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Abbreviations and deﬁnitions

aCGH

Array comparative genomic hybridization
BASE
BioArray Software Environment,
software used for analysis of microarray data
COT-1 DNA DNA with rapidly annealing elements, used to suppress crosshybridization to repetetive DNA
EGF
Epidermal growth factor
EORTC
European organisation for research
and treatment of cancer
FGF
Fibroblast growth factor
FISH
Fluorescence in situ hybridization
FNA
Fine needle aspiration
FNCLCC
Fédération Nationale des Centres
de Lutte Contre le Cancer
GIST
Gastrointestinal stromal tumor
Gy
Gray, radiotherapy unit
HDAC
Histone deacetylase inhibitors
Hh
Hedgehog
HER-2/neu Human epidermal growth factor
receptor
HIF-1α
Hypoxia inducible factor-1α
HNPCC
Hereditary nonpolyposis colorectal
cancer
IGF
Insulin growth factor

Ki-67
KIT
MFH
MMP
MPNST
MRI
NCI
PI3K
RAR
SIN
SMR
SS18
SSG
SSX1/2/4
STS
TMA
TNF-α
UPS
VEGF
Wnt

Proliferation antigen Ki-67
Gene mutated in most GIST
Malignant ﬁbrous histiocytoma
Matrix metalloproteinases
Malignant peripheral nerve sheath
tumor
Magnetic resonance imaging
National Cancer Institute
Phosphoinositide-3 kinase
Retinoic acid receptor
Size, invasion, necrosis; prognostic
system applied within the SSG
Standard morbidity ratio
Synovial sarcoma translocation
gene on chromosome 18
Scandinavian Sarcoma Group
Synovial sarcoma X breakpoint
genes 1/2/4
Soft tissue sarcoma
Tissue microarray
Tumor growth factor α
Undifferentiated pleomorphic sarcoma
Vascular endothelial growth factor
Wingless signaling transduction
pathway
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Thesis at a glance

Question

Method

Result

Conclusion

I

Are patients
with STS at
increased risk
of developing
second primary
tumors?

Multiple primary
tumors characterized and risk
calculated in a
population-based
cohort of 818 STS
patients

164 (20%) of the
patients developed
metachronous
malignancies.
Increased risk of a
second malignancy,
particularly a second
STS

Patients with
STS are at
increased risk of
second primary
malignancies,
including STS

II

Can differences in the
genetic proﬁlles be found in
multiple STS
from the same
individual?

Array comparative
genomic hybridization applied to
30 STS from 13
patients

Cluster analysis
suggests 8 cases
represent different
primary tumors,
whereas 5 cases
likely represent soft
tissue metastases

Independent
STS may develop, although
some cases
represent soft
tissue metastases

III

Do expression proﬁles
in synovial
sarcoma vary
with genetic
alterations
or metastatic
potential?

cDNA microarray applied to 26
synovial sarcomas.
Gene expression
analyzed in relation
to genetics and
clinical data

Differentially expressed genes identiﬁed
in relation to gene
fusion type, including
e.g. AXL, SPAG7
and NCAM

Gene fusion variant SS18-SSX1
versus SSX2
inﬂuence gene
expression and
weak metastasis
signal identiﬁed

IV

Does proliferation assessed
by Ki-67 immunostaining
differ within a
STS?

TMA and immunohistochemical
staining for Ki-67
applied along the
tumor diameter in
25 leiomyosarcomas

Ki-67 expression
higher in the tumor
periphery in 18/25
tumors. Different
cut-off levels gave
similar results

Ki-67 evaluation
for prognostic
purposes should
be standardized
and should
probably focus
on the tumor
periphery

V

Can preoperative MRI
be used for
prognostication
in STS?

Peripheral tumorgrowth pattern
evaluated on MRI
and correlated to
microscopy and
prognosis in 78
STS

2/3 of the tumors
with MRI inﬁltration also showed
microscopic
inﬁltration. Diffusely
inﬁltrative growth on
MRI predicts risk of
metastases

MRI-based
evaluation of
peripheral tumor
growth pattern
may provide
prognostic
information and
should be further
evaluated
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Populärvetenskaplig sammanfattning

I Sverige diagnostiseras årligen drygt 300 mjukdelssarkom, vilket utgör ca 1% av alla maligniteter. Mjukdelssarkom är elakartade tumörer som
uppkommer i stödjevävnader såsom muskler, fett
och bindväv, vanligast i extremiteter och bålvägg.
Sarkomdiagnostik och behandling bör för bästa
resultat centraliseras med multidisciplinär handläggning av kirurg, röntgenolog, patolog, cytolog,
klinisk genetiker och onkolog. Tumörerna är ofta
stora, medianstorleken för en ytlig tumör är 4 cm
och för en djup tumör 9 cm. Mjukdelssarkom är
aggressiva; lokala tumörrecidiv uppkommer hos
10–20% och 1/3 av patienterna får fjärrmetastaser,
de ﬂesta av vilka avlider av sin sjukdom inom ett
år.
Det ﬁnns mer än 30 olika histopatologiska
undergrupper och även inom en och samma tumör
ﬁnns ofta heterogenitet med varierande grader av
pleomorﬁsm och histopatologisk differentiering.
Genetiskt kan mjukdelssarkom indelas i två huvudgrupper där den ena gruppen karakteriseras av återkommande, enkla förändringar i arvsmassan (t ex
synoviala sarkom och myxoida liposarkom med
balanserade kromosomtranslokationer) medan
den andra gruppen präglas av komplexa genetiska
förändringar (t ex högmaligna leiomyosarkom och
pleomorfa liposarkom med multipla numeriska
och strukturella förändringar).
Hos merparten av alla mjukdelssarkom är etiologin okänd. En liten del av tumörerna orsakas av
ärftlighet och de mest kända ärftliga syndromen
associerade med en ökad risk att utveckla mjukdelssarkom är neuroﬁbromatos samt Li-Fraumeni
syndromet. Båda dessa syndrom karakteriseras av
medfödda DNA-förändringar (mutationer) som
återﬁnns i kroppens alla celler och som ärvs från
föräldrarna. Strålbehandling och cytostatikabehandling har också visats öka risken för sekundära
mjukdelssarkom. Exposition för konserveringsmedel (klorfenoler) och herbicider (fenoxysyror)
har i vissa studier visats ge en något ökad risk för

mjukdelssarkom. Endast en mycket liten del av
mjukdelssarkom kan dock förklaras av de nämnda
riskfaktorerna.
Den primära behandlingen av mjukdelssarkom
är kirurgi som ofta kombineras med lokal strålbehandling och med cytostatikabehandling om tumören uppvisar högriskkriterier för fjärrspridning; t
ex storlek >8 cm, nekros, kärlinväxt, och inﬁltrativt
växtsätt.
Har patienter med mjukdelssarkom en ökad risk
att utveckla annan cancer?
Hos barn som behandlats för cancer har en ökad
risk att drabbas av ny tumörsjukdom, häribland
sarkom, påvisats. För att undersöka om vuxna sarkompatienter har ökad risk för nya maligna tumörer
genomfördes en epidemiologisk studie baserad på
det regionala sydsvenska cancerregistret.
Av 818 patienter med mjukdelssarkom fann vi
att 20% hade utvecklat ytterligare en malign tumör
(vanligast var cancer i bröst, tjocktarm och prostata) innan eller efter mjukdelstumören. Denna
siffra är dubbelt så hög som hos cancerpatienter
i allmänhet, av vilka 8–10% utvecklar ytterligare
maligniteter. Riskberäkningarna visade att patienter med mjukdelssarkom har en signiﬁkant ökad
risk att utveckla en ny malignitet, med speciellt
hög risk för ett andra sarkom.
Representerar ﬂera mjukdelssarkom hos samma
patient multipla primära tumörer eller ett ovanligt metastasmönster?
Mot bakgrund av fyndet i studie I önskade vi
undersöka huruvida multipla mjukdelssarkom
utgör separata primärtumörer eller en ovanlig form
av metastasering. Mjukdelssarkom metastaserar
vanligen via blodbanan direkt till lungorna, men
spridning till mjukdelar på andra ställen i kroppen
har i sällsynta fall beskrivits.
För att undersöka detta studerades genomiska
proﬁler (d v s ökad/miskad mängd DNA i form
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av ampliﬁeringar/deletioner) i 30 tumörer från 13
patienter med hjälp av array-comparative genomic
hybridization (aCGH) metoden, och proﬁler från
tumörer hos samma patient jämfördes. Hos 8
patienter hade tumörerna från samma individ ﬂer
olikheter än likheter, vilket talar för att de utgjorde
multipla primära mjukdelssarkom hos samma
person. Hos de resterande 5 patienterna var de
sarkom patienten utvecklat genetiskt nästan identiska vilket talar för att dessa utgjorde metastasering till andra mjukdelar i kroppen.
Kan genuttrycksproﬁler skilja mellan synoviala
sarkom med olika underliggande fusionsgener?
De ﬂesta synoviala sarkom karakteriseras av en
genetisk avvikelse, en translokation med de två
alternativa fusionsgenerna SS18-SSX1 och SS18SSX2. Kan genuttrycksproﬁlen i synoviala sarkom
kopplas till den bakomliggande fusionsgenen eller
till andra kliniska eller genetiska karakteristika?
I studie III kartlades genuttrycksproﬁlen i 26
synoviala sarkom med hjälp av cDNA-mikroarray
teknik. Med denna teknik identiﬁeras över/underuttryckta gener med skillnader beroende på genfusion där bl a generna AXL, ZIC2, SPAG7, AGRN,
FOXC1, NCAM1 samt metallotioniner visade olika
uttrycksmönster. Dessa resultat tyder på att genfusionstypen (SS18-SSX1 eller SS18-SSX2) påverkar
uttrycket av ﬂera andra tumörassocierade gener.
Dessutom indikerade studien en skillnad mellan
genexpressionsproﬁlerna i metastaserande och
icke-metastaserande synoviala sarkom innefattande bl a genen TOP2A som tidigare kopplats till
prognos i synoviala sarkom.
Skiljer sig proliferationen, mätt som Ki-67
uttryck, inom olika områden av mjukdelssarkom?
Graden av tumörproliferation, vanligast bestämd
med immunhistokemisk färgning för proliferationsmarkören Ki-67 eller genom mikroskopisk
uppskattning av antal mitoser, har i upprepade
studier visats vara av prognostiskt värde för
mjukdelssarkom. Trots att markören övervägs för
introduktion i kliniskt bruk saknas rekommendationer för hur analysen skall ske, t ex vilket område
och hur stor del av tumören som skall analyseras
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och vilket gränsvärde som skall användas.
I studie IV utvärderades uttrycket av Ki-67 i 25
leiomyosarkom. Vävnadsmikroarraymetoden med
immunhistokemisk färgning av proteiner i tumörcellerna användes för att undersöka om proliferationen är störst i tumörens periferi eller centrum.
Multipla vävnadscylindrar togs längs tumörernas
diameter och dessa färgades i sk vävnadsmikroarraysnitt med immunhistokemisk teknik för proliferationsmarkören Ki-67 samt för HIF-1α, en
markör som används för att bestämma graden av
syrebrist (hypoxi) i tumören. I 18/25 tumörer var
proliferationen högre i tumörens periferi jämfört
med dess centrum, i 5 tumörer var proliferationen
lika hög i centrum som i periferin, medan 2 tumörer hade högre proliferation centralt än perifert.
HIF-1α uttrycket korrelerade inte med proliferationen. Slutsatsen från denna studie är att analys av
proliferationsmarkörer för kliniskt bruk i sarkomprognostik bör standardiseras med undersökning
av perifera tumörområden.
Kan magnetkameraundersökning identiﬁera
invasivt växande mjukdelssarkom preoperativt?
Nyligen har tumörens perifera växtsätt, analyserat
i histopatologiska helvävnadssnitt, visats vara en
stark prognostisk faktor; tumörer som växer inﬁltrativt in i omgivande vävnad har större risk för lokalrecidiv och metastasering. Skulle inﬁltrativt växande mjukdelssarkom kunna identiﬁeras redan vid
den diagnostiska magnetkameraundersökningen?
Preoperativ identiﬁering av aggressiva tumörer
med stor risk för spridning vore av värde för att
överväga att ge dessa individer tilläggsbehandling
i form av radioterapi eller cytostatikabehandling
redan innan kirurgi.
I studie V jämfördes för 78 mjukdelssarkom
bedömning av tumörens perifera växtsätt på histopatologiska storsnitt med bedömning av växtsättet
på den rutinmässigt utförda diagnostiska, preoperativa magnetkameraundersökningen. Alla tumörer
som med magnetkameraundersökning klassades
som inﬁltrerande var också mikroskopiskt inﬁltrerande, men 1/3 av de tumörer som mikroskopiskt
visade inﬁltration missades med magnetkameraundersökning. De tumörer som med hjälp av magnet-
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kameraundersökning visade inﬁltration hade högre
risk att sprida sig både lokalt och med fjärrmetastaser än de tumörer som inte visade inﬁltration i
omgivande vävnad.

