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Preface 
 

Soft tissue and bone sarcomas disproportionately affect children, adolescents, and young 
adults. Although considered a rare disease, sarcomas continue to have a devastating effect on 
these patients and their loved ones, and their impact on our society far exceed their relatively 
low prevalence. Because of its rarity and heterogeneity, clinical decision making on 
management of sarcomas are often individualized and without a consensus treatment strategy. 
Furthermore, research to improve clinical outcomes are particularly challenging as sizeable 
studies are hard to produce. By improving our knowledge about the molecular biology of 
sarcomas, we hope to identify new treatment strategies and targets for further drug 
development. 

In this Special Issue in Soft Tissue and Bone Sarcomas, we invited manuscripts that sought 
to elucidate the pathophysiology and carcinogenesis of soft tissue and bone sarcomas and 
identify new arenas for sarcoma research. We were particularly interested in manuscripts 
deciphering the mechanisms of putative targets for sarcoma treatments. By devoting a special 
issue solely on soft tissue and bone sarcomas, we hoped to display and bridge a critical mass 
of new and exciting research that can lead the way to improving cancer care for this cohort of 
patients. 

The breadth and quality of manuscripts submitted for our review far exceeded our 
expectations. We were able to include review articles as well as primary research manuscripts. 
Our papers encompass studies of clinical, translational, and basic science. We included 
studies describing investigations of sarcomas in vitro as well as in vivo, in dogs as well as in 
humans, systemic treatments as well as radiation therapies, and a det ailed description of a 
clinical trial as well as an overview of multiple clinical trials. The richness of articles that we 
were able to publish in this collection underlies the growing enthusiasm to study, collaborate, 
and take scientific risks in studying sarcomas. We were often told that our field is too rare, too 
heterogeneous, or too far from the mainstream cancer conversation that our research is not 
worth funding, publishing, or publicizing, but times are changing. I feel that, as a community 
of scientists, sarcoma investigators have finally reached the critical mass required in all 
disciplines to raise the level of research to that elusive next level. 

 
Edwin Choy, MD, PhD 

Guest Editor 
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Abstract: Liposarcoma is one of the most common adult soft tissue sarcomas and 
consists of three histologic subtypes (well and dedifferentiated, myxoid/round cell, and 
pleomorphic). Surgery is the mainstay of treatment for localized disease; however for 
unresectable or metastatic disease, effective treatment options are currently limited. In 
the past decade, a better understanding of the distinct genetic and molecular aberrations 
for each of the three histologic subtypes has led to the development of several novel 
systemic therapies. Data from phase I and early phase II clinical trials have been 
reported. Despite challenges with conducting clinical trials in liposarcoma, preliminary 
results for several of these novel, biology-driven therapies are encouraging.  

Keywords: liposarcoma; chemotherapy; molecular-based therapy; clinical trials  
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1. Introduction 

Soft tissue sarcomas are a heterogeneous group of over 50 different malignancies of mesenchymal 
origin [1]. In adults, liposarcoma is one of the most common types of soft tissue sarcoma [2]. Within 
liposarcoma, three distinct histologic subtypes are recognized by the World Health Organization:  
(1) well and dedifferentiated, (2) myxoid/round cell, and (3) pleomorphic liposarcoma [2]. Although 
surgical resection is the mainstay of treatment for localized disease in all subtypes, many patients 
with liposarcoma will initially present with or ultimately progress to advanced disease that is either 
unresectable, metastatic or both. For these patients, the mortality is high and local and/or systemic 
tumor burden may also cause significant morbidity. As a method of local control, radiation  
therapy can provide symptom palliation for a small subset of patients, but systemic disease is not 
addressed [3,4]. Current cytotoxic chemotherapy can potentially provide systemic control, but 
toxicity tends to be quite high [3,4]. As a result, for the majority of liposarcoma patients with 
advanced disease, treatment options are currently limited.  

In this review, we will provide an overview of liposarcoma followed by a brief discussion of 
conventional cytotoxic chemotherapy and commonly adopted endpoints for treatment efficacy. We 
will then summarize the results of recent clinical trials with novel systemic therapies for patients with 
advanced liposarcoma. Many of published results are from studies done in the context of the broader 
group of adult soft tissue sarcoma; however we will focus on liposarcoma. As we will discuss, even 
within liposarcoma, recognition of the specific histologic subtype is critical, especially as novel 
therapies are emerging based on a better understanding of subtype-specific disease biology. 

2. Three Distinct Liposarcoma Subtypes 

In contrast to benign lipomas, all three subtypes of liposarcoma are true adipocytic malignancies 
which can cause significant morbidity and mortality. Each subtype is characterized by distinct 
genetic and molecular aberrations and unique histologic appearance, suggesting separate pathways to 
malignant transformation [2–4]. Accordingly, the initial presentation, pattern of disease progression 
and overall clinical outcome varies with each liposarcoma subtype. An understanding of these 
multi-level differences (Table 1) is critical to the management of the liposarcoma patient and 
selection of appropriate treatment options. 

Well-differentiated (WD) and dedifferentiated (DD) liposarcoma are the most common subtype 
of liposarcoma [2]. Both WD and DD tumor cells exhibit amplification of chromosome 12q13-15, a 
region which contains several hundred genes including MDM2, an inhibitor of the tumor suppressor 
p53, and CDK4, a critical regulator of cell cycling. By histology, WD liposarcoma are characterized 
by the presence of adipocytes of varying sizes with prominent fibrous stroma (Figure 1A); 
lipoma-like, sclerosing, and inflammatory variants have also been described [2]. DD liposarcomas 
typically have an adipocyte-rich, WD portion that is well demarcated from a highly cellular, spindle 
cell-rich DD portion (Figure 1B). To establish a definitive histologic diagnosis of DD, five or more 
mitoses per 10 high power fields are required [2]. The majority of DD cases are found de novo, but up 
to 25%–40% of patients with WD will ultimately manifest DD histology at recurrence [5]. DD 
liposarcoma was traditionally thought to arise from WD; however the exact clonal relationship 
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between WD and DD liposarcoma is not clear. Presence of DD histology nonetheless is associated 
with much more aggressive disease and worse clinical outcome [5,6]. 

Table 1. Important multi-level differences in liposarcoma subtypes.  

Liposarcoma 

Histologic 
Subtype 

Genetic and/or 

Molecular 
Aberration 

Histologic Features Anatomic Site 
Clinical 

Behavior 

Response 

to Current 
Therapy 

Well 

differentiated 
(WD) 

12q13-15 

amplification (MDM2, 
CDK4, etc.) 

Adipocytes of varying 

size, prominent fibrous 
stroma 

Retroperitoneum  
>extremities, 

paratesticular areas, 
trunk 

Locoregional 

recurrence 
Poor 

Dedifferentiated 

(DD) 
same as WD 

Highly-cellular portion 
(5 or more mitoses/10 

HPF) next to WD 
portion 

same as WD 

Locoregional 
recurrence and 

distant metastasis 
(10%–15%) 

Low 

Myxoid/Round 
Cell (MRC) 

Translocation 

(t12;16)(q13;p11) or 
(t12;22)(q13;q12) 

leading to 
FUS-CHOP/DDIT3 or 

EWS-CHOP/DDITS 
fusion protein 

Abundant extracellular 

myxoid material; 
sparse cellular portion 

w/mature adipocytes, 
immature lipoblasts, 

round cells (>5% of 
tumor) 

Proximal lower 
extremities 

Distant metastasis 
(10%–20%) to 

visceral organ 
sites, bone, and 

fat bearing areas 

High 

Pleomorphic Complex 

Highly cellular 
resembling MFH; 

pleomorphic lipoblasts; 
occassional 

multinucleated cells 

Lower extremities  

>retroperitoneum; 
mediastinum 

Distant metastasis  
(30%–50%) 

Low 

WD and DD liposarcoma does not have a cer tain age or gender predilection and there are no 
known risk factors (e.g., obesity) for the development of disease. WD and DD liposarcoma most 
commonly occur in the retroperitoneum and to a lesser extent, the extremities, paratesticular areas, 
and trunk. WD liposarcoma does not metastasize, whereas DD liposarcoma has the potential for 
distant metastasis, typically to the lungs. The true frequency of this event, however, has been 
estimated to b e 10%–15% [7]. For both WD and DD, the majority of patients experience 
locoregional morbidity. In the retroperitoneum, tumors can be massive in size (>30 cm) and/or 
invade adjacent viscera and structures, making surgical resection challenging. Locoregional recurrence 
is very common and patients often undergo multiple re-operations. WD and DD liposarcoma are 
largely resistant to conventional cytotoxic chemotherapy and radiation therapy [2–4], and as a result, 
treatment options other than surgery, are limited.  

Myxoid/round cell (MRC) liposarcoma is the second most common subtype of liposarcoma. In 
terms of genetic abnormalities, MRC liposarcoma is characterized by translocation of chromosomes 
12 and 16 ( t12;16)(q13;p11), that results in a fusion gene arrangement between FUS and 
CHOP/DDIT3. In rare cases, an alternative translocation event can occur (t12;22)(q13;q12), that 
results in an EWS-CHOP fusion gene. FUS- and EWS-CHOP/DDIT3 are both thought to interfere 
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with normal adipocytic differentiation through the C/EBP family of transcription factors and are 
likely involved in activation of a number of tyrosine kinase receptor pathways including MET, RET 
and PI3K/Akt. By histology, MRC liposarcoma is notable for abundant extracellular myxoid 
material with typically, a sparse cellular component consisting of mature adipocytes, immature 
lipoblasts and round cells (Figure 1C) [2]. In a subset of cases, the cellularity increases with a 
predominance of round cells containing a high nuclear to cytoplasmic ratio (Figure 1D). Round cell 
transformation—defined as >5% of the tumor—is associated with more aggressive disease biology 
and worse clinical outcome [8]. 

Figure 1. Representative photomicrographs of well differentiated (A), dedifferentiated 
(B), myxoid (C)/round cell (D), and pleomorphic (E) liposarcoma. A challenging case is 
shown in (F). This portion of a well differentiated liposarcoma shows myxoid features, 
however other areas of the tumor showed characteristic features and 12q13-15 
amplification.  

 

MRC liposarcoma tends to present in younger patients and affects the proximal lower extremities 
as opposed to the retroperitoneum. In fact, intraabdominal and retroperitoneal disease may actually 
be WD/DD liposarcoma that was misdiagnosed [9]. Distant dissemination to visceral organ sites 

A B

C D

E F
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(e.g., lung) occurs in 10%–20% of patients, especially with round cell transformation. Patients 
should be carefully monitored for skeletal metastases (e.g., w/MRI), which may represent up to half 
of all metastatic events [10]. Unique among the liposarcoma subtypes, MRC liposarcoma also 
appears to have a predilection for metastases to fat-bearing areas in the retroperitoneum, chest, trunk 
and other extremities [11,12]. Several studies have established that tumors at distant fat-bearing sites 
are in fact, metastases from the same clonal origin as the primary site, as opposed to multifocal sites 
of disease [13,14]. Treatment for MRC liposarcoma consists of surgical resection for localized, 
primary disease. In patients with advanced or metastatic disease, MRC liposarcoma is known for its 
sensitivity to radiation therapy [11] and cytotoxic chemotherapy [15] in comparison to the other 
liposarcoma subtypes [16]. 

Pleomorphic liposarcoma is the third, least common and least understood subtype of liposarcoma. 
A single characteristic genetic abnormality has not yet been identified; instead, complex changes are 
seen with chromosomal duplications, gains, losses, and rearrangements. By histology, pleomorphic 
liposarcoma resembles a non-adipocytic soft tissue sarcoma called malignant fibrous histiocytoma 
(MFH), also known as undifferentiated pleomorphic sarcoma (UPS), with high cellularity and 
additionally, presence of pleomorphic lipoblasts and occasional multinucleated giant cells  
(Figure 1E) [2]. An epithelioid histologic variant resembling renal cell or adrenocortical carcinoma 
has also been described [17]. Patients with pleomorphic liposarcoma most commonly present with 
disease in the lower extremity and occasionally at other sites, including the retroperitoneum and 
mediastinum. Disease progression is much more aggressive compared to the other liposarcoma 
subtypes, with a higher (30%–50%) frequency of distant metastasis to visceral organ sites, including 
lung, bone and liver. Tumors are highly resistant to all current treatment modalities [18,19]. 

Despite hallmark genetic aberrations and characteristic histologic features, in practice, 
distinguishing one liposarcoma subtype from another can at times be challenging (Figure 1F). 
Histologic examination, ideally by an experienced soft tissue sarcoma pathologist, is best 
supplemented with molecular studies (e.g., MDM2 amplification by fluorescence in situ 
hybridization in WD/DD liposarcoma) for accurate diagnosis. Molecular studies can frequently lead 
to reclassification of incorrectly diagnosed cases [20,21]. An accurate diagnosis is critical not only to 
counsel patients regarding likely disease course (e.g., frequent locoregional recurrence in 
retroperitoneal WD/DD liposarcoma; metastases to fat-bearing areas in MRC) but for decision 
making with regard to available treatment options or enrollment into clinical trials for those with 
advanced disease. 

3. Conventional Cytotoxic Chemotherapy 

The current cytotoxic chemotherapy agents for unresectable/metastatic liposarcoma are based on 
efficacy data from trials encompassing all soft tissue sarcoma subtypes. Single agent anthracycline 
(mainly doxorubicin) or an anthracycline-based combination is considered the standard for first-line 
therapy in patients with advanced disease [22]. Other agents with single agent activity that are 
frequently combined with doxorubicin are ifosfamide and dacarbazine. The objective response rate 
(ORR) in treatment naïve soft tissue sarcoma patients is somewhere between 18% to 38% [23–30]. 
Although anthracycline based combinations tend to have higher response rates compared to single 
agent therapy, a survival benefit has not been demonstrated in the trials so far [25,26]. This might be 
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due to the studies having inadequate power to detect the survival advantage or due to the higher 
toxicity and limited added efficacy of the cytotoxic agent used in the combination.  

Gemcitabine and docetaxel is a frequently used non-anthracycline combination in the second-line 
setting for liposarcomas. A randomized phase II study conducted by Maki et al. in metastatic soft 
tissue sarcoma suggested a survival benefit for fixed-dose rate gemcitabine with docetaxel over 
fixed-dose rate gemcitabine alone [31]. The median progression-free survival (PFS) and overall 
survival (OS) of gemcitabine therapy alone was 3 months and 18 months compared to 6 months and 
12 months with the combination, respectively. The best responses were seen in leiomyosarcoma and 
undifferentiated pleomorphic sarcoma (UPS/MFH) patients. Among the small number of 
liposarcoma patients (n = 20, 16% of all patients), only two (both WD/DD) had stable disease at 6 
months with gemcitabine alone. An additional five patients (three WD/DD, two MRC) with 
gemcitabine alone and five patients (four WD/DD, one pleomorphic) with combination therapy had 
stable disease for less than 6 months.  

To date, no prospective trial with conventional cytotoxic chemotherapy agents has individually 
assessed response in a liposarcoma patient cohort alone. Retrospective, subtype specific studies have 
been reported which reflect response in liposarcoma patients and also highlight the variability 
between the three major liposarcoma subtypes. In these studies, the combination of doxorubicin and 
ifosfamide resulted in good response rates in MRC liposarcoma (ORR = 43%) and is hence the 
treatment of choice for this subtype [32]. Italiano et al. reported a multicenter, retrospective study 
of 208 W D and DD liposarcoma patients, 82% of which were treated with an 
anthracycline-containing regimen. The ORR was only 12% and all of the responses occurred in 
anthracycline treated patients. Rates of 3- and 6 month PFS were 59% and 44% [33]. In pleomorphic 
liposarcoma, Italiano et al. reported an ORR of 37% with various cytotoxic chemotherapy regimens 
with no significant difference between the various single agents or combination regimens used [34]. 
Of note, only 32 patients over a ten year period were assessable for response, attesting to the rarity of 
this disease. Rates of 3- and 6 month PFS were 63% and 43%. 

For all soft tissue sarcomas in general, despite objective response rates, a median survival of 8 to 
13 months is estimated from the start of first-line anthracycline-based chemotherapy, as shown in 
randomized studies performed over the last two decades [24,27,30,35]. The median survival for 
patients for whom conventional chemotherapy with an anthracycline and ifosfamide has failed is in 
the range of 6 months [28,36,37]. Most recent studies therefore, focus on the progression free rate 
(PFR) when evaluating agents for anti-tumor activity. A commonly used reference benchmark for an 
active agent in soft tissue sarcoma was proposed by Van Glabbeke et al. [38]. Based on analysis of 
fourteen clinical trials of cytotoxic therapies conducted by the EORTC, the PFR for active and 
inactive agents for soft tissue sarcomas (all histologies together) in the first and second line setting 
was determined. For first-line therapy, a 6-month PFR of 30% or higher suggested drug activity. For 
second-line therapy, a 3-month PFR of 40% or higher was associated with an active drug and 20% or 
lower meant inactivity. A recent review of published series confirmed that ifosfamide, 
dacarbazine-gemcitabine and docetaxel-gemcitabine meet these disease stabilization criteria as 
second-line therapies [22]. 
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4. Novel Systemic Therapies in Liposarcoma 

In the past decade, results from clinical trials have identified several novel systemic therapies in 
soft tissue sarcoma, many of which have potential efficacy in liposarcoma (Table 2). In contrast to 
conventional cytotoxic chemotherapies, which are non-specific, the majority of these novel therapies 
are based on the understanding of disease biology inherent to a given sarcoma histology, in many 
cases targeting a specific, aberrant genetic or molecular pathway.  

Table 2. Overview of reported human studies and clinical trials for novel systemic 
therapies in liposarcoma. 

Novel 
Therapy 

Mechanism of 
Action 

Liposarcoma 
Histologic 
Subtype 

Study 
Type/Clinical 
Trial Phase 

References^ 
(n = liposarcoma pts) 

Trabectedin 

Binding of DNA 
minor groove; direct 
interaction 
w/FUS-CHOP 

MRC 
Phase II, 
Retrospective, 
and Neoadjuvant 

Garcia-Cabonero, 2004 (10); 
Yovine, 2004 (6); Le Cesne, 2005 
(10); Grosso, 2007 (51 *); 
Grosso, 2009 (32 *); Demetri, 
2009 (93); Gronchi, 2012 (23 *), 
Samuels, 2013 (233)  

Eribulin Microtubule inhibitor DD Phase II Schoffski, 2011 (37) 

RG7112 MDM2 antagonist WD/DD 
Phase I 
(Neoadjuvant) 

Ray-Coquard, 2012 (20 *) 

Flavopiridol 
pan-CDK inhibitor, 
including CDK4 

WD/DD Phase I Luke, 2012 (16) 

PD 0332991 CDK4/6 inhibitor WD/DD Phase I Schwartz, 2012 (7) 
Troglitazone, 
Rosiglitazone, 
Efatutazone 

PPAR-gamma 
agonist 

all Phase I, II 
Debrock, 2003 (12 *); Pishvaian, 
2012 (5) 

Nelfinavir SREBP-1 inhibitor WD/DD Phase I Pan, 2012 (20 *) 
Pazopanib, 
Sorafenib, 
Sunitinib 

Tyrosine kinase 
receptor inhibitor 

all Phase II 
Sleijfer, 2009 (19); von Mehren, 
2012 (10); Tariq Mahmood, 2011 
(17) 

^ = reports with n = 5 or less patients were excluded, but are described in the text. * = indicates the study 
was focused on liposarcoma only. 

4.1. Marine-Derived Compounds—Trabectedin and Eribulin 

Trabectedin (YondelisTM/Ecteinascidin-743) is a tetrahydroisoquinoline alkaloid compound, 
originally derived from the Carribean sea tunicate, Ecteinascidia turbinata [39]. Among the novel 
systemic therapies in liposarcoma, trabectedin is the most well-studied in clinical trials and thus far, 
has the highest treatment efficacy.  

The primary mechanism of action for trabectedin is through binding of the DNA minor groove, 
causing structural changes and irreversible DNA damage that leads to cell cycle arrest and apoptosis. 
Mechanistic studies have demonstrated that trabectedin may have target specificity in MRC 
liposarcoma by direct interaction with the FUS-CHOP fusion protein, preventing its binding to 
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transcriptional promoters and restoring normal lipoblast maturation [40]. Recent studies also suggest 
that trabectedin may have anti-inflammatory effects and specifically target tumor-associated 
macrophages [41,42]. 

Three prospective phase II studies initially established the therapeutic potential of trabectedin in 
patients with advanced soft tissue sarcomas. A closer scrutiny of enrolled patients in these studies, 
however, demonstrates that very few actually had liposarcoma. Garcia-Carbonero et al. reported on  
36 patients, only 10 ( 28%) of which had liposarcoma (histologic subtypes not specified) [43]. 
Nonetheless, major objective responses were seen in two of these patients (one MRC, one DD), 
including complete response in the patient with MRC liposarcoma. Yovine et al. had only six 
liposarcoma patients (11% of total) in their study, one of whom had stable disease for 31 months [44]. 
Le Cesne et al. had 10 liposarcoma patients (10% of total), four of whom had either stable disease or 
partial response [45].  

Demetri et al. subsequently reported results of a larger phase II s tudy which compared two 
different dosing schedules of trabectedin (intravenous administration over 3 h e very week vs. 24 h 
every 3 weeks) in patients with leiomyosarcoma or liposarcoma, the latter of which had 93 patients 
(34%, subtype not specified) [46]. Trabectedin given for 24 h every 3 weeks  was found to b e 
superior, with 3 month PFR of 52% and 6 month PFR of 36% for all study patients; subanalysis of the 
liposarcoma patients alone was not reported. 

