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INTRODUCTION

Tumorigenesis

The human body is a complex organism that is composed of a variety of
specialized tissues, enabling us to perform different tasks like walking, tasting
or making music. In order to develop a complex organism from a single
fertilized egg, embryonal cells need to have the potential to proliferate and
differentiate into a myriad of different cell types. The ability of cells to
proliferate, differentiate as well as to concertedly die, if needed, are crucial
mechanisms; not only during embryogenesis but also in adult life in order to
maintain tissue homeostasis, for tissue renewal or regeneration, e.g. in case of
tissue damage.

The genetic information of a human is organized in 23 pairs of chromosomes,
located in the nucleus of a cell; 22 pairs of autosomes and one pair of sex
chromosomes (X and Y). Broadly speaking, DNA is transcribed into RNA,
which leaves the housing in the nucleus and is translated into proteins. Proteins
come in a vast variety of flavours and display both the physical backbone of a
cell and the final executing molecules, defining its structure and function.
Although the vast majority of cells share the same genetic information, not the
whole catalogue of genes is deployed at a given time, let alone in every cell type.

To replicate itself in a complex multi-step procedure called ce// cycle, a cell must
double its constituents, among those the genome, before a complete set of
chromosomes can be distributed to the two daughter cells. DNA replication is
a critical process as ideally the complete and correct genetic information should
be transferred to the next generation of cells. Although having to pass several
check points and underlying sophisticated control mechanisms, this process is
not faultless; some genetic errors are always introduced into the genome of the
daughter cells. Whereas errors in DNA replication stochastically occur
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INTRODUCTION

intrinsically, genetic errors can also be induced extrinsically, e.g. by irradiation,
chemical carcinogens or viral infections.'

Tumorigenesis can be understood as the result of genetic errors. The common
paradigm is, that mutations accumulate in a cell over time and drive the
transformation from a normal cell into a tumor cell. Mutations that are
regarded as the main causal factor for the development of a tumor are often
labelled as driver mutations. Those mutations are not randomly distributed
throughout the genome but instead accumulate in mainly three categories of
genes: those that positively or negatively regulate cell growth and survival
(oncogenes and tumor suppressor genes) and genes that are involved in the
maintenance of the genomic stability (caretaker genes).

Tumors manage to escape normal tissue homeostasis and grow autonomically.
To accomplish this, especially malignant tumor variants share a variety of
molecular and cellular traits, illustrated by Hanahan and Weinberg as the
Hallmarks of Cancer.™* The list of initially six biological capabilities in 2010
has grown ever since, reflecting both the gain of knowledge but also complexity
of tumorigenesis. Most, if not all, cells depend on external growth stimuli to
proliferate. Especially oncogenes take advantage of this mechanism by
permanently activating mitogenic pathways and thus decouple tumor cells
from the dependency of growth signals from the tissue microenvironment (se/f-
sufficiency in growth signals). Furthermore, tumor cells gain insensitivity to
antigrowth signals, mainly by altered functions of players in the cell cycle, e.g.
the retinoblastoma protein. By evading apoprosis, neoplastic cells elude the
attempt to get disassembled after triggering the apoptotic chain intrinsically or
extrinsically, e.g. by immune cells. A key regulator of apoptosis is ps3 and its
gene, TPs3, is mutated in about 50% of all cancers.” Non-neoplastic cells are
normally bound to a limited number of cell divisions. Tumor cells, however,
can achieve the ability of limitless replicative potential by telomere maintenance
and by escaping cell senescence. Furthermore, neoplasms take advantage of
sustained angiogenesis in order to ensure oxygen and nutrition supply. This
factor, among others, illustrates that tumors are complex systems that not only
consist of neoplastic cells but also a variety of other components, forming a
complex microenvironment with diverse cell types that interact with each other
(Figure 1). Tumor angiogenesis is commonly aberrant with hyperbranched,
distorted vessels and abnormal blood flow. The phenomenon of tumor
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INTRODUCTION

microenvironments is of special interest for the pathologist as it affects the
morphology of tumor tissue. Tumor invasion and metastasis are acquired
capabilities, that are most often linked to a malignant behaviour of the
neoplasm. These are by no means trivial processes as a tumor cell needs to leave
its initial environment, migrate into a lymph or blood vessel and move to a
different site of the body, leave the vessel again and lastly adapt to a new
microenvironment and build a new cancer colony. The necessity to adapt to a
different microenvironment might be a reason why certain tumors
preferentially colonise specific distant anatomic sites. The first four mentioned
hallmarks of cancer are regarded as prerequisites for tumor invasion and
metastasis. The occurrence of metastases indicates a systemic disease, that is
often associated with a poor outcome.® Two hallmarks of cancer were added in
2011. One of those is reprogramming energy metabolism and addresses altered
ways of glucose breakdown in tumors. Secondly, evading immune destruction
has been formulated regarding the ability of neoplasms to overcome the
immune system as barrier to tumorigenesis. The to date last edition of
Hallmarks of Cancer from 2022 adds four further capabilities. Unlocking
phenotypic plasticity describes the ability of tumor cells to follow different paths
of differentiation, among those dedifferentiation into a progenitor-like state,
differentiation block (and thus stay in a progenitor-like state) or
transdifferentiation into alternative cell lineages. There is furthermore
evidence, that tumors benefit from epigenetic changes, both in the tumor cells
themselves and in recruited cells of the tumor microenvironment (non-
mutational epigenetic reprogramming). Especially in organs that display an
interface between body and environment, the composition of the local
microbiome can have both tumor-protective and -stimulating effects
(polymorphic microbiomes). Although initially thought to be a condition, that
would protect from tumorigenesis, senescent cells have been shown to be able to
promote tumor development by interaction with the local microenvironment.

Most probably, this list is not exhausted and additional aspects will be added
in the years to come. The relevance of the Hallmarks of Cancer is underlined by
the fact that many of its aspects can be targeted in various therapeutic
approaches.””

It is supposed to be unlikely that all those capabilities are achieved by a single
mutation. Thus, it has been proposed, that tumorigenesis is paralleled by generic
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INTRODUCTION

instability and thus a higher rate of mutations that accumulate in the genome.
Although tumorigenesis is commonly understood as a long-termed multi-step
procedure, there are, however, also mechanisms, that can cause significant
genomic alterations within a single cell cycle, e.g. chromothripsis.” This term
describes the fragmentation, shuffling and restitching of chromosomal
segments of one or few chromosomes in a single event. Being a single-step
event, the concept of, among others, chromothripsis does perhaps not challenge
the classical view of tumorigenesis as multi-step procedure. But it might
constitute a kind of fast-forward track in tumorigenesis by introducing
structural aberrations and a higher degree of genomic instability. Genomic
aberrations indicating chromothripsis have been identified in 49% of all cancers
in adults.™

The majority of neoplasms occur spontaneously following acquired genetic
errors, but there are also numerous known inherited genetic aberrations that
predispose to the development of neoplasms, e.g. in the form of tumor
syndromes."

From a diagnostic point of view, it is noticeable, that each specialized tissue
with unique tasks has a characteristic macro- and micromorphology, based on
the global architecture, composition of cells and extracellular matrix
components. Microscopically, each specialized cell type has a unique
morphology, that is caused by its cell shape and both intra- and extracellular
structures. The micromorphology of whatever tissue is mirrored by the
composition of active genes in the given state of the cells. This implies also that
a deviation from a cell’s “normal” state, e.g. in case of inflammation or a
neoplasm, is mirrored by an altered cell and tissue morphology. In other words,
the interdependency of genomics, transcriptomics and proteomics are essential
for cyto- and histopathological examination and diagnostic of diseases.

14



INTRODUCTION

Figure 1. Tumor microenvironment

Tumor tissue consists not only of neoplastic cells (green) but also of a variety of non-neoplastic
cells, exemplary depicted as fibroblasts with extracellular matrix (yellow), various inflammatory
cells (blue and purple), vessels (red) and pericytes (grey) that interact with each other and form a
complex microenvironment.

Diagnostics of soft tissue and bone tumors

Soft tissue and bone tumors (STBT) comprise large and heterogenous groups
of neoplasms, that are thought to derive from cells of mesenchymal origin. The
term mesenchymal tissue summarizes fatty and fibrous tissues, vessels, nerves
but also bone and cartilage. Thus, mesenchymal tissues have mechanical tasks,
ranging from the formation of skeleton and joints to supporting

15



INTRODUCTION

parenchymatous organs with capsules and embedding glandular lobes. Vessels
and nerves are responsible for the perfusion and innervation of tissues.

Benign mesenchymal tumor entities outnumber malignant tumor variants
(sarcomas) by far. The true incidence of benign mesenchymal neoplasms is
unknown as many do not cause any clinical symptoms and are found
incidentally. According to the WHO, the annual incidence of soft tissue
sarcomas (malignant mesenchymal tumors) is about so cases / 1 million
population and thus account for less than 1% of all malignant neoplasms. Bone
sarcomas have an annual incidence of 0.75 / 100 000 population.”’ In Sweden
with a population of about 10 million, about 300 primary sarcomas are
diagnosed annually, excluding sarcomas occurring in the abdominal
cavity/retroperitoneum (https://statistik.incanet.se/OrthopedicSarcoma/). To
maintain optimal care for patients with sarcomas in Sweden, the competences
regarding diagnostics and treatment are concentrated to a few sarcoma centers,
among those Stockholm, Gothenburg and Lund. National guidelines
recommend that all deeply seated (under the level of muscle fasciae) and all
large (>5 cm) superficial suspected mesenchymal tumors should be referred to
a sarcoma center.

The diagnostic chain of suspected soft tissue and bone tumors is a
multidisciplinary procedure. Clinical setting, radiology as well as microscopic
examination are essential steps in the diagnostic chain. The recent WHO
Classification of Soft Tissue and Bone Tumors counts more than 100 soft tissue
and more than 50 bone tumor entities, some of those extremely rare.”> Beyond
that, non-neoplastic conditions that can mimic tumors, both clinically and
morphologically. Many tumors share similar morphologic features, but a
marked morphological heterogeneity within one tumor entity is not unusual
(Figure 2). Thus, the pathological examination of STBT is often a diagnostic
challenge, especially on limited, preoperative biopsies or cytological aspirates,
as only a small fraction of the lesion can be analysed. Cyto- and
histomorphological =~ examinations  are  thus  often  aided by
immunohistochemical stains to define the line of differentiation or specific cell
types. Additionally, an increasing number of immune stains were introduced
as surrogate markers for genetic aberrations.”*"> However, immune profiles can
be inconsistent and morphological and immunohistological approaches are

16



INTRODUCTION

increasingly complemented by genetic analyses. Molecular characterization of
STT has been shown to improve the diagnostic accuracy.*
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Figure 2. Morphological challenges among soft tissue tumors

(A) Exemplary depiction of four different soft tissue tumors that can show considerable
morphological overlap, but vary in their biological behaviour. All tumors in these examples show
often plump, mostly inconspicious spindled cells in a collagenous, partly myxoid background.
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INTRODUCTION

Spindle cell lipomas are benign. This myxoinflammatory fibroblastic sarcoma (MIFS)/Haemo-
siderotic fibrolipomatous tumor (HFLT) hybrid showed areas with only low-grade atypia. These
tumors grow locally aggressive. Low-grade fibromyxoid sarcomas have a relatively high long-term
risk for metastatic disease and disease-related death. Solitary fibrous tumors show a variable
biological behaviour. (B) Different morphological features of one single tumor entity. The upper
left picture shows the classic morphology of sclerosing epithelioid fibrosarcoma with small, partly
epithelioid cells with pale cytoplasm, arranged in chords, surrounded by sclerotic stroma. However,
those tumors can also show almost acellular components (upper right), nested growth of plump
epitelioid cells (lower left) or components that resemble low-grade fibromyxoid sarcoma (lower
right).

