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1. Introduction

1.1. Sarcoma, background

1.1.1. Definition and history overview

Sarcomas are a relatively rare and yet very heterogeneous group of malignan-
cies, most probably derived through transformed cells of mesenchymal origin (1).
There are currently over one hundred described sarcoma types. Sarcoma can
arise primarily from bone, cartilage, fat, fibrous vascular or related tissues (1) and
should be distinguished from tumors that can secondarily metastasize in these
tissues (2).

The word sarcoma comes originally from the Greek language and is derived from
the word sarx (ocdp¢), which means “flesh”, a fleshy excrescence (3). The first to
use the term osteosarcoma in a clinical setting was Alexis Boyer (1757-1833),

which was then included in eminent textbooks of the time (4).

His colleague John Abernethy (1764-1831) attempted to put together a classifi-
cation of tumors according to the macroscopic appearance of the tissue. He listed
eight types of sarcomas: 1) common vascular or organized, 2) adipose, 3) pan-
creatic, 4) cystic, 5) mammary, 6) tuberculated, 7) pulpy or medullary, and 8)
carcinomatous. Retrospectively, this classification offers no differentiation be-

tween cancers and malignancies that are nowadays called sarcomas.

The next big historical step came after the development of cellular pathology and
differentiation between primary and metastatic tumors, especially of bone tumors,
by J.C.A. Recamier (1774-1852). Through the work of Rudolf Virchow (1821-
1902), a distinction of sarcomas from cancers was achieved. Moreover, he de-
fined them as a variety of tumors that evolved from non-epithelial and non-hem-
atogenous tissues. Virchow historically distinguished six major types of sarco-
mas: 1) fibrosarcoma, 2) myxosarcoma, 3) gliosarcoma, 4) melanosarcoma, 5)

chondrosarcoma, and 6) osteosarcoma.

The first great clinical-pathological correlation of a large number of bone sarcoma

cases was carried out by Samuel Weissel Gross (1837-1889). In his seminal ar-



ticle published in the American Journal of Medical Sciences in 1879, entitled “Sar-
coma of the long bones: Based on a study of 165 cases”, he presented histology,
general pathology, symptomatology, diagnosis, prognosis, and treatment. He
noted the tendency of these tumor entities to spread hematogenously, predomi-
nantly to lungs and at the same time, the low incidence of local lymphatic involve-
ment. He advised amputating well above the lesion because of the high incidence
of local recurrence. The treatment of bone or soft tissue sarcomas had historically
been mainly surgical, involving wide local excision or amputation. The operative

procedures were usually performed too late and thus, alas, were rarely curative.

The way for further advances in diagnosis and treatment was paved by important
scientific discoveries of the time. The discovery of X-rays by Wilhelm Conrad
Roentgen (1845-1923) in 1895 was followed rapidly by their introduction into
medical practice as a standard diagnostic aid, which allowed the creation of the
first Bone Sarcoma Registry (4).

The discovery of radium by the Curies in 1898 enabled the therapeutic use of
radium in oncology just five years later. This caught the eye of pathologist James
Ewing. Accumulation of his substantial experience led to the publishing of the
book Neoplastic Diseases in 1919. In 1920, he described the diffuse bone endo-
thelioma, which was later christened Ewing’s tumor by Codman in 1981. Ewing
became enthralled with the treatment of malignancies by radiation. Through his
profound influence at the time, radiotherapy received staunch support as a treat-
ment of choice for the control of malignant lesions rather than surgery, which
consequently delayed the development of surgical treatment.

Despite increased understanding and awareness, the treatment of bone and soft
tissue sarcomas remained relatively ineffective. Only after the introduction of can-
cer chemotherapy as an adjuvant to surgical treatment in the next decade could

there come to a noteworthy improvement in the long-term survival rates.

Although somatic tissues of mesenchymal origin account for more than two-thirds
of total body mass, sarcomas paradoxically represent less than 1% of adult solid
malignancies (5). In comparison to the much more prevalent epithelial-derived



malignancies, the histological and biological spectrum of sarcomas is truly re-
markable. Sarcomas should be seen as a large family of multiple unique histo-
logical subtypes that can potentially occur at any age and any location in the hu-
man body, i.e., a multitude of distinct malignancies with a common mesenchymal
origin, rather than a single entity. Further, sarcomas as a family exhibit some
unique clinical behaviors that differentiate them from epithelial malignancies,
nonetheless, individual subtypes can differ widely in comparison to each other.
(5) This very diversity, in combination with the relative rarity of the disease, makes
studying sarcomas very challenging and often only possible in big, specialized

centers.

1.1.2. Etiology

The occurrence of most sarcoma cases is to be seen as sporadic and etiologically
indeterminate. There are, however, several observed host-environment interac-
tions at the micro- and macromolecular levels that are suspected to play a rele-
vant role in sarcomagenesis. The identified etiological factors can be roughly di-
vided into host-related and environmental (5):

The host-related etiologies can be divided into nonspecific and genetic. The non-
specific etiologies include chronic inflammation and host immune suppression.
Chronic inflammation has been well-established in literature as an etiological fac-
tor for a plethora of malignancies. Exempli gratia, Stewart-Treves syndrome is
characterized by chronic upper extremity lymphedema as a consequence of mas-
tectomy with radiotherapy. An increased risk for subsequent development of sar-
comas, primarily angiosarcoma (6) (7) has been established. Chronic irritation
(for example foreign-body-induced) is linked in some experimental data to sar-
comagenesis (8). Another well-established risk factor for the development of ma-
lignancies, including sarcomas, is chronic immunosuppression. For example, a
long well-known association of Kaposi sarcoma and AIDS (Kaposi sarcoma is
typically associated with human herpes virus 8 infection (HHV 8) and tends to
regress with improvement of host immunosuppression) (9). Solid organ transplant
recipients are also shown to have an increased Kaposi sarcoma incidence. This



is particularly observed in geographic locations with endemic HHV-8 exposure
(10). Moreover, there are several case reports and a large retrospective study
demonstrating an increased incidence of non-Kaposi sarcomas in organ recipi-
ents compared to the general population (11). In the past decades, there has
been an increasing number of case reports describing the phenomenon of Ep-
stein-Barr virus (EBV)-induced leiomyosarcomas, particularly in immunocompro-
mised patients (12). A direct role of EBV in the development of smooth muscle
tumors was observed in multiple studies (12) (13). The Epstein-Barr nuclear an-
tigen-2 (EBNA-2) was demonstrated to have a fairly consistent expression in
smooth muscle cells of immunocompromised individuals (13). Decreased im-
mune surveillance, increased expression of the EBV receptor, and high plasma
EBV levels are all postulated to be at the very least relevant contributing factors
(12).

Genetic factors associated with sarcoma development can be divided broadly
into three major categories: germline genetic diseases/mutations, discrete so-
matic genetic alterations (simple karyotypes) and complex genetic alterations
(complex karyotypes). It has been well established that individuals with certain
genetic syndromes are predisposed to develop sarcomas (5). The most common

genetic syndromes associated with sarcomagenesis are the following:

Familial gastrointestinal stromal tumor (GIST) syndrome. GIST, the most preva-
lent mesenchymal neoplasm of the gastrointestinal tract, that is presumably aris-
ing from the Cajal interstitial cells and commonly highly resistant to conventional
chemotherapy (14), is characterized by a high incidence (75-80% of the cases)
of c-kit mutations. These mutations result in constitutive kinase activation, which
is postulated to lead to tumorigenesis. Advances in understanding the underlying
molecular biology of this entity enabled the development of targeted therapy with
Imatinib mesylate and its derivates (15).

Li-Fraumeni syndrome (LFS) and germline mutations in the p53 gene. LFS is
defined as a familial cancer syndrome with a proband who had a sarcoma diag-
nosis at an age under 45 years and a first- or second-degree relative who had
any malignancy under 45 years of age or a sarcoma at any age (16). This is one



of the first described familial cancer syndromes. At the basis of this syndrome lies
a germline mutation in the p53 tumor suppressor gene. The product of this gene,
the p53 protein, is a transcription factor, which in a physiological setting inhibits
cell growth and stimulates apoptosis when induced by cellular stress (17). Loss
of function mutations in p53 that consequently block this essential pathway to
apoptosis are most commonly described (18). In addition to sarcomas, these pa-
tients tend to develop many other types of malignancies such as breast, brain
and adrenocortical tumors as well as leukemias (16). Aberrations in multiple reg-
ulators and effectors of p53 have been experimentally shown to play a significant
role in sarcomagenesis. Exempli gratia, one of the better-researched regulators
is the mouse double minute 2 protein (MDMZ2) — a nuclear phosphoprotein with a
key role in cellular growth and death, as well as in the transformation of normal
cells into tumor cells. MDM2 protein is a product of the MDM2 gene and can
inactivate p53 via binding to pRB and consequently decreasing the levels of p53
at the transcriptional level. Overexpression of MDMZ2 has been observed in a va-
riety of sarcomas, especially frequently noted in well-differentiated liposarcomas
and osteosarcomas (19) (20).

Morbus von Recklinghausen, i.e., Neurofibromatosis type 1 (NF-1) is an autoso-
mal dominant process that disrupts the NF1 gene function and its product neuro-
fibromin, that acts as a tumor suppressor via guanosine triphosphatase mediated
stimulation of the proto-oncogene RAS activity. Patients with Morbus von Reck-
linghausen are notoriously prone to the development of malignant peripheral
nerve sheath tumors (MPNST) with a cumulative lifetime risk of up to 10% (21).
The loss of neurofibromin has been postulated to lead to functional RAS pathway
up-regulation. It was observed that NF-1 lesions (such as neurofibromas and neu-
rogenic sarcomas) compared to non-NF-1 lesions have significant elevations of
activated RAS levels, which is associated with increased tumor vascularity, which
is possibly related to an increased vascular endothelial growth factor (VEGF) se-
cretion (22). As a promoting factor in tumor progression, mutations in p53 are
often seen in MPNST, leading to increased cell survival and genomic instability,
which is suspected to work synergistically with the described increased RAS ac-
tivity (22).



Retinoblastoma (RB). This is a rare childhood cancer of the eye. The hereditary
retinoblastoma is caused by an inactivating germline mutation in one allele of the
RB1 tumor suppressor gene. Unlike those with non-hereditary RB, patients with
a loss of heterozygosity at the wild-type allele in the RB1 gene have an signifi-
cantly elevated risk of developing sarcomas (particularly osteosarcoma), brain
cancer or melanoma (23) (24) (25). Secondary malignancies are particularly prev-
alent in prior radiation treatment fields, which is likely to be a strong predisposing
factor (23). The product of the RB1 gene (13q14) is the RB protein (pRB), which
negatively regulates progression from GO0/G1 into the S phase and is dysregu-
lated in most human malignancies (26). During the G1 phase of the cell cycle,
pRB binds to E2F1, E2F2 and E2F3 transcription factors. Sequential hypophos-
phorylation of pRB by cyclin-dependent kinases results in a release of the E2F
and subsequent transcription of genes required for progression to the S phase of

the cell cycle (26).

Werner syndrome (WS). This is a rare autosomal recessive disease caused by a
mutation in a single gene, WRN (8p12-p11.2) which encodes a protein containing
a highly conserved 3" to 5° DNA helicase domain of the RecQ family (27). The
members of this protein family have diverse roles, including involvement in DNA
recombination, replication and repair (28). Patients with Werner syndrome don’t
tend to show pathologies until after their second decade of life, when they start
to develop diseases and conditions that mimic many aspects of human aging,
such as alopecia, bilateral ocular cataracts, hypogonadism, ischemic heart dis-
ease, osteoporosis and type 2 diabetes mellitus. Furthermore, these patients
have an increased risk of developing rare non-epithelial malignancies, especially
mesenchymal-derived, such as sarcomas (29). They die usually in their fourth
decade due to cardiovascular events or malignancy. It has been shown in vitro
that fibroblasts isolated from patients with Werner syndrome exhibit characteris-
tically premature senescence (30) and display increased chromosomal aberra-
tions (31).



Two other diseases with pathologies in the RecQ helicase family of proteins are
Bloom syndrome and Rothmund-Thompson syndrome, which are associated
with genomic instability.

Bloom Syndrome is a rare autosomal recessive disease with characteristically
marked genetic instability associated with a greatly increased predisposition to a
diverse spectrum of malignancies, including sarcomas (32). It occurs most fre-
quently in the population of the Ashkenazi Jews and has a mutation in the BLM
gene (15926.1) in its root, which is encoding RecQ DNA helicase.

Rothmund-Thompson syndrome (RTS) is another rare autosomal recessive dis-
ease with a mutation in the RecQ4 gene (8924.3), encoding the RecQ4 DNA
helicase in its root. Patients with this syndrome typically develop small stature,
poikiloderma and skeletal dysplasias during childhood and are at an increased
risk for developing malignancies, especially skin cancer and osteosarcoma (33)
(34) (35). Interestingly, the RecQ4 gene is located adjacent to the MYC gene on
chromosome 8, a frequent site of amplification in osteosarcomas. Table 1 pre-
sents the most prevalent inherited diseases, which commonly predispose to sar-

coma development.

Inherited diseases that commonly predispose to development of sarcoma

Disease Gene Location Function
BLM .
BS 15q26.1 DNA helicase
(RecQL3)
Receptor tyrosinase ki-
Familial GIST KIT 4912
nase
FH leiomyosarcoma and re-
. FH 1943 FH
nal cell carcinoma syndrome
LFS P53 17p13.1 DNA damage response
Neurofibromatosis NF1 17911.2 GTPase-activator
Rb RB1 13914.2 Cell cycle checkpoint
RTS :
RTS 18q24.3 DNA helicase
(RecQL4)




WRN 8p12- DNA helicase, Exonucle-
(RecQL2) p11.2 ase activity

WS

Table 1: Inherited diseases that commonly predispose to the development of sarcoma, cited from (5)

Discrete genetic alterations — fusion genes. The majority of currently recog-
nized sarcoma-associated genetic alterations are non-random chromosomal
translocations that result in two genes being fused with a consequent formation
of a chimeric protein. These translocations usually (but not always) involve genes
encoding transcription factors, most frequently in one or both breakpoints, with
one of the genes often contributing a DNA-binding domain and the other one
providing an activation domain. Consequently, the resulting fusion proteins are
often aberrant transcription factors that dysregulate gene expression (36). As a
result, diverse key cellular pathways are altered, such as cell cycle control, apop-
tosis and differentiation. Fusion proteins are to be considered oncogenic as they
are able to induce cell transformation in culture (37) (38) (39). To further support
this, it has been shown that specific fusion genes are required for the growth of
corresponding cell lines in vitro. Furthermore, in animal studies, it has been
shown that a subcutaneous injection of transfected cells into immunodeficient
mice can result in tumorigenesis (40) (41). It would seem, however, that only spe-
cific cell types are susceptible to the transforming effects of fusion proteins. Only
the phenotypes of a specific mesenchymal cell or a precursor can be modified by
a gene fusion. It has been postulated that this phenomenon could represent a
type of lineage-dependent oncogenesis (42). For example, Ewing sarcoma (ES)
serves as a model of the association between fusion genes and sarcomagenesis
and was the first solid malignancy proved to have an identifiable recurrent trans-
location. The earliest described fusion was the one of EWSR1 (22912) and FLI1
(11924) genes (43), where the FLI1 gene as a member of the ETS family encodes
a transcription factor and the EWSR1 gene a nuclear protein. The created chi-
meric fusion protein is comprised of the N-terminal portion of the EWSR1 protein
linked to the DNA-binding domain of FLI1, has a transforming activity in cell cul-
tures assays (44) and is considered to be the principal event leading to the ES



development, mainly through transcriptional dysregulation. The presence of fu-

sion transcript seems to invoke an extensive program of altered gene expression,

which then leads to the development of malignancies.

The following Table 2 provides an overview of known fusion genes in sarcomas.