Recently, Samuels et al. reported on RECIST objective response rates and overall survival for 
trabectedin in previously-treated patients with advanced soft tissue sarcoma, including 233 patients 
with liposarcoma (21% of total, subtype not specified), representing the largest series to date [47]. 
ORR for liposarcoma patients in this study was 6%, including seven patients with partial response 
and one patient with complete response. Patients with liposarcoma had a median overall survival of 
18.1 months, compared to 11.9 for all evaluable patients. PFR was not reported. 

The treatment efficacy of trabectedin was evaluated specifically for MRC liposarcoma in a 
multicenter, retrospective study reported by Grosso et al. [48]. Data was analyzed from 51 
previously-treated patients with locally-advanced and metastatic disease who were enrolled in a 
compassionate use program. Remarkably, the PFR at 3 months was 92% and at 6 months, 88%. In 
addition, by RECIST criteria, 24 patients experienced partial response and two patients had complete 
response (ORR = 51% ). The authors noted that in the majority of responders, changes in tissue 
density were seen on radiographic imaging prior to tumor shrinkage. Subsequent long-term analysis 
in the subset of 32 patients from the Milano group confirmed the durability of these results [49]. 

Use of trabectedin in the neoadjuvant setting for MRC liposarcoma was reported by  
Gronchi et al. [50]. In this multicenter phase II trial, 23 previously untreated patients received 
trabectedin prior to surgical resection. No disease progression was seen in any of the patients prior to 
surgery and 24% of patients experienced a RECIST objective response. Patients received a minimum 
of 3 an d maximum of 6 c ycles, each lasting 3 weeks , prior to a 3 week was hout period after  
the last cycle leading up to surgery. Therefore, disease was monitored for a minimum of 3 months  
(3 × 3 + 3 = 12 weeks ) in all study patients. Pathologic complete response was observed in 13% of 
patients as defined by complete absence of FUS-CHOP/DDIT3 translocation-positive tumor cells in 
the resection specimens.  
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At the now standard dose of 1.5 mg/m2 given as a 24 h  continuous infusion every 3 week s, 
established by Demetri et al. [46], trabectedin is overall fairly well tolerated [51]. Fatigue and nausea 
are the most common subjective complaints. Biochemical transaminitis without clinical 
manifestations is frequently seen and transient neutropenia is the major dose limiting toxicity, but 
occurs in only a minority of patients. Rare cases of fulminant hepatic failure and rhabdomyolysis 
have been reported.  

Trabectedin was approved by the European Union in 2007 as  second-line therapy for use in 
patients with soft tissue sarcoma and disease progression despite previous doxorubicin and 
ifosfamide treatment. In the United States, two phase III studies with trabectedin for advanced MRC 
liposarcoma are currently in progress (NCT01692678, NCT01343277).  

Interestingly, another marine-derived compound, eribulin mesylate, was recently reported to also 
have selective activity in liposarcoma. In a phas e II study of four soft tissue sarcoma types, 37 
patients (29% of total) with adipocytic sarcoma treated with eribulin demonstrated a 3 month PFR of 
47%, the highest among the four cohorts [52]. PFR at 6 months was not reported. The majority (65%) 
of the patients in the adipocytic sarcoma cohort actually had DD liposarcoma. Eribulin is a 
microtubule inhibitor but to our knowledge, a liposarcoma specific mechanism of action has not  
been described. 

4.2. MDM2 Antagonists 

In well differentiated (WD) and dedifferentiated (DD) liposarcomas, amplification of MDM2 is 
seen in virtually all tumors and in fact, is a reliable method for clinical diagnosis [2]. This observation 
and the knowledge of the important role of MDM2 as a n egative regulator of p53, suggest that 
targeting MDM2 may be a promising approach to therapy, specifically for WD/DD liposarcoma. 
Preclinical studies using Nutlin-3A, a s elective MDM2 antagonist, restored p53 ac tivity in 
liposarcoma cells leading to preferential induction of cell cycle arrest and apoptosis [53,54].  

Ray-Coquard et al. recently reported the first clinical trial of an MDM2 antagonist specifically in 
patients with WD and DD liposarcoma [55]. Twenty previously untreated patients from four centers 
in France were enrolled in a p hase I, proof-of-mechanism study of the oral MDM2 antagonist, 
RG7112, given in the neoadjuvant setting. Analysis of resected tumors in these patients 
demonstrated restoration of p53 and downstream p21 expression as well as statistically significant 
reduction in Ki67-positive, proliferating tumor cells. A correlation was also noted between MDM2 
antagonist treatment and increased numbers of TUNEL-positive, apoptotic tumor cells; however this 
failed to reach statistical significance. Six patients (30%) experienced Grade 4 o ut of five 
neutropenia and three patients (15%) had thrombocytopenia; almost all study patients experienced 
nausea, vomiting and fatigue. During the limited duration of neoadjuvant therapy (up to three 28-day 
cycles), the majority of patients (70%) had stable disease and one patient had a partial response by 
RECIST criteria. 

4.3. CDK4 Antagonists 

Similar to MDM2, cyclin dependent kinase-4 or CDK4 is also consistently amplified in WD and 
DD liposarcoma and represents another appealing target for therapy for this histologic subtype. 
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Mechanistically, CDK4 phosphorylates and functionally inactivates the retinoblastoma (Rb) protein, 
which results in uninhibited cell cycle progression from G1 to S phase. CDK4 inhibition would thus 
restore native cell cycle regulation and prevent uncontrolled tumor cell proliferation.  

Inhibitors of the broad family of CDKs have been tested for therapeutic value in both hematologic 
and solid tumors, with some compelling data for treatment efficacy in germ cell tumors and chronic 
lymphoid leukemia. One observation from these studies was that CDK-inhibitors may actually be 
effective as potentiators of cytotoxic chemotherapy agents. Luke et al. at the Memorial Sloan 
Kettering Cancer Center confirmed this concept in mouse xenograft models of soft tissue sarcoma, 
including DD liposarcoma, combining doxorubicin with the pan-CDK inhibitor, flavopiridol [56]. 
The authors then enrolled 31 patients with advanced soft tissue sarcoma in a phase I dose-escalation 
study of flavopiridol in combination with fixed dose doxorubicin. Fifteen patients (48% of total) had 
WD or DD liposarcoma and one patient had pleomorphic liposarcoma. Overall, toxicities were 
mostly hematologic (neutropenia, thrombocytopenia) and low to moderate grade; no maximum 
tolerated dose was reached. WD/DD liposarcoma patients demonstrated reasonable treatment 
efficacy. Among the 12 ev aluable patients in this cohort, seven had stable disease at 12 weeks  
(PFR @ 3 mo = 58%) and 3 at 24 weeks (PFR @ 6 mo = 25%). One patient had stable disease  
for 99 weeks.  

The first in-human study of PD 0332991,  an oral CDK4/6 specific inhibitor, was reported by 
Schwartz et al. [57]. Patients were enrolled in this phase I study if they had either non-Hodgkin’s 
lymphoma or Rb-positive advanced solid tumors including WD/DD liposarcoma. Dose-limiting 
hematologic toxicities were observed in six patients (18%) for the entire cohort. Stable disease  
was observed in four out of seven patients with liposarcoma including one patient with a durable, 
toxicity-free response (>23 cycles), despite previous progression on a tyrosine kinase receptor 
inhibitor. The authors have now opened a phase II study of PD 0332991,  specifically for patients 
with Rb-positive liposarcoma (NCT01209598). 

4.4. PPAR-Gamma Agonists 

Peroxisome proliferator-activated receptors (PPAR) are critical regulators of normal adipocyte 
differentiation. PPAR-gamma is one of three isoforms that forms a heterodimeric complex with the 
retinoid X r eceptor to regulate transcription of adipocyte-specific genes involved in the terminal 
adipocyte differentiation pathway. In human liposarcoma cells, PPAR-gamma agonist not only 
induced adipocyte differentiation but demonstrated anti-tumor activity in vitro [58,59]. Activation of 
PPAR-gamma thus represents an attractive target particularly for DD, MRC and pleomorphic 
liposarcoma, as a mechanism to revert these subtypes to a more well differentiated phenotype with 
potentially more indolent disease progression, and for its direct anti-tumor activity. 

Despite a pl ausible biologic basis, reported human studies using PPAR-gamma agonists for 
liposarcoma have thus far had mixed results with low numbers of enrolled patients. Demetri et al. 
reported a pr oof-of-mechanism study conducted at the Dana Farber Cancer Institute in three 
liposarcoma patients (2 MRC, 1 pl eomorphic), using the anti-diabetic thiazolidinedione drug, 
troglitazone [59]. Tumor biopsies and mass-spectroscopy imaging demonstrated histologic and 
biochemical differentiation with accumulation of lipid droplets. The authors reported favorable 
safety and tolerability, however no data on anti-tumor activity was provided. Debrock et al. 
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subsequently reported results from a phase II trial of rosiglitazone in 12 patients with DD and MRC 
liposarcoma [60]. Histologic and biochemical proof-of-mechanism was negligible and no clinical 
response was seen with a mean time to disease progression of 6 months. More recently, Pishvaian et al. 
reported more encouraging results with a phas e I study of efatutazone, a n ewer generation 
PPAR-gamma agonist [61]. Five out 31 patients (16%) enrolled had liposarcoma (subtypes not 
specified) and one patient with MRC had a durable partial response for 690 days while on therapy. In 
vitro studies suggest that inhibition (as opposed to activation) of the PPAR-delta isoform may have 
anti-proliferative effect specifically for liposarcoma [62]. 

4.5. Nelfinavir 

Use of HIV protease inhibitors (PI) has been linked to a clinical syndrome of lipodystrophy in 
which treated patients demonstrate peripheral fat atrophy and central fat accumulation, along with 
insulin resistance and hyperlipidemia. Alterations in sterol regulatory element binding protein-1 
(SREBP-1), a master transcriptional regulator of fatty acid and cholesterol synthesis, are thought to 
be the underlying mechanism for HIV PI lipodystrophy. Liposarcoma cells were shown to express 
SREBP-1 and investigators at the City of Hope Medical Center performed in vitro studies to show 
selective, dose-dependent anti-proliferative and pro-apoptotic activity of HIV PIs [63,64]. Among 
several HIV PIs tested, the most potent effects were seen with nelfinavir, which was subsequently 
chosen for clinical trial testing. Pan et al. recently reported results of a phase I trial of nelfinavir 
conducted in 20 patients with unresectable liposarcoma, 17 of whom had WD/DD, two MRC and one 
pleomorphic subtypes [65]. Although one patient had grade 3 pancreatitis, no other dose-limiting 
toxicities were seen. One patient with DD experienced a partial response for 14 months and four 
additional patients had stable disease. A phase II trial of nelfinavir in advanced liposarcoma was also 
conducted (NCT00233948) but the results have yet to be reported. 

4.6. Tyrosine Kinase Receptor Inhibitors 

Tyrosine kinase receptors (TKRs) are a diverse family of surface molecules recognized for their 
critical role in regulating multiple aspects of carcinogenesis, tumor cell proliferation and disease 
progression (e.g., angiogenesis, metastasis) across many solid tumor types. In the presence of a 
specific growth factor ligand, TKRs dimerize and initiate downstream, intracellular signaling 
pathways. In tumor cells, TKRs and their associated downstream molecules are frequently 
over-expressed or mutated, leading to constitutive activation or aberrant signaling.  

Sleijfer et al. reported a large phase II study in patients with advanced soft tissue sarcoma, looking  
at pazopanib, an oral multi-targeted tyrosine kinase inhibitor with activity against VEGF, PDGF and 
KIT [66]. Sarcoma histology was diverse and 142 patients were included in the study, stratified by 
histology: liposarcoma, leiomyosarcoma, synovial sarcoma, and “other”; however, enrollment for 
patient with liposarcoma was stopped early because of lack of anti-tumor activity for this particular 
histology. Final analysis of 19 liposarcoma patients (subtypes not specified) demonstrated 3 month 
PFS in five out 19 of these patients (PFR = 26%). To determine if any liposarcoma subtypes have any 
clinical benefit with pazopanib, another phase II study specific for advanced liposarcoma patients is 
currently open (NCT01506596). 
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The Southwestern Oncology Group conducted a ph ase II study of sorafenib, a s imilar 
multitargeted anti-angiogenic TKR inhibitor in patients with vascular sarcomas, liposarcoma  
(10 patients = eight DD and two MRC) and leiomyosarcoma [67]. Von Mehren et al. reported that no 
tumor responses were seen in any of the patients. Consistent with the pazopanib trial data, patients 
with liposarcoma had the worst results with 3 month PFR of 30%. Maki et al. reported a larger phase 
II trial of sorafenib in 145 patients with soft tissue sarcomas; however there were only three patients 
with liposarcoma, placed into the “other” category for analysis [68]. 

Sunitinib is another TKR that has similar targets as pazopanib and sorafenib and is also regarded 
as an anti-angiogenic agent. Interestingly, in a single institution study of 48 patients at the Moffitt 
Cancer Center, Tariq Mahmood et al. reported impressive efficacy with sunitinib specifically for 
liposarcoma [69]. Out of 17 evaluable patients with liposarcoma (subtypes not specified), 14 (=82%) 
had stable disease). Three month PFR was 75% for untreated and 63% for previously treated 
liposarcoma patients, better results compared to the other histologies studied, leiomyosarcoma and 
UPS/MFH. Six month PFR was not reported. Sunitinib was well tolerated with Grade 1 or  
2 hematologic and non-hematologic toxicities in the majority of patients. George et al. also reported 
a phase II trial of sunitinib in 53 pat ients with non-gastrointestinal stromal tumor sarcomas [70]. 
Only two patients had liposarcoma; one of whom had stable disease for 28 weeks. 

It is unclear why sunitinib, but not pazopanib or sorafenib, has anti-tumor activity in liposarcoma 
despite similar molecular targets. The specific histologic subtype of liposarcoma patients enrolled 
(e.g., more indolent, WD liposarcoma), often not specified in the trials discussed, would have 
affected the interpretation of apparent drug efficacy. There may also be differential sensitivity to 
TKRs that is subtype-specific. Alternatively, in comparison to pazopanib or sorafenib, sunitinib may 
have selective affinity for other less well characterized TKRs targets that play an important role in 
tumor progression in liposarcoma. Recent work from our own group using an experimental in vitro 
and xenograft models of WD/DD liposarcoma has identified over-expression of several TKRs 
including EGFR, MET, AXL and IGFR, all of which may be potential targets [71].  

4.7. Immunotherapy 

Immunotherapy has recently gained much attention from success in large phase III t rials with 
patients with metastatic melanoma, in which durable improvement in overall survival can be seen in 
patients that respond to treatment [72,73]. The immune system is capable of selectively recognizing 
and killing tumor cells with the theoretical advantage of minimal collateral damage to normal, 
non-malignant cells resulting in low toxicity for the patient [74]. Mechanistically, this is 
accomplished by natural or induced priming (e.g., vaccination) of cytotoxic CD8 T  cells against 
surface antigens that are selectively expressed on tumor cells. Our group has reported preliminary 
studies to suggest that a natural immune response exists in a subset of WD liposarcoma that may be 
amenable to immunotherapeutic strategies used in metastatic melanoma [75].  

In MRC liposarcoma, translational studies on paraffin-embedded tumors done independently by 
the Fred Hutchinson Cancer Center and Ohio State University have recently identified nearly 
uniform expression of NY-ESO-1 in virtually all (>90%) of cases examined [76,77]. As a member of 
the highly-immunogenic cancer testis family antigens, NY-ESO-1 has been successfully used as the 
target for immunotherapy in a number of solid tumors, including synovial sarcoma [78]. Of note, 
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NY-ESO is not expressed in WD/DD liposarcoma [79] and expression in pleomorphic liposarcoma 
has not been reported. At the Fred Hutchinson Cancer Center, a phase I trial of autologous 
NY-ESO-1 specific T cells in unresectable or metastatic MRC liposarcoma is currently open and 
recruiting participants (NCT01477021).  

4.8. Other Potential Novel Systemic Therapies from Preclinical Studies 

A number of other potential strategies for novel therapies in liposarcoma have not yet been tested, 
to our knowledge, in the setting of a clinical trial. Using large scale genomic analysis of multiple soft 
tissue sarcoma types, Barretina et al. identified YEATS4, a transcription factor involved in p53 
regulation, as a pot ential target in WD/DD liposarcoma [80]. Knockdown of YEATS4 in 
liposarcoma cell lines resulted in better in vitro anti-proliferative effects compared to MDM2. The 
authors also identified a high frequency (18%) of mutations in PI3K in MRC liposarcoma. Patients 
with either kinase or helical domain mutations had worse disease specific survival, although the 
numbers of such patients were small. The PI3K/Akt pathways may also play an important role in the 
sarcomagenesis of WD liposarcoma. Gutierrez et al. used a zebrafish model to show that constitutive 
expression of Akt2 in mesenchymal progenitor cells resulted in development of adipocytic tumors 
that histologically resemble human WD liposarcoma [81]. In looking at patient samples, 27% of 
WD/DD liposarcoma cases examined demonstrated aberrant Akt activation. Small molecule 
inhibition of this pathway using BEZ235 demonstrated a d ose dependent decrease in human 
liposarcoma cell viability and an increase in cell cycle arrest and apoptosis. These results are 
supported by findings recently reported by Smith et al., in w hich use of rapamycin, a 
PI3K/AKt/mTOR inhibitor, induced terminal differentiation and had anti-proliferative effects in a 
mouse xenograft model of DD liposarcoma [82]. Several other interesting candidate targets for novel 
systemic therapies, including c-jun, JNK and others, have been reported are comprehensively 
reviewed elsewhere [3,4]. 

5. Discussion/Conclusions 

The reported results of recent clinical trials for novel systemic therapies in advanced liposarcoma 
are overall encouraging. With several novel therapies, disease stabilization is seen with relatively 
low toxicity. Trabectedin in MRC liposarcoma, flavopiridol in WD/DD liposarcoma, and sunitinib in 
subtype-unspecified liposarcoma appear to have fairly comparable or higher PFR than what has been 
reported for conventional cytotoxic chemotherapy. Objective responses are even seen in some 
patients, particularly with trabectedin in MRC liposarcoma. The caveat, of course, is that the current 
data is based on phase I and early phase II trials with relatively low numbers of patients (Table 2). 
More mature, phase II and III data in larger patient cohorts are clearly needed to make any definitive 
conclusions or alter current use of cytotoxic chemotherapy as first-line therapy.  

For the majority of novel therapies, treatment efficacy is heavily dependent on histologic subtype. 
A better understanding of characteristic genetic and molecular aberrations for each histologic 
subtype, has led to many of the novel therapies discussed, which directly target these aberrations. 
Clear disparity, however, exists in the level of development of novel systemic therapies among the 
three liposarcoma subtypes. In contrast to MRC liposarcoma, which already has known sensitivity to 
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radiation therapy [11] and conventional cytotoxic chemotherapy [15,16] and now, trabectedin, novel 
therapies are poorly developed and have not been meaningfully evaluated in human studies for 
pleomorphic liposarcoma, the most aggressive histologic subtype. Barretina et al. reported that up to 
17% of cases exhibit mutations in p53 [ 80]. More laboratory based studies are needed to b etter 
understand these mutations and how to best target them, as well as to identify other potential targets. 
For pleomorphic liposarcoma, this is of course challenging given its inherent genetic complexity and 
the overall rarity of this subtype.  

Although clinical trials in liposarcoma should ideally be based on histologic subtype, sufficient 
enrollment of patients within a limited period of time can be very challenging. With the exception of 
trabectedin and eribulin, all of the other novel systemic therapies have been evaluated in trials with at 
most twenty patients (Table 2). We strongly advocate referral to specialized centers to consolidate 
patient distribution and expedite enrollment. Specialized centers have the resources and laboratory 
support needed to appropriately analyze tumor response and validate potential biomarkers. This is 
particularly important in neoadjuvant trials, which allow for molecular proof-of-mechanism by 
analysis of the resected tumor in treated patients. Specialized centers are also best poised to study 
tumors from patients with progression of disease while receiving trial therapy, which is equally 
critical to understanding tumor resistance and escape mechanisms. Ultimately, for larger scale trials 
(e.g., phase III), m ulti-institutional and even intercontinental group collaborations between 
specialized centers are needed.  

In liposarcoma it is also important to define the pattern and extent of disease burden at the time of 
enrollment in a clinical trial. Even within the same histologic subtype, the broad category of 
“advanced disease” may include an isolated but unresectable tumor involving the root of the small 
bowel mesentery, intra-abdominal sarcomatosis, or distant visceral organ metastasis (e.g., lung) 
without locoregional recurrence; yet, each of these situations represents a unique disease biology 
with potentially different responses to therapy. Although it may not be practical to design a 
liposarcoma trial which enrolls only patients with a specific pattern or extent of disease, an attempt to 
meticulously document this may permit more meaningful subgroup analyses to determine which 
disease patterns may or may not respond to novel therapy. Recognition of lack of treatment efficacy 
for a specific disease pattern may also suggest exploration of alternative methods of drug delivery 
(e.g., local or regional therapy for the patient with a non-metastatic, but unresectable tumor). 