Sammanfattning
Sammanfattningsvis har vi i studierna funnit
• att patienter med mjukdelssarkom har en överrisk att utveckla ny elakartad tumörsjukdom;
• att multipla mjukdelssarkom (t ex leiomyosarkom och malignt ﬁbröst histiocytom) med skilda
genetiska proﬁler kan uppkomma hos samma
individ, medan andra fall av uppfattade multipla
sarkom (t ex liposarkom) kan utgöra ett ovanligt metastaseringsmönster. Denna kunskap har
viktiga implikationer i kliniken eftersom beslut
rörande terapival skiljer sig mellan metastaserande och icke metastaserande mjukdelssarkom;
• att den bakomliggande genetiska fusionsgenen,
SS18-SSX1 respektive SS18-SSX2 i synoviala
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sarkom ger upphov till olika genuttrycksproﬁler vilket talar för att den genetiska avvikelsen
påverkar olika signalvägar;
• att en svag genexpressionssignal relaterad till
metastasering kan identiﬁeras i synoviala sarkom
och att denna signal tycks vara kopplad till genen
TOP2A;
• att tumörens proliferation, mätt som det immunhistokemiska uttrycket av Ki-67, är högst i
tumörens periferi. Analys av proliferation, särskilt i klinisk rutinprognostik, bör därför standardiseras och sannolikt fokusera på tumörens
periferi;
• att preoperativ magnetkameraundersökning
urskiljer tumörer med histopatologiskt inﬁltrerande periferi, men också missar 1/3 av dessa.
Framtida magnetkameraundersökningar bör
dock standardiseras, och bland annat försöka
bestämma tumörens växtsätt och skulle därmed
kunna bidra med preoperativ prognostisk information, vilket i sin tur skulle möjliggöra tilläggsbehandling preoperativt för högriskindivider.
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Background and Purpose

Soft tissue sarcoma (STS) is a group of rare tumors
with extensive heterogeneity within and between
tumors with differences in histopathology, genetic
make-up, response to treatment and prognosis.
STS should therefore optimally be diagnosed and
treated within sarcoma groups with expertise in
pathology, genetics, imaging, surgery, and oncology. Several key issues remain to be improved and
evaluated; etiology, heredity, diagnostic reproducibility, prognostics, treatment prediction, and
development of more effective treatment regimes,
including application of targeted therapies (table 1).
This thesis includes studies on the epidemiology,
tumor biology, genetic alterations, and imaging of
STS with correlations to outcome. The work has
been performed within the Lund Sarcoma Group
with collaborations with the Karolinska University
Hospital and the Scandinavian Sarcoma Group
(SSG) and reﬂects multidisciplinary contributions.
The speciﬁc aims of the different studies were to:
• characterize multiple primary malignancies in
patients with STS and evaluate the risk of secondary tumors;
• investigate whether multiple STS that develop in
the same individual have similar genetic proﬁles
and hence if these are likely to represent multiple
primary tumors or a rare form of metastatic disease;
• identify gene expression proﬁles related to histopathology, genetic alterations, and metastatic
potential in synovial sarcoma;
• investigate the impact of central versus peripheral tumor sampling for analysis of proliferation
in leiomyosarcomas;
• evaluate the prognostic role of preoperative
Magnetic Resonance Imaging (MRI) in STS.

Epidemiology
Malignant mesenchymal sarcomas account for

Table 1. Major clinical research questions in STS
Etiology (study I)
The etiology of STS is in most cases unknown, although an increased incidence has been related to
speciﬁc genetic syndromes, exposure to certain
chemicals and radiotherapy. A better understanding
hereof could contribute to preventive measures as well
as novel therapeutic strategies.
Diagnostics (study II)
Histopathological tumor features is the basis for STS
classiﬁcation, often in combination with immunohistochemical stainings and cytogenetic/molecular genetic
analysis. However, the reproducibility is sometimes
poor with diagnostic reclassiﬁcations and discrepancies between different pathologists. Hence, reﬁned
diagnostic methods are needed.
Second primary STS have been described in 1%
of the STS, but it has been difﬁcult to clarify whether
these tumors represent multiple STS or rather represent a rare form of metastatic disease. Such a distinction would inﬂuence treatment decisions in these
patients.
Heterogeneity (study IV)
STS are characterized by extensive inter-tumor as
well as intra-tumor heterogeneity. The tumors are often
large and display varying levels of pleomorphism and
histopathological differentiation. Are analyses performed on a single tumor sample, e.g. a biopsy, representative of the whole tumor for diagnostic, predictive,
and prognostic purposes?
Prognostics (studies III and V)
Different prognostic systems are currently in use for
STS without general agreement on which high-risk
factors should be applied e.g. for decisions on adjuvant
therapies. Hence, there is a need for novel prognostic
markers and validation of currently used factors. Also,
treatment predictive markers need to be identiﬁed in
order to design treatment based on clinical and/or biological factors predicting response.
Development of novel targeted therapies
The value of systemic chemotherapy in most adult STS
patients remains controversial and no highly effective
therapy is available. The most commonly used agents,
ifosfamide and doxorubicin show low response rates,
20-50%, and the prognosis remains poor for patients
with metastatic STS. Hence, there is a call for novel
therapies targeting the speciﬁc alterations driving sarcoma tumorigensis.
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less than 1% of all malignancies with no obvious
trends for a changing incidence. Although occasional STS, e.g. neuroﬁbrosarcomas may develop
in benign neuroﬁbromas in patients with neuroﬁbromatosis, STS are generally believed to develop
de novo [62]. STS may occur everywhere but 4 out
of 5 are located in the extremities and the trunk
wall with half of the tumors in the thigh and onetenth in the trunk wall. Most of the other tumors
are retroperitoneal sarcomas (this thesis, however,
concerns sarcomas of the extremities and the trunk
wall). The median age at diagnosis is 65 years.
There is a slight male predominance. The etiology
in the majority of STS cases is unknown; most of
these tumors arise without apparent causative factors. However, genetic and environmental factors,
viral infections and immunodeﬁciency have been
linked to an increased risk of STS.

Carcinogens
An inceased incidence of STS has been reported
among individuals exposed to certain chemicals,
e.g. phenoxy herbicides, chlorophenol, dioxin and
vinyl chloride [35, 57, 80, 90, 91]. However, other
studies have failed to demonstrate a link to STS
[181, 213], and the contribution from occupational
or other exposures to the development of STS is
likely to be very small. In studies on the association
between vinyl chloride exposure and the development of STS the increased cancer risk was limited
to angiosarcomas of the liver [19, 129]. This applies
also to Agent Orange, which was used during the
Vietnam war. Whereas some case control studies
have suggested an increased risk of STS among
Vietnam war veterans, others have failed to demonstrate such a risk [1, 98, 99].

Treatment-induced STS
Prior radiotherapy is a well known risk factor for
the development of STS, and the risk is proportional to the radiation dose [62]. The median time
interval for the development of a radiation-induced
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tumor is 10 years [35]. Also chemotherapy has been
suggested to increase the risk of STS [21, 30, 159].
Chronic lymphedema caused by mastectomy and
axillary dissection due to breast cancer increases
the risk of developing lymphangiosarcoma (Stewart-Treves syndrome) [35, 104, 114]. Survivors of
childhood cancers such as retinoblastoma [17, 63,
105], leukemia [17], Wilms’ tumor [17, 21], Hodgkin’s lymphoma [16, 17] and sarcoma [30, 159, 165]
have been shown to be at increased risk of STS [85,
140] (table 2). Data on adult patients treated for
STS are scarce, but suggest an increased risk of a
second STS [132].

Hereditary sarcoma
STS development has been linked to several hereditary cancer syndromes [126], but heredity still has
a minor contribution to the total number of STS
(table 3). The most common such syndrome is neuroﬁbromatosis type I due to mutations in the tumor
suppressor gene NF1 linked to an increased risk
of neuroﬁbrosarcomas [108, 126]. The Li-Fraumeni
syndrome due to germline mutations in TP53 has
been associated with various forms of malignant
tumors including breast cancer, lymphoma, brain
tumors and STS [121, 127]. The premature aging
syndromes Werner’s syndrome due to mutations in
WRN [69, 218] and Rothmund-Thomson syndrome
with mutations in RECQ4 [123] have been linked
to an increased risk of sarcomas. Patients with
Gardner’s syndrome, a variant of familial adenomatous polyposis with APC gene mutations, carry
an increased risk of STS, desmoid tumors and osteomas [149, 162]. Sarcomas have also been described
in other hereditary cancer syndromes, including a
rare manifestation within hereditary nonpolyposis colorectal cancer (HNPCC) with mutations
in mismatch-repair genes [62, 87, 126, 130, 185].
An increased risk of STS has also been linked to
melanoma syndrome kindreds within the familial
atypical multiple-mole melanoma (FAMMM) syndrome with CDKN2A mutations [125].
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Table 2. Studies demonstrating an increased risk of malignancy after pediatric malignancies
Primary diagnosis

Treatment a

Secondary tumor types reported

Reference

Retinoblastoma

RT b

STS, bone sarcoma, lung cancer,
bladder cancer, brain cancer c

Fletcher et al., 2004

Retinoblastoma

RT

STS, bone sarcoma, melanoma,
brain tumor, nasal cavity cancer c

Kleinerman et al., 2005
Kleinerman et al., 2007

Wilms’ tumor

RT and CT

STS, bone sarcomas, leukemia,
lymphoma, mixed carcinoma c

Breslow et al., 1995

Hodgkin lymphoma

RT and CT

Solid tumors, leukemia, lymphoma c

Beaty et al., 1995

STS

RT and CT

Leukemia, melanoma, breast cancer,
bonesarcoma, STS c

Cohen et al., 2005

Ewing’s sarcoma

CT

STS, leukemia, mixed carcinoma c

Paulussen et al., 2001

Osteosarcoma

CT

STS, melanoma, glioblastoma,
chondrosarcoma, mixed carcinoma

Pratt et al., 1997

Ewing’s sarcoma

CT and RT

Osteosarcoma, leukemia, melanoma,
mixed carcinoma c

Bacci et al., 2005

Mixed malignancies

RT and CT

STS

Bisogno et al., 2004

Mixed malignancies

CT and RT

Bone sarcoma, STS, breast cancer,
Hodgkin’s lymphoma c

Neglia et al., 2001

Mixed malignancies

RT

STS, bone sarcoma c

Henderson et al., 2007

a Treatment:

RT = radiotherapy, CT = chemotherapy.
to a small proportion of the patients.
c Signiﬁcantly increased risk demonstrated.
b Applies

Table 3. Syndrome associated soft tissue sarcoma
Hereditary syndrome

Inheritance a / gene

Sarcoma type

Asociated tumors

Neuroﬁbromatosis
type I
Li-Fraumeni
Rothmund-Thomson
Werner
FAMMM
Lynch / HNPCC
Retinoblastoma
Gardner

AD / NF1

neuroﬁbrosarcoma,
MPNST
STS
STS, osteosarcoma
STS
STS
STS
STS, osteosarcoma
STS

chronic myeloid leukemia, glioma

AD / TP53
Chrom 8 instability / RECQ4
AR / WRN
AD / CDKN2A
AD / MLH1, MSH2, MSH6
AD / RB
AD / APC

breast cancer, lymphoma, brain tumor
melanoma
meningioma, thyroid cancer, melanoma
melanoma, pancreatic cancer
colorectal cancer, endometrial cancer b
CNS tumors, melanoma
colorectal cancer, desmoid tumors,
osteomas

a Inheritance:
b also

AD = autosomal dominant, AR = autosomal recessive
other tumor types occur at lower frequency

Histopathology
STS are believed to arise de novo from mesenchymal stem cells, the origin of which remains
unclear, that reside in soft tissues such as muscle,

fat and connective tissue [62]. Conventional light
microscopical evaluation is the basis for sarcoma
classiﬁcation, which is based on identiﬁcation of a
cell-lineage of differentiation and resemblance to
a normal tissue type in the tumor (ﬁgure 1). There
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Figure 1. Histopathological appearance of the most
common STS subtypes.
a. Malignant ﬁbrous histiocytoma/undifferentiated pleomorphic sarcoma. This subgroup is likely to represent
a variety of poorly differentiated tumors in which no
other evident line of differentiation can be recognized.
MFH-like sarcomas still represent the most common
STS type in adults. These tumors are heterogenous in
appearance and cellularity with extensive pleomorphism
and rounded histiocyte-like cells. A storiform growth pattern and inﬂammatory cells within the tumor stroma are
commonly observed. No speciﬁc genetic alterations
have emerged, although ring chromosomes, dicentric
chromosomes and telomeric associations are often
found as part of a genetically complex karyotype.
b. Leiomyosarcoma shows cells with smooth muscle features and accounts for 10–15% of STS, albeit for a larger
proportion of the retroperitoneal sarcomas. The cells are
orderly arranged with intersecting fascicles and show
an eosinophilic cytoplasm and cigar-shaped elongated
nuclei.
c. Synovial sarcoma is both clinically, morphologically,
and genetically distinct. Its origin is unknown and it has
no relation to synovium. The tumors are divided into
biphasic (with epithelial and spinde cell components),
monophasic (with fascicles and sheets of uniform cells),
and poorly differentiated. Synovial sarcomas account
for 5–10% of STS. The tumors predominantly occur at
younger age; 90% develop before age 50. Genetically,
these tumors are characterized by the speciﬁc t(X;18),
which is found in more than 90% of the tumors, and
which fuses SS18 on chromosome 18 to SSX1, SSX2
or SSX4 on the X chromosome.
d. Pleomorphic liposarcoma is a pleomorphic high-grade
sarcoma with a variable number of pleomorphic lipoblasts. Other lines of differentiation are not found within
this subtype, which accounts for 20% of pleomorphic
STS.
e. Myxoid liposarcoma is a tumor with round-oval mesenchymal cells and small signet-ring cell lipoblasts within
a myxoid stroma. It accounts for one-third of liposarcomas or 10% of all STS. Genetically it is characterized
by the speciﬁc t(12;16) that fuses CHOP (also called
DDIT3) to FUS (also called TLS). EWS on chromosome
22 has also been demonstrated to be involved in a rare
variant.

are, however, STS subtypes, e.g. clear cell sarcoma
and epithelioid sarcoma, that do not show any
similarities to normal tissue. In addition, a great
proportion of STS are high-grade and poorly differentiated, which further complicates classiﬁcation. About three-fourths of STS are histologically
classiﬁed as high-grade sarcoma, with the most
common subtypes being malignant ﬁbrous histiocytoma (MFH)/undifferentiated pleomorphic sarcoma (UPS), leiomyosarcoma, liposarcoma, syno-
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vial sarcoma and malignant peripheral nerve sheath
tumors (MPNST) [62]. The incidence of different
histologic subtypes varies with age with synovial
sarcoma occurring also in young adults, whereas
liposarcoma, leiomyosarcoma and MFH/UPS
dominate in older patients [62]. The histopathological classiﬁcation of the different subtypes of STS is
difﬁcult and subject to review and reclassiﬁcation
based on novel diagnostic subgroups, reﬁned analyses using e.g. immunostaining, and identiﬁcation
of type-speciﬁc genetic alterations. Categorization
of STS has thereby varied; during the 1980s about
50% of STS were diagnosed as MFH, whereas this
subtype today is regarded a diagnosis of exclusion.
Many of the STS previously diagnosed as MFH are
now classiﬁed as myxoﬁbrosarcomas, leiomyosarcomas and liposarcomas, and the others, unclassiﬁable tumors, are called UPS [59, 60, 62, 168]. Indeed,
some investigators claim that UPS represent less
than 5% of all STS [196]. The speciﬁcity of some
of the genetic alterations may also affect the histopathologic diagnosis; a pleomorphic, undifferentiated STS carrying the t(X;18) would be classiﬁed
as a synovial sarcoma. This reﬁned classiﬁcation
may contribute to further advancements of targeted
molecular therapies, the application of which will
require detailed knowledge about the underlying
biological alterations and a reproducible histiotype
classiﬁcation.

