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Populirvetenskaplig sammanfattning

Mjukdelssarkom 4r ovanliga, elakartade (maligna) tumoérer som utvecklas i
stodjevivnader'. Patienten som drabbas kinner sig sillan sjuk utan mirker en tumor i en
arm, ett ben eller i bilviggen. Knélen stor inte armens eller benets funktion och gér sillan
ont. Den oskyldiga presentationen riskerar att invagga patienten och likare i tron att
tumoren ir godartad trots att 3/4 av alla mjukdels-sarkom hégmaligna tumérer med stor
risk f6r utveckling av dottersvulster, s kallade metastaser. 1/3 av alla patienter avlider till
foljd av sitt sarkom.

Sedan hogspecialiserade sarkomcentra bildades under 1970-talet har andelen
amputationer minskat till f6rmén for extremitetsbevarande kirurgi®. For bista kirurgiska
resultat, savil vad giller att operera bort tuméren med god marginal som att bevara
armens eller benets funktion, bér patienten remitteras tll ett sarkomcentrum for
utredning och diagnostik. P4 ett sarkomcentrum samarbetar likare frin olika discipliner
for ate stilla en exake diagnos och planera kirurgin. Vidare bedoms behovet av
tilliggsbehandling, till exempel strilbehandling eller cytostatika (cellgifter). Om tuméren
sitter néra viktiga kirl eller nerver 4r det ibland inte mojligt att operera bort den med
tillrdckligt god marginal och di kan strilbehandling komplettera den kirurgiska
behandlingen.

Eftersom godartade knolar 4r mer 4n 200 ginger vanligare in mjukdelssarkom krivs
riktlinjer for nir mjukdelssarkom ska misstinkas och nir en patient ska remitteras. Lunds
sarkomcentrum rekommenderar att alla tumorer som ar >5 cm och/eller dr djupt beligna
(sitter i eller mellan muskler) ska remitteras in fér utredning innan nigon operativ atgird
gors.

Studie I visar att 97/100 patienter diagnosticerade med mjukdelssarkom inom sédra
sjukvérdsregionen (frin 1 januari 2002) remitterades till sarkomcentret i Lund. Alla djupt
beligna och 28/42 ytliga mjukdelssarkom remitterades in orérda, det vill siga innan
nigon operation. Som en jimforelse remitteras mellan 1/5 och hilften av alla
mjukdelssarkom remitteras till sarkomspecialister med orérda tumérer i anga andra
linder. Av alla patienter som remitterats till sarkomcentret i Lund under tvé ér, oavsett

! Ben, brosk, bindviv, muskler och fettviv riknas till stédjevivnaderna.
2 Extremitetsbevarande kirurgi innebir att man opererar bort mjukdelssarkomet utan att amputera armen
eller benet.



slutdiagnos, hade 113/464 patienter elakartade tumérer, varav 72 var mjukdelssarkom. Av
de 351 godartade tumérerna behandlades 122 pa sarkomcentret. Studien visar att det 4r
mojligt att uppnd remittering innan kirurgi av en hég andel mjukdelssarkom.
Konsekvenserna i form av utredning och eventuell behandling av godartade tumérer ar
hanterbara; for varje elakartad tumor remitterades 3 tumérer som efter utredning visade
sig vara godartade.

Sma mjukdelssarkom, <5 c¢m, har som grupp en god prognos. Det finns dock fall som
utvecklar metastaser. For att identifiera de tumérer som har stor risk for att metastasera
analyseras olika tumoregenskaper. Malet 4r att optimalt kunna behandla hogrisk-
tumorerna med till exempel cytostatika och bespara andra patienter dylik behandling.
Studie II visar att tumdrer som vixer in i blodkirl eller har déda omraden i sig har en
storre risk for att spridas. Patienter vars tumérer uppvisar ena eller bada egenskaperna bér
behandlas enligt de rikdlinjer som giller for hogrisk-tumérer dven om de 4r sma. Sma
mjukdelssarkom som varken vixer in i blodkirl eller innefattar déda partier sprider sig
mycket sillan varfor patienter med sddana tumérer kan behandlas med enbart kirurgi.

Angiosarkom kan uppsta hos patienter som haft langvarig, extrem svullnad i en arm eller
ett ben (s& kallat lymfodem) eller som har genomgatt stralbehandling, sa kallade
sekundira angiosarkom. De ses framfor allt efter brostcancerbehandling men ir dven da
mycket ovanliga. I studie III undersoktes alla kvinnor med sekundira angiosarkom efter
bréstcancerbehandling som diagnosticerats inom sodra sjukvardsregionen mellan 1958-
2008, sammanlagt 31 fall. Brostcancern hade i 14 fall behandlats med operation, dir hela
brostet och lymfkortlarna i armhiélan togs bort, foljt av strilbehandling. Dessa 14 fall
utvecklade sekundira angiosarkom i armar som drabbats av lymfédem efter i snitt 11 4r.
Under 1980-talet indrades behandlingen av sma bréstcancrar till brostbevarande kirurgi,
dir en del av brostet opererades bort istillet for hela, f6ljt av stralbehandling. Den kliniska
bilden av sekundira angiosarkom #ndrades direfter. Hos 17 patienter utvecklades de
inom det strilbehandlade omradet pa balviggen efter i snitt 7 ar.

Behandlingen av sekundira angiosarkom ir svér. Studie IV visar att dven om tumdren
opererats bort med goda marginaler dterkom den ofta lokalt. Risken att tuméren sprider
sig, metastaserar, var ocksd stor och minga patienter till f6ljd av sin tumorsjukdom. Vi
fann emellertid att 4 av 5 patienter som opererats med mer omfattande kirurgi,
inkluderande borttagande av all strilbehandlad vivnad (hud, underhudsfett och delar av
muskulaturen), fortfarande lever utan tecken pa sjukdom. Det kan tala for att mer
omfattande kirurgi skulle kunna forbattra verlevnaden.

I studie V jimférdes primira (utan kind utlésande orsak) och sekundira angiosarkom pé
genetisk nivd. De tvd tumérformerna kan inte skiljas at vid granskning i mikroskop men
de har olika s kallade genetiska profiler. Sekundira angiosarkom uttrycker mer av gener
som péaverkar cellers tillvixt och utveckling till specifika vivnadstyper, till exempel si
kallade tyrosin-kinas-receptorer.
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Introduction

Soft tissue sarcomas (STSs) are rare, malignant tumors that develop from mesenchymal
cells. They constitute 1% of all malignancies and can develop at any age with a peak
incidence in the 6™-8" decades of life. Most STSs are located in the extremities or the
trunk wall. The clinical presentation is often indolent and an STS is typically noticed as a
painless lump. Benign lumps in the extremities or the trunk wall are common and
outnumber STSs by 200:1." Most physicians thus encounter many benign lumps (e.g.
lipomas, hemangiomas, fibromas and neurilemmomas) but only few, or no, STSs during
their clinical careers. It is thus understandable that most patients and physicians have a
low suspicion of malignancy when a patient presents with a lump.

In spite of the indolent presentation, three-quarters of the STSs are high-grade tumors
and one third of the patients will die from their tumor.>® Historically, amputation was
the mainstay of treatment for extremity STS. Following increased centralization of
sarcoma care during the 1970’s and 1980’s, the rate of limb-sparing surgery increased.’
Increased use of adjuvant radiotherapy resulted in local control also after marginal surgical
margins.”® The role of adjuvant chemotherapy is uncertain and prevention and treatment
of metastatic disease has proven difficult.*

This thesis aims to:
evaluate the simple referral guidelines applied in the southern Sweden health care
region with respect to the referral rate of untouched STSs and the ratio of benign
to malignant tumors referred,
identify risk factors for metastasis for improved prognostication of small STSs,
characterize the clinical presentation of secondary angiosarcomas after breast
cancer in a population-based series,
analyze treatment of secondary angiosarcomas of the thoracic wall with respect to
surgical approach and outcome,
compare the genetic profile of primary and secondary angiosarcomas to identify
key genetic features.

13



STS referral

If an STS has been shelled-out (whoops-procedure), most often outside of a sarcoma
center, remaining tumor tissue is often found upon re-excision.”* Unplanned surgery may
also compromise the possibility to perform limb-sparing surgery. Therefore, prompt
referral of patients with untouched suspected lumps to sarcoma centers is crucial. To raise
sarcoma awareness and to aid physicians to optimally manage suspected tumors, referral
guidelines have been issued by sarcoma organizations and the health care authorities in
several countries. The Lund Sarcoma Center, established 1970, has an open-access
outpatient clinic accepting referrals from any physician, or directly from a patient,
without requiring any pre-referral diagnostic investigations of a suspicious lump. The
referral guidelines are kept simple; superficial tumors =5 cm and/or deep-seated tumors
irrespective of size should be referred before any surgical intervention.”!® Internationally,
similar guidelines are adopted by many sarcoma organizations, although some include
additional criteria, i.e. pain, tumor growth or tumor recurrence after previous excision.'"
1461516 However, the referral situation for STSs remains problematic; some report rates of
untouched STSs referred to sarcoma specialists of only between 18 and 57%.'"'*'>'? Also,
data is insufficient as to how many ST patients are not referred at all.'>'®!?