Although all of the trials in this review focused on a single novel systemic therapy, combination 
approaches within a given histologic subtype should also be explored. Within each histologic 
subtype of liposarcoma, the multiple key genetic and molecular aberrations are often found together 
in the same tumor (e.g., MDM2 and CDK4 amplification in WD/DD liposarcoma). Therefore 
analogous to conventional cytotoxic chemotherapy, combinations of novel therapies may lead to 
synergistic effects that result in better disease stabilization and possibly, objective response. 
Combining molecular based therapy with immunotherapy may increase response rates in a durable 
fashion, leading to improved overall survival [83]. 

In conclusion, we feel that this is an exciting time for the development of biology-driven, novel 
systemic therapies for liposarcoma. The sheer abundance of clinical trials testing these 
biology-driven novel therapies truly exemplifies the “bench to bedside” translation of laboratory 
based findings to patient treatment, even for a relatively rare solid tumor. In recent years, several 
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unique liposarcoma subtype-specific cell lines and experimental model systems have also been 
reported, which will certainly enhance preclinical testing of novel therapies [71,82,84–87]. With 
thoughtful design and conduct of clinical trials, we are hopeful that the near future will bring an 
emergence of several robust treatment options for the liposarcoma patient with advanced disease. 
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Abstract: mTOR inhibitors are emerging as important anti-neoplastic agents with a wide 
range of clinical applications. The topoisomerase I inhibitor irinotecan is a potent DNA 
damaging drug, with a b road spectrum of anticancer activities. mTOR appears to 
enhance cancer cell survival following DNA damage, thus the inhibition of mTOR after 
irinotecan could theoretically show synergistic activities in patients. Both mTOR 
inhibitors and irinotecan have been used as single agents in soft tissue sarcomas with 
limited efficacy. We completed a phase I trial of the combination of the mTOR inhibitor, 
temsirolimus, and irinotecan in patients with advanced soft tissue sarcoma. Seventeen 
patients were recruited. The Phase II recommended dose is 20 mg of temsirolimus and 80 
mg/m2 of irinotecan administered on weekly basis for three out of four weeks. Most 
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frequently encountered toxicities include cytopenias, fatigue, and gastrointestinal 
toxicities. Two patients (one with leiomyosarcoma and one with high grade 
undifferentiated sarcoma) had stable disease for more than 12 months. 

Keywords: sarcoma; mTOR inhibitors; irinotecan; temsirolimus; phase I 
 

1. Introduction 

The mammalian target of rapamycin (mTOR) is an essential signaling protein that has an  
important role in various cellular processes, particularly in nutrient sensing, cell mass regulation and 
proliferation [1]. mTOR operates downstream from the PI3K signaling pathway, which is frequently 
up-regulated in cancer [2]. mTOR is an atypical serine/threonine protein kinase of the 
phosphatidylinositol 3-kinase (PI3K)-related kinase family, which functions by complexing with 
other proteins (mTOR complex 1 and 2) to promote protein translation through phosphorylation of 
the translational regulators, eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 
(4E-BP1) and S6 k inase 1 ( S6K1) (Figure 1) [1,3]. mTOR also up-regulates the expression of 
hypoxia inducible factor (HIF)-1 , which mediates the expression of several key angiogenic factors 
including the vascular endothelial growth factor. Thus, inhibition of mTOR also results in an 
antiangiogenic effect in sarcomas [4,5]. Additionally, the loss of p53, a common event in cancer, 
promotes mTOR activation [6]. Multiple familial cancer syndromes occur due to mutations in genes 
encoding proteins that signal upstream of the mTOR complexes, (including tuberous sclerosis 
proteins 1 and 2 (TSC1/2), serine threonine kinase 11 (STK11 or Lkb1), phosphatase and tensin 
homolog (PTEN), and neurofibromatosis type 1 (NF1). Oncogenic activation of mTOR induces 
several processes required for cancer cell growth, survival, and proliferation [1]. Thus, inhibition of 
mTOR kinase activity impacts multiple pathways that are important for tumor maintenance such as 
the protein translation of several oncogenes [3].  

Two mTOR inhibitors, analogs of rapamycin, temsirolimus (Torisel®) and everolimus (RAD-001, 
Afinitor®) are clinically available for renal cell cancer [7–9], well differentiated neuroendocrine  
tumors [10], and in combination with hormonal therapy for metastatic breast cancer [11]. mTOR 
inhibitors have modest inhibitory activity against soft tissue sarcoma except in perivascular 
epithelioid cell tumors [12] and angiomyolipomas [13]. In a ph ase II study of temsirolimus in 
patients with untreated advanced soft tissue sarcoma, two patients (with undifferentiated 
fibrosarcoma and uterine leiomyosarcoma) achieved a confirmed partial response lasting 3 and 17 
months, respectively [14]. A phase II study of ridaforolimus in patients with refractory sarcoma also 
showed a potential clinical benefit [15]. Ridaforolimus, as maintenance therapy after chemotherapy, 
was tested in a phase III trial in patients with soft tissue sarcoma. A clinical benefit rate of 29% was 
observed in the 212 evaluable patients with a minor survival advantage [16]. Most common adverse 
events are anemia, hyperglycemia, dyspnea, nausea and vomiting, neutropenia, hypokalemia, fatigue 
and stomatitis [17].  

Irinotecan is a topoisomerase I inhibitor that generates DNA damage in replicating cells [18], and 
triggers cell cycle arrest, apoptosis, and senescence [19]. Single agent and various combinations of 
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irinotecan have been used as salvage therapies for a variety of pediatric soft tissue sarcomas with 
responses varying from 15% to 50% [20–23]. The pharmacokinetics of topoisomerase inhibitors are 
highly variable, thus not reliable and not helpful for defining the optimal schedule. Animal 
experimentation shows that prolonged exposure is better than high doses intermittently, thus the 
choice of a weekly dosing for this study [24].  

Figure 1. mTOR pathway.  

 

Cancer cell survival following irinotecan-induced DNA damage is regulated by mTOR. A 
synergy was found between irinotecan and rapamycin in human xenografts colon cancers. mTOR 
interferes with hypoxia-inducible factor-1  (HIF-1 ), a key transcription factor with a pivotal role in 
tumor cell metabolism (Figure 1). Topoisomerase I inhibitors, such as irinotecan, also inhibits the 
accumulation of HIF-1 . Human colon cancers xenografted in nude mice treated with the 
combination of low doses irinotecan and rapamycin showed a potent inhibition of the mTOR/HIF-1  
axis, which was accompanied by a dramatic reduction in tumor volume, compared to single agent. In 
vitro experiments further confirmed this synergy [25]. These results identify HIF-1  as the potential 
target and provide a rationale for this study testing the combination of irinotecan and temsirolimus in 
soft tissue sarcomas. We hypothesized that mTOR inhibition could potentiate the clinical activity of 
irinotecan by preventing the regulation of cancer cell survival. The primary objective of this study 
was to determine the maximum tolerated dose (MTD) and the toxicity profile of the combination. A 
secondary objective was to evaluate the clinical activity of this regimen.  
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2. Experimental Section  

The study (NCT00996346) was approved by the Institutional Review Board and all patients 
signed an informed consent before enrollment. This trial was conducted according to Good Clinical 
Practice guidelines. Eligibility criteria included patients older than 17 years, with a histologically 
proven advanced soft tissue sarcoma, and who had failed at least one prior treatment for metastatic 
disease. Recurrence had to be assessable by RECIST criteria version 1. Patients had to have a 
performance status of 0–2 and normal organ function (peripheral granulocyte count of equal or 
greater than 1,500 cells/mm3, hemoglobin equal or greater than 8 g/dL, platelet count equal or greater 
than 100,000/mm3 and absence of a regular red blood cell transfusion requirement; normal hepatic 
function with a total bilirubin equal or lower than the upper limit of normal and SGOT or SGPT equal 
or lower than two times the upper limit of normal, adequate renal function defined by a serum 
creatinine equal or lower than 1.5 times the upper limit of normal, and a clinically normal cardiac 
function) with a fasting total cholesterol and triglyceride levels below 350 mg/dL and 400 mg/dL, 
respectively. Pregnant women or nursing mothers were not eligible.  

The study was planned to be conducted in two parts. A 3+3 phase I two-arm crossing design was 
utilized in Part 1 to define the MTD [26]. A part 2 of the study (Expansion phase) was planned if two 
or more objective responses were observed during the part 1 after recruiting 17 patients, but was 
never implemented. Part 1 was done in two arms using a fixed dose of one drug in each arm [26]. 
Both drugs were administered on a weekly basis for three consecutive doses, followed by one week 
of rest. Irinotecan was given first over 60 min, followed by temsirolimus over 30 min. Each cycle 
lasted four weeks. No intra-patient dose escalations were allowed. Each patient was treated until 
disease progression or intolerable side effects developed. Arm A consisted of a fixed dose of 
irinotecan at 80 mg/m2 and a starting dose of temsirolimus of 15 mg with increments of 5 mg for 
subsequent cohorts. Arm B consisted of a fixed dose of temsirolimus 25 mg and a starting dose of 
irinotecan of 50 mg/m2 with increments of 15 mg/m2 for subsequent cohorts. 

DLTs were defined as grade 3 neutropenia on retreatment day, a grade 4 febrile neutropenia, a 
drug-related grade 3 or 4 n on-hematologic toxicity (except fatigue, nausea, vomiting or grade 3 
hypersensitivity reaction), a grade 2 or greater motor or sensory neuropathy, or inability to receive 
consecutive doses of treatment during the first four weeks of treatment. Adverse events were 
assessed with the NCI Common Terminology Criteria for Adverse Events, Version 3. The MTD was 
defined as the dose preceding that at which at least two out of six patients experience a DLT. For 
patients’ safety, doses of the fixed drug could be reduced by one tier in subsequent cycles, after the 
first cycle was appropriately completed. Statistics were descriptive for part 1. Repeated cycles at the 
same dose level were given to patients who benefited from treatment (complete or partial remission, 
or stabilization of disease) after resolution of non-hematologic toxicity to a grade 0 or 1, and return of 
absolute neutrophil count to 1,500 cells/mm3 and platelet count to 100,000/mm3. If toxic effects 
precluding therapy persisted for three weeks or more, patients were removed from the study. Patients 
were examined every four weeks and blood parameters were verified weekly. Imaging studies were 
repeated every eight weeks and tumors evaluated by the RECIST criteria version 1. The clinical 
benefit rate was calculated as the sum of complete and partial responses plus stable disease. 
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3. Results and Discussion 

Thirty-five patients were screened and 17 patients were enrolled between October 2009 and May 
2011. Reasons for enrollment failure were ineligibility (16 patients) and refusal to participate  
(two patients). Patient characteristics are described in Table 1.  

Table 1. Patient characteristics (N = 17). 

Median Age  57 years (range, 26–72) 
Performance Status  0 (0–2) 

Races/Ethnicities Non-Hispanic White 8 
 Hispanic White 7 
 Black 2 
  Male/Female 

4/1 
0/4 
1/2 
3/0 
1/0 
1/0 

Histology Undifferentiated sarcoma 
 Leiomyosarcoma 
 Liposarcoma 
 Myxofibrosarcoma 
 Peripheral Nerve Sheath Tumor 
 Extraosseous osteosarcoma 

Prior Therapies Surgery 14 
 Radiotherapy 8 
 One prior chemotherapy 13 
 More than one chemotherapy 4 

Three patients were enrolled on Arm B (fixed dose of temsirolimus 25 mg and a starting dose of 
irinotecan of 50 mg/m2). All three patients had a dose limiting toxicity (DLT); grade 3 neutropenia on 
retreatment day 8 in one patient, and inability to receive three doses of weekly treatment in two 
patients who described gastrointestinal symptoms of nausea, emesis, and diarrhea. One of these two 
patients received the first dose and refused further administrations. He also had a DLT of grade 3 
muscle weakness, related to electrolyte imbalance from the gastrointestinal symptoms. The other 
patient had a second administration at a reduced dose of temsirolimus from 25 mg to 20 mg, and then 
refused the third dose. Thus this arm was closed. Arm A (fixed dose of irinotecan at 80 mg/m2 and a 
starting dose of temsirolimus of 15 mg) was completed  after fourteen patients were accumulated, 
six at the starting level and eight at the next dose level (fixed dose of irinotecan at 80 mg/m2 and 
temsirolimus at 20 mg). There was one patient with a DLT at the starting dose who did not recover 
the platelet count to 100,000/mm3 at the end of the 4th week. Thus, three additional patients were 
treated at that level and no further DLT were observed. The second cohort was the last cohort since 
25 mg per week of temsirolimus could not be combined with a lower dose of irinotecan in Arm B. A 
total of eight patients were enrolled at that level. No DLTs were observed. Because no objective 
responses were seen in these patients, this regimen was not sufficiently active in refractory soft tissue 
sarcoma and part 2 of the study was never initiated. Adverse events are described in Table 2. The 
hematological side effects were manageable, usually a grade 1 or 2 in a third of the patients, but 
timely recovery of blood counts did not always happen with additional cycles of therapy, indicating a 
possible cumulative toxicity. Other side effects included gastrointestinal intolerance with nausea, 
diarrhea and vomiting, again in a third of the patients, as well as fatigue and skin rash.  
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There were no objective responses. However, two patients who had progressive disease prior to 
entry into the study stabilized their disease for 12 cycles each. One had a leiomyosarcoma, and the 
other was diagnosed with an undifferentiated grade 3 sarcoma and is the only patient who remains 
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alive two years later. Two more patients, one with a liposarcoma and one with an undifferentiated 
sarcoma, received four cycles each. All other patients progressed after two cycles.  

4. Conclusions 

Disruption of PI3K-AKT-mTOR pathways has been associated with different sarcoma subtypes. 
Rapamycin and its analogs, which bind to the intracellular 12-kDa FK506-binding protein 
(FKBP-12) to form a protein-drug complex, inhibit the activity of mTOR [27–30]. The growth of 
multiple sarcoma cell lines, including rhabdomyosarcoma [31], osteosarcoma cell lines [32], and 
Ewing sarcoma [33], is inhibited by the rapamycin analogs. A multicenter phase II study of 
rapamycin in patients with soft tissue sarcoma did not appear to be effective when administrated as 
a monotherapy, although one patient with fibrosarcoma achieved a partial response after two cycles 
lasting at least 36 weeks [34]. Subsequently, ridaforolimus showed promising efficacy in various 
trials enrolling patients with advanced sarcoma [15,35], but as an indication for the maintenance of 
remission in patients treated for metastatic sarcoma it was not approved because of the failure of the 
drug to exhibit a meaningful clinical activity [36]. In combination, the mTOR inhibitor, sirolimus, 
with cyclophosphamide is tolerated by the majority of sarcoma patients with a clinical benefit rate 
of about 20% [37]. 

In this study, we attempted to capitalize on in vitro data suggesting that mTOR inhibition could 
enhance tumor cell killing by DNA damaging agents such as irinotecan through the HIF-1  pathway. 
The aim of this study was to identify the MTD of the combination of irinotecan and temsirolimus in 
patients with refractory sarcomas, followed by expansion of this patients’ cohort to probe clinical 
activity. We did identify a dose of irinotecan of 80 mg/m2 and temsirolimus of 20 mg weekly for 
three consecutive weeks every four weeks as the MTD. However, after enrolling a total of 17 patients, 
we did not appreciate significant clinical activity (only two patients with stable disease) to warrant 
further expansion in this patient population. We have proved that the two drugs can be safely 
administered clinically at the aforementioned doses, and could be studied in other tumor types in the 
future. Temsirolimus appears to enhance the toxicities usually seen with irinotecan in terms of 
gastrointestinal and hematological adverse events. When the full dose of temsirolimus was given 
with low-dose weekly irinotecan, the regimen was not tolerated. The combination of irinotecan and 
temsirolimus did not meet the expectations of this study. However, in two patients this regimen 
stabilized the disease for about one year. This amounts to a 12% clinical benefit rate, which is similar 
to that published for mTOR inhibitors as single agent. One patient had a leiomyosarcoma, where 
alterations of the mTOR pathway have been described, such as the overexpression of RICTOR, a 
major component of the mTOR complex 2, which might contribute to the pathogenesis of 
well-differentiated leiomyosarcoma [38,39]. Unfortunately, there is no proven clinical biomarker to 
predict the activity of mTOR inhibitors against sarcomas. Thus further understanding of the role  
of the mTOR pathway in the oncogenesis of sarcomas is warranted. Prolonged stabilization  
of disease with a low toxicity regimen could be useful if the susceptible patients could be 
appropriately selected. 
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Abstract: Pediatric sarcomas represent a di stinct group of pathologies, with 
approximately 900 new cases per year in the United States alone. Radiotherapy plays an 
integral role in the local control of these tumors, which often arise adjacent to critical 
structures and growing organs. The physical properties of proton beam radiotherapy 
provide a distinct advantage over standard photon radiation by eliminating excess dose 
deposited beyond the target volume, thereby reducing both the dose of radiation 
delivered to non-target structures as well as the total radiation dose delivered to a patient. 
Dosimetric studies comparing proton plans to IMRT and 3D conformal radiation have 
demonstrated the superiority of protons in numerous pediatric malignancies and data on 
long-term clinical outcomes and toxicity is emerging. In this article, we review the 
existing clinical and dosimetric data regarding the use of proton beam radiation in 
malignant bone and soft tissue sarcomas. 

Keywords: sarcoma; pediatrics; protons; ewings; osteosarcoma; rhabdomyosarcoma; 
chordoma; chondrosarcoma 

 

1. Introduction 

Pediatric sarcomas represent a diverse and challenging group of malignancies. Treatment requires 
a varied, multidisciplinary approach based on histology and location. Adjuvant radiation remains a 
mainstay of local therapy but is associated with significant acute and long-term treatment morbidity 
within multiple organ systems and an increased risk of second malignancy [1]. Advances in surgical 
technique, systemic therapy, and radiotherapy imaging and delivery have increased survival across 
all sarcoma subtypes. With improved clinical outcomes, greater emphasis becomes focused on 
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reducing long-term toxicity in these young patients. Proton therapy has become a useful tool in the 
drive to limit acute and late effects. 

Proton therapy as large field fractionated treatment was first used in clinical practice in the United 
States at the Harvard Cyclotron Laboratory in Cambridge, MA beginning in 1974. To date more than 
74,000 patients have been treated with proton radiotherapy worldwide. Internationally there are  
36 active proton facilities, including 11 within the United States, and additional centers are under 
development. Currently, the capital cost of constructing a multi-gantry proton center exceeds 100 
million dollars. Newer treatment designs in production aim to decrease this cost, and smaller 
single-gantry facilities are being developed and offered in the range of 20–30 million dollars.  
At present, the cost ratio of delivering a fraction of proton radiation is 2.4 times that of photon 
radiation [2], although with decreasing technical costs this ratio is expected to drop significantly. 

Because the relative biologic effectiveness (RBE) of protons is nearly equivalent to that of 
high-energy X-rays (RBE = 1.1), the interest in protons is based primarily on physical properties that 
provide favorable dose distributions [3]. Compared to photons, protons deposit a nearly constant 
quantity of radiation until the end of the beam range, where the majority of energy is released over a 
short distance called the Bragg Peak, roughly 5–10 mm in length. To cover a target of larger size, 
beam modulation is used to create a “spread out” Bragg Peak (SOBP) that expands the area of 
high-energy deposition to cover the desired target length. As opposed to photon beams which have a 
gradual dose fall off after reaching the target depth in a patient, the Bragg Peak in proton beams leads 
to a complete absence of “exit dose”, or dose beyond the target volume. A comparison of depth dose 
curves for a 10 MV photon beam, a 10 MeV proton beam, and SOBP are shown in Figure 1. Through 
the elimination of exit dose, protons can provide significant advantages over photons by decreasing 
the dose to adjacent critical structures such as the spinal cord, brainstem, or kidneys, and allowing for 
increased total dose to be given to the target volume. Further, the “integral dose” or total energy 
deposited in a patient from radiation therapy is decreased significantly. In dosimetric comparisons, 
the integral dose per patient treated with protons is decreased by a factor of 2–3 compared to photon 
therapy [4]. Typically, proton dose is prescribed in cobalt Gray equivalent (CGE) units, using an 
RBE of 1.1. For example, a proton dose of 50.4 CGE represents an energy deposit equivalent to 45.8 
Gy of photon radiation but has an in vivo effect of 50.4 Gy, attributable to the increased RBE. For 
clarity and ease of presentation, the proton doses discussed in this review will be written using “Gy”, 
but it should be noted that the units represent the CGE. 

The potential for reduced secondary malignancy attributable to improved dose distribution with 
proton beam radiation was examined in a publication by Miralbell et al. [5]. Three treatment plans 
(3D conformal photon, IMRT, and proton) were generated and compared for one patient with 
medulloblastoma, and four plans (3D, IMRT, proton, and intensity modulated proton therapy 
(IMPT)), were created for a rhabdomyosarcoma (RMS) of the paranasal sinus. The absolute risks of 
secondary cancer for each treatment plan was estimated based on dose-volume distributions for the 
non-target organs using models from the International Commission on Radiologic Protection. Proton 
beam reduced the expected incidence of radiation-induced secondary cancers for the RMS patient by 
a factor of more than 2, and for the medulloblastoma patient by a factor of 8 to 15 when compared 
with either IMRT or 3D conformal radiation. Taken together, these properties provide a strong 
impetus for the use of proton therapy in children. 



37 

 

Figure 1. Comparison of depth dose curves for a 10 MV photon beam and a 10 MeV 
proton beam (shown with and without a SOBP). This figure shows the decreased 
entrance dose and absence of exit dose for the proton beam in comparison to the  
photon beam. 