Cytogenetic and molecular alterations in sarcoma

Complex molecular/cytogenetic

Cytogenetic

Molecular

profile Alternations alternations
Angiosarcoma Complex
Chondrosarcoma Complex

Leiomyosarcoma

Complex (frequent

deletion of 1p)

MPNST Complex
Osteosarcoma Complex
Pleomorphic rhabdomyosarcomal Complex
Pleomorphic sarcoma,

Complex

NOS (MFH)

Simple molecular/cytogenetic profile

1(2;13)(g35;q14)

PAX3-FOXO1A fusion

Alveolar Rhabdomyosarcoma

t(1;13)(p36;914),

double minutes

PAXT7-FOXO1A fusion

£(2;2)(g35;p23)

PAX3-NCOAT1 fusion

t(X;2)(g35;q13)

PAX3-AFX fusion

Alveolar soft part sarcoma

t(X;17)(p11;925)

TFE3-ASPSCR1 fusion

t(12;16)(q13;p11)

EWSR1-CREB1 fusion

Angiomatoid fibrous histiocytoma

t(12;22)(913;912)

FUS-ATF1 fusion

1(2;22)(g33;q12)

EWSR1-ATF1 fusion

Embryonal rhabdomyosarcoma

Trisomy 2q, 8 and
20

Loss of heterozygosity at
11p15

Clear cell sarcoma

t(12;22)(913;912)

EWSR1-ATF1 fusion

1(2;22)(g33;q12)

EWSR1-CREB1 fusion

Desmoids fibromatosis

Trisomy 8 and 20
and loss of 5921

CTNNB1 or APC mutation

Desmoplastic small round cell

t(11;22)(p13;912)

EWSR1-WT1 fusion




tumor

Dermatofibrosarcoma

protuberans

Ring forms of
chromosomes 17
and 22

COLIA1-PDGFB fusion

Endometrial stromal sarcoma

t(7;17)(p15;921)

JAZF1-JJAZ1 fusion

t(6;7)(p21;p15)

JAZF1-PHF1 fusion

t(6;10)(p21;p11)

EPC1-PHF1 fusion

Epithelioid

hemangioendothelioma

t(1;3)(p36:7p25)

Unknown fusion

ES/primitive

neuroectodermal tumor

t(11;22)(g24;912)

EWSR1-FLI1 fusion

t(21;22)(912;912)

EWSR1-ERG fusion

1(2;22)(g33;q12)

EWSR1-FEV fusion

t(7;22)(p22;912) EWSR1-ETV fusion
t(17;22)(912;912) EWSR1-E1AF fusion
inv(22)(q12;912) EWSR1-ZSG fusion

1(2;22)(g31;q912)

EWSR1-SP3 fusion

t(16;21)(p11;922)

FUS-ERG fusion

1(2;16)(g33;p11)

FUS-FEV fusion

Extraskeletal myxoid

chondrosarcoma

t(9;22)(922;912)

EWSR1-NR4A3 fusion

t(9;17)(922;911)

TAF2N-NR4A3 fusion

t(9;15)(922;921)

TCF12-NR4A3 fusion

1(3;9)(q11;922)

TFG-NR4A3 fusion

Fibrosarcoma, infantile

t(12;15)(p13:026)

ETV6-NTRK3 fusion

Trisomy 8,11,17 and
20

Monosomies 14 and 22 | KIT mutation
GIST

Deletion of 1p

t(1;2)(q22;p23) TPM3-ALK fusion
Inflammatory myofibroblastic t(2;19)(p23;p13) TPM4-ALK fusion
tumor t(2;17)(p23;923) CLTC-ALK fusion

t(2;2)(p23;913) RANB2-ALK fusion

Low-grade fibromyxoid sarcoma

t(7;16)(g33;p11)

FUS-CREB3L?2 fusion

t(11;16)(p11;p11)

FUS-CREB3L1 fusion

Myxoid/round cell liposarcoma

t(12;16)(q13;p11)t

FUS-DDIT3
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(12;22)(q13;912) EWSR1-DDIT3

Ring form of

Myxofibrosarcoma (myxoid MFH)
chromosome 12

Synovial sarcoma

Biohasi (x18)(p11:q11) Predominately
iphasic X; ;
P T SS18-SSX1 fusion
, SS18-SSX1,S518-SSX2
Monophasic t(x;18)(p11;911) )
or SSX4 fusion
_ Ring form of
Well-differentiated liposarcoma Others

chromosome 12

Table 2: Cytogenetic and molecular alterations in sarcoma, cited from (5)

Complex genetic alterations. The presence of highly complex unbalanced kar-
yotypes without specific genetic translocations characterizes a diverse group of
sarcomas, including leiomyosarcoma, osteosarcoma, malignant fibrous histio-
cytoma (MFH), angiosarcoma, pleomorphic rhabdomyosarcoma, chondrosar-
coma and MPNST. It is assumed that a disruption of normal p53 function plays a
key role in the development of these nonspecific chromosomal aberrations. In
contrast, p53 inactivation is rarely to be found in sarcomas with discrete genetic
alterations. Two distinct pathways are implicated in the development and gener-
ation of complex genetic alterations in sarcomas: impaired joining of non-homol-
ogous ends (NHEJ) and telomere dysfunction (5). Several studies implied that
the haploinsufficiency of NHEJ component DNA ligase IV (lig4) is promoting the
development of soft tissue sarcomas. Loss of a single lig4 allele is considered to
result in NHEJ activity reduction sufficient to allow the emergence of chromoso-
mal aberrations that could drive sarcomagenesis (45). Telomeres comprise the
nucleoprotein complexes that coat the ends of eukaryotic chromosomes. They
are sustained by the reverse transcriptase telomerase, which maintains the te-
lomerase length by adding hexanucleotide repeats to existing telomeres. The lack
of telomerase activity, frequently as a function of age and successive cell divi-
sions, leads to progressive telomere shortening and ultimately to chromosomal
instability through end-to-end fusions. Provided the presence of a functional
p53/RB pathway, these cells should typically undergo apoptosis as a protective
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mechanism against severe genetic instability. Abrogation of these pathways is
instrumental to tumor cell survival and the selection of a more aggressive tumor
phenotype (5). Ultimately, reactivation of telomerase and telomere maintenance
is to be observed, which promotes tumor cell survival and immortality. In sar-
coma, there is another telomerase-independent mechanism discovered, termed
alternative lengthening of telomeres (ALT), which is mechanistically still poorly
understood (46). Several studies have associated ALT with chromosomal insta-
bility in osteosarcomas (47), which further supports the role of telomere dysfunc-
tion in the development of non-discrete complex genetic alterations. It has been
observed that p53 mutation may be a common early event in sarcomas with com-
plex non-discrete gene alterations. Triggered by telomeric dysfunction and NHEJ,
the inactivation of p53 is postulated to be a cellular defense mechanism against
malign alteration (5). P53 deficiency has been shown to play a role in tumorigen-
esis by promoting a process called fusion-bridge breakage (BFB), which leads to
the formation of complex nonreciprocal translocations — a classical cytogenetic
feature of human carcinomas. Several studies have shown a high frequency of
BFBs in human sarcoma specimens, lacking simple tumor-specific aberrations.
In contrast, this could not be noted in any of the specimens carrying fusion gene
mutations (48). The following Table 3 presents known chromosomal alterations

with a suspected role in Sarcomagenesis.
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Table 3: Chromosomal alterations in Sarcomagenesis, cited from (5)

Environmental factors that are associated with the development of sarcoma in-
clude exposure to radiation and multiple organic and inorganic substances. Ra-
diation exposure has been recognized since the 1920s to be able to induce sar-
comagenesis. The published reports from that time have shown that workers
manufacturing radium watch dials had a significantly higher sarcoma incidence
compared to the normal population (49). Further, it has been shown that patients
in whom radiotherapy was used to treat a non-sarcomatoid primary tumor (for
example lymphoma, breast, testicular, prostate or lung cancer) have a signifi-
cantly increased risk of secondarily developing sarcoma (50) (51) (52). According
to estimates based on a series of patients operated on for sarcoma, post-radio-
genic sarcomas account for approximately between 0.5 and 5.5% of all sarcomas
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(53) (54). On the other hand, large population-based studies of long-term out-
comes for patients after radiotherapy for various reasons, show a significantly
lower incidence, in the range of 0.03 to 0.8% (55) (56). There appears to be a
dose-response correlation between the dose of radiation and the incidence of
sarcoma development. For example, a dose less than 10 Gy is considered to be
associated with a very low risk (57). It has been shown, that sarcoma typically
arises in the radiation field margins, suggesting that the mutagenic effect may be
maximal at the periphery, where scatter radiation could reach a sufficient dose
for inducing mutation, although insufficient to destroy the mutated cells. (58) A
delayed onset of several years between radiotherapy and subsequent sarcoma
development has been observed. Initially, an interval of a minimum of 5 years
was suspected (59). However, more recent data have shown a much shorter la-
tency period to be possible. (53) (60) Radiotherapy-associated sarcomas have
been observed to be in most cases aggressive high-grade malignancies. The
most common radiation-induced histologic sarcoma subtypes are extraskeletal
osteosarcoma (21%), MFH (16%,) and (lymph)angiosarcoma (15%) (51).

Exposure to certain inorganic as well as organic chemicals has shown a strong
association with sarcoma occurrence. For example, PVC, thorotrast (thorium di-
oxide), inorganic arsenic and androgenic-anabolic steroids are strongly associ-
ated with the development of hepatic angiosarcoma (61). In the following Table
4, we listed the most prevalent etiological factors, which could potentially lead to

sarcomagenesis.

Potential sarcoma etiologies

Host related

Immune suppression

AIDS

Transplantation

Chronic irritation of tissues
Chronic inflammation

Foreign body
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Genetic alternations
Genetic syndromes
Discrete genetic alternations-fusion genes
Complex nonspecific genetic alternations

Table 4: Potential sarcoma etiologies, cited from (5)

1.1.3. Epidemiology

Age is an important contributing factor to sarcoma occurrence. According to cur-
rent statistics, sarcomas constitute about 15% of all pediatric and less than 1%
of all solid malignancies in the adult population (61) worldwide. In SEER (Surveil-
lance, Epidemiology and End Results) data shows that the vast majority affect
soft tissues (80%), whereas only one-fifth affects the bones (61). Among the ma-
lignant bone tumors, osteosarcomas and chondrosarcomas were the most fre-
quently diagnosed, accounting for over half of all bone malignancies (62). In

graphic 1, we present the official sarcoma incidence.

= Malignant bone tumors

m Soft tissue other
extraosseous sarcomas
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m Osteosarcomas

m Chondromas

= Ewing tumor and related sarcomas of
bone
Other specified malignant bone tumor

m Unspecified malignant bone tumors

m Rhabdomyosarcomas

m Fibrosarcomas, peripheral nerve &
other fibrous

m Kaposi sarcoma

m Other specifed soft tissue sarcoma

m Unspecified soft tisue sarcomas

Incidence in %

Graphic 1: Sarcoma incidence, cited from (63)

Regarding age distribution, an increase in the rate of STS occurs in babies and
young children until the age of 5 (64). The lowest incidence is observed in young
adults, with slowly and steadily increasing until the age of 50 (64). Above the age
of 50, the incidence of STS exhibits a considerable rise. Malignant bone tumors,
on the other hand, show a rather stable rate of incidence across all age groups
(64) with noticeable increases in rates can be observed in adolescents and young
adults, mostly due to osteosarcoma and Ewing’s sarcoma (64) as well as in peo-
ple in their 70s and 80s (62), as shown in graphic 2.
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Graphic 2: Age-adjusted sarcoma rates, cited from (63)
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Despite their rarity and heterogeneity, in the United States of America and Eu-
rope, guidelines for the management of sarcomas have been developed by the
National Comprehensive Cancer Network and by the European Society of Medi-
cal Oncology respectively (64) (65). In high-income countries, these guidelines
have been accepted broadly. It has been observed that the recommended multi-
disciplinary approaches, which have led to great improvements in oncologic and
functional outcomes, find only limited applicability in lower-income countries,
mainly due to resource constraints (66). More than two-thirds of the world’s pop-
ulation lives in low-income countries, which have seen a surge in cancer burden
from a mere 15% in 1970 to 56% in 2008. In 2020, the estimated total number of
new malignancies would increase by 73% in low-income countries compared with
a 29% increase in high-income countries (67). A further striking difference would
be the cancer mortality to incidence ratio, which is 0.66 in low-income areas and
almost double the ratio in high-income countries (0.38) (68). This discrepancy is
probably caused by inequitable distribution as well as a lack of healthcare access
and expertise. Lack of established public health policies or its inadequate inte-
gration, cultural misbelief and illiteracy lead to delayed presentation to medical
attention, which adversely affects the rate of limb salvage and overall survival of
patients with sarcoma. A multi-pronged approach is required to tackle these com-
plex issues (66).

According to the latest available statistics, in 2013 in Germany, approximately
3,650 new cases of soft tissue sarcomas occurred (69). In comparison to statis-
tics from 2004, the incidence has increased by an average of 2.9% per year in
men and 3.9% per year in women over the past decade (2004-2013). The age-
standardized disease rate in Germany in 2013 was 3.6/100,000 for men and
2.7/100,000 for women (70). Over the past 10 years, the rate has increased by
an average of 1.5% for women and 1.2% for men. The differences in the devel-
opment over time between the probability of disease (rates) and the registered
case numbers can be explained by the change in the age structure of the popu-
lation (69).
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Graphic 3: Sarcoma, incidence/mortality curves, cited from (63)

The federal cause-of-death statistics show a total of 1,509 deaths for soft tissue
sarcomas in 2013 (men 706, women 803). The number of deaths has increased
by an average of 2.2% per year in men and 1% per year in women over the past
decade (2004-2013). The age-standardized mortality rate was 1.3/100,000 for
men and 1.1/100,000 for women, and mortality rates have been nearly constant
for both sexes over the past decade (men averaged +0.1%, women averaged
+0.6% per year) (69).

The disease rates for men and women are remarkably similar up to about the age
of 70. After that, the likelihood of disease increases significantly more for men
than for women and is almost twice as high for men in the highest age group. In
the lowest age group (under 5 years), about 11 per 1000000 children develop the
disease. After that, the probability of contracting the disease decreases again.
Among 5 to 10-year-olds, it is less than 4 per 1,000,000 but increases steadily
from then on. Although the highest rates of disease are in those over 80 years of
age, most cases of the disease in both sexes occur in the 70 to 80 age group.

This can be explained by the greater population in this age group (69).
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Graphic 4: Sarcoma annual average case numbers stratified by age groups and gender, cited from (69).

1.1.4. Classification

Sarcomas are typically divided into two major groups: bone sarcoma and soft
tissue sarcoma, both of which are further divided into multiple subtypes, based
on histological, clinical and molecular-genetic characteristics (1).

Due to the vast heterogeneity in morphologic, immunohistochemical and molec-
ular-genetic characteristics of mesenchymal neoplasms, reaching an integrated
pathologic diagnosis, while particularly challenging, represents a key step in clin-
ical decision-making. A step toward standardizing pathologic diagnostics was
made through the new 2020 World Health Organization (WHO) classification of
soft tissue tumors, in which many new entities have been introduced, based on
their distinct biological behavior, genetics and morphology. With the recent ad-
vances and a better understanding of molecular genetics, several novel recurrent
genetic alterations have been incorporated in this edition. These may serve as

reliable diagnostic and prognostic markers for various soft tissue tumors (70).
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The 2020 WHO classification describes soft tissue tumors under eleven catego-
ries. Based on the biological behavior, these are further subcategorized into be-
nign (do not recur after resection), intermediate — locally aggressive (locally infil-
trative, have a high rate of recurrence but do not metastasize), intermediate —
rarely metastasizing (metastasis in less than 2% cases) and malignant (high risk
of metastasis). Seven years after the previous version, the fifth edition of this
WHO classification was published in 2020 and represents a consensus amongst
experts comprising a multidisciplinary soft tissue tumor board including
pathologists, oncologists, geneticists, radiologists and surgeons. The availability
of extensive new molecular and genetic data has led to the introduction of new
entities and the reorganization of some previously existing ones. The hallmark of
the new WHO revision is the inclusion of multiple novel genetic alterations and
their surrogate immunohistochemical (IHC) markers for various entities (71). This
has enabled the reclassification and prognostication of existing tumor entities (like
solitary fibrous tumors). Furthermore, many of the newly described genetic rear-
rangements are potential therapeutic targets and may lead to the optimization of
chemotherapy regimens in the future.

The following Table 5 presents the aforementioned WHO 2020 Sarcoma classi-

fication.
Category Locally aggressive Rarely metastasiz- Malignant
ing
Adipocytic Atypical Lipomatous Tu- Liposarcoma
mor o  Well-differentiated

e Dedifferentiated
e Myxoid
e  Pleomorphic

e  Myxoid pleomorphic

Fibroblastic and Solitary Fibrous Tumor Dermatofibrosarcoma  Solitary Fibrous Tumor

Myofibroblastic Protuberans
Fibromatosis Solitary Fibrous Tu- Fibrosarcoma
mor
e Palmar/plantar Inflammatory Myofi- Myxofibrosarcoma

broblastic Tumor

e Desmoid Type Myofibroblastic Sar- Low-grade fibromyxoid sar-

coma coma
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Lipofibromatosis

Superficial CD34
Positive Fibroblastic

Tumor

Giant Cell Fibroblas-

toma

Myxoinflammatory Fi-

broblastic Sarcoma

Infantile Fibrosar-

coma

Sclerosing epithelioid fibro-

sarcoma

So-called Fibro- Plexiform Fibrohistio-

histiocytic Tu- cytic Tumor
mors Giant Cell Tumor of Soft
Parts

Malignant Tenosynovial Gi-

ant Cell Tumor

Vascular Tumors  Kaposiform Hemangio-

endothelioma

Retiform Hemangio-

endothelioma

Epithelioid Hemangioendo-

thelioma

Papillary Intralym-
phatic Angioendothe-

lioma

Epithelioid Hemangioendo-
thelioma with YAP1-TFE3

Fusion

Composite Hemangi-

oendothelioma

Kaposi Sarcoma

Pseudomyxogenic
Hemangioendotheli-

oma

Angiosarcoma

Pericytic Tumors

Malignant Glomus Tumor

Smooth Muscle Smooth Muscle Tumor

Leiomyosarcoma

Tumors of Uncertain Malignant Inflammatory Leiomyosar-
Potential coma
Skeletal Muscle Rhabdomyosarcoma
Tumors e  Embryonal
e Alveolar

e  Pleomorphic

e Spindle cell

Ectomesenchymoma

Chondro-Osse-

ous Tumors

Extraskeletal Osteosarcoma

Peripheral Nerve

Sheath Tumors

Malignant Peripheral Nerve

Sheath Tumors

Melanotic Malignant Nerve
Sheath Tumor

Malignant Granular Cell Tu-

mor

Malignant Perineurinoma
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Tumors of Un- Epithelioid Angiomyo- Atypical Fibroxan- NTRK Rearranged Spindle

certain Differen-  lipoma thoma Cell Neoplasm
tiation Hemosiderotic Fibroli- Angiomatoid Fibrous  Synovial Sarcoma
pomatous Tumor Histiocytoma

Ossifying Fibromyx- Epithelioid Sarcoma

oid Tumor

Myoepithelioma Alveolar Soft Part Sarcoma

Clear Cell Sarcoma

Extraskeletal Myxoid Chon-

drosarcoma

Desmoplastic Small Round
Cell Tumor
Rhabdoid Tumor

Malignant Perivascular Epi-

thelioid Tumor

Intimal Sarcoma

Malignant Ossifying Fi-

bromyxoid Tumor

Undifferentiated Sarcoma
Undifferentiated Spindle Cell
Sarcoma

Undifferentiated Pleo-

morphic Sarcoma

Undifferentiated Ewing’s Sarcoma

Small Round Cell Round cell sarcoma with
Sarcoma of bone ESWR1-non ETS fusion

and soft tissues CIC rearranged sarcomas

Sarcoma with BCOR genetic

alteration

Table 5: 2020 WHO Sarcoma classification, cited from (70), Alteration: column “Benign tumors” removed
due to irrelevance to the topic.

