHI1B1, CTNNB1, SEC31A, E1F1, FOSL2, STAT3) [7,17]. The
common USP6 fusion partner of nodular fasciitis is MYH9, normally expressed in
subcutaneous fibroblasts [7]. Recently found novel fusion genes are RRBP1, CALU,
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MIR22HG, SPARC, THBS2, COL6A2 and CTNNB1. The latter in overlap with aneurysmal
bone cyst [8].

What fusion genes are present in myositis ossificans remain to be elucidated as
USP6 FISH has been performed. From the literature it is known that one of the USP6
rearranged cases of myositis ossificans showed a fusion with COLTAT. The other
case was negative for CDH11 [7,10].

The most important entity that myositis ossificans must be distinguished from is
extraskeletal osteosarcoma. This very rare tumor shows histologically atypical
neoplastic osteoblast-like cells with pleomorphic nuclei. The typical zonation of
bone is absent [1].

Other benign fibro-osseous conditions which could be considered in the differential
diagnosis are subungual exostosis, florid reactive periostitis, bizarre parosteal
osteochondromatous proliferation, and fibro-osseous pseudotumor of digits.
However, the clinicopathological features are different with occurrence usually in
fingers and toes and absence of the bone zonation pattern [1].

Simple excision is the optimal treatment of myositis ossificans and recurrence is
exceptional [2].

In conclusion, we have identified USP6 rearrangements in a series of myositis
ossificans cases. We therefore argue that this entity belongs to the group of clonal
transient neoplasms also including nodular fasciitis and aneurysmal bone cyst.
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Abstract

Fibro-osseous pseudotumors of the digits (FOPD) is a rare self-limiting lesion
composed of bland looking hypercellular fibrous tissue and bone. USP6
rearrangement is a consistent genetic finding in aneurysmal bone cyst, nodular
fasciitis, myositis ossificans and giant cell lesions of small bones. We report herein
the occurrence of USP6 rearrangement in fibro-osseous pseudotumors of the
digits using fluorescence in situ hybridization analysis (FISH). Of the five patients
included, three were female and two were male. The age ranged from 33 to 72 years
(mean 48 years). Lesions arose in the palm (n=2), thenar (n=1), middle finger (n=1)
and great toe (n=1). All patients underwent resection. Four cases (80%) harbored
USP6 rearrangements showing that fibro-osseous pseudotumors of digits belongs
to the spectrum of clonal transient neoplasms including aneurysmal bone cyst,
nodular fasciitis, myositis ossificans and giant cell lesion of small bones.
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Introduction

Fibro-osseous pseudotumor of digits (FOPD) is a very rare bone producing
condition showing otherwise nodular fasciitis-like features. It originates in the
soft tissue predominantly of the hands and more rarely of the wrist and feet.
Fingers, especially the index finger are reported as preference sites. In comparison
to other digital fibro-osseous lesions there is no primary relationship with the
periosteum [1-6]. Although, the age range is broad the mean age is in the 4th
decade. Precedent traumata were reported in only a subset of cases making a
relationship uncertain [1-3]. Pain and swelling of short duration are the usual clinical
symptoms [1-3,6]. Radiologically, a soft tissue mass with variable mineralization is
seen, often with development of a peripheral bone rim depending on duration [2,3].
Attachment to the periosteum or osseous surface has been rarely observed most
probably being a secondary phenomenon due to the close relationship of tissues
at these sites [3].

Because of the clinicopathological features lesions were linked to myositis ossificans
and interpreted as being reactive [1-5].

Recently, we identified USP6 rearrangements in myositis ossificans [7]. This arose
the question whether FOPD has corresponding genetic characteristics. We therefore
analyzed FOPD cases using USP6 fluorescence in situ hybridization analysis (FISH).

Material and Methods

The cases were retrieved from the authors’ (referral) files. Clinical details were
obtained from the referring physicians. The study was conducted in accordance
with the Code of Conduct of the Federation of Medical Scientific Societies of the
Netherlands, Great Britain and Belgium.

In all cases the tissue was fixed in 4% buffered formalin, routinely processed
including decalcification, if needed, and embedded in paraffin; 2-4 um thick
sections were stained with hematoxylin and eosin.

USP6 FISH detection was performed on paraffin sections of 4um. Slides were
mounted and dried for 45 minutes at 55°C. They were deparaffinized in xylene for
5 minutes, rehydrated in ethanol (99,5%) and demineralized water. Pretreatment
with 10mM Sodiumcitrate (pH=6.0) at 96°C for 10 minutes followed and after
cooling down, rinsing in demineralized water. Slides were rinsed with 0,01 M HCL
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for 5 minutes and cells were digested by 200 U/ml pepsin (0,01M HCL) for
15 minutes at 37°C. To remove pepsin, slides were rinsed 3x shortly with 0,01M HCI
and rinsed with PBS. Slides were fixated in 1% formaldehyde/PBS for 5 minutes.
After that, slides were rinsed shortly with PBS and demineralized water and finally
dehydrated in increasing ethanol series and are dried.

For the ISH staining, 10ul USP6 (Kreatech, KBI-00094 split probe, Leica, Rijswijk, The
Netherlands) was applied per pre-treated slide. The probe incubated area were
covered with a cover glass and sealed with photo glue. The slides were denaturated
at 80°C for 10 minutes and hybridization overnight at 37°C. After hybridization
the slides were washed in 2xSSC at 42°C for 5 minutes to remove the cover glass,
washed for 1x1 minutes and 1x2 minutes in 2xSSC-NP40 3% washbuffer at 73°C
and rinsed with 2xSSC for 5 minutes (covered). Slides were dehydrated again in
increasing ethanol series to demineralized water and are dried. Slides were covered
with Vectashield mounting medium with DAPI (Vector, Brunschwig, Amsterdam,
The Netherlands) and stored at 4°C.

USP6 signals were scored by two independent experienced technicians and
considered positive if at least 20% of the 50 counted cells showed split signals.
Slides were scored using a Leica DM4000 (Leitz) fluorescence microscope with a
Leica DFC310 FX camera and LAS AF software.

Positive controls were used throughout.

Results

Clinical and FISH results are summarized in Table 1. Of the five patients included,
three were female and two were male. The age ranged from 33 to 72 years (mean
48 years). Lesions arose in the palm (n=2), thenar (n=1), middle finger (n=1) and
great toe (n=1). All patients underwent resection.

Grossly, the resection specimens showed ill-defined (multi)nodular lesions with a
firm grey-white appearance with gritty areas.

Microscopically, in all cases a (multi)nodular infiltrative proliferation of plump,
tissue culture-like bland looking myofibroblasts was seen merging with osteoid and
woven bone sometimes with maturating areas peripherally. There was osteoblast
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rimming without atypia. Mitotic activity was readily identified. Osteoclast-like giant
cells were variably present in all cases (Figure 1).

Using FISH, USP6 rearrangements were observed in four out of the five cases (Table 1,
Figure 2).

Figure 1. Classical features of FOPD showing tissue culture-like myofibroblasts merged with osteoid
and woven bone were seen in all cases (Case 3).

Table 1. Clinical characteristics and FISH results

Case # Sex/age Site USP6 FISH (% of nuclei)
1 /45 Palm 23

2 m/50 Palm 21

3 m/42 Great toe 22

4 /33 Middle finger 30

5 /72 Thenar <10

f, female; m, male
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Figure 2. Using FISH break apart, signals of USP6 were observed in 4/5 cases demonstrating
rearrangement (Case 3).

Discussion

Fibro-osseous pseudotumor of digits is defined as a classic pseudosarcomatous
lesion usually occurring in the superficial soft tissue of the fingers, especially
on the proximal phalanx region, and less frequently on the toes [1-6]. It
shares clinicopathological and especially genetic characteristics with nodular
fasciitis, myositis ossificans, aneurysmal bone cyst and giant cell lesion of small
bones [5,7-12]. These myofibroblastic tissue culture-like and variable bone-
producing lesions are transient neoplasms with short duration, rapid growth
and secondary involution [7,12]. Pseudocystic changes are most often present in
aneurysmal bone cysts and more rarely in myositis ossificans, which is sometimes
referred by some authors as aneurysmal bone cyst of soft tissue [7,13,14].

Osteoid and woven bone formations in FOPD are haphazardly distributed with
sporadic occurrence of a zonation pattern as seen in myositis ossificans [1,2,6]

In contrast to the initial large FOPD series by Dupree and Enzinger in 1986,
Chaudhry et al [6] discussed a more variable anatomic distribution emphasizing the
morphological overlap within the above mentioned soft tissue lesions.
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The presence of USP6 rearrangements, the genetic hallmark of all of these
neoplasms underpins that they are biologically related [7-12], although the fusion
partner of USP6 in the mentioned lesions is usually different with CDH11 and
MYH 9 being the most common in aneurysmal bone cysts and nodular fasciitis,
respectively [12]. What genetic partners are present in FOPD and whether there is
overlap with the other related conditions need to be investigated.

The detection of USP6 rearrangement can be useful for diagnostic purposes
when interpretation of immature bone is challenging because of lack of the bone
architecture with peripheral maturation and osteoblast rimming especially in small
biopsies [4,7].

Other acral fibro-osseus soft tissue lesions as florid reactive periostitis, subungual
exostosis and bizarre parosteal osteochondromatous proliferation (Nora's lesion)
are differential diagnoses. These lesions in contrast develop on the surfaces of small
bones and share with FODP rapid growth and the nodular fasciitis-like appearance
with mineralization, haphazardly arranged woven bone. The fibrous component is
usually most prominent at the periphery and overlies cellular hyaline cartilage that
undergoes enchondral ossification at its base which is different from FODP [4].

The known genetic changes in Nora’s lesion are a t(1;17) translocation [15] and
in subungual exostosis a t(X;6) leading to rearrangements of COL12A7 and
COL4A5[16-18].

The diagnosis of extraosseous or surface osteosarcoma is of paramount importance
because of the clinical consequences demanding neoadjuvant chemo- and/or
radiotherapy and extended surgery. However, these tumortypes are extremely rare
at acral sites and severe cytological atypia along with more aggressive features on
imaging, would lead to the correct diagnoses in most cases [1,4,6].

Synovial sarcoma may also originate at acral sites and may produce bone, however
these tumors consist of cellular fascicles of monomorphic spindle cells with
elongated nuclei in its monophasic fibrous form. Furthermore, the immunoprofile
with positivity for EMA and keratins and the X;18 translocation with SS18-SSX1/2 is
specific for this malignant tumor [19].

Prognosis of FOPD is excellent with recurrence in exceptional cases. Complete
excision is the treatment of choice [1-3].
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In conclusion, we have identified USP6 rearrangements in a series of fibro-osseous
pseudotumors of the digits. We therefore argue that this entity belongs to the
group of clonal transient neoplasms also including nodular fasciitis, myositis
ossificans, aneurysmal bone cyst and giant cell lesion of small bones. USP6 FISH can
be helpful when considering malignancy on clinicopathological grounds.
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Abstract

Soft tissue angiofibroma is rare and has characteristic histomorphological and
genetic features. For diagnostic purposes, there are no specific antibodies available.
Fourteenlesions (6females,8 males;agerange 7-67 years) of the lower extremities (12)
and trunk (2) were investigated by immunohistochemistry, including for the first
time NCOA2. NCOA2 was also tested in a control group of other spindle cell lesions.
The known fusion-genes (AHRR-NCOA2 and GTF2|-NCOA2) were examined using RT-
PCR in order to evaluate their diagnostic value. Cases in which no fusion gene was
detected were additionally analysed by RNA sequencing. All cases tested showed
nuclear expression of NCOA2. However, this was not specific since other spindle cell
neoplasms also expressed this marker in a high percentage of cases. Other variably
positive markers were EMA, SMA, desmin and CD34. STAT6 was negative in the cases
tested. By RT-PCR for the most frequently observed fusions, an AHRR-NCOA2 fusion
transcript was found in 9/14 cases. GFT2I-NCOA2 was not detected in the remaining
cases (n53). RNA sequencing revealed three additional positive cases; two harbored
a AHRR-NCOA2 fusion and one case a novel GABT-ABL1 fusion. Two cases failed
molecular analysis due to poor RNA quality. In conclusion, the AHRR-NCOA?2 fusion
is a frequent finding in soft tissue angiofibroma, while GTF2I-NCOA2 seems to be a
rare genetic event. For the first time, we report a GABT-ABL1 fusion in a soft tissue
angiofibroma of a child. Nuclear expression of NCOA2 is not discriminating when
compared with other spindle cell neoplasms.
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Introduction

Soft tissue angiofibroma (STAF), a recently defined benign soft tissue tumor
entity, is rare and has characteristic histomorphological and genetic features with
a recurrent chromosomal translocation t(5;8)(p15;q13), resulting in a consistent
rearrangement of NCOA2 in a subset of cases [1,2]. The histologic diagnostic clue
is a prominent vascular network consisting mainly of uniform small vessels [1].
However, this feature may not be convincing in cellular areas. Moreover, myxoid
change in other soft tissue lesions, such as solitary fibrous tumor (SFT) or cellular
angiofibroma, can also reveal a prominent vasculature with small branching
vessels [3-5], rendering diagnosis of STAF somewhat uncertain.

Chimeric fusion proteins represent targets for potential tumor-specific diagnostic
immunohistochemistry assays. Examples of a robust immunohistochemical assays
include antibodies for STAT6 in SFT showing nuclear relocation due to fusion with
NAB2 [6,7] and CAMTA for epithelioid hemangioendothelioma, which is upregulated
due to the fusion with the promotor of the WWTRT gene [8,9].

Possible aberrant expression of NCOA2 (nuclear receptor co-activator 2) as a
consequence of the involvement in the STAF fusion protein could be a novel diagnostic
target as there is no specific immunohistochemical marker for STAF so far [1].

Molecular analysis is an additional diagnostic adjunct, especially in biopsies of
tumor types without a specific immunohistochemical profile but with tumor-
related therapeutic consequences (e.g., myxoid liposarcoma, another potential
mimic of STAF) [1,10-12].

The aim of our work was to examine the diagnostic value of STAFs known fusion
genes (AHRR-NCOA2 and GTF2I-NCOA2) by studying their occurrence in a cohort
of 14 lesions using RT-PCR for the most frequent reported fusions and RNA
sequencing. In addition, we examined immunohistochemically the expression of
NCOA?2 in STAF and other benign and malignant spindle cell tumors to determine if
it could be a potential immunohistochemical marker for STAF.

Methods

Cases were collected from the authors’ files or referral files and reviewed. Clinical
information, including follow-up, was obtained from the referring clinicians. The
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study was conducted in accordance with the Code of Conduct of the Federation
of Medical Scientific Societies. The tissues of all samples were formalin fixed and
paraffin embedded; 2-4 um thick sections were performed. Slides were hematoxylin
and eosin stained. Immunohistochemistry was done by the Brightvision technique
(Immunologic, The Netherlands). Antibodies are listed in Table 1. Appropriate
positive and negative controls were used.