Tumor heterogeneity
Pleomorphic STS are typically large and often
display great intratumor variations in macroscopic
appearance. Also microscopically, these tumors
reveal pronounced morphological heterogeneity
with pleomorphism and intratumor variations in
e.g. differentiation and proliferation. Engellau et
al. assessed immunohistochemical heterogeneity
for Ki-67 staining in pleomorphic STS. The results
showed a median standard deviation of 2.5%
between different tumor blocks from the same STS
compared to 2.3% within a single tumor block, and
based on this suggested that more than one tumor
block should optimally be studied, in order to min-
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Figure 2. Macroscopic pictures of one leiomyosarcoma
and one pleomorphic myxoﬁbrosarcoma from which multiple tumor pieces were obtained and analyzed together
with 16 leiomyosarcomas and 20 malignant ﬁbrous histiocytomas from which only a single piece was taken. In the
hierarchical cluster analysis the pieces from the two multiple-piece tumors clustered together and also in relation to
their location within the tumor. When the multiple pieces
from the same tumors were compared to the single-piece
leiomyosarcomas and malignant ﬁbrous histiocytomas the
mean variability was lower within a tumor than between
tumors, but the maximal intratumor variability could indeed
be larger than the minimal inter-tumor variability [65].

imize the inﬂuence of intratumor heterogeneity
[53]. Morphologic heterogeneity in STS has also
been studied in relation to S-phase fraction and in
this context, pronounced intratumor heterogeneity
has been demonstrated [95]. Since proliferation,
most commonly assessed using immunostaining
for Ki-67, may have a clinical prognostic impact,
its reproducibility is central. Because of lack of
standardized recommendations, we assessed the
intratumor variability of Ki-67 expression in leiomyosarcomas in study IV.
Cytogenetic variability with intratumor heterogeneity and clonal evolution has also been demonstrated in STS, including MFH, leiomyosarcoma,
liposarcoma, synovial sarcoma, and chondrosarcoma [154-157]. These studies suggest that partly
different karyotypes are found in different tumor
areas in three quarters of the STS subtypes, albeit
most often in the form of related clones [157].
Francis et al. evaluated intratumor versus intertumor heterogeneity using multiple pieces from
2 MFH/myxoﬁbrosarcomas. The multiple pieces
from the 2 tumors clustered together (ﬁgure 2)

Joseﬁn Fernebro

and also according to their original location within
the tumor, which is in line with the cytogenetic
observations of clonal evolution and genetic heterogeneity in STS [65]. These results suggest that
expression proﬁling for diagnostic and prognostic
purposes can reliably be performed from single
tumor samples in STS, but intratumor heterogeneity may have a large impact on the results in small
tumor series and may thereby limit the validity of
the ﬁndings. This thus serves as a reminder to run
large sample sets in order to reduce the impact of
experimental and tumor-related heterogeneity to
provide reproducible expression patterns.

Cytogenetics
Currently, 1,169 of the 45,472 (2.6%) entries in
the Mitelman database on chromosome alterations in cancer refer to STS, which reﬂects a vast
cytogenetic knowledge about these rare tumors
(http://cgap.nci.nih.gov/Chromosomes/Mitelman).
Broadly, STS can, based on the genetic alterations, be divided into 2 major groups with complex
and simple karyotypes, respectively [18, 84]. The
majority of high-grade, often pleomorphic STS
are characterized by highly complex, unbalanced
karyotypes with multiple gains and losses and nonspeciﬁc genetic alterations. About 1/3 of STS are
characterized by simple karyotypes, often with
recurrent, characteristic chromosomal rearrangements that are speciﬁc to the histological subtype
and used in the diagnosis of these STS subtypes
[18, 61, 190]. Current data suggest that such gene
fusions are present in 20% of soft tissue tumors
[135]. Several ancillary techniques have been
developed to detect these chromosomal translocations and their respective chimeric genes, and thus
facilitate the diagnosis of these tumors. The traditional method for demonstrating translocations
is karyotyping of cultured tumor cells. Spectral
karyotyping or ﬂuorescence in situ hybridization
(FISH) are sometimes used to characterize complex alterations or used for the validation of a speciﬁc gene fusion. The ﬁrst chromosomal translocation characterized in STS was the t(11;22) fusing
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the EWS and the FLI1 genes in more than 80% of
Ewing sarcoma [200]. The EWS gene has then been
shown to be involved in the t(12;22) found in more
than 75% of clear cell sarcomas where it fuses to
the ATF1 gene [70], in the t(9;22) in extraskeletal
myxoid chondrosarcoma with the CHN gene [22]
and in the t(11;22) present in more than 75% of
desmoplastic small round cell tumors where it is
fused to the WT1 gene [67]. The t(12;16) in which
the FUS (also called TLS) gene on chromosome 16
fuses to the CHOP gene on chromosome 12 is the
cytogenetic hallmark of myxoid liposarcoma and
occur in more than 90% of these tumors. However,
in about 5% of myxoid liposarcomas the EWS gene
is involved in an alternative rearrangement with
CHOP within the t(12;22) [128, 158, 202]. Other
type-speciﬁc translocations in STS include the
t(2;13) present in more than 75% of alveolar rhabdomyosarcomas, in which PAX3 fuses to FKHR
[183], the t(X;17) in more than 90% of alveolar
soft part sarcomas, forming the ASPL-TFE3 fusion
[97], and the characteristic ring chromosome containing COL1A1 and PDGFB in more than 75% of
dermatoﬁbrosarcoma protuberans [138, 160].
The t(X;18) or variants thereof are found in
about 90% of synovial sarcoma and are suggested
to represent the underlying cause of tumorigenesis,
but secondary alterations including both numerical changes and unbalanced structural alterations
are present in about 1/3 of the tumors and occur
at increased frequency in recurrent and metastatic
synovial sarcoma [122, 177, 201]. The t(X;18) fuses
the 396 N-terminal amino acids of the SS18 gene on
chromosome 18 to the 78 C-terminal amino acids
of one of the highly homologous SSX family genes
[28, 38, 39] (ﬁgure 3). This translocation is speciﬁc
to synovial sarcoma and has not been reported in
other cancer types [45, 201]. The resulting chimeric
fusion protein contains both transcriptional activating (from the SS18 gene) and repressing (from
the SSX genes) domains [45, 110] and is believed to
control gene expression by association with chromatin remodelling. The SS18 protein is associated
with the SWI/SNF complex and interacts directly
with the epigenetic chromatin remodelling system,
whereas the SSX proteins are associated with the
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polycomb complex [101, 161, 194]. Recently, the
SS18-SSX2 fusion protein also has been suggested
to induce downstream target gene deregulation
through epigenetic mechanisms [37]. A correlation
between gene fusion type and clinical behaviour
has been reported in synovial sarcoma; SS18-SSX2
has been suggested to represent a favorable prognostic factor, whereas the SS18-SSX1 fusion has
been shown to correlate with shorter metastasisfree survival and a higher proliferation rate [102,
145]. However, the prognostic importance has been
disputed and fusion type is not applied in clinical
prognostication [72, 111].
Several of the above mentioned chromosomal
translocations encompass transcription factor
genes, and aberrant transcriptional regulation is
thought to be a central mechanism in the development of STS. Fusion proteins like the SS18-SSX in
synovial sarcoma, the TLS-CHOP in liposarcoma
and the EWS-ATF1 in clear cell sarcoma represent
potential targets for tumor speciﬁc therapy because
of their central involvement in tumorigenesis.
However, in-depth characterization of these fusion
genes and their downstream targets is needed in
order to identify novel therapeutic targets [136].
The success of such approaches can be exempliﬁed by gastrointestinal stromal tumors (GIST).
Most GIST feature mutant KIT or PDGFR oncogenes and the mutations also correlate to prognosis and response to imatinib. Imatinib is a tyrosine
kinase inhibitor with activity against PDGFRα and
PDGFRβ, KIT and the Bcr-Abl fusion tyrosine

Figure 3. Schematic ﬁgure of the synovial sarcoma speciﬁc SS18/SSX translocation (a) and karyogram of chromosome 18 and X with arrows indicating the breakpoints (b).

kinase [23, 46, 176]. KIT is expressed in about 90%
of GISTs through a gain of function mutation and
is highly speciﬁc to this tumor type. This discovery
has signiﬁcantly improved survival and quality of
life for these patients [176].

Molecular pathways
The ﬁrst identiﬁed human tumor suppressor gene
was the retinoblastoma (RB1) gene, which among
others has been shown to be particularly important in STS. The RB1 gene is a central cell cycle
regulator and alterations of the gene itself or its
pathway leads to abnormal cell proliferation [34].
A mutation in the RB1 gene is inherited in the
retinoblastoma syndrome, but also sporadic mutations and alterations of the RB1 pathway have
been shown to cause various sporadic tumors
including osteosarcomas and STS [29, 41]. Studies have shown recurrent homozygous deletions
of the region of chromosome 13 harbouring the
RB1 gene in mixed series of STS (Francis et al.,
unpublished data) [29]. Also, alterations of the p53
pathway have been shown to be a central feature of
STS with complex karyotypes including inactivation through TP53 point mutations, homozygous
deletion of CDKN2A, and MDM2 ampliﬁcation
[18, 212]. In contrast, the prevalence of alterations
of this pathway among STS with speciﬁc genetic
alterations is relatively low, but has, when present,
been suggested to correlate with poor prognosis [7,
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8]. Whether alterations of the p53 pathway occur

during the early stages of tumorigenesis or whether
additional cooperating mutations are required is
not yet known. Other tumor suppressor genes that
are particularly important in STS include CDKN2A
[153] and the NF1 gene associated with neuroﬁbromatosis type 1 [169].
Oncogenes that have been implicated in the
development of STS include MDM2, MYC and
HER-2/neu and RAS-family members, and ampliﬁcations of these genes have been shown to correlate with an adverse outcome in STS patients
[118]. Overexpression of MDM2 promotes cell
survival and leads to deregulated cell proliferation, and ampliﬁcation of MDM2 has been shown
to be a particularly important mechanism leading
to TP53 inactivation in STS. The MYC oncogene
is involved in cell cycle progression, apoptosis
and cellular transformation, and has when ampliﬁed been suggested to play an important role in
the development of certain STS [13], as well as
being associated with poor prognosis in these
patients [12]. Additionally, MYC represents one of
the target genes of the Wingless (Wnt) signaling
transduction pathway, which has been shown to be
highly activated in synovial sarcoma [117, 143, 179].
Activating mutations of the RAS genes are among
the most common genetic changes identiﬁed in
human cancers and have also been reported in various STS subtypes, including MFH, liposarcomas
[217], and leiomyosarcomas [86]. In most GIST,
and also in some cases of Ewing sarcoma, the KIT
receptor pathway has been shown to be activated
either through activating mutations of KIT itself
or PDGFRA, both leading to similar downstream
activation of both AKT and MAPK. As mentioned
previously, KIT is a tyrosine kinase receptor that
successfully can be inhibited by the tyrosine kinase
inhibitor imatinib [136].
Several studies have reported the application
of high-throughput gene expression proﬁling in
STS. Although individual gene lists differ in the
various studies, consistent diagnostic expression
signatures with upregulation of speciﬁc pathways
have been identiﬁed in STS subtypes with simple
genetic alterations e.g. synovial sarcoma, clear
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cell sarcoma, GIST, and MPNST [3, 4, 10, 139, 179,
180]. More extensive genetic variation has been
found among other more complex subtypes such
as MFH/UPS, pleomorphic liposarcoma, and leiomyosarcoma [143, 179, 188]. From a diagnostic perspective, STS subtypes that cluster with distinct
genetic proﬁles can be correctly classiﬁed using
conventional cytogenetic methods and in most
cases also with light microscopy. The expression
data have, however, revealed novel genes and pathways including multiple downstream targets of
the resultant chimeric transcription factors, which
provide information about potentially differential
diagnostic markers and serve as a basis for the
understanding of key biological changes in STS
development. In synovial sarcomas, gene expression proﬁling studies have revealed distinct and
homogenous expression proﬁles that enable clear
distinction of these tumors from other STS subtypes [3, 117, 139, 143, 179, 188]. The overexpressed
genes have included members of the retinoic
acid receptor pathway (RAR), the Wnt (ﬁgure 4)
and the tumor growth factor receptor β (TGF-β)
pathways, ephrins, genes related to the ﬁbroblast
growth factor (FGF) and the insulin growth factor
(IGF) pathways, CRABP1, and the SSX genes [3,
117, 139, 143, 179]. Gene expression studies have
also suggested a close relationship between synovial sarcomas and MPNST with upregulation of
genes involved in neuroectodermal differentiation,
which may suggest a neural crest origin of synovial sarcoma [3, 139]. Synovial sarcoma would be a
good candidate for development of a new targeted
therapy; the tumor type has a distinct underlying
molecular biology with the SS18-SSX fusion protein, and several studies have shown that genes
included in developmental pathways such as the
Epidermal growth factor (EGF) and FGF receptor signaling pathways, the Hedgehog (Hh) and
Notch signaling pathways, that could be possible
targets for therapy, are highly overexpressed [3].
Moreover, synovial sarcoma have a high risk of
metastatic development. In GIST, one of the strongest upregulated and discriminating genes, KIT has
been shown to be both a genetic and a therapeutic
target used in treatment of these patients.
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Figure 4. Overview of the Wnt signal transduction pathway.
The Wnt signaling pathway regulates several developmental processes, can lead to cancer formation and has been
shown to be highly upregulated in synovial sarcomas. Wnt
belongs to a family of glycoproteins that binds to frizzled
transmembrane receptors inducing a signaling cascade
that suppresses the activity of GSK-3β and thereby inhibits degradation of β-catenin causing accumulation of βcatenin in the cytoplasm and the nucleus. Once accumulated, β-catenin transmits Wnt signals to the nucleus through
interaction with TCF/LEF transcription factors inducing
transcription of certain target genes i.e. Cyclin-D1, JUN
and MYC (a). In synovial sarcomas, upregulation of genes
within red boxes, e.g. frizzled (FZD1/7/8), LEF1 and cyclinD1 is seen, whereas genes within green boxes have been
shown to be down-regulated in synovial sarcomas when
compared to other STS (b).
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Studies that have applied conventional comparative genomic hybridization (CGH) as well as arraybased CGH (aCGH) to soft tissue tumors have
revealed recurrent alterations, including ampliﬁcations and deletions, and similarities between poorly