1.1.5. Diagnostics

If soft tissue sarcoma is suspected, imaging diagnostics of local spread is per-
formed before the biopsy (69). The method of choice is magnetic resonance im-
aging (MRI) with contrast medium. In case of contraindications for MRI or mainly
osseous involvement, computed tomography (CT), conventional X-ray examina-
tions and sonography can be performed. In individual cases, a complementary
PET-CT examination may be useful (69).
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The key step in identifying and classifying the sarcoma is the biopsy. A biopsy
ought to be performed after imaging diagnostics of local spread, not before (69).
The aim is to obtain sufficient representative tumor tissue for histopathological,
immunohistochemical and molecular-pathological classification. According to
guidelines, such procedures should be conducted in sarcoma reference centers
and/or within reference networks sharing multidisciplinary expertise and treating
a relevant number of patients annually (66). Such centers are usually involved in
ongoing clinical trials, which may lead to patients’ enrolment and offering poten-
tially a novel therapy option (66). Sarcoma reference centers and reference net-
works need to meet certain defined quality criteria (66). These criteria may exhibit
a certain country-related variability, are, however, usually based on common
traits, such as: multidisciplinarity (for example, weekly tumor boards), the volume
of patients and appropriate facilities for proper application of clinical practice
guidelines, recording and publication of outcomes (66) (72).

Possible biopsy procedures include an open incisional biopsy or image-guided
punch biopsy. In oncology centers, diagnostic confidence of punch biopsy is 97%.
Accordingly, punch biopsy is hardly inferior to incisional biopsy, but should be
performed in interdisciplinary consultation with the subsequently appointed sur-
geon, radiation therapist and pathologist (73) (74). Fine needle aspiration biopsy
is mostly inadequate in sarcoma diagnosis and therefore justifiable only in a few
selected cases and only in specialized centers (69). For small (< 3 cm) and su-
perficially (cutaneous, subcutaneous) localized soft tissue tumors, primary resec-

tion may be considered if no functional deficit is to be expected (69).

Lastly, diagnostics of a systemic spread is performed after histological confirma-
tion of the diagnosis utilizing a CT scan of the thorax, abdomen/pelvis. In individ-

ual cases, a whole-body MRI examination may be useful.

This histological and molecular heterogeneity makes sarcomas particularly diffi-
cult to diagnose, leading to the debate surrounding the sufficiency of histological
diagnosis versus the need for ancillary molecular-genetic diagnostics as well as
the timing of these ancillary procedures. Treatment has proven equally challeng-
ing, and research findings in one subtype often do not translate to others. These
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limitations are magnified within the context that sarcomas are among the rarest
of cancer diagnoses, making research and trials more difficult (66)(75). None-
theless, according to ESMO (European Society for Medical Oncology) clinical
practice guidelines for diagnosis, treatment and follow-up, each sarcoma case
should be provided with malignancy grading and staging (66) (72). The grading
should be provided in every case (in which feasible) and should be based on
established systems, as it has immense impact on the prognosis and treatment.
One of the most commonly used grading systems is the "Fédération nationale
des Centres de lutte contre le cancer” (FNCLCC) system, which distinguishes
three malignancy grades based on differentiation, necrosis and mitotic rate
(66)(72). According to the new guidelines, the mitotic rate should be provided,
whenever possible, independently (66) and an effort to improve the reliability of
mitotic count should be made (66). Due to major therapy-related changes of the
tumor tissue, grading cannot be assigned after preoperative medical treatment,
(72).

Tumor differentiation
Score 1 Sarcomas closely resembling normal adult mesenchymal tissue
(e.g., well-differentiated liposarcoma)
Sarcomas for which histologic typing is certain
Score 2
(e.g., myxoid liposarcoma)
Score 3 Embryonal and undifferentiated sarcomas,
sarcomas of doubtful type, and synovial sarcomas
Mitotic Count ‘
Score 1 0-9 mitoses per 10 HPF
Score 2 10-19 mitoses per 10 HPF
Score 3 = 20 mitoses per 10 HPF
Tumor Necrosis
Score 0 No necrosis
Score 1 < 50% tumor necrosis
Score 2 = 50% tumor necrosis

Table 6: FNCLCC grading system, cited from (76)
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In addition to the histopathological degree of differentiation (grading), as ex-
plained above, tumor size and tumor localization (superficial vs. deep-seated tu-
mors) are further prognostically relevant. These three prognostic factors form the
basis of the staging of the UICC (Union for International Cancer Control) and
AJCC (American Joint Committee on Cancer) respectively (69). The Cancer
Staging Manual of the AJCC has recently been revised and updated to its eighth
edition (77).

A major characteristic of TNM classification in bone and soft tissue sarcomas is
that histopathological grade (G) is included as a factor in staging. By contrast, in
the TNM system for other cancers, the stage is basically determined by only three
factors: T factor based on the depth of tumor infiltration and the greatest diameter
of the tumor, N factor of lymph node metastasis and M factor of distant metasta-
sis. In the World Health Organization classification (70), the histologic types of
bone and soft tissue sarcomas vary considerably, and the biological properties of
individual tumors differ widely as well. Therefore, it is difficult to reflect the prog-
nosis with only three factors of TNM in all tissue types of sarcomas. However,
even if the tissue type is different, the biological property could be similar if the
pathologic grade of the sarcoma is the same. Therefore, with the G factor, a sim-
ple staging classification becomes possible for various tissue types of sarcomas.
In addition, lymph node metastasis is extremely rare in bone and soft tissue sar-
comas, which is why the N factor is rarely used. If the G factor is not considered,
the stage would have to be determined by only two factors, i.e., T and M. As such,
in addition to the usual three TNM factors, the staging system (such as UICC or
AJCC) for bone and soft tissue sarcomas necessarily includes the factor of his-
tological grade (G) (77). The following Tables 7, 8 and 9 provide AJCC prognostic

stage groups for sarcoma concerning different primary tumor localizations.

Stage Primary tumor (T) Regional lymph node (N) Distant metastasis (M) Histologic grade (G)
1A T1 NO MO Gl or GX
IB T2or T3 NO MO Gl or GX
1A T1 NO MO G2 or G3
1B T2 NO MO G2or G3
11 T3 NO MO G2 or G3
IVA Any T NO Mila Any G
IVB Any T N1 Any M Any G
Any T Any N Mi1b Any G
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Table 7: AJCC prognostic stage groups for bone sarcoma in the appendicular skeleton, trunk, skull and
facial bones, table taken from (77)

Stage Primary tumor (T) Regional lymph node (N) Distant metastasis (M) Histologic grade (G)
1A T1 NO MO G1,GX
IB 12,713, T4 NO MO G1,CX
I T NO M0 G2,G3
IMA T2 NO MO G2,G3
1B 13, T4 NO MO G2,G3
\Y Any T N1 Mo Any G
Any T AnyN Ml Any G

Table 8: AJCC prognostic stage groups for STS in the trunk and extremity, table taken from (77)

Stage Primary tumor (T) Regional lymph node (N) Distant metastasis (M) Histologic grade (G)
IA T1 NO Mo Gl1,GX
B T2, T3, T4 NO MO G1,GX
I T1 NO MO G2,G3
lIA Ly NO Mo G2,G3
1B T3, T4 NO MO G2,G3
Any T N1 MO Any G
\Y Any T Any N M1 Any G

Table 9: AJCC prognostic stage groups for STS of the retroperitoneum, table taken from (77)

1.1.6. Therapy

Sarcoma therapy, considering massive heterogeneity, is very complex. An opti-
mal treatment strategy requires interdisciplinary cooperation, ideally from the
point of diagnosis (69). It has two goals: locoregional tumor control and preven-
tion/therapy of distant metastasis. The treatment strategy is determined by tumor
stage, prognostic factors such as histology, grading, size and location, and pa-
tient-specific factors. It includes several modalities (69):

Surgical therapy is the basis of local tumor control. The defined goal is a resec-
tion of the soft tissue sarcoma in healthy tissue, so-called RO resection. Depend-
ing on histology, size, and location, adjuvant radiotherapy follows for highly ma-
lignant tumors. Marginal (R1 resections) or intralesional resections (R2 resec-
tions) should not be attempted from the oncological standpoint, as they usually
do not achieve the goal of local tumor control even when adjuvant therapy options

are considered.
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If RO resection is achievable in stages I-lll after completion of staging without a
mutilating procedure, surgical therapy is primarily indicated in adulthood (69).
Otherwise, neoadjuvant therapy options (e.g., systemic chemotherapy +/- hyper-
thermia, radiotherapy and isolated hyperthermic limb perfusion) should be con-
sidered in the treatment planning in an interdisciplinary manner (69). Marginal
tumor resections (R1 resection) along the pseudotumor capsule are associated
with a significantly increased risk of local recurrence (69). This pseudotumor cap-
sule is usually the active growth front of the soft tissue sarcoma and not its actual
boundary. Histologically, vital tumor cells could be detected in the peritumoral
edema (78). This aspect seems to be responsible for the high local reoccurrence
rate. An oncologically safe metric resection distance has not yet been defined
(69).

Radiotherapy plays a significant role in the multimodal therapy concept. It allows
lowering the incidence of a loss of function or mutilation significantly by reducing
the extension of radical surgical measures needed for local tumor control. For
example, limb-preserving surgery, whereby local control can be achieved in up
to 90% of cases with the aid of radiotherapy (69). In this way, radical surgical
measures, such as amputation or compartment resection, usually associated with
a loss of function or mutilation, can be avoided (69). Postoperative radiotherapy
is a standard procedure. Preoperative and intraoperative radiation, radiation ther-
apy alone, and hyperthermia may also be used as part of the primary/recurrent
therapy strategy (69).

Chemotherapy. In general, chemotherapy for sarcoma can be divided into neo-
adjuvant, adjuvant and palliative.

Regarding neoadjuvant chemotherapy for sarcoma, there is currently no unani-
mous position — it is a decision based on sarcoma type, localization and stage
(69). It is increasingly used with aim to limit the loss of function after wide margin
surgical excision with the ultimate goal of improving patient survival (79). Patient
selection for such treatments is expected to be improved by the eighth edition of
AJCC’s TNM staging system, as it tailors T-stage categories based on primary

tumor site and considers a prognostic nomogram, which also includes soft tissue

27



sarcoma histology and other patient and tumor features not directly included in
the TNM staging (79).

In advanced IIB and Il stage sarcomas, in which RO resection with sufficient
safety margin cannot be reliably achieved, preoperative/neoadjuvant therapy pro-
cedures should be considered (69). Preoperative chemotherapy alone may lead
to objective remission in up to approximately 30% of patients but has not had a
clearly defined role (69) and the decision regarding the appropriate therapy for
locally advanced and borderline resectable sarcomas should be coordinated on
an interdisciplinary basis with/in a sarcoma center (69). In addition to radiotherapy
alone, preoperative/neoadjuvant therapeutic procedures include approaches
such as combined radiochemotherapy or chemotherapy with regional hyperther-
mia, and if necessary, the use of isolated limb perfusion (ILP) with TNF-al-
pha/melphalan (69). This therapeutic procedure should be considered for locally
advanced sarcomas of extremities which cannot be resected in a healthy state
and/or cannot be resected in a way that preserves the extremities (80). After ILP
and adequate resection, 5-year recurrence-free survival can be achieved in 78%
of patients. Here, compared to a combination of resection and adjuvant radiother-
apy, limb perfusion can achieve a comparable oncologic outcome with the fre-
quent omission of radiation (81).

Also, in the recurrence situation and after pre-radiation in the initial therapy, local
tumor control can be improved, a resection in healthy tissue can be made possi-
ble and a potentially mutilating operation can be avoided. As a palliative measure
in locally irresectable tumors and existing metastasis, ILP may also be indicated
in individual cases (82).

In case of metastatic or irresectable disease, the standard first-line therapy to
date is Doxorubicin (Adriamycin, ADM) monotherapy (83). For patients with rap-
idly progressive, symptomatic disease or locally advanced STS (soft tissue sar-
coma), combination therapy with Doxorubicin/Ifosfamide (ADM/IFS) versus ADM
monotherapy should be considered because of the higher probability of remission
(26% vs. 13%) and longer progression-free survival (7.4 vs. 4.6 months) in sev-
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eral STS entities (84) (85), and in leiomyosarcoma in combination with Dacarba-
zine (DTIC). However, overall survival is not improved by ADM/IFS combination
therapy compared with sequential monotherapy (2-year survival 31% vs. 28%)
(69). Provided that achieving arrest of tumor progression is the primary focus of
therapeutic efforts, sequential monotherapy is a reasonable approach with fewer
side effects. Thus, to date, monotherapy with Doxorubicin at a dose of 70-80
mg/m? represents the first-line therapy of choice for the majority of patients. An

alternative to ADM would be Gemcitabine/Docetaxel combination (86).

For the second-line therapy, Ifosfamide at a dose of approximately 9-12 g/m?
(over 3-5 days) can be considered (87) (88) (89). Trabectedin is approved as the
second/third-line therapy after failure of Doxorubicin +/- Ifosfamide, with most trial
experience with this agent for leiomyo- and liposarcomas (90) (91). Trabectedin
is superior to monotherapy with Dacarbazine in this setting. Trabectedin may also
be effective in other entities, including synovial sarcoma (92) (93).

Another therapeutic option as a possible second/third-line therapy is Pazopanib
(94), which is, however, not approved for liposarcomas (95). The cytostatic drug
Eribulin is approved in liposarcoma patients as second-line therapy after an-
thracyclines or in case of contraindications to anthracyclines. It leads to prolon-
gation of overall survival compared with Dacarbazine (hazard ratio 0.51; median
7.2 months) (92), (96). For Dacarbazine, response rates of 8-17% have been
described in older studies after the failure of Doxorubicin/Ifosfamide. Gemcitabine
is also an established (‘off-label') treatment option (97) (98), possibly in combina-
tion with Docetaxel, which was superior to Gemcitabine alone in one study (99).
A combination of Gemcitabine and Dacarbazine was shown to be superior to
therapy with Dacarbazine in another phase Il trial (100).
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1.2. DNA Sequencing

1.2.1. DNA Sequencing, overview and history

According to definition, DNA sequencing is a process of determining the nucleic
acid sequence, i.e. the order of nucleotides in DNA (101), including any method
or technology used to determine the sequence of the four canonical nucleotide
bases adenine, guanine, cytosine, and thymine. Due to its versatility, it has be-
come indispensable in a myriad of basic biological and applied fields of research
(medicine, forensics, microbiology, virology, biotechnology, biological systemat-
ics, to name just a few examples). It brought about a rapid acceleration of re-

search and widening of our knowledge (102).

Comparing healthy and mutated DNA sequences can yield indispensable infor-
mation in the diagnostics of different diseases, including various malignancies
(103), or allow for characterization of individual antibody repertoire (104). Such
possibilities allow it to be used as a tool to guide and inform clinical decisions in
patient care more accurately (105). A quick way to sequence DNA allows for
faster and more individualized medical care, as well as more organisms to be
identified, researched and cataloged. The speed and efficiency attained by mod-
ern DNA sequencing technology enabled the examination of complete DNA se-
quences or genomes of numerous types and species of life, including the human

genome (102).

Historically, DNA sequencing intimately followed the discovery of DNA structure
and function by James Watson and Francis Crick in 1953 based on crystallized
X-ray structures studied by Rosalind Franklin (106). The pioneering work of Fred-
erick Sanger, who discovered the sequence of all the amino acids in insulin by
1955 (107), laid the foundation for protein sequencing, which in turn inspired the
hypothesis that the arrangement of nucleotides in DNA determined the sequence
of amino acids in proteins, which eventually led to the discovery of the protein
function by Francis Crick (1958). In 1970, at Cornell University in USA, the first
method for determining DNA sequences was developed by Ray Wu that involved
a location-specific primer extension strategy with synthetic location-specific pri-

mers (108). This was the basis for developing much more rapid DNA sequencing
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methods in subsequent years, such as DNA sequencing with chain-terminating
inhibitors (Sanger sequencing) by Frederick Sanger at the MRC Centre, Cam-
bridge UK (109) or DNA sequencing by chemical degradation (Maxam-Gilbert
sequencing) by Walter Gilbert and Allan Maxam at Harvard (110). The first se-
quencing of a complete genome was conducted on a bacteriophage X174 in
1977 (111) and subsequently on EBV in 1984. Prior to that, no genetic profile of
the viruses was known. The next major step came in the early 1980s through the
development of a non-radioactive method for transferring DNA molecules in se-
quencing reaction mixtures onto an immobilizing matrix during electrophoresis by
Herbert Pohl and co-workers (112). The commercialization of a DNA sequencer
followed. Examples are “Direct-Blotting-Electrophoresis-System GATC 1500” by
GATC Biotech, which was intensively used in the framework of the EU genome-
sequencing program or Applied Biosystems’, which brought to market the first
fully automated sequencing machine (113). By 2001, using shotgun sequencing
methods, a sequence of the human genome was drafted. Shotgun sequencing,
defined as a sequencing method designed for the analysis of DNA sequences
longer than 1000 base pairs, up to and including entire chromosomes, is an es-
pecially important step in the development of sequencing technology. Using this
method, a target DNA has to be broken into random fragments, which are subse-
quently individually sequenced using the chain termination method. As a last
step, the sequences can be reassembled based on their overlapping regions
(114).

With further technological advances, new methods for DNA sequencing emerged,
named collectively “second-generation” or “next-generation” sequencing (NGS)
to distinguish them from earlier methods. The next generation method’s main
characteristic is high scalability, allowing the sequencing of an entire genome
simultaneously, which is accomplished by fragmenting the genome into short nu-
cleotide sequences, sampling for a random fragment, and sequencing multiple of
those at the same time (giving it a name “massively parallel” sequencing) using
one of a myriad technologies such as pyrosequencing (115), colony sequencing

(116) (used currently in lllumina’s Hi-Seq genome sequencers) or massively par-
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allel signature sequencing (MPSS) (117). Growing demand for low-cost afforda-
ble sequencing allowed for the technological development of high-throughput se-
quencing using parallelizing, allowing for a concurrent production of thousands or
millions of sequences. Such technologies encompass sequencing methods like
next-generation “short-read” and third-generation “long-read” sequencing, which
can be applied to sequencing of whole exomes or genomes, genome resequenc-
ing, epigenome characterization, transcriptome profiling (RNA-Seq), DNA-protein
interactions (ChIP-sequencing) and many more (118). This technological devel-
opment allowed for sequencing of an entire human genome in as little as one
day, which was, until recently, unimaginable. Some of the current corporate lead-
ers in the development of high-throughput sequencing products are lllumina, Qi-

agen and ThermoFisher Scientific (119).