Table 1. Details of used antibodies

Antibody Clone Dilution Source

NCOA2 Polyclonal 1:1600 ITK Diagnostics BV, Uithoorn, The Netherlands
STAT6 YE361 1:80 Abcam, Cambridge, UK

CD34 QBENnd/10 1:80 Immunologic, Duiven, The Netherlands

EMA E29 1:250 DAKO, Glostrup, Denmark

SMA 1A4 1:30000 Sigma, Saint Louis, USA

S100 Polyclonal 1:10000 DAKO, Glostrup, Denmark

Desmin Clone33 1:100 Klinipath BV, Duiven, The Netherlands

Pan-CK MNF116 1:500 DAKO, Glostrup, Denmark

Pan-CK AE1/3 1:50 Immunologic, Duiven, The Netherlands

Table 2. NCOA2 staining in other soft tissue tumors including mimics

Tumortype Nuclear NCOA2 expression
Intramuscular myxoma 3/4

Juxtaarticular myxoma il

Odontogenic myxoma 11

Myxoid liposarcoma 6/6

Myxofibrosarcoma 6/6*

Cellular angiofibroma 3/3

LGFMS 2/2

Solitary fibrous tumor 10/14

Mesenchymal chondrosarcoma  1/1

Schwannoma 5/5
MPNST 2/4
GIST 5/5
Leiomyoma 6/6 (<50%)

* one case only partly positive (< 50%)
LGFMS, low-grade fibromyxoid sarcoma; MPNST, malignant peripheral nerve sheath tumor; GIST,
gastrointestinal stroma tumor
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We included a group of 58 cases consisting of mimics of STAF, as listed in Table 2.
Cases were scored positive when at least 50% of the tumor cell nuclei showed a
strong immunoreactivity. A seminoma was used as positive control as proposed by
the manufacturer.

Reverse transcriptase-Polymerase chain reaction (RT-PCR)

According to standard procedures, RNA was extracted using RNA-Bee-RNA
isolation reagent (Bio-Connect BV, Huissen, the Netherlands). Quantity and quality
were determined by NanoDrop measurement (Fisher Scientific, Landsmeer, the
Netherlands). cDNA synthesis was conducted using Superscript Il (Invitrogen Life
Technologies Europe, Bleiswijk, the Netherlands) and random hexamers (Promega
Nederland, Leiden, the Netherlands).

The cDNA was tested by RT-PCR for the HMBS (hydroxymethylbilase
synthase) housekeeping gene using the following primers forw150
5'-TGCCAGAGAAGAGTGTGGTG-3) rev150 5'-ATGATGGCACTGAACTCCTG-3], forw250
5'- CTGGTAACGGCAATGCGGCT-3/, rev250 5'- TTCTTCTCCAGGGCATGTTC-3..

For detection of the AHRR-NCOA?2 fusion t(5;8)(p15;913), the following primers were
used for AHRR (at 5p15,accession number NM 020731.1) forward primers P928 (exon 9):
CCGCAGCGGAGATGAAAATG and P930 (exon 10): GTAAAAGCCACCACCAGTCTG. For
NCOA2 (at 8913, accession number NM 006540.2) reverse primers P929 (exon 16):
CAAGTCATCTGGAGAACTGC, P931 (exon 14): CCATTCTCCAGATGGCATAG were used.

For the detection of the GTF2/-NCOA2 fusion, resulting from the t(7;8)(q11;q13),
forward primers 1380 (GACCAAAGGCCAATGAGCTA, exon 13) and 1436
(AAGCGGAAAGTGAGGGAGTT, exon 13) for GTF2l and reverse primers 3368
(GCAGGATGTGGACATAGCAA, exon 16) and 3402 (CAGGAGAGCTCCCTCATCAC,
exon 16) for NCOA2 were used.

For the detection of the GABI-ABL1 fusion, forward primer 1913
(CGTGGATAGGAACCTCAAGC, exon 6) and reverse primer 689
(GGTTGGGGTCATTTTCACTG, exon 2) were used.

PCR products were evaluated by agarose gel electrophoresis. The sequence of the
differently sized PCR-products was obtained using Sanger sequencing.

Negative controls for RT-PCR were 1 myxofibrosarcoma, 1 spindle cell liposarcoma,
1 solitary fibrous tumor, 1 dedifferentiated liposarcoma. For positive control of the
GTF2I-NCOA2 fusion see Arbajian et al [13].

93




94

| Chapter 6

RNA sequencing

MRNA with DV200 values >40 could be extracted from 5 FFPE blocks using Qiagen’s
RNeasy FFPE Kit (Qiagen, Valencia, CA, USA), as described [14]. mRNA libraries
were prepared from 20-50 ng of RNA, depending on the DV200 value, using the
capturing chemistry of the TruSeq RNA Access Library Prep Kit (lllumina). Paired-end
85 nt reads were generated from the mRNA libraries on a NextSeq 500 (lllumina).
Sectioning, RNA extraction, library preparation, sequencing and bioinformatic
analysis were performed as described [14].

ChimeraScan and FusionCatcher, using default settings, were used to identify
candidate fusion transcripts from the sequence data [15, 16]. The GRCh37/hg19
build was used as the human reference genome.

Results

Clinical data

Clinical data are presented in Table 3. Of the fourteen patients, six were female and
eight were male.The age ranged from 7 to 67 years (median 50 years; mean 49 years).
Anatomical sites were upper leg (five), knee (four), lower leg (one), foot (two),
upper back (one) and flank (one). Seven neoplasms were located subcutaneously,
three in muscle and two deep to the fascia. In the two lesions of the foot, the
anatomic plane was difficult to asses. Magnetic resonance imaging (MRI) of case 6
showed a juxta-articular, sharply demarcated lesion of the knee that had a diffuse
iso-intense signal in T1 and a hyperintense pattern in T2 (Figure 1). All lesions were
completely excised. Follow-up information, available for 10 patients, ranged from
3 months to 4 years (median interval 2 years and 3 months). There was no evidence
of disease in any of the cases.

Table 3. Clinical data

Case sex/age localization size (cm) Resection status Follow up

1 m/46y knee, sc 1.6 RO NED, 2 years
2 m/45y upper leg, im 4.0 RO NED, 2.5 years
3 /52y upper leg, im 3.0 RO NED, 1 year

4 /a2y upper leg, sc 35 RO NED, 3.5 years
5 m/62y upper back, sc 35 RO NED, 3.5 years
6 /56y knee, sf 5.0 RO NED, 3.5 years
7 f/63y knee, sc 4.0 RO NED, 4 years
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Table 3. Continued

Case sex/age localization size (cm) Resection status  Follow up

8 m/67y upper leg, sc 43 RO NED, 3 months
9 m/49y dorsal foot 1.4 RO NA

10 m/56y lower leg, sc 2.2 RO NA

11 /48y flank, sc 3.7 RO NED, 10 months
12 m/61y knee, sf 8.7 RO NA

13 f/36y upper leg, im 7.0 RO NA

14 m/7y foot 2.0 2.0 NED, 4 months

M, male; f, female; y, year; sc, subcutaneous; im, intramuscular; sf, subfascial, NED, no evidence of
disease; NA, not available

Figure 1. MRI of case 6 showed a juxta-articular, sharply demarcated lesion that had a diffuse iso-
intense signal in T1 and a hyperintense pattern in T2.

Gross findings

Most of the tumors were well-circumscribed and (multi)nodular; the size ranged
from 1.6 - 8.7 cm ( mean 3.9 cm). The cut surface appeared solid, white to yellow-
tan and glistening.

Histological findings
Ten neoplasms were sharply demarcated and surrounded by a pseudocapsule
(Figure 2). Infiltration into fat, striated muscle and connective tissue were seen in
the remaining four cases.
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Figure 2. Most tumors were well-circumscribed and surrounded by a pseudocapsule.

Most lesions showed variable cellularity (Figures 3-5) with predominantly low
cellularity in three tumors. Neoplasms were composed of haphazardly arranged,
bland-looking spindle cells. Nuclei were round to oval or tapering with somewhat
histiocytoid appearance (Figures 4 and 5). In some cases, prominent nucleoli were
seen. Binucleated cells were obvious in four cases (cases 1, 3, 4 and 5). Mitoses did
not exceed 1 per 10 high power fields. The cytoplasm was inconspicuous. There was
no atypia. All cases possessed a prominent, evenly distributed network of small
blood vessels (Figures 2- 5). In addition, larger hemangiopericytoma-like vessels
were seen in eight cases (Figure 3). The background consisted of fine collagen
bundles and was myxoid in the poor cellular areas. In few cases

hyalinization was focally observed. Thick collagen bundles were present in cases
2,10 and 11 (Figure 6) and inclusion of mature adipocytes was a feature of four
cases (5,7, 10, 11) (Figure 7). Case 14, remarkable because of a novel fusion gene
(see below), showed a similar morphology with variable cellularity, bland-looking
fibroblasts and a prominent network of capillaries and in some areas larger
hemangiopericytoma-like vessels (Figure 8).
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Figure 3. A prominent complex vascular network with medium-sized and small thin-walled vessels
were characteristic.

Figure 4. Innumerable uniform branching vessels were seen in all lesions.
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Figure 6. Thick collagen bundles were seen in Case 2.
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Figure 8. Case 14 was remarkable for its novel GAB1-ABL1 fusion showed a typical morphology.
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Immunohistochemical findings

The results are shown in Table 4. Nine cases tested showed nuclear staining for

NCOA2 (Figure 9). However, differential diagnoses of STAF and other spindle cell

lesions were also positive (Table 2). Nuclear expression was also seen in normal

tissue including connective tissue, endothelial cells and smooth muscle. Adipocytes

showed variable positivity and epithelial cells of the rete testis and seminiferous

tubules showed a cytoplasmic reactivity.

CD34 staining was seen in one of thirteen cases (Figure 10). EMA positivity was

demonstrated in seven out of nine cases with a focal expression in five cases.

Desmin was focally positive in two of six examined cases. Alpha smooth muscle

actin was focally detected in two of eleven cases. S100, Pan-CK (AE or MNF116) and

STAT6 were negative in all cases tested (n=11, n=4, n=5, respectively).

Table 4. Immunohistochemical results

Case CD34 EMA Desmin ASMA S100 CcK STAT6 NCOA2
1 - f+ f+ - nd nd nd +

2 - + nd - - -(MNF116) nd +

3 - + nd - nd nd nd +

4 - - - - - nd nd +

5 + nd f+ - - nd nd +

6 - nd - nd - - (AE) - +

7 nd nd nd - - nd - +

8 - - nd - - nd nd +

9 - f+ nd f+ - nd nd +
10 - nd nd nd - nd nd nd
11 - f+ - f+ - - (AE) - nd
12 - nd nd - nd nd - nd
13 - f+ nd - - nd - nd
14 - f+ - nd - -(MNF116) nd nd
n 1/13 7/9 2/6 2/11 0/11 0/4 0/5 9/9

f, focal expression; nd, not done
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Figure 9. All cases of STAF but also other spindle cell lesion showed nuclear expression of NCOA2 (Case 2).

Figure 10. Case 5 was positive for CD34.
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Molecular genetic findings

Molecular genetic results are presented in Table 5. Using RT-PCR, nine out of

fourteen cases were shown to harbor a AHRR-NCOA2 fusion gene, with exon

combinations were exon 10-14 (four cases) (Figure 11), exon 10-16 (two cases),

exon 9-16 (two cases) and exon 9-14 (+insertion) (one case); also one case was
shown to harbor a GAB1-ABL1 fusion of exons 6 and 2, respectively. GTF2I-NCOA2
was not detected in the remaining cases (n=3). None of the cases of the control

group harbored a transcript of these fusion genes.

RNA seq and subsequent bioinformatics analyses revealed the presence of AHRR-

NCOA2 fusion transcripts in cases 6 and 12. The exon combinations were ex 8-11 in

both. Case 14 displayed a GABT-ABL1 fusion transcript of exons 6 and 2, according

to both ChimeraScan and FusionCatcher algorithms.

Two cases failed for analysis due to poor RNA quality.

Table 5. Molecular data (RT-PCR and NGS results)

Case AHRR-NCOA2 GTF2I-NCOA2 GAB1-ABL1
1 ex 10-14 na

2 ex 9-14* na

3 ex 10-14 na

4 ex 10-14 na

5 ex 10-16 na

6 ex 8-11** neg

7 X X

8 ex9-16 na

9 X X

10 ex 10-14 na

11 ex 9-1 na

12 ex 8-11**

13 ex 10-16

14 ex6-ex2**

Ex, exon; nd, not detected; na, not analyzed; neg, negative, x, failed for analysis (poor RNA quality);*

plus an insertion, ** NGS
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Exon 14 NCOAZ Exon10 AHRR IrI

Figure 11. Sequence of the RT-PCR product showed a fusion between exon 10 of AHRR and exon 14 of
NCOA2 in four cases.

Discussion

Recurrent fusion genes, recognized as driver mutations, are being discovered in a
growing number of tumor types, resulting in a specific transcription program of
different target genes, which in turn has clinicopathological implications [17-19].
One example of such a tumor type is the recently delineated benign mesenchymal
lesion STAF, which has, in addition to a distinct fibrovascular histological
appearance, a AHRR- NCOA2 fusion transcript in a large subset of cases [2, 20].

AHRR (aryl hydrocarbon receptor repressor) regulates the activity of the
corresponding receptor (AHR) and is as a putative tumor suppressor. The coding
gene is located on 5p15 [2,21]. NCOA2 (nuclear receptor coactivator 2), located on
8q13.3, normally enhances chromatin remodeling and facilitates transcription of
nuclear hormone receptor target genes with influence on cell growth, development
and homeostasis [2,22-24]. It has been shown that the AHRR-NCOA2 chimeric
protein is able to activate the AHR signaling due to the retained transcriptional
activation domain of NCOA2, resulting in neoplastic transformation [2].

In accordance to the series investigated by Jin et al [2] and Yamada et al [20], our
data suggest that AHRR-NCOAZ2 is the most common fusion gene in STAF with in-
frame fusion transcripts of exon 10-14 (n = 4), exon 10-16 (n = 2), exon 9-16 (n = 2),
exon 9-14 (n = 1) and exon 8-11 (n = 2). The exon combination 8-11 was found
by RNA sequencing and has not been reported previously. Additional reciprocal



104 | Chapter 6

NCOA2-AHRR and in one case further fusion genes, NCOA2-ETV4, ETV4-AHRR, P4HA2-
TBCK and TBCK-P4HA2, have been reported [2, 20, 25]. GTF2I-NCOA2, the result of a
1(7;8;14)(q11;913;931), has been described as an alternative fusion gene in a single
case [13]. However, neither we nor others have detected it, suggesting that may be
a less common genetic event [13,20].