 

2. Rhabdomyosarcoma and Soft Tissue Sarcoma 

Rhabdomyosarcoma (RMS) represents the most common pediatric soft tissue sarcoma, with 
approximately 350 new cases per year within the United States [6]. There is a bimodal age 
distribution, with two thirds of the cases occurring before the age of ten, followed by a second peak in 
adolescence. These tumors arise in a v ariety of locations, including the head and neck (35%), 
genitourinary tract (24%), limbs (19%), and elsewhere (22%), and only one-third are readily 
resectable [7]. RMS patients are stratified into low, intermediate and high-risk groups based on site 
of origin, size, histology, lymph node involvement, metastatic spread, and extent of surgical 
resection [8]. Patients with low risk disease who undergo a complete resection do not need radiation. 
Low risk patients with a gross total resection and positive margins receive 36 Gy, those with positive 
nodes 41.4 Gy and those with gross residual disease 50.4 Gy. Intermediate risk patients, those with 
alveolar histology or those with gross disease at the start of chemotherapy, will receive radiation 
therapy (RT) regardless of surgical margin status if delayed resection is done. Children with orbital 
primaries are treated to 45 Gy after biopsy alone. All patients typically receive VAC- or 
VAI-(vincristine, dactinomycin, and cyclophosphamide or ifosfamide) based chemotherapy. 

As many of these tumors arise in close proximity to critical structures in developing children, the 
incorporation of proton RT into treatment has been explored and the recently closed Children’s 
Oncology Group (COG) and International Rhabdomyosarcoma Study Group (IRSG) protocols 
allowed for the use of proton RT to treat patients. At Massachusetts General Hospital (MGH), proton 
RT has been used to treat pediatric RMS patients with protons since the 1990s. The 3-year outcomes 
for 57 RMS patients enrolled on a prospective joint proton protocol with MD Anderson Cancer 
Center (MDACC) between 2005 and 2012 wer e recently presented in abstract form [9]. Median 
three-year local control (LC), progression free survival (PFS) and overall survival (OS) were 82%, 
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75%, and 81% respectively, comparable to published results from the IRS IV/V trials [10–12]. The 
protocol included those with localized disease and patients with metastatic embryonal RMS between 
the ages of 2–10 years. No patients developed acute or late toxicity of grade 4 or 5 and there were 
three incidences of grade 3 late toxicity, related to chronic otitis, cataract, and dry eye in head and 
neck tumors.  

Several smaller site-specific studies using protons in RMS have been published. A retrospective 
review by Childs et al. of 17 consecutive children with parameningeal rhabdomyosarcoma 
(PM-RMS) that were treated with proton radiotherapy between 1996 an d 2005, demonstrated 
comparable outcomes to that seen with standard photon RT [13]. From the photon literature, local 
control for children with PM-RMS ranges from 80%–90%, and the 5-year failure free survival (FFS) 
is approximately 67%, but can drop as low as 52% if a patient has an unfavorable parameningeal site 
and meningeal impingement [1,8,12]. In the proton study, the median age for this study was 3.4 years 
and mean dose was 50.4 Gy (range, 50.4–56.0 Gy). The 5-year failure-free survival was 59%, and 
overall survival was 64%. Patients who had intracranial extension at diagnosis (n = 10) had a 5-year 
FFS of 50% and a 5-year OS of 60%. Patients without intracranial extension (n = 7) fared better with 
a 5-year FFS of 71% and a 5-year OS of 71%. Seven of the 17 patients (41%) had a recurrence at a 
median time of 10.5 months (range, 7–18.5 months) after diagnosis. Among the seven patients who 
failed, sites of first recurrence were local only (n = 2), regional only (n = 2), distant only (n = 2), and 
a single patient failed both locally and distant. Ten patients (59%) were without tumor recurrence at 
study completion and available for late toxicity evaluation. Among these patients, late effects of 
multimodality treatment included mild facial hypoplasia (n = 7), lack of permanent tooth eruption  
(n = 3), decreased height velocity (n = 3), endocrinopathies (n = 2) and chronic sinus congestion  
(n = 2). These numbers compare favorably to long term studies of traditional photon based treatment 
where late toxicity for head and neck patients included hearing loss (17%–20%), learning disabilities 
(10%–49%), facial/orbital hypoplasia (34%–36%) visual problems (17%–30%), decreased height 
velocity (30%–61%) and poor dentition (23%–29%) [14,15].  

A separate dosimetric comparison of proton and intensity-modulated photon radiotherapy for  
10 pediatric PM-RMS patients was also published by the same group [16]. Each patient was treated 
with protons, and the proton treatment plan was then compared to an IMRT plan generated for study 
purposes. In nine cases, the prescribed GTV dose was 50.4 Gy in 28 fractions. In the remaining case, 
the prescribed GTV dose was 52.2 Gy in 29 fractions. The median CTV prescription dose was 47.7 Gy 
(range, 36–52.2 Gy). Comparative beam arrangements were given for each proton and photon plan 
and on average five beams were used in the proton plans and four were used in the photon plans. 

Eight patients in this cohort had radiographic evidence of intracranial extension. Proton treatment 
yielded equivalent target coverage while significantly decreasing dose to the optic structures (globe, 
lens, optic nerves, optic chiasm, and retina), the hypothalamic-pituitary axis, the brainstem, temporal 
lobes, cochlea, lacrimal glands, and parotids. Although direct comparison of clinical outcomes could 
not be done, some differences between the proton and photon plans were quite striking. With regards 
to lens dose and cataract risk, only one proton plan had a lens dose higher than 5 Gy, whereas in the 
photon plans 80% of ipsilateral lenses and 60% of contralateral lenses received above 5 Gy. Cochlear 
dose associated with hearing loss is minimized at doses less than 32 Gy, and no proton plans had a 
mean contralateral dose above 27 Gy whereas 50% of photon plans had a contralateral cochlear dose 



39 

 

over 32 Gy. Similarly, for contralateral parotid glands where long-term salivary dysfunction begins 
at 26–30 Gy, the mean proton dose never exceeded 13 Gy whereas the mean dose for the IMRT plans 
was greater than 26 Gy for 70% of cases. And finally, the mean dose to the hypothalamus was 12 Gy 
for protons vs. 22.4 Gy for IMRT. Merchant et al. recently published data showing that a cumulative 
dose of 16.1 Gy to the hypothalamus was the mean radiation dose required to achieve a 50% risk of 
growth hormone deficiency at 5 years [17].  

The proton experience for orbital RMS was reported by Yock et al. [18]. Seven children were 
treated to a median dose of 46.6 Gy with a median follow-up of 6.3 years. Six of the seven patients 
were without evidence of disease and the remaining child was salvaged with exenteration and 
stereotactic radiosurgery after local recurrence. The child with local failure had a two unfavorable 
prognostic factors going into RT; progression during chemotherapy and an age less than 1 year. Late 
effects of treatment were minimal. All six patients retained good vision in the treated eye and two of 
the six required drops for lubrication but none demonstrated corneal pathology or dry eye syndrome. 
All patients did develop mild to moderate orbital bony asymmetry or enophthalmous. None of the 
patients developed neuroendocrine deficits. In the early IRS trials (I–III), diminished height velocity, 
a marker for hypothalamic-pituitary dysfunction, was 48%–61% for orbital tumors and in more 
recent IMRT trials including orbital tumors, neuroendocrine dysfunction has ranged from 3%–10% 
for the small number of patients analyzed [14,15,19,20]. In the publication, the authors also 
compared the proton plans used for treatment to 3D conformal plans generated for the study. Proton 
radiation markedly decreased dose to the brain, temporal lobes, hypothalamic-pituitary axis, and 
both the ipsilateral and contralateral orbital structures with an average percent savings of 82%–94% 
for CNS structures and 26%–65% for ipsilateral orbital structures. 

Finally, Cotter et al. reported the outcomes of for seven children treated with protons for 
bladder/prostate RMS with a median follow-up of 27 months [21]. Patients had a mean age of 30 
months (range: 11–70) and radiation dose ranged from to 36 to 50.4 Gy. Five of seven patients 
(71.4%) were without evidence of disease with intact bladders at study completion. One patient had a 
local recurrence in the treatment field, while a second had a local and a distant recurrence. Two of the 
five patients with intact bladders at the end of treatment reported bladder dysfunction, both of which 
were attributable to prior surgical procedures. No long-term skeletal or gastrointestinal effects were 
noted, and all patients were too young to assess sexual function. IMRT plans were created for study 
purposes and compared to the proton plans used for treatment. Proton radiotherapy showed a 
statistically significant decrease in mean organ dose to the bladder (median proton dose of 25 Gy vs. 
median IMRT dose of 33.2 Gy; p = 0.03), testes (0.0 CGE vs. 0.6 Gy; p = 0.016), femoral heads  
(1.6 Gy vs. 10.6 Gy; p = 0.016), pelvic growth plates (21.7 Gy vs. 32.4 Gy; p = 0.016), and pelvic 
bones (8.8 Gy vs. 13.5 Gy; p = 0.016). There were no significant differences seen in dose to the 
bowel, prostate, penile bulb, and rectum.  

Pelvic dose sparing in sarcoma treated with protons was also demonstrated in a do simetric 
analysis from MD Anderson Cancer Center [22]. A total of three patients with pelvic sarcomas, 
including one RMS, were planned using various techniques and demonstrated a marked reduction in 
ovarian dose with protons compared to both 3D conformal and IMRT. Protons allowed for complete 
sparing of dose to the ovaries while IMRT led to 100% of the ovarian volume receiving 2 Gy and 
30% receiving a mean dose of 5 Gy. Significant dose sparing to the pelvic bones and vertebral bodies 
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was also demonstrated with protons, and the mean volume receiving 20 Gy was 13% and 29% with 
IMRT vs. 5% and 9% with protons. IMRT was associated with slightly better bladder sparing in these 
cases with 2% vs. 8% receiving 40 G y and 0% vs. 4% receiving 45 G y. Some examples of 
comparative proton and photon plans are shown in Figure 2. 

Figure 2. Isodose comparisons for photon and proton plans. (A) Typical parameningeal 
(left) and orbital (right) plans for pediatric RMS. IMRT plans are shown above and 
proton plans for the same patient seen below; (B) A pelvic sarcoma with comparative 
photon and proton plans shown in three planes.  

 

3. Non-Rhabdomyosarcoma Soft Tissue Sarcoma 

Non-rhabdomyosarcoma soft tissue sarcomas (NRSTS) comprise about 4% of childhood 
malignancies and affect approximately 500 children under the age of 20 years in the United States 
each year [6]. The estimated 5-year survival of children and adolescents with non-metastatic NRSTS 
is roughly 80% [23,24]. The chance of cure is largely affected by surgical resectability, as children 
with grossly resected non-metastatic tumors have a 5-year estimated survival of 89%, compared with 
56% for initially unresected tumors [25]. Radiation as an adjuvant is typically given to unresectable 
tumors, high-grade tumors less than 5 cm with involved surgical margins, or high-grade tumors 
greater than 5 cm regardless of margin status, and can be used pre-operatively with chemotherapy for 
delayed surgery in initially unresected disease. The doses of radiation used in the recently closed 
COG study for non-rhabdomyosarcomas ARST 0332 ranged from 45 Gy pre-operatively to 55.8 Gy 
for microscopic residual and 64.8 Gy for gross disease. Anthracycline based chemotherapy can be 
given for large, high-grade tumors or metastatic disease. A pooled analysis of the European and US 
experience with pediatric NRSTS from 1980–2005 demonstrated a significant survival advantage to 
adjuvant radiation after incomplete resection [26]. In the study published by Ferrari et al., the 5-year 
OS was 35% for those that did not receive radiation compared to 69% for those that did receive 
radiation, and this significance was retained on multivariate analysis. 

Few studies of late effects in children and adolescents treated for NRSTS have been published and 
long-term quality of life and functional outcomes in this population are largely unknown. The 
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recently closed COG protocol ARST 0332 a imed to reduce long-term toxicity by omitting 
chemotherapy and/or radiation in certain low to moderate risk presentations and will systematically 
evaluate the acute and long-term sequelae of treatment. Proton therapy was incorporated into the 
protocol and will be examined. Although to our knowledge there are no existing proton series 
dedicated to pediatric NRSTS, studies in adult paraspinal NRSTS treated with protons have found 
comparable local control and excellent toxicity profiles, and total integral dose and mean dose to  
the organs at risk were consistently shown to be reduced by a factor of 1.3 to 25 i n dosimetric  
studies [27,28]. 

4. Osteosarcoma 

Within the United States, approximately 650–700 malignant bone tumors are diagnosed in 
patients under 20 years, of which 400 ( 56%) are osteosarcoma (OSA) [29]. Traditionally, 
osteosarcoma has been viewed as a r adioresistant tumor [30] and radiation has been used most 
successfully in the adjuvant and palliative setting [31]. A role for post-operative radiation in OSA of 
the head and neck, where gross total resection is frequently unattainable, was demonstrated by 
Guadagnolo et al. in their review of 119 adult and pediatric patients treated at MDACC with photon 
RT [32]. In the study, 92 (77%) patients underwent surgery alone, and 27 (23%) were treated with 
surgery and radiation (mean dose = 60 Gy). Compared to surgery alone, RT improved 5-year OS 
(80% vs. 31%), DSS (80% vs. 35%) and LC (75% vs. 24%) for patients with positive or uncertain 
resection margins. Despite improvements with adjuvant RT, local control still remains a significant 
problem and survival after local failure is typically as poor as with metastatic disease. Therefore, 
there exists great interest in using charged particle therapy to escalate dose to residual tumor and/or 
resection bed. 

The largest experience with protons and osteosarcoma comes from a retrospective series of 55 
patients treated at MGH between 1983 to 2009 with proton therapy or mixed photon-proton 
radiotherapy [33]. This cohort included pediatric and adult patients with a median age of 29 years 
(range, 2 to 76 years) with OSA of the pelvis, spine, ribs, skull, and facial bones. Most patients had 
positive surgical margins (49.1%) following surgery and the remainder had biopsy only or minor a 
resection with residual gross tumor. Radiation dose ranged from 50.4 Gy to 80 Gy; 40% patients 
received a do se between 60 G y and 70 G y and 50.1% received a t otal dose of >70 Gy. Only 11 
patients (20%) received proton only RT and the majority of these had primary tumors of the skull and 
face. Preoperative RT was used in 13% of cases with a dose of 19.8 Gy. MGH often utilizes a low 
dose pre-operative regimen with the goal of reducing intraoperative tumor seeding while protecting 
post-operative wound healing. All patients received neoadjuvant anthracycline based chemotherapy. 

Clinical outcomes were excellent with 3 a nd 5 year local control rates of 82% and 72% 
respectively. Twelve patients failed locally and 10 were within the treatment field while two were 
considered marginal failures. Of those that recurred locally, 67% were tumors arising from bones of 
the skull and on multivariate analysis, skull primaries were associated with a hazard ratio of 2.6.  
At 5 years, DFS was 65% and OS r ate was 67%. With regard to late effects, 17 pa tients (31%) 
developed grade 3 or 4 toxicity and in 10 patients (24%) the late effects were attributable to radiation. 
Grade 3 toxicity consisted of severe pain (n = 3), diplopia (n = 1), immobility of limb (n = 2), severe 
bowel dysfunction due to denervation (n = 1), and severe headaches (n = 1). Grade 4  toxicity, 
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defined as a loss of organ or organ function, was seen in nine patients. Enucleation after RT was 
required in four patients, one patient suffered from ipsilateral loss of vision and orbital pain, and one 
patient suffered from ipsilateral hearing loss and blindness. Two patients were severely handicapped 
because of immobility or impairment of gait. One patient suffered from extensive structural 
alteration of the maxillary bone needing repeated adaptation of the prosthesis. Second malignancy 
was seen in two patients; one patient developed acute lymphocytic leukemia a year and a half after 
treatment, and the other patient died from a s econdary squamous cell carcinoma of the maxilla  
16 years after completion of therapy. 

In comparing outcomes from this study to prior OSA outcomes published by MGH, the 5-year LC 
improved from 68% to 72%, despite retaining 40 of the original patients in both studies [34]. The 
improvement was attributed to the higher RT dose used in the more recent patients and suggests that 
dose escalation allowed by proton RT will continue to pl ay a r ole in the advancement of OSA 
treatment. Further, a meta-analysis done by the authors showed that as doses reached 70 G y or 
higher, the benefit of surgical resection prior to RT lost significance. With limited data available, the 
careful weighing of potential surgical morbidity against the potential late effects of high dose RT 
should be done before treatment decisions are made. 

5. Ewing Sarcoma 

Ewing sarcoma represents a promising target for improving patient outcomes using proton RT. 
With 200 cas es per year in the US, it is the second most common primary bone tumor after 
osteosarcoma and comprises 34% of pediatric bone tumors and 3% of all childhood cancers. The 
majority of patients (approximately 85%) present with primary bone tumors but isolated soft tissue 
tumors are also observed. Primary sites typically include the pelvic bones (23%), femur (18%), ribs 
(13%), tibia (10%) and humerus (7%), but tumors can arise from the head, neck, and skull as well. 
Radiation is used in conjunction with chemotherapy in 60% of Ewing’s cases, either after resection 
for close/involved margins or as definitive therapy in unresectable disease [35–39]. With 5 year 
survival for localized disease at an upwards of 60%–70%, reduction of late toxicity to normal tissue 
has become a major investigational goal [40–45]. Further, the need for doses up to 60 Gy and the 
frequency of primary sites in the pelvis, head and neck, base of skull, and spine make protons an ideal 
modality in young patients. 

The only existing proton series dedicated to pediatric Ewing sarcoma was recently published by 
Rombi et al. The authors retrospectively reviewed 30 ped iatric Ewing cases treated with protons 
between 2003 and 2009 [46]. Most cases arose in the spine (n = 14) with other sites including pelvic  
(n = 4), head and neck/orbital (n = 4), base of skull (n = 3), cranial (n = 4) and chest wall (n = 1). 
Gross total resection or near total resection was achieved in only two patients and the majority of 
patients (17/30) had a biopsy only. Median follow up was 38.4 months all patients received proton 
RT (median dose 54 Gy, range 45–58 Gy) and chemotherapy. The 3-year rates of LC, EFS, and OS 
were 86%, 60%, and 89%, respectively. Late sequelae seen consisted of five patients with 
scoliosis/kyphosis (three mild, one moderate, one severe) and all five had vertebral body primaries 
with laminectomy prior to RT. One patient with an orbital tumor developed epiphora from canicular 
stenosis and a left lid lag requiring gold seed placement after surgery and RT, and a s econd  
orbital patient developed a corneal ulcer. Endocrine deficiency was seen in two patients treated  
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to cranial/base of skull tumors and high frequency hearing loss was seen in one patient with a head 
and neck t umor. Four patients also developed secondary hematologic malignancies attributable  
to chemotherapy. 

MGH has also reported outcomes for two patients with Ewing sarcoma involving the sinonasal 
cavity and anterior skull base [47] and MDACC included one pelvic Ewing patient in adosimetric 
review of protons [22]. 

6. Chordoma and Chondrosarcoma 

Chordomas and chondrosarcomas most commonly arise in adults, with a peak incidence in the 
fourth and fifth decade [48,49]. Fewer than 5% of these tumors are diagnosed in patients under 20 
years of age. In children, chordomas arise more commonly in the spheno-occipital region, rather than 
the sacral predominance seen in adults, but can be found throughout the spine and sacrum [50]. 
Chordomas in the pediatric population can behave more aggressively than in adults, presenting with 
a shorter history of symptoms, a shorter interval to progression after surgery, and a higher rate of 
metastatic disease, especially in those under 5 years of age [51,52]. Whereas chordomas arise from 
notochord remnants within the axial skeleton, chondrosarcomas originate from cartilaginous 
elements within bone and are seen most often in the pelvis and femur but can occur in any number of 
locations, including the base of skull. The rates of long-term local control following treatment with 
surgery and radiation are significantly higher with chondrosarcoma than chordoma, ranging from 
85%–100%, and systemic therapy can be used in select situations [53–55]. 

Management of chordoma and chondrosarcoma relies heavily upon surgery as primary treatment. 
Despite advances in microscopic and image-guided neurosurgical procedures, complete resection in 
these tumors is achieved in only 50%–70% of cases, depending on location. Even with complete 
surgical resection, local recurrence ranges from 40%–60% [56–58]. Following surgery, RT is 
indicated for the presence of gross or microscopic residual disease, or in cases where violation of the 
tumor capsule has occurred and there is concern for contamination. Radiation combined with surgery 
has been shown to reduce local recurrence rates and proton RT has repeatedly demonstrated  
the ability to safely treat adult skull base patients and achieve higher local control than photon  
RT [59,60]. In a systematic review of all the major published chordoma series, the benefit of proton 
RT was demonstrated with an overall 5 year LC/OS of 36%/54% for photons vs. 64%/80% for 
protons [59]. This benefit of RT has also been demonstrated in pediatric photon series and there is 
some data to suggest children have improved responses to radiation compared to their adult 
counterparts [51,61].  