The interventional cytopathologist

Fine needle aspiration cytology (FNAC) from STBT played a major role in this
thesis. Hence, this diagnostic tool deserves a historical round-up and closer look
from a diagnostic perspective.

Cytopathological specimen types can generally be divided in two different
groups: exfoliative cytology and fine needle aspiration cytology. Exfoliative
cytology specimens (like pleural fluid, urine or brush samples from the
bronchial tree or bile ducts) contain by nature mainly cells and material from
the surface they released from, either spontaneously or by manipulation
(washings, scraping, brushing). In contrast, FNAC specimens are obtained by
a puncture procedure with a needle into the region of interest. It can contain
everything that the sampled lesion consists of, liberated from the tissue and
retrieved for diagnostics by aspiration/capillary action, together with the
movement of the introduced needle. The diagnostic yield can contain single
cells, cell groups, extracellular matrix components, fluids and sometimes even
small tissue fragments, maintaining the original tissue architecture. The
diagnostic challenge when interpreting FNAC is to reassemble those reshuffled
tissue components into a coherent picture, not unlike small stones in a mosaic
(Figure 3). Hence, knowledge of the histopathological morphology is no
disadvantage when examining FNAC material.

18



INTRODUCTION

Figure 3. Fine needle aspriation cytology and its corresponding histopathology

(A) Fine needle aspiration cytology of a parotid mass showing a pleomorphic adenoma. The
smear preparations with both Hematoxylin&Eosin stains (upper panel) and Giemsa stain (lower
left) show a varying cellularity with both tissue fragments and dissociated cells. Those show
partly spindled, partly plasmocytoid features without atypia.There are areas that are dominated
by fibrillar extracellular matrix, that is better visualized by Giemsa staining. Cellblock preparation
(lower right) with a similar appearance and a positive PLAGT immunostain, that supports the
diagnosis. (B) Corresponding surgical resection with whole tumor section (left) showing both a
paucicellular, matrix-rich and a cell-rich, matrix-poor component. Those tumor components are
highlighted in the right panel, with additional positive PLAGT immunostain.
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INTRODUCTION

The very first reports of puncture procedures with hollow needles can be traced
back to Arab medicine in the medieval period and were performed by the
influential physician Aba al-Qasim Khalaf ibn al-’Abbas Al-Zahrawi (936-
1o13). He illustrated the therapeutic use of hollow needles of unknown

» 17

dimension in thyroid tumors, that he called the “elephant of the throat”.

However, it was first in the late 19™ and early 20™ century, that material
obtained by FNA was more widely used for diagnostic purposes. Light
microscopes were already known since the Renaissance. But the ability to
perform detailed microscopic analyses was linked to another development: the
invention of appropriate staining techniques. Not the only, but undoubtedly
one of the central figures in this context was the chemist and physician Paul
Ehrlich (1854-1915). In the beginning of his career, he experimented with a
variety of chemicals, especially dyes developed for the textile industry, and
tested those on tissue and blood samples. He discovered that different cells and
cell components interacted with chemicals in different ways and could thus not
only be made visible but, more importantly, distinguishable.”® As a side note,
it should be mentioned, that the discovery of chemicals, selectively targeting
specific structures, was further developed and refined in Ehrlich’s research in
various theories and concepts with huge impact on various medical disciplines,
among those haematology, immunology and oncology (‘chemotherapy’)."®*
Ehrlich was honoured for his work with the Nobel Prize in Physiology or
Medicine in 1908.

In the first two decades of the 20™ century there were numerous reports about
the diagnostic use of material obtained by needle aspiration, however largely
without the claim to evaluate the technique scientifically. The sampled lesions
were initially mostly lymph nodes and cutaneous tumors, but later even
abdominal organs like liver and spleen."”

Most authors agree that Hayes Martin and Edward Ellis from New York
published in this context one of the most influential papers in 1930 on a series
of 65 cases approached by FNA as diagnostic procedure.” By utilizing this
method, the authors, a head & neck surgeon and a laboratory technician, aimed
to meet the contraindications for “biopsy by surgical exposure”, that were
besides the general risks for surgery (infections and bleedings) the acquisition
of diagnostic material from less assessable, deep-seated lesions and the risk for
local dissemination of tumor tissue. They performed local anaesthesia, incised
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the skin with a scalpel and performed the FNA with a comparably thick 18-
gauge needle, attached to a 20-ml syringe. The authors describe the use of
vacuum and the needle movement, that is needed to secure diagnostic material
(“Aspiration with the needle at rest is not sufficient to draw tissue into the
needle in most cases.”). Although the paper perfectly describes the technical
principles of FNA as it is used today, the preparation with local anaesthesia and
incision of the skin resembles more the procedure that is nowadays applied for
taking core needle biopsies. It was described that the obtained material regularly
contained larger fragments of tissue, that were fixated in formalin and treated
as biopsies.

One year after Martin and Ellis’s first publication on FNA, the physician Ernst
Mannheim published a comparable work, based on 43 patients with palpable
tumors, approached by FNA.*" The view of various authors, that it was the
German Mannheim who should be honoured for being the first who used a
thin needle for punctures that deserves the term fine needle aspiration, is
entertaining.””** Mannheim was aware of Martin and Ellis’s work but described
their work as “heroic” as they incised the skin and made use of a very thick
needle (“einen sehr starken Troikart”). Furthermore, he expressed his worries,
that the risk of a local spreading of the tumor with such a thick needle should
not be underestimated. Curiously, when reading the original manuscript,
written in German, one can notice that he describes the use of a needle with a
1 mm diameter in his own work. This is not much thinner than Martin’s and
Ellis’s 18-gauge needle (corresponding to 1.2 mm). At least, Mannheim
proved, that FNAC could be performed without local anaesthesia and skin
incision.

Although early scientific evaluation of FNAC originates from America, the
method remained here relatively unpopular in daily diagnostic routine. In
Europe, however, and especially in Sweden, it was adopted already in the late
1940s and successively became an accepted diagnostic tool in the decades to
come. Sixten Franzén introduced FNAC at the Karolinska University Hospital
in Stockholm in the late 1940s.”* Being haematologist in the first place, he was
initially mainly interested in bone marrow smears but soon shifted his attention
to solid tumors as well. Together with (among others) the pathologists Josef
Zajicek and Torsten Lowhagen, he formed a scientific collaboration, that
established itself as 7he Karolinska Group.** In the 1960s and 7o0s, this group
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published several scientific works on FNAC with large study cohorts.>” In
many of the publications, the cytological findings were supported by
histological follow-up which emphasized the diagnostic power of FNAC and
silenced critics of the method of being much inferior to histological samples.
The Karolinska Group also developed hardware devices, e.g. a needle guide for
the sampling procedure of the prostate. Syringe holders that allowed one-
handed FNA operation, were widely utilized at this time, as they are still used
today (Figure 4). The Karolinska Group was internationally recognized not
only due to their scientific output, but also due to teaching activities (e.g. in
the USA), the first monograph textbooks on FNAC and the first international
course in FNAC, that was held in Stockholm in 1970.**** The popularity of
FNAC in Scandinavia spread to different parts of the world, with varying
resonance.

Figure 4. Palpation-guided fine needle aspiration.
Sampling of a subcutaneous mass on the shoulder. Syringe holder with attached 10-ml syringe
and standard 23-gauge needle. The photograph is used with permission of the patient.
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Simultaneously with the Karolinska Group, although less visible in the
scientific world, the internist Nils Soderstrom introduced FNAC at the
University Hospital in Lund.* In the early 1960s the pathologist Nils Stormby
established the puncture service, driven by the department of pathology. Soon
after, the pathologist Mins Akerman joined. Together with the orthopaedic
surgeon Anders Rydholm, he established FNAC as primary diagnostic tool for
STBT in local sarcoma care in the early 1970s.7" FNAC of STBT became the
main scientific focus of Akerman and his successor, my colleague and co-
supervisor Henryk Domanski.”*? They also introduced the utilization of
palpation-guided core needle biopsy sampling, simultaneous to FNAC in daily
diagnostic routine, performed by the pathologist (Figure 5).*¢

Figure 5. Palpation-guided core needle biopsy sampling
Sampling of a subcutaneous lesion close to the elbow with a 14-gauge needle. The photograph
is used with permission of the patient.

Already Martin and Ellis reported the first cases of FNAC sampling from soft
tissue and bone lesions in their publication from 1930, extended to a larger
cohort some years later by Fred Stewart, who adopted the method proposed by
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Martin and Ellis.” Although numerous reports and scientific studies regarding
FNAC of STBT accumulated over the years, originating from different parts
of the world, it still remains an unusual application in daily diagnostic routine
until today.

One important development in the application of FNAC of palpable masses in
Scandinavia was, that it rapidly moved into the hand of the pathologist and
thus much closer to the patient. This new discipline would be established as
interventional cytopathology.”>** Sampling by the cytopathologist and thus the
diagnostician himself has several advantages. One obvious benefit is that the
executing physician is in direct contact with the patient and can enquire
anamnestic data and communicate during the examination. Furthermore, it is
favourable also from a diagnostic perspective, to get a clinical impression of the
sampled lesion; apart from the size also where it is exactly located, to what
extent it is movable, the palpatory quality and potential reactions of the
surrounding tissue. An additional and very essential advantage is the possibility
of rapid on-site evaluation (ROSE) of the diagnostic yield. This means, that a
cytological smear or imprint preparation is directly stained and examined under
the microscope. ROSE is also regularly performed, when the cytopathologist is
not executing the sampling her/himself, but is attending a sampling procedure,
performed by, e.g. a radiologist or a surgeon. ROSE procedures are also possible
on distance via an automated microscope with video link. At Skine University
Hospital in Lund, ROSE of endobronchial ultrasound-guided fine needle
aspirations of mediastinal lymph nodes are routinely performed by
cytotechnicians.” ROSE is not solely a possibility to verify the representativity
of the diagnostic material but also to triage the diagnostic material for further
analyses, that could be important for the diagnostic work-up. Important
examples are flow cytometry in suspected lymphomas, material for cellblock
preparations for metastatic disease or tissue for genetic analyses for the
diagnostics of e.g. STBT. ROSE is integrated in our workflow both in our FNA
clinic and in various external settings (Figure 6).
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Figure 6. Trolley for external rapid on-site evaluation procedures

Genetic aberrations in soft tissue and bone tumors

The morphological variety among STBT is reflected by an extensive catalogue
of genetic aberrations. Those range from small genetic variants over fusion
genes to numerical and structural chromosomal aberrations of varying
complexity.