differentiated STS such as MFH/UPS, leiomyosarcomas and pleomorphic liposarcomas [25, 43, 112,
120, 152, 174, 210]. Speciﬁc chromosomal breakpoints in different high-grade STS have also been
shown to correlate with adverse outcome in these
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patients [27, 133, 134]. A 19p+ marker has been suggested to be associated with development of local
recurrences and distant metastases in MFH [27],
and gains of 1p31 and 7q32 have been associated
with unfavorable prognosis in MFH [113]. Gains
of 17q have been suggested to be associated with
improved outcome with a lower risk of metastases
in MFH patients [209], and a recent study has suggested a higher risk of metastases in STS patients
with breakpoints in 1p1, and gain of 6p1 [134].

Clinical presentation
Most STS of the extremities and the trunk wall present as a painless mass, often accidentally detected.
The size at presentation is related to tumor depth
and location with larger tumors (10–20 cm) in the
deep proximal parts of the extremities and smaller
tumors in superﬁcial distal parts. Despite considerable tumor size, the general health of the patients
usually remains good and because of the rarity of
these malignancies they are commonly misinterpreted as benign conditions. STS are also vastly
outnumbered by their benign counterparts – lipomas, ﬁbrohistiocytic tumors, ﬁbrous tumors, vascular tumors and peripheral nerve sheath tumors
– at least by a factor of 100 [171, 172]. Suspicion
of malignancy is important in soft tissue tumors
since patients should optimally be referred before
any surgery to a sarcoma center for centralized,
multidisciplinary management. Based on epidemiological data, simple guidelines for referral have
been established in Scandinavia. These guidelines
suggest referring patients with deep-seated tumors
irrespective of tumor size, superﬁcial tumors
larger than 5 cm and tumors otherwise suspected
of malignancy (e.g. in children) based on 99% of
benign soft tissue tumors being superﬁcial and 95%
being <5 cm in size [137, 171, 172]. Hereby, 1 in 10
tumors referred has been shown to be malignant
and the vast majority of STS patients can undergo
their primary STS treatment at a sarcoma center
[15, 171]. This favorable referral pattern is unique
for Scandinavia.
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Imaging
MRI is the imaging modality most frequently used
for preoperative evaluation and surgical planning
of soft tissue tumors [79, 106, 207]. MRI scans are
mainly used to deﬁne the anatomical extension of
the tumor, but are also used for guiding biopsies.
Except for lipomas that show homogenous signals from their fat content, MRI can not be used
for type-speciﬁc diagnostics. After treatment, MRI
scans are used in monitoring local tumor changes,
especially to evaluate the effects of preoperative chemotherapy and radiotherapy, and also for
diagnosis of local recurrences. Dynamic, contrastenhanced MRI has also been suggested to differentiate viable from non-viable (necrotic or avascular)
tumors [182]. Hence, MRI could potentially provide preoperative prognostic information, which
was tested in study V.

Diagnostics
Fine needle aspiration (FNA) cytology is a simple
and effective diagnostic method with minor risks
of complications, such as local contamination of
tumor cells, compared to an open biopsy. Despite
limited sampling, FNA can correctly identify the
sarcoma subtype in 75–95% of the cases and correctly determines malignancy grade (low/high) in
2/3 of the tumors [40, 44]. However, considerable
experience is required in order to make a correct
FNA-based diagnosis, and the results should be
interpreted in conjunction with the ﬁndings from
clinical examination and imaging. Core-needle
biopsies are increasingly used since these allow
morphological analysis and the harvest of more
tumor tissue makes it easier to use ancillary techniques, e.g. cytogenetics or molecular genetics.
The technique is safe and complications occur in
less than 1% of the patients [47]. Open biopsy for
precise diagnosis of histotype and grade is rarely
(5–10% of the cases) used in Scandinavia since a
diagnosis of “sarcoma” in most cases is sufﬁcient
for planning and performing surgery [35]. However, if use of preoperative chemotherapy or radio-
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therapy is considered, needle/core biopsy may not
be sufﬁcient for treatment decision.

Surgery
Surgery is the mainstay treatment in STS. Until the
beginning of the 1980s the standard treatment for
extremity STS was radical compartmental excisions, often as an amputation, in order to achieve
local control [170]. However, when a multidisciplinary treatment approach was adopted, the rate
of local recurrence could be held low without
amputation, and consequently amputation rates
have dropped drastically to about 5% [20, 170].
Surgical treatment of STS entails a ﬁne balance
between minimizing the risk of local tumor recurrence and preserving function. The type of surgical
resection is determined by the anatomical location
of the tumor, the involvement of nearby structures,
the tumor size and depth, and the performance
status of the patient. A STS should preferably be
removed by a wide excision, which means an en
block resection of the tumor mass including surrounding tissue. A marginal excision implies that
part or all of the tumor (shelling out) is not surrounded by healthy tissue. An intralesional tumor
resection removes only parts of the tumor with
nearly a 100% risk for local tumor recurrence [56].
Despite improvements in local control, 10–20% of
the tumors recur locally, but can in most cases still
be controlled (except in retroperitoneal sarcoma).
The prognostic impact of a local recurrence is controversial; whereas no increased risk of metastasis
has been reported in some studies [78, 170, 192, 204],
other investigators have demonstrated that a local
recurrence per se is a risk factor for metastasis
[119, 199], most likely because it signiﬁes a highly
aggressive tumor.

Radiotherapy
To minimize the risk of local recurrence, surgery
is often combined with postoperative radiotherapy,
especially in deep-seated, high-grade tumors [163,
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198, 215, 219]. Radiotherapy doses of 50–60 Gy with

daily 2 Gy fractions are generally recommended,
but for macroscopic residual tumors doses of >60
Gy are recommended [103, 219]. Radiotherapy can
also be given preoperatively which allows lower
doses [211] and smaller ﬁeld sizes [141]. However,
the beneﬁt hereof is uncertain, but preoperative
treatment is likely to give less long term sideeffects, such as ﬁbrosis and edema, because of a
smaller remaining volume, but is also associated
with an increased risk of postoperative wound
complications [150]. Hence, decisions on radiotherapy should ideally take all of these factors,
including the timing of surgery and radiotherapy,
the size and anatomical site of the tumor as well as
possible beneﬁts and complications, into account,
in order to maximize local tumor control with preserved function.

Chemotherapy
Development of distant metastases remains a signiﬁcant problem with high mortality [195]. Use
of chemotherapy plays a major role in bone sarcoma, i.e. in osteosarcoma and Ewing sarcoma,
where it has drastically improved 5-year survival
from <10% with surgery alone to 60–70% when
systemic chemotherapy is added. The value of systemic chemotherapy for most histological subtypes
in adult STS patients remains controversial, except
for rhabdomyosarcoma, particularly in younger
patients. Decisions on systemic therapy depend
on the estimated risk of adverse toxic effects in
relation to the possible beneﬁts of the treatment.
The most commonly used regimens in patients
with advanced STS are ifosfamide and doxorubicin [189] and even if both of these agents have
been shown to be effective to some extent, the
response rates are low, ranging from 20–50%, and
the prognosis remains poor [5, 50, 58, 116, 178, 205,
208]. Hence, the value of adjuvant chemotherapy
is debated, although several phase II trials and a
recent US-based review have indicated a beneﬁt
[35]. Currently, patients with high-risk STS treated
within the European organisation for research and
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treatment of cancer (EORTC) are randomized to
adjuvant therapy with a single agent doxorubicin
versus doxorubicin in combination with ifosfamide
(http://www.sarkome.de/eortc/). Both preoperative
chemotherapy [71] and radiotherapy are used at
many centers as part of a treatment plan for patients
with primary STS [109]. The possible beneﬁts of
preoperative chemo-radiotherapy include early
treatment of subclinical tumor spread and assessment of response, but its importance on survival in
STS patients remains unknown.
The current treatment policy within the Scandinavian Sarcoma Group (SSG) includes adjuvant
therapy for adult high-risk patients, below age 70–
75 years, whose tumors display 2 of the 3 prognostic factors; large size (>8 cm), macroscopic and/or
microscopic tumor necrosis, and vascular invasion
[74, 75]. Recently, peripheral tumor growth pattern
has been shown to correlate with prognosis and is
therefore now added to the high-risk criteria [54].
The planned phase II trial, SSGXX, within the SSG
classiﬁes patients as high risk when the STS is histologically high-grade with either vascular invasion or 2 of the 3 factors; tumor necrosis, tumor
size >8 cm and inﬁltrative tumor growth pattern.
Patients whose tumors display such high-risk characteristics are treated with 6 cycles of doxorubicin
and ifosfamide, and in all cases with deep-seated
tumors radiotherapy is added.

Targeted therapy
The treatment of STS most probably needs to take
the speciﬁc STS subtype and its genetic/biological alterations into account. One of the challenges
that remain is to identify the target genes that are
deregulated by the speciﬁc fusion proteins and
those associated with the subtypes characterized
by complex karyotypes. Malignancies driven by a
single genetic alteration such as a mutation or translocation provide the optimal model for advancements in the progress of targeted therapeutics. The
prime example hereof is the development of imitinab in the treatment of GIST which drastically
has improved outcome in these patients [42, 176].
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Inherent difﬁculties in applying targeted therapies
in STS may be that the tumor-type speciﬁc fusion
proteins are not readily reached using e.g. surface
antibodies. Tyrosine kinase inhibitors may also be
preferable since several tyrosine kinases are deregulated in STS [203], i.e. KIT and the PDGFβ receptor in GIST [206]. Another example of a possible
tyrosine kinase inhibitor target is dermatoﬁbrosarcoma protuberans which is characterized by fusion
of the COL1A1 and the PDGFB genes leading to
excess production of mature PDGFβ that stimulates
growth through the PDGF receptor [186]. Successful growth inhibition of dermatoﬁbrosarcoma protuberans tumors in mice and cell cultures has been
demonstrated after treatment by a tyrosine kinase
inhibitor targeting the PDGF receptor [187]. Ongoing phase II studies also evaluate imatinib in dermatoﬁbrosarcoma protuberans [2]. Currently, there
are several ongoing phase II studies evaluating the
effect of multiple other approaches, including inhibition of angiogenesis and targeting of speciﬁc or
multiple pathways using tyrosine kinase inhibitors
in different STS including GIST, dermatoﬁbrosarcoma, MPNST, and synovial sarcoma [11, 100, 136,
184].
Many other types of targeted therapies based on
preclinical data and current gene expression data
can be considered. The therapeutic role of antiangiogenic treatment in STS remains to be clariﬁed
since these large soft tissue tumors often show
high interstitial pressure and hypoxia. Interestingly, hypoxia-related genes were among those
signifying metastases in the gene expression proﬁling study on mixed STS performed by Francis
et al. [66]. Multiple angiogenic inhibitors exist,
but among those that could be further evaluated
are the VEGF antibody bevacuzumab and the
decoy receptor VEGF-trap. Recently, multityrosine kinase inhibitors inhibiting RAF, VEGFR,
PDGFR and FLT3 have proven effective in renal
cell cancer and are now being evaluated in STS.
Also EGFR and ERBB/HER2, against which
monocloncal antibodies as well as tyrosine kinase
inhibitors have been developed, have been demonstrated to be overexpressed in STS. The PI3K
pathway represents another interesting target
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for therapeutic interventions in STS and mTOR
inhibitors are thus among the agents that could
be considered. Matrix metalloproteinases (MMP)
and chromatin modiﬁers are among the proteins
identiﬁed in gene expression studies of STS [66]
and targeting of these using MMP inhibitors and
histone deacetylase inhibitors (HDAC) could also
be considered. In summary, there are interesting
biological links between STS and several types
of targeted therapies and novel clinical studies
are therefore awaited within collaborative efforts
because of the rarity of this tumor entity. Current
knowledge, however, also suggests that identiﬁcation of distinct diagnostic subsets in which deregulation of the molecule targeted can reproducibly
be demonstrated, will be crucial for successfully
developing targeted therapies in STS.