The aforementioned advances in the next-generation sequencing (NGS) technol-
ogies allowed for a swift, accurate, and increasingly affordable sequencing of nu-
cleic acids. Last decades show large-scale discovery efforts that have examined
genomics of different types of malignancies in, until now, unprecedented detail
(120) (122), which led to the discovery and mapping of genomic landscapes of
various tumors including novel genetic drivers of disease, large-scale genomic
alterations, which brought about a new molecular understanding of intratumoral
heterogeneity and tumor evolution (121) (122). Furthermore, NGS has proved
itself as an exceedingly valuable tool in management of certain malignancies, due
to the ability to improve prognosis and patient management as well as to allow
stratification and therapy selection based on clinically actionable driver mutations
or mechanisms of drug resistance, ultimately impacting decision-making treat-
ment algorithms (123). Detecting mutations, insertions, deletions, copy number
alterations, gene fusions, structural rearrangements as well as alternatively
spliced isoforms with swiftness and ease has transformed the complementary
diagnostic landscape, prompting the Food and Drug Administration (FDA)'s to
approve NGS-based multigene panel tests for cancer-related genes (122) (124).

NGS allows for determining not only individual genetic alterations, but it can also
be used to characterize global genomic features, which may be used as predictor
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of a clinical response. Those include tumor mutational burden (TMB), microsat-
ellite instability (MSI) and DNA damage repair scores (122).

Tumor Mutational burden (TMB), defined as the total number of somatic coding
mutations pro megabase of tumor DNA (125), has emerged as a potential bi-
omarker for response to immune checkpoint inhibitors, primarily in NSCLC (Non-
small cell lung cancer) (122) (126) (127). Mounting evidence suggest utility
across increasing number of malignancies, including melanoma (128) and
urothelial carcinoma (129). NGS panels allow for a quick quantification of TMB,
however methods for TMB quantification and reporting are in need of a wide scale
standardization, which would improve the broader adoption of this diagnostic

method as a clinical biomarker for immunotherapy response (122)(125).

Microsatellite Instability (MSI) is defined as variation in the length of microsatellite
sequences in the genome (130), associated with defects in DNA mismatch repair
genes, accumulation of frameshift mutations and malignancies with a distinctive
genetic and epigenetic profile (130). Microsatellites are short (1—6 bp), repetitive
sequences in a genome, which are known to be able to lengthen or shrink during
DNA replication (116). In a physiologic state, MSI is repaired by the MMR (Mis-
match repair) machinery. However, pathological states, such as cancer, are as-
sociated with MMR defects and subsequently detectable levels of MSI. According
to levels of MSI, malignancies can be classified as microsatellite stable (MSS),
and instable (MSI). The microsatellite instable tumors can be further categorized
as low-MSI and high-MSI, depending on the proportion of markers regarded as
evidence of MSI (116). Even though MSI is routinely assessed using standard
polymerase chain reaction (PCR)-based assessment of specific DNA markers, it
can be analyzed using genome-wide NGS-based methods as well. Like TMB,
MSI is mostly regarded as predictor of response to immune checkpoint inhibitors
in a tumor-agnostic manner, resulting in the FDA’s recent approval of the appli-
cation of anti-PD1 antibody Pembrolizumab for all MSI-high solid tumors, agnos-
tic of tumor type or the anatomical site (131).

Damage repair scores can also be identified and quantified with NGS. These are
calculated based on specific DNA damage repair signatures (134), such as
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‘BRCAness’, which are defined as characteristic genomic traits typically occurring
within deficient homologous recombination repair mechanisms (HRD) often as-
sociated with the loss of BRCA1/2 (132). Damage repair scores are particularly
shown to be of importance in breast and ovarian cancers as a prediction marker
for patients likely to benefit from polyadenosine diphosphate-ribose polymerase
(PARP) inhibitor therapy (122) (133) (134).

1.2.2. DNA sequencing in sarcoma

Sarcomas, a very rare heterogeneous group of mesenchymal derived malignan-
cies, exhibit characteristically a considerable heterogeneity present at the molec-
ular level, observed not only between different histological subtypes but also
within the same subtype as well as within the same entity. This constellation
makes accurate diagnosis and ‘one-size-fits-all’ therapy algorithms rather chal-
lenging (135). The last decade brought about several large-scale studies aimed
to examine cancer-related genes in sarcomas using NGS panels. For example,
Jour et al. sequenced 194 cancer-related genes in 25 soft tissue sarcomas (122)
(136) and Groisberg et al. performed a more extensive NGS-based analysis of
102 patients across multiple sarcoma subtypes (122) (137). In both studies, ap-
proximately 60% of cases were described to harbor potentially actionable muta-
tions with available clinical trials (122). Although informative, such data about the
genetic landscape of sarcomas does not yield clarity on how many identified mu-
tations are to be seen as the primary drivers of the disease, due to NGS diagnos-
tic unfortunately not being able to inform if an individual mutation represents a
primary or a secondary mutation. Secondary mutations are acquired later in dis-
ease development (138) and may contribute to advanced disease, but they might
not represent a key driver of early cancer growth, therefore, targeting them, may
have a rather limited impact on the course of the disease (139) (122). In conclu-
sion, NGS may be useful in identifying sarcoma patients with actionable muta-
tions, which may lead to enrolment into prospective trials of novel agents, how-
ever, an NGS-based diagnostic to detect targetable drivers should be evaluated
on individual basis for every sarcoma patient referred to a tertiary center following

expert pathology review (139).
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Vyse et al. (122) have conducted a review of several new studies that have ap-
plied NGS based prediction markers such as TMB, MSI and DNA damage repair
scores in sarcomas with no known driver mutations (139) (122) aiming to highlight
opportunities and challenges of introducing NGS-based analyses into the routine
clinical management of sarcoma patients. The studies in the review, depicted in
table 10, have shown mixed results regarding the usage of TMB as a sole bi-
omarker for immune checkpoint inhibitor response in sarcoma (122). For exam-
ple, the SARCO028 trial, a phase Il study of 80 advanced STS and bone sarcoma
patients (140), aimed to evaluate the treatment with the immune checkpoint in-
hibitor Pembrolizumab, showing 18% of the patients (7 out of 40) to have an ob-
jective response (122), notably with the highest incidence in undifferentiated ple-
omorphic sarcoma subgroup (4 of 10), significantly lower in dedifferentiated lipo-
sarcoma (2 out of 10) and synovial sarcoma (1 out of 10) (122) and no detected
responses in the leiomyosarcoma study subgroup (122). Another phase Il trial
aiming to assess the effects of monotherapy with Nivolumab, a PD1 blocking an-
tibody, in uterine leiomyosarcoma patients similarly demonstrated no clinical ben-
efitin 12 patients (122) (141). The limited cohort sizes in these trials do not allow
for drawing definitive conclusions about subtype-specific benefits, however, the
results provide insight in the complexity of prediction biomarkers (122) (139).
Also, in sarcomas with defined genetic drivers, the use of TMB as a biomarker
for immunotherapy may be limited (122) (142). An analysis of The Cancer Ge-
nome Atlas Research (TCGA) database found a low overall TMB (average 1.06
mutations/ Mb) across 206 soft tissue sarcoma cases, which further suggests that
using TMB as a sole biomarker may be insufficient in sarcoma patients (122)
(143) and that further markers may be needed (122). A recent study examined
gene expression data and tumor microenvironmental traits in 608 soft tissue sar-
coma (122) (144), describing an immune-high “class E” subtype, which is char-
acterized by the presence of B-cell lineage genes and associated with tertiary
lymphoid structures. As a next step these molecularly defined subgroups were
applied to the SARCO028 trial database, showing a significantly higher objective
response rate to Pembrolizumab in high-class E subtype patients compared to
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any other subgroup (122). The aforementioned findings would indicate that in-
cluding TLS (Tertiary lymphoid structures) and gene expression signatures may
help identify sarcoma patients that are more likely to benefit from treatment with
immune checkpoint inhibitors and thus imply that such an intervention could im-
prove the predictive power and robustness of immune checkpoint inhibitor re-
sponse biomarkers (122). Another marker that could potentially play a role in pre-
dicting an immune checkpoint inhibitor response in sarcoma is mismatch repair
defects (145) (122). Doyle et al. explored 447 genes for the frequency of mis-
match repair defects in 304 sarcoma cases across multiple subtypes and found
this feature to be associated with response to immune checkpoint inhibitor ther-
apy (122) (145). In total, a rather low incidence (2.3%) of sarcomas were de-
scribed to be mismatch repair-deficient (MMR-D). Compared to mismatch repair-
proficient sarcomas (4.6 mutations/Mb), MMR-D sarcomas had a significantly
higher median TMB (16 mutations/Mb). However, TMB in MMR-D sarcomas was
still generally lower in comparison to carcinomas with MMR-D (28 mutations/Mb)
(122). Therefore, further studies with larger cohort sizes are needed to further
illuminate whether TMB can be used as a sole prediction marker for response to
Pembrolizumab in MMR-D sarcoma patients (122).

Historically, the evidence for the presence of MSI-high signatures in sarcomas
has been rather contradictory, with early IHC-based studies reporting a range of
0.9-25% MSI-positive cases in soft tissue sarcoma cohorts (139) (122). A recent
PCR-based study of 71 STS patients including multiple subtypes detected 5 MSI
markers in combination with IHC protein expression analysis of the MMR proteins
and identified all 71 cases as MSS, suggesting a rather limited utility of MSI in
unselected sarcoma study cohorts (146) (122). In conclusion, a focused MSI
screening in specific sarcoma subtypes in which MMR-D is expected to be more
prevalent was postulated to be a more effective approach (145) (122). However,
this hypothesis remains to be evaluated in more studies (122).

Further NGS based explorations of the genomic landscape of sarcomas has re-
vealed that certain sarcoma subtypes tend to exhibit hallmarks similar to those
observed in cancers with a deficiency in BRCA1/2 genes (147) (148) (122), fore-
mostly breast and ovarian cancer. Tumors that exhibit these features of
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‘BRCAness’ have hallmarks that include defects in HRD genes, structural rear-
rangements and specific mutational signatures associated with errors in double-
strand break repair (149) (122). Such hallmarks are clinically used as a marker
of a sensitivity to PARP inhibitors, offering a possible new targeted therapy option
for those patients. Multiple ongoing clinical trials aim to evaluate the use of PARP
inhibitors in sarcoma patients (150) (151) as well as translational studies striving
to determine the association of enriched for ‘BRCAness’ hallmarks and a benefi-
cial therapeutic response (122). Depending on the results of these studies, HRD
may show potential as a prospective biomarker in sarcoma, unleashing further

NGS-based prospective clinical trials of PARP inhibitors in sarcomas (122).

Cancer subtypes,

Key study(s) n pts Biomarker analysis Key results
He ef al. SS (n=21) TMB using WES data 1/21 pts with high TMB (212 muts/Mb)
Abeshouse ef al.  Mulfiple sarcomas TMB using WES/WGS data Low overall Median TMB (1.06 muts/
(n=206) Mb)
SARC028 40 STS Transcriptomic gene expression ORR to pembrolizumab:
Petitprez et al. LMS (n=10) analysis 50% in ‘Class E' immune-high group
UPS (n=10)
Liposarcoma (n=10)
SS (n=10)

Doyle et al.

Florou et al.

Painter et al.

Campanella et al.

Kovac ef al.

Chudasama et al.

International
Sarcoma

Kindred Study

Multiple Sarcomas

(n=304)

AS (n=7)

AS (n=47)

Multiple STS subtypes
(n=71)
0S (n=31)

LMS (n=49)

Multiple sarcomas
(n=1162)

TMB using WES data
Sequencing of MMR genes

TMB using WES/Foundation CDx
assay
TMB using WES data

MSI using PCR and IHC

BRCAness hallmarks (single base
substitutions, LOH, genomic
instability) using WES data

BRCAness hallmarks (HRR gene
deletions, structural
rearrangements) using WES
data

Germline DNA sequencing

2.3% sarcomas MMR-D

MMR-D sarcomas had higher TMB (16
muts/ Mb)

1/3 pts MMR-D pis freated with
pembrolizumab had SD

1 CR exceptional responder to anti-CTLA-
4, low TMB (0.09 muts/Mb)

Low overall median TMB (3.3 muts/Mb)

9 HNFS pts with high median TMB
(20.7 muts/Mb)

2/3 HNFS pts treated with anti-PD1 had
exceptional response

All 71 cases were MSS

>80% of OS had BRCAness hallmarks

>90% of LMS had BRCAness hallmarks

1 in 6 patients’ families matched
hereditary cancer criteria

1 in 15 patients had actionable germline
variants

Table 10: Overview of prominent sarcoma studies, cited from (139)
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Demonstrating vast potential for diagnostics and precision medicine in sarcoma,
further evaluation of the utility of aforementioned genomic-wide features such as
TMB or MSI as predictive biomarkers for patient stratification is required (122).
Even though becoming significantly more affordable in the last couple of decades,
routine and wide-spread use of NGS-based diagnostic remains a neither viable
nor cost-effective option for many parts of the world and is mostly considered for
sarcoma patients with limited therapy options and usually poor outcomes, such
as patients with chemotherapy-refractory, non-resectable or metastatic disease
(122). NGS based diagnostic may offer a significantly improved patient stratifica-
tion, foremostly in sarcoma subtypes exhibiting the greatest genomic complexity
and heterogeneity. However, our understanding of predictive biomarkers in sar-
coma finds itself still in its infancy, as observed phenomena, such as absence of
measurable clinical response in patients with positive predictive biomarkers (142)
or a relevant response in those exhibiting no predictive markers (153), remain to
be explained (122). As previously postulated, combining current available predic-
tive biomarkers with emerging and novel ones (such as sarcomas TLS scores
(144) for example) may be necessary in order to ensure more accurate and ro-
bust predictive power in sarcoma patients (122).
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2. Objectives

The goal of this study was to retrospectively examine how different molecular-
genetic characteristics of sarcomas could have an impact on the clinical course
and outcome of sarcoma patients in a real-life cohort through identifying prognos-
tic risk groups and evaluating applied targeted therapies as part of precision med-

icine based on examined molecular-genetic characteristics.

As previously already well established, sarcomas are exceedingly rare and, on
several levels, heterogeneous malignancies with limited therapy options and an
unfavorable prognosis in the advanced stage. Studying sarcomas is further made
more difficult, challenging and frequently only practically possible in large centers,
where a relevant study cohort could be generated.

Since University Hospital Tubingen constitutes such a certified center being spe-
cialized on sarcomas, we conducted a retrospective study of patients from our
site diagnosed with multiple different sarcoma entities who received a sequencing

of the respective tumor genomes.

In this study we aimed at examining data generated through this molecular-ge-
netic analysis: (i) the frequency and distribution of potentially predictive genetic
markers, such as tumor mutational burden (TMB), microsatellite instability (MSI)
and homologous recombination deficiency (HRD); (ii) the frequency and distribu-
tion of fusion genes, (iii) the ratio of clinically relevant fusion genes to fusion genes
without known clinical relevance, (iv) the distribution of clinically relevant fusion
genes; (v) the frequency and distribution of copy number alterations (CNAs) such
as duplications, amplification, homozygous and heterozygous deletions and loss
of heterozygosity as well as (vi) the frequency of genomic instability and distribu-
tion of CNAs in individual genes; (vii) frequency and distribution of germline mu-
tations in individual genes; (viii) frequency and distribution of somatic mutations,
(ix) frequency of clinically relevant somatic mutations with distribution in individual

genes.
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Through analyzing this data our goal was to examine the impact of molecular-
genetic diagnostics on the expansion of limited therapeutic options in sarcoma
treatment through the application of novel therapies based on “next-generation”
sequencing (NGS) data as well as to examine the impact of these therapies on
clinical outcomes in patients and therefore, reexamining the significance and im-

pact of molecular-genetic diagnostics in a real-world setting in sarcoma patients.
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3. Materials and methods

3.1. Background and ethics

In order to examine how different molecular-genetic characteristics of sarcoma
influence the prognosis and clinical course of the disease, we included a total of
58 patients of our sarcoma center (Comprehensive Cancer Center Tubingen-
Stuttgart) in this retrospective study. The work presented here was prepared
based on data provided by the Department of Internal Medicine VIII - Medical
Oncology and Pneumology of the University Hospital Tubingen. The ethical per-
mission for this study was granted by the University Tubingen research ethics
committee (vote number 886/2020B0O2).

3.2. Data protection

For the retrospective data collection, diagnosis, disease and treatment histories
and disease-specific examination, findings are recorded in pseudonymized form.
The doctors involved in the study are responsible for the pseudonymization of the
data. No other person except the participating doctors and scientific staff has ac-
cess to the data necessary to identify the patients. In order to be able to follow
the patients' progress, patient names and number codes are stored by the doc-
tors responsible for data protection. In the event of publication, no patient-related
data is published. It would not be possible to trace the data back from the publi-
cation. Personal data will be stored at the Department of Internal Medicine VIII -
Medical Oncology and Pneumology of the University Hospital Tubingen until the
end of examinations and a potential publication. All electronically stored personal
data will be deleted after 10 years. Paper printouts that carry patient data are
professionally destroyed after the completion of examinations. Only the attending
physicians and scientific staff involved have access to the patient data and the
re-identification list. After the publication of the results, the data is stored for the
prescribed period of 10 years, after which all patient data is deleted. Paper
printouts are professionally destroyed and disposed of. Patient-related data is
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only stored in pseudonymized, i.e., coded form. Outsiders cannot draw any con-
clusions about the identity of the patients. Patient-specific data (hames and dates
of birth) are only processed at University Hospital Tubingen. All employees who

have access to this data are subject to medical confidentiality.

3.3. Composition of the study

3.3.1. Study cohort size, inclusion and exclusion criteria

Our research project is a retrospective analysis of 58 sarcoma patients, diag-
nosed in the time period between 01.01.2018 and 31.12.2021.