The published data for the use of protons with chordoma and chondrosarcoma is mainly limited to 
cranio-cervical disease. Halbrand et al. published their experience with 30 pediatric patients from 
l’Institut Curie in Orsay, France [62]. Children with tumors of the base of skull and cervical canal  
(26 chordoma and 4 chondrosarcoma), were treated with combination photon-proton RT following 
incomplete surgical resection. The mean total dose was 68.3 Gy although a cone down to the GTV 
was made after 55 Gy. The maximum dose constraints were maintained at <56 Gy to the optic nerves 
and optic chiasm, <64 Gy to the anterior aspect of the brain stem, and at <56 Gy to the 
mid-brainstem. Mean follow up was 26.5 months (range, 5–102 months). Local control was 83% 
with all five failures seen in chordoma patients. Three of the failures were in field, one was a 
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marginal failure, and one patient experienced seeding along the surgical path. The 5 year OS/PFS 
was 100%/100% for chondrosarcoma and 81%/77% for chordoma. Toxicity was remarkably low in 
this series with no child experiencing greater than grade 2 C TCAE acute toxicity. Late toxicity 
consisted of unilateral hearing loss in one patient and grade 2 endocrine dysfunction in seven 
patients. Four patients experienced unilateral blindness yet all had reported this lack of vision prior to 
beginning RT. 

Hug et al. reported a series of pediatric skull base tumors treated with protons at MGH and Loma 
Linda that included 10 chordomas and 3 chondrosarcomas, followed for a median of 40 months [63]. 
Recurrent disease was treated in 6 patients and all patients had evidence of gross residual disease at 
the time of radiation. All patients underwent resection or biopsy prior to RT. A dose of 78.6 Gy for 
chordoma and 70 Gy for chondrosarcoma was attempted, although the median dose for the chordoma 
cohort was 73.7 Gy. More than half of these patients were treated with a mixed photon/proton plan. 
Normal tissue dose constraints were 60 Gy maximum to optic nerves and optic chiasm, 64 Gy to the 
brainstem and spinal cord surface, and 53 Gy to brainstem and spinal cord center. Local control was 
60% and overall survival was 60% for the chordoma patients. The chondrosarcomas again faired 
better with all three patients achieving a local control and an overall survival of 100%. No correlation 
was found between outcome and tumor size, duration of symptoms, or treatment for primary vs. 
recurrent disease, but female patients did have a statistically significant increased rate of progression. 
Acute effects from treatment were generally related to epilation and mucositis and all resolved after 
treatment completion. One patient did developed severe headaches within 4 weeks of proton RT and 
required analgesic treatment with resolution after several weeks. Severe late effects were seen in one 
chordoma patient after 75.4 Gy who developed cerebellar and brainstem parenchymal damage 16 
months after treatment, resulting in right-sided motor weakness and ataxia. The authors note that this 
patient had three separate neurosurgical resections for progressive disease prior to radiation and that 
patients with more than two procedures prior to RT have been shown to demonstrate a higher rate of 
radiation induced brainstem damage [64].  

The MGH later updated their pediatric series in a clinic-pathologic study published by Hoch et al. 
in 2006 to include 73 base of skull chordoma patients [52]. With a median follow up of 7.25 years, 
the overall survival rate was reported to be 81% for patients treated with surgery and protons or a 
combined proton/photon plan. It was noted by the authors that the 5-year survival rate for a similar 
cohort of 125 adults with base of skull chordomas treated at MGH with surgery and proton beam 
radiation was 55% [65], potentially illustrating the possibility of improved response to RT in 
pediatric patients. It should be pointed out that two institutions have subsequently published adult 
series combining surgery and proton RT for base of skull chordomas with 3 and 5 year survival rates 
of greater than 80%, though the number of patients in each series were much fewer [66,67]. The 
authors also performed an in depth histopathologic review of the individual tumors and divided them 
into “conventional”, “chondroid”, “cellular”, or “poorly differentiated” subtypes and reported the 
results. Of those who eventually died of disease, 14% were conventional chordoma, 18% were 
chondroid chordoma, 83% were poorly differentiated chordoma, and none were cellular chordoma. 
Further the average age of those with poorly differentiated chordoma was significantly younger than 
the rest of the cohort (4.8 years), and was hypothesized to account for the poor outcomes seen with 
pediatric chordomas under the age of 5 years. In the pediatric age group, metastatic disease has been 
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documented to occur in up to 57.9% of patients under 5 years of age compared with only 8.5% of 
children 5 years or older, which the authors again hypothesize could be related to the prevalence of 
poorly differentiated histology. 

Similar results for were reported by Rutz et al. at the Paul Scherrer Institute in Switzerland for  
10 pediatric patients (six chordomas, four chondrosarcomas) that included extracranial tumors [67]. 
Tumors treated were found in the brain (n = 1), skull base (n = 5), cervical spine (n = 3), and lumbar 
spine (n = 1). Complete resection was achieved in 3/10 c hildren. Proton dose was 74.0 Gy for 
chordoma and 63.2–68.0 Gy for chondrosarcoma (median, 66.0 Gy), depending on histopathological 
grading and concurrent chemotherapy. Median follow-up time was 36 months (range, 8–77 months) 
and all patients were alive at last follow up without local or distant recurrence. Two patients 
experienced mild late adverse events with the first patient having neurosensory changes, alopecia and 
hypoaccusis and the second patient having grade 2 pituitary insufficiency. 

7. Conclusions 

Currently, there is sufficient data to suggest that in most pediatric cancers, sarcoma and otherwise, 
proton beam radiation delivers plans with superior dosimetric properties, specifically a r educed 
integral dose and reduced dose to organs at risk. Initial clinical data with protons and soft tissue 
sarcoma appears to show either equivalence or improvement in outcomes when compared to 
historical photon controls, and toxicity may be reduced. In the setting of bone and cartilaginous 
sarcomas a clearer advantage exists, mainly due to the ability to increase total dose while respecting 
the normal tissue tolerance of adjacent structures. Direct comparisons of proton and photon toxicity 
are plagued by historical differences in surgical technique, systemic therapy, and radiation delivery, 
as well as by institutional differences in the collection and scoring of toxicity data. The relatively 
recent incorporation of proton therapy into the majority of the COG protocols will likely provide the 
most accurate and applicable assessment of proton benefit. Further, almost all children with sarcoma 
treated with protons are now being enrolled on institution specific clinical and quality of life 
protocols, and long-term data will continue to emerge in the coming years. As more centers acquire 
proton capabilities and comparative costs drop, it is reasonable to expect widespread adoption of 
protons in a majority of pediatric sarcomas. 
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Abstract: Head/neck sarcomas are rare, accounting for about 1% of head/neck 
malignancies and 5% of sarcomas. Outcomes have historically been worse in this group, 
due to anatomic constraints leading to difficulty in completely excising tumors, with high 
rates of local recurrence. We retrospectively analyzed cases of head/neck soft tissue 
sarcomas (STS) and osteogenic sarcomas managed in a multi-disciplinary setting at Fox 
Chase Cancer Center from 1999–2009 to describe clinicopathologic characteristics, 
treatment, outcomes, and prognostic factors for disease control and survival. Thirty 
patients with STS and seven patients with osteogenic sarcoma were identified. Most STS 
were high grade (23) and almost all were localized at presentation (28). Common 
histologies were synovial cell (6), rhabdomyosarcoma (5), angiosarcoma (4), liposarcoma 
(4) and leiomyosarcoma (3). The type of primary therapy and disease outcomes were 
analyzed. Cox proportional hazards regression analysis was performed to identify 
predictors of disease-free survival (DFS) and overall survival (OS). The HR and 95% CI 
for Cox model and median DFS/OS analyzed by Kaplan-Meier curves were calculated.  
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1. Introduction 

Head and neck sarcomas are rare tumors, accounting for only 1% of all head and neck 
malignancies and 5% of all sarcomas [1,2]. They comprise about 1,000 to 1,500 cases per year in the 
United States and the many histologic subtypes make rigorous study of these neoplasms difficult. 
Diagnostic and treatment algorithms are mainly based on expert consensus and retrospective case 
series. The experiences depend strongly on the reporting entity—patients predominantly seen by 
head and neck surgeons, pediatric oncologists and medical oncologists will have disparate 
histologies and clinical features. Our study focuses solely on adults treated in multi-disciplinary 
fashion by surgical, radiation and medical oncologists at Fox Chase Cancer Center. 

In general, the natural history of these sarcomas parallels that of their non-head and neck 
counterparts, but with a higher reported rate of local recurrence and lower overall survival rate. In a 
single institution series of 102 patients with head and neck sarcomas between 1960 and 1999 [3], 
local control rates were inferior compared with non-head-and-neck primaries (74% vs. 85%,  
p < 0.001) as were disease-specific survival rates (64% vs. 76%, p < 0.001). It is thought that worse 
disease control is a f unction of anatomic constraints limiting functional resections rather than a 
difference in biologic behavior and/or tumor histology. Osteosarcomas of the head and neck, 
compared with those presenting in long bones, arise in a somewhat older age group, have a higher 
risk for local recurrence, and a lower risk for distant metastasis [4]. 

We retrospectively analyzed Fox Chase Cancer Center’s experience with head and neck sarcomas 
during the past 10 years. We characterized a cohort of 37 pat ients with respect to their 
clinicopathologic features and course. We focused in particular on the results of treatment and 
identifying prognostic factors for DFS and OS in the era of contemporary multidisciplinary 
management. In general, whenever possible, patients with soft tissue sarcomas of the head/neck at 
our institution are treated with complete surgical resection. Recommendations for adjuvant 
chemotherapy and/or radiation are then made based on discussion at a multi-disciplinary conference 
which takes into account all clinical and pathologic features of a par ticular tumor, including 
histology. On the other hand, patients with osteosarcomas of the head/neck usually receive 
pre-operative chemotherapy followed by surgical resection. Again, decisions regarding adjuvant 
therapy are made based on final tumor size, histology and margin status.  

2. Methods 

Eligible patients were identified in the Center’s tumor registry. After receiving IRB approval,  
the medical records of all patients with head and neck sarcomas treated at Fox Chase Cancer Center 
between January 1999 and December 2009 were reviewed. The head and neck was defined as any 
site above the clavicles. Only patients whose diagnosis was confirmed by a pathology report were 
included in this study. Patients seen only for a second opinion, without treatment or follow-up at the 
Center, were excluded. 
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We recorded demographic and clinicopathologic characteristics including age, gender, presenting 
symptoms, tumor site, size, AJCC and MSKCC stage, histology, grade, margin status (if applicable) 
and sites of recurrence/metastases. Tumor grade at our institution is based on the French Federation 
Nationale des Centres de L utte Contre le Cancer (FNCLCC) system. We a lso extracted data 
regarding treatment modality delivered (surgery, radiation and/or systemic therapy) at presentation 
and recurrence. Disease-free and overall survival were computed using the Kaplan-Meier method. 
DFS was measured starting on date of surgical resection and OS was measured starting on date of 
diagnostic biopsy. We were not able to accurately determine disease-specific survival (DSS) for our 
cohort since many patients were lost to follow-up after their initial treatment. Univariate analysis of 
clinicopathologic factors that could potentially affect survival were performed using the Cox 
proportional hazard model. The hazard ratio (HR) and 95% confidence intervals (CI) were reported. 

3. Results for Soft Tissue Sarcoma Cohort 

3.1. Patient and Tumor Characteristics  

Between January 1999 and December 2009, 34 patients with head and neck sarcomas were seen. 
For the purposes of this study, four patients were excluded since they were only seen once for 
consultation with no follow-up information. Age at diagnosis ranged between 15 and 91 (median,  
50 years). There were 20 male and 10 female patients. Four patients had a history of prior radiation 
exposure to the head and neck region for preexisting conditions and one patient had Gorlin’s 
syndrome (which is known to increase the risk of developing cancers). 

Tumor site was grouped by the following anatomical regions: (a) scalp/face, (b) parotid/neck and 
(c) upper airway. Table 1 shows the patient distribution according to tumor site and histology. Most 
common were synovial cell sarcoma (6), rhabdomyosarcoma (5), angiosarcoma (4), liposarcoma (4) 
and leiomyosarcoma (3). 

Table 1. Patient distribution according to tumor histology and site. 

Histology Scalp/Face Parotid/Neck Upper Airway Total 
Synovial cell sarcoma 3 3  6 
Rhabdomyosarcoma 4  1 5 
Angiosarcoma 4   4 
Liposarcoma 1 3  4 
Leiomyosarcoma 2  1 3 
Spindle cell sarcoma 1 1 1 3 
Alveolar soft part sarcoma   1 1 
Carcinosarcoma 1   1 
Epithelioid sarcoma 1   1 
Fibrosarcoma 1   1 
Histiocytic sarcoma 1   1 
 19 7 4 30 

Tumor size and grade were classified as per soft tissue sarcoma American Joint Committee on 
Cancer (AJCC) as well as Memorial Sloan Kettering Cancer Center (MSKCC) staging systems. 
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Table 2 shows patient distribution according to these two parameters. 23 patients (77%) had high 
grade disease. The majority (28 of 30) presented with locoregional disease and only three had nodal 
involvement (all of these were rhabdomyosarcoma cases). Two patients had metastases at diagnosis 
(one case each of angiosarcoma and synovial cell).  

Table 2. Patient distribution according to tumor size and grade. 

Size Grade 
Low Intermediate High Not Specified Total 

<5 cm 1 1 10 1 13 
>5 cm 1 1 8 1 11 
Unknown  1 5  6 
Total 2 3 23 2 30 

3.2. Treatment  

Of 28 patients with localized disease, 24 underwent resection. In general, the surgeons performed 
an excision as wide as permitted by the nearby vital structures and functional concerns. Therefore, in 
this analysis, the surgical procedure is defined as gross total excision with final microscopic involved 
or R1 (7) and clear or R0 (17) margins. Seven patients underwent successful re-excision to achieve 
clear margins. Elective nodal dissection was not routinely performed in v iew of the low rate of 
regional node metastases in sarcomas. The four patients who did not have surgical excision included 
two angiosarcoma cases with locally advanced disease who received systemic chemotherapy and two 
rhabdomyosarcoma cases who were treated with combined modality chemotherapy and radiation.  

Sixteen of 24 patients undergoing surgical resection also received radiation in a n adjuvant  
(post-operative) fashion. Total tumor doses ranged from 5,000 cGy to 6,600 cGy; most patients 
received around 6,000 cGy over 30 fractions. IMRT (intensity-modulated radiation therapy) was 
utilized in all patients. Treatment volume was designed to cover the primary site plus a generous 
margin. The neck was not treated electively. Of the eight patients who did not receive radiation, five 
had tumors well below 5 cm in size with clear resection margins while two patients had received 
prior radiation which precluded them from additional therapy and one patient recurred within one 
month of resection. The median time interval between surgery and post-operative radiation therapy 
was 12 weeks. 

Chemotherapy was administered to six patients, after completing post-operative radiation, on an 
individualized basis. These patients either had rhabdomyosarcoma (three cases), which is known to 
be sensitive to chemotherapy, or high-risk resected tumors (three cases) based on size and  
involved margins. Standard vincristine, adriamycin, cytoxan (VAC) chemotherapy was used for 
rhabdomyosarcoma cases and Ifosfamide-based therapy was used for other high-risk tumors. 

3.3. Recurrence and Survival  

Tumor recurrence was documented in sixteen patients: Seven locoregionally and at distant 
metastatic sites, five in the locoregional area alone and four in distant metastatic sites only. Sites of 
metastases included lung, liver and bones. Only two cases involved regional lymph node metastasis 
(angiosarcoma and rhabodomyosarcoma) which is not atypical for these sarcoma histologies. Over 
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ninety percent of recurrences (15 of 16) occurred within the first 3 years. Median DFS for our cohort 
was 1.1 years (95% CI: 0.7–12.1) and median OS was 3.3 years (95% CI: 2.1–5.4).  

In the recurrent and metastatic setting, 18 pat ients underwent salvage therapy in various 
combinations. Nine patients were submitted to repeat surgical resection, 10 r eceived palliative 
radiation and 17 received standard or protocol-based systemic therapy. For patients with local or 
distant relapse, the 5-year survival with salvage treatment was dismal, at 24% in our series. More 
patients with local failure achieved long-term survival than those with distant spread. 

3.4. Prognostic Factors 

Univariate analysis using Cox progression hazard model was performed using margin status, size  
(<5 cm vs. >5 cm), age at  diagnosis (<50 vs. >50), grade (low-intermediate vs. high) and multiple 
other recognized prognostic factors to identify predictors of DFS and OS. Patients with R1 resections 
had worse DFS (HR 3.74, 95% CI: 0.98–14.34) and OS (HR 4.4, 95% CI: 1.11–17.4). Tumors >5 cm 
were also associated with worse DFS (HR 2.79, 95% CI: 0.84–9.25). Age and grade did not correlate 
with outcome in our cohort. (See Table 3 and Figure 1). 

Table 3. Univariate analysis of factors Associated WITH DFS and OS in soft tissue sarcomas. 

Variable Category 
Number 

(n) 
Disease-Free Survival Overall Survival 

HR (95% CI) p-value HR (95% CI) p-value 

Margin status 
Clear 17 1.0 0.05 1.0 0.03 

Involved 7 3.74 (0.98, 14.34)  4.4 (1.11, 17.4)  

Size 
<5 cm 13 1.0 0.09 1.0 0.38 
>5 cm 11 2.79 (0.84, 9.25)  1.63 (0.54, 4.9)  

Age at 
diagnosis 

<50 12 1.0 0.77 1.0 0.3 
>50 18 0.85 (0.29, 2.5)  1.73 (0.64, 4.66)  

FNCLCC 
Grade 

Lowintermed  
high 

5 
- NS - NS 

23 

Gender 
Male 20 1.0 0.16 1.0 0.18 

Female 10 0.46 (0.16, 1.35)  0.51 (0.19, 1.37)  

Site 
Scalp/face 19 1.0 0.31 1.0 0.97 

Parotid/neck 7 0.77 (0.20, 2.93)  0.61 (0.17, 2.18)  
Upper Airway 4 2.40 (0.69, 8.32)  1.32 (0.36, 4.78)  

Extension 
Superficial 4 1.0 0.1 1.0 0.97 

Deep 26 1.49 (0.19, 11.37)  0.98 (0.28, 3.45)  

Radiation 
No 10 1.0 0.14 1.0 0.07 

Primary 2 1.78 (0.32, 9.78)  0.55 (0.31, 0.97)  
Adjuvant 16 0.45 (0.14, 1.43)  0.34 (0.11, 1.02)  

Chemotherapy 
No 18 1.0 0.6 1.0 0.09 

Primary 4 3.35 (0.67, 16.71)  0.48 (0.21, 1.1)  
Adjuvant 6 1.24 (0.33, 4.64)  1.29 (0.4, 4.14)  

AJCC 
I and II 10 1.0 0.021 1.0 0.27 

III 12 2.24 (1.13, 4.44)  2.59 (0.74, 8.98)  
IV 8 6.29 (1.2, 33.06)  2.14 (0.57, 8.02)  

MSKCC 
0 and I 5 1.0 0.11 1.0 0.14 

II 7 2.2 (0.84, 5.8)  1.79 (0.82, 3.88)  
III and IV 18 2.25 (0.29, 17.76)  1.61 (0.45, 5.76)  

N1 or M1 
No 22 1.0 0.11 1.0 0.67 
Yes 8 2.39 (0.81, 7.02)  1.24 (0.47, 3.3)  

TNM 
T1aN0M0-T1bN1M1 12 1.0 0.18 1.0 0.07 
T2aN0M0-T2bN1M1 18 2.2 (0.7, 6.96)  2.9 (0.93, 9.08)  
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Figure 1. (a) DFS and OS according to margin status. (b) DFS and OS according to size 
in Soft Tissue Sarcoma Cases. 

 

 

4. Results for Osteogenic Sarcoma Cohort 

4.1. Patient and Tumor Characteristics 

From 1999–2009, seven patients were treated for an osteosarcoma of the head and neck at Fox 
Chase Cancer Center. All were localized at diagnosis (AJCC Stage IA: four patients, IIA: two 
patients, IIB: one patient). Median age at diagnosis was much younger than that of soft tissue 
sarcoma (27.1 years, range 18.6–46.8) and all but one tumor was located in the mandible. One case 
was a chondroblastic osteosarcoma, while all others were osteosarcoma NOS. 

4.2. Treatment  

A total of 71% (5/7) patients received pre-operative systemic therapy generally consisting of 
cisplatin and an anthracycline +/  high dose methotrexate. Two patients were not given 
pre-operative chemotherapy based on low grade and small size of their tumors. Although not 
customarily described in the pathologic report, it seems only one tumor (Stage IIA of the mandible) 
had an excellent response to induction chemotherapy (95% necrosis). Forty-three percent (three of 
seven) of patients received adjuvant systemic therapy, generally with similar agents. Of the four 
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patients who did not receive adjuvant chemotherapy, one had a low grade tumor, one patient refused 
and reasons for not administering adjuvant chemotherapy for the remaining two cases are unclear.  

All patients with mandibular osteosarcomas underwent composite resection of the jaw and 
necessary soft tissue with reconstruction as a definitive surgical procedure. There were no elective 
neck dissections, but neck vessels were exposed in the course of free tissue transfer. One patient with 
a maxillary primary tumor was submitted to infrastructure maxillectomy, with subsequent 
fabrication of a custom obturator. Margins were clear in three patients, close ( 1 mm) in two patients 
and involved by cancer in two patients. All reconstructions were successful, although two patients 
had complications requiring additional operative procedures. 

Involved and/or close margins were considered indications for adjuvant radiotherapy. Weekly 
low dose cisplatin (30 mg/m2) was administered with radiation. Both patients with involved margins 
and one of two patients with a c lose margin received adjuvant chemoradiation (median dose  
6,600 cGy, range 6,000–6,600 cGy). There were no grade 3 radiation complications. 