Small genetic variants encompass mutations of single nucleotides (single
nucleotide variants, SNV) to insertions/deletions (Indels) of up to 10.000
nucleotides. The impact of those mutations might be difficult to predict, as
they occur in the genome of neoplasms as well as in constitutional DNA, both
in coding and non-coding regions. SN'Vs and indels in coding genomic regions
can lead to altered amino acid sequences or truncated proteins. In addition,
Indels can be responsible for frameshifts. In contrast to other solid tumors like
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carcinomas, small genetic variants as driver mutations are uncommon in
sarcomas. One prominent exception are gastrointestinal stromal tumors
(GIST). Those neoplasms are in the majority of cases driven by K77 and
PDGFRA oncogene mutations, encoding for receptor tyrosine kinases.**°
Those mutations provide therapeutic targets, as many GISTs respond to the
tyrosine kinase inhibitors. Furthermore, the mutation status in GIST has
prognostic and predictive relevance. K/7-mutated tumors tend to be clinically

more aggressive than neoplasms with PDGFRA mutations or wild-type
GISTs.#

About one-third of STT harbour gene fusions as the result of intra- or
interchromosomal rearrangement of genomic material.#* The juxtapositioning
of two otherwise unrelated genes or parts of genes may lead to chimeric
proteins, altered gene expression or truncation. Some gene fusions are regarded
as passenger mutations, less important for tumorigenesis and more a sign of
genetic instability. Others constitute strong driver mutations, especially in
tumors that otherwise lack genetic aberrations. The majority of gene fusions
among ST'T engage a transcription factor (e.g. EWSRr::FLI1 in Ewing sarcoma
or NAB2::STAT6 in solitary fibrous tumors) or a gene coding for a tyrosine
kinase (e.g. ETV6::NTRK3 in infantile fibrosarcoma) as one of the fusion
partners. STT with gene fusions involving tyrosine kinases may be, like other
tumors with altered tyrosine kinase activity, susceptible to therapies with kinase
inhibitors.* Recurrent translocations can be useful diagnostic tools. However,
a certain fusion gene can be detected in various different tumors. One well
known example is the above mentioned E7V6::NTRK3 fusion gene, that has
not only been identified in infantile fibrosarcomas, but among others also in
acute myeloid leukemia, secretory carcinoma of various sites (among those
breast and salivary glands) as well as in adenocarcinomas of the colon and
thyroid.# This illustrates that identified mutations need to be interpreted in a
clinical and histomorphological context, when used for diagnostic purposes.

Instead, or in addition to small genetic variants and gene fusions, soft tissue
and bone tumors often display numerical or structural chromosomal
aberrations. Numerical changes include altered ploidy levels with loss or gain
of either the whole chromosome set or single chromosomes. The former is
strongly associated with malignant tumor entities.*” As numerical aberrations
affect a vast number of genes, the pathogenic effect is difficult to estimate.

26



INTRODUCTION

Generally though, the gene expression levels tend to follow the number of
chromosomes.* In some neoplasms, recurrent numerical changes are unlikely
to affect tcumorigenesis, like trisomy 8 and/or 20 in desmoid fibromatoses. This
tumor entity is driven by point mutations in the B-catenin gene CTNNBr1.* In
contrast, complete or partial loss of one chromosome 13 in spindle cell lipomas
seems to be sufficient for tumorigenesis.*’

Gene amplifications are structural aberrations, loosely defined as at least a three
to fivefold copy number gain, that play an important role in tumorigenesis.**
One example are amplicons on chromosome arm 12q, harboring AMDM2 and
CDKy, in parosteal osteosarcomas, genetically undistinguishable from the
extensively  described  genomic  alterations in  well-differentiated
liposarcomas.***°

Homozygous deletions are structural aberrations that can promote
tumorigenesis, typically by inactivating tumor suppressor genes. As an example,
multiple solid tumors were described with biallelic deletion of SMARCBI on
chromosome arm 224, among those several sarcomas like epithelioid sarcomas
and extrarenal rhabdoid tumors.’"*
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The general aim of the thesis was to improve the diagnostics of soft tissue and
bone tumors with immediate impact on patient care. The different research
projects followed two main approaches:

1. Improving morphological analyses by evaluating the diagnostic use of
fine needle aspiration cytology for soft tissue and bone lesions and by
developing standardised reporting systems (Articles 1 and 2)

2. Evaluation of genetic approaches that can support morphological
analyses in the diagnostic process (Article 3).

Article 4 aimed at obtaining a better understanding of the spectrum
and origin of genetic aberrations in one specific group of sarcoma
entities, the dermatofibrosarcoma protuberans family of tumors.
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Study cohorts

The different studies included in this thesis are based on diagnostic cases of
patients and patient material, referred the Department of Clinical Genetics,
Pathology and Molecular Diagnostic within the section of Laboratory medicine
Skéne in Lund (Article 1), respective different branches within this department,
located in Lund, Malmo, Helsingborg and Kristianstad (Article 2). Articles 3
and 4 are based on tissue samples from patients referred to the sarcoma centers
at Skane University Hospital in Lund as well as to the Karolinska Hospital,
Stockholm.

Data and samples in the different studies originated from varying time periods
between 1985 and 2023 and were approved by the national ethical review

board.

Interventional procedures and morphological
analyses

Fine needle aspiration and core needle biopsy sampling

FNA and CNB sampling was cither performed palpation-guided by
cytopathologists in the FNA clinic or imaging-guided in the radiology
departments. A minority of sampling procedures were performed by
cytopathologists in the operation theatre together with orthopaedic surgeons
with fluoroscopy-guidance.
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For FNA, two to six puncture passes were executed without local anaesthesia,
using 22-27-gauge needles (diameter 0.4-0.7 mm) on 10-ml disposable syringes
on a syringe holder to enable one-handed FNA operation. CNB sampling
required local anaesthesia and was carried out using 18-12-gauge needles
(diameter 1-2 mm). Radiologists tended to incise the skin prior to the sampling
procedure while pathologists did not.

Cytology specimens

Smear preparations were either air-dried or fixated in 96% ethanol. Air-dried
preparations were stained with May-Griinwald Giemsa and ethanol fixated
preparations were stained with Hematoxylin&Eosin (HE, Figure 3A). For
ROSE, air-dried smear preparations were Diff-Quik stained, which belongs,
like Giemsa stains, to the Romanowsky-type stains, with comparable
morphology. Diff-Quik stains can be prepared in less than a minute.

The needles were often rinsed in various fluids for additional analyses or
preparations. FNA material in CytoLyt solution was used for automated cell
block preparations (CB, Figure 3A). CBs can be treated like formalin-fixated
paraffin-embedded (FFPE) specimens using routine protocols. In case of a
suspected lymphoma or plasma cell neoplasia, the needles were rinsed in a
buffer that could be prompted to flow cytometry. Occasionally, FNA material
was sent to the microbiology department for cultivation.

Histology specimens

CNB specimens, surgical biopsies and resection specimens were fixated in 4%
buffered formaldehyde between 12-24 hours, depending on the specimen size.
After the grossing, the tissue fragments were embedded in paraffine blocks that
were sectioned and routinely stained with HE. Immunohistochemistry
followed routing protocols with commercial antibodies.

FNAC was the main method in Articles 1 and 2. CNB sampling was also
performed for both articles, however a detailed comparison of FNAC and CNB
results was a purpose only in Article 1. CNB as main source material was used
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in Article 3. Histological examinations in general were pivotal in all four articles
for diagnostic purposes.

Genetic analyses

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a cytogenetic method that utilizes
fluorescence-stain labelled DNA probes in order to visualize specific genetic
targets. Those can be whole or parts of chromosomes or specific genes/loci.
Both cytologic and histologic material in both fresh and formalin-fixed
paraffin-embedded (FFPE) condition is assessable by this method. In
diagnostic routine, FISH analysis is a well-established tool and frequently used
to detect gene translocations and amplifications (Figure 7). A disadvantage, at
least when using break-apart probes, is that only a rearrangement of the targeted
gene is detected, but information about the fusion partner is not provided. If
this information is of interest, reverse-transcriptase polymerase chain reaction
(RT-PCR) or RNA-sequencing could be alternatively or additionally used.

In Articles 1 and 2, FISH analyses were used as part of the daily diagnostic
routine on both cytological material and histological slides, using commercial
probes against the ALK, BCL2, EWSR1, FOXOr1, FUS, HER2, MDM2, MYC,
ROS1, S§S18 and USP6 loci. Metaphase FISH analyses were performed in
Article 4 in order to detect abnormal chromosomal structures and PDGFB
rearrangement.
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Figure 7. FISH analysis targeting the £FWSR7 locus

Interphase FISH analysis in a case of Ewing sarcoma, in the majority of cases driven by a
EWSRT1::FLIT gene fusion through a t(11;22). The EWSRT rearrangement is indicated by a split
signal in the nuclei (separation of the red and green fluorescent signals)

Chromosome banding analysis

In the metaphase of the cell cycle, the chromosomes are maximally condensed
and can be examined microscopically. After staining, a characteristic pattern of
chromosome bands is visible. Those bands together with the size and shape of
the chromosomes are characteristic for each individual chromosome and allow
the identification of both numerical changes and structural aberrations with a
relative low resolution of about s-to Mb (Figure 8). An advantage of
chromosome banding analysis is the possibility to visualize abnormal
chromosomal structures like ring chromosomes or double minutes, as well as
to assess the ploidy level and inter-cellular variation. In addition, and in
contrast to genomic arrays, balanced translocations can be detected.
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Chromosome banding analysis was performed in Articles 1 and 2 in a small
portion of cases as part of the daily diagnostic routine. The method was used
in Article 4 to describe the spectrum of karyotypes in the dermatofibrosarcoma
protuberans family of tumors.
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Figure 8. Karyotype of a myxoid liposarcoma with t(12;16)
Most myxoid liposarcomas are genomically characterized by a t(12;16), leading to a FUS::DDIT3
fusion gene. The translocated chromosomal parts are indicated by the two arrows.

Single Nucleotide Polymorphism (SNP) array

SNP array analyses are used to detect genomic and allelic imbalances. SNPs are
single nucleotide variations occurring in >1% of the population and are widely
distributed throughout the genome. In modern array assays, more than 2
million probes can be targeted by specific DNA probes, covering the whole
genome with a resolution of <100 kb. Fragmented DNA samples are allowed
to bind to complementary probes, that are immobilized on a surface. The
emitted fluorescence signal of each probe can be measured and corresponds to
the amount of hybridized DNA. This signal is normalized against the average
signal and log2 transformed, reflecting the copy number. A diploid count
ideally equals o. Deviations from the average copy number are interpreted as
genomic gains and losses (Figure 9). Constitutional copy number variations
can be excluded through comparison with the Database of Genomic Variants
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(htep://projects.tcag.ca/variation/). As the composition of SNPs show
interindividual differences, even information about allelic distribution can be
extracted. This allows the identification of loss of heterozygosity (LOH),
including copy number neutral LOH, which, besides being diagnostically
interesting, also can be used to estimate the ploidy level in the analysed sample.
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Figure 9. Single nucleotide polymorphism (SNP) array

Whole genome view of SNP array results from a dedifferentiated liposarcoma (A) and an
undifferentiated pleomorphic sarcoma (B). Relative copy numbers are depicted in the upper
graph and the allele frequency in the lower graph, respectively. (A) The dedifferentiated
liposarcoma shows a dipoid stem line with amplified regions on chr 12 (including MDM?2 and
CDK4). The depicted tumor shows additional copy number aberrations on several other
chromosomes. (B) This undifferentiated pleomorphic sarcoma shows a non-diploid stem line and
complex copy number shifts, involving the majority of the chromosomes.