The NCOA2 gene is a partner in fusions involved in other soft tissue tumors,
such as mesenchymal chondrosarcoma, and infantile spindle cell and alveolar
rhabdomyosarcoma demonstrating a role in both benign and malignant soft tissue
tumorigenesis [23, 24, 26]. NCOA2 FISH can be a diagnostic aid in these different
tumor types, especially in FFPE samples with poor RNA quality, as shown in several
studies [20, 23, 24, 26-28].

To find an immunohistochemical surrogate marker for tumor types harboring
NCOA2 fusion proteins, we investigated for the first time a NCOA2 antibody (with
epitope of the carboxyterminal region because of the preserved C-terminal domains
in the fusion protein). In particular, soft tissue angiofibroma and mesenchymal
chondrosarcoma are good candidates because of the absence of specific
immunohistochemical profile [1,10]. However, we found nuclear immunoreactivity
in most of the control cases, demonstrating that this antibody is not suitable for
diagnostic purposes.

For the first time, we report GABT-ABL1 being another alternative fusion gene in
STAF. The fusion was first detected by RNA-seq and subsequently confirmed by
RT-PCR. GAB1 (Grb2-associated binding protein 1), located on 4q31, belongs to a
family of scaffolding proteins closely related to the insulin receptor substrates
interacting with several growth factors and interleukin receptors. It is involved
in the integration of different signal transductions including the MAPK and PI3K
cascades [29]. ABLT (Abelson tyrosin protein kinase 1), located on 9934, is a proto-
oncogene with cell cycle function involved in a variety of cellular processes,
including cell division, adhesion and differentiation. It is known to be involved in
myeloid and lymphoblastic leukemias as part of the Philadelphia chromosome [30].

In conclusion, the AHRR-NCOA2 fusion is a frequent finding in STAF, while the
GTF2I-NCOA2 fusion seems to be a rare genetic event. For the first time, we
report a GABT-ABL1 fusion transcript in a soft tissue angiofibroma of a child. In
this study, immunohistochemical nuclear expression of NCOA2 was not helpful in
discriminating soft tissue angiofibroma from other spindle cell neoplasms.
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Abstract

Introduction: Myxoid liposarcoma (MLS) is the only translocation-associated
liposarcoma-subtype. It classically originates in the deep soft tissues of the thigh.
At distal sites of the extremities, this tumor is exceedingly rare. We present a series
of eight cases occurring in the foot/ankle.

Results: Two female and six male patients, aged between 32 to 77 years (mean
54.3 years) were identified. Tumor size ranged from 1. to 10 cm (mean 6.8 cm).
Two lesions eroded bone. All tumors were treated by excision and seven by (neo)
adjuvant radiotherapy. RO status was reached in two cases with one case followed
by metastasis in the groin. All other cases were documented with R1 (n=2) or R2
(n=4) resection status. In one patient, the follow-up status was unknown. All other
patients were alive 15-135 (mean 55.8) months after initial diagnosis.

We conclude that myxoid liposarcoma at acral sites are exceedingly rare, and in
this series, prognosis was good irrespective of resection status. Clinicians and
pathologists have to be aware because this sarcoma type shows a peculiar clinical
behavior with high radio- and chemosensitivity and metastatic spread to extra-
pulmonary sites.
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Introduction

Myxoid liposarcoma (MLS) is the only translocation-associated liposarcoma-subtype
recapitulating more or less normal lipogenesis [1-3]. The specific fusion genes FUS-
DDIT3 and, more rarely, EWSR1-DDTI3 are the result of the t(12;16)(q13;p11) and
1(12;22)(q13;912), respectively [3-5].

MLS is the most common liposarcoma arising in children, adolescents and young
adults [6-9]. It comprises up to 35% of all liposarcomas and has, in one-third of
cases, the tendency to metastasize to other soft tissue sites including mediastinum
and retroperitoneum, and also to bone, lung and liver with a consecutive fatal
outcome. The classical localization (two-thirds of the cases) is the deep soft
tissues of the thigh [3, 6, 10]. Cases of the retroperitoneum are almost exclusively
metastases with some exceptions [11-13]. At distal sites of the extremities, this
tumor is exceedingly rare [6, 14-18], and the first case was documented by Booker
in 1965 [15]. We here present a series of eight cases occurring in the foot/ankle.

Material and Methods

Patient data

The cases were collected retrospectively from the authors (referral) files. The study
was performed in accordance with the Code of Conduct of the Federation of
Medical Scientific Societies in the Netherlands and Germany.

In each case, 4-mm-thick sections of formalin-fixed, paraffin-embedded (FFPE)
material were stained with haematotoxylin and eosin. The histological diagnoses
were revised (UF, EB) and classified according to the 2013 WHO criteria. From
each case, 1 representative paraffin tissue block (four biopsies and four resection
specimens) containing the largest area and highest tumor percentage of viable
tumor was selected for fluorescence in situ hybridization (FISH) and reverse
transcriptase polymerase chain reaction (RT-PCR) analysis.

Fluorescence in situ hybridization (FISH)

Four-micrometer paraffin sections of selected tissue blocks were treated and made
accessible to the DNA probes as described earlier in ten Heuvel et al [19]. The used
probes were as follows: a telomeric 120-kilobase (kb) probe labeled with Spectrum
Orange and a centromeric 334-kb probe labeled with Spectrum Green for EWSR1
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and a telomeric 500-kb probe labeled with Spectrum Orange and a centromeric
270-kb probe labeled with Spectrum Green for FUS.

Slides were visually evaluated using a Leica DMR fluorescence microscope equipped
with appropriate filters for 4,6-diamidino-2-phenylindole, Spectrum Orange, and
Spectrum Green. Tumors (MLS) scored positive for FUS and EWSRT translocations
when several areas contained at least 31% of tumor cell nuclei for EWSR1 and
13% for FUS, and had clearly split orange and green signals (separated by at least
3 signal diameters from an oppositely colored signal).

Reverse transcriptase-Polymerase chain reaction (RT-PCR)

RNA was extracted from FFPE tissues using RNA-Bee-RNA isolation reagent
(Bio-Connect BV, Huissen, the Netherlands) according to standard procedures.
RNA quantity and quality were determined by NanoDrop measurement (Fisher
Scientific, Landsmeer, the Netherlands) and, subsequently, cDNA synthesis was
performed using Superscript Il (Invitrogen Life Technologies Europe, Bleiswijk, the
Netherlands) and random hexamers (Promega Nederland, Leiden, the Netherlands).

The cDNA was tested by the RT-PCR for the HMBS (hydroxymethylbilase synthase)
housekeeping gene using the primers forw150 5-TGCCAGAGAAGAGTGTGGTG-3)
rev150 5-ATGATGGCACTGAACTCCTG-3/, forw250 5'- CTGGTAACGGCAATGCGGCT-3),
rev250 5'- TTCTTCTCCAGGGCATGTTC-3"

For detection of the EWSR1-DDIT3 fusion, 5-TCCTACAGCCAAGCTCCAAGTC-3'
forward primer and 5-GACTCAGCTGCCATCTCTGC-3' reverse primer were
used. For the FUS-DDIT3 fusion, 5- GACAGCAGAACCAGTACAACAGCAG-3'
and ‘5-CCGTGGTGGCTTCAATAAATTTG-3' forward primers and
5'-GCTTTCAGGTGTGGTGATGTATGAAG-3' and  5-GACTCAGCTGCCATCTCTGC-3’
reverse primers were used. The PCR-products were analyzed by agarose gel
electrophoresis and Sanger-sequencing.

Results

Patient characteristics

Patient characteristics are presented in Table 1. In brief, eight patients were
included of which two females and six males with an age range of 32 to 77 years
(mean 54.3 years; median 57.5 years). Tumor size ranged from 1.1 to 10 ¢cm
(mean 6.8 cm; median 6.5 cm). In four patients, the tumor was localized between
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metatarsal 1 and 2, one (case 2) between metatarsal 2 and 5 and in two patients
(case 6 and 8), it was distal in the ankle with extension on the dorsum of the foot.
In patient one, the specific location, apart from being located in the foot, was
unknown. Two lesions (case 3 and 5) eroded bone with a pathological fracture as
clinical presentation in case 3. All lesions were treated by excision/resection and
seven patients received (neo)adjuvant radiotherapy. RO status was reached in two
cases, followed by a metastasis in the groin 7 months later in case 5. All other cases
were documented with R1 (n=2) or R2 (n=4) resections without recurrences or
metastases. Seven patients were alive after initial diagnosis with follow-up range
from 15 to 135 months (mean 55.8; median 41.5 months). For patient eight no
follow-up information was available.

Table 1. Clinical data

Case Age(y)/Sex Tumorsize Site Treatment Rec/met Follow-up
(cm) (months) (months)

1 65/m 10 Foot TNF, perfusion, R2  No NED (135)

2 77/m 7 Foot R1, adjuv RT No NED (94)

3 60/m 3.5 Foot R1, adjuv RT No NED (15)

4 39/m 1.1 Foot Neoadjuv RT, R1 No NED (85)

5 55/m 4.5 Foot Neoadjuv RT, RO Groin (7) NED (15)

6 32/m 6 Foot/ankle Neoadjuv RT, R2 No NED (58)

7 34/f 4 Foot Neoadjuv RT, RO No NED (19)

8 72/f 6.5 Foot/ankle RO NA NA

Y, years; f, female; m, male; rec/met, recurrence/metastases; TNF, tumor necrosis factor; R, resection
status; adjuv, adjuvant; neo-adjuv, neo-adjuvant; RT, radiotherapy; NED no evidence of disease,
NA not available

Radiology

Magnetic resonance imaging (MRI), exemplarily described in case 5, showed an
well-defined intermetatarsal soft tissue mass with cortical destruction of the
adjoining metatarsal bone and involvement of one of the neurovascular bundles
(Fig. 1). This heterogeneous mass contained myxoid areas, fatty tissue (less than
25%) and necrotic components. Imaging after contrast agent showed a peripheral
nodular enhancement. Six months after radiotherapy there was an increase in size,
bone involvement and heterogeneous enhancement on MRI with central necrosis.
Nine months after radiotherapy and total resection, a lesion in the right groin was
found with ultrasonography. This lesion showed a lipomatous aspect, suspicious for
metastatic disease.
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Figure 1. MRI shows a well-defined intermetatarsal soft tissue mass with cortical destruction of the
adjoining metatarsal bone and involvement of one of the neurosvascular bundels.

Histology

Most cases showed a typical histology of myxoid liposarcoma with a nodular
growth pattern of relatively low cellularity with enhancement of cells at the
periphery of the nodules. There was a proliferation of uniform bland, round to
oval-shaped primitive cells intermingled with a variable amount of lipoblasts of
different stages in an abundant myxoid stroma (Figure 2). In case 1 an additional
nested pattern of primitive cells was seen and Case 4 showed areas of extensive
maturation and slightly pleomorphic nuclei (Figure 3). A delicate plexiform
(‘chicken-wire’) capillary vasculature was present throughout the tumors. Two cases
had mainly a hypercellular morphology with more large round cells with increased
nuclear/cytoplasmic ratio, distinct nucleoli and a little amount of intervening
myxoid stroma (Figure 4). In two of the five neo-adjuvant treated cases prominent
necrosis and/or hyalinization were found with only minimal viable tumor as a result
of radiotherapy. The remaining three tumors were mainly vital. The groin metastasis
of case 5 presented with a prominent round cell pattern. Percentages of the round
cell component are shown in Table 2.
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=1

Figure 2. Typical histology of MLS with uniform cells intermingled with a variable amount of lipoblasts in an
abundant myxoid stroma and delicate plexiform capillary vasculature (hematotoxylin and eosin stain, 100x)
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Figure 4. Hypercellular areas with round cell morphology was seen in cases 1 and 2 (hematotoxylin
and eosin stain, 100x)
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Molecular genetics

Genetic results are listed in Table 2. All cases were investigated using RT-PCR and/
or FISH.

Five cases tested by FISH showed a FUS rearrangement in three cases and an
EWSR1 rearrangement in two cases. Of the seven cases analyzed using RT-PCR,
three harbored a FUS-DDIT3 fusion and one case an EWSR1-DDIT3 fusion. One case
positive for FISH (FUS rearrangement) was negative by RT-PCR (Fig. 5). The other
three cases tested using FISH had insufficient RNA quality for RT-PCR.

Table 2. Histological and molecular data

Case RC component FISH rearrangement/RT-PCR (fusion gene)

1 >5% (R) FUS/neg

2 >5% (R) EWSR1/NI

3 0% (R) EWSR1/NI

4 <5% (R) FUS/NI

5 0% (R), >5% (M) ND/FUS-DDIT3
6 <5% (R) ND/FUS-DDIT3

7 <5% (R) ND/EWSR1-DDIT3

8 0% (R) FUS/NI

RC, round cell; R, resection specimen; B, biopsy; M, metastasis; neg, negative; NI not interpretable due
to poor RNA quality; ND, not done

Figure 5. FUS FISH with breakapart signal indicating a FUS rearrangement
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Discussion

Soft tissue sarcomas are a heterogeneous group of tumors with a large spread
in biological behavior, prognosis and requested treatment modalities. The right
diagnosis, strongly dependent of clinical pattern, radiological evaluation and in
particular adequate pathology, is critical in order to propose the best treatment.
Atypical presentation of MLS is important to recognize, due to its ability to
widespread metastasize while normally being known as a radiotherapy and
chemotherapy sensitive tumor [2, 12, 20-22]. This is even more important when
adequate surgical margins are difficult to reach, such as in the foot and ankle.

Usually MLS are located in the deep soft tissues of the thigh. However, rarely,
they can occur in atypical localization such as head and neck, skin/subcutis,
mediastinum, retroperitoneum as well as acral sites [6, 10, 13-19, 22-28]. In these
cases, an adapted treatment approach will possibly be administered.

We discuss herein eight cases of MLSs arising in the foot/ankle, which is very
unusual for liposarcomas in general and for MLSs in particular, with MLSs ranging
from low-grade tumors with a low metastatic potential to high-grade neoplasms
(including “round cell” liposarcoma) with a poor prognosis [10, 29, 30].

Anatomic site often has prognostic impact as for example shown for (lipo)sarcoma
localized in the retroperitoneum/peritoneum where tumor free margins can often
not be obtained in comparison to surgically amenable sites as extremities [3, 6].

Whether localization of MLSs in the distal extremities is linked to better outcome
is not clearly understood and in our cohort, only one of our patients showed
metastatic spread soon after primary treatment. All other patients had no evidence
of disease even after incomplete resection and the presence of a round cell
component above 5%. Nevertheless, late metastases in MLS are reported [2, 13, 19].

Usually, on MRI, MLSs are well-delineated lobulated masses with homogenous
signal intensity. A more variable/inhomogeneous appearance as shown in one of
our cases might suggest a round cell component [29, 31].