The National Swedish Cancer Register has 98% coverage of all malignancies diagnosed in
Sweden.”® The Lund Sarcoma Center’s register is regularly checked against the National
Swedish Cancer Registry and missing cases are entered after confirmation of a sarcoma
diagnosis. This provides a possibility for population-based studies of STSs. It has also led
to reliable evaluations of the referral patterns in the southern Sweden health care region."?

In study I, we investigated the referral pattern of STSs in the southern Sweden health care
region (1.5 million adults) based on the simple referral guidelines used at the Sarcoma
Center. We also assessed the ratio of benign to malignant diagnoses among patients
referred to the open-access outpatient clinic. The rate of untouched STSs referred was
correlated to the ratio of benign/malignant tumors referred.

Treatment of STS

STSs constitute a heterogeneous group of tumors, many of which are high-grade and
prone to metastasize and/or recur locally. Nearly one-third of all patients succumb to
their STSs, mainly due to pulmonary metastases. The mainstay of STS treatment is
surgical resection of the tumor with wide margins.>**"® To improve local control
adjuvant radiotherapy is recommended for large and/or deep-seated STSs.>*"*
Radiotherapy to the tumor area reduced local recurrences but has not been shown to
decrease the risk for metastases or to improve overall survival.”>*' Chemotherapy can be
used in an effort to achieve systemic control. Today, most regimens are based on
doxorubicin and ifosfamide. Considering the uncertain benefit of the treatment and the

toxicity, both cardiac and neurological, linked to the treatment, most protocols

14



recommend that chemotherapy is used for selected patients whose tumors exhibit high-

risk features.?*?>4¢3

Prognostic factors in STS

Several risk factors for metastatic disease, most importantly histological malignancy grade
and tumor size, have been identified and combined into different grading and
prognostication systems.”*** Tumor necrosis may be assessed as part of tumor malignancy
grading or as an independent risk factor in a prognostic system.’***322%30 Further
prognostic information is obtained from presence of intratumoral vascular invasion.”
37323839 The latter is, however, not included in any of the three major prognostic and
grading systems, e.g. the MSKCC nomogram, the American AJCC/UICC system, and
the French FNCLCC system.?*%°

A prognostic model based on size, vascular invasion, and necrosis, the SIN model, has
been developed and validated in Scandinavia.”**® The prognostication model was later
refined by the inclusion of peripheral tumor growth pattern classified as pushing or
infiltrative.”” The SING model (size > 8 cm, intratumoral vascular invasion [present or
not], necrosis [present or not] and peripheral growth pattern [pushing or infiltrative]) is
now used in Scandinavia to identify patients with high-risk tumors. Vascular invasion
alone and/or presence of at least 2 of the other variables define high-risk tumors.**3%3%43

The SING model compares favorably to the MSKCC nomogram and the AJCC/UICC

system for identification of tumors prone to metastasize.***>%

Small STSs in general are considered to have a good prognosis with a rate of metastasis of
<10 %. Surgery alone is often considered sufficient in this group®*'>%4¢ and small
STSs are often excluded from chemotherapy trials.”” When applying the SING model,
some small (<5 cm) STSs may be considered high-risk tumors and the patient may
accordingly be recommended adjuvant treatment. However, none of the SIN/SING-
studies specifically addresses small STSs. Due to the uncertain benefit from
chemotherapy, the severe side effects and the generally good prognosis for small STSs
concerns for overtreatment were raised. Therefore, we analyzed the prognostic influence
of risk factors in a population-based series of small STSs (study II).

S€C‘07’l&l’ﬂ}’y angiomrcomas

Angiosarcomas (AS) constitute 1% of all STSs. They are highly infiltrative tumors that
are prone to recur, both locally and as distant metastases. AS have limited sensitivity to
chemotherapy.”® AS typically develop without known cause, i.e. as primary
angiosarcoma (pAS). The most common presentation is on the scalp in an elderly patient
but pAS may develop in any organ.’® AS that develop after exposure to certain
chemicals, following longstanding lymphedema or after radiotherapy are referred to as
secondary angiosarcomas (sAS).”**® The first known sAS cases were presented as parts of a
series of patients developing sarcomas after various traumas.” Later, sAS was described in
women with longstanding, severe lymphedema in the upper extremity after breast cancer

15



treatment.’” In the 1980’s, sAS arising in previously irradiated field of the thoracic wall
after breast cancer treatment were reported. > Today, the latter presentation is the most
common form of sAS with a standardized incidence ratio (number of observed
cases/number of expected cases) of 6.°!

Although the relative risk for sAS is increased following radiotherapy or lymphedema after
breast cancer treatment, the absolute risk is low. The risk for developing any secondary
STS is 1.3/10 person years which should be compared the risk of 0.8/10* person years
for developing a primary STS in a control population.®’ The cumulative incidence of sAS
in women treated with radiotherapy for breast cancer has been reported to be 9/10* cases
at 15 years after breast cancer diagnosis.®

To characterize the clinical presentation and disease pattern of sAS over time we
identified all cases of sAS after breast cancer treatment diagnosed in our region between
1958 and 2008 and in correlation to the type of breast cancer treatment (study III).

Treatment of secondary angiosarcomas

Treatment of sAS is challenging. The tumors grow infiltratively and macroscopic
delineation is difficult. Also, the tissue planes are less distinct due to previous irradiation.
Extensive resections are needed and often require soft tissue reconstruction. In spite of
macroscopically free margins at surgery there is often microscopic tumor growth in the
resection margin.®> Even in cases where an RO margin is achieved the local recurrence rate
is high. Radiotherapy can be beneficial but the possibility to use it is limited due to the
previous irradiation of the tumor area. Further, the adjuvant systemic drugs available
today have uncertain effect on sAS.® The 5-year survival rates are reported to be as low as
15%.9% To evaluate the surgical treatment and outcome in a population-based series of
sAS patients we analyzed all sAS patients (1990-2004) operated with curative intent at the
Lund Sarcoma Center and the sarcoma center at the University Medical Center of
Groningen, the Netherlands (study IV).

Genetic characteristics of secondary angiosarcomas

Knowledge about the biology of sAS is scarce due to the rarity of the disease. Studies have
applied different modalities and various types of control tumor samples. However,
recurrent features of sAS have been found. In comparison to pAS and atypical vascular
lesions an up-regulation of MYC is described in sAS.””" MYC encodes a transcription
factor of genes controlling e.g. cell differentiation, cell growth, the cell cycle and
angiogenesis.”> Another interesting feature, of both pAS and sAS located in the breast
region, is the activating KDR mutation.”” To identify key molecular mechanisms in sAS
and to validate those described by others, we analyzed the gene expression profiles of sAS
with comparison to pAS (study V). Key findings were thereafter related to genetic
abnormalities in other radiation-associated malignancies.

16



Patients and methods

Ethical approval for all studies in this thesis has been obtained from the Lund University
ethics committee.

Study I

Two patient cohorts were included (Figure 1). Cohort 1 consisted of 100 consecutive
adult patients (218 years old) diagnosed with a primary STS of the extremities or the
trunk wall between 2002 and 2006 in the southern Sweden health care region. The
patients were identified using the population-based National Swedish Cancer Registry.

Clinical data were collected from patients’ charts at primary health care centers, local
hospitals, and at the Sarcoma Center. Using prospectively recorded data, adherence to the
referral guidelines was analyzed as were referral times and patterns. Referral time was
defined as number of days from the first visit to a physician until referral to the Sarcoma
Center. The referrals were evaluated according to if they followed our guidelines, i.e.
direct referral to the Sarcoma Center of tumors =5 cm and/or deep-seated, without prior
surgical intervention.

Cohort 2 included all new patients referred (n=464) to the Sarcoma Center’s open-access
outpatient clinic during 2 consecutive years (2004 and 2005) because of a suspected
malignant soft tissue-tumor. The patients were analyzed with respect to diagnostic work-
up (cytology and/or imaging), benign or malignant final diagnosis, and treatments.

In cohort I, 51 STSs were referred to the Sarcoma Center during 2004 and 2005 and they
were thus also included in cohort 2.

Statistical evaluation was performed using the 2-sample Wilcoxon rank sum test in

STATA 11 (StataCorp LP, College Station, TX, USA).
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Study II

All adult (>18 years) patients in the southern Sweden health care region diagnosed with
an STS of the extremities or the trunk wall between 1986 and 2010 were identified in the
population-based Lund Sarcoma Center register. 848 patients were registered of which
243 (29%) had an STS <5 cm. Dermatofibrosarcoma protuberans, fibromatosis, strictly
cutaneous tumors or atypical lipomatous tumors were not included in this series. A
minority of the patients had been included in previous risk-factor analysis studies from
our center.”>?*%

Of the 243 small STSs, we excluded 4 patients with rhabdomyosarcoma, extraskeletal
osteosarcoma or EWING/PNET, 8 patients with metastatic disease at diagnosis, 1 patient
who died from another cause prior to surgery and 1 patient who was lost to follow-up.
Hence, 229 patients were studied with metastatic disease at 5 years as the primary end
point (Figure 1). The median follow up time was 5.7 years (2 months-19 years).