One main drawback of SNP array analysis is that it fails to detect balanced
chromosomal aberrations. However, in case of unbalanced translocations, copy
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number shifts in or near the fusion partners can often be registered. The
underlying cause of genomic imbalances cannot be defined by SNP array
analysis. An additional disadvantage is, that the quality of the results is affected
by contamination of non-neoplastic cells.

SNP array assays were used in all articles in this thesis. In Articles 1 and 2, the
method was used as a diagnostic tool in selected cases in daily diagnostic
routine. In Article 3 it was the main method, evaluated for its eligibility as
diagnostic tool in STBT. In Article 4 the method was used to identify potential
secondary genomic aberrations.

Massive parallel sequencing

The term massive parallel sequencing (MPS) or next generation sequencing covers
several approaches, that make it possible to sequence multiple DNA or RNA
fragments in a single analysis. An analysis can be restricted to selected regions
of interest or cover the whole genome or transcriptome and, depending on the
chosen method, can detect single nucleotide variants, indels, fusion genes as
well as gene expression and copy number profiles. With sufficient reading
depth, even rare, subclonal variants are traceable.

Targeted gene panels and RNA-sequencing (RNA-seq) are currently the
methods that are most widely used as molecular-pathologic tools in diagnostic
routine. Commercial gene panels of varying size (20-4,000 genes), designed to
work with DNA and/or RNA, are frequently tailored to work with a particular
group of neoplasms. The detection of small genetic variants, gene
amplifications and fusions provide both diagnostic and predictive information.
While predictive testing is nowadays a standard procedure for many solid
tumors, e.g. lung carcinomas to identify targets for specific chemotherapy, it is
still only rarely performed in sarcoma pathology, with the already mentioned
GISTs as one of few exceptions.’>**

RNA-seq is commonly used to identify gene fusions. In diagnostic routine
though, the use of RNA-seq is often restricted to challenging cases, that cannot
be solved solely by morphologic approaches and FISH analysis. Provided that
the analysis is run with sufficient reading depth and the RNA is of sufficient
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quality, RNA-seq potentially detects all gene fusions in a sample. This includes
unusual or even unknown variants, that are not covered by e.g. gene fusion
panels. Besides detecting gene fusions, the information collected by RNA-seq
can be used to generate gene expression profiles that could serve as signatures
for particular tumors or groups of neoplasms. Such an approach is of particular
clinical interest as it might not only provide diagnostic support but could also
identify differentially expressed genes, that are of prognostic relevance.”

Other variants of MPS are whole exome sequencing (WES) and whole genome
sequencing (WGS), the former targeting the coding part of the genome and
the latter the entire genome. By WES, poorly explored small genetic variants,
not covered by e.g. gene panels, can be analysed. Apart from exonic mutations,
WGS detects also mutations in non-coding DNA, e.g. in promotor regions,
and provides information about large-scale chromosomal aberrations. Both
WES and WGS are still expensive methods that produce large data sets that
require an extensive bioinformatical workup. To date, WES and WGS are
performed only in selected cases for diagnostic purposes, e.g. childhood cancer.
Atleast in Scandinavia WES/WGS are mainly used as scientific tools. However,
this may quickly change, and especially WGS is utilized as a diagnostic tool on
a larger scale in various countries, e.g. in Great Britain. This development has
recently also reached Sweden and WGS as routine diagnostic tool is currently
discussed also here.

In Articles 1 and 2, MPS-based gene panels, WGS and RNA-seq were
performed in selected cases for predictive and diagnostic purposes. In Article 4,
selected cases of dermatofibrosarcoma protuberans were analysed with gene

panels, RNA-seq and WES.
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Article 1

This project elucidated the morphologic part in the diagnostic chain of soft
tissue tumors. We evaluated and compared the diagnostic utility of fine needle
aspiration cytology (FNAC) and core needle biopsies (CNB) of 828 primary
soft tissue and bone tumors from the archives of an 11-year period at the
sarcoma center in Lund. Unlike many other sarcoma centers, FNAC is used in
Lund as a primary diagnostic tool for soft tissue and bone tumors. The idea of
comparing the diagnostic utility of FNAC and CNB is not new and has been
examined by many groups, but our study includes, to our knowledge, one of
the largest cohorts of primary soft tissue and bone lesions. The mean follow-up
time was 57 months (range 0-171 months).

FNA cytology correctly identified malignant lesions in the majority of cases
with a sensitivity and specificity of 87% and 89%, respectively. Although most
authors report sensitivity and specificity values of around 90%, the variance
across the different studies is very high, ranging from 25%-100%.°° The
reasons for this enormous variation are difficult to address retrospectively.
Possible explanations are heterogeneous study populations, i.e. mixed
mesenchymal and non-mesenchymal lesions including metastatic disease and
lymphomas, varying use of ancillary techniques and probably varying expertise.
The diagnostic accuracy, here defined as the possibility to define the correct
histopathologic entity, was in our study §5% for all cases with surgical follow-
up. This accounts for 88% of the cases, where a specific diagnosis rather than a
descriptive diagnosis was provided by FNA cytology. Others reported
diagnostic accuracies between 33%-93%.°"* Reasons for this high variation
might include the same as described above.
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The sensitivity and specificity of CNB analyses were 94% and 95%,
respectively. Hence, CNB examination was slightly superior to FNA cytology
in differentiating between benign and malignant lesions. Comparable results
were reported in other studies with sensitivity/specificity values ranging
between 72%-94%.°** Moreover, CNB diagnoses are more accurate than FNA
analyses when it comes to identifying the correct histopathologic entity; the
accuracy in our hands was 66% of all CNB diagnoses with surgical follow-up,
accounting for 90% accuracy for all CNB diagnoses, providing a specific
histopathologic entity. Comparable analyses by others yield accuracy values
between 45% and 92%.°>%

Although the global results show that CNB diagnoses were superior to FNA
diagnoses in the calculated parameters, the former was not faultless. Both FNA
and CNB analyses resulted in false positive (FP) and negative (FN) diagnoses,
with 2% FN and 1% FP FNA diagnoses and 1% FP and 1% FN CNB
diagnoses. Two main groups of neoplasms could be identified that caused most
of the diagnostic errors. Firstly, spindle cell tumors with no or low-grade atypia
can be challenging on both FNA and CNB biopsies, because of the shared
morphologic features of both benign and malignant entities. The former
included in our hands benign nerve sheath tumors, fibrous histiocytomas and
myxomas; misdiagnosed malignant entities were malignant peripheral nerve
sheath tumors, low-grade fibromyxoid sarcomas and dermatofibrosarcoma
protuberans. The diagnostic difficulties among low-grade spindle cell tumors
are known pitfalls that have been described before.’#¢ Secondly, another
group that caused diagnostic errors were well-differentiated lipomatous tumors.
The morphologic differentiation between lipoma and atypical lipomatous
tumor is especially challenging or even impossible on FNA material when
atypical spindle cells or lipoblasts are missing. Regressive changes/ histiocytic
reactions can even cause FP diagnoses.”* Genetic analyses (FISH and
cytogenetics) were applied only in a fraction of cases (4% of both FNA and
CNB specimens) and were thus not the main focus in this project. FISH
analyses targeting MDM?2 have in our series not been performed on FNA
material but could improve the identification of atypical lipomatous tumors.*

We used the data set to propose and test a reporting system for soft tissue FNA
as a first attempt to standardize the communication between pathologists and
other disciplines involved in the diagnostics and treatment of patients with
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suspected soft tissue lesions. Comparable reporting systems have in the last
decade been successfully established in various diagnostic fields, including
thyroid and salivary glands.”7”*

Our proposal implied six categories, including (I) non-diagnostic, (II) non-
neoplastic, (I1I) atypia of unknown significance, (IVa) benign neoplasms, (IVb)
neoplasms of unknown malignant potential, (V) suspicious for malignancy and
(VI) malignant. To keep the material as homogeneous as possible, only soft
tissue lesions were considered in this analysis. After distribution of the cases to
the different categories, the fraction of truly malignant entities in each were
calculated. The results are summarized in Table 1. As 42% of the cases in
category I turned out to be malignant, resampling of non-diagnostic FNA
yields should be encouraged. Both the non-neoplastic and benign neoplastic
categories included none (II 0%) or only few malignant tumors (IVa 3%). The
vast majority of the cases in the malignant categories were truly malignant (V
72%, VI 97%). According to our results, categories II, IVa, V and VI could, in
conjunction with the clinical setting, be linked to treatment recommendations.
The heterogeneity of soft tissue tumors in our proposal is mirrored by the
intermediate categories III and IVb, with malignancy frequencies of 46% (I1I),
respectively 27% (IVb). Although those categories are often not directly useful
for the clinician, they help to keep the benign and malignant categories as well-
defined as possible. The benefit of this approach has been proven in other
reporting systems, dealing with a heterogeneous diagnostic field, e.g. salivary
gland lesions.”

Table 1. Proposed reporting system for soft tissue cytopathology (ROM in grey shade)

l. 1. Il IVa. IVb. \ VI.

Non- Non- Atypia Neoplasm Neoplasm Suspicious Malignant

diagnostic | neoplastic benign ump for

malignancy

n 24 (3%) 66 (9%) 11 (2%) 339 (46%) 70 (10%) 32 (4%) 190 (26%)
(of total)
n (within category)
Dx Benign 14 (58%) 66 (100%) 6 (54%) 329 (73%) 51 (73%) 9 (28%) 5(3%)
Dx 10 (42%) - (0%) 5 (46%) 9 (3%) 19 (27%) 23 (72%) 184 (97 %)
Malignant
Dx UMP - - - 1(0.3%) - - 1(0.5%)

Abbreviations: ROM= risk of malignancy, UMP=tumor of unknown malignant potential, Dx=final
histopathological diagnosis
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In this article we focused only on soft tissue and bone cytopathology. Although
this might be interesting in a scientific context, daily diagnostic routine is, of
course, much more complex. Evaluating soft tissue or bone lesions from a
clinical point of view obviously does not only include primary tumors but also
manifestations of other diseases, like metastases or hematologic malignancies.

In conclusion, we show that FNA cytology is a suitable tool to detect malignant
soft tissue or bone lesions, but it is inferior to CNB when it comes to identifying
the correct histopathological entity. A standardised reporting system for soft
tissue cytopathology could improve the clinical management of patients with
soft tissue lesions.

Recently, the WHO has published the first two volumes of a new diagnostic
series, the WHO Reporting System for Lung Cytopathology and
Pancreatobiliary Cytopathology.”>”* Soft tissue cytopathology will be part of
this series, but is still unpublished.