The classical histology of MLSs consisting of small uniform primitive cells and
lipoblasts in different stages of maturation set in a prominent myxoid matrix
with pools of mucine and the typical chickenwire-like capillary network leads to
a straightforward diagnosis even in needle biopsies [8]. High-grade tumors can
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be more challenging as they are characterized by sheets of primitive round cells
without intervening myxoid stroma and a less obvious vasculature. Rarely, one
can encounter a peculiar nested pattern, stromal hyalinization, an obviously
adipocytic component and hemangiopericytoma vasculature, which can hamper
the diagnosis [6, 8, 18]. Fusion gene detection (FUS/EWSR1-DDIT3) is then a useful
ancillary test, as specific immunohistochemistry is lacking [3, 7, 10, 13, 18].

Differential diagnoses of MLS in the foot could be benign fatty lesions with secondary
myxoid changes such as lipoma or syndromal overgrowth tissue, as they are more
common at acral sites in comparison to MLS [32-34]. Chondroid lipoma may also arise
at acral sites but the constituent cells are commonly hibernoma-like and chondroblast-
like with eosinophilic cytoplasm set in a chondroid matrix. There is no plexiform
capillary vasculature [35, 36]. The recently described benign entity angiofibroma of
soft tissue, also known for its resemblance to MLS because of branching thin walled
blood vessels, a possible myxoid stroma, and a facultative lipomatous component,
could be another alternative diagnosis. Although lipoblasts are not described [37].
Well differentiated liposarcoma with myxoid changes may imitate a chicken-wire
vasculature but shows nuclear atypia in stromal and fat cells which is morphologically
most discriminating [34]. Myxofibrosarcomas and myxoinflammatory fibroblastic
sarcomas are characterized by obvious atypical cells not seen in MLS [3]. Myxoid areas
of lipoblastoma can be histomorphologically indistinguishable from MLS; however,
most affected patients are younger than 10 years [38].

In high-grade lesions other small round cell tumors as Ewing sarcoma, synovial sarcoma,
alveolar rhabdomyosarcoma, angiomatoid fibrous histiocytoma and solitary fibrous
tumor should be ruled out [34]. Of note, none of these tumors show lipoblasts or a
chickenwire vasculature. In addition, all of the mentioned differential diagnoses harbor
a different genetic profile and most of the lesions have a distinct immunophenotype.
However, a possible overlapping EWSR1 rearrangement in a subset of MLSs, Ewing
sarcomas and angiomatoid histiocytomas should be kept in mind [3].

In conclusion MLSs rarely originate in the distal extremities and show a good
prognosis in most cases, at least in our limited series. Clinicians and pathologists
should be aware because MLS are biologically different from other (lipo)
sarcomas with high radio- and chemosensitivity and a high prevalence of extra-
pulmonary metastases.
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Abstract

Desmoid-type fibromatosis, also called desmoid tumor, is a locally aggressive
myofibroblastic neoplasm that usually arises in deep soft tissue with significant
potential for local recurrence and displays an unpredictable clinical course.

B-catenin, the genetic key player of desmoid tumors shows nuclear accumulation
due to mutationas that prevent its degradation leading to activation of Wnt
signaling and myofibroblastic cell proliferation. The corresponding hot spot
mutations are located in exon 3 of the CTNNBT gene or alternatively, in the APC
tumor suppressor gene, most often as a germline mutation.

Multifocal desmoid tumors are very rare and clinical characteristics are poorly
understood. Here we present seven cases of multifocal desmoid in six sporadic and
one familial case.

Four female and three male patients, aged between 7 and 30 years (mean 18.4 years)
were identified in a cohort of 1392 cases. Tumors were located in (distal) extremities,
thorax, breast, abdominal wall, shoulder, and neck. Four patients showed a CTNNB1
mutation and one an APC germline mutation. In two sporadic cases no CTNNBT
mutation was identified. Four patients showed (multiple) recurrences and one
patient was lost to follow-up.

In conclusion, multifocal desmoid tumors is a very rare disease and may occur in
sporadic cases that are characterized by recurrent CTNNBT mutations. However, the
underlying pathogenesis of multifocal desmoid tumors remains poorly understood
with often aggressive clinical behavior and challenging therapeutical management.
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Introduction

Desmoid-type fibromatosis, or desmoid tumor, is a locally aggressive, infiltrative
growing myofibroblastic lesion with unpredictable clinical behavior. It may
originate at any part of the body with extremities, abdominal wall and mesentery
being the most common sites [1]. The peak incidence is in the third decade [1].

Desmoid tumors arise sporadically in approximately 90% of the cases with the
remaining 10% being familial [1]. Dysregulation of the Wnt signaling pathway
is characteristic in both settings with B-catenin being the key player. In sporadic
cases, the most common activating mutations are located in exon 3 of the CTNNB1
gene (chr 3p22.1) coding for B-catenin. Alternatively, in the remaining sporadic
cases and the familial cases that occur in the context of Gardner syndrome (a form
of familial adenomatous polyposis), there is a somatic or germline inactivating
mutation or allelic deletion in the APC tumor suppressor gene (5q22.2) [1-4]. Both
mechanisms lead to stabilization of B-catenin with cytoplasmatic and subsequently
nuclear accumulation. Withhin the nucleus, B-catenin acts as a transcription factor
regulating cell proliferation of myofibroblastic cells [1,5,6].

In the recent years, a paradigm shift in terms of treatment modalities has taken place
for desmoids tumors and the overall management is increasingly complex. It has been
shown that invasive treatment should be used with caution because of the potential
of recurrence, irrespective of the margin status [5, 7-9]. In this context, mutational
analysis of CTNNB1 can give prognostic information, where the hot spot mutation
p.Ser45Phe (p.S45F), has been proposed as a possible marker for recurrence [10-12].

Single cases of multifocal desmoid tumors have been described [13-15], but their
genetic and clinical characteristics are not well understood. We describe herein a
series of multifocal desmoid tumors and their mutational status to pay attention on
these rare cases.

Material and Methods

The cases were collected from the authors’ files and the nationwide network and
registry of histopathology and cytopathology in the Netherlands. Clinical data
and follow-up were obtained from the patient records. The study was performed
in accordance with the Code of Conduct of the Federation of Medical Scientific
Societies in the Netherlands.
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In all cases the tissue was fixed in 4% buffered formalin and embedded in
paraffin; 2-4 um thick sections were stained with hematoxylin and eosin and
immunohistochemically by the labelled Streptavidin Biotin technique using a
commercially available antibody against (-catenin (BD Biosciences, clone 14,
dilution 1:100). Appropriate positive and negative controls were used throughout.

DNA was isolated from formalin-fixed, paraffin-embedded material (without
decalcification) by proteinase K digestion and the crude DNA extract was used
in a standard PCR. The hot spot region for CTNNB1 was amplified using primers:
5'-ATGGCCATGGAACCAGACAGA-3’ and 5'-GCTACTTGTTCTTGAGTGAAGGACTG-3.
The region most frequently mutated in APC (NM_000038.5: amino
acids 1200-1580) was amplified wusing the following primer pairs:
1)5'-CAGATATTCCTTCATCACAGAAAC-3'and 5'-GGAGTATCTTCTACACAATAAGTCTG-3,,
2) 5-GCCACTTGCAAAGTTTCTTC-3" and  5-TCACAGGATCTTCAGCTGACCT-3;
3) 5-TCAGACGACACAGGAAGCAGAT-3' and 5-TTTTGGGTGTCTGAGCACCACT-3;
4) 5-AGCCAGGCACAAAGCTGTTGAA-3' and 5'-TGTCCAGGGCTATCTGGAAGATCA-3,
5) 5'-ACCATGCAGTGGAATGGTAAGTGG-3" and 5-TGGAAGAACCTGGACCCTCTGAA-3),
6) 5'-TGGACCTAAGCAAGCTGCAGTA-3" and 5'-CTGCTCTGATTCTGTTTCATTCCCATTGT-3,
7) 5-TCTGAGCCTCGATGAGCCATTT-3" and 5'-ACGTGATGACTTTGTTGGCATGG-3" All PCR
products were analyzed by fluorescent di-deoxysequencing.

Results

Out of 1392 cases, seven cases with multifocal desmoid tumors were selected;
clinicopathological and genetic results are summarized in Table 1. Of the seven
patients four were female and three were male. Age ranged from 7-30 years (mean
18.4 years). Lesions were located in knee and gluteus (1), thigh and lower leg (1),
thigh and foot (2), trunk, shoulder and neck (1), lower leg and back (1) and both
mammae (1). In all cases neoplasms were resected. (Multiple) local recurrences
were reported in 4 patients. Two patients experienced no recurrences so far and one
patient was lost to follow-up. One patient was additionally treated with systemic
(Lucrin, LHRH antagonist, Tamoxifen) and radiation therapy and one patient with
radiotherapy only.

Coronal contrast-enhanced spinecho T1-weighted MR-images with fat saturation of
the buttock and proximal (Figure 1) and distal (Figure 2) posterior side of the right
lower leg in Case 1 showed an irregular lesion compatible with desmoid tumor. The
extension of the lesion is displayed between the white arrows.
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Histologically, all cases showed classical features of desmoid tumor according to the
current WHO classification of tumors of soft tissue and bone [16]: lesions consisted
of long fascicles myofibroblastic cells with monomorphous elongated nuclei. There
was a variable collagenous background with sometimes coarse collagen bundles.
Myxoid features were sometimes focally present. Small vessels were found parallel
to the fascicles of tumor cells. A perivascular edema was often seen (Figure 3).

Immunohistochemically, nuclear expression of beta catenin was detected in all
cases (Figure 4).

By Sanger sequencing, mutations in CTNNB1 were found in four cases with
p.(Thr41Ala) being the most frequent (n=3) (Figure 5). One case harbored a
p.(Ser45Phe) mutation. Two sporadic cases showed no CTNNBT mutation and one

case was known with a germline APC mutation.

In case 1,5 and 7 two lesions each were tested and yielded the same mutation.

Table 1. Clinicopathological and genetic results

Case Sex Age of first Tumor Therapy CTNNB1 Recurrence
nr. (m/f) presentation localisations Mutation (after n months)
(y) status

1 m 13 Knee and Resection c.121A>G* No
gluteus p.Thr41Ala

2 f 24 Breasts (left Resection no mutation No
+ right) found

3 m 17 Upper leg Resection c134CT,; Upper leg (10)
and hallux p.Ser45Phe and hallux (63)

4 f 27 Upperlegand  Resection c121A>G Lost to follow-up
lower leg p.Thr41Ala

5 m 11 Upper leg Resection c121A>G* Hallux (36)
and hallux p.Thr41Ala

6 f 30 Abdominal wall, Resection, Lucrin, no mutation Multiple in all
thorax, back, LHRH antagonist, found locations (6)
shoulder, neck  Tamoxifen, RT

7 f 7 Ankle, back Resection APC mutation* Ankle (7,18 and
and lower leg (Gardner) 28), back (10)

M, male; f, female; * mutation in two lesions tested



130 | Chapter 8

Figure 1. Coronal contrast-enhanced spinecho T1-weighted MR-images with fat saturation of the
buttock and proximal posterior side of the right lower leg showed an irregular lesion compatible with
desmoid tumor. The extension of the lesion is displayed between the white arrows (Case 1).
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Figure 2. Coronal contrast-enhanced spinecho T1-weighted MR-images with fat saturation of the
knee/distal posterior side of the right lower leg showed the second desmoid tumor. The extension of
the neoplasm is displayed by the white arrows (Case 1).
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Figure 3. Classical features of desmoid tumor showing long fascicles of monomorphic elongated
myofibroblasts were seen in all cases.

Figure 4. Immunohistochemistry showed nuclear accumulation of B-catenin in all cases.
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Figure 5. By Sanger sequencing, a c.121A > G (p.Thr41Ala) were detected in three cases.

Discussion

It has been shown that desmoid-type fibromatosis derives from mesenchymal
progenitor cells (MPC) harboring a mutation in the CTNNBT gene with consecutive
[-catenin stabilization [6]. The nuclear accumulated protein binds to transducing
beta-like protein leading to expression of several Wnt/APC/B-catenin pathway
target genes including proliferation-stimulating factors such as S100A4 resulting in
growth of myofibroblastic cells [1].

The capacity of circulation of mesenchymal progenitor cells including CTNNB1

mutated MPCs could explain multifocal development of this tumor type [6]. This
is reflected by the occurrence of the same mutation in the different lesions tested
per patient in our series (n=3). However, cases of multifocal desmoid tumors are
exceedingly rare and mostly known in patients with germline APC mutations and
a subsequent second somatic hit [4]. Different CTNNBT mutations in multifocal
diseases are also reported hypothesizing that genetic alterations can take place in
different stages of myofibroblastic progenitor cells [15].

Our small series consist of mainly sporadic multifocal cases and shows that clinical
management is naturally more difficult than in the common unilocular cases. In
terms of age, localization and mutational status the herein described cases are
similar to solitary cases representing young aged patients with lesions mainly in
the lower extremities [1].

The course of desmoid tumors is unpredictable, as spontaneous regression, long-
lasting stable disease and disease progression can occur. Reliable and validated
predictive factors are lacking [1]. In several studies it has been shown that
mutational status of the hot spots influences prognosis with p.Ser45Phe (p.S45F)
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CTNNB1 mutation being a risk factor for local recurrence after curative intended
surgery [10-12]. Nevertheless this is not confirmed by others [17,18].

In terms of mutational status and associated prognosis of multifocal lesions, we
cannot draw any conclusion since our series is very small and one case is known
with an APC germline mutation. However, p.Thr41Ala (p.T41A) is the most common
genetic event in our series.

In our cases, recurrences were common (4/7 cases) and surgical intervention limited
in some cases due to additional mutilation.

Multimodality treatment including systemic (targeted) therapy could be of
special interest [9,19] and identification of reliable clinical or genomic biomarkers
predicting behavior of (multifocal) desmoid tumors is needed to facilitate a more
patient tailored approach for successful management.
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Soft tissue tumors are relatively rare, comprising a large and broad spectrum of
diagnostic entities. Due to overlapping features, they are often diagnostically
challenging. In recent years, substantial advances have been made in identifying
recurrent genomic alterations for each of the different entities, which has led to
a great progress in our understanding of biological mechanisms underlying soft
tissue tumor pathogenesis and created new valuable diagnostic tools. These new
pathogenetic insights have led and will continuously lead to reclassification and
subclassification of diagnostic entities, and will shape a more nuanced and clinically
relevant classification of soft tissue tumors (chapter 1).

In this respect, we have studied recurrent genetic changes in multiple tumor types
using different molecular techniques with the main topic focused on myxoid
tumors, including intramuscular myxomas and cardiac myxomas. Additionally, the
expanding spectrum of tumors with USP6 gene rearrangements were described.
Finally, gene fusions in soft tissue angiofibroma and myxoid liposarcoma, and
mutations of the CTNNBT oncogene in the rare multifocal occurrence of desmoid
fibromatosis were included.