Prognostic factors and prognostic systems
The overall 5-year survival of STS patients, including all malignancy grades, is 50–60% [136]. Metastases at diagnosis are found in less than 10% of
the patients and among those who go on to develop
metastases, 80% will be diagnosed within 2–3 years
after treatment of the primary tumor [62, 74]. STS is
a heterogenous group of tumors also when it comes
to prognostic factors. Histologic malignancy grade
is a major prognostic factor for development of
metastasis [32, 74, 191, 220]. Malignancy grading
is in part subjective and several grading systems
based on different parameters are in use. Its impact
also differs between different subtypes, e.g. malignancy grade does not seem to have a prognostic
role in MPNST, clear cell sarcoma, and epithelioid
sarcoma [32]. The two most widely used malignancy grading systems are the FNCLCC (French
Fédération Nationale des Centres de Lutte Contre
le Cancer) and the NCI (United States National
Cancer Institute) systems [32, 33, 36, 73]. Both are
based on III-tiered scales taking several histologic
parameters such as mitotic rate, differentiation,
pleomorphism, cellularity, necrosis, and histological type into account [32]. In Scandinavia, a IVtiered histologic malignancy grade system based
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on mitotic rate, cellularity, pleomorphism, nuclear
atypia, and tumor necrosis is used [131].
Besides malignancy grade, tumor size is the most
important prognostic factor in STS [31, 54, 74, 220].
Many studies have used dichotomization at different sizes [75] (the most commonly used being 5
cm), whereas others have applied a step-wise scale
[31, 52, 166]. Necrosis is another strong prognostic
factor for metastasis that is taken into account in
most grading systems [54, 73]. However, there is a
lack of consensus as to how this parameter should
be evaluated and different cut-off levels have been
applied [54, 220].
Microscopic intratumoral vascular invasion is
also a validated, and strong prognostic factor in
STS [54, 75]. Recently, Engellau et al. demonstrated
that invasive peripheral tumor growth pattern is
an independent prognostic factor and these data
have recently also been validated in an independent tumor series (unpublished observations) [54].
However, neither vascular invasion nor peripheral
tumor growth pattern is yet incorporated into commonly used prognostic systems [131], although
vascular invasion has been included in the SizeInvasion-Necrosis (SIN) system [75], and tumor
growth pattern has recently been added to the high
risk criteria applied in Scandinavia [54]. Proliferation is another factor that has repeatedly been
shown to represent a prognostic marker in sarcoma
and is considered for inclusion in clinical prognostic systems [52, 83, 88, 94, 96, 144]. Various studies
have applied mitotic rate, S-phase fraction, and
immunohistochemical analysis of markers such as
Ki-67, proliferating cell nuclear antigen (PCNA),
and cyclin A as measures of proliferation [76, 93,
94, 96, 146]. However, Ki-67 remains the most thoroughly investigated marker and has repeatedly
demonstrated a prognostic value in STS. There is,
however, a lack of standardized evaluation hereof.
We therefore assessed intratumor variability of Ki67 expression in study IV. In conclusion, prognostic systems in STS are still in need of reﬁnement
with consensus regarding which parameters should
be used, how they should be deﬁned, and which
cut-off levels should be applied.
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Materials

All patients included in the studies were diagnosed
with a STS of the extremities or the trunk wall in
the Southern Sweden Health Care Region (9 tumors
from the Karolinska Hospital, Stockholm, were
included in study III) between 1964 and 2006. The
patient and tumor materials for the different studies are summarized in table 4. As part of clinical
routine, the surgical specimen was brought fresh to
the department of pathology, where representative
tissue was selected and frozen at –80°C. Frozen
tumor tissue was used for DNA/RNA extractions
in studies II and III, and formalin-ﬁxed parafﬁnembedded tumor tissue was used in studies II, IV,
and V. Patient, treatment and outcome data are
available from the Southern Sweden part of the
National Cancer Registry, within the SSG registry,
and within a clinical treatment registry (based on
the Cancer Registry) at the Department of Orthopedics, Lund University Hospital. Ethical permission for the studies was granted from the Lund
University ethics committee (LU 302-02) and all
work was performed according to these ethical
guidelines. All STS were diagnosed by sarcoma
pathologists at the centers in Lund or in Stockholm
and most of the tumors diagnosed after 1983 had
also been reviewed by the SSG pathology review
board [52, 74].

Study I
All individuals in the Southern Swedish Health
Care Region diagnosed with a primary STS of the
extremities or trunk wall during 1964–2001 were
included in the study. The patients were initially
identiﬁed through the National Swedish Cancer
Registry, and the inclusion was initiated in 1964
in order to compare data with the local sarcoma
registry, which contained veriﬁed data on all cases.
The National Swedish Cancer Registry is population-based and estimated to contain 99% of all
malignant diagnoses. Since the focus of the study
was STS of the extremities and the trunk wall,
we excluded STS at other sites, e.g. head-neck,
retroperitoneum, and urogenital sarcomas. Children (<16 years at diagnosis), syndrome-associated STS, dermal sarcomas, and radiation-induced
STS were excluded. Hereafter, 818 individuals
remained for analysis, 88 of whom had been treated
with postoperative chemotherapy (study I, table 1).
The Southern Sweden part of the Cancer Registry
was used to identify all other primary malignancies
that developed in this cohort. The histopathological reports regarding the other malignancies were
collected from 169 cases, whereas data in 34 cases
relied on information from the Cancer Registry.
23 patients had been treated with radiotherapy and
these radiation ﬁelds were re-evaluated regarding

Table 4. Summary of materials in the different studies
Study

I

Years of diagnosis
Number of patients/tumors
Histologic diagnoses
Median age (range)
Men:women
Malignancy grades a
a Based

on a 4-tiered scale

1964–2001
818/818
mixed
66 (16–98)
440:378
129 I-II; 689 III-IV

II
1988–2006
13/30
mixed
77 (28–83)
6:7
2 II; 28 III-IV

III
1986–1999
24/26
synovial sarcoma
44 (11–84)
15:11
all III-IV

IV
1989–2000
25/25
leiomyosarcoma
68 (40–92)
17:8
all III-IV

V
1989–2000
78/78
mixed
68 (23–87)
36:42
12 I-II; 66 III-IV
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overlap with secondary tumors and 1 presumable
radiation-induced skin cancer was excluded. STS
that developed at another anatomical site before
the development of any metastases were regarded
as multiple primary STS, whereas STS that developed at the same location as the primary tumor or
in patients with known metastases were regarded
as local recurrences or metastases, respectively,
and were thus not included in the analysis [6].
Study II
Individuals in study I who had developed 2 or
more STS at different anatomical sites before
the development of any detectable metastases
were included in study II, which was further
extended with all adult patients (≥16 years of
age) in the Southern Swedish Health Care Region
who developed multiple STS before any metastases. Hereby, we identiﬁed 20 patients who had
developed at least 2 STS at different anatomical
sites before the occurrence of metastases. Frozen
tissue was available from 16 tumors, whereas parafﬁn-embedded material was used in the remaining 28 cases. 7 individuals were excluded because
of poor DNA quality in at least 1 of the tumors.
Hence, evaluable aCGH proﬁles were obtained
from 30 tumors. These were derived from 13
patients with a mean age of 73 (28–83) years at
the time of ﬁrst STS diagnosis (study II, table 1).
The second STS developed median 3 (1–7) years
after the ﬁrst STS. 2 different tumors were analyzed in 10 cases, 3 in 2, and 4 STS were analyzed
in 1 patient. No neoadjuvant chemotherapy had
been used, and only 1 patient was treated with
postoperative chemotherapy after the ﬁrst STS.
Radiotherapy had been administered to 4 patients;
postoperatively in 3 cases and preoperatively in
1, but none of the second primary STS developed
within the irradiated ﬁeld. Follow-up was complete for a minimum of 8 years for the survivors.
During follow-up, lung metastases developed in
5/13 patients, median 50 (15–51) months after the
primary tumor.
Study III
In study III, 26 synovial sarcomas, including
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19 primary tumors, 3 local recurrences, and 4
metastases were analyzed (study III, table I). All
tumors had been cytogenetically characterized and
conﬁrmed to carry X;18 translocations, with the
t(X;18) as the sole change in 5 tumors and as part
of complex karyotypes including the t(X;18) in 17
tumors, whereas normal karyotypes were found
in 4 tumors. 12 tumors had the SS18-SSX1 gene
fusion type, whereas 9 tumors were characterized
by the SS18-SSX2 gene fusion variant. Metastases
developed in 18 patients, from 12 of whom the
primary tumors were available for analysis. 3 of
the patients had received pre-operative treatment;
chemotherapy in 2 cases and radiotherapy in 1
case. Follow-up was complete and was minimum
9 years for the survivors.
Study IV
In study IV, 25 leiomyosarcomas operated at the
Lund University Hospital Musculoskeletal Tumor
Center between 1989 and 2000 were included.
High-grade (grades III and IV) tumors from which
whole tumor sections were available were selected.
The mean tumor size was 8 (3–16) cm. None of
the patients had received preoperative radiotherapy
or chemotherapy. Whole-tumor blocks, i.e. an
approximately 1-cm thick section obtained from
the largest tumor diameter, were retrieved and 1mm core biopsies were obtained from the tumor
diameter (study IV, ﬁgure 1). Median 8 (5–19)
biopsies were obtained from the tumors and used
to construct a tissue microarray (TMA).
Study V
Patients were selected for study V based on availability of evaluable preoperative MRI scans and
presence of whole-tumor sections for classiﬁcation
of the peripheral microscopical growth pattern. 78
adult patients with primary STS operated at the
Musculoskeletal Tumor Center in Lund between
1989 and 2000 were included (study V, table 1).
The tumors had been resected with a marginal or
wide surgical margin and neoadjuvant chemotherapy or radiotherapy had not been administered.
The 78 patients represent a subset of a series of 140
patients in whom the prognostic value of micro-

Joseﬁn Fernebro

scopic inﬁltrative growth on whole-tumor sections
previously has been reported [54]. 2/3 of the tumors
were deep-seated, leiomyosarcoma was the most
common histiotype, and 66/78 tumors were high-
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grade (grades III and IV). None of the patients had
metastases at diagnosis, but metastases developed
during follow-up in 33/78 patients. Follow-up was
complete for at least 5 years for the survivors.
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Methods

Risk assessment (study I)
The risk of developing a second primary tumor after
the STS was assessed by calculating Standardized
Morbidity Ratios (SMR) by dividing the observed
number of cancers with the expected number. This
was performed for the whole cohort of 818 patients
and for subgroups with respect to sex, age at STS
diagnosis and after excluding the 77 individuals
with another primary malignancy before the STS
diagnosis (since death from these tumors could not
be accounted for). The risk estimates were based
on tumors that developed after the STS because of
difﬁculties in compensating for death rates from
prior malignancies. The cancer incidence within
the Southern Swedish part of the Cancer Registry
was used as a reference and the analysis was stratiﬁed by sex, calendar year, and 5-year age groups.
The SMR and their 95% conﬁdence intervals were
calculated (study I, table 2).

DNA extraction (study II)
In order to maximize the number of tumors analyzed, DNA was extracted both from frozen (whenever available) and from parafﬁn-embedded tissue.
Genomic DNA was extracted from frozen tissue
using the WizardR Genomic DNA Puriﬁcation kit
(Promega, Madison, WI) and overnight proteinaseK digestion treatment followed by phenol-chloroform puriﬁcation as described in detail in study II.
In tumors where DNA was extracted from parafﬁn-embedded tissue, a fresh 4-µm section was ﬁrst
obtained, which was stained with hematoxylin
& erythrosin for identiﬁcation of representative
tumor areas. Thereafter, a 1-mm tissue core was
obtained and used for DNA extraction. The tissue
cores were then pre-treated in xylene before proteinase-K treatment and phenol-chloroform puriﬁcation. DNA concentration was measured using a

Nano drop (NanoDrop Technologies, Wilmington,
DE) and DNA quality was checked using a ReadyTo-Go RAPD analysis kit (Amersham Biosciences,
Buckinghamshire, UK). Commercial genomic
male DNA, derived from a pool of healthy individuals was used as a reference (Promega).

RNA extraction (study III)
Total RNA was extracted from 80–120 mg of frozen
tissue using the RNeasy Midi kit (Qiagen, Valencia, CA) and TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions.
The steps included: dismembration of the frozen
tissue, thawing the tissue powder in TRIzol and
extracting the RNA from DNA and proteins using
Chloroform (Sigma, St Louis, USA) and centrifugation. The Agilent 2100 Bioanalyzer (Agilent
technologies, Palo Alto, CA, US) was used to
measure RNA quality requiring a 28S/18S ratio of
>1.1, and concentration was checked using Nano
drop (NanoDrop Technologies). As reference RNA
the Stratagene Universal Human Reference RNA
(Stratagene), composed of total RNA isolated from
ten cell lines representing different human tissues
with broad coverage, was used.