Necrosis and intratumoral vascular invasion were defined as present or not as previously
described.’**** Histologic malignancy grading was based on the Scandinavian 4-tiered
scale with grade 3-4 tumors being high-grade.”* Peripheral tumor growth pattern could
not be evaluated in this study due to insufficient recording.

Time to metastasis was analyzed using the univariate log-rank test and was visualized
using Kaplan-Meier estimates for each risk factor. Multivariate cox regression analysis was
used to estimate hazard ratios (HR) for risk factors with statistically significant impact
(p<0.05) in univariate analysis. Size was defined as a semi-continuous variable whereas
depth, necrosis, and vascular invasion were analyzed as dichotomous variables. All
calculations were performed using STATA 12.

Figure 1. Patient cohorts analyzed in studies I-II (yellow). Angiosarcoma patients analyzed in study III-V
(green).
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Study I11

sAS following breast cancer treatment was defined as an AS that developed within the
irradiated field or in a field of long-standing, severe lymphedema after a latency period of
at least 3 years in accordance with the definition of radiation-associated sarcomas
proposed by Cahan et al”® and Arlen et al.”* Women with AS (or synonymous diagnoses)
localized in the upper extremity, the upper torso or at an unspecified location were
identified using the national Swedish Cancer Registry (established in 1958) and the
regional pathology register (established in 1960). For 67 of the 69 identified cases data
were available and 31 fulfilled the criteria for sAS after breast cancer treatment (Figure 1).
The patients’ charts were reviewed and data on breast cancer treatment and the clinical
presentation of the sAS were collected. All calculations were performed using STATA 11.

Study IV

Patients with radiation-associated sAS of the thoracic wall operated with curative intent
between 1990 and 2004 were analyzed with respect to surgical and long-term outcome
(Figure 1). 15 patients included in study III were eligible for inclusion as were 16 patients
identified in the northern Dutch Health Care Region (1.8 million inhabitants) using the
nationwide network and registry of histopathology and cytopathology in the Netherlands
(PALGA) (established 1971). The study was performed as a collaboration with the
University Medical Center of Groningen, the Netherlands.

Data were retrieved from clinical charts and from pathological reports. Surgical margins
were defined as RO (microscopically free) or R1 (microscopically intralesional). Time to
local recurrence or distant metastasis was defined as time from treatment to radiological
or pathological confirmation of local or distant recurrence. Disease-free survival was
defined as time from start of treatment to local recurrence, distant metastasis or last
follow-up. Disease-specific survival was defined as time from diagnosis to death due to
sAS or latest follow-up. The disease-free and disease-specific survival was analyzed using
the Kaplan-Meier method. All calculations were performed using SPSS 18 (SPSS,
Chicago, IL, USA).
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Study V

Paraffin-embedded tumor tissue from 26 patients with pAS was compared to that from
29 sAS patients (diagnosed between 1976 and 2009; Figure 1). All pAS patients were
identified using the same registers as in studies III and IV. Before inclusion, the pAS
patients were confirmed not to have any predisposing conditions (i.e. previous irradiation
of or longstanding lymphedema in the tumor area). Biological replicates, i.e. multiple
samples from different parts of a tumor, were available for 2 pAS and 5 sAS patients
rendering 28 pAS and 34 sAS tumor samples for analysis.

From the 62 formalin-fixed paraffin-embedded tumor blocks representative, non-necrotic
tumor areas were identified and were macro-dissected to minimize the inclusion of non-
sAS tissue in the gene expression analysis. Thereafter, RNA was extracted from three 10-
Mm sections using the High Pure RNA Paraffin Kit (Roche, Castle Hill, Australia)
according to the manufacturer's instructions. RNA concentrations were determined using
a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
samples yielding sufficient amounts of RNA were selected.
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Figure 2. The cDNA-mediated Annealing, Selection, Extension, and Ligation (DASL) assay. RNA extraction
(not shown) from paraffin-embedded formalin-fixed tumor tissue yields RNA for conversion into c-DNA
using reverse transcriptase. The probes are annealed, extended and ligated before being amplified using PCR.
The PCR products were labeled with fluorescent markers and captured by hybridization on the BeadChip.
The fluorescent signal intensity for each bead were recorded and used for further analysis. Reproduced by
courtesy of Christina Therkildsen.
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Gene expression analysis was performed at the SCIBLU Genomics Center, Lund
University, Sweden. The Illumina Bead-array (HumanWG-6 v4 Expression Beadchip,
[llumina) system was used according to the manufacturer's instructions (Figure 2).
Expression data were uploaded and processed in the GenomeStudio software (Illumina,
San Diego, CA). Data were normalized using background correction, cubic spline
normalization method and plate scaling.”” RefSeq features with a detection p-value of
<0.01 in at least 80% of the samples were included, leaving 14382 features for further
analysis. The data were uploaded into MeV 4.7.4 where they were log 2-transformed and
median-centered across assays.”® Unsupervised hierarchical clustering was performed using
the Pearson Correlation and average linkage clustering. Technical replicates were used to
control for BeadChip-related effects. Each technical replicate paired tightly and one
expression signature of each replicate was included in the final analysis. Significance
Analysis for Microarrays (SAM)” was used to identify differentially expressed genes in
pAS and sAS with a False Discovery Rate (FDR) of 0%. Biological pathways and gene
ontology (GO) terms were identified using the web-based Database for Annotation,
Visualization and Integrated Discovery 6.7 (DAVID)® software with a FDR <5%.

Figure 3. Illustration of the immunohisto-

chemical method used to assess protein K )_
(green), e.g. KDR, expression levels. A ol
primary, monoclonal antibody (red) ‘\
specifically aimed at epitopes expressed on P

\
the protein is used. Secondary antibodies )/
(blue), attached to a dextran backbone \
(black) labeled with multiple horseradish Jl\ J
peroxidase molecules (yellow). N
Reproduced by courtesy of Ana Carneiro. 29 29 29

Immunohistochemical expression of KDR was assessed on fresh 4-im sections (Cell Signaling,
KDR, clone 55B11; diluted 1:100). The dilution was decided based on test-staining of AS tumors
with high, low or neutral gene expression levels. The detection was performed using Dako’s
EnVision system with a secondary antibody attached to a dextran backbone labeled with multiple
horseradish peroxidase molecules (Figure 3). Thereafter, the slides were counterstained with
hematoxylin. The KDR protein expression was determined in the area with the highest staining
intensity and was graded in a 3-tier scale where 1+ represented <20% positive cells; 2+, 220% but
<75% positive cells and 3+, 275% positive cells as suggested by Antonescu et al.”
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Results and discussion

Study I

Referral pattern

The Lund Sarcoma Center’s guidelines recommend direct referral of all patients with
superficial soft tissue tumors >5 ¢cm and all deep-seated tumors without any pre-referral
diagnostics. Previous studies of the referral pattern in the southern Sweden health care
region have demonstrated an increasing proportion of untouched tumors referred."” In
the current study, 97/100 consecutive STSs patients in cohort I were referred to the
Sarcoma Center. All 58 deep-seated STSs and two-thirds (28/42) of the superficial STSs
were referred before any surgical procedure. Of the 14 patients with superficial tumors
operated outside the Sarcoma Center 6 had tumors >5 cm. Of these, 2 elderly patients
with comorbidities were never referred. All but 1 of the 8 patients operated on for small,
superficial tumors were referred after surgery. Notably, no open biopsies were performed
outside of the Sarcoma Center and no patient was referred first after a local recurrence.
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The Lund Sarcoma Center was established more than 40 years ago. During the first years,
only 40% of the STS patients were referred before surgery and one-quarter of the patients
were not referred at all." Therefore simple referral guidelines, later adopted by the SSG,
were issued and work to raise sarcoma awareness resulted in improved referral rates
(Figure 4)."*%" An important part in raising STS awareness has been the continuous
education of medical students, physiotherapy students and residents in orthopedics. The
key message has been kept simple; sarcomas exist and all deep-seated lumps regardless of
size and all superficial lumps =5 cm should be referred for diagnosis. Also, feed-back is
sent to physicians involved in the initial evaluation of a patient with an STS.

The median age at diagnosis (74 years) and the share of superficial tumors (2/5) was
higher in this population-based series than in many center-based series.*'®'>"” Studies of
STS patients treated at sarcoma centers and those treated at local hospitals have revealed
an underrepresentation of older patients and patients with small tumors at the specialized
institutions.'™'® Thus the higher median age and larger rate of superficial tumors in our
series probably reflect its population-based nature.

Pre-referral investigations

Although we do not require pre-referral diagnostic work-up, 64 patients had undergone
imaging investigations and 38 had had cytological evaluations outside of the Sarcoma
Center. Many pre-referral investigations had to be repeated at the Sarcoma Center due to
suboptimal imaging techniques (19/64) or insufficient cytologic material for diagnosis
(27/38). 41/64 patients evaluated with magnetic resonance imaging (MRI) before referral
had small superficial tumors, i.e. tumors where MRI is not always necessary. The median
time to referral to the Sarcoma Center was longer for patients undergoing pre-referral
imaging investigations, 50 compared to 25 days (p=0.1). In 27/38 patients referred after
fine needle aspiration or core biopsy the procedure had to be repeated at the Sarcoma
Center due to insufficient material. Also Mankin et al*** reported problems with non-
center biopsies in his 2 surveys conducted 1982 and 1992; they were non-diagnostic at
higher rates than biopsies performed at sarcoma centers and in some cases hindered limb-
sparing surgeries to be performed resulting in amputations. No open biopsies were
performed outside of the Sarcoma Center in this series, which is remarkable compared to
the situation in many other countries. Further, the need for repeated radiographic and
cytological evaluation at the Sarcoma Center suggests that requirements of pre-referral
diagnostic work up may delay referral and may not be optimal use of health care
resources.