Article 2

This article is thematically related to Article 1, in which a reporting system for
soft tissue tumors was proposed. Article 2 aimed at the development of a
reporting system for bone cytopathology. The retrospective study based on 721
cases from 717 patients with bone lesions, that were approached by
cytopathology in a nine-year period between 2015-2023 in Region of Skane.
The cases were retrieved from the archives of the Department for Clinical
Genetics, Pathology and Molecular Diagnostics. Contrary to Article I, not only
primary bone lesions but also secondary involvement of the bone, like
metastatic disease, was considered. Various ancillary analyses were applied on
cytology material, including immunohistochemistry on CB preparations
(24%), flow cytometry (20%) and genetic analyses (mainly FISH analyses, 2%).
Histological follow-up was available in 87% of the cases. The mean follow-up
time was 31 months (range 0-96 months).

The study included cases with a variety of different conditions, covering
metastatic disease, primary bone tumors, bone engagement of hematopoietic
tumors and non-neoplastic conditions. Metastatic disease constituted more
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than 40% of the largest group (n=299), followed by various benign and
malignant primary bone tumors (26%, n=188). Importantly, in about 20% of
the cases (n=149), various non-neoplastic conditions were sampled. While
writing this summary, the article is still under review, but it can be expected
that this might be an issue for many reviewers. The problem is the question of
representativity. How certain is it, that a diagnostic yield on cytology with
solely normal bone and bone marrow components is representative for a lesion,
discovered by imaging? In our opinion, those sampling results should not be
haphazardly regarded as non-diagnostic but must be critically evaluated in
conjunction with clinical and radiological data. In case of discrepant
information, normal bone and bone marrow components should be regarded
as sampling error and discarded as non-diagnostic.

Although and with that in mind, we reported 12 FN and two FP cases. On
review, ten of the 12 FN diagnoses, mostly metastatic disease and
hematopoietic tumors, were rendered due to non-diagnostic cytological
material. This is obviously a recurring issue in diagnostic pathology and has in
the context of bone cytopathology also been reported by others.”#7 Notably,
our approach did not lead to a significantly higher fraction of FN cytological
diagnoses due to examination of non-diagnostic material, compared to
Bommer and Saoud et al. (1.2% and 1.3% compared to 1.4% in our study).

Adequate FNAC material could be obtained in 86% of the cases. For every case
it was recorded if the sampling procedures were accompanied by ROSE. We
found that the application of ROSE led to a significantly approved sampling
adequacy of bone FNAC, as also suggested by others.”

In order to be able to distribute cytological diagnoses into meaningful
diagnostic categories, the diagnostic performance was first evaluated by
sensitivity, specificity and accuracy analyses.

With a malignant diagnosis defined as positive, a benign diagnosis as negative
rest result, cytopathology correctly identified the malignant potential of a bone
lesion with a sensitivity of 89% and a specificity of 99%. For this analysis, cases
with non-diagnostic cytology material (n=101) were excluded. We chose to
treat equivocal diagnostic results, meaning that a benign or malignant diagnosis
could not be established, as false diagnoses (n=56). This might appear as a harsh
approach, which negatively affected the sensitivity in this study. But, in our
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opinion, it better reflects reality than simply excluding those cases from the
analysis, which, to us, would artificially enhance the results. However,
excluding equivocal results is sometimes the approach that is chosen in other
publications.” If also equivocal diagnostic results would be excluded, the
diagnostic sensitivity would improve to 97% with unchanged specificity of
99%. In summary, our results show, that bone FNAC is a suitable diagnostic
tool to differentiate between benign and malignant bone lesions. The
diagnostic performance of bone FNAC has been evaluated in numerous
publications, with reported sensitivities between §5-97% and specificities of 79-
100%.7+7%77 Possible reasons for the large range in sensitivity and specificity
analysis results in soft tissue and bone cytopathology have already been
discussed in Article 1.

Bone tumors are not as numerous and heterogeneous as soft tissue tumors but
still represent a large group of different neoplasms.” The overall diagnostic
accuracy in our hands was 65% but it varied tremendously between different
tumor types. In the literature the overall diagnostic accuracies range between
54-95%.7+77° The best diagnostic accuracy in our hands was achieved for
conventional chordomas (100%), Ewing sarcomas (92%) and conventional
osteosarcomas (88%) and comparable results were achieved by others.****

The diagnostic accuracy for chondrosarcomas was in our hands 67% and
surprisingly homogeneous among tumors of different grades. Diagnostic
accuracies up to 86% have been reported.”” Especially the evaluation of low-
grade chondroid tumors is often a diagnostic challenge, even on biopsy
material. Morphological features are shared between various benign entities
(enchondromas, parosteal chondromas, osteochondromas) and malignant
ones, especially low-grade chondrosarcomas. A diagnosis should only be
established in agreement with the clinical and radiological findings. We
achieved a diagnostic accuracy for enchondromas/parosteal chondromas and
osteochondromas in 30% and 40%, respectively.

Osteoclast giant cell-rich neoplasms were in this study mainly represented by
GCTB and ABC. GCTB were correctly identified in 74% of the cases and other
studies report even higher accuracies (100%).*" In most cases, FNAC from
GCTB show a cellular diagnostic yield with recognizable pattern.*> However,
the diagnosis of GCTB can be more challenging when the tumors show an
altered morphology, e.g. in case of ABC-like changes or malignant
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transformation, as we show in this study that contained one and three of those
cases, respectively. ABC were identified in 65% of the cases and this result is
congruent to other reports.” In contrast to GCTB, material obtained by FNA
from ABC is often sparse and tends to be mainly haemorrhagic. Thus, the
diagnosis is sometimes difficult to establish on cytology and should generally
only be rendered in conjunction with imaging results. In doubtful cases the
driver mutation in most cases, a rearrangement of USP6, can be addressed by
FISH or immunohistochemistry.

Suspected metastatic disease is probably the most common application for bone
FNAC. We report a diagnostic accuracy of 74% for FNAC from bone
metastases to the bone, which is in line with other reports with accuracies
between 79-83%.7+%

Bone engagement of hematopoietic tumors was represented mainly by plasma
cells neoplasias but also by a variety of lymphomas and leukemias as well as a
few cases of histiocytosis (Langerhans cell and mast cell). The overall diagnostic
accuracy in this group was 73% and was highest for Langerhans cell
histiocytosis, B-cell lymphomas (other than diffuse large B-cell lymphoma) and
plasma cell neoplasias (80%, 80% and 78%, respectively). Data on accuracies of
bone engagement of hematopoietic tumors are sparse but has been reported as
high as 58%.7*

We report the lowest accuracy among vascular tumors (0%) and “other”
mesenchymal tumors, according to the recent WHO classification.” The study
included only three primary vascular tumors with histological follow-up and
none of the two hemangiomas or the only angiosarcoma was diagnosed by
FNAC. The main reason was the scantiness of the material, as also reported by
others.”

Among “other” mesenchymal tumors, our study included eight cases of fibrous
dysplasia, none of those identified on FNAC. We and others do not think that
cytological material can be reliably obtained from these tumors by FNA.*

Furthermore, we report five cases of undifferentiated pleomorphic sarcoma
(UPS). All of those were identified as pleomorphic malignancies, but as it is a
diagnosis of exclusion which requires a comprehensive immunohistochemical
work-up, none of those tumors were diagnosed on FNAC.
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A few words regarding the role of genetic analyses on FNA material from bone
tumors: the majority of genetic analyses in this context (as described, in only
2% of the cases) were FISH analyses in suspected Ewing sarcomas. This
illustrates, that genetical analyses were, in our hands, only performed in a few
selected cases. The most important explanation for that is, that we in most cases
did not rely on FNAC alone but had access to histological material (e.g. CNB
in 73% of the cases) for the diagnostic work-up. Genetic analyses were
performed on histological material in 46%, most common were genomic arrays
(62%, see Article 3), FISH analyses (32%), targeted MPS-based methods (12%)
and chromosome banding analysis (10%).

For our proposal for reporting bone cytopathology, we distributed all
diagnostic results into one of six categories: (I) Non-diagnostic, (II) Benign,
(III) Atypia, (IV) Bone neoplasm of uncertain malignant potential (BNUMP),
(V) Suspicious for malignancy and (VI) Malignant. The results are shown in
Table 2.

The non-diagnostic category (I) had a ROM of 48%, which should encourage
resampling. We reported a comparable result in Article I in our proposal for
reporting cytopathology of soft tissue tumors. The ROM in the benign
category was 6.7%. The majority of cases were either non-neoplastic conditions
or benign neoplasms (mainly GCTB and ABC), but also all 12 FN cases, as
discussed above. The ROM in this category seems relatively high and brings us
back to the question how to treat non-neoplastic cytological diagnoses (which
are in this proposal part of the benign category). When redistributing all cases
with non-neoplastic FNA results to the non-diagnostic category, the ROM in
the benign category and the non-diagnostic category would drop to 4% and
28%, respectively. There was a 69% ROM in the intermediate atypical category
(IIT). Most cases in this category were sparsely sampled metastases or
hematopoietic tumors. In our BNUMP category (IV) we report a 28% ROM.
Most cases in this category were chondroid neoplasms with no or low-grade
atypia with its already discussed diagnostical limitations. Most cases of
Langerhans cell histiocytosis were also distributed to this category. Those
tumors can be reliably diagnosed by FNAC, but the biological behaviour is
difficult to predict. We further evaluated two malignant categories; (V)
suspicious for malignancy and (VI) malignant with a respective ROM of 93%
and 100%.
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Table 2. Proposed reporting system for bone cytopathology (ROM in grey shade)

I. II. M. V. V. Suspicious VI. Malignant
Non- Benign Atypia BNUMP for
diagnostic malignancy
n 101 (14%) 180 (25%) 36 (5%) 25 (3%) 29 (4%) 350 (48%)
(of total)
n (within category)
Dx Benign 53 (52%) 167 (93%) 11(31%) 14 (56%) 2 (6.9%) 0
Dx Malignant 48 (48%) 12 (6.7%) 25 (69%) 7 (28%) 27 (93%) 350 (100%)
Dx UMP - 1(0.6%) - 4(16%)

Abbreviations: ROM=risk of malignancy, UMP=tumor of unknown malignant potential, Dx=final
histopathological diagnosis, BNUMP=bone neoplasm of uncertain malignant potential

At the time of writing, there was only one article with a comparable approach,
published by Saoud et al. and based on 341 cases.”* The authors tested their
study cohort on five categories with the corresponding ROM in each category:
Benign (ROM 0%), Atypical (ROM 51.7%), Neoplasm of unknown malignant
potential (ROM 46.7%), Suspicious for malignancy (ROM 100%) and
Malignant (ROM 99.1%). The group chose not to include non-neoplastic
lesions and the benign category included consequently only benign neoplasms.

In conclusion FNAC is a useful diagnostic tool for bone lesions and can
differentiate between benign and malignant entities with high sensitivity and
specificity. Various tumor entities can reliably be diagnosed on cytology.
Furthermore, the study provides valuable information for a standardised
reporting system for bone cytopathology.