Inclusion criteria are (all of the criteria are mandatory):
- age above 18 years,
- confirmed sarcoma diagnosis in the defined time span and
- molecular-genetic tumor sample diagnostics.
Exclusion criteria are (one criterion is sufficient to exclude):
- age below 18 years,
- different tumor entity histologically other than sarcoma, or
- the absence of molecular-genetic tumor sample diagnostics.

Out of the initial 58 patients, a total of 5 patients had to be excluded from the
study due to the following reasons: 1 patient was younger than 18 years of age,
2 patients received the diagnosis only after 31.12.2021, and 2 patients had no
more sarcoma diagnosis after the reevaluation of the histopathology by a refer-
ence pathologist.

Figure 5 provides an overview of the recruitment of the study cohort.
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diagnosis received only after 31.12.2021

Graph 5: Study cohort overview

n = 2, sarcoma diagnosis being cancelled
n =1, due to age below 18 years
n = 2, due to explicit histological

3.3.2. Patient data

In our study cohort, we analyzed demographic data of included patients, such as
age and gender using the SAP program to gather data from the patient charts.
Further, we examined relevant clinical data such as clinical outcomes, overall
survival, primary tumor site, tumor classification using TNM and UICC classifica-
tion systems, comorbidities, BMI, radiologic imaging exams, endoscopic and so-
nography exams, tumor board interdisciplinary statements as well as operative
treatment, radiotherapy and chemotherapy using a myriad of clinical programs
such as SAP, Meona, Chemocompile, PACS, Viewpoint, Ultima as well as central
archives of our University Hospital. For every patient, we analyzed laboratory
markers including neutrophil count, lymphocyte count and LDH using the Lauris
program. The normal neutrophil count range for men above the age of 18 years
is defined in our laboratory as 1800-7000 /pl (per microliter) and 2100-7700 /pl
for women above 18 years of age. The normal lymphocyte count range for men
above the age of 18 years is defined in our laboratory as 1100-3200 /pl (per mi-
croliter) and 1200-3500 /pl for women above 18 years of age. According to our
software, LDH (lactate dehydrogenase) enzyme is present in the cells of most
tissues. Elevated plasma LDH levels are a non-specific indicator of cell death and
occur in myocardial infarction, pulmonary embolism, liver disease, muscle activ-
ity, skeletal muscle disease, hemolysis, kidney disease and tumors (154). The

upper limit of the normal range for adults is 250 U/l (units per liter). The data
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regarding tumor histology, histological grading and immunohistochemistry was
also obtained from the SAP program. Molecular-genetic diagnostics of every pa-
tient in our study were performed using HiSeq/NovaSeq tumor genome sequenc-
ing method by CeGaT GmbH, Center for Genomics and Transcriptomics and
Praxis Fur Humangenetik Tubingen.

Laboratory values, normal range for adults

Neutrophil count

Male 1800-7000 /pl
Female 2100-7700 /pl
Lymphocyte count
Male 1100-3200 /pl
Female 1200-3500 /pl
LDH
Male and female, all gender <250 U/l

Table 11: Laboratory values, normal ranges, cited from Lauris software and (155)

3.3.3. Used programs and statistical methods

For the analysis of our data and for the creation of this manuscript we used the
following software: MS Word, MS Excel, Adobe acrobat reader, GraphPad Prism
Version 9.5.0 (for graphs), SPSS statistics (IBM) Version 29.

3.3.4. Literature search

For the introductory part regarding sarcoma, including definition, history, etiology,
epidemiology, diagnostics and therapy we performed a literature search using
primarily PubMed, but due to the sparsity of the literature relying on several other
government-based and well-established internet sites as well (such as National
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Institute for Cancer Research, Cancer.gov, etc.). Search terms included key-
words and phrases such as common names of soft tissue and bone tumors, the
names of sarcoma subtypes as well as common phrases in medicine, such as
“etiology”, “history”, “epidemiology”, “diagnostics” and “therapy”. For the introduc-
tory part regarding DNA sequencing, a literature search was performed using pri-
marily PubMed. Search terms included keywords and phrases such as “NGS”,
“genetic profile” and “target therapies”. The maijority of cited papers are limited to
a rather small patient study cohort sizes due to the sheer rarity of the sarcoma. A
relevant number of cited papers are limited to a certain sarcoma (sub)type. In the
discussion part, an overview of the relevant current literature was presented using
primarily PubMed as a search engine using the aforementioned keywords and

common phrases in medicine.
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4. Results

4.1. Description of the study cohort
4.1.1. Patient characteristics: age, gender, OS and BMI

Our study cohort initially included 58 patients, of which 53 matched the enrolment
criteria, i.e., every enrolled patient had to be older than 18 years of age, had to
have a histopathologically confirmed sarcoma diagnosis and every tumor sample
had to have received an NGS DNA sequencing. Out of the enrolled 53 patients,
35 were female (66.04%) and 18 were male (33.96%). The mean age at the time
of diagnosis is 44.4 years (STDEV.s 14.46) and 49 (STDEV.s 14.63) at the time
of our analysis. The median age was 43 years at the time of diagnosis and 51
years at the time of our analysis. In our patient study cohort, 24 patients (45.28%)
were still living at the time of the analysis and 29 (54.72%) are deceased. Mean
overall survival (OS) was 55.89 months (STDEV.s 54.33) and the median OS
was 39.5 months. The mean body mass index (BMI) of our study cohort was
23.84 kg/m? (STDEV.s 4.86) and the median BMI was 22.8 kg/m?. Data regarding

BMI is only available in 51 patients.

Patient characteristics

Gender
Male 18 (34%)
Female 35 (66%)
Mean age (years)
At first diagnosis 444
At the time of analysis 49
Outcome

Alive 24 (45%)

Dead 29 (55%)
Mean overall survival 56 months
Mean BMI 23.8 kg/m?

Table 12: Patient characteristics
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4.1.2. Comorbidities

In our study cohort, we analyzed the comorbidities. Ranked by the frequency of
occurrence the secondary diagnoses are musculoskeletal disorders (including
femoral fracture, fracture of the lower leg, benign tumor of femur, fracture of the
upper arm, gonarthrosis, osteoporosis, scoliosis, rupture of rotator cuff, hip sur-
gery, hip dysplasia), gastrointestinal disorders (including hemorrhoids, dyspha-
gia, primary sclerosing cholangitis, ulcerative colitis, reflux esophagitis, colon
polyp, type A gastritis, Budd-Chiari-syndrome), deep vein thrombosis / pulmonary
embolism and hypothyroidism in 11 patients each (20.75%), arterial hypertension
and other tumors (including NSCLC, breast cancer, Hodgkin lymphoma, therapy-
induced AML (Acute Myeloid Leukemia), follicular lymphoma, melanoma, MGUS
(Monoclonal gammopathy of undetermined significance) and testicular teratoma)
in 10 patients each (18.97%), allergies (including allergic rhinitis, Metamizole,
bronchial asthma, contrast agent, Codeine, Aspirin, Ibuprofen, Penicillin, Ciprof-
loxacin, preservatives, Nickel, atopic dermatitis, Vibramycin, Streptomycin, Baci-
tracin, Ampicillin) in 9 patients (16.98%), diabetes mellitus (including type 2, type
3/ gestational diabetes) and gynecological diseases (including uterine myoma,
extrauterine gravidity, tubo-ovarian abscess, endometriosis) in 6 patients
(11.32%) each, depression and neurological diseases (including cognitive devel-
opmental delay, chronic pain syndrome, myoclonus, epilepsy, migraine) in 5 pa-
tients (9.54%) each, atrial fibrillation in 4 patients (7.55%), dyslipidemia, nicotine
abuse, COVID-19-infection and coronary heart disease in 3 patients (5.66%)
each. Further, secondary diagnoses including rheumatoid arthritis, traumatic ver-
tebral artery dissection with brainstem ischemia, clipping of a right internal carotid
artery aneurysm, insult of the middle cerebral artery due to persistent foramen
ovale, lysis, mechanical recanalization and PFO closure, splenic infarction is ob-

served in 5 patients (9.43%).
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Graph 6: Patients comorbidities distribution

In 12 patients, a previous surgical therapy is observed in the patient history (in-
cluding hysterectomy, adnexectomy, appendectomy, tonsillectomy, cholecystec-
tomy, surgery for inguinal hernia, surgery for phimosis, surgery for varicocele, leg
vein surgery, cesarean section, surgery for a rupture of the tympanic membrane).
Regarding tumor- and therapy-associated secondary diagnoses, side effects of
tumor therapy (including pulmonary hypertension, cachexia, cardiomyopathy,
anemia, thrombopenia, tricytopenia, chronic renal failure, hearing impairment,
polyneuropathy, hand-foot-syndrome, urogenital fistula, pneumonitis, Ifosfamide-
induced encephalitis, cerebral radionecrosis, pneumothorax, secondary scle-
rosing cholangitis, postoperative phrenic nerve paralysis, postoperative long-term
ventilation, dysphagia) are documented in 32 patients (60.38%), therapy-associ-
ated infections (including pneumonia, peritonsillar abscess, recurrent cholangitis,
pyelonephritis, pseudomembranous colitis, port infection, VRE colonization, Her-
pes simplex reactivation, thrush, neutropenic sepsis, osteomyelitis, epididymitis,
panaritium digitum | right side) in 19 patients (35.38%) and tumor-associated
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symptoms or diseases (including malignant pleural effusion, bile duct stenosis,
duodenal stenosis, portal hypertension, 2x mechanical ileus, adrenocortical in-
sufficiency, SIADH, epilepsy, mitral stenosis, intracerebral hemorrhage, sacral

wound with multiple life-threatening bleeding events) in 14 patients (26.42%).

4.2. Description of the tumor characteristics

4.2.1. Staging and grading

Every patient received staging and grading at the time of diagnosis. According to
TMN classification, our patient structure is as follows: Tx stage in 7 patients
(13.21%), stage TO was not recorded in any patient, T1 stage was observed in 5
patients (9.43%), T2 stage in 25 patients (47.17%), T3 in 12 patients (22.64%)
and T4 in 4 patients (7.55%).

T4 Tx
8% 13%

T3
23%

Graph 7: Tumor staging, TMN classification T stadium distribution

Nodal status is unknown (Nx) in 9 patients (16.98%), status NO is observed in 36
patients (67.92%) and N1 in 8 patients (15.09%).
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Graph 8: Tumor staging, TMN classification N stadium distribution

At the time of diagnosis, no metastases (M0) are found in 38 patients (71.7%)
and stadium M1 is observed in 15 patients (28.3%).

Graph 9: Tumor staging, TMN classification M stadium distribution
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According to the UICC classification, stadium | is observed in 11 patients
(20.75%) at the time of the diagnosis, stadium Il in 2 patients (3.77%), stadium IlI
in 25 patients (47.17%) and stadium IV in 15 patients (28.2%).

mUICC |

sUICCII

mUICC I

uUICC IV

Graph 10: Tumor staging, UICC classification at diagnosis

In contrast, at the time of DNA sequencing MO stadium is found in 6 patients
(11.32%) and metastatic disease (M1) in 47 patients (88.68%), therefore, UICC
IV stadium.
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Graph 11: Tumor staging, UICC classification at sequencing

Histological grading showed the following distribution: Grade G1 in 8 patients
(15.09%), G2 in 13 patients (24.53%), G3 in 28 patients (52.83%) and G4 in 4
patients (7.55%).

28
13
8
. 4
G1 G2 G3

G4

Graph 12: Tumor grading distribution
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4.2.2. Primary tumor sites

In our study cohort, we examined tumor location distribution. Primary tumor sites,
ranked by frequency, are retroperitoneum (incl. small pelvis, 17 patients,
32.08%), lower limb (13 patients, 24.53%), upper limb (7 patients, 13.21%),
thorax (6 patients, 11.32%), abdomen (5 patients, 9.43%) and spine (5 patients,
9.43%).

Retroperitoneum
32%

Upper limb

13% Lower limb
25%

m Retroperitoneum mLower limb mUpperlimb =Thorax mAbdomen = Spine

Graph 13: Primary tumor sites distribution

4.2.3. Histology

Every patient in our study cohort received a histopathological examination of the
tumor sample, which was an inclusion criterion. The histological entities showed
a wide margin of diversity and are ranked by frequency of occurrence: leiomyo-
sarcoma (LMS) in 16 patients (16.98%), liposarcoma and Ewing/Ewing-like sar-
coma in 5 patients each (9.43%), osteosarcoma in 4 patients (7.55%), chondro-

sarcoma, fibrosarcoma and pleomorphic sarcoma in 3 patients each (5.66%),
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chondroma, endometrial stromal sarcoma, epithelioid sarcoma, malignant epithe-
lioid hemangioendothelioma, rhabdomyosarcoma (RMS), not otherwise specified
(NOS) sarcoma, synovial sarcoma and solitary fibrous tumor in 2 patients each
(3.77%), angiosarcoma, clear cell sarcoma, dendritic cells sarcoma, malignant
phyllodes tumor and desmoplastic small round cell tumor (DSRCT) in 1 patient
each (1.89%).
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Graph 14: Histopathology distribution
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4.3. Diagnostics

4.3.1. Laboratory values

At the time of DNA sequencing mean neutrophil count was 4155.7/ul (normal:
2100-7700/ul, STDEV.s 2097.05) and the median neutrophil count was 3910/ul.
The mean lymphocyte count was 950.7/ul (normal: 1200-3500/ul, STDEV.s
557.43) and the median lymphocyte count was 875/ul. LDH mean value was
307.72 U/l (normal up to 250 U/I, STDEV.s 378.8) and the median LDH value was
196.5 U/I. The laboratory data were available in 50 patients.

Mean laboratory values (at the time of analysis)

Neutrophil count 4,156/ul
Lymphocyte count 951/ul
LDH 197 U/l

Table 13: Patients, mean laboratory values

4.4. Therapy
4.4.1. Surgery

Regarding therapeutic interventions, a total of 47 patients (88.67%) received sur-
gical therapy (a total of 124 operations) in general with a mean value of 2.34
operations per patient (STDEV.s 2.05) and a median value of 2 operations per
patient. 46 patients received an operation on the primary tumor (86.79%), and 26
patients received an operation on the secondary metastatic deposits (26%). Fur-
ther, 4 patients (11.43%) received hyperthermic intraperitoneal chemotherapy
(HIPEC) in addition to the surgical therapy.
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Graph 15: Surgical treatments distribution

4.4.2. Radiotherapy

A total of 63 radiotherapies were applied. Definitive radiotherapy was imple-
mented in 1 patient (1.89%, a patient with chordoma). In a neoadjuvant setting,
5 patients received radiotherapy (9.43%). Of those cases, 2 patients additionally
received an implementation of Ifosfamide sensitizing and hyperthermic therapy
and further 2 patients Ifosfamide sensitizing only. Adjuvant radiotherapy was per-
formed in 6 patients (11.32%). Radiotherapy of a local recurrence was adminis-
tered in 3 patients (5.66%) for the tumor localized in the retroperitoneum, thorax
wall and left thigh. Further 48 radiotherapies (76.19% of all radiotherapies) of the
secondary metastatic deposits were performed on metastasis localized in ster-
num, lungs, liver, mediastinum, thoracic spine vertebra, right upper arm, left flank,
cervical spine vertebra, pelvis, cranial bones, intraspinal, cerebrum (WBRT-
whole brain radiotherapy and SBRT-stereotactic body radiotherapy), epigastrium,
left femur, left femur neck, os ileum, distal humerus right, os sacrum, lumbar spine
vertebra, sacral spine vertebra, proximal femur on both sides, skin, pancreas,
nuchal, right shoulder, right knee, abdomen, multiple costae, retrosternal, para-
vertebral, right upper thoracic aperture, left scapula, left humerus.
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Graph 16: Radiotherapeutic treatments distribution

4.4.3. Chemotherapy

In the course of our study, a total of 194 chemotherapies or chemotherapy proto-
cols were administered. In a neoadjuvant setting, a total of 9 chemotherapies or
chemotherapy protocols (4.6% of total chemotherapies or chemotherapy proto-
cols) was documented, including 4 patients receiving Doxorubicin/lIfosfamide
(44% of neoadjuvant chemotherapies or chemotherapy protocols), 1 case of Epi-
rubicin/Cyclophosphamide (0.11%), 1 case of VIDE protocol (including Vincris-
tine, Ifosfamide, Doxorubicin and Etoposide, 0.11%), 2 cases of EURO-BOSS
protocol (including Cisplatin, Ifosfamide and Doxorubicin, 0.22%) and 1 case of
EURAMOS protocol (Methotrexate, Doxorubicin and Cisplatin, 0.11%). In an ad-
juvant or additive setting a total of 12 chemotherapies or chemotherapy protocols
(6.1% of total chemotherapies or chemotherapy protocols) were administered,
including 1 case of Doxorubicin (8.3% of adjuvant/additive chemotherapies or
chemotherapy protocols), 4 cases of Doxorubicin/Ifosfamide (33.3%), 1 case of
Nivolumab (8.3%), 2 cases of EURO-BOSS protocol (including Cisplatin, Doxo-
rubicin and Ifosfamide, 16.6%), 1 case of VIDE protocol (including Vincristine,
Ifosfamide, Doxorubicin and Etoposide, 8.3%), 1 case of Letrozole (8.3%), 1 case
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of EURAMOS-1 protocol (including Methotrexate, Doxorubicin, Cisplatin and Mi-
famurtide, 8.3%) and 1 case of Cisplatin/Paclitaxel (8.3%).