Myxoid soft tissue tumors are characterized by their abundant extracellular matrix
material. They represent a heterogeneous group of tumors ranging from localized
benign lesions without invading growth properties to high-grade sarcomas. There
is considerable clinical and morphological overlap between the different entities,
creating problems in differential diagnosis. Immunohistochemistry is usually
of little help since the different tumor types display no specific immunoprofile.
Complementary approaches, such as molecular diagnostics, can corroborate the
diagnosis in several lesions within the group of myxoid tumors [1].

Intramuscular myxoma (IM), as discussed in chapter 2, is usually a hypocellular
tumor, often with hypercellular areas [2, 3]. Especially on small biopsies these
tumors can easily be confused with low-grade fibromyxoid sarcoma or low-grade
myxofibrosarcoma [4, 5]. The prevailing view is that driver mutations of this neoplasm
are exclusively located in codon 201 within exon 8 of the GNAS gene (hotspot
mutations ¢.601C>T and c602G>A), encoding the stimulatory G-protein alpha subunit
that activates the enzyme adenylate cyclase. Due to the low cellularity and somatic
mosaicism in most of these lesions, mutation detection can be quite challenging
and the presence of a mutation can be easily missed [6-8]. In our study, we used
the sensitive next-generation sequencing (NGS)-based approach employing single-
molecule tagged molecular inversion probes (smMIP) to investigate the prevalence of
GNAS mutations in IM [9, 10]. The smMIP technique combines multiplex analysis with



Summary | 141

single-molecule tagging, also named unique molecular identifiers (UMIs). Since our
approach involved GNAS whole exon 8 and 9 sequencing, this allowed detection of
four additional mutations that previously were not described in IM. We identified one
c.680A>G mutation in exon 9, and three novel mutations in exon 8. One mutation at
position c.601, namely c.601C>A, has previously been reported in fibrous dysplasia,
while two mutations at position ¢.602, which included ¢.602G>C and c.602G>T, were
only reported in sporadic endocrine tumors so far [11-14].

The cAMP-dependent protein kinase, or protein kinase A (PKA) is part of a signal
transduction cascade. PKA regulates complex protein phosphorylation networks
that eventually lead to a wide spectrum of physiological functions, ranging from
stereoidogenesis in the adrenal cortex to stem cell maintenance in the hair follicle
(Figure 1) [15]. There are multiple pathways involving PKA that are well known, for
example the Ras pathway and the transforming growth factor-3 pahway (TGF-f).
The most recent studied pathway is the Gas-PKA pathway with mutations seen in
GNAS, PRKACA and PRKAR1A.

The mechanism of tumorigenesis in IM is not fully understood, but the prevailing
view is that GNAS mutations in skeletal muscle mesenchymal stem cells (MSCs) lead
to a myxoid phenotype [16]. A remarkable similarity is present in the case of cardiac
myxomas, where inactivating mutations in PRKAR1A, also involved in the Gas-PKA
pathway as mentioned earlier, thought to arise in the endocardial MSCs also lead
to a myxoid phenotype suggesting that mutations in the PKA pathway could be
responsible for the myxoid nature of these tumors [17].

In chapter 3 we discuss the topic of cardiac myxomas, a benign myxoid neoplasm
which is one of the hallmarks of Carney Complex (CNC), a familial multiple neoplasia
syndrome, which displays in about 80% of the index cases germline mutations in
PRKAR1A encoding the Rla regulatory subunit of cAMP-dependent protein kinase A
(PKA). Mutations within the PRKARTA gene result in a mutant protein or lead to non-
sense mRNA lacking translation into Rla protein, also called non-sense mediated
mRNA decay [18, 19]. This loss of Rla function eventually results in unrestrained
activity of the PKA catalytic subunits leading to increased cell proliferation and
tumor formation. However, the role of PRKARTA gene mutations in the pathogenesis
of non-CNC-associated sporadic cardiac myxoma is less well established.

Like IM the relative hypocellularity of this tumor and the following low concentration
of isolated DNA will benefit from sensitive techniques for mutation detection. We
investigated the presence of PRKARTA gene mutations using two complementary
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targeted next-generation sequencing techniques (lon Torrent amplicon-NGS (lon
AmpliSeq) and single molecule molecular inversion probe (smMIP) technique) in a
cohort of 24 sporadic cardiac myxoma. Our studies showed that 14 out of 24 (58%)
sporadic cardiac myxoma harbor PRKARTA gene mutations, represented mostly by
frameshift, nonsense and splice site mutations (together 84%), leading to a premature
stop codon and predicted to be degraded via non-sense mediated mMRNA decay. The
other 16% of PRKARTA genetic alterations involved missense mutations, often located
in important functional domains of the regulatory subunit Rla. Notably, 64% (n=9/14)
of the sporadic cardiac myxoma cases harbored more than one PRKAR1A gene variant,
suggesting compound heterogenous either in cis or trans. In conclusion, PRKARTA
gene mutations associated with loss of Rla function leading to increased PKA activity
were observed in ~60% of sporadic cardiac myxoma cases, strongly supporting an
essential role for PKA in mediating cardiac myocyte cell proliferation and myxoma
tumorigenesis as observed by Di Vito et al. [17].
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Figure 1. Protein kinase A is a central regulatory hub that mediates many physiologic processes, from
hormonal growth and metabolism to transport and secretion [15].
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Recurrent USP6 gene rearrangements have been identified as a consistent
genetic driving event in aneurysmal bone cyst (ABC) first described in 2004. Since
then, it has been described in nodular fasciitis, myositis ossificans, fibro-osseous
pseudotumour of digits, and cellular fibroma of tendon sheath [20]. USP6 (ubiquitin
specific protease) is one of many deubiquinating enzymes involved in several
cellular processes, such as intracellular trafficking, protein turnover, inflammatory
signaling, and cell transformation. The USP6 fusion gene causes transcriptional
upregulation of the entire coding sequence of USP6 due to promoter switch. This
leads to tumorigenesis, osteoblastic maturation, osteolysis, inflammation and
neovascularization through several pathways, including NF-kB, Wnt/B-catenin,
Jak1-STAT3 and c-Jun, that can transform mesenchymal cells and affects multiple
osteoblasts regulatory pathways [21-26]. Remarkably nodular fasciitis, myositis
ossificans, fibro-osseous pseudotumor of digits (FOPD), and aneurysmal bone cyst
all share clinicopathological characteristics. These disorders mainly occur in younger
patients and show bland looking myofibroblastic tissue culture-like morphology,
and variable production of bone (mainly in myositis ossificans and FOPD). The
abnormalities appear sudden with rapid growth and secondary involution, and
are therefore called transient neoplasms when occurring in soft tissue [2, 27]. In
chapter 4 and 5, we reported on the frequency of USP6 gene rearrangement in
myositis ossificans and FOPD, respectively. Like nodular fasciitis and APC, both
these conditions harbor USP6 gene rearrangements, which show that these lesions
form a spectrum of diseases rather than being separate entities, as is also discussed
in chapter 4 and 5. In the present day these neoplasms are well-known and are
collectively referred to as ‘USP6-associated neoplasms’ [28]. Screening for USP6

rearrangement is there for now an integral part of the diagnostic workup when
dealing with (myo)fibroblastic lesions of soft tissue and bone [21, 27-32].

Another possible differential diagnosis in the myxoid fibroblastic/myofibroblastic
group is soft tissue angiofibroma (STAF), especially the myxoid variant. STAF is a
rare and recently defined benign soft tissue tumor entity and has characteristic
histomorphological and genetic features, which includes recurrent chromosomal
translocation t(5;8)(p15;q13), resulting in a consistent rearrangement of NCOA2 in
a large subset of cases [33, 34]. The majority of STAFs contain the AHRR- NCOA2
fusion transcript [33, 35]. Other previously identified fusion genes include the
reciprocal NCOA2-AHRR, NCOA2-ETV4, ETV4-AHRR, P4HA2-TBCK, TBCK-P4HA2 and
GTF2I-NCOA2 [33, 35-37]. In our study, as described in chapter 6, we identified the
novel GABT-ABL1 fusion transcript by RT-PCR as an alternative fusion gene in STAF
that previously had not been described.
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GABT (Grb2-associated binding protein 1) belongs to a family of scaffolding proteins
and is involved in the integration of different signal transductions including the
MAPK and PI3K cascades [38]. ABL1 (Abelson tyrosin protein kinase 1) is a proto-
oncogene with cell cycle function involved in a variety of cellular processes,
including cell division, adhesion and differentiation. The GABT-ABL1 fusion places
ABLT kinase expression under the control of the GABT promotor. Since our first
description three other studies also showed a GABT-ABLT fusion in benign soft tissue
tumors that were referred to as solitary fibrous tumor, soft tissue perineurioma and
STAF [39-41]. Like the ‘USP6-associated neoplasms’ mentioned before, there is now
an incentive to reclassify these cases as ‘GAB1::ABL1 fusion-positive spindle cell
neoplasms’ that have, similar to our described case, a predilection for children and
young adults [39].

Recurrent fusion genes act as oncogenic drivers in a growing number of soft tissue
tumors and molecular analysis is a valuable diagnostic adjunct, especially in biopsies
of tumor types without a specific immunohistochemical profile. Moreover, fusion
genes harbor important tumor-related therapeutic and prognostic consequences
in malignant lesions. For example, myxoid liposarcoma (MLS), a potential mimic
of STAF and other myxoid tumors [2, 34, 42, 43], is a malignant tumor where
approximately one-third of cases show tendency to metastasize to other soft
tissue sites, including mediastinum and retroperitoneum, but also to bone, lung
and liver with a consecutive fatal outcome [44]. In chapter 7, we reported on
MLS at distal sites of the extremities which is exceedingly rare [45-48]. MLS is the
only translocation-associated liposarcoma subtype and the majority harbors the
specific fusion gene FUS-DDIT3 and, more rarely, EWSR1-DDTI3. These gene fusions
were also detected in our study by using RT-PCR and FISH. The different isoforms
of FUS-DDIT3 fusion transcripts are not associated with distinct histology or clinical
outcome [49, 50]. Atypical presentation of MLS is important to recognize, due to
its ability to widespread metastasize. This is even more important when adequate
surgical margins are difficult to reach, such as in the foot and ankle.

In chapter 8 we characterized multifocal desmoid tumors. This is an exceedingly
rare event and mostly seen in patients with a germline APC mutations with a
subsequent second somatic hit. However, sporadic multifocal desmoid fibromatosis
can also occur and their genetic and clinical characteristics are not well understood.
Desmoid fibromatosis are derived from mesenchymal progenitor cells (MPC)
harboring a recurrent CTNNBT mutation leading to nuclear accumulation of
B-Catenin. Within the nucleus, it acts as a transcription factor subsequently
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leading to activation of the Wnt signaling pathway resulting in cell proliferation of
myofibroblastic cells [31, 51, 52].

The migrating capacity of mesenchymal progenitor cells, including the CTNNB1
mutated MPCs, could explain multifocal development of this tumor type [52]. This is
reflected by the occurrence of the same mutation in the different lesions tested per
patient in our series as described in chapter 8. On the other hand, different CTNNB1
mutations in multifocal desmoid tumors have also been reported, hypothesizing
that these genetic events can take place in different developmental stages of
MPC [53]. Clinical management is naturally more difficult in multifocal cases than
in the commonly unilocular cases. Several studies have shown that specific CTNNB1
hotspot mutations influence prognosis, with p.Ser45Phe (p.S45F) CTNNBT mutation
being a risk factor for local recurrence after curative surgery [54-56]. Therefore,
identification of reliable clinical or genetic biomarkers predicting behavior in
(multi)focal desmoid fibromatosis is needed to facilitate a more patient tailored
approach for successful clinical management.

All above-described molecular changes are stable genetic events and their
detection can be used as a complementary diagnostic tool and help clinicians with
treatment management. New insights in genomic alterations can also influence
the well-known morphological soft tissue tumor classification leading to the
recognition of new tumor subtypes. Each subtype will share common genetic
features shaping a more nuanced and clinical relevant classification of soft tissue
tumors, which will help to make therapeutic decisions.
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Soft tissue tumors are thought to originate during the process of mesenchymal
stem cell (MSC) differentiation and transformation. This process is influenced by
many different genetic changes occurring in oncogenes and tumor suppressor
genes that affect many downstream signaling pathways crucial for neoplastic
growth [1]. As far as we know up till now, three core molecular mechanisms drive
soft tissue tumorigenesis: (i) dysregulation of gene expression by aberrant chimeric
transcription factors generated by specific gene fusions in translocation-associated
soft tissue tumors, (ii) somatic mutations in key genes involved in signaling
pathways, (iii) and DNA copy number alterations, which also involve genes that play
arole in proliferation, apoptosis and cell differentiation.

Major advances have been made in recent years in molecular technologies
identifying recurrent chromosomal and genomic alterations in soft tissue tumors
leading to enhanced knowledge of biological mechanisms associated with soft
tissue tumor development. This has accelerated the discovery of novel diagnostic,
prognostic and predictive molecular biomarkers [2-4]. At present, high-throughput
genome-wide molecular methods, like massive parallel sequencing (MPS) also
known as next-generation sequencing (NGS), are being used in daily diagnostic
practice and will continue to be an important clinical tool in soft tissue tumor
management [5-7].

MPS technologies can extract information from the genome (DNA), transcriptome
(RNA), epigenome (methyl-Seq) and chromatin (ChIP-Seq) as described in more
detail below. These sequencing platforms are much faster and more comprehensive
methods than the traditional Sanger sequencing. However these techniques can be
labor-intensive and generate much more data than required for diagnostics [6]. This
has led to the development of more focused version of MPS, known as targeted
sequencing. These platforms use a more selective profile of genes or regions that
are already known to be associated with tumor pathogenesis [8]. Targeted MPS
uses either hybridization capture or amplicon-based enrichment with multiplex
PCR. Thereby a panel of specific target genomic regions can be sequenced more
efficiently and at greater depth [5, 9, 10].

Hybridization capture technique can be applied with DNA or RNA (e.g. lllumina
Trusight) and has the advantage of only needing as little as 10 ng input. In case of
soft tissue tumors this is especially helpful considering often limited sampling in
form of biopsies, hypocellularity of tumors and poor-quality FFPE samples [11-13].
In comparison to amplicon-based methods, hybridization capture requires more
input DNA or RNA, takes longer and is more expensive [14].
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Amplicon-based methods (e.g. Archer or Oncomine), like hybridization capture can be
used with DNA or RNA and have a simpler and faster workflow, but are less robust with
large panels, and may therefore miss more mutations [9, 15]. Both methods however
are able to detect alternative unknown fusions partners unlike the traditional RT-PCR
with Sanger. This is particularly useful given the promiscuity of soft tissue-associated
genes like EWSR1T and FUS. Both methods are primarily used with RNA sequencing,
because it gives the technical advantage to pick up the breaking points of these
genes, since these ends lie closer together in comparison to DNA sequencing where
these breaking points are widely divided over the genome and therefore much more
difficult to pick up. Continuing improvements are being made in both hybridization
capture and amplicon-based techniques to reduce bias and errors as well as increasing
multiplex capacity [16, 17]. This is attractive in soft tissue tumor diagnostics since it
detects structural rearrangements defining translocation-associated entities, and is
now the most popular mode for the discovery of novel fusion genes. Combining these
outcomes with clinical data is required to define a clinical relevant picture leading
to patient-tailored management. RNA sequencing is already incorporated in the
pathological diagnostic work-up in most academic laboratories in the past few years
and will spread to more laboratories in the near future.