First health care professional contact

Three-quarters (75/100) of the STS patients in this series initially contacted their general
practitioner. Similar rates have been reported for STS patients in other countries and also
apply to patients with other types of tumors.*>'® In our series, 60 of these 75 patients had
tumors that were either deep-seated or superficial and large and thus fulfilled the criteria
for referral. However, only 20 patients were directly referred. The 25 patients who sought
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medical care through other routes were directly referred in 8 cases though 20 had tumors
that fulfilled the referral criteria. Also in the United Kingdom, only a minority of the
patients presenting with a tumor that fulfilled the referral criteria are referred directly to a
sarcoma center. '

Referral lead times

The analysis of referral times was based on complete data from 78 patients. The median
time to referral was 50 days. For the 28 patients directly referred, the median time was 30
days, compared to 64 days for the 50 patients initially referred to a local hospital
(p=0.007). Reported delays in referral of STSs in other countries and for patients with
other tumor types is often longer.5>%7:1¢

Once referred, similar times to treatment at the Sarcoma Center were found irrespective
of referral pathway (Figure 5). Also regarding tumor size or depth the two groups were
similar. For the 60 patients, for whom patient’s delay was recorded, the median delay was
2 months, which is longer than the time reported by Johnson et al*®, but similar to that
reported by others.528816

Figure 5. Median lead
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Non-STS referrals

To determine if the simple referral guidelines, the open-access outpatient clinic and the
high referral rates of untouched STSs were associated with a manageable rate of benign to
malignant tumors, all patients examined at the Sarcoma Center outpatient clinic were
analyzed (cohort II). Of the referred patients 113/464 were diagnosed with a malignant
tumor. Of these, 72 had an STS, 29 a carcinoma and 10 a lymphoma. The remaining
351 patients had various benign soft tissue tumors. All STSs were treated at the Sarcoma
Center, as were 122/351 benign tumors for which the treatment of a sarcoma surgeon
was considered beneficial. 66 of the benign tumors treated at the Sarcoma Center were
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deep-seated. Of the remaining 229 patients with benign tumors, 4 received medical
treatments for desmoid tumors, 57 were referred to their local hospital for surgery while
168 patients did not require any treatment after confirmation of a benign diagnosis. For
each malignant tumor referred, 3 benign tumors were evaluated. Similar rates have been
described in other studies although different conclusions have been made. Malik et al¥
found that one quarter of the patients referred under the “2-week” referral rule had a
malignant tumor. They argued that this ratio was too low and that accepting such
referrals could lead to disadvantages for other patients with malignant tumors.*” However,
lower detection rates are accepted in screening programs for other tumors. For instance,
95% of women with suspicious findings on mammography screenings do not have breast
cancer.” With this in mind and considering the improved local control” and lower rate of
amputations in patients receiving primary treatment at sarcoma centers we consider the

ratio of 1:3 highly justifiable.

In summary, we have shown that high referral rates of untouched STSs can be achieved
and that the consequent ratio of malignant to benign tumors referred is manageable.
Further efforts to increase awareness and decrease delays in sarcoma management are
needed since tumor size is an important prognostic factor, and the only factor which can
be influenced.”” Considering that a majority of patients first contacts their general
practitioner efforts to improve the referral pattern for patients with STS should probably
be directed at this group of physicians.

Study II

Different models exist for grading and prognostication of STSs, but there is a general
consensus that small (<5 cm) STSs, as a group, have a favorable prognosis. Surgery alone
is often considered sufficient.®>#413446 To evaluate risk factors for metastases specifically
in this subset we evaluated a population-based series of small STSs.

Small STS epidemiology

Of the 848 patients registered in the Lund Sarcoma Center register, 243 (29%) had small
(<5 cm) STSs, which translates into an annual incidence of 9 per million inhabitants. The
thigh was the most common location and one-third of the tumors were deep-seated. 195
tumors (80%) were high-grade. Pleomorphic sarcoma and leiomyosarcoma were the most
frequent histotypes.

13% of the small STSs metastasized: 8/243 patients had metastatic disease at diagnosis
and 24/243 developed metastatic disease during the 5-year follow-up. The median time
to distant metastasis was 20 months (2 months-9 years). The reported incidence of
metastasis in series of small STSs is ~10%.*“* In our series, only histopathologically
high-grade tumors metastasized. The 48 low-grade tumors were therefore not included in
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the risk factor analysis. Of the 181 high-grade tumors with localized disease at diagnosis,
complete data were available from 170 cases.

Table 1. Risk for metastases in 170 small high-grade STSs.

Risk factor HR 95% CI p-value
Univariate analysis

Necrosis 4.8 2.0-12 <0.001
Vascular invasion 4.5 1.9-11 0.002
Local recurrence 2.6 1.1-5.9 0.03
Size* 1.2 0.8-1.7 0.3
Deep-seated 1.1 0.5-2.4 0.9
Surgical margin** 0.7 0.3-1.4 0.3
Multivariate analysis

Either necrosis or vascular invasion 2.7 1.0-7.2 <0.001
Both necrosis and vascular invasion 11 4.0-31 <0.001

*Semi-continuous variable, 1-5 cm.
**Intralesional vs marginal vs marginal with RT and wide margin.
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Tumor size, depth, surgical margin, age and sex were not predictive for the development
of metastasis. Necrosis and vascular invasion provided independent prognostic
information for metastatic disease. In univariate analysis the HR for necrosis was 4.8 and
for vascular invasion 4.5 (Table 1). These HRs are similar to those previously described in
unselected STS series.’®*** In multivariate analysis presence of 1 of these factors
predicted development of metastasis with a HR of 2.7 (95% CI 1-7) and presence of both
factors corresponded to a HR of 11 (95% CI 4-31; Figure 6; Table 1).
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Local recurrence

Local tumor recurrence developed in 42/229 patients, 9 of whom also developed
metastatic disease. Surgical margin was the only factor that predicted local recurrence
whereas size, depth, vascular invasion, necrosis and malignancy grade did not (data not
shown).

Small high-risk STS

As described by others, this study shows that most small STSs have a good prognosis.
However, there are cases that do metastasize. Also in breast cancer, size is an important
risk factor for metastases. Although most small breast cancers have a good prognosis a
subset has more aggressive biology.”" We believe this applies also to small STSs and this
study shows that this subset of small STSs with high risk of metastases can be identified
through analysis of vascular invasion and necrosis. The presence of either one of these risk
factors was associated with a 3-fold increased risk for metastasis within 5 years. If a tumor
had both risk factors the risk for metastases was increased 11-fold. Small STSs of low
histologic malignancy-grade and high-grade tumors with neither risk factor had low risk
for metastases (0 and 7%, respectively). These data therefore support that adjuvant
treatment should not be administered to this group. In contrast, small high-grade STSs
with vascular invasion and tumor necrosis have a high risk of metastasis and should be
probably be treated as any high-risk tumor.

44-46

Study I11

Changing clinical presentation of sAS

When combining data from different registers, we identified all sAS patients after breast
cancer treatment diagnosed in our region between 1958 and 2008. 31 patients were
identified and analyzed. 14 of these patients had been treated for breast cancer between
1949 and 1988 with mastectomy and resection of the axillary lymph nodes and adjuvant
radiotherapy. These 14 cases developed sAS in the upper extremity, following severe,
long-standing lymphedema (Stewart-Treves syndrome) after median 11 (3-25) years. In
10 patients the sAS presented as a solitary tumor, whereas 4 patients reported multiple,
small tumors as the first symptom.

A second group consisted of 17 patients treated for breast cancer between 1980 and 2005.
Of these, 16 were treated with segmental resection for breast cancer and 1 with modified
mastectomy. All 17 had undergone postoperative adjuvant radiotherapy. They had mild
or no reported lymphedema in the upper extremity. The sAS developed within the
irradiated fields on the thoracic wall after median 7.3 (3-15) years. The sAS presented as a
solitary tumor in 8 patients and as multiple smaller nodules in 8 patients. In the last case
the initial sAS symptom could not be identified. The age at sAS diagnosis, time to sAS
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after breast cancer treatment and sAS tumor symptom (solid tumor or multiple smaller
66557

nodules) are similar to that reported in the literature.

N
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Figure 7, Distribution of breast cancers (circles) and sAS (squares) over time. Breast cancer and sAS are linked
together for each patient. The steeper slopes reflect shorter time to sAS in the cases developing within the
irradiated field (red) compared to the Stewart-Treves cases (green).