4.3. Recurrence and Survival  

The median follow-up was 3.1 years (range 1.0–5.1 years). There were two recurrences, both of 
which were local recurrences within a year of completion of therapy. One recurrence was in a patient 
with high grade tumor and an involved margin who received adjuvant radiation and systemic 
chemotherapy. The other failure was of a low grade lesion with a c lear margin who had received 
standard cisplatin and anthracycline chemotherapy (three cycles prior to surgery and two cycles 
after; the planned 6th cycle was not delivered secondary to disease recurrence). Both patients died of 
disease at 1.6 and 0.7 years from completion of therapy respectively. Crude locoregional control was 
therefore 71%, and not affected by margin status (involved/close margin locoregional control: 75%; 
clear margin locoregional control: 67%). 

5. Discussion 

There have been few reports addressing the behavior and treatment of head and neck sarcomas in 
adults. This report represents an effort to describe outcomes and identify important prognostic 
factors among a contemporary cohort. 

The 5-year disease-free and overall survival for our cohort of soft tissue sarcoma patients was 
35% and 46%, slightly lower than suggested in the literature [5–12], perhaps because a majority  
(23 of 30) of our patients had high grade tumors. Another difference we n oted was a higher 
percentage of synovial cell sarcomas compared with other series. This is unusual and may be due to 
our purely adult population. Synovial cell histology did not predict for patient outcome but analysis 
is limited due to the small number of cases. On univariate analysis, margin status and size were 
associated with survival, consistent with previous findings [6,13–18]. These factors seem related 
because it is more difficult to derive clear surgical margins with larger tumors—but our numbers do 
not permit multivariate analysis. This finding emphasizes that every thorough effort should be made 
to resect these tumors completely in the initial resection, including the use of modern reconstruction 
techniques. This is best accomplished at high-volume surgical centers with accomplished head and 
neck and reconstructive surgeons as well as experienced members of adjunctive services such as 
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speech-language pathologists. Returning to high quality of life after en bloc resection about the head 
and neck region is demanding because of functional and cosmetic sequelae of the necessary 
resection. However, the extent and adequacy of excision may inform survival and incidence of  
local recurrence.  

Unlike other series [5,12,19–21], we did not find age or grade to be prognostic factors for disease 
control. This may be attributed to our sample size and larger number of patients with high grade 
tumors. Higher-grade sarcomas are more aggressive than low grade disease, recurring locally as well 
as metastasizing, thus leading to poorer outcomes.  

Surgery remains the mainstay of treatment for head and neck sarcomas. Noteworthy exceptions to 
this principle include most rhabdomyosarcomas and Ewing’s sarcomas. Radiation therapy is 
indicated after resection of all high grade sarcomas, large tumors, and when margins of resection are 
close or microscopically involved. There was no difference in local control or overall survival 
between patients in our series who were given postoperative radiotherapy and those who were not. 
This suggests that radiation is effective since the group that received adjuvant radiation had 
proportionally more aggressive tumors. Systemic chemotherapy is recommended for those tumors 
with a significant risk of distant metastases. 

High local failure rates in the head a nd neck have historically been associated with poorer 
treatment outcomes in this group. Median DFS and OS in our series are worse compared to those 
achieved with other sub-sites [3,22–24], despite the finding that sarcomas arising in the head and 
neck have a lower probability of distant spread. This is commonly attributed to earlier diagnosis with 
a higher proportion of small tumors. 

At disease relapse, repeat surgery and/or radiation should be considered to maximize  
control [25,26]. In addition, enrollment of these sarcoma patients to clinical trials investigating novel 
systemic therapies remains a priority. 

Although limited by a small number of patients in our study, head and neck osteosarcoma appears 
to be a d ifferent disease than soft tissue sarcoma. It affects younger patients than does soft tissue 
sarcoma, is not as frequently of high grade, and appears to have a better prognosis. Most patients  
had lesions of the mandible, which along with the maxilla, is the most common site of primary 
tumors [4,27]. Due to small numbers, we were unable to determine prognostic factors (size, margin 
status or grade) predictive of recurrence. A large retrospective series from MD Anderson, however, 
indicated that high grade tumors, radiation induced tumors, and involved margins were associated 
with a poorer disease free survival and overall survival at five years [27]. Patients in that series with 
involved or uncertain margins who received chemotherapy had improved outcomes compared to 
those who were treated with surgery alone. They demonstrated no benefit from radiation alone, 
however only 23% of the patients were treated with radiation in the postoperative setting. Our 
institutional experience supports a p olicy of surgical extirpation with reconstruction, systemic 
therapy, and risk adapted use of external beam radiotherapy. None of our patients developed distant 
metastases, but there are reports with up to 21% of patients with distant progression (primarily to 
lung, bone, and brain) [27,28]. 
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6. Conclusions  

Patients with head and neck sarcomas should undergo wide excision with emphasis on removal of 
gross disease and attaining clear surgical margins. In most patients, except those with small, low 
grade lesions, postoperative radiation therapy should be added to maximize local control. Head and 
neck sarcomas are rare tumors that can present management difficulties. These tumors are best 
managed in a multi-disciplinary setting.  
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Abstract: Cooperation between endothelial cells and bone in bone remodelling is well 
established. In contrast, bone microvasculature supporting the growth of primary tumors 
and metastasis is poorly understood. Several antiangiogenic agents have recently been 
undergoing trials, although an extensive body of clinical data and experimental research 
have proved that angiogenic pathways differ in each tumor type and stage. Here, for the 
first time, we characterize at the molecular and functional level tumor endothelial cells 
from human bone sarcomas at different stages of disease and with different histotypes. 
We selected a CD31+ subpopulation from biopsies that displayed the capability to grow 
as adherent cell lines without vascular endothelial growth factor (VEGF). Our findings 
show the existence in human primary bone sarcomas of highly proliferative endothelial 
cells expressing CD31, CD44, CD105, CD146 and CD90 markers. These cells are 
committed to develop capillary-like structures and colony formation units, and to 
produce nitric oxide. We believe that a better understanding of tumor vasculature could 
be a v alid tool for the design of an efficacious antiangiogenic therapy as adjuvant 
treatment of sarcomas. 
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1. Introduction 

The unique characteristics of bone provide homing signals to di fferent types of cancer cells, 
which together with biochemical (e.g., cytokines, growth factors) and physical (e.g., acidic pH, high 
extracellular calcium concentration) properties of the bone create an advantageous microenvironment 
for primary tumors and metastasis growth [1,2]. Efforts directed toward targeting tumor 
microenvironment for solid tumor therapy have largely focused on blocking blood vessels [3,4]. 
However, to date, the promising results reported in preclinical studies have not been reproduced in 
the clinical setting [5]. The lack of markers for monitoring antiangiogenic therapy and the fact that 
tumor endothelial cells (TECs) are different from normal endothelial cells (ECs) have contributed to 
short-lived response to treatment [6]. Identifying markers and overcoming the mechanisms that 
mediate resistance to antiangiogenic drugs will likely yield improved clinical outcomes. Several 
studies have shown that TECs differ from normal ECs in the expression of specific surface markers 
and genetic abnormalities responsible for incomplete, irregular and tortuous blood vessels with 
increased permeability [1,2,7,8]. These properties derive from tumor type, blood vessels site, and 
stage of tumor progression governed by extracellular environment including biochemical and 
signalling pathways as well as by cellular context [9].  

The phenotypic and genetic heterogeneity of TECs raises the issue of whether they originate from 
normal ECs, bone marrow, resident stem cells, transdifferentiation or de-differentiation of tumor 
stem cells into ECs, or cell fusion between cancer cells and normal ECs [1,10]. Furthermore, the 
mechanism by which TECs acquire a co nstitutive proangiogenic phenotype and resistance to 
common antiangiogenic drugs is still unknown [11–13]. Bone sarcomas are a group of mesenchymal 
malignancies, highly vascularized with many different subtypes each with unique clinical 
pathological features [14]. To improve the outcome of unresectable, chemoresistant or metastatic 
patients, ongoing trials are testing antiangiogenic drugs as adjuvant therapy [15]. However, not all 
subtypes are expected to respond since bone tumor microenvironments are poorly understood and no 
data are available on the phenotypic and functional characteristics of TECs. Understanding the origin 
of bone TECs as well as their molecular and functional characteristics may help to develop 
appropriate and specific antiangiogenic therapies. Here, we characterize for the first time human 
bone TECs from fresh biopsies at functional and molecular levels. 

2. Experimental Section 

2.1. Human Tissue Samples 

Tissues, surgically resected from 13 cases, were clinically classified as bone and soft sarcoma 
by histologic and immunohistologic criteria, according to UI CC/AJCC by Istituto Nazionale 
Tumori, Fondazione “G. Pascale” (Naples, Italy), under Local Ethical Committee approval. 
Specimens were finely minced with scissors and then digested by incubation for 1 h at 37 °C in 
Dulbecco’s modified Eagle’s medium (DMEM) containing collagenase II (Sigma Chemical, Perth, 
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WA, USA). After washings in medium plus 10% FCS (GIBCO, Grand Island, NY, USA), cell 
suspension was forced through a graded series of meshes to s eparate the cell components from 
stromal cells and aggregates. Cells were pelleted, resuspended, and isolated using anti-CD31 Ab 
coupled to magnetic beads, with the MACS system (Miltenyi Biotec, Auburn, CA, USA). Briefly, 
2 × 105 cells/ L were labelled with the anti-CD31 mAb for 20 min and then were washed twice and 
resuspended in MACS buffer (PBS without Ca2+ and Mg2+, supplemented with 1% bovine serum 
albumin (BSA) and 5 mmol/L EDTA). After washings, cells were separated on a magnetic stainless 
steel wool column (Miltenyi Biotec.) according to the manufacturer’s recommendations. CD31+ 
cells were plated onto 0.1% gelatin and were grown in EGM-2 medium (GIBCO) supplemented 
with epidermal growth factor (10 ng/mL), hydrocortisone (1 g/mL), and 0.5% FCS (GIBCO). 
Lack of contaminating leukocytes or of smooth muscle cells was verified by FACS analysis with 
anti-CD45 mAb and anti-smooth muscle actin Ab. Human aortic endothelial cells (HAEC) were 
obtained from ATCC, as described previously [16,17]. 

2.2. Cytofluorimetric Analysis  

Cells were detached from plates with non-enzymatic cell dissociation solution, washed in PBS 
containing 2% BSA to block remaining non-specific sites. 2 × 105 cells were then incubated for 30 
min at 4 °C with the appropriate Ab or with the relevant control in PBS containing 2% BSA. For 
cytofluorimetric analysis the primary antibodies used were: anti CD31-FITC (R&D Systems, Inc. 
Minneapolis, MN, USA), anti VE-cadherin-PE (Santa Cruz Biotechnology, Inc. Milan, Italy), anti 
CD133-PE (Miltenyi Biotech), anti fusin-PE (Santa Cruz Biotechnology), anti CD14-PE (R&D 
Systems), anti CD44-FITC (R&D Systems), anti CD13-PE/Cy5 (Chemicon International, Temecula, 
CA, USA), anti CD34-PE, anti CD105-PE, anti CD45-PE, anti CD90-PE, anti CD131-PE, anti 
CCR7-PE, anti CD133-PE (Miltenyi Biotech.), anti CD146-PE (Miltenyi Biotech.) and anti 
CD309-PE (Miltenyi Biotech.). Cells were analyzed on a FACS Vantage cell sorter (Becton 
Dickinson, Franklin Lakes, NJ, USA) and 30,000 event cells were analyzed at each experimental 
point. Control experiments included incubation with isotopic human IgG (Becton Dickinson). Data 
were analyzed using CellQuest software (Becton Dickinson). 

2.3. Immunofluorescence Studies 

For immunofluorescence 2 × 10 4 cells were grown on cover slides, fixed in 1% 
paraformaldehyde and first permeabilized with 0.1% Triton and then incubated with mouse 
anti-human CD31 (Chemicon International) or goat anti-human von-Willebrand (AbCam) at 4 °C 
for 45 min. Cells were then stained by addition of FITC conjugated mouse anti-goat IgG or goat 
anti-mouse labelled with Texas red or Alexa Fluor 488 (Molecular Probe, Invitrogen, Milan, Italy), 
at 1:1,000 dilution. Cell nuclei were stained with DAPI (Sigma). Confocal microscopy analysis was 
performed using a Zeiss confocal microscope, (Carl Zeiss International, Berlin, Germany). 

2.4. Nitric Oxide and Platelet Activating Factor (PAF) Assays 

Nitric oxide (NO) production was detected using QuantiChrom TM Nitric Oxide Assay Kit 
(D2NO-100; Bioassay, San Diego, CA, USA). Cells were incubated for 60 m in at 37 °C in the 
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working solution and then absorbance was read at 540 n m. Cells were stimulated with 
acetylcholine in the absence or presence of the NO synthase inhibitor nitro-L-arginine methyl ester 
(L-NAME) (1 mM), and, as a co ntrol, with L-arginine (1 mM) (Bioassay). Three different 
experiments were performed at 5th and 13th passages. Platelet Activating Factor (PAF) assay was 
performed using Platelet Activating Factor (PAF) ELISA Kit (Cayman Chemical, Ann Arbor, MI, 
USA) following the manufacturer’s instructions. 

2.5. Cell Proliferation Assay 

2 × 104 cells/well were seeded into 24-well plates in EGM-2 containing FCS ranging between  
0.5%–10% or plus growth factors (GIBCO). After 24, 48 and 72 h  of incubation under the 
appropriate conditions, monolayers were carefully washed, dried, and treated with 0.75% crystal 
violet in a solution of 50% ethanol, 0.25% NaCl, and 1.75% formaldehyde. After washing, the dye 
was eluted with 1% SDS i n PBS, and absorbance was read at 595 nm  with an ELISA reader 
(TECAN SPECTRA Fluor Plus fluorescence, absorbance, and luminescence reader, MTX Lab 
Systems, Inc., Vienna, VI, USA). Cell numbers were determined on the basis of a standard curve 
obtained with known cell numbers. All experiments were performed in triplicate. In addition, DNA 
synthesis was detected as incorporation of 5-bromo-2'-deoxyuridine (BrdU) into cellular DNA by 
using an ELISA kit (Roche Molecular Biochemicals, Basel, Switzerland), according to the 
manufacturer’s instructions. Briefly, 10 M BrdU was added to the stimulated cells for 18 h. Cells 
were then fixed with 0.5 M ethanol-HCl and incubated with nuclease to digest the DNA. BrdU 
incorporated into the DNA was detected by using an anti-BrdU peroxidase-conjugated mAb and 
was visualized with a soluble chromogenic substrate. Optical density was measured with the 
ELISA reader at 450 nm. 

2.6. Tube Formation and Migration Assay  

In vitro angiogenesis assay was performed on growth factor-reduced Matrigel diluted 1:1 with 
cold EGM-2 minimum media. HAECs or TECs (1 × 104 cells/well) were seeded onto 
Matrigel-coated wells (12 multiwell plate) cultured with EGM-2 medium without growth factors 
containing 0.25% BSA. Additionally, migration assay was performed growing 1 × 104 cells in 
EGM-2 medium without growth factors in presence of 10 ng/mL SDF-1 (R&D Systems). The 
capillary-like tubule structures in each well were photographed with Nikon light microscope, and 
experimental results were recorded. The mean of tube length/ m × field (3 different fields) was 
calculated with the MicroImage analysis system (Cast Imaging srl, Venice, Italy). 

2.7. Statistical Analysis 

Student t-test (two-tailed) was used for statistical evaluation. Level of significance was set at  
p < 0.05. 
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3. Results 

3.1. Characterization of TECs 

We examined 13 human bone sarcoma biopsies (with different clinical and histologic 
characteristics as indicated in Table 1) obtained after surgical resection at the Istituto Nazionale 
Tumori “G. Pascale”, Naples (Italy).  

Table 1. Clinical pathological features of bone biopsies. 

Case Gender Age Histotype Grade 
1 M 30 GCT * I 
2 M 25 Chondrosarcoma II 
3 M 40 Fibrosarcoma I 
4 F 35 Osteosarcoma II 
5 F 45 Chondrosarcoma II 
6 F 23 Chondrosarcoma II 
7 M 43 Osteosarcoma III 
8 F 31 Fibrosarcoma II 
9 M 26 Osteosarcoma II 

10 M 27 GCT * I 
11 F 22 Chondrosarcoma II 
12 F 20 GCT * I 
13 F 45 GCT * I 

* GCT: Giant cell tumor of bone. 

A subpopulation of CD31+ cells (a marker of endothelial cells) was selected from all biopsies by 
using magnetic beads coupled to CD31 an tibody. We chose CD31 an tibody because 
immunohistochemistry data on the same biopsies indicated that CD31 was expressed by vascular 
structures but not by tumor cells (Figure 1). After selection, TECs were established and grown 
without VEGF as adherent cells and were able to continue for several culture passages. Although at 
the first passage all cells lines were positive to CD31 antibody (Figures 2A,B), long-term culturing 
determined a reduction of CD31 (see below) and vWF positivity (Figure 2C).  

Figure 1. Immunohistochemistry of bone sarcomas. (A) CD31-immunostained 
chondrosarcoma specimen (TEC 1 line); (B) ki67-stained chondrosarcoma specimen;  
(C) CD31-stained osteosarcoma specimen (TEC 2 line); (D) Ki67-stained  
osteosarcoma specimen. 
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Figure 1. Cont. 

 

Figure 2. Cultured tumor endothelial cells from bone sarcoma. (A) Confluent tumor 
endothelial cells (TEC 1 line) stained with CD31, exhibiting the typical cobblestone 
structure (Panel A); (B) DAPI control staining; (C) Tumor endothelial cells TEC 1 
stained with von Willebrand factor (cytoplasmatic staining). 

 

In addition, TECs showed a normal karyotype indicating they were not contaminated or 
originating from tumor cells (data not shown). TECs from different biopsies were subjected to 
cytofluorimetric analysis with endothelial markers and staminal markers, showing heterogeneous 
positivity. However, all TEC cell lines were strongly positive to CD105, CD90 and CD146 compared 
to normal ECs (Figure 3B) [18]. During culturing a lower expression of endothelial markers such as 
CD31, CD309 (VEGF receptor) and VE-Cadherin as well as mesenchymal markers such as CD117 
and CD73 (ranging between 1%–2% of positive cells) was detected in TECs compared to the same 
cells at first passage (Figure 3B) consistent with cell growth in plate [19]. In contrast, 98% of TECs 
expressed CD44 (compared to 30% of HAECs), a marker of invasiveness possibly involved in cell 
motility. Concomitantly, TECs were negative to CD45, CD14 and smooth muscle actin Ab, 
suggesting non-contamination from bone-marrow cells, leukocytes and smooth muscle cells [20]. 
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Figure 3. Characterization of TECs. (A) Expression of endothelial markers in a  
representative TEC line and HAEC cells, used as a control detected by FACS analysis. 
FACS analysis of HAECs, and TEC 1, with CD31 antibody at 1s t passage and 3th 
passage. Expression of CD44 antigen in HAECs and TEC 1. (B) Bar graph expressing 
percentage of positive cells to specific antigens analyzed by FACS. Data are expressed as 
mean ± SE of 10 different TEC lines grouped by histology and three control cell lines. 
Each experiment was repeated three times. TECs vs. HAECs (p < 0.001). IgG was used 
as negative control. (C) Representative example of TECs analyzed with CD146 antibody. 

 

 

3.2. In Vitro Behaviour of TECs  

To determine the behaviour of TECs in vitro, we selected two representative cell lines, TEC 1 and 
TEC 2 (from chondrosarcoma and osteosarcoma biopsies respectively and positive to CD44, CD105, 
CD90 and CD146), for further functional and molecular studies. Both cell lines showed proliferation 
at low serum concentration (0.5%), and their growth rate was significantly higher than HAECs, even 
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at the higher serum concentration and in the presence of serum plus growth factors known to 
represent optimal conditions for HAEC growth (Figure 4A,B).  

Figure 4. Growth and functional characterization of TECs. (A) BrdU incorporation by 
TEC 1 (grey column), TEC 2 (black column) and HAECs (white column) cultured in 
EGM-2 in presence of 0.5% serum. (B) Proliferation of normal HAECs (white columns), 
TEC 1 (grey columns), and TEC 2 (black columns) in response to different concentrations 
of FCS or to FCS plus growth factors (GFs) added to medium for cell culture, evaluated 
after 72 h. Results are the mean ± SE of at least six experiments, p < 0.001 vs. HAECs. 
(C) Nitric oxide assay. Cells were incubated with vehicle alone, 1 M acetylcholine, or 1 M 
acetylcholine in the presence of 10 3 M of L-NAME. Activity of the endogenous NO 
system was controlled by stimulating cells with L-arginine, the substrate for NO synthase 
(data not shown). Experiments were repeated three times. NO values are expressed as 
cell absorbance at 540 nm, mean ± SE p < 0.001 vs. control. (D) PAF production from  
1 × 106 normal HAECs (white columns), TEC 1 (grey columns), and TEC 2 (black 
columns) incubated with vehicle or with 2 U/mL thrombin for 15 min at 37 °C. Data are 
the mean ± SE of three individual experiments; p < 0.001 vs. control (HAECs). 