In past few years, MPS sequencing techniques also have shown an important role
for mutation detection in epigenetic regulatory complexes especially in soft tissue
tumors. These proteins help to control the accessibility of genes and thus the
transcriptional signature of a cell through interactions with, or direct modifications
of chromatin. Dysfunction in these epigenetic regulators of chromatin can lead to
activation of oncogenic pathways or silencing tumor suppressors by altering the
expression of numerous downstream target genes [18, 19]. In some tumors these
critical target genes are known, but in many others these remain to be characterized.

Especially in the past decade epigenetic dysregulation has shown to be an important
factor in histogenesis of soft tissue tumors [2, 18, 19]. Mutations in epigenetic
regulators that lead to this epigenetic dysregulation can have effects on DNA
methylation and histone modification. Because these epigenetic mechanisms modify
gene expression without changing DNA on a cellular level, new MPS techniques were
developed; DNA methylation (methyl-Seq) extracts information of the epigenome
and histone modification (ChIP-seq) extracts information of the chromatin. DNA
methylation occurs by the addition of a methyl group to DNA, thereby often
modifying the function of the genes and affecting gene expression. Multiple studies
in recent years have shown beneficial use of methylation data for the diagnostic
process, prognosis and potential therapeutic targets of soft tissue tumors [20-23].
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Histones are proteins that condense and package DNA into chromosomes.
Modifications to these proteins affect different cell processes such as transcriptional
activation/inactivation, chromosome packaging, DNA damage and repair. The
modification of histones is an important post-translational process that plays a key
role in gene expression. The modifications impact gene expression by changing the
structure of chromatin or through recruitment of histone modifiers. Thus, quantitative
detection of various histone modifications using ChIP-seq provides useful information
for a better understanding of epigenetic regulation of cellular processes and the
development of histone modifying enzyme-targeted drugs [24-28].

In soft tissue tumors research in histone modification is relatively new. A well-known
example where histone modification plays a role in differential diagnostics and even
prognosis, is the loss of H3K27 tri-methylation in malignant peripheral nerve sheath
tumor [29-31]. Both DNA methylation and histone modification are upcoming
fields in soft tissue tumor research, which will help to increase our knowledge of
soft tissue tumor development in the near future. Further investigations will lead
to a better understanding of which alterations in epigenetic regulators affect
gene accessibility and gene expression. The underlying mechanisms of tumor
progression might be answered through these studies. Undoubtedly, this will lead
to new diagnostic and prognostic biomarkers as well as potential novel targeted
therapies [27, 28].

While the above mentioned targeted MPS can and has been used to discover novel
gene mutations and fusion partners as shown in this thesis, at least one fusion
partner has to be covered by the targeted panel. Therefore, techniques with a
broader coverage than targeted MPS, such as whole exome and especially whole
genome sequencing (WGS), may be advantageous in clinical settings for diagnostic
and discovery purposes [32-35].

Whole exome sequencing (WES) is a technique that analyzes only the coding
DNA (representative of the transcribed exons) of the whole genome, while non-
transcribed DNA is left out [36]. Because this accounts for only 1.5% of the
human genome the costs are lower than for WGS while there is also an increasing
sequencing depth of these exomes. At first this method, like WGS, was only feasible
using fresh-frozen material which is not always available. In recent years advances
in sequencing technologies allowed the use of FFPE-extracted DNA for analysis,
which unlike fresh-frozen tissue, is routinely available for tumor patients [37]. These
factors make this method more attractive for laboratories to use WES in clinical
practice compared to WGS [38].
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On the other hand, WGS is a technology which analyses the entire genomic DNA
sequence at a single time providing the most comprehensive characterization of the
genome. This includes the detection of single nucleotide variants (point mutations),
indels, structural variants (translocations/fusion genes), copy number variations
(amplifications, losses and loss of heterozygosity), microsatellite instability, tumor
mutational burden, germline mutations, SNP analysis for penetrance of germline
mutations, integration of viral DNA and even pharmacogenetics. Another advantage
of WGS is the ability to detect aberrations in non-coding DNA responsible for gene
regulatory regions, such as promoter regions (as mentioned before). Massive
amounts of bioinformatic data will become available from WGS and filtering all
these datasets into clinically relevant genetic changes remains a big challenge
that is only feasible by collaboration with an experienced bioinformatics support
team. WGS has the potential to be a self-learning system where, with increasing
input of tumor data, it can, for example, generate driver analyses and potentially
find new drivers. Another feature of WGS is the mutational signature classifier.
Mutational signatures are patterns of mutations that arise during tumorigenesis
and provide insight into etiologies of each tumor [32-35, 39]. For example, in case
of an undifferentiated tumor where conventional diagnostic work-up does not
help to find the correct diagnosis, a mutational signature classifier used on WGS
data can provide this information [35]. With increasing amount of tumor data these
classifiers will help to create a more precise picture of tumor etiology, classification,
prognosis and treatment.

Because WGS produces massive amounts of data, it requires abundant amount of
storage capacity and intensive computational analysis, which makes this technique
quite expensive and to date, it is not a wide-spread standard application in tumor
diagnostics. The use of WGS in clinical practice at this moment, mainly in academic
laboratories, is limited to biopsies of primary tumors of unknown origin and
finding potentially drugable targets in metastasized patients, who have finished all
possible regular treatments [35, 40]. However, it is widely applied in the field of
biomedical research and it is expected that many more potential diagnostic and
therapeutic targets will be discovered, which will fundamentally transform the
field of personalized medicine. Especially, considering the ongoing advantages in
reducing WGS costs and applicability of FFPE-extracted DNA [41].

Although immunohistochemistry has been around for many years and provides
only limited information compared to many of the molecular techniques, all the
above-mentioned molecular approaches made a remarkable impact on the
development of useful derivative immunohistochemical markers. In recent years,
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multiple markers emerged to serve as surrogates for underlying genetic alterations,
for example STAT6 for solitary fibrous tumor, SS18-SSX for synovial sarcomas and
MUC4 for low-grade fibromyxoid sarcoma; all three markers resulted from fusion
genes [42-44]; MDM2 and CDK4 for liposarcoma, which were linked to MDM?2
amplification [45] and H3K27me3 in malignant peripheral nerve sheath tumor
reflecting changes in epigenetic histone modification [30]. Immunohistochemistry
is a relatively cheap and simple test that can be used for mainly diagnostic and
potentially prognostic purposes.

Pathologists are historically known for their work on histological characterization
of tissues and tumors. The last decades, more and more additional techniques
supplemented that primary process. The upcoming development of high-
throughput molecular techniques like MPS and epigenetic profiling will
transform the field of pathology. Accurate interpretation of all histological,
immunohistochemical and genetic data will support the diagnostic process and
provide clinicians with information they need for optimal patient management. To
do so, interaction with with many different specialists is required, such as molecular
biologists and bioinformaticians amongst others. Up till today, this mainly
remains restricted to academic centers and oncology institutes where patient
care and research activities are closely intertwined. With increasing accessibility
and declining costs of molecular technologies, it is logical to assume that in the
future some form of comprehensive genetic data will become available for most
tumor samples.

Another very promising new ‘technique’ is the upcoming field of artificial
intelligence (Al), that has been increasingly applied in the field of computational
pathology [46, 47]. It can assist in diagnosis [48, 49], classification [50-52] and
predicting outcome [53-55]. Deep learning algorithms can outperform the human
eye and provide a more consistent analysis of pathology images therefore reduce
the inter- and intraobserver variability in comparison to the pathologist alone. Such
algorithms are even capable of screening for underlying molecular alterations in
tumors using only hematoxylin and eosin-stained slides [55-58]. While MPS is the
most used technique for detecting genomic alterations, it remains relatively time
consuming, expensive and sometimes inaccessible to patients that don’t have
access to tertiary cancer centers. Therefore screening for genomic alterations using
deep learning algorithms could provide a relatively inexpensive and rapid way
to classify tumors not only for diagnostics, but also for possible targeted therapy
strategy and predicting outcome.
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Concluding remarks

In soft tissue tumor pathology, genetic information has been part of the diagnostic
process for many years, and evidently pathologist plays an eminent and central
role in future research in soft tissue tumor biology. The significant contributions of
new molecular techniques will impact translational research, generating increasing
knowledge and understanding of the pathogenetic basis of soft tissue tumors.
Simultaneously, discovery of potentially new diagnostic, prognostic and predictive
biomarkers will occur with subsequent incorporation into clinical practice. In
upcoming years, most genetic and molecular data will be generated by high-
throughput sequencing techniques (WGS amongst others) and will eventually
replace older techniques like FISH. Recording useful genetic alterations will be
part of the normal pathology report and will inform clinicians about therapeutic
decisions for optimal patient management and ultimately lead to improved
outcome of patients with soft tissue tumors.
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Weke delen tumoren zijn relatief zeldzaam en bestaan uit een grote groep
verschillende entiteiten. Het stellen van de juiste diagnose is vaak een hele
uitdaging vanwege de overlappende karakteristieken. De afgelopen jaren zijn er
substantiéle vorderingen gemaakt in het identificeren van repeterende genetische
veranderingen wat heeft het geleid tot verbreding van onze kennis van de
biologische mechanismen van weke delen tumoren met als gevolg de ontwikkeling
van nieuwe waardevolle diagnostische testen. Deze nieuwe inzichten hebben
geleid en zullen blijven leiden tot belangrijke re- en/of sub classificatie van de
verschillende entiteiten en een klinisch relevante weke delen tumorclassificatie.

In dit proefschrift richten wij ons op deze terugkerende genetische veranderingen
in verschillende typen weke delen tumoren gebruik makend van verschillende
moleculaire technieken, met als hoofdonderwerp myxoide tumoren zoals
intramusculaire myxomen en cardiale myxomen. Daarnaast geven we aandacht
aan het toenemende spectrum van tumoren met een USP6 herrangschikking. Als
laatste hebben we de genfusies in soft tissue angiofibroom en myxoid liposarcoom
en mutaties van het CTNNB1 gen in de zeldzame multifocale desmoid fibromatosis
onderzocht en geévalueerd.

Myxoide weke delen tumoren worden gekarakteriseerd door hun uitgebreide
aanwezigheid van myxoide extracellulaire matrix. Ze bestaan uit een heterogene
groep van tumoren variérend van benigne en zelflimiterende tumoren tot
hooggradig maligne sarcomen. Doordat er een relevante klinische en morfologische
overlap aanwezig is tussen deze tumoren kunnen er problemen ontstaan in de
differentiaal diagnose. Immunohistochemie is vaak van ondergeschikt belang
omdat ze geen specifiek profiel hebben. Aanvullende technieken zoals moleculaire
diagnostiek kunnen een belangrijke bijdrage leveren aan het stellen van de juiste
diagnose in de groep van myxoide tumoren.

Intramusculair myxoom (IM), zoals besproken in hoofdstuk 2, is meestal een
hypocellulaire tumor afgewisseld met hypercellulaire gebieden. In kleine biopten
kunnen deze tumoren makkelijk worden aangezien voor laaggradig fibromyxoid
sarcoom of laaggradig myxofibrosarcoom. De gangbare zienswijze is dat driver
mutaties van deze tumoren exclusief gelokaliseerd zijn in codon 201 van exon 8
van het GNAS gen (res. hotspot mutaties c.601C>T en c602G>A), die coderen voor
de alfa subeenheid van het stimulerende G-eiwit dat op zijn beurt het enzym
adenylaat cyclase activeert. Door de hypocellulariteit en het somatisch mozaicisme
in het grootste deel van deze laesies is mutatie detectie een hele uitdaging en kan
de aanwezigheid van een mutatie makkelijk gemist worden.
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In ons onderzoek (hoofdstuk 2) hebben we gebruik gemaakt van de relatief
nieuwe moleculaire techniek genaamd next generation sequencing (NGS) welke
gebruik maakt van afzonderlijk getagde moleculaire inversie probes (single-
molecule tagged molecular inversion probes, oftewel smMIP). De smMIP techniek
combineert multiplex analyse met afzonderlijk getagde moleculen, ook wel bekend
als Unique Molecule Identifiers (UMI). Doordat deze techniek het hele exon screent,
hebben wij 4 additionele mutaties gedetecteerd die niet eerder beschreven zijn in
intramusculair myxoom. We identificeerden een c.680A>G mutatie in exon 9, en
drie nieuwe mutaties in exon 8. Een mutatie op positie ¢.601, namelijk c.601C>A,
die eerder ook beschreven is in fibreuze dysplasie en twee mutaties op positie
€.602, namelijk c.602G>C en c.602G>T welke tot nu toe alleen beschreven zijn in
sporadische endocriene tumoren.

De cAMP-afhankelijke proteinekinase, of proteinekinase A (PKA), maakt deel uit
van een signaaltransductie-cascade. PKA reguleert complexe netwerken van
eiwitfosforylatie die uiteindelijk leiden tot een breed spectrum van fysiologische
functies, variérend van steroidogenese in de bijnierschors tot het behoud van
stamcellen in de haarfollikel (Figuur 1). Er zijn verschillende bekende PKA-
gebonden pathwys, zoals de Ras-pathway en de transforming growth factor-p
pathway (TGF-B). De meest recent bestudeerde pathway is het Gas-PKA-pathway,
met mutaties die gezien zijn in GNAS, PRKACA en PRKAR1A.

Het mechanisme van tumorgenese in IM is niet volledig begrepen, maar de
heersende opvatting is dat GNAS-mutaties in mesenchymale stamcellen van
skeletspieren (MSC’s) leiden tot een myxoid fenotype. Een opmerkelijke gelijkenis
is aanwezig in het geval van cardiale myxomen, waarbij mutaties in PRKARTA,
ook betrokken bij de eerder genoemde Gas-PKA-pathway, die ontstaan in de
endocardiale MSC’s, ook leiden tot een myxoid fenotype. Dit suggereert dat
mutaties in het PKA-pathway verantwoordelijk kunnen zijn voor de myxoide aard
van deze tumoren.