E neoadjuvant

adjuvant/additive

m palliative

Graph 17: Chemotherapeutic treatment distribution

In palliative setting a total of 173 chemotherapies or chemotherapy protocols
(89% of total chemotherapies or chemotherapy protocols) were administered, in-
cluding following therapy protocols or substances ranked by frequency of occur-
rence: 21 cases of Pazopanib (12.1% of palliative chemotherapies or chemother-
apy protocols), 18 cases (10.4%) each of Trabectedin and Gemcitabine/Docet-
axel , 12 cases (6.9%) of Gemcitabine, 11 cases (6.3%) of Doxorubicin, 7 cases
(4%) of Dacarbazine , 6 cases (3.4%) each of Doxorubicin/Ifosfamide and Doxo-
rubicin/Olaratumab, 5 cases (2.8%) each of Caelyx (liposomal Doxorubicin) and
Topotecan/Cyclophosphamide, 4 cases (2.3%) each of VIDE protocol (including
Vincristine, Ifosfamide, Doxorubicin and Etoposide) and Carboplatin/Etoposide,
3 cases (1.7%) each of Olaratumab, Trabectedin/Olaparib (as a part of TOP-
ART-study) and Olaparib, 2 cases (1.1%) each of VIP protocol (including Cispla-
tin, Etoposide and Ifosfamide), Imatinib, Aurora-kinase-inhibitor, Palbociclib,
Nab-Paclitaxel/Aurora-kinase-inhibitor, Sorafenib, Alpelisib, Pembrolizumab and
tumor-peptide-vaccination as well as 1 case (0.5%) each of Ifosfamide, Doxoru-
bicin/Dacarbazine, Gemcitabine/Dacarbazine, Eribulin, Carboplatin/Etoposide/
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Bevacizumab, EURO-BOSS protocol (including Cisplatin, Doxorubicin, Ifos-
famide), Lenvatinib, Carboplatin/Olaparib, 6-Mercaptopurin, Temozolomide, Te-
mozolomide/lrinotecan, Temozolomide/Bevacizumab, Carboplatin/Paclitaxel,
modified VAIA protocol (including Vincristine, Adriamycin, Ifosfamide, Actinomy-
cin-D — without Vincristine), Trofosfamide/ldarubicin, Temsirolimus/Vinorelbine/
Cyclophosphamide, Cyclophosphamide, Gemcitabine/ATR-inhibitor/Navitoclax,
Gemcitabine/Rucaparib, Crizotinib, Cabozantinib, Everolimus, Bevacizumab,
Melphalan/Thiotepam, Larotrectinib, Nivolumab, Pembrolizumab/tumor-peptide-
vaccination, immunotherapy with CD276 antibody with IL2 and IL12 intratumor-
ally and subcutaneously administered and study drug Bl1403-0001 (phase |
study).
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Graph 18: Chemotherapies distribution

25

60



A total of 11 further miscellaneous therapeutic interventions were documented.
Those encompass, ranked by frequency of occurrence, 4 cases (36.3% of mis-
cellaneous therapies) of complementary medical therapies, 2 cases (18.1%) each
of autologous stem cell transplant and radiofrequency ablation and 1 case (9.1%)
each of whole body hyperthermia (parallel to Gemcitabine/Docetaxel ), CXCR4-
targeted radioligand therapy with GBqYg0-Pentixather, high-intensity focused ul-
trasound (HIFU) therapy of pancreatic metastasis, embolization of pulmonary me-

tastasis and laser evaporation of visceral peritoneum.

4.5. Tumor genome sequencing

4.5.1. Tumor samples characteristics

Every patient in our study cohort had received a DNA sequencing of tumor tissue.
The mean temporal distance from diagnosis to DNA sequencing is 46.75 months
(STDEV.s 52.5) with a median value of 28 months. Our samples show a mean
tumor content of 72.67% (STDEV.s 21,19) with a median value of 80% tumor
content. A total of 17 samples (32.08%) came from the primary tumor and a total
of 36 samples (67.92%) were obtained from metastatic secondary lesions. The
localization of biopsied secondary lesions, ranked by frequency of occurrence,
was the following: soft tissue (10 samples, 27.78%), pleura/lung (9 samples,
25%), bone (5 samples, 13.89%), lymph node (6 samples, 16.67%), liver (3 sam-
ples, 8.33%), pancreas, duodenum and peritoneum (1 sample each, 2.78%).

4.5.2. Tumor mutational burden

As a part of the molecular-genetic examination of the tumor samples, an analysis
of tumor mutational burden (TMB) was performed. A mean TMB value of 2.3
(STDEV.s 3.48) and a median value of 1.5 was observed. We defined a low TMB
as less than 3 mut/Mb, an intermediate as TMB between 3 and 10 mut/Mb and a
high TMB as above 10 mut/Mb. In the case of 40 samples (76.92%) a low TMB
was observed, 11 samples (21.15%) have shown an intermediate TMB and in the
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case of 1 sample (1.92%), a high TMB was noted. The data was available for 52
patients. The patient with the highest TMB had a value of 24,7 mut/Mb.

H low
(<3 mut/Mb)

m intermediate
(3-10 mut/Mb)

® high
(>10 mut/Mb)

Graph 19: Tumor mutational burden distribution

4.5.3. Microsatellite instability

Regarding microsatellite instability (MSI), all 52 examined samples (100%) have
shown microsatellite stability. In 1 patient the analysis of microsatellite stability

was not performed.

MSS MSI

Graph 20: Microsatellite status distribution
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4.5.4. Homologous recombination deficiency

Homologous recombination deficiency (HRD) was shown to be positive in 13
samples (25%) with a mean HRD score of 32.28 (STDEV.s 22.44) and a median
value of 24.5. The data for HRD analysis was available in 52 out of 53 patients

and HRD score was determined in 32 patients.

m Positive

= Negative

Graph 21: Homologous recombination deficiency status distribution

4.5.5. Fusion genes analysis

Our study cohort received an analysis of fusion genes. Out of 52 patients for
whom the data was available, 16 patients (30.77%) have had the presence of
fusion genes detected. Of those patients with detected fusion genes, the mean
number of fusion genes per patient was shown to be 1.375 (STDEV.s 0.885) and
a median number of fusion genes per patient 1, with 1 patient (6.25%) each show-
ing the presence of 4, 3 and 2 different fusion genes and remaining 13 patients
(81.25%) exhibiting a presence of a single fusion gene. In our analysis, a total of
22 fusion genes were detected. Of those, 13 genes (59.09%) are known to have
a clinical therapy relevance and in the remaining 9 fusion genes (40.9%) a clinical

relevance was not known at the time of our study. Following clinically relevant
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fusion genes were found, ranked by the frequency of occurrence: 4 cases of
EWSER1/FLI1 (30.7% of clinically relevant fusion genes), 2 cases (15.3%) of
EWSR1-WT1 and 1 case (7.7%) each of EWSR1-CREB3L2, FUS-DDIT3, YAP1-
TFE3, ATM-CUL5, PRKDC-CLIC5, AL445623.2-CDKN2A and TP53-icr. The
genes EWSER1/FLI1, EWSR1-WT1, EWSR1-CREB3L2 and FUS-DDIT3 are fu-
sion genes that have an activating function. In contrast, the fusion genes ATM-
CUL5, PRKDC-CLIC5, AL445623.2-CDKN2A and TP53-icr are known to have
an inactivating function. In the fusion gene YAP1-TFES3, an altered function was
detected. Out of fusion genes with no known clinical relevance, 1 case each
(11.1%) of the following was found: RP11-408A13.2-NFIB, breakpoint EWSR1
(chr22:29683174, intron 7/chr13:37911311), EWSR1-CREM, FN1-COL1Af1,
CAND1-HMGA2, CPSF6-FILIP1, FRS2-SPTA1 (translocation), HMCN1-HMGA2
(translocation), ETV1-MEOX2.
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Graph 22: Therapy-relevant fusion genes distribution
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4.5.6. Copy number alterations

In our study, every examined tumor sample received an analysis of copy number
alterations (CNAs) — such as duplications, amplifications, heterozygous or homo-
zygous deletions and loss of heterozygosity. These variations are frequently lead-
ing to genomic instability. In our study cohort, a total of 38 cases (71.7% of the
samples) of genomic instability were detected.

The following genes were affected, ranked by frequency of occurrence: 8 cases
(21% of the CNAs) of CDKN2A, 6 cases (15.7%) each of CDKN2B, BRCA2 and
RB1, 5 cases (13.1%) each of ATRX, MYC, FGFR1, MDM2, MDM4, MUC1, as
well as PTEN, and NF2; 4 cases (10.5%) of CHEKZ2, and IGFR1R; 3 cases (7.8%)
of CDK4, BRCA1, TP53, TP53BP1, MYCN, XPO1, FGFR 4, MET, CCNE1,
NOTCH3, B2M, SMAD4, and CKS1B; 2 cases (5.2%) of HMGA2, FRS2, JAK2,
NF1, FGF6 and FGF23, BRAF and KRAS, EGFR, CCDN2 and CCD3, VEGFA,
AKT3, PIK3R1, RAD50, KDR and YAP1; 1 case (2.6%) of CDK5, CDK6, MTAP,
FGF3, FGF4 and FGF19, CCND1, NOTCH1, EWSR1 and RNA FAT1, FANCA,
ABCB 1, RAC1, AKT 2, PARP1, PALB2, PIK3CA, TERT, VHL, EMSY and RSF1,
ERBB2, YES1, ATS1, ROS1, SPINK1.
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4.5.7. Germline mutations

Our study cohort received a molecular-genetic analysis of the germline mutations:
In 15 patients (28.3%) a total of 17 germline mutations were found, all of which
(100%) were clinically relevant. Per patient with detected germline mutations a
mean of 1.13 mutation (STDEV.s 0.35) and a median of 1 mutation were ob-
served. Germline mutations were found in the following genes, ranked by the
frequency of occurrence: 3 cases (17.6% of all germline mutations) each of
germline mutation in MUTYH and UGT1A1 genes; 2 cases (11.7%) each of
germline mutation in ABRAXAS1 and TP53 gene; 1 case (5.8%) each of germline
mutation in ERCC2, BARD1 (BRCA1-associated RING Domain 1), BRCAZ2,
SEC23B, MSH6, PTCH2, and CHEK2 genes.

e ABRAXAS1
17% e

Graph 24: Germline mutations distribution
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4.5.8. Somatic mutations

Besides germline mutations, our study cohort received a molecular-genetic anal-
ysis of somatic mutations, which were divided into clinically relevant and irrele-
vant ones. Clinically relevant mutations were detected in 47 patients (88.68% of
the patients). A mean somatic mutation number per patient with detected clinically
relevant mutations of 3.15 was observed. A total of 148 clinically relevant somatic
mutations in the following genes were found, ranked by the frequency of occur-
rence: 15 cases (10.1% of all clinically relevant somatic mutations) in the TP53
gene; 10 cases (6.5%) in the CDKN2A gene; 9 cases (6.1%) in CDKN2B gene;
8 cases (5.4%) each in CDK4 and RB1 gene; 7 cases (4.7%) in MDM2 gene; 6
cases (4%) in ATRX gene; 5 cases (3.3%) each in PTEN and TERT genes; 4
cases (2.7%) each in MYC and PDGFRA genes; 3 cases (2%) each in FGF6,
KIT, KDR, and PIK3CA genes; 2 cases (1.3%) each in CCND2, CCND3, FGF23,
FRS2, HMGA2, KRAS, NF1, TET2 and VEGFA genes as well as 1 case (0.6%)
each in AKT2, ARID1A and ARID2, BIRC2, BIRC3, BRAF, BRCA2, CDKN2C,
CHEK2, CTNNB1, DOT1L, FANCI, FAT1, IDH1 and IDH2, INPPL1, JUN, LZTR1,
MAP2K1, MED12, MET, MTAP, NF2, NRAS, NTRK1, PIK3R1, PTCH1 and
PTCH2, SETD2, SF3B1, SMARCB1, USP9X and YAP1 genes.

A total of 212 somatic mutations with no known clinical relevance was detected
in following genes, ranked alphabetically: ABCG2, ABL1, AJUBA, AKT1, AMER1,
ANKRD26, APC, APOBEC3B, AR, ATP1A1, ATRX, BCL9, BCL11B, BCOR,
BCR, BRCA1, BRCA2, BRD4, B2M, CBLB, CDH2, CDH5, CDH11, CDKN1A,
CFTR, CHD1, CHD4, COL1A1, CRLF2, CSMD1, CTCF, CTRC2, CYP2B6,
CYP2C9, DDR1, DDX11, DICER1, DNMT3A, DPYD, EGFR, EMSY, EPHA2,
EPHA3, EPHA4, ERBB3, ERCC3, ERCC5, ERRFI1, ESR2, ETV6, EZH1, E2F3,
FGF23, FGFR1, FLI1, FLT3, GATA6, GLI3, GNAS, GNA11, GRM3, HCK,
HDAC6, HLA-DPA1, HLA-DRA, IDH2, IKZF1, INPPL1, IRS2, JAK1, JAKS,
KMD5A, KDM6A, KDR, KLF2, KMT2A, KMT2C, KMT2D, LATS1, LATS2, LMO1,
LRP1B, LRRK2, MAF, MDM2, MDM4, MED12, MN1, MSH4, MSH6, MSR1,
MST1R, MTOR, MUC1, MUTYH, MYH9, MYH11, NCOR1, NFE2L2, NFKB2,
NIN, NKX2-1, NOTCH3, NPM1, NQO1, NTRK2, NTRK3, PALB2, PARP4, PDF,
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PIGA, PIK3CA, PIK3C2B, PKHD1, PML, PREX2, PRKCA, PRKD1, PRKN,
PSIP1, PSMB2, PSMB9, PTK7, PTPN12, PTPRD, PTPRT, RABL3, RAC1-
ABCB1 Inversion, RAD54B, RBM10, RB1, ROS1, RPTOR, RSF1, RYR1, SKP2,
SLC19A1, SLC26A3, SLX4, SPEN, SPINK1, SPTA1, STAT3, TAP1, TENTSC,
TERT, TERT-MRM2 Translocation, TET2, TFE3, TGFB1, TMPRSS5-FANCA
Translocation, TNFAIP3, TNFRSF8, TOP1, TOP2A TP53, TP53BP1, TRAFS,
TRAF7, TRRAP, USP34-CTNNAZ2 Inversion, YAP1 and ZFHX3.

4.5.9. Impact of NGS on OS and PFS

In our cohort, we could observe that the NGS sequencing led to the detection of
therapeutic targets as well as the consecutive application of targeted therapies.
Following Table 14 shows the used targeted therapies and the respective line of
therapy. In some cases, the targeted therapies were combined with cytostatic
chemotherapeutic agents (not listed here):

Patient number Targeted Therapy Therapy line
Patient 3 Lenvatinib (TKI) 3
Imatinib (TKI) 7"
Patient 6 Olaparib (PARP-Inhibitor) 8"
Palbociclib (CDK4/6-Inhibitor) 12t
ATR-Inhibitor + Navitoclax
Patient 9 3rd
(bcl2-Inhibitor)
Rucaparib (PARP-Inhibitor) 7"
Patient 11 Tumor peptide vaccination 7"
Patient 13 Crizotinib (TKI) 12t
Olaparib (PARP-Inhibitor) 12t
Patient 16
Aurora kinase-Inhibitor 13t

3" Therapy line,

Patient 17 Nivolumab (CPI) adjuvant after two
operations
Patient 21 Olaparib (PARP-Inhibitor) 4
Cabozantinib (TKI) 4t
Patient 22
Olaparib (PARP-Inhibitor) 5
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Patient 25 Aurora kinase-Inhibitor 7"

Temsirolimus (MTOR-Inhibitor) 5
Patient 26

Palbociclib (CDK4/6-Inhibitor 10"
Patient 29 Nivolumab (CPI) 3
Patient 31 Alpelisib (PIK3CA-Inhibitor) 14"

Pembrolizumab (CPI) 5t
Patient 32

Olaparib (PARP-Inhibitor) 6"
Patient 34 Everolimus (mTOR-Inhibitor) 12t
Patient 36 Sorafenib (TKI) 6"

Pembrolizumab (CPI) +
Patient 38 _ _ 13"

Tumor peptide vaccination

Tumor peptide vaccination 213
Patient 42

Aurorakinase-Inhibitor 22"
Patient 43 Larotrectinib (TRK-Inhibitor) 4t

Aurorakinase-Inhibitor 11t
Patient 47 Anti-CD276-Antibody+ IL2 + IL12 intra- 1o

tumoral (Immunotherapy)

Imatinib (TKI) 2

Olaparib (PARP-Inhibitor) 4t
Patient 49

Sorafenib (TKI) 5t

Alpelisib (PIK3CA-Inhibitor) 8"

Table 14: Applied targeted therapies

Patients receiving a targeted therapy based on the NGS sequencing results

showed significant prolonged survival of 43 months compared to patients not re-
ceiving targeted therapies, OS 33 months, (p=0.035, HR=2.25, 95%Cl:1.1-4.7).
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Graph 25: Targeted therapies and outcomes.
Blue line: patients with targeted therapy.
Red line: no targeted therapy
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5. Discussion

Considering the rarity and remarkable heterogeneity of sarcomas at the histolog-
ical, molecular and genetic levels, the aim of our thesis was to retrospectively
examine the genetic profile of a real-life cohort of 53 sarcoma patients in our sar-
coma center using a large NGS 720 gene panel.

Despite all advances in modern cancer treatment, sarcoma patients presenting
with metastasis still have limited therapeutic options and show an unfavorable
prognosis. According to clinical guidelines, first-line therapy for advanced disease
includes Doxorubicin, either as a single agent or in combination with Ifosfamide
(155), resulting in a rather limited median progression-free survival (PFS) ranging
between 4.5 and 6 months (155). Second-line treatment is increasingly differen-
tiated toward particular histological subtypes encompassing the use of classical
chemotherapeutics including Trabectedin, Gemcitabine, Eribulin and taxanes
(155), as well as Pazopanib, a multi-targeted receptor tyrosine kinase inhibitor
(156) (157). Unfortunately, the median PFS for most second-line therapies re-
mains dismally low — below 5 months (155) (158), thus further highlighting the

dire need for novel predictive and therapeutic options in sarcoma.

Since genetic profiling enables not only the identification of prognostic but also
therapy-relevant alterations in heterogeneous diseases — large-scale genetic
analysis has become an indispensable part of modern anti-cancer treatment. As
prognostic therapy markers, we analyzed tumor mutational burden, microsatellite
status, homologous recombination deficiency, fusion genes, copy number altera-
tions and germline as well as somatic mutations and compared the outcomes in
the patients receiving NGS-based target therapy to those without NGS-based
target therapy. A comparison to the often-scarce existing literature on the topic in
the following pages seeks to draw conclusions about the significance of the mo-
lecular genetic diagnostic and the impact on the outcomes of sarcoma patients.
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5.1. Study cohort

Our study’s real-life sarcoma cohort included a total of 53 patients which is in
terms of the number of enrolled patients comparable to several big existing sar-
coma studies such as 40 patients with soft tissue sarcoma in SARC028 (144), 47
patients Painter et al. (159) and 49 patients Chudasama et al (147), but smaller
in scope when compared to the sample size of 71 patient in Campanella et al.
(146) or 304 Patients in Dyle et al. (145) and larger compared to the sample size
of 7 patients in Florou et al. (153), 31 patients in Kovac et al. (148) or 21 patients
in He et al. (142).