 

TEC 1 and TEC 2 were able to respond to acetylcholine and thrombin stimulation in terms of 
synthesis of NO and PAF, respectively (Figure 4C,D). To compare angiogenic properties of TECs 
and normal ECs we performed tube formation assays (Figure 5A).  
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Figure 5. In vitro angiogenesis of TECs. Normal HAECs and TECs (5.0 × 104 cells/well) 
were plated on growth factor-reduced Matrigel in EGM-2 containing plus 0.2% BSA and 
were observed after 3 h. (A), (a) Representative micrograph of the weak network of tubes 
formed by HAECs in the absence of serum. (b) Representative micrograph of the 
complete network of tubes formed by TEC 2 cell line persisting for several days (20×).  
(c) Bar graph of mean tube length x fields/ m of different TEC cell lines (TEC 1 and 
TEC 2) evaluated by computer analysis system in 3 different fields at 20× magnification 
in duplicate wells of two different experimental points (* p < 0.05). (B, a,b) Typical 
examples of TEC colonies. As indicated by arrows an endothelial colony consists of a 
central core of rounded cells surrounded by sprouting cells. (C) Direct observation of 
spontaneous tube-forming process by endothelial bone tumor cells cultured with 
stromal-derived growth factor (SDF-1). (a–c) TEC 1 spontaneous tube formation in 
presence of SDF-1 stained with DAPI at different time points as indicated at 150 × 
magnification; (a) t = 0; (b) t = 30 min; (c) t= 1 h; (d) HAEC cells in presence  
of 10 ng/mL SDF-1 t = 1 h.  (e–g) direct in vitro micrograph of the tube formation at 
different time points; (e) t = 0; (f) t = 30 min; (g) t = 1 h (20× magnification). 

 

In contrast to HAECs, TECs showed the ability to make tubes when plated onto basal Matrigel in 
only a few minutes. TECs formed structures that persisted for several days in 0% serum (Figure 5A 
panel b) unlike normal HAECs, which rapidly undergo apoptosis when plated onto Matrigel in the 
absence of serum (panel a). At 4 h , under conditions providing optimal branch formation by  
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HAECs (5% FCS, tube length 170 ± 10 m × field), TECs showed enhanced formation of branches 
(570 ± 20 m tube length × field; * p < 0.05). No differences in the spontaneous random motility of 
TECs were observed compared with normal HAECs (data not shown). In addition, TECs were able 
spontaneously to migrate one to another and organize themselves into colony formation units (Figure 
5B), while in presence of stromal-derived growth factor (SDF-1) they were able to form spontaneous 
tubular structures (Figure 5C). Together, these data indicate that TECs not only present an 
endothelial phenotype but also behave as ECs. 

4. Discussion 

Here, we introduce for the first time the concept of bone tumor endothelial heterogeneity that 
arises from a co mplex heterotypic cross-talk interplay among osteoblasts, endothelium and 
environment [21,22]. In the present study, we isolated and characterized a population of endothelial 
bone tumor cells from 13 tumor biopsies with different grade and histology. TECs selected by CD31 
antibody as already reported [23] lost this antigen early in vitro [24]. We selected from different 
histotypes an homogenous population expressing both endothelial and mesenchymal markers. Thus, 
TECs were positive, with different grade, to endothelial markers such as CD105, CD146, von 
Willebrand factor together with CD90, and, in addition, were strongly positive to CD44 antigen. 
Cells spontaneously showed an outgrowth forming colony units, normally associated with late 
endothelial progenitor cells (EPC) in other published studies [25,26]. Furthermore, recent 
observations have demonstrated that vascular endothelium itself contains highly proliferative 
endothelial colony-forming cell subpopulations (ECFCs), responsible for forming vessel  
lumens [27,28]. In contrast, no studies to date have determined whether these cells might represent 
the majority of angiogenesis response in tumors. Our functional studies demonstrated that bone 
CD31+ TECs are committed to forming vessels and, in contrast to normal ECs, and in presence of 
SDF-1, were able to differentiate into tubular structures in a few minutes. Although, these cells are a 
subpopulation of ECs present in the tumor, we observed that they are independent from tumor 
environment and VEGF to form vessels, consistent with previous reports [29,30], thus suggesting a 
permanent genetic change in their pro-angiogenic phenotype. The origin of TECs is still unknown; 
however, the presence of both endothelial and mesenchymal antigens indicates that they may 
originate from mesenchymal cells. EPCs and mesenchymal stem cells have the ability to 
trans-differentiate from one lineage to the other via an endothelial-to-mesenchymal process [31–33] 
however, it has been reported to have anticancer activity through the inhibition of  
angiogenesis [34,35]. The findings that TECs have stem cell features such as self renewal, migration 
capacity, longevity and normal karyotype but lack of main stem antigen such as CD133, suggest that 
TECs do not originate from tumor stem cells [7,36]. However, we cannot exclude that bone TECs 
derive from recruitment of EPCs following accumulation of genetic and epigenetic damage as 
reported by several studies [37]. We know that the present isolated TEC lines only partially represent 
bone TEC population because endothelium is heterogeneous in both tumor site and stage [36]. 
Further studies using different technical approaches and a b etter immunophenotyping will be  
needed to ch aracterize other endothelial cell populations in order to understand tumor vessel 
complexity [37,38]. Here, we hi ghlight for the first time that CD31+ bone TECs express a 
constitutive proangiogenic phenotype and have a different immunophenotype from normal 
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endothelium, but have the same behaviour. We believe that TECs cultured from specific tumors are 
ideal tools to test genetic and chemical compounds in order to find angiogenic inhibitors on a 
high-throughput basis. In addition, cell-based assays using various TECs could be a r ational 
approach to study ECs in tumor tissues. Finally, these findings may be of great importance in 
designing more tissue-specific antiangiogenic therapies for sarcoma and bone metastasis treatment 
or identifying novel markers to improve clinical outcomes [15,39]. 

5. Conclusions 

Endothelial cells were in the past considered genetically stable and therefore good candidates for 
specific therapies because they were not expected to develop resistance. Here, we show that tumor 
endothelial cells have a particular proangiogenic phenotype. We believe that with better knowledge 
of the molecular and functional characteristics of tumor endothelium, can become a valid device to 
design appropriate antiangiogenic therapeutic approaches and to define novel tools to improve the 
predictive value of imaging techniques. 
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Abstract: Osteosarcoma (OS) is the most common primary malignant tumor of the bone, 
and pulmonary metastasis is the most frequent cause of OS mortality. The aim of this 
study was to di scover and characterize genetic networks differentially expressed in 
metastatic OS. Expression profiling of OS tumors, and subsequent supervised network 
analysis, was performed to discover genetic networks differentially activated or 
organized in metastatic OS compared to localized OS. Broad trends among the profiles of 
metastatic tumors include aberrant activity of intracellular organization and translation 
networks, as well as disorganization of metabolic networks. The differentially activated 
PRKC -RASGRP3-GNB2 network, which interacts with the disorganized DLG2 hub, 
was also found to b e differentially expressed among OS cell lines with differing 
metastatic capacity in xenograft models. PRKC  transcript was more abundant in some 
metastatic OS tumors; however the difference was not significant overall. In functional 
studies, PRKC  was not found to be involved in migration of M132 OS cells, but its 
protein expression was induced in M112 OS cells following IGF-1 stimulation.  
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1. Introduction 

Osteosarcoma (OS) is the most common primary malignant cancer of the bone, with nearly  
1,000 diagnoses annually in North America [1,2]. High-grade intramedullary osteosarcoma 
(“conventional”) constitutes the majority of cases, and is an aggressive disease that typically 
metastasizes to the lungs [1,2]. Approximately 10%–20% of patients present to the clinic with 
discernable metastasis, and a further 20%–30% develop metastasis despite aggressive treatment [3]. 
Currently neoadjuvant chemotherapy in combination with surgical resection of osteosarcomas can 
achieve 5-year overall survival rates of approximately 65% [4,5]. However, delineation of the 
molecular mechanisms contributing to osteosarcoma metastasis has the possibility of identifying 
specific therapeutic targets that improve prognosis of patients with metastatic osteosarcoma. 

Expression profiling is an “omic”-level discovery technique that allows the quantification of 
thousands of different transcripts simultaneously between different disease states [6]. This 
technology has many applications in the cancer field including distinguishing subtypes of a particular 
cancer, identifying transcripts differentially expressed between those types, and predicting the 
subtype of a cancer based on the expression of identified transcripts [6,7]. In recent years it has been 
shown that analysis of expression profiles at the level of sets of transcripts rather than individual 
transcripts has more statistical power, is more reproducible between studies, and provides 
informative context to the results [7–9]. There are many algorithms for gene-set or network-based 
analytical algorithms, including the popular gene-set enrichment analysis (GSEA) and the 
proprietary ingenuity pathway analysis (IPA) [10]. Additionally dozens of other network-based 
analytical algorithms have been published that either utilize different statistical methods or that 
interrogate a unique cellular application (reviews: [8,9]). Two such algorithms are the methods of 
Chuang et al. that aims to discover differentially “activated” genetic networks [11], and “Dynemo” 
published by Taylor et al. that aims to discover differentially organized genetic networks [12]. These 
algorithms have successfully been applied to uncover molecular alterations in expression profiles of 
poor-outcome breast cancers, and have achieved over 70% predictive accuracy in -classifying those 
tumor samples utilizing a five-fold cross-validation strategy [11,12]. 

The aim of the present study was to identify differentially activated and organized networks in 
expression profiles of metastatic-at-diagnosis osteosarcomas (MD-OS) compared to ex pression 
profiles of localized-at-diagnosis osteosarcomas (LD-OS). This analysis would assist in the 
prioritization of candidate networks for in vitro characterization in osteosarcoma cell lines, including 
cells of differing metastatic capability. 
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2. Results 

2.1. Unsupervised Hierarchical Clustering of Expression Profiles Reveals Distinct Subtypes  
of Osteosarcomas  

Expression profiling was performed on 46 LD-OS tumor samples and 17 MD-OS tumor samples 
using UHN “human 19 k cDNA microarrays (H19K)”, that contain approximately 19,000 cDNA 
spots mapped to approximately 9,000 unique transcripts. Unsupervised gene discovery techniques 
were used to identify a subset of 596 genes that exhibited at-least six-fold change in expression in 
at-least four tumors (p  0.001), and hierarchical clustering of tumors according to the expression 
pattern of these genes demonstrated two broad groups of tumors. One group (Figure 1B, red 
dendrogram) contained all but two of the MD-OS tumors, and the other group (Figure 1B, green and 
blue dendrograms) contained all but one of the LD-OS tumors. This analysis supports the notion that 
osteosarcomas of varying metastatic status at the time of diagnosis exhibit distinct expression 
patterns, and that division of tumors into these categories (localized at diagnosis or metastatic at 
diagnosis) is appropriate for subsequent supervised analysis. 

Figure 1. (A) Unsupervised hierarchical clustering of 596 hi ghly variable genes.  
(B) Dendrogram depicting separation of MD-OS tumors (green bars) and LD-OS tumors 
based on expression of highly variable genes. (A) Unsupervised hierarchical clustering 
of OS tumor samples (Partek Genomics Suite) was performed on a subset of 596 genes 
found to be significantly differentially expressed within the dataset (expression varies by 
at least 6 fold, in at least 4 pa tients, p  0.001), according to methods previously 
described [13,14]. (B) The dendrogram reveals two clusters, one with red dendrogram 
lines that contains mostly metastatic-at-diagnosis tumors (green rectangles). A second 
cluster, which can be subdivided further (blue and green dendrogram lines) contains 
mostly localized-at-diagnosis tumors (purple rectangles). 

 

 
  

A 
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2.2. Differentially Activated and Organized Networks in Metastatic Osteosarcomas  

The expression information was integrated with the Pathway Commons database of physical and 
genetic interactions [15], yielding a dat aset of 5,855 genetic networks. Supervised analysis was 
performed on these data in a manner similar to previous publications to identify the differentially 
activated and organized networks in MD-OS expression profiles. To describe broad trends in human 
metastatic OS, inclusive cut-off levels were identified to delineate as many networks as possible that 
were significantly differentially activated or organized in the metastatic samples. For this analysis, 
four hundred and ninety seven (497) of the 5,855 genetic networks were identified as differentially 
activated and six hundred and eighty three (683) networks were significantly differentially 
organized. Networks annotated to transport, translation, organization and protein modification were 
more commonly differentially activated than expected by chance (Table 1, column 8). Networks 
annotated to the processes of organization, transport and translation were more commonly 
differentially organized than expected by chance, as were metabolic networks (Table 1, column 11). 
Three hundred thirty eight (338) differentially activated, and one hundred and sixty two (162) 
differentially organized, networks were visualized and clustered according to their Gene Ontology 
Process annotation (Figure 2). This visualization allowed the observation that clusters of 
differentially activated networks interact with large, significantly disorganized hubs (e.g.,  
Figure 2—“protein modification” process: cluster of differentially activated networks interacting 
with the disorganized hub breakpoint cluster region (BCR). This pattern is also observed in the 
“translation” and “transport” processes. 

Figure 2. Nodes represent differentially activated (red squares) and organized (blue squares) 
networks in metastatic OS s amples. Green edges represent genetic overlap between 
networks. Genes in significant networks were annotated with simplified Gene Ontology 
Slim Generic terms (Table 6), and networks were grouped into processes by the most 
commonly occurring term in each network. Networks meeting the cut-off conditions 
detailed at the top of the figure were visualized with the Enrichment Map plugin for 
Cytoscape. The size of each node reflects the number of genes included in the network. 
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Table 1. Enrichment of genetic networks in metastatic osteosarcomas according to 
cellular processes at the global (Permissive) significance level. 

Cellular Processes All Networks in Study Significant Networks: Permissive Cutoffs 
 Subsets Entire Networks Differentially Activated Differentially Organized 

1 2 3 4 5 6 7 8 9 10 11 
 # % of all # % of all # % of all p-value # % of all p-value 

protein modification 573 9.8 575 9.8 52 10.5 * 5.3E-02 49 7.2  
transport 1002 17.1 869 14.8 194 39 * 1.1E-34  133 19.5 * 9.0E-05  
signaling 954 16.3 955 16.3 69 13.9  87 12.7  

transcription 595 10.2 635 10.8 17 3.4  48 7  
stress 247 4.2 257 4.4 15 3  9 1.3  

metabolism 1340 22.9 1410 24.1 58 11.7  275 40.3 * 5.7E-24  
cell cycle 65 1.1 68 1.2 6 1.2 * 1.6E-01 7 1  

reproduction 130 2.2 137 2.3 6 1.2  0 0  
intracellular organization 195 3.3 201 3.4 27 5.4 * 3.4E-03  54 7.9 * 9.1E-10  

development 338 5.8 357 6.1 0 0  0 0  
translation 146 2.5 99 1.7 50 10.1 * 4.4E-19  17 2.5 * 3.9E-2  

death 31 0.5 36 0.6 0 0  3 0.4  
cytoskeleton 57 1 59 1 0 0  0 0  
ion transport 10 0.2 8 0.1 2 0.4 * 1.6E-01 0 0  
proliferation 3 0.1 2 0 1 0.2 * 2.1E-01 0 0  
homeostasis 2 0 2 0 0 0  0 0  

differentiation 6 0.1 6 0.1 0 0  0 0  
NaN 161 2.7 179 3.1 0 0  1 0.1  

Totals 5855 100 5855 99.8 497 100  683 99.9  
* denotes an enrichment (increase in proportion) above that found in the appropriate “all networks in 
study” category (e.g., column 7 is compared to column 3, and column 10 is compared to column 5).  
denotes a significant p-value (p  0.05).  

2.3. Genes Previously Implicated in Osteosarcoma Metastasis are among Significant  
Network Results 

Next, it was examined if the genetic networks discovered to be differentially activated or 
organized in expression profiles of MD-OS samples contained genes previously implicated in OS 
metastasis. Extensive literature review led to the generation of a query list containing genes whose 
expression is either correlated with outcome in human OS patients, or genes that have been shown to 
be involved in OS metastasis in xenograft studies or animal models of OS (Table 2). Thirty-two 
genes from this list were included in the present study (i.e., present on the expression profiling 
microarrays), and it was found that five such genes were among networks found to be significantly 
differentially activated in MD-OS expression profiles, and twenty-eight were among networks found 
to be significantly differentially organized in MD-OS expression profiles (Tables 3 and 4). 
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Table 2. Genes previously implicated in metastatic progression of OS. 

Gene Ref. Gene Ref. Gene  Ref. 
BIRC5 [16] IVD -- CXCR3 X [17] 
CAV1 [18] KIT [19] EGF X [20,21] 
CCN1 [22] LRP5 [23] EGFR2 X [24–29] 
CCN3 [30] MMP2 [31] FADD X [32] 
CD44 [33] PDGFRA [34,35] HIF1 X [36] 

CDH11 [37] PEDF [38] IL12A X [39] 
CDH2 [37] RECK [40] IL12B X [39] 

COL18A1 [41] S100A6 [42] INS X [43–51] 
CXCR4 [52–55] SPARC [56] MAML1 X [57] 
DPF2 -- TIMP1 [58] MIRK X [59] 
EGFR [60] PLAUR [61] MMP14 X [62] 
EZR [25,63,64] VEGFA [55,65–72] MMP9 X [58,73,74] 
FAS [32,75–77] VEGFB [55,65–72] PDGFA X [35] 
IGF1 [43–51] VEGFC [55,65–72] VCP X [78] 
IGF2 [43–51] WIF1 [79]    

IGF1R [43–51] YYI [80]    
X denotes genes not present in the expression profiling microarrays used in this study. 

Table 3. Differentially activated networks containing genes previously implicated in  
OS metastasis. 

Query Node Score Psample FDRsample Pgene FDRgene 
CDH2 CDH2 3.89 0 0.0017 0.037 0.019 

S100A6 CACYBP 3.94 0 0.00096 0.007 0.18 
TIMP1 ECH1 3.28 0 0.00096 0.003 0.17 
PLAUR PGAP1 2.54 0 0.0019 0.003 0.19 

IVD MECR 3.94 0.001 0.01 0.046 0.0076 
“Node” is the central gene exhibiting differential network activity. 

Table 4. Differentially organized networks containing genes previously implicated in  
OS metastasis. 

Query Node PCCTotal Psample Query Node PCCTotal Psample 
S100A6 S100A6 0.41 0 TIMP1 LRP1 0.32 0 

KIT KIT 0.34 0 PLAUR LRP1 0.32 0 
YY1 YY1 0.32 0.001 BIRC5 PAFAH1B1 0.34 0 

BIRC5 BIRC5 0.35 0.001 NOV GIA1 0.3 0 
MMP2 MMP2 0.35 0.001 VEGFA SPARC 0.34 0 
SPARC SPARC 0.34 0 YY1 HDAC 0.33 0 
IGF1R CAMK2B 0.37 0 IGF1 PRKCD 0.36 0 
IGF2 CAMK2B 0.37 0 PDGFRA JAK1 0.33 0 
EGFR CAMK2B 0.37 0 CXCR4 JAK1 0.33 0 
KIT CAMK2B 0.37 0 FAS BTK 0.35 0 

CDH2 CAMK2B 0.37 0 VEGFB RASA1 0.32 0 
EZR CAMK2B 0.37 0 MMP2 ITGB2 0.37 0 
CD44 CAMK2B 0.37 0 LRP5 FZD8 0.48 0 

SPARC CAMK2B 0.37 0 SERPINF1 CSNK2A1 0.33 0.001 
CYR61 ATP2A2 0.33 0 COL18A1 CTSL1 0.33 0.001 
CAV1 ATP2A2 0.33 0 WIF1 FZD1 0.37 0.001 

S100A6 ACTN1 0.32 0 IVD MCCC1 0.37 0 
“Node” is the central gene exhibiting differential network organization. 
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2.4. The PRKC -RASGRP3-GNB2 Network Is Differentially Activated, and May Interact with the 
Disorganized DLG2 Hub 

In order to identify drivers of the metastatic phenotype, the lists of significant networks 
discovered to be differentially activated and organized in expression profiles of MD-OS samples 
were further refined by focusing on a manageable number of each type of network that exhibited the 
greatest change between LD-OS and MD-OS samples. Twelve differentially organized networks 
were identified that exhibited the greatest change in organization between LD-OS and MD-OS 
samples, and that were also “genetic hubs” (having more interactors than the median), as it has been 
shown that these genes may be particularly important to cellular processes (Figure 3) [81]. 
Forty-three networks were identified that exhibited the greatest change in activity between LD-OS 
and MD-OS expression profiles, and their interactions with some of the most disorganized hubs were 
visualized (Figure 4). This analysis allowed the identification of the networks exhibiting the greatest 
change among MD-OS expression profiles, and also the observation that many differentially 
activated networks also interact with significantly disorganized hubs, e.g., the differentially activated 
network containing protein kinase C epsilon (PRKC ), RAS guanyl releasing protein 3 (RASGRP3), 
and guanine nucleotide binding protein 2 (GNB2), also interacts with the disorganized network of 
discs large homolog 2 (DLG2) (Figure 4).  