Array comparative genomic hybridization (study II)
BAC array platform
The BAC array slides used in the studies were produced at the Swegene DNA Microarray Resource
Center, Department of Oncology, Lund University.
These contained totally 32,433 BAC clones from
the 32k human genome high resolution BAC rearrayed clone set, version 1.0 from the BACPAC
Resource Center at Children’s Hospital Oakland
Research Institute (Oakland, CA, US) (http://
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bacpac.chori.org/). The clones provide >99% coverage of the ﬁngerprint map and current sequence
assembly with a resolution of 100 kb.
Labeling and hybridization
CyDye coupling/labeling was carried out using
a random labeling kit (Invitrogen Life Technologies) according to the manufacturer’s recommendations. In short, 2 µg genomic tumor DNA and
reference DNA were differentially labeled with
ﬂuorescent dyes; Cy3 for tumor tissue and Cy5
for reference DNA. After puriﬁcation using ﬁlter
based colums (the CyScribe GFX Puriﬁcation Kit,
Amersham Biosciences for fresh frozen tumor and
the PureLink PCR Puriﬁcation Kit, Invitrogen for
parafﬁn-embedded tumors), the labeled DNA were
pooled, mixed with COT-1 DNA to block repetitive DNA sequences, dehydrated and ﬁnally resuspended in a formamide-based buffer. The arrays
were UV cross-linked at 500 mJ/cm2 and hybridization was performed at 37°C for 72 hours. The
incubation was performed under cover slips for
the DNA isolated from the frozen tumor material
whereas the MAUI hybridization system (BioMicro systems Inc., Salt Lake City, UT, US) was
used for the DNA derived from parafﬁn-embedded
tumors. Dye-swaps were used to minimize noise
derived from the dyes wherever this was necessary.
Scanning was performed using the Agilent microarray scanner (Agilent Technologies).

Expression microarray (study III)
cDNA microarray platform
The cDNA microarrays and the BAC array slides
used in the studies were produced at the Swegene
DNA Microarray Resource Center, Department of
Oncology, Lund University, Sweden. The cDNA
microarrays were spotted with 27,648 spots containing sequence-veriﬁed IMAGE clones from the
Research Genetics IMAGE clone library. Clone
information was linked to gene names using build
164 of the Unigene database (http://www.ncbi.
nlm.nih.gov/UniGene) and 17,517 unique Unigene
clusters were represented on the array.

25

cDNA synthesis, labeling, and hybridization
cDNA synthesis and CyDye coupling was carried out using the CyScribe cDNA Post-labeling
Kit (Amersham Biosciences) according to the
manufacturer’s recommendations. 35 µg tumor
RNA and 25 µg reference RNA was annealed
with Anchored oligo(dT) primer (from kit) and
an extension reaction was performed catalyzed
by the enzyme CyScriptTM Reverse Transcriptase. During the reaction, amino allyl-dUTP (AAdUTP) was incorporated into the cDNA. After
degradation of remaining RNA templates through
alkaline hydrolysis treatment (with NaOH), the
amino allyl-modiﬁed ﬁrst strand cDNA was puriﬁed, using ethanol precipitation, and coupled
with an excess of reactive CyDyeTM NHS-esters
(Amersham Biosciences). The tumor and reference cDNA were coupled separately, tumor to
Cy3 and reference to Cy5. In order to maximize
hybridization signal and minimize non-speciﬁc
background, the probes were puriﬁed using GFX
puriﬁcation columns (CyScribe GFX Puriﬁcation
Kit, Amersham Biosciences). The differentially
labeled cDNA were then pooled and blocking
reagents (human COT-1 DNA®, Poly dA and Yeast
tRNA) were added in order to reduce non-speciﬁc
hybridization. Hybridization was performed manually using the Pronto!™ Universal Hybridization
Kit (Corning Life Sciences, Corning, NY, US) in
42°C for 18–20 hours, according to the manufacturer’s instructions. The slides were then dried and
scanned using the Agilent DNA Microarray Scanner (Agilent Technologies) (ﬁgure 5).
Data analysis (studies II and III)
The cDNA and BAC array slides were scanned
using an Agilent DNA Microarray Scanner (Agilent Technologies) at 5 and 10 micron resolution
respectively. Image analysis and data extraction
were carried out using GenePix™ Pro 4.1.1.4 version (Axon Instruments Inc., Foster City, CA, US)
and the quantiﬁed data matrix was then uploaded
into the web-based BioArray Software Environment (BASE; http://base.onk.lu.se/int/) [173] where
all data management and analysis were carried out.
The background correction and intensities of Cy3
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Reference
DNA/cDNA
Cy5
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DNA/cDNA
Cy3

Hybridization

Laser scanner

Data analysis

Figure 5. Overview of the steps within the aCGH and
cDNA methods. Genomic tumor DNA/cDNA and reference
DNA/cDNA are differentially labeled with ﬂuorescent dyes;
Cy3 and Cy5 respectively (cDNA is ﬁrst synthesized from
total RNA in a reverse transcriptase based reaction). After
puriﬁcation, pooling and blocking of repetitive sequences,
the DNA/cDNA is applied to a spotted array and hybridized
for 48–72 hours. The slides are washed to remove nonspeciﬁc hybridization and scanned using an Agilent DNA
microarray scanner, which creates two separate high-resolution images, one for each CyDye. These images are then
overlaid and visualized as a pseudocolored image that is
analyzed in GenePix Pro software. The raw data result ﬁles
are ﬁnally uploaded into a data analysis software, such as
BASE, for data-processing and analysis.

and Cy5 were calculated using the median feature
and median local background intensities of the
uploaded ﬁles, and the intensity ratios were calculated using the background corrected spot intensities by calculating the 2-logarithm of the ratio of
tumor intensity to reference intensity.
A preliminary ﬁltering, based on the ﬂagging in
the image analysis, was applied, and spots ﬂagged
as “bad” or had a spot diameter smaller than 55
µm were ﬁltered away from further analysis. In
study II, all spots were required to have a signal
to noise ratio >3 in both the tumor and the reference channel. To normalize data within individual arrays, the intensity dependent LOWESS
algorithm was used [216]. In study III, a weighted
approach was adopted to account for varying spot
qualities, which gradually reduces the importance
of a spot as its quality goes down, essentially as
has been described previously [24]. In study II,

a moving average smoothing algorithm with a
250 kbp sliding window was then applied, and
to identify regions of gains and losses a BASEadapted CGH-plotter software was used [9]. A
region of gain/loss was deﬁned as a log2 ratio ±
0.2. Ampliﬁcations were deﬁned as clones with a
log2 ratio ≥0.5, whereas high-level ampliﬁcations
were deﬁned as a log2 ratio ≥1.5. Homozygous
deletions were suspected when the log2 ratio was
≤1.5. In order to reduce the noise, in the CGHplotter each clone was assigned a calculated level
log2 ratio value, corresponding to the level that the
clone belongs to. The data derived from the CGHplotter was then used in a hierarchical cluster
analysis (see below). The CGH-plotter was also
used to generate a ternary scale, where all clones
were designated gained, lost, or unchanged. These
values were used to calculate the percentage of
altered clones in each assay and the mean number
of altered clones in tumor subgroups. A Pearson
correlation estimate was used to determine the
correlation between tumors within the same individual, based on altered clones.
In study III, a weighted approach was used to
rank all genes based on their ability to discriminate
between the different tumor subgroups. Each gene
was assigned a discriminative weight, a Golubscore [68], by calculating the mean and the standard deviation of each particular gene across all of
the samples (using the relative expression ratios of
each gene in the subclasses). A genes weight then
reﬂects the difference in expression of that gene
between the groups relative to the standard deviation within the group and hence; a high Golubscore implicates minor variation in gene expression within the group, but large variation between
the subgroups. In order to assess the discriminating power of the score to differentiate the groups, a
random permutation test with 1,000 permutations
was performed.
Hierarchical cluster analysis
Unsupervised hierarchical cluster analysis, using
the Pearson correlation distance metric and the
average linkage method, was applied to the data
derived from the CGH-plotter in study II and to all

Joseﬁn Fernebro

~3,500 genes surviving the pre-processing ﬁlters
in study III (the TMeV application from the TM4
microarray software suite was used; http://www.
tm4.org/mev.html) [175]. Hereby, a pair-wise comparison of the expression patterns across all genes
and tumors was performed, that groups the groups
the tumors and genes together, based on their
similarities, into hierarchical trees [51]. The analysis also creates a “heat-map”, a two-dimensional
plot that indicates expression levels of each gene
in each tumor sample. In study III, a hierarchical
cluster analysis was also applied to the genes with
the best discriminating power (between tumors
belonging to different biological supgroups; gene
fusion types and metastatic potential) revealed in
the weighted approach mentioned above, hence
creating a supervised hierarchical cluster tree.
Reproducibility
Numerous studies have demonstrated the usefulness of gene expression proﬁling techniques in
the study of STS, and such applications have provided extended insight into the genetic complexity
of these tumors [117, 142, 143, 179]. However, gene
expression proﬁling allows analysis of thousands
of genes simultaneously and the vast amount of
information that is generated has to be interpreted
in the correct context and validated by complementary techniques and/or other research groups.
The complexity of the technique creates several
challenges when it comes to experimental design,
use of different platforms, technical implementation, management of and interpretation and validation of the data. Several studies that have applied
gene expression analysis to STS have reported
similar results and diagnostic subgroups have been
conﬁrmed [66, 117, 143, 179]. Additionally, useful
diagnostic markers correctly identifying certain
subgroups including e.g. GIST and synovial sarcoma have been provided through gene expression
proﬁling studies. Also pathway signatures, such
as the Wnt signaling pathway in synovial sarcoma
have been a consistent ﬁnding in several studies [66, 117, 143, 179]. Hence, application of gene
expression proﬁling in STS has conﬁrmed previous ﬁndings from ancillary techniques, and has in
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Figure 6. Cluster analysis showing tumor samples hybridized in duplicates and triplicates, with at least one year
in between the experiments using two different protocols,
on a hybe-station and manually. The duplicates and triplicates all clustered together. The analysis was performed
using the TMev application of the TM4 microarray software
suit [175] and the Pearson correlation distance metric was
used.

addition vastly extended the knowledge and understanding about these genetically complex tumors.
The majority of the tumors investigated in study III
were hybridized in duplicates, and in some cases
in triplicates. Different protocols were used, and
about half of the tumors were hybridized manually whereas a hybridization-station was used in
the remaining cases. Nevertheless, similar results
were obtained with different protocols and when
an unsupervised hierarchical cluster analysis was
applied to the tumors, all duplicates and triplicates
clustered closely together (ﬁgure 6).

Tissue microarray (study IV)
TMA blocks were established from 1-mm diameter
core biopsies obtained from throughout the tumor
diameter using a manual arrayer (Beecher Instruments, Silver Spring, MD, US) (ﬁgure 7). Hereby,
median 8 (5–19) biopsies were obtained from each
of the 25 leiomyosarcomas. The 2 most peripheral
core sections from each side of the tumor diameter
(which corresponded to a fraction of 0.1–0.4 of the
tumor diameter) were considered to represent the
tumor periphery, whereas the central 1–3 biopsies
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stainings were classiﬁed as weak or strong. Evaluation disregarded necrotic core sections and all
slides were evaluated by the authors (J.F. and
M.N.) and consensus was reached.
Donor block from which
core biopsies have been taken

Core biopsies placed
into recipient block
TMA block sectioned and stained
for selected tumor markers

Figure 7. In study IV multiple 1-mm tissue cores were
obtained throughout the tumor diameter from leiomyosarcomas. Hereafter a whole-tumor section was stained
with hematoxylin & erytrosin in order to demonstrate from
where the samples were obtained. The cores were brought
into a TMA, which was sectioned and stained (with antibodies against Ki-67 and HIF-1α).

(depending on tumor size) were considered to represent the center.

Immunohistochemical staining (study IV)
Fresh 5-µm sections from the TMA blocks were
mounted on glass slides (Dako ChemMate capillary gap microscope slides, Dako) and used for
immunostaining. After deparafﬁnisation in xylene
and rehydration in ethanol, the sections were
microwave pre-treated in 10 mM citrate buffer
(pH 6.0) to achieve antigen retrieval. Staining was
performed using an automated immunostainer
(TechMate 500Plus, Dako) with Dako ChemMate
Kit peroxidase/3.3´-diaminobenzidine. The tumors
were stained for the proliferation marker Ki-67
and the hypoxia marker, hypoxia inducible factor
1α (HIF-1α). For Ki-67 the MIB-1 (Monoclonal
Mouse antihuman Ki-67 antigen, Dako) antibody
was used at 1:500 dilution and the percentage (<5,
10, 20, 30, 40, and >50%) of staining tumor cell
nuclei was determined for each core section. Both
the maximum and the mean Ki-67 staining in the
peripheral 2 and the central 1 to 3 core sections
were calculated. HIF-1α staining was performed
using the HIF-1α antibody (Novus Biologicals,
Inc, Littleton, CO, US) at 1:400 dilution and the

Assessment of peripheral tumor growth
pattern (study V)
Microscopic inﬁltration
The microscopic evaluation of the peripheral
tumor growth pattern was based on whole-tumor
sections and is part of a previously published study
[54]. In short, a whole-tumor section (of approximately 1-cm thickness) was obtained from the
maximum tumor diameter. This handling ensures
equal ﬁxation also of central tumor areas and after
dehydration the section is parafﬁn-embedded. The
microscopical assessment was performed on a 4µm hematoxylin & erythrosin stained section and
classiﬁed the growth pattern as pushing (where no
sign of inﬁltrative growth were present), focally
inﬁltrative (inﬁltration in <25% of the tumor rim),
and diffusely inﬁltrative (>25% of the tumor rim
involved). Since no differences in outcome were
found between the 2 inﬁltrating groups in the previous study [54], both inﬁltrating patterns were
combined and the analysis thus considered growth
patterns classifed pushing versus inﬁltrating.
Inﬁltration classiﬁed on MRI
Preoperative MRI examinations in study V were
retrospectively evaluated in consensus by 2 musculoskeletal radiologists (M.W. and K.J.) who
were blinded to the microscopic classiﬁcation and
the outcome data. Standard MRI scans, most of
which were performed at local hospitals before
referring the patient to the musculoskeletal tumor
center were used and included axial and coronal
sections, and in some cases also sagittal sections.
Hence, different MRI equipment including lowTesla units as well as 1.5-Tesla units had been used.
The sequences were T1 and T2-weighted, coronal
short TI inversion recovery (STIR) sequence, and
a static T1-weighted fat saturated sequence after
intravenous contrast medium injection, most often
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gadolinium diethylene triamine pentaacetic acid
(DTPA). The assessment of peripheral growth pattern was based on the largest midsection of the
tumor. Well-deﬁned tumors without peripheral
extensions into the surrounding tissue were clas-
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siﬁed as pushing. Tumors with irregular surfaces
with spicula-like extensions into the surrounding
tissue were classiﬁed as inﬁltrative; focal if <25%
of the tumor circumference was involved and otherwise diffuse.
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Results and Discussion