The median age at breast cancer diagnosis and sAS diagnosis was similar in both groups.
However, when comparing the time from breast cancer to sAS using the log-rank test it
was significantly shorter for women developing sAS within the irradiated field, median
7.3 years compared to 11 for those with Stewart-Treves syndrome (Figure 7; p=0.01).
This decrease in time from breast cancer treatment to development of sAS is consistent
with previous reports.’>¢%>79%%

Changing breast cancer treatment

In the 1970’s and 1980’s the treatment principles for early-stage breast cancer changed;
from mastectomy to breast-conserving surgery often combined with adjuvant
radiotherapy.”**® The treatment was planned in multidisciplinary teams and included
altered surgical approaches, new systemic treatments and radiotherapy. As a result, the
breast cancer survival rates improved. The increasing incidence of breast cancer in
combination with the increased survival rates, imply that a growing number of women are
at risk for late side effects.

All patients who developed a sAS had had radiotherapy as part of the breast cancer
treatment, albeit with different modalities. After converting the administered doses to
Gray no statistically significant difference in received dose was found between the 2 sAS
groups. At which dose radiotherapy can induce carcinogenesis is unknown, but a
minimum of 10 Gray has been proposed.®*** All patients in this series were treated with at
least 30 Gray (see Table 1, Paper III). Due to increased incidence of breast cancer, major
changes in breast cancer treatment, improved survival rates and the uncertainty of who
was at risk, we were unable to estimate the incidence of sAS.
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sAS survival

Both sAS groups had poor outcome. Median follow-up for patients in the Stewart-Treves
group was 19 (0-65) months compared to 12 (2-88) months for the radiation-associated
group. In the former group all women are dead, in 10/14 cases due to sAS. In the latter
group 7/17 died from sAS and 4 from other reasons. Of the 6 women alive at the end of
the study, 1 died of generalized sAS 2 years after diagnosis while 5 are alive without
evidence of disease at 4.5, 5, 7, 8 and 11 years respectively as found in a follow up 2 years
later.

Although the different clinical presentations of sAS are already known this is, to our
knowledge, the first time a population-based cohort of sAS patients has been described
and the changing clinical presentation correlated to type of breast cancer treatment.

Study IV

Considering the dismal prognosis for patients with sAS, we evaluated the outcome for
patients surgically treated with curative intent at 2 sarcoma centers. In collaboration with
the University Medical Center of Groningen, the Netherlands, we identified 35 cases of
sAS in the irradiated field on the thoracic wall. 13 presented with a discoloration, 14 with
a solid tumor and 8 with both symptoms. The median time from breast cancer treatment
to sAS was 7 (3-25) years. The median age at sAS diagnosis was 67 (47-89) years. In 4
patients the sAS was locally too advanced, or generalized, to attempt curative surgery.
Thus 31 patients were analyzed with respect to surgical treatment and outcome.

Primary treatment of sAS on the thoracic wall

24 patients had a mastectomy and 7 had a local excision. The 7 local excisions were either
performed outside of the sarcoma centers or in patients who previously had had a
mastectomy as part of their breast cancer treatment. Due to R1 margins, a second surgery
was performed for the primary tumor in 7 cases. Free margins (R0) were achieved in
14/24 patients treated with mastectomy and in 2/7 patients treated with local excision. In
3 patients the mastectomy was part of an excision of all irradiated skin and extrathoracic
soft tissue, resulting in RO resection in 2 cases. Soft tissue reconstruction was required in
16 patients. 1 patient had adjuvant chemotherapy and 1 patient had adjuvant
radiotherapy.

Tumor recurrence

19/31 patients developed a local recurrence after median of 6 (1-89) months. Of the 23
patients operated with RO margins, 14 had a local recurrence compared to 5/8 patients
with a R1 margin. In 11 patients, local recurrences were treated surgically with RO
margins in 10 patients. In addition to surgery, 1 patient received adjuvant radiotherapy
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and 1 had adjuvant chemotherapy at this stage. 8 patients were not operated on due to
locally advanced disease (n=2), concurrent metastases (n=5) or unknown reasons (n=1).
As expected, patients whose local recurrences were resectable had better survival (median

34 (6-84) months) than those not operable (median 6 (5-24) months).

In a series presented by Torres et al, nearly half of the patients operated with RO margins
has local recurrences.” In a study from MSKCC, the 5-year survival rate for patients with
mixed radiation-induced sarcomas (n=123) operated with curative intent was ~40%.%
Although 90% of the patients in the study underwent surgery with curative intent, RO
margins were only obtained in half of the cases. Cha et al®® concluded that defining
anatomic and tumor planes may be more difficult in irradiated tissue emphasizing the
importance of an aggressive approach.

In our series, 13 patients developed metastases after median 17 (2-50) months. 9 of these
also had local recurrences. The 4 patients with regional metastases underwent surgical
resection of the involved lymph nodes and survived median 20 (8-29) months after this
surgery. The patients with distant metastases had no further surgical treatment; they
survived median 5 (1-24) months. In addition to surgery, 6 patients received
chemotherapy and 6 patients were treated with radiotherapy.

Survival

After a median follow-up of 27 (1-151) months, 21/31 patients had died. 17 died from
sAS, 3 from other diseases, and 1 for unknown reasons. The median disease-free and
disease-specific survival were 16 and 37 months, respectively. Of the 10 patients still alive,
9 had no evidence of disease after median 53 (10-108) months. The 10th patient had
persistent local disease after 7 years. Of the 9 patients with no evidence of disease, 1 had
been operated for lymph node metastasis 3 years after diagnosis. Survival rate in this
series, 30%, is thus higher than the 15% 5-year survival reported in most studies.®>

Excision of all irradiated skin and extrathoracic soft tissue

At the Lund Sarcoma Center wide excision of the whole irradiated field, i.e. all irradiated
skin and extrathoracic tissue, has been performed as sAS treatment in 5 patients. In 3
patients, it was the primary surgical treatment and resulted in RO resection in 2 cases. The
patient operated with R1 margins was diagnosed with generalized disease shortly after the
surgery and died of disease 7 months later. The 2 patients operated with RO margins are
alive with no disease after 5 and 8 years, respectively.

In 2 patients, the approach was used to treat local recurrences. In 1 case, it was combined
with chemotherapy to treat the first local recurrence. This patient developed 1 more local
recurrence which was excised and adjuvant radiotherapy administered. This patient is
disease free since 5.5 years (12 years after the initial diagnosis of sAS). The 2nd case was
only referred after multiple local recurrences. The excision resulted in RO margins but the
patient developed regional metastases 9 months later. These were resected and the patient
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received adjuvant chemo- and radiotherapy. This patient is alive without evidence of
disease since 4.5 years (8 years after the initial diagnosis of sAS).

All irradiated skin and extrathoracic soft tissue
was resected. The surgery was planned based on
the radiotherapy field films and tattooed
radiotherapy coordinates when present. The
depth of the excision was determined based on
pre-operative MRI scans (Figure 8). Pedicled
muscle flaps and skin have been used in
combination with split-thickness skin grafts to
reconstruct the soft tissues (Figure 9).

Figure 8. MRI showing the extent of
the angiosarcoma, from the skin to the
pectoralis muscle.

Figure 9. The
irradiated area is
marked to define the
extent of the
resection (upper
left). The skin and
extrathoracic soft
tissue is  resected
(upper right) and a
pedicled flap of the
latissimus dorsi and
a split-thickness skin
graft is used for

reconstruction
(bottom left). Long
term  results  in
another patient
operated with the
same approach

(bottom right).

Long-term survival has been described after extensive surgical approaches in patients with
sAS.5%% The method described in this series emphasizes the need for wide resection
margins including all irradiated skin and muscle tissue. Based on our results, we
recommend that patients with sAS within previously irradiated fields on the thoracic wall
should be evaluated for extensive surgery with curative intent for both primary and
recurrent disease since this type of surgery may improve survival.
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Study V

Genetic profiles of pAS and sAS

To assess the genetic characteristics of sAS, we performed whole-genome expression
profiling of 34 sAS and 28 pAS tumor samples. Unsupervised hierarchical cluster analysis
did not yield clear separation of pAS and sAS (see Supplementary Figure 1, Paper V) but
distinct gene expression profiles were found (Figure 10). SAM analysis identified 54 up-
regulated genes in sAS including RET, KIT, MYC and FLT4, whereas CDKN2C was
significantly down-regulated. DAVID analysis of the 54 up-regulated genes identified up-
regulation of the receptor protein tyrosine kinase pathway (EC number 2.7.10.1; FDR
4.4%, p<0.01, Figure 11), which was overrepresented by e.g. RET, KIT and FLT4.

Figure 10. SAM  analysis
I I B B identified 103 differentially

flir. =il

pAS (yellow) and the 34 sAS

(blue) samples (columns).

Tumors with similar gene
expression profiles are clustered
together  (red:  up-regulated

1.2122943
-0.60614717

expression,  green:  down-
regulated expression, black: no
difference in expression).