In hoofdstuk 3 bespreken we het onderwerp van cardiale myxomen, een
goedaardige myxoide tumor die een van de kenmerken is van het Carney Complex
(CNCQ), een familiaal meervoudig neoplasie-syndroom, dat in ongeveer 80% van de
gevallen wordt gekarakteriseerd door kiembaanmutaties in PRKARTA, dat de Rla-
regulerende subeenheid van de cAMP-afhankelijke proteinekinase A (PKA) codeert.
Mutaties binnen het PRKARTA-gen leiden tot een gemuteerd eiwit of veroorzaken
een non-sense mRNA, dat niet vertaald wordt naar Rla-eiwit, ook wel non-sense
gemedieerde mRNA-degradatie genoemd. Dit verlies van Rla-functie resulteert
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uiteindelijk in ongeremde activiteit van de PKA-katalytische subeenheden, wat
leidt tot verhoogde celproliferatie en tumorvorming. Het is echter minder goed
vastgesteld wat de rol van PRKARTA-genmutaties is in de pathogenese van niet-
CNC-geassocieerde sporadische cardiale myxomen.
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Figuur 1. Protein kinase A is een centraal regulatiepunt dat veel fysiologische processen bemiddelt,
van hormonale groei en metabolisme tot transport en secretie.

Net als bij IM zal de relatieve hypocellulariteit van deze tumor en de daaruit
voortvloeiende lage concentratie van geisoleerd DNA profiteren van gevoelige
technieken voor mutatiedetectie. We onderzochten de aanwezigheid van
PRKARTA-genmutaties met behulp van twee verschillende gerichte next-
generation sequencing-technieken (lon Torrent amplicon-NGS (lon AmpliSeq) en
de single molecule molecular inversion probe (smMIP)-techniek) in een cohort van
24 sporadische cardiale myxomen. Onze studies tonen aan dat 14 van de 24
sporadische cardiale myxomen PRKARTA-genmutaties bevatten, die voornamelijk
worden vertegenwoordigd door frameshift-, nonsense- en splice-site-mutaties (samen
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84%), wat leidt tot een voortijdig stopcodon en waarschijnlijk wordt gedegradeerd
via non-sense gemedieerde mRNA-degradatie. De andere 16% van de PRKARITA-
genetische veranderingen betroffen missense-mutaties, vaak gelegen in belangrijke
functionele domeinen van de regulatorische subeenheid Rla. Opmerkelijk is dat 64%
(n=9/14) van de gevallen van sporadisch cardiaal myxoom meer dan één PRKARIA-
genmutatie bevatte, wat wijst op bi-allelische inactivatie van PRKAR1A. Concluderend,
PRKAR1A-genmutaties die geassocieerd zijn met verlies van Rla-functie en activatie van
PKA-activiteit werden waargenomen in ~60% van de gevallen van sporadisch cardiaal
myxoom, wat sterk wijst op een essentiéle rol voor PKA in het bemiddelen van cardiale
myocyt-proliferatie en myxoom-tumorgenese, zoals waargenomen door Di Vito et al.

Repeterende USP6 herrangschikking was geidentificeerd als een consistent driver
mechanisme en was voor het eerst beschreven in aneurysmatische bot cyste
(ABC) en later ook in nodulaire fasciitis. USP6 (ubiquitine specifiek protease) is
een van de deubiquiniserende enzymen betrokken bij verschillende cellulaire
processen zoals intracellulair verkeer, eiwit transitie, inflammatoire singnalering
en celtransformatie. Het USP6 fusiegen resulteert in USP6 overexpressie door
promotorswitch wat leidt tot tumorgenese, osteoblastische maturatie, osteolyse,
inflammatie en neovascularisatie.

Nodulaire fasciitis, myositis ossificans, fibro-osseous pseudotumor van digits (FOPD)
en aneurysmatische botcyste delen allemaal dezelfde klinisch-pathologische
karakteristieken. Ze komen voornamelijk voor in jongvolwassenen en laten een
uniform rustig beeld zien van myofibroblastair weefselkweek-achtige morfologie
en variabele hoeveelheid bot (voornamelijk in myositis ossificans en FOPD). Deze
tumoren hebben een korte levensduur, groeien snel en gaan in regressie waardoor
de tumoren in de weke delen ook wel voorbijgaande gezwellen worden genoemd.

Al deze tumoren hebben een USP6 herrangschikking waardoor je deze groep als een
continu spectrum van een ziekte kan beschouwen in plaats van separate entiteiten
zoals beschreven in hoofdstuk 4 en 5. Screenen voor USP herrangschikking is een
integraal onderdeel van het diagnostisch proces van (myo)fibroblastaire laesies van
bot en weke delen.

Een andere potentiéle differentiaal diagnose in de groep van myxoide fibroblastaire/
myofibroblastaire tumoren is het soft tissue angiofibroom (STAF), met name de myxoide
variant. STAF is een zeldzame en recent gedefinieerde weke delen tumor en heeft
karakteristieke histomorfologische en genetische kenmerken met een chromosomale
translocatie t(5;8)(p15;q13) die resulteert in een consistente herrangschikking van
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NCOA2 in het grootste deel van de gevallen. De meerderheid daarvan heeft een AHRR-
NCOA2 fusiegen. Andere eerder beschreven fusiegenen zijn de omgekeerde NCOA2-
AHRR, NCOA2-ETV4, ETV4-AHRR, P4HA2-TBCK, TBCK-P4HA2 en GTF2I-NCOA2.

Met RT-PCR vonden wij in onze studie (hoofdstuk 6) GAB1-ABL als alternatief fusiegen in
STAF die niet eerder is beschreven. GABT (Grb2-geassocieerd bindingseiwit 1) behoort
tot de familie van scaffolding eiwitten en is betrokken bij de integratie van verschillende
signaal transducties zoals de MAPK en PI3K cascades. ABLT (Abselon tyrosine kinase
eiwit 1) is een proto-oncogen met een functie in de celcyclus die betrokken is bij
verschillende cellulaire processen zoals celdeling, adhesie en differentiatie.

Repeterende fusiegenen zijn drivermutaties in een toenemende hoeveelheid weke
delen tumoren aanwezig zijn en moleculaire analyse is daarom een waardevolle
diagnostische aanvulling. Vooral in biopten van tumoren zonder een specifiek
immunohistochemisch profiel. Bovendien hebben fusiegenen belangrijke tumor-
gerelateerde therapeutische en prognostische consequenties in maligne laesies.
Bijvoorbeeld myxoid liposarcoom (MLS), een potentiele differentiaal diagnose van
STAF en andere myxoide weke delen tumoren, heeft in ongeveer een derde van de
gevallen de neiging om te metastaseren naar andere weke delen lokalisaties zoals
het mediastinum en retroperitoneum, maar ook naar bot, long en lever met een
eventuele fatale uitkomst.

In hoofdstuk 7 besteden we aandacht aan de extreem zeldzame lokalisatie
van MLS in distale extremiteiten. MLS is het enige translocatie-geassocieerde
liposarcoom-subtype en de meerderheid bevat specifieke fusiegenen FUS-
DDIT3 en, meer zeldzaam, EWSR1-DDTI3. In onze studie zijn deze fusiegenen ook
gevonden door middel van RT-PCR en FISH. De verschillende isovormen van FUS-
DDIT3 fusiegenen zijn niet geassocieerd met histologische kenmerken of klinische
uitkomsten. Het is belangrijk om de atypische presentatie van MLS te herkennen
gezien de metastaserende potentie van dit sarcoom. Dit is nog belangrijker op
het moment dat chirurgische vrije marges moeilijk haalbaar zijn, zoals in de voet
en enkel. Onze studie liet zien dat MLS in distale extremiteiten zich ook agressief
kunnen gedragen.

In hoofdstuk 8 karakteriseren we multifocaal desmoid fibromatose. Dit is een zeer
zeldzaam fenomeen dat meestal gezien wordt in patiénten met een kiembaanmutatie
in het APC gen met een daaropvolgende tweede somatische mutatie. Echter
sporadisch ontstaan multifocaal desmoid komt ook voor en de genetische en klinische
karakteristieken zijn nog onduidelijk.
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Desmoid fibromatose ontstaat vanuit mesenchymale voorloper cellen (MPC)
met een CTNNBT mutatie leidend tot stapeling van B-catenine in de kern. Het
eiwit transporteert naar de kern waar het werkt als transcriptiefactor leidend tot
activatie van de Wnt signaal pathway. Dit resulteert vervolgens in cel proliferatie
van myofibroblastaire cellen.

De circulerende capaciteit van mesenchymale voorloper cellen, inclusief de CTNNB1
gemuteerde voorloper cellen, zouden de multifocale ontwikkeling van deze tumor
goed kunnen verklaren. Dit wordt ondersteunt door de aanwezigheid van dezelfde
mutaties in meerdere laesies in de geteste patiénten in onze serie in hoofdstuk 8.
Echter er zijn ook verschillende CTNNB1 mutaties in multifocaal desmoid
beschreven die leiden tot de hypothese dat genetische afwijkingen plaats vinden
in de verschillende ontwikkelingsstadia van mesenchymale voorloper cellen.

Klinisch management is uiteraard moelijker in multifocale casus dan in de klassieke
unifocale casus. Meerdere studies hebben laten zien dat specifieke CTNNBT hotspot
mutaties de prognose beinvloeden, zoals bijvoorbeeld p.Ser45Phe (p.S45F) CTNNB1
mutatie die een risicofactor voor lokaal recidief na radicale chirurgie lijkt te zijn.
Daarom is de identificatie van betrouwbare klinische of genetische biomarkers die
het gedrag voorspellen in (multi)focaal desmoid fibromatose erg gewenst om zo
een meer patiéntgerichte succesvolle therapie te faciliteren.

Alle hierboven beschreven moleculaire veranderingen zijn consistente genetische
afwijkingen en de detectie hiervan kan gebruikt worden als aanvullende
diagnostische test om clinici te helpen met therapiemanagement. Nieuwe
inzichten in genomische veranderingen kunnen ook de bekende morfologische
weke delen tumor classificatie beinvloeden leidend tot re- of subclassificatie zodat
er nieuwe tumorfamilies ontstaan met dezelfde genetische achtergrond, die een
meer genuanceerd en klinisch relevante classificatie vormen en kunnen helpen
met het maken van therapeutische keuzes.

Discussie en toekomstperspectief

In het algemeen wordt aangenomen dat weke delen tumoren ontstaan tijdens
het proces van differentiatie en transformatie van mesenchymale stamcellen
(MSC). Dit proces wordt beinvloed door verschillende genetische veranderingen
in oncogenen en tumor suppressor genen, die veel downstream signaalroutes
beinvloeden die cruciaal zijn voor neoplastische groei. Tot nu toe weten we dat drie
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moleculaire kern mechanismen de tumorgenese van weke delen tumoren sturen:
i) dysregulatie van genexpressie door aberrante chimere transcriptiefactoren die
worden gegenereerd door specifieke genfusies in translocatie-positieve weke
delen tumoren, ii) somatische mutaties in sleutelgenen die betrokken zijn bij
signaalroutes, en iii) veranderingen in DNA-kopie aantallen van genen die een rol
spelen bij proliferatie, apoptose en cel differentiatie.

In de afgelopen jaren zijn er belangrijke vorderingen gemaakt in moleculaire technolo-
gieén die terugkerende chromosomale en genomische veranderingen in weke
delen tumoren kunnen identificeren, wat heeft geleid tot een verbeterd inzicht in
de biologische mechanismen die geassocieerd zijn met de ontwikkeling van weke
delen tumoren. Dit heeft de ontdekking van nieuwe diagnostische, prognostische en
predictieve moleculaire biomarkers versneld. High-throughput genomische moleculaire
technieken, zoals massive parallel sequencing (MPS), ook wel bekend als next-generation
sequencing (NGS), worden al dagelijks gebruikt in de diagnostische praktijk en zullen
een belangrijk klinisch hulpmiddel blijven in het managen van weke delen tumoren.

MPS-technologieén kunnen informatie extraheren uit het genoom (DNA),
transcriptoom (RNA), epigenoom (methyl-Seq) en chromatine (ChIP-Seq) zoals
hieronder uitgebreider is beschreven. Deze sequencing platforms zijn veel sneller
en geven een vollediger beeld dan de traditionele Sanger sequencing. Echter, deze
technieken kunnen arbeidsintensief zijn en genereren veel meer data dan nodig
voor diagnostiek. Dit heeft geleid tot de ontwikkeling van een meer gerichte
versie van MPS, bekend als targeted sequencing. Deze platforms gebruiken een
meer selectief profiel van genen of gebieden die al bekend zijn als geassocieerd
met tumoren. Targeted MPS gebruikt ofwel hybridisatie capture of amplicon-
gebaseerde verrijking met multiplex PCR. Op deze manier kun je een panel van
specifieke genomische gebieden efficiénter en dieper sequencen.

De hybridisatie capture techniek kan worden toegepast met DNA of RNA (bijvoorbeeld
Illumina Trusight) en heeft het voordeel dat maar een lage hoeveelheid input DNA
(10 ng) is vereist. In het geval van weke delen tumoren is dit bijzonder nuttig gezien
de vaak beperkte hoeveelheid weefsel in de vorm van biopsieén, de hypocellulariteit
van tumoren en de slechte kwaliteit van de fomaline-gefixeerde (FFPE) biopten. In
vergelijking met amplicon-gebaseerde methoden, heeft hybridisatie capture meer
input DNA of RNA nodig, duurt het langer en is het duurder.

Amplicon-gebaseerde methoden, zoals Archer of Oncomine, kunnen ook worden
gebruikt met DNA of RNA en hebben een eenvoudigere en snellere workflow, maar
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zijn minder robuust bij grote panels, waardoor meer mutaties gemist worden.
Beide methoden zijn echter in staat om alternatieve onbekende fusiepartners te
detecteren, in tegenstelling tot de traditionele RT-PCR met Sanger. Dit is vooral
nuttig gezien de promiscuiteit van weke delen tumor-geassocieerde genen,
zoals EWSR1 en FUS. Beide methoden worden voornamelijk gebruikt met RNA
sequencing, omdat dit de technische voordelen biedt om de breekpunten van
deze genen te detecteren, omdat ze als fusie op RNA niveau dicht bij elkaar
liggen in vergelijking met DNA sequencing, waar deze breekpunten wijd
verspreid over het genoom liggen en daarom veel moeilijker te detecteren zijn.
Voortdurende verbeteringen worden aangebracht in zowel hybridisatie capture
als amplicon-gebaseerde technieken om bias en fouten te verminderen, evenals
om de multiplexcapaciteit te vergroten. Dit is aantrekkelijk in de diagnostiek van
weke delen tumoren, aangezien het structurele herschikkingen detecteert die
translocatie-geassocieerde entiteiten definiéren en is tegenwoordig de meest
populaire manier voor de ontdekking van nieuwe fusiegenen. Het combineren van
deze uitkomsten met klinische gegevens is vereist om een klinisch relevant beeld
te definiéren dat leidt tot patiéntgerichte behandeling. RNA sequencing is in de
afgelopen jaren al opgenomen in de pathologische diagnostische werkwijze in de
meeste academische laboratoria en zal zich in de nabije toekomst verspreiden naar
meer laboratoria.