The Clinical genomic profiling in the management of patients with soft tissue and
bone sarcoma (160) study is one of the by far largest NGS sarcoma studies in
scope and included 7494 sarcoma patients. Besides adult, it included the pediat-
ric population as well. A very well-known challenge in sarcoma research is
achieving a significant study cohort size due to the sheer rarity of the disease.
Furthermore, structuring the study cohort and individual groups within it can also
be challenging due to the heterogeneity of the disease. We enrolled patients with
all sarcoma subtypes with the goal in mind to analyze the significance of molec-
ular profiling in sarcomas in general and the clinical implication of the common
molecular-genetic features between different sarcoma subtypes. However, ac-
cording to recent literature, this poses a certain limitation in itself, due to signifi-
cant intertumoral diversity between individual sarcoma subtypes, as described in
multiple studies (145) (144) (146) (160), which further complicates the develop-
ment of precision-based therapeutics. Some studies tried to solve this problem
by recruiting only patients with a certain sarcoma subtype (153) (161) (148) (147)
in an attempt to examine the effects of certain interventions on this strictly defined
study cohort. Alternatively, other studies, such as the Clinical genomic profiling in
the management of patients with soft tissue and bone sarcoma (160) study,
aimed to identify highly recurrent and type-specific alterations with a potential to
impact diagnosis and treatment decisions (160). Despite a massive study popu-
lation, even in this study were represented not more than 44 different histological
sarcoma subtypes, which reflects a fraction of the sarcoma subtypes diversity.
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Relative to the cohort size, one of the strengths of our study is the representation
of the relatively rare sarcoma subtypes in a real-life cohort. The weaknesses of
our study are aligned with typical disadvantages of a retrospective analysis, such
as, for example, not being able to determine causality but only association based
on the available data.

The mean age at the time of diagnosis for all the sarcoma patients (bone as well
as STS) was 44.4 years. Based on current literature provided by the NCHS and
SEER databases, the mean age at diagnosis for soft tissue sarcomas and malig-
nant bone tumors was 58 and 40 years of age, respectively (63)(162), which is
comparable to our findings.

5.2. Tumor genome sequencing

5.2.1. Tumor mutational burden

In analyzing TMB, whole exome sequencing remains the gold standard diagnos-
tic method. However, TMB is also shown to be reliably extrapolated from NGS-
based multigene panels (125), as done in our study. We applied the following
TMB ranges, which are defined as: low TMB as less than 3 mutations/Mb, inter-
mediate TMB as a value between 3 and 10/Mb, a high TMB as a value above 10
Mb. However, in several other studies on the same topic, somewhat differing TMB
ranges were observed (163). We propose a unified TMB range system for sar-
coma studies as a step towards simplification and standardization of future stud-
ies. A detected median TMB value of 1.5 mutations/Mb in our study is higher
compared to Abeshouse et al. (143), who found a median of 1.06 mutations/Mb,
but lower compared to Painter et al. (159) who found an overall median TMB of
3.3 mutations/Mb. In our study, only 1 out of 52 patients (1.92%) has shown a
high TMB which is comparable to He et al. (142) who also detected only 1 out of
21 patients (4.7%) with a high TMB in their study cohort. The highest TMB in our
study was 24,7 mut/Mb and was observed in a patient with MSH-6 germline mu-
tation. The sweeping Clinical genomic profiling in the management of patients
with soft tissue and bone sarcoma study found a median TMB of 2.4 mut/Mb
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(160), which is higher than our results, However, a high TMB-score was detected
in 2.9% of the patients (160), which is comparable to 2% in our study.

Large initial studies involving multiple types of malignant tumors (such as KEY-
NOTE-158 (164)) tried to establish TMB as a novel and useful predictive bi-
omarker for response to Pembrolizumab monotherapy in patients with previously
treated recurrent or metastatic advanced solid tumors. Despite a rather limited
array of cancer types included in the study, across 790 cases, patients exhibiting
a high TMB status (defined in this study as more than 10 mutations per mega-
base) demonstrated a significantly higher response rate of 29% to Pembroli-
zumab compared to 6% in patients exhibiting a non-high TMB status (defined in
this study as less than 10 mutations per megabase) (164). Although underlining
the significant potential of TMB as a predictive biomarker for immune checkpoint
inhibitor therapy, this study fails to demonstrate if a clear association remains
when stratified in specific cancer types such as sarcomas, highlighting a need for
further studies (139). One such trial was The SARCO028 (140), a two-study cohort,
single-arm, open-label, phase 2 study, which examined the overall response on
anti-PD-1-antibody Pembrolizumab in 86 patients with metastatic or surgically
non-resectable locally advanced sarcoma, treated with up to three previous lines
of systemic anticancer therapy (140). This trial has shown an objective response
in only 7 out of 40 (18%) patients. However, when stratified in different sarcoma
subtypes, notable differences in response were detected: the undifferentiated
pleomorphic sarcoma (UPS) group exhibited the highest objective response (in 4
out of 10 UPS patients; 40% OR), followed by patients with dedifferentiated lipo-
sarcoma (DDLPS) (2 out of 10 DDLPS patients; 20% OR) and synovial sarcoma
(SS) (1 out of 10 SS patients; 10% OR) (122). In the leiomyosarcoma (LMS)
group no responses were detectable (122). Further, a phase Il trial
(NCT02428192) aimed to assess Nivolumab, a PD1 blocking antibody, as a mon-
otherapy in uterine LMS (ULMS) patients and similarly demonstrated no clinical
benefitin 12 patients (165) (122). Unfortunately, no TMB analysis was conducted
in these trials, limiting the further deductions. Due to rather limited patient study
cohort sizes, drawing definitive conclusions about potential subtype-specific ben-
efits and a connection between certain histopathological subtypes and favorable
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checkpoint inhibition response proves challenging. However, the dire need for
robust predictive biomarkers to prospectively identify sarcoma patients that would
likely benefit from immune checkpoint inhibitor therapy as well as for exploring
further biomarker-driven approaches is becoming increasingly clear. To further
underline this point, it was shown that the presence of other confounding factors
(such as known defined genetic drivers) may further limit the use of TMB as a
sole marker for CPl immunotherapy. For example, The Cancer Genome Atlas
Research (TCGA) detected in a recently published report a low overall TMB (av-
eraging 1.06 mutations/ Mb) across 206 soft tissue sarcoma cases, which is, on
one side, comparable to our own results and suggests, on the other side, that
TMB alone as a biomarker may be insufficient in sarcomas (143). In search of a
complementary marker to increase robustness and predictive power of TMB,
Petitprez et al. analyzed gene expression data and tumor microenvironmental
features across 608 soft tissue sarcomas, identifying 5 distinct molecular sub-
types associated with the enrichment of specific subsets of immune-related
genes (144) (122). The immune-high subtype, christened “class E”, exhibited
presence of B-cell lineage genes and an association with tertiary lymphoid struc-
tures (TLS) (144) (122). Using these molecularly-defined subgroups to stratify
patients from the SARCO028 trial (140), the class E patients have been shown to
exhibit a significantly higher OR rate (ORR; 50%) to Pembrolizumab compared
to any other subgroup (144) (122). This suggests that including TLS and gene
expression signatures may increase sensitivity in predicting sarcoma patients that
may benefit from treatment with immune checkpoint inhibitors. Further evaluation
of the integration of TMB with TLS scoring and other immune-based gene ex-
pression signatures (as described by Petitprez et al. (144)) may improve their
predictive power and robustness as a biomarker of immune checkpoint inhibitor

response (122).

In our study a checkpoint inhibitor therapy was administered a total of 5 times: 1
case of Nivolumab in an adjuvant setting in a patient with an intermediate TMB
(5.6 mutations/Mb) and metastasized interdigitating dendritic cell sarcoma (IDCS,
an extremely rare neoplasm that mainly arises from the lymphoid tissues of the

immune system (166)) with a complete remission as a result. In a patient with a
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metastasized small blue round cell tumor of Ewing sarcoma/PNET group and an
intermediate TMB (5.6 mutations/Mb), a checkpoint inhibition with Pembroli-
zumab had to be discontinued after 3 therapy cycles due to tumor progression.
Further, the above-mentioned patient with metastasized extraskeletal chondro-
sarcoma and a high TMB score (24.7 mutations/Mb) has responded well to the
CPlimmunotherapy with Nivolumab. Alas, due to severe side effects, this therapy
had to be stopped after 10 therapy cycles. Due to the small sample size and the
rarity of the patients with a high or very high TMB in our study cohort, it is difficult
to draw definite conclusions regarding the predictive power of TMB as a bi-
omarker for the checkpoint inhibition response. Unfortunately, it was not possible
to retrospectively examine immune-based gene expression signatures addition-
ally and correlate those to the effects of the immunotherapy, which is in line with
typical limitations of a retrospective study. As Yang et al. noticed in their study
about predictive markers (167), the immune context of the tumor microenviron-
ment (TME) is critical for effective immunotherapy, but DNA-based biomarkers
for the immune-sensitive TME and the identification of immune checkpoint inhib-
itor responders are nonetheless under-explored. Further studies are needed
here.

5.2.2. Microsatellite instability

Despite PCR-based detection of MSI markers remaining the gold standard (168),
multiple NGS-based methods exhibit accurate and reliable MSI signature detec-
tion (130) utilizing either genome-wide sequencing or sequencing of smaller gene
subsets. PCR-based methods brought about advantages regarding throughput,
sensitivity and simultaneous analysis of samples for additional genomic signa-
tures (122). We employed these advantages in our study. As previously dis-
cussed, an MSI-high signature associated with MMR defects may be able to pre-
dict response to immune checkpoint inhibitors, as described in several key trials
(131) (169), which has subsequently led the FDA to approve MSI as a predictive
biomarker for checkpoint inhibitor therapy response agnostic of tumor type or an-

atomical site (131).
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As previously detailed in the introductory part, the evidence for the presence of
MSI-high signatures in sarcomas has been rather unpromising, with most of the
studies reporting a rather small incidence of sarcomas exhibiting microsatellite
instability (146) (122). A recent study of 71 STS patients by Campanella et al.
(146), detected MSS status in every patient, suggesting that MSI may have a
rather limited utility in sarcoma patients. This data is unfortunately comparable to
our own findings: out of 52 patients in our study cohort, none have expressed
microsatellite instability casting further doubt in the role of MSI as prediction
marker in sarcoma. However, further investigation is required to illuminate
whether a high MSI signature is a reliable predictor of response to checkpoint
inhibitors in sarcomas and if MSI can be used either as a sole parameter or in

combination with other parameters.

5.2.3. Homologous recombination repair deficiency

Another promising predictive biomarker for novel therapy options in several tumor
entities is homologous recombination repair deficiency (HRD). It is defined as an
unweighted sum of three independent DNA-based measures of genomic instabil-
ity in a tumor: loss of heterozygosity (LOH (173)), telomeric allelic imbalance (TAI
(174)), and large-scale transitions (LST (175)). This marker is strongly associated
with a sensitivity to treatment with PARP inhibitors (176). Furthermore, several
large studies (167) linked HRD-high genotypes with neoantigenesis in multiple
malignancies, including bladder cancer, breast cancer, head and neck squamous
carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, ovarian cancer
and sarcoma. The analysis of the TCGA database illuminated that tumors with
high HRD scores are more likely to exhibit increased leukocyte infiltration and
lymphocyte fraction and demonstrate an immune-sensitive microenvironment
(167), suggesting the HRD-high genotype as a potential predictor of immune
checkpoint inhibitor therapy response (167). However, in this regard, HRD seems
to be insufficient as a sole marker (177) and may be inferior to immuno-tumor
microenvironment (iTME) (177) and therefore is mostly clinically used as a
marker for PARP-inhibitor therapy response (176).
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The existing literature shows the highest frequency of HRD genotypes in ovarian
and breast cancer, followed by pancreatic and prostate cancer (178). Several
large pan-cancer HRD studies are rather difficult to interpret as sarcomas were
not considered and analyzed as a separate group, since they comprise a very
heterogeneous family of more than 100 distinct histological subtypes arising on a
wide variety of primary locations. Several studies in recent years identified HRD-
ness traits in soft tissue and bone sarcoma (148) (179) (180).

A clear cut-off value for HRD in sarcoma is not universally defined. In other ma-
lignancies with the “BRCAness” phenotype, a cut-off value of 42 for the use of
PARP inhibitors is well established (181). Although the HRD score remains insuf-
ficiently explored, several comprehensive sarcoma studies with HRD in focus
(155) have used 32 as an optimal cut-off value for sarcoma, so we abided by this
value as a cut-off in stratifying our patients as well aiming for establishing a unan-
imous value system and cut-off values in future studies. Furthermore, the basis
for this cut-off value found reinforcement in a significant correlation with high
PARP-inhibitors sensitivity in patient-derived ex-vivo-sarcoma models (155).

One of the largest sarcoma studies with HRD in focus (155) describes striking
sarcoma subtype related differences in the genomic instability signatures and
HRD scores, with undifferentiated pleomorphic sarcoma (UPS), osteosarcoma
(OS), myxofibrosarcoma (MFS) and uterine leiomyosarcoma (ULMS) exhibiting
the highest HRD scores, followed by malignant peripheral nerve sheath tumor
(MPNST), extra-uterine leiomyosarcoma (LMS) and dedifferentiated liposarcoma
(DDLPS) (155). A very comprehensive Clinical genomic profiling in the manage-
ment of patients with soft tissue and bone sarcoma study (160) also found a var-
iation in HRD genetic signatures frequency between different sarcoma subtypes,
with uterine leiomyosarcoma (ULMS) exhibiting the most frequent HRD markers
(160). However, overall, only 2.5% (184/7494) of samples harbored pathogenic
alterations in homologous recombination repair pathways (such as BRCA1/2,
PALB2, RAD51, and its paralogs RAD51B, RAD51D, RAD52, RAD54L), which is
significantly lower compared to our results. A study of 83 uterine leiomyosarco-
mas (182) found an HRD signature in 25% of the samples coinciding with our
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finding. Another sweeping molecular-genetic-based study of 52426 tumor sam-
ples (183) of multiple cancer types found pathologic alterations associated with
HRD in 9.3 % of sarcoma. However, no further stratification in sarcoma subtypes
was performed. A multi-cancer study of 501 samples (184) observed the pres-
ence of HRD genetic patterns in as much as 65% of the 60 sarcoma samples.
Unfortunately, further quantification (for example through calculation of the HRD
score) or data on the structure of the sarcoma study subpopulation were not avail-
able. In the study of 351 Chinese sarcoma patients, 13.7% were found to have
positive HRD molecular-genetic patterns, which is lower compared to our find-

ings.

In our real-life cohort, we could observe a positive HRD score in 13 patients (25%)
with a mean HRD score of 32.28. This significant variability between the studies
(2.5% — 65%) could be explained through a different proportion of various sar-
coma subtypes in the compared studies. Furthermore, we postulate that higher
HRD frequency in our findings may have a foundation in the fact that leiomyosar-
coma is the sarcoma subtype with the highest prevalence in our cohort, which
was shown in the aforementioned studies to have a higher frequency of HRD
compared to other sarcoma subtypes.

Based on the positive HRD score, we could introduce a PARP-inhibitor to 6 of
our patients. As presented in Table 12, patient 6 with a metastasized chordoma
and an HRD score of 22 received a PARP-inhibitor therapy with Olaparib in the
8" therapy line (as a part of TOP-ART study) over 11 months until tumor progres-
sion. Patient 16 with rhabdomyosarcoma and an HRD score of 71 received
Olaparib together with carboplatin as the 7" therapy line and discontinued after
3 months due to tumor progression. Patient 21 with metastasized phyllodes tumor
received Olaparib in the 8™ therapy line (as a part of the TOP-ART study) over 2
months until tumor progression. Furthermore, patient 22 with osteoblastic osteo-
sarcoma and an HRD score of 47 received Olaparib as the 4" therapy line, which
was discontinued after 7 months due to the progressive tumor dynamic. Another
case was a patient 32 with a small blue round cell tumor of the Ewing sarcoma /
PNET family having an HRD score of 38. The therapy with Olaparib was intro-
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duced as the 4t therapy line and was continued for 3 months until a tumor pro-
gression was detected. Finally, patient 49 with metastasized chordoma and with-
out a determinable HRD score received Olaparib in the 4™" therapy line with Tra-
bectedin (as a part of the TOP-ART study) over 5 months until tumor progression
was determined. The described entities that were treated with PARP-inhibitor
therapy are rather atypical in light of existing literature. We could observe that the
PFS under this therapy correlated with HRD-score.

5.2.4. Fusion genes analysis

Fusion genes are common mutations induced by chromosomal aberrations. They
are causally associated with sarcomas (185) and most of them are strongly as-
sociated with a particular histological (sub)type, serving as an ideal molecular
diagnostic marker (186) and, as such, heavily impacting diagnostic and therapy
decisions. Out of 142 reported fusions, more than half exhibit recurrence in the
same histologic subtype (186). Furthermore, some of the chimeric proteins have
been shown to constitute excellent treatment targets, giving rise to much needed
novel target therapy options (for example for fusions that activate protein kinases,
such as ALK and ROSH1, or growth factors, such as PDGFB) (186).

A current literature search yields only a few studies analyzing the fusion gene
frequency in a sarcoma patient cohort. Besides several ongoing studies (for ex-
ample NCT03375437), a Japanese study of 55 sarcoma patients detected fusion
genes in 29 (55%) (185) cases with a total of 47 fusion genes. The cohort con-
sisted of 30 spindle cell sarcoma and 25 round cell sarcoma patients, which would
explain the high fusion gene frequency. As a part of this work, the researchers
found a potentially treatment-relevant novel mutation (185), which shows an ex-
citing potential in this line of research. In our study population, we detected the
presence of 22 already established fusion genes in 30.77% of the patients, with
59.09% of those genes having a known clinical relevance at this time and
EWSR1-FLI1 and EWSR1-WT1 being the most frequent. The lower incidence in

our study compared to the aforementioned Japanese study could be explained
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by a significantly greater sarcoma subtypes heterogeneity in our real-life study
cohort.