In pAS, SAM analysis identified 49 up-regulated genes including N7SR-1, ANKRDI and
CDKN2C. No significant pathways were identified by DAVID analysis, though 7 GO-
terms, including cytokine receptor activity, regulation of cell size, the cell membrane and
cell adhesion, were enriched.
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Deregulated RET signaling

pAS and sAS are histopathologically indistinguishable but their genetic profiles differed
by 103 significantly deregulated genes in our series (Figure 10). Our study is the first to
link altered RET signaling to sAS, which showed up-regulation of RET and down-
regulation of CDKN2C (Table 2). The RET proto-oncogene encodes for a tyrosine kinase
receptor that transduces cell growth and differentiation signals. Activating mutations and
over-expression of RET have been reported in thyroid cancer with particularly high
frequencies in radiation-associated tumors.”'®> CDKN2C represents a downstream target
of RET signaling and does, in combination with p27, maintain growth arrest. In multiple
endocrine neoplasia type 2 (MEN2) and medullary thyroid cancer N-MYC induction has
been identified as a key tumorigenic step associated with down-regulation of CDKN2C
and p27. Functional studies also support synergistic effects from RET activation and
CDKN2C inactivation.'” % Also MYC and FLT4 were among the top up-regulated genes
in secondary angiosarcomas, which is in line with observations from other studies.”>¢”
6910571106 Co-amplification of MYC and FLT4 has been described and the MYC genome
suggested to be particularly prone to radiation-induced damage.*’

Figure 11. The receptor protein
kinase pathway and related genes.
| Ras | KIT, RET and MYC were up-
regulated in sAS as indicated ()
while CDKN2C was down-

regulated (W) in relation to the

expression-levels seen in pAS.

N-MYC represents a down-stream target of RE7-activation and a key step in CDKN2C
down-regulation. Our findings of RET, MYC and FLT4 up-regulation and CDKN2C
down-regulation thus fit well with the tumorigenic mechanisms suggested in other types
of radiation-induced tumors.
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Table 2. Characterization of deregulated key genes in sAS.

Gene Definition Chromosome  Fold Change

MYC V-myc myelocytomatosis viral oncogene homolog 8 3.7

RET Ret proto-oncogene (RET-ELE1, MEN2A, MEN2B, 10 3.0
RET51)

KIT V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene 4 2.1
homolog (CD117, C-KIT)

FLT4 Fms-related tyrosine kinase 4 (FLT4) 5 2.0

CDKN2C  Cyclin-dependent kinase inhibitor 2C (INK4C, p18) 1 0.5

KDR expression

Up-regulation of vascular-specific receptor tyrosine kinases, e.g. 77EI1, KDR, and FLT1
has been reported in sAS.” KDR regulates endothelial cell survival, proliferation,
migration and vascular formation during embryonic development and tumorigenesis.'””
Activating mutations in KDR have been demonstrated in 10% of AS and have been
linked to tumor localization in the breast.”” Intense immunohistochemical expression of
KDR was demonstrated in 36/39 sAS in our series (p=0.007). This difference was also
found when comparing the gene expression levels between pAS and sAS using Wilcoxon
rank sum test (p=0.01) but on SAM analysis KDR was not identified as a significantly de-
regulated gene between the two tumor types. This discrepancy may reflect analytic
variability or posttranscriptional modifications affecting mRNA stability.'”®

Transcriptome signature and targeted therapies

Hadj-Hamou et al'® recently reported a transcriptome signature for sAS suggesting that

radiation-associated AS develop from radiation-stimulated lymphatic vessel endothelial
cells.'” Our assay included 29 of these 53 genes, but did not allow independent clustering
between pAS and sAS (data not shown).

AS are generally resistant to chemotherapy and represent a tumor subset suitable for novel
therapeutic approaches, including use of targeted drugs. Identification of RE7-signaling
as a key feature in secondary angiosarcomas suggests that this subgroup may be relevant
for treatment with RET-kinase-inhibitors. No specific inhibitor directed only at RET is
available but several multi-kinase-inhibitors such as sorafenib, vandetanib and sunitinib,
have significant activity against RET. Use of these small-molecule inhibitors also result in
inhibition of RET-kinase and tumor growth arrest in experimental models. In phase I-1I
trials limited effect has been found in STSs.'"”” However, the AS subset showed a response
rate of 14% which motivates further studies. Considering the dismal prognosis for
angiosarcomas and no prior selection of secondary RET-driven tumors, our observation
suggest that further investigation of RET-inhibiting therapies in radiation-induced sAS is
motivated.
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Conclusions

High referral rates of untouched STSs to sarcoma centers can be obtained using simple
referral guidelines and an open-access outpatient clinic in combination with repeated
education to raise sarcoma awareness. The excess referral of 3 benign tumors for each
malignant tumor is manageable and motivated by the high rates of untouched STSs
referred.

Small STSs represent one-quarter of all STSs. Most have a favorable prognosis, but small
STSs with high-risk for metastases can be identified through analysis of necrosis and
intratumoral vascular invasion; presence of either risk factor is associated with a 3-fold
risk increase while tumors with presence of both had an 11-fold risk. Tumors with neither
risk factor had low risk for metastases.

Secondary angiosarcomas after breast cancer treatment show a changing clinical
presentation over time, from late tumors in edematous arms, after median 11 years, to
early tumors in the irradiated fields after median 7 years. The change parallels altered
principles for breast cancer treatment.

Secondary angiosarcomas that develop in previously irradiated fields on the thoracic wall
are difficult to treat. Even when RO margins are achieved the recurrence rate is high and
the prognosis dismal. Extensive surgery, preferably including resection of all irradiated
skin and extrathoracic soft tissue, may lead to long-term survival.

Although histopathologically indistinguishable, primary and secondary angiosarcomas
show distinct genetic profiles that differ by 103 de-regulated genes. The pathways
involved include the receptor protein tyrosine kinase pathway. Key up-regulated genes in
secondary angiosarcomas include RE7, KIT and FLT4. Our findings suggest that drugs
aiming the RET signaling pathway may be relevant to evaluate in secondary
angiosarcomas.

37



References

10

11

12

13
14

15

38

Rydholm, A. Management of patients with soft-tissue tumors. Strategy developed at a
regional oncology center. Acta Orthop Scand Suppl 203, 13-77 (1983).

Gustafson, P. Soft tissue sarcoma. Epidemiology and prognosis in 508 patients. Acza
Orthop Scand Suppl 259, 1-31 (1994).

Gronchi, A. ez al. Short, full-dose adjuvant chemotherapy in high-risk adult soft tissue
sarcomas: a randomized clinical trial from the Italian Sarcoma Group and the Spanish
Sarcoma Group. J Clin Oncol 30, 850-856 (2012).

Sundby Hall, K., Eriksson, M., Bruland, O. S., Engellau, ]J. & Trovik, C. S. Treatment
of soft tissue sarcoma of the extremity and trunk wall. The Scandinavian Sarcoma Group
perspective Acta Orthop. 80, 52-59 (2009).

Clark, M. A., Fisher, C., Judson, I. & Thomas, J. M. Soft-Tissue Sarcomas in Adults.
New England Journal of Medicine 353, 701-711 (2005).

Grimer, R., Judson, L., Peake, D. & Seddon, B. Guidelines for the management of soft
tissue sarcomas. Sarcoma 2010, 506182 (2010).

Gustafson, P., Dreinhofer, K. E. & Rydholm, A. Soft tissue sarcoma should be treated at
a tumor center. A comparison of quality of surgery in 375 patients. Acta Orthop Scand
65, 47-50 (1994).

Chandrasekar, C. R. ez a/. The effect of an unplanned excision of a soft-tissue sarcoma on
prognosis. / Bone Joint Surg Br 90, 203-208 (2008).

SSG. <http://www.ssg-org.net/treatment-protocols-and-recommendations/ongoing>
(Aug 11, 2011).

Rydholm, A. Improving the management of soft tissue sarcoma. Diagnosis and treatment
should be given in specialist centres. BMJ 317, 93-94 (1998).

Nijhuis, P. H., Schaapveld, M., Otter, R. & Hoekstra, H. J. Soft tissue sarcoma--
compliance with guidelines. Cancer 91, 2186-2195 (2001).

Ray-Coquard, 1. ez al. Conformity to clinical practice guidelines, multidisciplinary
management and outcome of treatment for soft tissue sarcomas. Ann Oncol 15, 307-315
(2004).

Grimer, R. J. Size matters for sarcomas! Ann R Coll Surg Engl 88, 519-524 (20006).

Perez Romasanta, L. A., Montero Luis, A., Verges Capdevila, R., Marino Cotelo, A. &
Rico Perez, J. M. Centralised treatment of soft tissue sarcomas in adults. Clin Trans/
Oncol 10, 102-110 (2008).

Garcia del Muro Solans, X., Martin Broto, J., Lianes Barragan, P., Cubedo Cervera, R. &
Seom. SEOM clinical guidelines for the management of adult soft tissue sarcomas. Clin

Transl Oncol 14, 541-544 (2012).



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

George, A. & Grimer, R. Early symptoms of bone and soft tissue sarcomas: could they be
diagnosed earlier? Ann R Coll Surg Engl 94, 261-266 (2012).

Glencross, J., Balasubramanian, S. P., Bacon, J., Robinson, M. H. & Reed, M. W. An
audit of the management of soft tissue sarcoma within a health region in the UK. Eur/
Surg Oncol 29, 670-675 (2003).

Bhangu, A. A., Beard, J. A. & Grimer, R. ]J. Should Soft Tissue Sarcomas be Treated at a
Specialist Centre? Sarcoma 8, 1-6 (2004).

Abellan, J. F. er al. Nonreferral of possible soft tissue sarcomas in adults: a dangerous
omission in policy. Sarcoma 2009, 827912 (2009).