Increased risk of malignancies in
patients with STS (studies I–II)
Primary tumors preceding or following the STS
In study I, additional primary malignancies, preceeding or following a STS, developed in 164
(20%) patients, 131 of whom developed 1 additional malignancy, 27 developed 2, and 6 patients
developed at least 3 malignancies. These malignancies developed median 10 (0–32) years before
and median 4 (0–35) years after the sarcoma
diagnosis. Data from the Swedish Cancer Registry suggest that 2 or more primary malignancies
develop in 8–10% of all cancer patients, whereas 3
or more malignancies are found in less than 1% of
the patients (Swedish board of health and welfare;
http://www.sos.se/sosmenye.htm). Previous centerbased studies have suggested that 7–10% of adult
STS patients develop multiple primary malignancies (before or after the sarcoma diagnosis) [81, 132,
193]. Hence, our study suggests that STS patients
develop secondary malignancies at a rate twice that
in the Cancer Registry and also at a higher rate than
previously reported in adult STS patients.
Does the risk vary between different STS subtypes?
The frequency of multiple primary malignancies varied between the different STS subtypes;
second primary malignancies developed in 30% of
patients with MFH, 22% with leiomyosarcomas,
23% with liposarcomas, 10% with synovial sarcomas, 54% with MPNST, and in 22% of the patients
with STS of other subtypes. The subtype-variation
may be inﬂuenced by survival differences for the
different histopathological subtypes. The low rate
detected in synovial sarcoma is in line with the
results from Tateishi et al. (2005) and may reﬂect
the adverse outcome for these patients. Two previous studies have suggested that the risk of multiple
primary malignancies is particularly high among

STS patients with MFH/myxoﬁbrosarcoma [132,
193]. In our series, multiple primary tumors most
frequently occurred in patients diagnosed with
MPNST and MFH. Patients with neuroﬁbromatosis type I are at increased risk of several malignancies, including MPNST, chronic myelogenous leukaemia, and glioma [108, 124]. Since patients with
known neuroﬁbromatosis type I were excluded
from the study and none of these characteristic/syndrome-related tumor types were observed
among the patients diagnosed with MPNST, this
is not likely to explain the present observation. In
the 19 patients who were diagnosed with MPNST,
the most common second tumor types were breast
cancer followed by prostate cancer, STS, and
tumors of the urinary tract.
Other primary tumors
Among the primary malignancies that developed
prior to the STS (90 tumors in 77 patients) the
most common cancer types were breast cancer,
prostate cancer, and malignant melanoma. Among
the tumors that developed after a STS, the most
common types were prostate cancer and colorectal
cancer. Merimsky et al. (2001) identiﬁed renal cell
cancer as the most common second tumor type in
their study of a mixed STS cohort (including 375
patients), but did not analyze an increased risk
hereof [132].
Risk assessment
During follow-up (6,910 person years for the
whole cohort), 113 malignancies developed compared to the expected number of 90, which corresponds to a SMR for all malignancies of 1.3 (95%
CI = 1.0–1.5; p = 0.02) (study I, table 2). The only
speciﬁc tumor type that developed at increased
risk was STS with a SMR of 18 (95% CI = 8–34;
p<0.001). Similar results were obtained also when
the 77 individuals with another malignancy prior
to the STS were excluded from the analysis, with
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Figure 8. MRI images of two tumors in study II that developed closest to each other.
Based on the genomic proﬁles these two leiomyosarcomas are suggested to represent
two primary STS; a subcutaneous tumor of the left lateral thigh at age 83 (a) and an
intramuscular tumor of the left medial thigh at age 87 (b).

a SMR for all malignant tumors of 1.3 (95% CI =
1.0–1.5; p = 0.03) and a speciﬁcally increased risk
of STS with SMR = 17 (95% CI = 7–34).
Multiple primary STS
A second STS at another anatomical location developed in 7 patients mean 4 (2–5) years after the primary diagnosis, and 2 of these patients developed
a third subsequent STS (study I, table 3). Of these
9 tumors, 3 were of another histopathologic subtype than the primary tumor. None of the patients
had any detectable metastases at the time of diagnosis of the second STS and only 2/7 individuals
developed subsequent lung metastases after 47
and 50 months respectively (ﬁgure 8). However,
it is difﬁcult to determine whether multiple STS
that develop in the same individual represent multiple primary tumors or a rare pattern of soft tissue
metastases. In order to identify the background of
this phenomenon, we applied aCGH to 30 STS
from 13 patients in study II. 5 of the patients with
multiple STS identiﬁed in study I were included in
the series, which was extended with an additional
8 patients who had developed at least 2 STS at different anatomical locations.
What is the cause of multiple STS?
Several causes, including e.g. heredity, exposure,
and treatment-related factors may underly development of multiple primary malignancies [107].
Although several rare genetic syndromes have been

linked to sarcoma development (table 3), heredity
is likely to have a minor contribution to STS [126].
The greatest contribution comes from neuroﬁbromatosis, but in the present study known cases of
neuroﬁbromatosis (from histopathological reports
and clinical ﬁles) were excluded. Other syndromes,
e.g. Li-Fraumeni, Werner syndrome, RothmundThomson, HNPCC, and FAMMM are rare and thus
unlikely to have an impact on the overall risk. STS
linked to these syndromes have displayed various
histopathologies – synovial sarcoma, liposarcoma
and MFH, and no distinctive tumor biology has yet
been recognized. Although no speciﬁc tumor type
other than STS occurred at signiﬁcantly increased
risk in study I, 12 malignant melanomas, 4 pancreatic cancers, 11 endometrial cancers, and 21
colorectal cancers occurred. Hence, we cannot
exclude that occasional cases may be linked to
FAMMM or HNPCC and suggest that associated
tumor types within the families should be taken
into consideration, when obtaining a family history
of cancer. The impact of previous radiotherapy and
chemotherapy is likely to be minor since STS that
developed within irradiated ﬁelds were excluded
from the study, and since chemotherapy had only
been administered to 4 patients.
The observation of an increased risk of a second
primary sarcoma in STS patients provided the basis
for study II in which aCGH was used to characterize and compare the genomic proﬁles of metachronous STS. Among the 30 STS, recurrent ampliﬁ-
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Figure 9. A frequency plot summarizing the gains and
losses observed in the 22 tumors that were interpreted as
separate primary STS within study II.

cations and deletions were identiﬁed, 7 of which
occurred in >60% of the tumors, including deletion of 10q24.3-25.2, 13q12.1-12.2, 13q21.1-21.2,
16q13-23.2, 18q12.2-12.3 and ampliﬁcation of
1q21.3-23.1 and 19p13.3 (ﬁgure 9). When an unsupervised cluster analysis was performed on the 30
tumors, tumor pairs from 5 cases clustered closely

a
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together, suggesting that these represent soft tissue
metastases, whereas tumors from the remaining 8
cases were scattered in the cluster, indicating that
these represent multiple primary STS (study II,
ﬁgure 1). Also when the genomic proﬁles from the
tumors in each case were compared, the plots in
the 5 cases that clustered together were strikingly
similar, whereas the differences outnumbered the
similarities in the plots of the 8 tumor pairs that did
not cluster together (ﬁgure 10). In STS patients,
about 80% of the metastases develop within the
ﬁrst 2–3 years following the primary tumor. The
time interval between development of the ﬁrst and
subsequent STS among the 13 patients in study II,
was median 1 (1–7) year in the group assumed to
represent soft tissue metastases and 4 (1–5) years
in the remaining 8 cases, further supporting development of multiple primary STS in the latter group.
Knowledge of primary or metastatic tumor origin
in patients with multiple STS is important for prognostication and therapeutic decisions.

b

Figure 10. Whole genome plots showing similarities in gene copy number changes in two liposarcomas that developed
in the same patient (a) and differences in gene copy number changes in two malignant ﬁbrous histiocytomas that were
diagnosed in another patient (b) (similarities and differences indicated by arrows). These tumors are hereby suggested to
represent soft tissue metastases (a) or separate primary STS (b).
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Gene expression proﬁling in synovial
sarcoma (study III)
Distinct gene expression proﬁles
Synovial sarcomas are readily discerned from other
sarcoma types in gene expression proﬁling studies.
Members of the RAR pathway, the Wnt (ﬁgure 4)
and TGF-β pathways, ephrins, genes related to the
FGF and the IGF pathways, CRABP1, and the SSX
genes are among those overexpressed [3, 117, 139,
143, 179]. Among the 26 synovial sarcomas in study
III unsupervised hierarchical cluster analysis based
on the ~3,500 genes that passed the preprocessing
ﬁlters did not reveal any distinct clusters related
to histotype (monophasic versus biphasic), gene
fusion type (SS18-SSX1 versus SS18-SSX2), karyotype (X;18-translocation as the sole change versus
as part of a complex karyotype), or development of
metastases (ﬁgure 11). Results from a recent study
from our group on diagnostic and prognostic gene
expression proﬁling in 177 STS, including the 26
synovial sarcomas from study III, showed ﬁndings
that were in line with the results from previous
studies with 4,000 genes differentially expressed in
synovial sarcoma compared to other STS subtypes
[66]. Several of the genes found to be upregulated
in synovial sarcoma were part of central developmental pathways. The genes included ERBB2,
FGFR1, FGFR3, FGF18 and FRAG1 from the
EGF and FGF receptor signaling pathways, members of the Hh signaling pathway like PTCH, SMO,
BMP7, FOXM1 and CSNK1E, RAR pathway genes
like RARA, RARG, MDK, MEIS1 and PRAME, and
genes involved in Notch receptor signaling like
NOTCH1, JAG1 and the transducin-like enhancer
of split genes. In several previous studies, synovial
sarcoma have shown gene expression signatures
similar to those of MPNST, potentially indicating
a neural crest origin of synovial sarcoma [3, 10, 66,
139].
Expression signature related to genetic alterations
When Golub-scores were estimated and genes were
ranked according to their discriminative power in
relation to gene fusion type (12 tumors with SS18SSX1 versus 9 tumors with SS18-SSX2), the 100

Figure 11. Unsupervised cluster analysis of the synovial
sarcomas in study III. 12 tumors had the SS18-SSX1 gene
fusion type and 9 tumors had the SS18-SSX2 fusion. The
cluster was based on ~3,500 genes and the Pearson correlation distance metric was used. It was performed using
the TMev application of the TM4 microarray software suit
[175].

most inﬂuential genes were extracted (the falsediscovery rate remained fairly constant around 40%
from approximately 30 to 100 genes) (study III,
ﬁgures 1 and 3). Among the discriminating genes,
81 were upregulated in tumors with the SS18-SSX1
fusion type including multiple metallothioneins,
histones and G protein-coupled receptors. In addition, a number of genes that have been implicated
in oncogenesis, i.e. TCF7, IGFBP3, AXL, RALGDS
and CDC2L1, and genes belonging to pathways previously linked to synovial sarcoma i.e. AXL, ZIC2,
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SPAG7 and AGRN were upregulated in tumors with
SS18-SSX1. Patients with synovial sarcoma carrying the SS18-SSX1 fusion have been suggested
to be at increased risk of developing metastases,
with a worse overall prognosis [102, 145]. Among
the tumors with the SS18-SSX1 fusion variant, histones and genes within histone metabolic pathways
were highly expressed indicating a higher proliferative activity in these tumors, and interestingly high
proliferation and also expression of cyclin A has
previously been linked to synovial sarcoma with
the SS18-SSX1 fusion [145, 164, 214]. Additionally,
in the recent gene expression study on 177 STS,
EASE analysis identiﬁed chromatin-remodeling genes including several histones and SMARC
genes as constituting one of the largest functional
groups upregulated in the SS as compared to other
STS subtypes [66]. Also, metallothioneins that were
highly expressed in tumors with the SS18-SSX1
fusion type have previously been suggested to be
of prognostic value in STS [48, 49]. Among the 19
genes that were upregulated in tumors with the
SS18-SSX2 fusion type, were NCAM1 and FOXC1,
which previously have been shown to be linked to
synovial sarcoma. In order to functionally classify
the genes and to facilitate biological interpretation
of them, these genes were further analysed using
EASE (Expression Analysis Systematic Explorer)
(http://david.niaid.nih.gov/david/ease.htm)
[92].
Herein, several metallothioneines, histones and
transcription factors appeared among the topupregulated genes related to gene fusion type.
The ﬁndings in study III thus suggest that gene
fusion type affects gene expression and identiﬁes
transcription factors, growth factor receptors and
metallothioneins as discriminators, which may
provide important information about the histopathologic and prognostic differences that have been
associated with gene fusion type.
Subclusters related to tumor morphology
Studies of gene expression in synovial sarcoma
have revealed subclusters based on tumor morphology – monophasic versus biphasic [3, 139].
Based on the expression pattern of 1,405 genes,
Nagayama et al. identiﬁed two subclasses; bipha-
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sic tumors clustered together, whereas monophasic
tumors were divided into two subsets; one of which
clustered together with the biphasic tumors and the
other formed a separate cluster [139]. Among the
discriminating genes reported were JUN, TIEG,
and annexin A4. Allander et al. used 21 genes to
obtain a separation between biphasic and monophasic tumors with keratin-encoding genes being
the most frequently upregulated in biphasic tumors,
which would agree with an epithelial component
being present in these tumors [3]. We did not, however, ﬁnd any distinct gene expression patterns in
relation to tumor morphology, but our study only
contained 6 biphasic tumors from a tumor type
with inherent heterogeneity.
Can a metastatic signature be identiﬁed?
Since synovial sarcoma patients are at high risk
(50%) of metastases, development of a molecular
prognosticator would be valuable for decisions on
adjuvant chemotherapy. Differentially expressed
genes were identiﬁed when the 12 tumors that
metastasized were compared to 7 primary tumors
that did not. The series is small and the false discovery-rate is high, which precludes deﬁnite results.
However, the identiﬁcation of biological relevant
genes, including STXBP6, survivin (BIRC5), and
TOP2A is interesting since some of these have
been demonstrated to correlate with prognosis in
synovial sarcoma and have been linked to metastatic potential (study III, ﬁgure 2) [115, 151, 167].