Article 3

The morphologic heterogeneity among STBT is reflected by an extensive
genetic variation, including copy number aberrations (CNA). This class of
mutations has been described in numerous tumor entities but is only
exceptionally used as diagnostic tool for soft tissue and bone tumors.” In this
study, we examined the diagnostic value of SNP array analysis on core needle
biopsies (CNB) from 171 soft tissue and bone lesions. The technical failure rate
was only 2%, and thus much lower than the reported 19% for chromosome
banding on CNB specimens.* Hence, SNP array analysis is a technically robust
method for small preoperative tissue samples. The occurrence and complexity
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of CNAs varied among the different soft tissue and bone lesions. CNBs from
biopsies, diagnosed as non-neoplastic/non-representative, benign and
malignant lesions showed CNAs at SNP array in 15%, 28% and 85% of the
cases, respectively. The total number of CNAs and the number of
chromosomes displaying CNAs were significantly higher in malignant than in
benign lesions (Wilcoxon test, p<o.001).

The clinical implication, however, was difficult to evaluate due to several
reasons. A diagnosis is a consensus of various clinical, morphologic and genetic
features, supporting certain diagnoses and arguing against potential differential
diagnoses. As we have shown in Article 1, and as has been reported by others,
the examination of CNB material does not necessarily result in a specific
diagnosis or a diagnosis can be wrong.*® This does not only concern
morphological mimics among neoplasms but also neoplasms versus reactive
conditions. In our study, this was reflected by three cases diagnosed as non-
neoplastic/not representative, but with detectable CNAs. One of those was a
case of inflammatory leiomyosarcoma, diagnosed as not representative, on
CNB. Possibly, a biopsy used for morphologic examination can be non-
representative whereas the biopsy taken for genetic analysis is, or vice-versa.
Finally, due to the morphologic heterogeneity among STBT, an interobserver
variability, even among sarcoma specialists, has been reported.®>*

Some genetic features strongly indicate a certain tumor entity. This is especially
true for tumors that are driven by fusion genes but applies also to characteristic
CNA profiles, such as 12q amplifications in atypical lipomatous tumors.’>*
However, genetic features are, at least to date, not diagnostically sufficient on
their own and must be evaluated in a clinical context. For example, the CNA
profile of a parosteal osteosarcoma is indistinguishable from the profile found
in atypical lipomatous tumors.* With all these considerations in mind, we
decided to designate the CNA profiles as compatible with and the stronger
indicative of specific diagnoses or diagnostic groups. Of all analysed 168 cases,
the CNA profiles of 87% were compatible with the corresponding CNB
diagnoses. Of those, 41% cases did not show CNAs and thus did not provide
any further diagnostic information. The majority of the discrepant cases could
be explained by false-negative results at SNP array, non-representative material
or contamination with a critical amount of non-tumoral cells. In a few cases,
discrepant results occurred due to false morphologic diagnoses and were

46



RESULTS AND DISCUSSION

corrected after SNP array analysis. The aberrant genomic profiles of 70 cases
were designated as indicative of a certain tumor entity, or a broader group of
neoplasms. The former included genomic profiles, regarded as characteristic of
one of the following six tumor types: undifferentiated pleomorphic sarcoma
(UPS)/myxofibrosarcoma (MES), liposarcoma, osteosarcoma, leiomyosarcoma
or gastrointestinal stromal tumor and chondrosarcoma. Broader diagnostic
groups were based on the occurrence and complexity of CNAs, however
without a profile that pointed to a certain tumor entity. Those groups included
high-grade sarcoma not otherwise specified (NOS), sarcoma NOS and
neoplasm NOS. All in all, the SNP array results were in agreement with the
corresponding CNB and final diagnoses in 83% and 86% of the cases.
Discrepant cases were identified among UPS/MES and liposarcomas. Cases
among the former were diagnosed as other types of pleomorphic, and thus
genomically complex, sarcomas. Two dedifferentiated liposarcomas showed the
genomic profiles of well-differentiated liposarcomas at SNP array, presumably
due to sampling from the well differentiated part of the tumor.

For 95 cases (138 samples) we had the possibility to generate segmentation files,
that were used for cluster analyses, using the Jaccard similarity index, in order
to evaluate the similarity between the genomic profiles. A Jaccard score can
range between o and 1; a score that equals o indicates no intersection, and a
score that equals 1 indicates complete overlap of the copy number profiles. The
cases were distributed in three major clusters; two clusters included mainly
high-grade sarcomas with complex genome-wide copy number shifts and one
cluster with genomically less complex cases including the vast majority of
benign tumors. For 43 cases with segmentation files, we had the possibility to
compare the similarity of the CNA profile of the CNB with that of the resected
lesion. With this analysis, we attempted to evaluate the representativeness of
CNB biopsies for the whole tumor. Most malignancies show an intra-tumoral
heterogeneity regarding the mutational spectrum, including CNAs and it is
supposed to be unlikely that the whole range of mutations is represented in a
small biopsy.* The genomic similarity among those paired samples was,
however, generally high (median Jaccard score 0.9). As expected, cases with less
complex copy number shifts, as well- or dedifferentiated liposarcomas, scored
generally higher (about 0.98) than cases with complex genomic profiles (< 0.9).
The majority of sample pairs (77%) were located next to each other in the
cluster analysis showing very high similarity indices (median score 0.96),
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indicating that CNBs in the majority of cases are representative for the whole
lesion. Even among the ten sample pairs that did not cluster with each other,
six revealed relatively high Jaccard scores (0.83-0.97). Only one case of an
undifferentiated pleomorphic sarcoma with very complex genomic profile
showed distinctive differences in the samples from the CNB and the resection
specimen. In a single case, a different ploidy assumption on each of the paired
samples lead to the separation in the plot. The discrepancies in the remaining
cases could be explained by a contamination with a critical amount of non-
tumoral cells or a suboptimal technical quality.

Although generally a robust method on CNB material, our article highlights
some drawbacks of SNP array analysis. Genomic profiles without any CNAs
do not provide any diagnostic information and can be found among both
benign and some malignant tumor entities.”” When lacking copy number
shifts, the representativeness of the analysed material cannot be confirmed by
SNP array analysis; in this regard other approaches, like WGS, have the
advantage of identifying SNV or structural variants, that could support if a
sample originates from a neoplasm or not. Furthermore, SNP array results can
be obscured by a critical amount of non-tumoral cells, that can affect the
evaluation of both copy number shifts and ploidy level. Finally, ploidy levels
are difficult to estimate in very complex aneuploid genomic profiles, although
this might be overcome by alternative bioinformatical approaches like allele-
specific copy number analysis of tumors (ASCAT).*>*°

In conclusion, we show that SNP array analysis is a technically robust method
for CNB with very low failure rate. The genomic copy number profiles were in
the majority of cases compatible with the morphologic diagnoses and in the
majority of the cases representative for the whole lesion.

Article 4

This study was performed to get new insights in the genetic/genomic alterations
in a specific family of tumor entities, the dermatofibrosarcoma protuberans
family of tumors (DPFT). The driver mutation in the vast majority of these

tumors - a COL1A1::PDGFB fusion - was already known.”” The aim of my
study was to get a better understanding of (i) the origin of the underlying gene
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fusion and (ii) to characterize secondary genomic aberrations and how those
differ with age and tumor progression.

We analysed 42 tumor samples from 39 patients diagnosed with a tumor
belonging to the DPFT with various genetic approaches, i.e. chromosome
banding, FISH analysis, SNP array analysis and various MPS based methods
(MPS-based gene panel, WES and RNA-seq).

At chromosome banding analysis all analysed tumor samples (n=32) showed
abnormal karyotypes, which were compared with previously described cases
(n=84).* The structural chromosomal changes were in agreement with
previously described aberrations. The COL1A1r:PDGFB gene fusion
occurred either through a balanced t(17;22), an unbalanced der(22)t(17;22),
or on one or more ring chromosomes. By interphase FISH analysis on nine
cases, we could detect one fusion event on each der(22)t(17;22) and up to three
fusion events on ring chromosomes. The cytogenetic features of the analysed
tumors followed an age-associated distribution. The only balanced t(17;22) in
our series was detected in the tumor of a young child (age 7 years). The
unbalanced der(22)t(17;22) predominated in adolescents and younger adults
whereas ring chromosomes were mainly identified in adults including elderly.
Recurrent secondary genomic changes preferentially included numerical
chromosomal aberrations, the most frequent being trisomy 8 (n=7), mono- or
trisomy 22 (n=6), and trisomy 5 and 18 (each n=4). We did not identify
recurrent structural rearrangements other than those involving chromosomes
17 and 22 in our series, although add(s)(p13) has to date been described in two
tumors.*»9*

SNP array analysis revealed copy number aberrations in all analyzed samples
(n=16). Genomic gains on 17q21-pter of 1-2 copies were found in tumors with
balanced/unbalanced translocations and gains of 1-4 copies in tumors
harbouring ring chromosomes. On 22q13-qter, genomic losses were found in
tumors with t(17;22)/der(22)t(17;22) while tumors with ring chromosomes
showed 1-4 extra copies of 22q11-q13. The copy number shifts were in or near
the COL1AT and PDGFB gene loci, respectively. A recent study with available
copy number profiles of DFSP samples, extracted from WGS data, shows a
comparable copy number pattern.”” However, the copy number profiles were
not interpreted in context with karyotypes.
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Although the age-associated cytogenetic differences and genomic imbalances in
DPFT have already been described, underlying mechanisms of tumorigenesis
across the age groups remain still to be elucidated.”® However, the allelic status
combined with cytogenetic features in the current project gave some new
insights into the origin of the fusion gene. The disomic parts of chromosomes
17 and 22 in tumors with der(22)t(17;22) and ring chromosomes always
showed retained heterodisomy at SNP array. Hence, and in contrast to DPFT
with balanced t(17;22), it is most likely that the genetic error in tumors with
der(22)t(17;22) and ring chromosomes occurred after DNA synthesis, i.e. in
the S-G2 phase of the cell cycle, with the der(22) and der(17) being distributed
to different daughter cells. Other possible mechanisms for the development of
a der(22)t(17;22) would result in uniparental isodisomy of the disomic part of
chromosome 17 in at least a part of the tumor cells (Figure 10).

Mechanisms of progression to high-grade DPFT are still poorly understood.
We had the possibility to analyse six such tumors. Neither numerical nor
structural aberrations were clearly associated with tumor grade. However,
genomic loss on chromosome arm 9p at SNP array was found in two of three
high-grade and only one of 12 low-grade tumors at SNP array. This is an
interesting finding, as CDKN2A is located in the deleted part. CDKN2A4
deletion is in various malignancies linked to tumor progression and poor
prognosis.”* In DPFT, CDKN2A deletion has been reported by others in
high-grade and high-grade metastatic tumors and might contribute to tumor
progression.'® "> Further analysis of the potential link between 9p deletions
and tumor progression is thus warranted, not least because an altered

CDKN2A/INK4A/p16 pathway could be addressed therapeutically.'*

We could not, by RNA-seq of ten tumors, identify other gene fusions than
COL1A1::PDGFB, although other driver mutations have recently been
described in a subset of DPFT. Those include COL6A3::PDGFD gene fusions,
especially in tumors located in the breast, and EMILIN2::PDGFD gene fusions;
the latter is associated with sarcomatous dedifferentiation and CDKN24
loss.**** Gene expression analysis revealed differentially expressed genes
compared to other soft tissue tumors, including PRKCA, TBX2, MSI2 on
chromosome 17 and PDGFB, PRAME and SOX10 on chromosome 22, partly
also described by others.* From a clinical point of view, PRAME is particularly
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interesting. This gene is expressed in various malignancies and might be a target
for immune therapy also in sarcoma subtypes.’*>**

We could identify only one potentially pathogenic SNV, a mutation in the
PTEN gene by targeted sequencing. A recent study, utilizing WGS, confirms a
relatively low mutational burden in DESP (TMB 3.4). Interestingly, the TMB
of regular DFSP and those with fibrosarcomatous transformation did not
significantly differ. Nonetheless, an average number of 20 small genetic
variants, mostly SNV, were identified per analysed sample; among the most
frequently mutated genes were MUCy, MUC6 and BRCA1 but not PTEN.”