In de afgelopen jaren hebben MPS sequencing technieken ook een belangrijke
rol gespeeld bij de detectie van mutaties in epigenetische regulatoren, vooral
in weke delen tumoren. Deze eiwitten helpen de toegankelijkheid van genen te
controleren en daardoor het transcriptieprofiel van een cel door interacties met, of
directe modificaties van chromatine. Dysfunctie in deze epigenetische regulatoren
van chromatine kan leiden tot activatie van oncogenen pathways, of het stilleggen
van tumor suppressors door de expressie van talrijke downstream target genen te
veranderen. In sommige tumoren zijn deze kritische target genen bekend, maar in
veel andere moeten deze nog worden gekarakteriseerd.

In het afgelopen decennium heeft epigenetische dysregulatie met name
aangetoond een belangrijke factor te zijn in de histogenese van weke delen
tumoren. Mutaties in epigenetische regulatoren die leiden tot deze epigenetische
dysregulatie kunnen effecten hebben op DNA-methylatie en histonmodificatie.
Aangezien deze epigenetische mechanismen genexpressie wijzigen zonder
het DNA op cellulair niveau te veranderen, zijn er nieuwe MPS-technieken
ontwikkeld; DNA-methylatie (methyl-Seq) haalt informatie uit het epigenoom en
histonmodificatie (ChIP-seq) haalt informatie uit chromatine.
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DNA-methylatie vindt plaats door de toevoeging van een methylgroep aan DNA,
waardoor vaak de functie van de genen wordt gewijzigd en de genexpressie wordt
beinvlioed. Meerdere studies in de afgelopen jaren hebben het nuttige gebruik van
methylatiedata aangetoond voor het diagnostische proces, prognose en potentiéle
therapeutische doelen van weke delen tumoren.

Histonen zijn eiwitten die DNA condenseren en verpakken in chromosomen.
Modificaties aan deze eiwitten beinvloeden verschillende cellulaire processen, zoals
transcriptieactivatie/-inactivatie, chromosoom verpakking, DNA-schade en -herstel.
De modificatie van histonen is een belangrijk post-translationeel proces dat een
sleutelrol speelt in genexpressie. De modificaties beinvloeden genexpressie door
de structuur van chromatine te veranderen of door histonmodificeerders aan te
trekken. Daarom biedt kwantitatieve detectie van verschillende histonmodificaties
met behulp van ChIP-seq nuttige informatie voor een beter begrip van de
epigenetische regulatie van cellulaire processen en de ontwikkeling van op
histonmodificerende enzym gerichte geneesmiddelen.

In het onderzoek naar weke delen tumoren is onderzoek naar histonmodificatie
relatief nieuw. Een bekend voorbeeld waarbij histonmodificatie een rol speelt in
differentiaal diagnostiek en zelfs prognose, is het verlies van H3K27-tri-methylatie in
maligne perifere zenuwschede tumor. Zowel DNA-methylatie als histonmodificatie
zijn opkomende gebieden in het onderzoek naar weke delen tumoren en zullen
helpen om onze kennis van de ontwikkeling van weke delen tumoren in de nabije
toekomst te vergroten, en verder onderzoek zal leiden tot een beter begrip over
welke veranderingen in epigenetische regulatoren de gen toegankelijkheid en
genexpressie beinvloeden. De onderliggende mechanismen van tumorprogressie
zouden door deze studies kunnen worden beantwoord. Dit zal ongetwijfeld leiden
tot nieuwe diagnostische en prognostische biomarkers, evenals potentiéle nieuwe
gerichte therapieén.

Hoewel de eerdergenoemde targeted MPS al wordt gebruikt om nieuwe
genmutaties en fusiepartners te ontdekken, moet minstens één fusiepartner
worden gedekt door het gerichte panel. Daarom kunnen technieken met een
bredere dekking dan targeted MPS, zoals whole exome sequencing (WES) en
vooral whole genome sequencing (WGS), voordelig zijn in klinische setting voor
diagnostische en ontdekkingsdoeleinden.

Whole exome sequencing is een techniek dat alleen het coderende DNA (representatief
voor de getranscribeerde exonen) van het gehele genoom analyseert, terwijl niet-
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getranscribeerd DNA wordt weggelaten. Omdat dit slechts 1,5% van het menselijk
genoom vertegenwoordigt, zijn de kosten lager dan voor WGS, terwijl er ook een
toenemende sequencing diepte van deze exomen kan worden bereikt. Aanvankelijk
was deze methode, net als WGS, alleen haalbaar met vers-ingevroren tumor materiaal,
dat niet altijd beschikbaar is. In de afgelopen jaren heeft vooruitgang in sequencing
technologieén het gebruik van FFPE-geéxtraheerd DNA voor analyse mogelijk
gemaakt, wat in tegenstelling tot vers-ingevroren weefsel routinematig beschikbaar
is voor tumorpatiénten. Deze factoren maken deze methode aantrekkelijker om te
gebruiken voor laboratoria in de klinische praktijk dan WGS.

WGS is een technologie die de gehele genomische DNA-sequentie in één keer
analyseert en de meest uitgebreide karakterisering van het genoom biedt. Dit omvat
de detectie van enkelvoudige nucleotidemutaties (puntmutaties), indels, structurele
varianten (translocaties/fusiegenen), copy number variaties (amplificaties, verliezen
en verlies van heterozygotie), microsatelliet instabiliteit (MSI), tumor mutational
burden (TMB), germline mutaties, SNP-analyse voor penetrantie van germline
mutaties, integratie van viraal DNA en zelfs farmacogenetica. Een ander voordeel
van WGS is de mogelijkheid om afwijkingen in niet-coderend DNA te detecteren
die verantwoordelijk zijn voor genregulerende gebieden, zoals promotor gebieden.
Massale hoeveelheden data zullen beschikbaar komen van WGS en het filteren
van al deze datasets naar klinisch relevante genetische veranderingen blijft
een grote uitdaging die alleen haalbaar is door samenwerking met een ervaren
bioinformatica team. WGS heeft het potentieel om een zelflerend systeem te zijn
waar, met toenemende invoer van tumordata, het bijvoorbeeld driveranalyses kan
genereren en mogelijk nieuwe drivers kan vinden. Een ander kenmerk van WGS is
de mutational signature classifier. Mutational signatures zijn patronen van mutaties
die ontstaan tijdens tumorgenese en inzicht geven in de etiologie van elke
tumor. Bijvoorbeeld, in het geval van een ongedifferentieerde tumor waarbij de
conventionele diagnostische werkwijze niet helpt om de juiste diagnose te vinden,
kan een mutational signature classifier die op WGS-gegevens wordt gebruikt

deze informatie bieden. Met de toenemende hoeveelheid tumordata zullen
deze classifiers helpen om een preciezer beeld van tumor etiologie, classificatie,
prognose en behandeling te creéren.

Omdat WGS enorme hoeveelheden data produceert, een overvloed aan opslag-
capaciteit nodig heeft en intensieve computationele analyse vereist, is deze
techniek vrij duur en is het tot nu toe geen wijdverspreide standaardtoepassing
in tumordiagnostiek. Het gebruik van WGS in de klinische praktijk op dit moment,
wat voornamelijk plaatsvindt in academische laboratoria, is beperkt tot biopsieén
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van primaire tumoren van onbekende oorsprong en het vinden van potentiéle
behandel targets bij gemetastaseerde patiénten die alle mogelijke reguliere
behandelingen hebben ondergaan. Het wordt echter veel gebruikt op het gebied
van onderzoek en het wordt verwacht dat er veel meer potentiéle diagnostische en
therapeutische targets zullen worden ontdekt die het veld van gepersonaliseerde
geneeskunde fundamenteel zullen transformeren, vooral gezien de voortdurende
voordelen in het verlagen van de WGS-kosten en de toepasbaarheid van FFPE-
geéxtraheerd DNA.

Hoewel immunohistochemie al vele jaren bestaat en slechts beperkte informatie
biedt vergeleken met veel van de moleculaire technieken, hebben al deze
bovengenoemde moleculaire benaderingen een opmerkelijke impact gehad op
de ontwikkeling van nuttige afgeleide immunohistochemische markers. In de
afgelopen jaren zijn meerdere markers ontstaan als surrogaten voor onderliggende
genetische veranderingen, bijvoorbeeld STAT6 voor solitaire fibreuze tumor,
SS18-SSX voor synoviaal sarcoom en MUC4 voor laaggradig fibromyxoid sarcoom;
alle drie de markers zijn het resultaat van fusiegenen; MDM2 en CDK4 voor
liposarcoom, die zijn gekoppeld aan MDM2-amplificatie en H3K27me3 in maligne
perifere zenuwschede tumor die veranderingen in epigenetische histonmodificatie
weerspiegelt. Immunohistochemie is een relatief goedkope en eenvoudige
test die voornamelijk kan worden gebruikt voor diagnostische en mogelijk
prognostische doeleinden.

Pathologen zijn historisch bekend om hun werk aan histologische karakterisering
van weefsels en tumoren. In de afgelopen decennia zijn steeds meer aanvullende
technieken aan dat primaire proces toegevoegd. De opkomende ontwikkeling van
high-throughput moleculaire technieken zoals MPS en epigenetische profilering
zal het veld van de pathologie transformeren. Nauwkeurige interpretatie
van alle histologische, immunohistochemische en genetische gegevens zal
het diagnostische proces ondersteunen en clinici voorzien van de informatie
die ze nodig hebben voor optimale patiéntenzorg. Om dit te doen, moeten
ze interactie hebben met veel verschillende specialisten, zoals moleculair
biologen en bio-informatici onder andere. Tot op heden blijft dit voornamelijk
beperkt tot academische centra en oncologie-instituten waar patiéntenzorg
en onderzoeksactiviteiten nauw met elkaar zijn verweven. Met de toenemende
toegankelijkheid en dalende kosten van moleculaire technologieén is het logisch
om aan te nemen dat in de toekomst enige vorm van uitgebreide genetische data
beschikbaar zal komen voor de meeste tumorsamples.
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Een andere veelbelovende nieuwe 'techniek' is het opkomende veld van
kunstmatige intelligentie (Al), dat steeds vaker wordt toegepast in het veld van
computationele pathologie. Het kan helpen bij diagnose, classificatie en het
voorspellen van uitkomsten. Deep learning algoritmen kunnen het menselijke oog
overtreffen en een consistentere analyse van pathologie-afbeeldingen bieden,
waardoor de inter- en intra-observer variabiliteit in vergelijking met de patholoog
alleen maar worden gereduceerd. Dergelijke algoritmen zijn zelfs in staat om te
screenen op onderliggende moleculaire veranderingen in tumoren met alleen
hematoxylin- en eosine-gekleurde preparaten. Terwijl MPS de meest gebruikte
techniek is voor het detecteren van genomische veranderingen, blijft het relatief
tijdrovend, duur en soms ontoegankelijk voor patiénten die geen toegang hebben
tot tertiaire kankercentra. Daarom kan screening op genomische veranderingen
met behulp van deep learning algoritmen een relatief goedkope en snelle manier
bieden om tumoren te classificeren, niet alleen voor diagnostiek maar ook voor
mogelijke targeted therapieén en het voorspellen van uitkomsten.

Conclusie

In de pathologie van weke delen tumoren is genetische informatie al vele jaren
onderdeel van het diagnostische proces en het is duidelijk dat de patholoog een
eminente en centrale rol speelt in toekomstig onderzoek naar de biologie van
weke delen tumoren. De significante bijdragen van nieuwe moleculaire technieken
zullen dit onderzoek beinvlioeden, wat leidt tot een toenemende kennis en begrip
van de pathogenetische basis van weke delen tumoren. Tegelijkertijd zal de
ontdekking van mogelijk nieuwe diagnostische, prognostische en voorspellende
biomarkers toenemen met daaropvolgende integratie in de klinische praktijk. In
de komende jaren zullen de meeste genetische en moleculaire gegevens worden
gegenereerd door high-throughput sequencing technieken (onder andere WGS)
en zullen uiteindelijk oudere technieken zoals FISH vervangen. Het vastleggen van

nuttige genetische veranderingen zal deel uitmaken van het normale pathologie-
rapport en zal clinici informeren over therapeutische beslissingen voor optimale
patiéntenzorg, wat uiteindelijk zal leiden tot verbeterde uitkomsten voor patiénten
met weke delen tumoren.
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Research Data Management

Ethics and privacy

This thesis is based on the results of research involving human participants, which
were conducted in accordance with relevant national and international legislation
and regulations, guidelines, codes of conduct and Radboudumc policy. All chapters
had statements that the study was not subject to the Dutch Medical Research
Involving Human Subjects Act (WMO), and were obtained from the recognized
Medical Ethics Review Committee ‘METC Oost-Nederland'

The privacy of the participants in these studies was warranted by the use of
pseudonymization. The pseudonymization key was stored on a secured network
drive that was only accessible to members of the project who needed access to
it because of their role within the project. The pseudonymization key was stored
separately from the research data.

For all chapters data was used that was previously collected in the context
of healthcare.

Data collection, storage and sharing

All clinical data was collected from care data from the Electronic Health Records
(EPD and UDPS) and laboratory experiments from patient material. Chapter 2-7
are published open access. Chapter 2 and 4-8 were published before 2021, at
which point the current Radboud RDM policy was not yet effective. Therefore, the
data underlying these chapters has not been made available. Chapter 3 has been
published after 2021. The data underlying chapter 3 is not suitable for reuse and will
be archived for 10 years on the department server after termination of the study.
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toch echt zover. Het is af. Het is klaar en uiteindelijk ben ik blij met het resultaat.

Dit resultaat had er absoluut nooit geweest zonder de allesomvattende hulp en
motivatie van met name Dr. Uta Flucke, Dr. G.P.H. (Blanca) Scheijen en Prof. dr.
J.H.J.M. (Han) van Krieken. Ik kan deze 3 mensen niet genoeg bedanken voor hun
hulp in soms bange tijden. Ik ga het niet verder uitweiden in dit dankwoord, ik kan
alleen zeggen: deze lieve mensen krijgen een persoonlijke boodschap.

Ik wil wel graag speciaal stilstaan bij de toppers van analisten en KMBPers die al
die moleculaire analyses (en dat zijn er nog al wat geweest) hebben uitgevoerd,
zeer kundig en zo snel als het kon. Zonder jullie was dit allemaal niet gelukt, dus
Astrid Eijkelenboom, Paul Rombout, Diede van Bladel, Madeleine Berendsen,
Patricia Groenen, Paul Roepman, Bastiaan Tops, Danique van Broekhoven,
Wendy de Leng, Winny Raaijmakers-van Geloof en Marian Verdijk. Ontzettend
bedankt voor al jullie harde werk en hulp! Jullie zijn absolute toppers.

Uiteraard wil ik ook alle andere mensen en medeauteurs die hebben meegeholpen
niet verstek laten gaan en bedank ik uit de grond van mijn hart voor alle medewerking.

Het heeft allemaal heel lang geduurd, maar er rest mij maar 1 ding om te zeggen
(des Elises):

HOUDOE en BEDANKT!
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