Barlow, L., Westergren, K., Holmberg, L. & Talback, M. The completeness of the
Swedish Cancer Register: a sample survey for year 1998. Acta Oncol 48, 27-33 (2009).
Casali, P. G., Blay, J. Y. & experts, E. C. E. C. P. o. Soft tissue sarcomas: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol 21 Suppl 5, v198-
203 (2010).

Jebsen, N. L. et al. Five-year results from a Scandinavian sarcoma group study (SSG XIII)
of adjuvant chemotherapy combined with accelerated radiotherapy in high-risk soft tissue
sarcoma of extremities and trunk wall. /nz / Radiat Oncol Biol Phys 81, 1359-1366
2011).

Jebsen, N. L. et al. Radiotherapy to improve local control regardless of surgical margin
and malignancy grade in extremity and trunk wall soft tissue sarcoma: a Scandinavian
sarcoma group study. Int | Radiat Oncol Biol Phys 71, 1196-1203 (2008).

Engellau, J. ez al. Identification of low-risk tumours in histological high-grade soft tissue
sarcomas. Eur | Cancer 43, 1927-1934 (2007).

Pervaiz, N. et al. A systematic meta-analysis of randomized controlled trials of adjuvant
chemotherapy for localized resectable soft-tissue sarcoma. Cancer 113, 573-581 (2008).
Green, F. ez al. AJCC cancer staging handbook/American Joint Committee on Cancer.
(Springer Science+Business Media, 2002).

Kattan, M. W., Leung, D. H. & Brennan, M. F. Postoperative nomogram for 12-year
sarcoma-specific death. / Clin Oncol 20, 791-796 (2002).

Coindre, J. M. Grading of soft tissue sarcomas: review and update. Arch Pathol Lab Med
130, 1448-1453 (2006).

Brennan, M. F. Local recurrence in soft tissue sarcoma: more about the tumor, less about
the surgeon. Ann Surg Oncol 14, 1528-1529 (2007).

Lahat, G. er al. New perspectives for staging and prognosis in soft tissue sarcoma. Anz
Surg Oncol 15, 2739-2748 (2008).

Coindre, J. M. ¢t al. Prognostic factors in adult patients with locally controlled soft tissue
sarcoma. A study of 546 patients from the French Federation of Cancer Centers Sarcoma
Group. J Clin Oncol 14, 869-877 (1996).

Gustafson, P. ez al. Prognostic information in soft tissue sarcoma using tumour size,
vascular invasion and microscopic tumour necrosis-the SIN-system. Eur J Cancer 39,
1568-1576 (2003).

Trojani, M. et al. Soft-tissue sarcomas of adults; study of pathological prognostic variables
and definition of a histopathological grading system. Int J Cancer 33, 37-42 (1984).

39



34

35

36

37

38

39

40

41

42

43
44

45

46

47

48

49

50

40

Rooser, B., Attewell, R., Berg, N. O. & Rydholm, A. Survival in soft tissue sarcoma.
Prognostic variables identified by multivariate analysis. Acta Orthop Scand 58, 516-522
(1987).

Mandard, A. M. ez al. Prognostic factors in soft tissue sarcomas. A multivariate analysis of
109 cases. Cancer 63, 1437-1451 (1989).

Ruka, W., Emrich, L. J., Driscoll, D. L. & Karakousis, C. P. Clinical factors and
treatment parameters affecting prognosis in adult high-grade soft tissue sarcomas: a
retrospective review of 267 cases. Eur [ Surg Oncol 15, 411-423 (1989).

Alvegard, T. A. ¢t al. Cellular DNA content and prognosis of high-grade soft tissue
sarcoma: the Scandinavian Sarcoma Group experience. J Clin Oncol 8, 538-547 (1990).
Engellau, J. ez al. Improved prognostication in soft tissue sarcoma: independent
information from vascular invasion, necrosis, growth pattern, and immunostaining using
whole-tumor sections and tissue microarrays. Hum Pathol 36, 994-1002 (2005).
Carneiro, A. et al. A prognostic model for soft tissue sarcoma of the extremities and trunk
wall based on size, vascular invasion, necrosis, and growth pattern. Cancer 117, 1279-
1287 (2011).

Rydholm, A., Gustafson, P., Alvegard, T. A., Saeter, G. & Blomgvist, C. Prognostic
factors in soft tissue sarcoma. A review and the Scandinavian Sarcoma Group experience.
Acta Orthop Scand Suppl 285, 50-57 (1999).

SSG. 88G XX, A Scandinavian Sarcoma Group treatment protocol for adult patients with
non-metastatic high-risk soft tissue sarcoma of the extremities and trunk wall
<http://www.ocsyd.se/VP-
verksamhet/Hud%20mjukdel%20skelett/SSG%20XX%20June%202007.pdf> (Feb 2,
2013).

Engellau, J. Prognostic systems for soft tissue sarcoma of the extremities and trunk wall in
adults. Acta Orthop Scand 80, 8 (2009).

Clinical Trials, <www.clinicaltrials.gov> (Dec 21, 2011).

Geer, R. J., Woodruff, J., Casper, E. S. & Brennan, M. F. Management of small soft-
tissue sarcoma of the extremity in adults. Arch Surg 127, 1285-1289 (1992).

Pisters, P. W. ez al. Long-term results of prospective trial of surgery alone with selective
use of radiation for patients with T1 extremity and trunk soft tissue sarcomas. Ann Surg
246, 675-681; discussion 681-672 (2007).

Al-Refaie, W. B. ¢t al. Surgery alone is adequate treatment for early stage soft tissue
sarcoma of the extremity. Br J Surg 97, 707-713 (2010).

Brennan, M. F. Angiosarcoma of the breast. Am J Surg Pathol 5, 679-680 (1981).
Fletcher, C. D. Vascular tumors: an update with emphasis on the diagnosis of
angiosarcoma and borderline vascular neoplasms. Monogr Pathol 38, 181-206 (1996).
Fury, M. G., Antonescu, C. R., Van Zee, K. ]., Brennan, M. F. & Maki, R. G. A 14-year
retrospective review of angiosarcoma: clinical characteristics, prognostic factors, and
treatment outcomes with surgery and chemotherapy. Cancer J 11, 241-247 (2005).
Weiss, S. W. & Goldblum, J. R. Enzinger and Weiss's soft tissue tumors. 5th ed edn,
(Mosby Elsevier, 2008).



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Fletcher, C., Unni, K. & Mertens, F. in World Health Organization Classification of
Tumours (eds P. Kleihues & LH. Sobin) (IARCPress, Lyon, 2002).

Stewart, F. W. & Treves, N. Lymphangiosarcoma in postmastectomy lymphedema; a
report of six cases in elephantiasis chirurgica. Cancer 1, 64-81 (1948).

Mark, L. ez al. Clinical and morphologic features of hepatic angiosarcoma in vinyl
chloride workers. Cancer 37, 149-163 (1976).

Popper, H., Thomas, L. B., Telles, N. C., Falk, H. & Selikoff, I. J. Development of
hepatic angiosarcoma in man induced by vinyl chloride, thorotrast, and arsenic.
Comparison with cases of unknown etiology. Am J Pathol 92, 349-376 (1978).

Body, G. et al. [Cutaneous angiosarcoma of the breast following surgery and irradiation
of breast adenocarcinomal. J Gynecol Obster Biol Reprod (Paris) 16, 479-483 (1987).
Kacker, A., Antonescu, C. R. & Shaha, A. R. Multifocal angiosarcoma of the scalp: a case
report and review of the literature. Ear Nose Throat J 78, 302-305 (1999).

Billings, S. D., McKenney, ]. K., Folpe, A. L., Hardacre, M. C. & Weiss, S. W.
Cutaneous angiosarcoma following breast-conserving surgery and radiation: an analysis of
27 cases. Am J Surg Pathol 28, 781-788 (2004).

Shon, W., Ida, C. M., Boland-Froemming, ]J. M., Rose, P. S. & Folpe, A. Cutaneous
angiosarcoma arising in massive localized lymphedema of the morbidly obese: a report of
five cases and review of the literature. / Cutan Pathol 38, 560-564 (2011).

Lowenstein, S. Der atiologische Zusammenhand zwischen akutem einmaligem Trauma
and Sarkom. Beitrage zur Klinischen Chirurgie 48, 780-824 (1906).

Hamels, J., Blondiau, P. & Mirgaux, M. Cutaneous angiosarcoma arising in a
mastectomy scar after therapeutic irradiation. Bull Cancer 68, 353-356 (1981).

Karlsson, P., Holmberg, E., Samuelsson, A., Johansson, K. A. & Wallgren, A. Soft tissue
sarcoma after treatment for breast cancer--a Swedish population-based study. Eur J
Cancer 34, 2068-2075 (1998).

Yap, J. et al. Sarcoma as a second malignancy after treatment for breast cancer. nz J
Radiar Oncol Biol Phys 52, 1231-1237 (2002).

Cha, C., Antonescu, C. R., Quan, M. L., Maru, S. & Brennan, M. F. Long-term results
with resection of radiation-induced soft tissue sarcomas. Ann Surg 239, 903-909;
discussion 909-910 (2004).