Tumor heterogeneity (study IV)
Proliferation as a prognostic marker
Besides the currently used morphological parameters, e.g. necrosis and vascular invasion, proliferation represents a biologic marker that has repeatedly
been linked to an adverse prognosis in STS [26, 55,
83]. Assessment of proliferation, which often uses
immunohistochemical staining for Ki-67, is considered for inclusion into clinical prognostic systems.
However, different methods and cut-off levels for
assessment of proliferation have been used and its
importance may also differ between different STS
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subtypes. In previous studies,
the most commonly used cut-off
levels for Ki-67 positivity range
between 10% and 30% staining
tumor nuclei, and different or
unspeciﬁed tumor areas have
been analyzed [82, 89, 94, 96].
The lack of consensus on how to
determine proliferation in STS
limits its use as a prognostic
factor in the clinical setting.
Figure 12. Mean peripheral Ki-67 staining in the tumor periphery compared to

Intratumor Ki-67 variability
the tumor center for 25 leiomyosarcomas (1-25) in study IV (in the publication
the maximal staining is depicted). Blue circles represent the tumor periphery
Sarcomas are often large and
and pink squares represent the tumor center.
histologically
heterogenous;
the mean tumor size is 5 cm
for superﬁcial tumors and 9 cm
for deep-seated tumors [74]. In
study IV, we choose one of the
major types of highly malignant
and pleomorphic STS types,
leiomyosarcoma, to assess the
variability of the most commonly used proliferation marker,
Ki-67. TMA was applied to
a
b
obtain tissue core biopsies from
throughout the tumor diameter
Figure 13. Tissue microarray sections showing positive stainings for Ki-67 (a)
(ﬁgure 7). The leiomyosarcomas
and HIF-1α (b).
in study III were chosen based
on availability of whole-tumor sections from which ences could not be related to tumor size. Hypoxia has
TMA-based core sections could be obtained from been linked to proliferation through e.g. increased
throughout the tumor diameter. 94% of the totally glucose metabolism with the highest proliferative
229 TMA core biopsies were evaluable and iden- rates in the poorest oxygenated tumors and with an
tiﬁed higher Ki-67 staining in the tumor periphery adverse prognosis for hypoxic tumors [14, 64, 147,
in 18/25 tumors if the maximal staining was con- 148]. Necrotic tumor areas were not evaluated, but
sidered and in 21/25 if the mean Ki-67 expression in order to clarify a potential impact of hypoxia we
was considered (ﬁgure 12 and study IV, ﬁgure 2). used HIF-1α staining. No relation between Ki-67
Irrespective of whether 10%, 20% or 30% stain- and HIF-1α expression was identiﬁed and only 4
ing tumor nuclei were used as cut-off, an additional tumors showed an increased HIF-1α expression in
20–40% of the tumors were classiﬁed as positive if the tumor periphery. When the 8 tumors with >10%
the periphery rather than the tumor center were used differences in Ki-67 expression between the tumor
for evaluation (study IV, table 1). A higher Ki-67 center and the periphery were considered, only one
staining in the tumor periphery than in the center showed an increased hypoxia-related expression
was observed also when these cut-off levels and the pattern in the tumor periphery (ﬁgure 13). The demmean staining intensities were considered (rather onstration that highly proliferative tumor subclones
than the maximum staining) (ﬁgure 12). The differ- predominantly exist in the tumor periphery suggests
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b

Figure 14. Peripheral tumor growth patterns on histopathology in STS showing pushing growth (a) and inﬁltrating growth
with tumor cells growing between the surrounding muscle cells (b).

that assessment of proliferation in STS should be
standardized and perhaps focus on the tumor periphery, when introduced as a prognostic factor for decisions on adjuvant treatment.

Peripheral tumor growth pattern (study V)
Can preoperative MRI provide prognostic information?
Different peripheral growth patterns in soft tissue
tumors were recognized already in the 1980s by
Enneking who described encapsulated benign
tumors and inﬁltrative malignant tumors [56].
Engellau et al. have recently demonstrated the
prognostic impact of an inﬁltrative peripheral
tumor growth pattern (ﬁgure 14) [54]. This prognostic marker has the drawback of being analyzed
in the operative specimen, which precludes its use
in preoperative prognostication. We performed
study V as a pilot investigation into whether preoperative MRI can be used to identify inﬁltrative
STS and thus provide pretreatment prognostic
data. Dynamic, contrast-enhanced MRI has been
suggested to differentiate viable from non-viable
(necrotic or avascular) tumor areas, and could
therefore potentially be valuable for preoperative
prognostication [182]. The possibility to obtain
this information before surgery would allow individualized treatment with addition of neoadjuvant

therapies, i.e. radiotherapy or chemotherapy, for
high-risk tumors. The overall prognostic value of
preoperative MRI, however, is largely unknown.
MRI growth pattern correlated to microscopic
growth pattern
The MRI-based growth pattern showed no obvious association with tumor size, depth, or grade;
indeed a pushing growth pattern was identiﬁed in
2/3 of the large (>5 cm) tumors and in 1/3 of the
grade IV tumors. Study V was based on a subset of
patients (based on the availability of MRI scans)
from the study that ﬁrst suggested a prognostic role
from peripheral tumor growth pattern [54]. Among
the 78 tumors, 22 were classiﬁed as pushing on
histopathology and all of these tumors were also
classiﬁed as pushing or focally inﬁltrative on MRI.
Among the 56 microscopically inﬁltrative tumors,
MRI identiﬁed 20 as pushing, 17 as focally inﬁltrative, and 19 as diffusely inﬁltrative (study V, table
2). Hence, MRI failed to correctly classify 1/3 of
the tumors that showed an inﬁltrative growth pattern on histopathology.
Metastases developed in 12/19 (rate 0.6) diffusely inﬁltrative tumors compared to 21/59 (rate
0.4) of the tumors with a pushing or focally inﬁltrative growth pattern on MRI (p = 0.03). The former
group had a HR of 2.5 for the risk of development
of metastases (95% CI = 1.2–5.1; p = 0.01) (study
V, ﬁgure 2). Local tumor recurrences developed at
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a rate of 0.3 in diffusely inﬁltrative tumors compared to 0.1 in tumors with a pushing or focally
inﬁltrative growth pattern on MRI (p = 0.04). In the
analysis of local recurrence-free survival, inﬁltrative growth on MRI showed a HR of 3.7 (95% CI
= 1.2–11; p = 0.02).
These results demonstrate that STS with diffuse
inﬁltrative growth on MRI have a higher risk of
local recurrence as well as metastases. However,
almost one third of the histopathologically pushing tumors had focal inﬁltration on MRI and one
third of the histopathologically inﬁltrative tumors
had pushing growth on MRI. Only diffuse inﬁltration on MRI was of prognostic importance (study
V, ﬁgure 2). Difﬁculties in determining inﬁltration
on MRI probably account for the discrepencies
between the ﬁndings reported by Engellau [54] and
identiﬁed herein. We suggest that tumors with diffuse inﬁltration around the tumor border are more
likely to be correctly identiﬁed as inﬁltrative on
MRI, whereas focal inﬁltration on MRI may be
false positive. Based on these results, we suggest
that preoperative MRI should, within a standardized protocol, classify the peripheral tumor growth
pattern and evaluate the prognostic importance
hereof in a prospective study, perhaps using highresolution MRI.
Microscopic and MRI based necrosis
Macroscopic as well as microscopic necrosis
within a STS is a well-known and strong prognostic factor for the occurrence of metastasis [75,
197]. Suspected necrosis was on MRI identiﬁed
in 77% of the evaluable STS in study V (data not
included in the article), among which 67% also had
histopathologically veriﬁed necrosis. Hence, MRI
identiﬁed necrosis in 18 tumors that did not show
evidence of necrosis on the whole-tumor sections.
The agreement between necrosis assessed by MRI
and histopathology was moderate (72%, kappa =
0.44) and only the histopathological classiﬁcation of necrosis showed signiﬁcant correlation to
outcome. Necrosis identiﬁed on whole-tumor sections correlated to metastasis-free survival with a
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HR of 3.4. Metastases occurred somewhat more
frequently (44% versus 31%) in patients whose
tumors had necrosis on MRI and a weak trend (HR
= 1.8, 95% CI = 0.68–4.7; p = 0.2) for metastasisfree survival was observed. However, no signiﬁcant
correlation between necrosis on MRI and metastasis or local recurrence was found. This may reﬂect
false positive identiﬁcation of necrosis on MRI
because of difﬁculties in distinguishing necrosis
from intratumoral bleeding. Indeed, among the 54
tumors with necrosis on MRI, 9 had bleeding but
not necrosis on histopathology (data not shown).
A previous study on 51 STS patients suggested a
correlation between CT-based ﬁndings of tumor
necrosis and development of metastasis [77], but
the difﬁculties in distinguishing between bleeding
and necrosis also apply to CT-based examinations
and we have no explanation for the discrepancy
regarding the CT/MRI-based prognostic value of
necrosis in these two series.
The impact of the reactive zone
In addition, a so-called reactive zone with edema
and a mixture of normal tissue, granulation tissue,
and sometimes also tumor cells, has been described
in the inﬁltrative tumors, but whether this phenomenon correlates with the peritumoral tumor edema
often observed on MRI is unknown. Therefore,
peritumoral edema was retrospectively assessed
in study V (not included in article). Edema based
on MRI was identiﬁed in 45/67 (67%) evaluable
tumors, and was classiﬁed as focal in 32 tumors and
diffuse in 13 tumors (data not shown). MRI-based
edema (focal and diffuse versus none) was associated to the presence of inﬂammatory cells in the
whole-tumor sections (p = 0.01) and with inﬁltrative growth-pattern on histopathology with a weak
association. Of the tumors with edema on MRI
35/45 (78%) showed inﬁltrative growth as compared to 15/22 68% of the tumors without edema
(p = 0.4). Regarding the prognostic importance
of edema, MRI-based peritumoral edema did not
correlate with the development of metastases and
hence, could not predict outcome in our series.
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Conclusions and Further questions
(further questions italicized)

Patients with STS are at increased risk of developing second primary malignancies, with a speciﬁcally high risk of a second STS. In the small subset
of patients who were diagnosed with a second STS
before any lung or lymph node metastases aCGH
analysis demonstrated different genetic proﬁles in
the majority of the cases. This indicates that double
primary STS may occur, which has implications
for treatment.
Is the increased risk of a second malignancy
identiﬁed in study I linked to an increased death
rate? Can novel hereditary syndromes linked to
STS be recognized? Such questions should preferentially be studied within extended, populationbased, series.
Gene expression analysis of synovial sarcoma
identiﬁed genes discriminating tumors with the
different gene fusion variants SS18-SSX1 and
SS18-SSX2. Hence, these fusions are likely to have
different downstream effects. A signal suggesting
metastatic potential was also suggested and was
characterized by overexpression of e.g. TOP2A.
The gene expression data currently available
in STS clearly distinguish STS subsets with speciﬁc genetic alterations e.g. GIST and synovial
sarcoma, and have herein identiﬁed multiple up/
downregulated genes. Regarding the genetically
complex, often pleomorphic STS types, distinctive
expression proﬁles have not been identiﬁed. Further evaluation and identiﬁcation of the signaling
pathways involved in STS could provide knowledge
related to diagnosis, prognosis and development of
targeted therapies. The ﬁrst genetic proﬁling data
using aCGH conﬁrm genetic complexity in STS,
but also identify recurrent alterations. These studies, together with cytogenetically based gain/loss

data, suggest that genetic alterations may be of
prognostic value. Based on current data, various
genetic signature are emerging within STS, but
these need to be validated and further evaluated
using e.g. FISH and immunostaining, which can be
applied in clinical routine.
Proliferation has repeatedly been linked to prognosis in STS and is considered for clinical prognostic
applications. However, there is a lack of consensus
as to how to determine proliferation. We demonstrated higher Ki-67 immunostaining in the tumor
periphery in most leiomyosarcomas, which supports the need for standardized determination.
Ki-67 determination needs to be standardized
and its role in different histopathological subsets
as well as the impact of variability should be evaluated in extended type-speciﬁc STS series.
MRI is routinely used for preoperative evaluation of STS patients, but its prognostic potential
is unknown. If applicable, it would allow preoperative selection of patients whose tumors display
high-risk characteristics for neoadjuvant treatment.
STS with diffuse peripheral tumor inﬁltration on
MRI were associated with a high risk for local
recurrence and metastasis, but MRI also failed to
identify 1/3 of the tumors with inﬁltration identiﬁed using morphology.
The MRI study performed constitutes a pilot
study indicating that high-risk STS may be recognized preoperatively through demonstration of an
inﬁltrative growth pattern. These data should be
prospectively validated in larger materials according to standardized protocols and use of modern
MRI technology.
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