As the NGS technologies continue to improve technically and to become more
affordable and user-friendly, they will gradually replace old-fashioned methods
for detecting gene fusions not only in research projects but also in the clinical
setting. Hence, the number of known gene fusions in sarcoma can be expected

to show the same dramatic increase within the next few years (186).

5.2.5. Copy number alteration

Exploring the landscape of copy number alterations (CNAs) is a novel and prom-
ising research field. However, due to the aforementioned challenges, there have
been only several such studies with sarcomas in focus. A CNA is defined as any
deviation from the 2n copy number state of a region in the genome (187) and is
considered as one of the core mechanisms of sarcomagenesis (188). CNAs aris-
ing post-zygotically in a somatic cell are referred to as somatic CNAs or SCNAs.
In contrast, CNAs that occur in the germline, and are therefore inheritable, are
labeled as copy number variants or CNVs (187). A massive pan-cancer study of
853218 SCNAs across 10729 tumor samples concluded that ovarian carcinomas
and sarcomas carry, on average, the highest burden of SCNAs, followed by uter-
ine carcinosarcoma (189). Unfortunately, a more detailed exploration of the sar-
coma samples with analysis of the frequency of individual mutations or in specific

subtypes was not published.

The Comprehensive and Integrated Genomic Characterization of Adult Soft Tis-
sue Sarcomas (190) from Cancer Genome Atlas Research Network is one of the
most thorough papers on this subject to date, involving 206 adult STS patients
and a vast database. This study has shown that only a few genes, such as TP53,
ATRX and RB1, were found to be highly recurrently mutated across sarcoma
types (190). The pan-sarcoma analysis has shown that soft tissue sarcomas har-
bor frequent copy number alterations (190). SCNAs were observed to frequently
affect the MDM2-p53 and the p16-CDK4-RB1 pathway. Overall, the complex kar-
yotype sarcomas were characterized by more frequent SCNAs compared to most
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other tumor types in the TCGA database (190). Of the sarcoma subtypes, dedif-
ferentiated liposarcoma (DDLPS) has shown the highest frequency of SCNAs,
due to its highly recurrent focal amplifications at 12q13~15. In contrast, synovial
sarcoma (SS) displayed very few SCNAs or mutations (190). Further, it was ob-
served across the examined sarcoma types that deletions were more prominent
than amplification, and relevant mutations in tumor suppressors were substan-
tially more frequent than those in oncogenes: MDM2, CDK4, JUN, and TERT
amplifications in DDLPS; MYOCD amplification, PTEN mutations/deletions, and
AKT, IGF1R, and MTOR pathway activation in LMS; and VGLL3 amplification
and Hippo pathway activation in UPS/MFS (190).

Our data is comparable to the aforementioned large genome-driven sarcoma and
pan-cancer studies. We could detect a total of 38 CNAs (71.7% of the samples)
in our study cohort. In our real-life heterogeneous sarcoma cohort, we have ob-
served the highest sCNA frequency in CDKN2A/B, BRCA2, ATRX, MYC, RB1,
ATRX and MDM2/4 genes — the genes that have a key role in cell cycle regula-
tion, chromatin remodeling or are tumor suppressors. Variations in gene fre-
quency and proportion of the detected CNAs between the studies may be ex-
plained through different proportions of the examined sarcoma subtypes. For ex-
ample, liposarcomas were significantly less represented in our study cohort in
comparison to the aforementioned comparable studies (for example (190)).
Therefore, the frequency of the MDM2 gene affection is somewhat lower in our
paper. MDM2 is a known suppressor of genome guardian p53, and its genetic
amplification is a hallmark of liposarcoma (191). Due to the detection of MDM2
amplification, we could include our liposarcoma patient in an appropriate BI1403-
001 phase 1 study with an MDMZ2 inhibitor. At the end of our observation period,
the patient still had a favorable response to this precision therapy. Further, a pa-
tient with chondrosarcoma and detected CNAs in CDKN2A/B genes received as
NGS-based treatment in the 5" therapy line Palbociclib with excellent results and
clinical tolerability. Furthermore, a patient with metastasized desmoplastic small
round blue cell tumor received targeted therapy with Palbociclib in 9™ for three

months, which had to be discontinued due to tumor progression.
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The CNAs reflect the significant genomic instability and should be considered an
important part of understanding tumor biology and tumorigenesis itself, as well as
finding further therapy targets. Suffice to say, this is another promising line of
research. However, more studies are needed before a clear clinical application
can be derived.

5.2.6. Germline mutations

Even though a minority of sarcoma have been associated with hereditary cancer
syndromes such as LFS, RB or NF (all of which are thoroughly discussed in the
introduction), most of the sarcoma cases appear to be sporadic in occurrence (5).
However, little existing literature addresses the role of genetic susceptibility in
sporadic sarcoma (192). A study of 66 Asian patients with a sporadic sarcoma
has shown an incidence of 13.6% of a pathogenic germline mutation in 10 cancer-
associated genes including ATM, BRCA2, ERCC4, FANCC, FANCE, FANCI,
MSHG6, POLE, SDHA and TP53. As described in the study, the most frequently
affected genes are involved in the DNA damage repair pathway (192). A large
international study of 1162 sarcoma patients (193) of the International Sarcoma
Kindred Study (ISKS) detected pathogenic germline variants in as much as 55%
of the patients, with the highest mutation frequency observed in TP53, ATM, ATR,
and BRCAZ2 genes. However, a significant number of patients in this study have
had a known or at least anamnestic strongly implied family history of malignan-

cies, sometimes multiple cancers as well (193).

In our heterogeneous sarcoma cohort, we have detected at least one germline
mutation in almost a third of our patients (28.3%), all of which were clinically rel-
evant. As far as we know, none of our patients has a clear positive family cancer
anamnesis. Nonetheless, our cohort has exhibited more than a twofold higher
frequency compared to the aforementioned Asian study (192), which may be ex-
plained by a greater sarcoma subtype heterogeneity among our patients. The
most prevalent germline mutations in our cohort were MUTYH, UGT1A1, TP53
and ABRAXAS1, which is comparable to the sparse existing literature on this
topic.
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The sum of the aforementioned findings suggests that genetic predisposition
plays a larger role than expected in sporadic sarcoma occurrence, which implies
that young sarcoma patients may be carriers of inherited mutations in cancer
genes and should be considered for genetic testing, regardless of family history.
Furthermore, the prevalence of germline mutations in DNA damage repair genes
would suggest that therapeutic strategies exploiting the vulnerabilities resulting
from impaired DNA repair may be promising areas for translational research.

5.2.7. Somatic mutations

A somatic mutation is per definition an alteration in DNA that occurs after con-
ception (76). Some of those are considered as driving mutations due to being
able to drive tumorigenesis and to confer on cells in a somatic tissue certain se-
lective advantages leading up to tumor cells surviving and eventually spreading
(194). Seeking to understand driver mutations and the underlying cellular pathol-
ogy is considered to be crucial for the further understanding of the process of
tumorigenesis and the development of target therapies.

The Cancer Genome Atlas (TCGA) Research Network reported a recent pan-
sarcoma analysis of 206 adult STSs representing six major subtypes (195), in
which only a few genes (TP53, ATRX, RB1) were shown to be highly recurrently
mutated across common sarcoma types (except for SS). Further, the authors de-
note specific genomic and transcriptomic alterations and also defines molecular
subtypes, which are associated with patient outcome (195). In 80 LMS (53
STLMS and 27 ULMS), 50 DDLPS, 44 UPS, 17 MFS, 10 SS, and 5 MPNST in-
cluded in this study, the significantly mutated genes across the entire cohort were
observed to be TP53, ATRX and RB1. The incidence of the mutations has shown
a wide margin of variability between different subtypes, with TP53 mutations, for
example, being most prevalent in LMS. Further, a study of 102 sarcoma patients
observed, that the most commonly affected genes were TP53 (31.4%), CDK4
(23.5%), MDM2 (21.6%), RB1 (18.6%), and CDKN2A/B (13.7%) (196). Several
other studies analyzed somatic mutation in a particular sarcoma subtype cohorts
showing a distinct subtype-associated profile (197) (198) (199) (200).
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In our real-life pan-sarcoma cohort, we could observe a total of 148 clinically rel-
evant somatic mutations. Comparably to the scarce existing literature, we have
detected the highest incidence in TP53 (10.1%), CDKN2A (6.5%), CDKN2B
(6.1%), CDK4 (5.4%), RB1 (5.4%), MDM2 (4.7%) and ATRX (4%) genes.

5.2.8. Impact of NGS on outcome

The ultimate goal of personalized medicine is to be able to integrate clinical, ge-
nomic, transcriptomic, and epigenomic data to increase the accuracy of diagnosis
and prognosis, and to identify the most effective therapy for treatment (200). Be-
sides understanding cancer biology and the incidence of different molecular-ge-
netic markers in sarcoma, our immediate goal as clinicians was finding actionable
genetic targets in our patients and assessing the effectiveness of our therapy
approach based on those targets through analyzing overall and progress-free

survival.

Several studies analyzed the impact of the target therapies/personalized oncol-
ogy on the outcomes. As a side-effect of the NGS approach, an observational
study with 395 patients from 32 centers of the French Sarcoma Group/Reference
Network in Pathology of Sarcomas has shown that the inclusion of genomic anal-
yses led to the re-classification of 13% of sarcoma cases and would have resulted
in changes to the clinical treatment pathway or prognosis in 11% of cases,
demonstrating the importance of including molecular and computational tools for
classification and risk-stratification of sarcomas (201). In the aforementioned
study (196) of 102 sarcoma patients, sixteen percent of the cohort had received
a targeted therapy, more than 50% of whom had a stable disease at the end of
the observation period (196). The authors of this study drew the conclusion, that
incorporating NGS into sarcoma management may allow for more precise diag-
nosis and sub-classification, as well as personalized matching of patients to tar-
geted therapies such as those available in basket clinical trials (196). An ongoing
clinical MULTISARC trial (ClinicalTrials.gov No. NCT03784014) should provide
the first glimpse into the successes and potential pitfalls of personalized medicine
in sarcoma. Based on a retrospective survey of genomic alterations that could be
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therapeutically actionable in STS patients (202), MULTISARC is a two-arm, ran-
domized trial aiming to prospectively evaluate their potential as predictive bi-
omarkers for response to therapy. STS patients will be randomized to receive
standard therapy or undergo genomic profiling for suitability for therapy with 16
different agents. This trial should be completed by 2025.

Our data are comparable. Based on the NGS results, 39.6% of our patients re-
ceived personalized anti-tumor therapy. The implementation of the targeted ther-
apies may have led to improved outcomes. Median overall survival (OS) for pa-
tients with an NGS-based treatment was 43 months compared with 33 months in
patients without targeted therapies.
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5.3. Conclusion

As described, our cohort was a real-life and - by nature - very heterogeneous
group of patients, who already received, in most cases, several lines of conven-

tional therapy.

Employing this cohort, we specifically intended to examine the impact of the mo-
lecular genetic personalized precision oncology therapy approach on the out-
comes and to compare our results to the sparse existing literature on this topic.

We would like to point out, that almost a third of our patients have had distant
metastasizes at the time of the diagnosis, but close to 90% at the time of molec-
ular genetic diagnostics (on average 46.8 months later). To the best of our
knowledge, there are currently no clear recommendations for the timing when to
undertake the very first NGS analysis. We would like to postulate that the optimal
time point may be at the end of the first-line therapy, because of the somewhat
longer time span until the final results as well as a molecular tumor board recom-
mendation, considering that current literature describes a PFS of around 4
months only in the second line therapy.

Based on our NGS data, we could initiate a targeted therapy protocol in more
than one-third of our patients and observed a significantly longer OS in the group
that received a personalized therapy based on prior NGS analysis.

Certainly, the limitations that abound in a retrospective observational study such
as ours must be considered. Compared to existing literature, we consider our
cohort size to be rather adequate, even though there was an extensive variety of
sarcoma subtypes. In the cases, where a subtype comprises only one patient,
any subtype-specific conclusion is impossible. This is an unfortunate conse-
quence of researching a disease with such enormous heterogeneity. However,
we strived to examine our hypothesis rather as subtype-agnostic, which created
a distinct advantage in showing that molecular genetic patterns are observed in
diverse subtypes, providing a myriad of therapeutic targets and a novel therapeu-

tic potential.
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In conclusion, our study suggests that personalized targeted therapies based on
a large panel analyzing 720 genes might lead to improved clinical outcomes in
sarcoma patients and that patients with such a rare and heterogeneous neoplasm
like sarcoma may especially benefit from an NGS-based precision oncology ther-

apeutic approach.
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6. Summary

Sarcomas are rare tumors, known for considerable heterogeneity at the histolog-
ical, molecular and genetic levels. Despite all advances in modern cancer treat-
ment, sarcoma patients in advanced stages still have limited therapeutic options
and an unfavorable prognosis. Since genetic profiling enables not only the iden-
tification of prognostic but also therapy-relevant alterations in heterogeneous dis-
eases, large-scale genetic analysis has become an indispensable part of modern
anti-cancer treatment. In this study, we retrospectively analyzed the genetic pro-
file of a real-life cohort of 53 sarcoma patients using a state-of-the-art 720-gene

panel.

Reflecting the heterogeneous nature of sarcoma, several histopathological sub-
types were analyzed, with leiomyosarcoma (17 %) being the most prevalent. The
mean patient age at the time of analysis was 49 years. The average time period
from primary diagnosis to genetic analysis was 46.8 months. Overall survival was
55.9 months on average. Every patient received a tumor genome sequencing
with a large-scale 720 gene panel. We observed a low TMB in 76.9% of the pa-
tients. None of the patients was identified as microsatellite unstable. 25% of the
patients had a homologous recombination deficiency (HRD). In 30.8% a fusion
gene was detected, with EWSR1-FLI1 and EWSR1-WT1 being the most fre-
quent. A total of 38 copy number alterations (CNAs) were found, reflecting signif-
icant genomic instability. In 15 patients germline mutations were found, all of them
treatment relevant, with mutation in the MUTYH gene being the most frequent.
Therapy-relevant somatic mutations were found in 47 patients (3.2 mutations/pa-
tient). The most prevalently involved genes were TP53, CDKN2A-C, CDK4, RB1
and ATRX.

Based on the next-generation sequencing (NGS) results, 39.6% of patients re-
ceived a personalized anti-tumor therapy. Median overall survival (OS) for pa-
tients with an NGS-based treatment was 43 vs. 33 months in patients without
targeted therapies.
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Our NGS data obtained from a heterogeneous cohort of 53 metastasized sar-
coma patients suggest that personalized therapies instructed by 720 gene panel
sequencing might lead to improved clinical outcomes for sarcoma patients.
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7. Zusammenfassung

Sarkome sind seltene Tumore, die sich durch eine erhebliche Heterogenitat auf
histologischer, molekularer und genetischer Ebene auszeichnen. Trotz aller Fort-
schritte in der modernen Krebsbehandlung haben Sarkom-Patienten im fortge-
schrittenen Stadium weiterhin begrenzte therapeutische Moglichkeiten und eine
ungunstige Prognose. Da die Untersuchung des genetischen Profils nicht nur die
|dentifizierung prognostischer, sondern auch therapierelevanter Veranderungen
bei heterogenen Erkrankungen ermdglicht, sind genetische Analysen ein unver-
zichtbarer Bestandteil der modernen Krebsbehandlung geworden.

In dieser Studie analysierten wir retrospektiv das genetische Profil einer real-life

Kohorte von 53 Sarkom-Patienten anhand eines 720-Gen-Panels.

In Anbetracht der Heterogenitat von Sarkomen wurden mehrere histopathologi-
sche Subtypen analysiert, wobei das Leiomyosarkom (17 %) am haufigsten vor-
kam. Das Durchschnittsalter der Patienten zum Zeitpunkt der Analyse betrug 49
Jahre. Die durchschnittliche Zeitspanne von der Erstdiagnose bis zur geneti-
schen Analyse betrug 46,8 Monate. Das Gesamtuberleben betrug im Durch-
schnitt 55,9 Monate.

Jeder Patient erhielt eine Tumorgenomsequenzierung mit einem 720-Gene-Pa-
nel. Bei 76,9% der Patienten wurde ein niedriger TMB-Wert festgestellt. Keiner
der Patienten wurde als mikrosatelliteninstabil identifiziert. 25% der Patienten
wiesen einen Mangel an der Funktionalitat der homologen Rekombination (HRD)
auf. Bei 30,8% wurde ein Fusionsgen nachgewiesen, wobei EWSR1-FLI1 und
EWSR1- WT1 am haufigsten waren. Insgesamt wurden 38 Kopienzahlverande-
rungen (CNAs) gefunden, was auf eine erhebliche genomische Instabilitat hin-
weist. Bei 15 Patienten wurden Keimbahnmutationen gefunden, die alle behand-
lungsrelevant sind, wobei die Mutation im MUTYH-Gen die haufigste ist. Thera-
pierelevante somatische Mutationen wurden bei 47 Patienten gefunden (3,2 Mu-
tationen/Patient). Die am haufigsten betroffenen Gene waren TP53, CDKN2A-C,
CDK4, RB1 und ATRX.
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Auf der Grundlage der NGS-Ergebnisse erhielten 39,6 % der Patienten eine per-
sonalisierte Antitumortherapie. Das mediane Gesamtuberleben (OS) der Patien-
ten mit einer gemall den Daten der NGS-Analyse ausgerichteten Behandlung

betrug 43 gegenuber 33 Monaten bei Patienten ohne zielgerichtete Therapien.

Unsere NGS-Daten aus einer heterogenen Kohorte von 53 Sarkom-Patienten
deuten darauf hin, dass personalisierte Therapien, die auf den Ergebnissen einer
720 Gen-Panel-Sequenzierung basieren, zu verbesserten klinischen Ergebnis-
sen bei Sarkom-Patienten fuhren konnten.
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