Lahat, G. er al. Angiosarcoma: clinical and molecular insights. Ann Surg 251, 1098-1106
(2010).

Marchal, C. er al. Nine breast angiosarcomas after conservative treatment for breast
carcinoma: a survey from French comprehensive Cancer Centers. /nzt J Radiat Oncol Biol
Phys 44, 113-119 (1999).

Monroe, A. T., Feigenberg, S. J. & Mendenhall, N. P. Angiosarcoma after breast-
conserving therapy. Cancer 97, 1832-1840 (2003).

Manner, J. et al. MYC high level gene amplification is a distinctive feature of
angiosarcomas after irradiation or chronic lymphedema. Am J Pathol 176, 34-39 (2010).
Guo, T. et al. Consistent MYC and FLT4 gene amplification in radiation-induced
angiosarcoma but not in other radiation-associated atypical vascular lesions. Genes
Chromosomes Cancer 50, 25-33 (2011).

41



69

70

71

72

73

74

75

76
77

78

79

80

81

82

83

84

85

42

Fernandez, A. P., Sun, Y., Tubbs, R. R., Goldblum, J. R. & Billings, S. D. FISH for
MYC amplification and anti-MYC immunohistochemistry: useful diagnostic tools in the
assessment of secondary angiosarcoma and atypical vascular proliferations. J Cutan Pathol
39, 234-242 (2012).

Italiano, A. ez al. Comparison of doxorubicin and weekly paclitaxel efficacy in metastatic
angiosarcomas. Cancer 118, 3330-3336 (2012).

Mentzel, T., Schildhaus, H. U., Palmedo, G., Buttner, R. & Kutzner, H. Postradiation
cutaneous angiosarcoma after treatment of breast carcinoma is characterized by MYC
amplification in contrast to atypical vascular lesions after radiotherapy and control cases:
clinicopathological, immunohistochemical and molecular analysis of 66 cases. Mod Pathol
25,75-85 (2012).

Meyer, N. & Penn, L. Z. Reflecting on 25 years with MYC. Nat Rev Cancer 8, 976-990
(2008).

Antonescu, C. R. ez 2. KDR activating mutations in human angiosarcomas are sensitive
to specific kinase inhibitors. Cancer Res 69, 7175-7179 (2009).

Scandinavian Sarcoma Group's Centralized Registration of Sarcoma Patients in Scandinavia
SSG VII4, <http://www.ocsyd.se/ VP-verksamhet/Hud%20mjukdel %20skelett/SSGVII-
vers4_June2009.pdf> (Jan 5, 2013).

Cahan, W. G., Woodard, H. Q. & et al. Sarcoma arising in irradiated bone; report of 11
cases. Cancer 1, 3-29 (1948).

Arlen, M. et al. Radiation-induced sarcoma of bone. Cancer 28, 1087-1099 (1971).
Workman, C. et l. A new non-linear normalization method for reducing variability in
DNA microarray experiments. Genome Biol 3, research0048 (2002).

Saeed, A. L. et al. TM4: a free, open-source system for microarray data management and
analysis. Biotechniques 34, 374-378 (2003).

Tusher, V. G, Tibshirani, R. & Chu, G. Significance analysis of microarrays applied to
the ionizing radiation response. Proc Natl Acad Sci U S A 98, 5116-5121 (2001).

Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc 4, 44-57 (2009).
Styring, E. ez al. Simple guidelines for efficient referral of soft-tissue sarcomas: a
population-based evaluation of adherence to guidelines and referral patterns. / Bone Joint
Surg Am 94, 1291-1296 (2012).

Brouns, F., Stas, M. & De Wever, L. Delay in diagnosis of soft tissue sarcomas. Eur ] Surg
Oncol 29, 440-445 (2003).

Mankin, H. J., Lange, T. A. & Spanier, S. S. The hazards of biopsy in patients with
malignant primary bone and soft-tissue tumors. / Bone Joint Surg Am 64, 1121-1127
(1982).

Mankin, H. J., Mankin, C. J. & Simon, M. A. The hazards of the biopsy, revisited.
Members of the Musculoskeletal Tumor Society. J Bone Joint Surg Am 78, 656-663
(1996).

Allgar, V. L. & Neal, R. D. Delays in the diagnosis of six cancers: analysis of data from
the National Survey of NHS Patients: Cancer. BrJ Cancer 92, 1959-1970 (2005).



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Clark, M. A. & Thomas, J. M. Delay in referral to a specialist soft-tissue sarcoma unit.
Eur J Surg Oncol 31, 443-448 (2005).

Seinen, J., Almquist, M., Styring, E., Rydholm, A. & Nilbert, M. Delays in the
management of retroperitoneal sarcomas. Sarcoma 2010, 702573 (2010).

Johnson, G. D., Smith, G., Dramis, A. & Grimer, R. J. Delays in referral of soft tissue
sarcomas. Sarcoma 2008, 378574 (2008).

Malik, A., Wigney, L., Murray, S. & Gerrand, C. H. The effectiveness of "two-week"
referrals for suspected bone and soft tissue sarcoma. Sarcoma 2007, 23870 (2007).
Elmore, ]J. G., Armstrong, K., Lehman, C. D. & Fletcher, S. W. Screening for breast
cancer. JAMA 293, 1245-1256 (2005).

Wo, J. Y., Chen, K., Neville, B. A., Lin, N. U. & Punglia, R. S. Effect of very small
tumor size on cancer-specific mortality in node-positive breast cancer. J Clin Oncol 29,
2619-2627 (2011).

Brenn, T. & Fletcher, C. D. Radiation-associated cutaneous atypical vascular lesions and
angiosarcoma: clinicopathologic analysis of 42 cases. Am J Surg Pathol 29, 983-996
(2005).

Sheth, G. R., Cranmer, L. D., Smith, B. D., Grasso-Lebeau, L. & Lang, J. E. Radiation-
induced sarcoma of the breast: a systematic review. Oncologist 17, 405-418 (2012).
Holmberg, L. Sector resection with and without radiotherapy in early breast cancer.
Presentation of two ongoing prospective multicenter studies in Sweden. Uppsala/Orebro
Breast Cancer Study Group. Acta Oncol 28, 927-929 (1989).

Uppsala-Orebro Breast Cancer Study, G. Sector resection with or without postoperative
radiotherapy for stage I breast cancer: a randomized trial. / Na#l Cancer Inst 82, 277-282
(1990).

Fitzal, F. & Gnant, M. Breast conservation: evolution of surgical strategies. Breast ] 12,
S165-173 (20006).

Torres, K. E. ez al. Long-term outcomes in patients with radiation-associated
angiosarcomas of the breast following surgery and radiotherapy for breast cancer. Ann
Surg Oncol 20, 1267-1274 (2013).

Colville, R. J., Ramsden, A., Malcolm, A. & McLean, N. R. Angiosarcoma of the breast
after quadrantectomy and postoperative radiotherapy for carcinoma. Br J Plast Surg 53,
622-624 (2000).

Bounacer, A., Wicker, R., Schlumberger, M., Sarasin, A. & Suarez, H. G. Oncogenic
rearrangements of the ret proto-oncogene in thyroid tumors induced after exposure to
ionizing radiation. Biochimie 79, 619-623 (1997).

Collins, B. J. et al. RET expression in papillary thyroid cancer from patients irradiated in
childhood for benign conditions. J Clin Endocrinol Metab 87, 3941-3946 (2002).

De Falco, V. ez al. RET/papillary thyroid carcinoma oncogenic signaling through the
Rapl small GTPase. Cancer Res 67, 381-390 (2007).

Joshi, P. P. ez al. Simultaneous downregulation of CDK inhibitors p18(Ink4c) and
p27(Kip1) is required for MEN2A-RET-mediated mitogenesis. Oncogene 26, 554-570
(2007).

43



103

104

105

106

107

108

109

44

van Veelen, W. ez al. Synergistic effect of oncogenic RET and loss of p18 on medullary
thyroid carcinoma development. Cancer Res 68, 1329-1337 (2008).

Kulkarni, M. V. & Franklin, D. S. N-Myc is a downstream target of RET signaling and
is required for transcriptional regulation of p18(Ink4c) by the transforming mutant
RET(C634R). Mol Oncol 5, 24-35 (2011).

Hadj-Hamou, N. S. ez a/. A transcriptome signature of endothelial lymphatic cells
coexists with the chronic oxidative stress signature in radiation-induced post-radiotherapy
breast angiosarcomas. Carcinogenesis 33, 1399-1405 (2012).

Kacker, C. ¢z al. High frequency of MYC gene amplification is a common feature of
radiation-induced sarcomas. Further results from EORTC STBSG TL 01/01. Genes
Chromosomes Cancer 52, 93-98 (2013).

Koch, S., Tugues, S., Li, X., Gualandi, L. & Claesson-Welsh, L. Signal transduction by
vascular endothelial growth factor receptors. Biochem J 437, 169-183 (2011).

Waters, K. M., Pounds, J. G. & Thrall, B. D. Data merging for integrated microarray
and proteomic analysis. Brief Funct Genomic Proteomic 5, 261-272 (2006).

Maki, R. G. ¢t al. Phase II study of sorafenib in patients with metastatic or recurrent
sarcomas. J Clin Oncol 27, 3133-3140 (2009).