In conclusion, we show that the mechanisms behind the origin of the
COLA1A::PDGFB fusion are age-associated and that the gene fusion probably
arises after DNA-synthesis in most cases. There was no clear impact of
secondary changes on tumor aggressiveness, but chromosome number and 9p
deletions tended to be associated with high-grade lesions. Some of the
transcriptionally upregulated genes in the amplified regions of chromosomes
17 and 22 could potentially also be of clinical significance.

Beyond our study and from a diagnostic point of view it could be mentioned,
that the COLA1A::PDGFB fusion gene is regarded as pathognomonic for
DPFT. However, the same fusion gene has recently been identified in a rare
fibrosarcomatous tumor in the uterine cervix and corpus, which may show
morphological similarities to DFSP.*7"** As DPFT are cutaneous tumors, this
should not cause any diagnostical problems but should be kept in mind in case
of a metastatic disease.
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Figure 10. Possible outcomes of a t(17;22) in different phases of a cell cycle

The two parental copies of chromosomes 17 and 22 are shown in different shades of blue and
gray, respectively. (1) Trisomy 17 is followed by t(17;22) in GO-G1 and loss of der(17), resulting in
uniparetal isodisomy (UPID) for the disomic part of chr 17 in 1/3 of the cases. (2) 1(17;22) in GO-
G1 with subsequent loss of der(17) and duplication of the normal homologue, always leading to
UPID of the disomic parts of chr 17. (3) Recombinations in G2 would consistently result in
retained heterodisomy for the disomic parts of chromosomes 17 and 22 in dermatofibrosarcoma
protuberans cases with (1) der(22)t(17;22) or (ll) ring chromosomes.
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Soft tissue and bone pathology is a diagnostic field that is rapidly changing in
various aspects. According to the main approaches in this thesis I want to
emphasize two of those: morphology, including (interventional)
cytopathology, and molecular pathology.

Morphological and interventional aspects

In the perception of many pathologists, cytopathology is a diagnostic discipline,
that only exists at the edge of histopathology. But cytopathology has gained
more attention in the recent years, not least since the International Academy of
Cytology (IAC) and the International Agency for Research on Cancer
(IARC)/WHO joined forces to publish a complete Cytopathology Reporting
System series alongside the series of blue books, that serve as reference books for
pathologists in their daily diagnostic work. As already mentioned, the first two
volumes of this new series have already been published.”>”*

We presented a first draft of a research project, that finally led to Article 1, at
the European Congress of Cytology (ECC) 2018 in Madrid and caused a
subsequent discussion about soft tissue and bone cytopathology in general but
also about a possible reporting system in this diagnostic field. One year later,
in 2019, we presented the almost finished study, including our proposal for a
soft tissue cytopathology reporting system on the ECC in Malmé.
Subsequently, the IAC-IARC decided to include soft tissue cytopathology in
their series. Article 1 was influential in this process and an integral part in the
development of a refined reporting system, that will be published as the first
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version of the WHO Reporting System for Soft Tissue Cytopathology.
Recently, more studies subsequently emerged, to test this refined final system,
partly on more defined groups of soft tissue tumors.”""*** Bone cytopathology
is not part of this first version but will be integrated in the future. As a logical
succession, we drafted a comparable approach regarding bone cytopathology
(adequate data were missing at that time and are still sparse) and adopted the
six categories that are now finally utilized for the WHO Reporting System for
Soft Tissue Cytopathology. To date, the work of Saoud et al. and Article 2
deliver the only available data that address this topic and provide the basic
information for the next version of the WHO reporting system. Both reporting
systems need to be extensively tested, ideally in prospective approaches, in order
to evaluate the clinical use (if any) in patient management. A task for every
medical discipline involved.

While working with cytopathology of soft tissue and bone tumors, I realized
that there are still many tumor entities, that are not or not well characterized
in terms of the basic cytomorphology. This concerns even relatively common
neoplasms like spindle cell/pleomorphic lipomas with the largest series to date
describing 12 of those tumors."* Those observations emphasise that basic
morphological research, even nowadays with the scientific interest in the field
of STBT strongly focussing on molecular pathology, is still valuable and
necessary. In Lund, we luckily have access to a large archive, with cases of STBT
that were approached by FNAC dating back to the 1970s. Research projects
elucidating the cytomorphology of selected STBT entities is thus comparably
easy to perform and are already planned for years to come.

Since pathologists began to perform FNA in Lund, the puncture procedures
were executed palpation-guided. This is sufficient in many situations but has
obviously always the caveat that the needle during sampling is not visualized
which carries the risk that the obtained material is not representative. This is
especially true when dealing with small, deeply seated lesions or lesions in close
proximity to delicate structures. Already since the early 2000s, reports about
ultrasound-guided FNA and even CNB, performed by the cytopathologist were
accumulating.”>"*¢ There is growing and already strong evidence, that
ultrasound-guided sampling by the cytopathologist enhances the diagnostic
process.””"" Consequently, this approach is increasingly adopted in the
diagnostic workflow in several countries. Trainings in ultrasound-guided FNA

54



CONTEXT, CONCLUSION AND PERSPECTIVE

for board certified pathologists exist, among others in the USA and in
Switzerland. To follow that path is a logical development in our FNA clinic.
This is going to be especially useful for soft tissue and head & neck lesions, not
only to safely hit the region of interest but also to avoid necrotic, cystic or
hypervascular areas. Although this project (which is already initiated) is more
logistic than scientific, it is for sure one of the, if not the, most essential
development at our FNA clinic for the next years.

Molecular aspects

In the past decades, an increasing number of driver mutations have been
discovered in STBT, that characterize (more or less) specifically certain tumor
entities.” Targeting those mutations either directly with molecular analyses or
indirectly via immunohistochemistry is an integrated part of the diagnostic
workup. To date, however, specific driver mutations have been identified in
only about one third of STBT. Morphology and immunohistochemical stains
to determine the cell lineage remain the most important diagnostic approach
by which the lesion can be identified in most instances or at least narrowed
down to few possible differential diagnoses.

One ambition in this thesis was to evaluate molecular approaches, that could
support the diagnostic process of STBT without necessarily targeting specific
genetic aberrations. In Article 3 we evaluated the diagnostic use of CNA
analysis. Copy number profiles can also be extracted from a variety of MPS-
based methods, among those WGS, WES, methylation assays but also from
gene panels.”*** With the rapid decline in cost of the various MPS-based
sequencing methods, SNP array analyses will in this context most likely become
obsolete in the future. CNAs, however, remain an essential class of mutations,
both to unravel mechanisms of tumor development and progression and for
diagnostical purposes.'****S

A further interesting approach is the evaluation of the diagnostic use of gene
expression profiles from RNA-seq data. Transcriptomic profiles have been
analysed in a multitude of tumor entities and can discriminate between tumor
entities and define subentities, including among sarcomas.”**"* However, this
technique has to date not been evaluated for usage as a sarcoma classifier in a
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larger cohort. In addition, the identification of differentially expressed genes
provides prognostic information and can unveil therapeutic targets.”>**"" In
an ongoing project, we have identified more than 8oo STBTs that were
analysed by RNA-seq. The sequencing data were shared with a company, that
is specialized in tumor classifying based on transcriptomic profiles
(www.glucore.com). The collaboration is still ongoing and is expected to come
to fruition in 2025/26.

Lastly, applying molecular approaches on cytological material (molecular
cytology) in the diagnostics of STBT, is a discipline that seems to be a logical
succession for this thesis. Various genetic analyses, among those FISH and
MPS-based methods are widely performed in daily routine on cytological
material for diagnostic and predictive purposes, e.g. in lung tumors.”**** The
situation is different though when it comes to STBT cytology.
Immunohistochemical analyses, that serve as surrogate markers for underlying
mutations, as well as FISH analyses and RT-PCR are the main approaches in
this context and have been part of the diagnostic catalogue for quite a while.”*>
"7 However, data on MPS-based approaches on cytology specimens from
STBT are surprisingly sparse. One exception, at least in our practice, is
currently the application of an MPS-based DNA panel for diagnostics and
predictive testing of GISTs, that works well even on cytological material.
According to some authors, MPS-based methods in the diagnostics of STBT
are to date of limited value.””” This might be true at the moment. But with
MPS-based methods getting more and more accessible, approaches like
transcriptomic sequencing or methylation assays would in my eyes be a valuable
addition to the diagnostic toolbox, even on cytological material.

Neoplasms are a fascinating class of diseases, that have always been and will
always be a part of us. Tumors are “stitched into our genome”, as Siddhartha
Mukherjee puts it in his book The Emperor of All Maladies — A Biography of
Cancer.”*® Although life without cancer is an imagination out of reach,
diagnostic and therapeutic approaches are continuously improving. I hope that
this thesis is a small contribution. From time to time, it seems difficult to finish
research projects as an addressed question commonly raises a new one, without
coming to an end. But this thesis does. Here.

Die Ente bleibt draufSen.
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POPULARVETENSKAPLIG
SAMMANFATTNING (SVENSKA)

Tumérer uppstar genom ackumulerande fel i genomet av en cell. Detta kan
medféra att den drabbade cellen kan undvika mekanismer i kroppen, som
reglerar celldelning och differentiering (dndring i cellens funktion och
utseende), och cellen kan mangfaldigas mer eller mindre okontrollerat.
Mjukdels- och bentumérer ir en stor och heterogen grupp av neoplasmer som
uppstar i bind-, fett-, muskel- och nervvivnad, i blod/lymfkirl samt brosk- och
benvivnad. Det finns bade godartade och elakartade tumorer, de sistnimnda
kallas i den medicinska terminologin for sarkom och ir jimfoért med andra
elakartade tumortyper sillsynta. Diagnosen av tumérer stills vanligtvis av en
patolog, genom en makro- och mikroskopisk analys av cell- eller vivnadsprov.
Diagnostiken av mjukdelstumérer kan vara mycket utmanande, framfor allt pa
sma vivnadsprov, si kallade biopsier. Anledningen for detta 4r att det finns
med >150 beskrivna entiteter manga olika tumértyper med varierande kliniskt
beteende och behandlingskrav, som dock delvis kan visa ett likartat utseende i
mikroskopet. Tvirtom kan dessutom en och samma tumérentitet visa olika
mikroskopiska utseenden. I den diagnostiska processen fir patologer darfor
hjilp av olika ytterligare undersokningar, bland dessa genetiska analyser av
tumorprov.

Syftet med denna avhandling var att forbittra diagnostiken av mjukdels- och
bentumérer genom optimering av morfologiska metoder men framfor alle
genom att forbittra genetiska diagnosverkeyg.

I Artikel 1 jimforde vi morfologiska diagnostiska resultat av finndlspunktat
(fine needle aspiration cytology, FNAC) och grovnalsbiopsier (core needle
biopsies, CNB) fran 828 mjukdels- och benférindringar. FNA-analyser 4r ett
robust verktyg for att skilja mellan god- och elakartade forindringar, dock ir
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CNB-analyser bittre nir det giller att stilla en specifik diagnos. Dessutom
foreslog vi ett klassifikations-system for en standardiserad rapportering av FNA-
diagnoser for att forenkla hanteringen av patienter med mjukdelstumérer.
Detta system hade sju kategorier: (I) Icke-diagnostisk, (II) Icke-neoplastisk,
(II) Oklar atypi, (IVa) Benign tumdér, (IVb) Tumér av oklar
malignitetspotential, (V) Misstanke pa malignitet och (VI) Malignt.
Malignitetsrisken i varje kategori berdknades: (I) 42%, (II) 0%, (III) 46%, (IVa)
3%, (IVb) 27%, (V) 72% och (VI) 97%. Denna studie ir redan ett virdefullt
bidrag till det kommande WHO systemet for rapportering av
mjukdelstumérer, som 4r annonserad for sen 2024.

Artikel 2 dgnade sig 4t bentumorer med en jimforbar approach som i Artikel
1, hir dock med fokus pa cytologiska analyser och ett ldtc forenklat
rapporteringssystem. Studien omfattade 721 benforindringar. Cytologiska
analyser kunde i de flesta fall skilja mellan godartade och elakartade
forindringar. Den diagnostiska precisionen varierade mycket mellan olika
tumortyper och vi kunde visa att nigra tumorer kan diagnosticeras
forhallandevis sikert pa cytologi och andra inte. Fallen i kohorten fordelades i
sex kategorier: (I) Icke-diagnostisk, (II) Benign, (III) Atypi, (IV) Bentumor av
oklar malignitetspotential, (V) Misstanke pd malignitet och (VI) Malignt.
Malignitetsrisken i de olika kategorierna var: (I) 48%, (II) 6.7%, (I1I) 69%, (IV)
28%, (V) 93% och (VI) 100%. Denna studie kommer att kunna bidra till det
kommande WHO systemet for rapportering av bentumérer.

I Artikel 3 undersdktes, om genomiska array-analyser, specifikt Single
Nucleotide Polymorphism (SNP) arrays, limpar sig som diagnostiskt verktyg
for mjukdels- och ben-tumérer pa CNB-material. SNP-arrays detekterar
overskott och forlust av genetiskt material i hela genomet med hog upplosning
i form av relativa kopietalsforindringar (copy number aberrations, CNA). Vi
kunde visa, att SNP-arrays ir en tekniskt robust metod pd smé biopsier. CNA-
profilerna i en stor del av de undersokta tumorerna (87%) passade vil med de
morfologiska ~diagnoserna. Nagra entiteter visade till och med
tumorkarakteriserande  CNA-profiler. Dessutom dr SNP-array-resultat pa
CNB-material i de flesta fall (77%) representativa for hela tuméren.

I Artikel 4 undersokte vi en sirskild tumérfamilj i huden, dermatofibrosarcoma
protuberans tumérfamiljen (DPFT), med olika genetiska analyser for att fi en
bittre forstdelse av sjukdomsorsak och -forlopp. Vi kunde beskriva att den
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kinda COL1Ar::PDGFB-genfusionen, som orsakar tumérsjukdomen, har sitt
ursprung mest sannolike efter DNA-syntesen i cellcykeln. Tydliga genetiska
skillnader mellan vanliga och mer aggressiva varianter av DPFT kunde inte
identifieras, dock tror vi att forlust av genetiskt material pa kromosom 9p ir
oftare forknippad med aggressiva tumérer. Dessutom identifierade vi i DPFT
ett antal uppregulerade gener, som kan vara av terapeutiskt intresse.
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POPULARWISSENSCHAFTLICHE
ZUSAMMENFASSUNG
(DEUTSCH)

Tumoren entstehen durch akkumulierende Fehler im Genom einer Zelle. Dies
kann zur Folge haben, dass sich die betroffene Zelle normalen Regelkreisliufen
des Organismus, vor allem Zellteilung und -differenzierung (d.h.
Verinderungen in Zellfunktion und -aussehen), entzichen, und sich
unkontrolliert vervielfiltigen kann.

Weichteil- und Knochentumoren sind eine grofie und heterogene Gruppe von
Neoplasmen, die in Binde-, Fett-, Muskel- und Nervengewebe, in Blut- und
Lymphgefiflen, sowie in Knochen- und Knorpelgewebe entstehen. Sie
umfassen sowohl gutartige als bosartige Entitdten; letztere werden in der
medizinischen Terminologie als Sarkome bezeichnet und kommen
verhiltnismiflig selten vor. Tumordiagnosen werden normalerweise von
Pathologen nach Analyse von Zell- oder Gewebeproben gestellt. Vor allem
Weichteiltumore stellen hierbei hiufig eine diagnostische Herausforderung
dar, vor allem, wenn nur sehr sparsame Zell- und Gewebeproben fiir die
Diagnostik vorliegen. Dies hat mehrere Griinde. Zum einen gibt es sehr viele
(> 150) verschiedene Tumorentititen, die sich in ihrem klinischen Verhalten
und damit auch den erforderlichen Behandlungsstrategien stark unterscheiden,
sich in ihrem mikroskopischen Aussehen jedoch sehr Zhneln kénnen.
Umgekehrt kann aber auch ein und dieselbe Tumorentitit unterschiedliche
morphologische Gesichter aufweisen. Wihrend des diagnostischen Prozesses
bedienen sich Pathologen daher neben rein morphologischen Untersuchungen
hiaufig weiterer Methoden, darunter genetische Analysen, um sichere
Diagnosen stellen zu kénnen.
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Ziel der vorliegenden Dissertation war es die Diagnostik von Weichteil- und
Knochentumoren zu verbessern, sowohl hinsichtlich morphologischer, aber
auch genetischer Herangehensweisen.

In Artikel 1 verglichen wir die morphologischen diagnostischen Resultate von
zytologischen Feinnadelpunktionen (fine needle aspiration, FNA) und
Stanzbiopsien (core needle biopsy, CNB) von 828 Raumforderungen in
Weichteilen und Knochen. Wir konnten zeigen, dass Feinnadelpunktionen ein
robustes Werkzeug zum Differenzieren zwischen gut- und bosartigen Tumoren
darstellen. Stanzbiopsien waren jedoch sensitiver und spezifischer hinsichtlich
des Stellens von exakten Diagnosen. In einem weiteren Schritt schlugen wir ein
Klassifikationssystem zum standardisierten Befunden von zytologischen
Analysen vor, um die Handhabung von Patienten mit Weichteiltumoren zu
optimieren. Dieses System umfasste die folgenden sieben Kategorien: (I) Nicht
diagnostisch, (IT) Nicht neoplastisch, (III) Atypi mit unklarer Bedeutung, (IVa)
Gutartige Tumore, (IVb) Tumore mit unklarem Malignititspotential, (V)
Verdacht auf Malignitit, (VI) Malignitit. Das Risiko in jeder Kategorie ergab
sich wie folgt: (I) 42%, (II) 0%, (III) 46%, (IVa) 3%, (IVb) 27%, (V) 72% und
(V1) 97%. Die Resultate haben sich bereits als sehr wertvoll fiir die Entwicklung
des offiziellen WHO-Klassifikationssystems fiir die Befundung der
Zytopathologie von Weichteiltumore herausgestelle. Die Publikation dieses
Systems ist fiir Ende 2024 angekiindigt.

Artikel 2 folgte einer dhnlichen Herangehensweise wie Artikel 1, jedoch mit
Fokus auf FNA und der Etablierung eines Klassifikationssystems fiir
zytologische Analysen ausschliefflich von Knochenraumforderungen. Die
Studie umfasst 721 Fille. Auch hier konnten wir zeigen, dass eine
Differenzierung zwischen gut- und bésartigen Tumoren durch FNA relativ
zuverldssig  moglich  ist.  Dartiber  hinaus lassen  sich  einige
Knochentumorentititen sicher durch FNA diagnostizieren, andere hingegen
nicht. Der Vorschlag eines Klassifikationssystem wurde im Vergleich zu dem
in Artikel I etwas vereinfacht und umfasst hier sechs Kategorien: (I) Nicht
diagnostisch, (II) Gutartig, (III) Atypi, (IV) Knochentumore mit ungewissem
Malignititspotential, (V) Verdacht auf Malignitit und (VI) Malignitit. Auch
hier wurde das Malignititsrisiko fiir jede Kategorie berechnet: (I) 48%, (II)
6.7%, (III) 69%, (IV) 28%, (V) 93%, (VI) 100%. Die Ergebnisse stellen eine
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solide Basis fiir ein kommendes WHO-Klassifikationssystem fiir die
Befundung der Zytopathologie von Knochentumoren dar.

In Artikel 3 untersuchten wir, ob genomische Arrayanalysen, mehr spezifisch
Single Nucleotide Polymorphism (SNP) Arrays, ein geeignetes diagnostisches
Werkzeug fiir Stanzbiopsien von Weichteil- und Knochentumoren darstellen
(n=171). SNP-Arrays detektieren genomweit und mit hoher Auflssung den
Verlust und Uberschuss von genetischem Material in  Form von
Verinderungen in der relativen Anzahl von genomischen Kopien (copy
number aberrations, CNA). Wir konnten zeigen, dass SNP-Arrays ein
technisch robustes Werkzeug auch bei der Analyse von kleinen Biopsien
darstellen. Die CNA-Profile sind in einem GrofSteil der untersuchten Fille
(87%) kompatibel zu den histologischen Diagnosen und wurden als
charakeeristisch fiir verschiedene spezifische Tumorentititen identifiziert.
Dariiber konnten wir zeigen, dass CNA-profile von Stanzbiopsien in den
meisten Fillen (77%) reprisentativ fiir den gesamten Tumor sind.

In Artikel 4 untersuchten wir bestimmte Tumorentititen in der Haut, die der
Familie der sogenannten Dermatofibrosarcoma protuberans (dermato-
fibrosarcoma family of tumors, DPFT) angehoren. Verschiedene genetische
Verfahren wurden genutzt, um ein besseres Verstindnis von Krankheitsursache
und -verlauf zu bekommen. Wir konnten zeigen, dass die bekannte
COL1Ar1:PDGFB-Genfusion, die dieser Tumorfamilie zugrunde liegt, in
unterschiedlichen  Altersklassen ihren Ursprung in unterschiedlichen
chromosomalen Abweichungen hat in den meisten Fillen wahrscheinlich nach
der DNA-Replikation im Zellzyklus hat. Deutliche genetische Unterschiede
zwischen gewohnlichen und aggressiveren Varianten von DPFT konnten wir
nicht identifizieren, tendenziell scheinen aber Verluste von genetischem
Material auf Chromosom 9p eher mit aggressiven Tumoren in Verbindung zu
stehen. Dariiber hinaus sind in DPFT einige Gene heraufreguliert, die von
therapeutischem Interesse sind.
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