Figure 3. Labeled black squares show 12 differentially organized hubs ( PCC  0.4,  
p = 0, interactors  7). Nodes are genes and their colour reflects fold change in expression 
in the metastatic samples, only for significantly differentially expressed genes (t-test  
p  0.001). Only interactors of a s ignificant hub whose expression is significantly 
correlated (PCC p  0.001) with expression of that hub in either the localized or 
metastatic samples are included. Edges depict interactions, and their colour reflects 
change in co-expression between metastatic samples and localized samples (green: 
correlation increased in metastatic samples, purple: correlation decreased in metastatic 
samples). Asterisks denote co-expressions that are significant (PCC p  0.001) in both 
localized and metastatic samples. 
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Figure 4. Genes comprising 43 di fferentially activated networks that meet stringent 
cut-offs (detailed at the top of the figure) were visualized with Cytoscape, as well as their 
interactions with 11 differentially organized networks (that also met stringent cut-offs 
which are detailed at the top of the figure). Coloured nodes represent relative abundance 
in metastatic samples vs. localized samples (red = more abundant, blue = less abundant). 
Coloured edges represent correlations between genes in metastatic samples vs. localized 
samples (green = more correlated, purple = less correlated).The number of included 
interactors of each gene in this study is proportional to the size of the node depicting  
the gene. 

 

Literature searches of the genes contained in the highly significant network results showed  
that PRKC  has been characterized in progression of prostate [82–87], breast [88,89], and renal 
cancers [90], as well as tumorigenesis of squamous cell carcinoma (non-melanoma skin [91–95], and 
head and neck [96–99]), as well as non-small cell lung cancer [100–103]. Additionally high 
expression of GNB2 is associated with an aggressive form of pulmonary adenocarcinoma (mixed 
adenocarcinoma with bronchioalveolar features), and shorter overall survival for patients with these 
tumors [104]. RASGRP3 has been shown to promote androgen independence and progression of 
prostate cancer [105]. These reports of the involvement of these genes in the progression of other 
cancers led to the selection of the differentially activated PRKC -RASGRP3-GNB2 network as a lead 
candidate for further characterization in osteosarcoma cells and tumors (Figure 5). 
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Figure 5. (A) The PRKC -RASGRP3-GNB2 Network is Differentially Activated  
in Expression Profiles of Metastatic Osteosarcomas. (B) Differential Activity  
Score of PRKC -RASGRP3-GNB2 Network. (A) Shown is the network of 
PRKC -RASGRP3-GNB2 that is differentially activated in metastatic OS samples of the 
expression profiling screen. Red nodes are transcripts that are more abundant in 
metastatic samples, and blue nodes are less abundant in metastatic samples. Within each 
circle is the %-fold change in expression of metastatic samples vs. localized samples, and 
the order of magnitude of the p-value from the corresponding student’s t-test. (B) Shown 
are the relevant scores for the PRKC -RASGRP3-GNB2 network, the results of the 
differential network activity analysis applied to expression profiles of MD-OS vs. 
LD-OS tumors. 

 

2.5. PRKC -RASGRP3-GNB2 Network Is Differentially Activated in Vitro 

A panel of human osteosarcoma cell lines known to have differing metastatic potential when 
grown as murine xenografts was collected to investigate the role of PRKC -RASGRP3-GNB2. This 
panel includes the parental Hu-09 cell line (included in Figure 6), and its highly metastatic 
derivatives M112 and M132 (derived by in vivo metastatic selection), as well as the poorly metastatic 
sub-clones L06 and L13 (all generously provided by Dr. B. Fuchs, the University of Zurich, Zurich, 
Switzerland) [106,107]. Additionally the poorly metastatic SAOS2 and MG63 cell lines, as well as 
their highly metastatic derivatives LM7 and M8, were included (generously provided by Dr. E. 
Kleinerman, University of Texas MD Anderson Cancer Center, Houston, TX, USA) [108,109]. In 
this panel, it was observed that the PRKC -RASGRP3-GNB2 network exhibited an mRNA 
expression pattern similar to that observed in the expression profiles of osteosarcoma tumors  
(Figure 6). Specifically, it was observed that PRKC  mRNA was significantly more abundant in 
some highly metastatic lines (M112 and M132 vs. L06 and L13), and that RASGRP3 was 
significantly less abundant in some highly metastatic lines (LM7 vs. SAOS2 and M8 vs. MG63). 
Additionally, mRNA levels of myosin chain heavy 9 (MYH9), which has been shown to interact with 
PRKC  at stress fibers in mice [110], was also observed to be more abundant in some highly 
metastatic lines (LM7 vs. SAOS2 and M8 vs. MG63). The protein expression of PRKC  was also 
investigated in this panel, and it was found that the highly metastatic lines M112 and M132 expressed 
PRKC  protein at higher levels than observed in either the less metastatic parental Hu09 line, or in 
the poorly metastatic L13 derivative (Figure 7). 
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Figure 6. The PRKC -RASGRP3-GNB2 network is differentially activated in vitro.  
Quantitative PCR was performed on cDNA synthesized from the human OS cell lines 
shown. Purple bars denote cell lines that are poorly metastatic in mouse models, and 
green bars denote cell lines that are strongly metastatic as murine xenografts. Arrows 
denote relationships between cell lines. Student’s t-test: * p  0.05 ** p  0.001. Multiple 
independent experiments are shown for each gene: GNB2 (n = 2) , PRKC  and 
RASGRP3 (n = 3), and MYH9 (n = 5). ** p  0.001, * p  0.05. 

 
 
 

Figure 7. PRKC  Protein is more abundant in some highly metastatic cell line models of 
osteosarcoma metastasis. Western blots of whole cell lysates from human OS cell lines 
probed with anti-PRKC  and anti- -actin antibodies. Purple bars denote cell lines that are 
poorly metastatic in mouse models, and green bars denote cell lines that are strongly 
metastatic in cell lines. Arrows denote relationships between cell lines. Shown is a 
representative western blot of two independent experiments. 
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2.6. Human Osteosarcomas That Are Metastatic-at-Diagnosis Are More Likely to Exhibit High 
Levels of PRKC  mRNA 

The amount of PRKC  mRNA was assayed in 17 LD-OS and 14 MD-OS tumors that were used in 
the expression profiling screen (Figure 8). It was found that MD-OS tumors do not have a higher 
average expression of PRKC  than LD-OS tumors (Welch two sample t-test p = 0.1873), however 
MD-OS tumors were more likely to exhibit high expression of the PRKC  transcript (five of fourteen 
MD-OS tumors: Figure 8). 

Figure 8. Metastatic-at-Diagnosis human osteosarcomas are more likely to have high 
PRKC  expression. Quantitative PCR was performed on cDNA synthesized from tumor 
samples from the original expression profiling cohort. PRKC  expression was 
normalized to STAM2, and is depicted as fold-change. The purple bar denotes localized 
tumors at diagnosis (LD-OS), and the green bar denotes metastatic tumors at diagnosis 
(MD-OS). The dotted red line depicts the average PRKC  expression in localized 
tumors. The number of replicates for each sample is shown below each bar.  

 

2.7. PRKC  Is Not Required for Migration of Highly Metastatic M132 Cells 

Since PRKC  promotes the in vitro migration of other cell lines [89], and the in vitro migration 
rate of the Hu09-derived cell lines correlates with their ability to form metastatic colonies in  
mice [107], experiments were undertaken to de termine whether PRKC  promotes migration of 
osteosarcoma cells. The highly metastatic M132 cell line was selected for PRKC -knockdown 
studies, as this line expressed PRKC  protein at a high level (Figure 7). However, it was observed 
that knockdown of PRKC  protein using siRNA did not affect the in vitro migration rates of M132 
cells as observed during a scratch assay (Figure 9). 

2.8. IGF-1 Stimulation Induces Protein Expression of PRKC  in M112 Osteosarcoma Cells 

It is well known that the insulin/insulin-like growth factor (IGF) pathway plays an important  
role in osteosarcoma tumor growth. Osteosarcoma tumors and cell lines express components of the 
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pathway (including insulin, IGF-I and -II, as well as pathway receptors) that are capable of autocrine  
signaling [44,45,51]. Additionally, inhibition of the pathway through various means is effective at 
inhibiting osteosarcoma growth in xenograft models [43,46–50]. IGF-I signaling is also known to 
lead to increased cellular levels of diacylglycerol, which can then activate PRKC  (and other proteins 
containing C1 domains) [111–113], by a mechanism involving membrane tethering of PRKC  and 
conformational change [114]. Specifically PRKC  is activated following IGF-1 treatment in vascular 
smooth muscle cells, and may be involved in IGF-I-mediated proliferation and migration of these  
cells [112,113].  

Figure 9. (a) PRKC  is not required for in vitro migration of highly metastatic M132 
osteosarcoma cells. (b) Confirmation of PRKC  knockdown. (c) Quantification of 
migration by M132 cells. (a) Upper panel: photographs of M132 cells immediately after 
scratching, two days following transfection with PRKC  siRNA. Lower panel: matched 
photographs of M132 cells two days following scratching and four days following 
transfection with PRKC  siRNA. (b) Western blot verification of PRKC  knock-down 
two, three and four days following transfection with siRNA. (c) Quantification of 
migrated distance by M132 cells transfected with PRKC  siRNA and appropriate 
controls. Values are average ± standard error of three independent experiments.  

 
(a) 

 
(b) 

 
(c) 
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The effect of IGF-1 stimulation on PRKC  protein in highly metastatic osteosarcoma cells was 
investigated. Highly metastatic M112 osteosarcoma cells were serum starved for at l east 24 h , 
followed by the addition of either fresh serum-free media or media containing 50 ng/mL IGF-1. It 
was observed that following IGF-1 stimulation, the protein expression of PRKC  increased in a 
time-dependent manner, with a peak occurring approximately 30 min following stimulation  
(Figure 10). 

Figure 10. Protein expression of PRKC  is induced by IGF-1 treatment. Western blots 
were performed on whole cell lysates of M112 cells incubated in 1% FBS (low serum) 
medium or in 1% FBS medium supplemented with 50 ng/mL IGF-1 for the time periods 
described. Membranes were probed with anti-PRKC  antibody and anti- -actin antibody 
as a loading control. The experiment was performed three independent times. 

 

3. Discussion 

This work demonstrates that expression profiles of metastatic-at-diagnosis osteosarcomas 
(MD-OS) are quite distinct from expression profiles of localized-at-diagnosis osteosarcomas 
(LD-OS), possibly indicating a distinct disease etiology for the more severe MD-OS. Supervised 
network analysis discovered hundreds of networks that exhibited both differential activity and 
differential organization in the MD-OS expression profiles, at permissive cut-off levels. This 
indicates that either heterogeneous differences are observed in the MD-OS tumor group, or that 
changes to the transcriptome observed in MD-OS are potentially associated with many bystander 
events (i.e., aberrations in expression pattern not functionally relevant to osteosarcoma metastasis), 
or possibly both. 

Investigation of the cellular processes of networks within the permissive significant results 
showed differentially activated networks were strongly enriched for transport and translation 
networks, and slightly enriched for intracellular organization networks. Differentially organized 
networks were strongly enriched for metabolic networks, as well as intracellular organization and 
transport networks. Increased or over-active translation is known to support an aggressive phenotype 
of many cancers [115], and the analysis presented here implies it is a characteristic of MD-OS tumors 
as well. The enrichment of disorganized metabolic networks in M D-OS expression profiles may 
indicate that altered cellular metabolism plays a role in osteosarcoma metastasis, a notion supported 
by a recent study by Hua et al. [116]. By studying serum metabolite profiles of mice injected with OS 
cells, Hua et al observed a metabolic shift coincident with the onset of pulmonary metastasis [116]. 

Examination of the most stringently differentially activated and organized networks in MD-OS 
led to the selection of the PRKC -RASGRP3-GNB2 network for follow-up characterization. This 
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network was subsequently found to be differentially activated at the transcript level among a panel of 
in vitro models of OS metastasis. PRKC  was also found to be more abundant in some highly 
metastatic OS cells at the protein level, and in some MD-OS tumors at the transcript level. Although 
PRKC  is known to support migration of other cell types [89,96,98,117,118], there was no evidence 
to support a role for PRKC  in the migration of M132 osteosarcoma cells in this study. This may 
indicate that the aberrant expression of PRKC  and its network in vitro and in vivo is related to a 
bystander effect, or that the functional relevance of this aberrant expression has not yet been 
elucidated. The effect of high PRKC  expression may be related to the proliferation effects of the 
IGF-1 pathway, as this study provides evidence for the IGF-1 dependent induction of PRKC  protein 
expression. PRKC  may support other cellular processes entirely, as it is known to promote 
pro-metastatic phenotypes of many other cancers [82–87,91–103]. 

In addition to the PRKC -RASGRP3-GNB2 and MYH9 network; this article describes several 
networks exhibiting significant differential activity, organization, or some combination of the two in 
MD-OS expression profiles. The integration of the results of this study with other datasets of 
osteosarcoma expression profiles, as they become available, will help to distinguish the drivers and 
genuine characteristics of metastatic osteosarcoma from the passengers, as would a l imited 
high-throughput functional screen of the significant networks described in this study. 

4. Experimental Section  

4.1. Patient Follow-Up 

Overall survival data was available for all 46 patients in the group presenting without metastasis at 
diagnosis. Of these, 17 died of disease (DOD) with a median follow-up of 41 months (minimum 
follow-up = 6 month, maximum follow-up = 157, SD = 39.2 months), 28 are alive with no evidence 
of disease (ANED), with a median follow-up of 101 months (minimum follow-up = 35 month, 
maximum follow-up = 269,  SD = 62. 1 months) and one subject is alive with evidence of disease 
(AWED) with a follow-up of 12 months. 

Out of 17 pat ients presenting with metastases, overall survival data was available for only  
14 patients. Out these 14, 13 d ied of disease (DOD) with a median follow-up of 10 months 
(minimum follow-up = 1 month, maximum follow-up = 49, SD = 12.5 months) and the other patient 
is alive with no evidence of disease (ANED) with a follow-up of 178 months. 

4.2. Tumor Samples 

Primary high-grade intramedullary osteosarcoma tumors were selected for expression profiling 
by sarcoma pathologists on the basis of tumor homogeneity. The OS tumor cohort consisted of 63 
tumors which were grouped into those that were localized (n = 46) or metastatic (n = 17) at the time 
of initial diagnosis. Samples were collected by open biopsies prior to administration of any 
chemotherapy, and stored in liquid nitrogen until time of RNA isolation. Total RNA was  
extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). The amount and quality of RNA 
was assessed using both Ultrospec 2100 pro (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) 
and 1% agarose gels. 
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4.3. Gene Expression Profiling 

5 g of tumor and “reference” (pooled from cell lines) cDNA was indirectly labeled using 
aminoallyl nucleotide analogues with Cy3 and Cy5 fluorescent tags, respectively. The labeled cDNA 
was competitively hybridized to University Health Network 19 k cDNA  arrays (UHN19k) 
containing 18,981 “spots” (mapped to 8,998 known unique genes). This process was repeated with 
reciprocal fluorescent tagging. Data normalization, imputation (K10 Nearest Neighbours algorithm), 
and analysis were performed in collaboration with Drs. Shelley Bull, Dushanthi Pinnaduwage, and 
Robert Parkes. Supervised statistical analysis (random variance T-test) was performed by Robert 
Parkes using BRB-Array Tools software [119].  

4.4. Unsupervised Hierarchical Clustering 

The most differentially expressed single genes within the expression profiling experiment were 
identified according to methods previously described [13,14]. In this study, a subset was examined 
that exhibited at least six-fold change in expression in at-least four tumors with a maximum p-value  
of 0.001 (student’s t-test). Unsupervised hierarchical clustering of the tumors according to their 
expression of these genes was performed with Partek Genomics Suite. 

4.5. Supervised Network Analysis 

The entire database of interactions for human genes and proteins was downloaded from the 
Pathway Commons website (as an adjacency list and the interactions were converted to Entrez 
GeneIDs [15]. This dataset comprised physical and genetic interactions, as well as pathway and 
disease associations (which were either translated by Pathway Commons to binary interactions or 
were lost), from both curated and non-curated sources [15]. A subset of 5,855 genes was common to 
both this interaction database and the expression profiling experiment. There were 176,121 interactions 
among these genes, with six interactions being the median number per gene. 

4.5.1. Differentially Activated Networks 

Genetic networks demonstrating significant differential “activity” in MD-OS tumors were 
discovered in a manner similar, with some changes, to that previously described by Chuang et al. [11]. 
Briefly each network was restricted to those genes that met some cut-off of significant expression 
between localized and metastatic tumors (Table 5).  

Table 5. Cut-Off conditions for gene inclusion to “differential activity” analysis. 

Trial 1 2 3 4 5 6 7 8 9 10 
Differential 

Expression (%) 
0 0 10 20 30 40 50 60 70 80 

P Value Maximum None (i.e., all genes included) 0.001 

For each gene in the remaining network a “class difference score” (CDS) was calculated as the 
difference in median expression between classes (i.e., between metastatic tumors and localized 
tumors), and normalized to the variation within the localized samples [Equation (1)]. A “network 
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activity score” (NAS) was calculated by determining the average of the absolute CDS for each gene 
in the network [Equation (2)]. In these equations, g1, g2 … gn are all genes in network J, which has 
NG members.GA and GB are the median expression of gene G among localized (A) and metastatic (B) 
tumors. SGA is the standard deviation of expression values of gene G among the localized tumors: 

 
(1) 

 
(2) 

To determine statistical significance, the NAS was compared to the corresponding NAS generated 
from 1,000 permutations of both sample and gene labels to determine two empirical p-values  
[Equation (3)]. In these equations J1 …   1, ,  + 1 …  are all networks in the study, and i …  - 
1, ,  + 1 … Ni are the repetitions of gene and label permutations (in this study Ni = 1,000). 

 

(3) 

The significance of the randomly generated NAS scores was also determined in a similar fashion 
[Equation (4)]; this was done for false-discovery rate (FDR) calculation.  

 

(4) 

Two FDRs were calculated for each network by determining the average number of  
randomly-generated networks with a p value equal to or lower than a nominal p value threshold [p  in 
Equation (5) below], equal to the p-value of the network being considered. The number of randomly 
generated p-values falling below this nominal threshold was then divided by the number of real 
networks also falling below this nominal threshold [Equation (5)]. This was done for both p-values 
(from sample and gene permutations) to yield two empirical FDR values for each network. The entire 
process was repeated for different cut-off conditions (Table 5), and was stopped when more stringent 
cutoffs failed to produce any additional significant networks: 

 

(5) 
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4.5.2. Differentially Organized Network—Dynemo 

Genetic networks exhibiting significant differential organization in MD-OS samples relative to 
localized samples were discovered as previously described [12]. Briefly, for each network the 
Pearson Correlation Coefficient (PCC) was used to determine the overall correlation in gene 
expression between the network hub and each of its interactors in both the localized and metastatic 
samples [Equation (6)]. The difference in this hub-interactor correlation between localized and 
metastatic samples was then calculated for each interaction in the network [Equation (7)], and the 
average difference in correlation across the entire network was also calculated: “Avg PCC” 
[Equation (8)]. In these equations J1 …   1, ,  + 1 …  are all the networks in the study. H is the 
hub (central node) of network J, which has NG members, and g1, g2 … gn are all interactors of H, and 
therefore all other genes in network J. SG and SH are the standard deviations of gene G and hub H 
among the indicated tumor class. t1, t2 … T are all the tumors in each class, and NT is the total 
number of tumors in the localized (NT = 46) and metastatic (NT = 17) classes: 

 
(6) 

 (7) 

 
(8) 

The Avg PCC value was compared to the corresponding scores generated from the same network 
following 1,000 permutations of the class labels to generate a non-parametric p-value to assess the 
significance of the change in internal correlation of each network [Equation (9)]. Let i …   1, ,  
 + 1 … Ni be the number of repetitions of gene and label permutations (in this study Ni = 1,000). 

 

(9) 

4.5.3. Visualization of Network Results 

Two statistical confidence levels were investigated in t his study, a permissive cut-off level to 
discover broad (or “global”) trends among metastatic tumors, and a stringent cut-off to delineate  
high-confidence networks for follow-up. The permissive cut-off for differentially activated networks 
was chosen to be p’s  0.05 and FDR’s  0.2, and for the differentially organized levels the 
permissive cut-off was p  0.001. These cut-offs were used to assess the significance of cellular 
process enrichment at the global level (Table 1) and for discovery of networks containing genes 
previously implicated in OS metastasis (Tables 3 an d 4). Visualization of these global trends  
(Figure 1) was limited to computer processing power, and thus were further refined for the 
differentially activated networks to be p’s = 0.05, FDR’s = 0.1 and NAS  1.65, and for differentially 
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organized networks to be p  0.001 and | PCC|  0.4. Visualization of the global trends was 
performed with the Enrichment Map plugin for Cytoscape [120]. The stringent cut-off levels for 
differentially activated networks were set to p’s  0.01, FDR’s  0.1, NAS  1.65, and for 
differentially organized networks were set to p = 0, | PCC|  0.4, and having at least seven 
interactors. Visualization of these high-confidence networks was conducted using Cytoscape [121] 
(Figures 3 and 4). 

4.5.4. Cellular Process Annotation  

Gene Ontology annotations (which relate genes to cellular processes) from the “Generic Slim” 
database were downloaded [122]. The database was further simplified to f ocus on interesting 
processes according to Table 6. Networks were assigned to pr ocesses by determining the most 
commonly occurring term among genes within the network. In this manner all 5,855 networks in the 
study could be assigned to a process (Figure 11a—the “study process composition”, or Table 1, 
column 4). Since analysis of “differential activated” networks requires identification of significant 
subsets, all networks which were eventually found to be significantly differentially activated were 
re-annotated using only the genes within the network’s significant subset (Table 1, column 2). This 
resulted in discordant annotations between the network and the significant subset for only 6% of all 
networks, and thus the annotations of the network subsets (Figure 11b—“subsets process 
composition”, or Table 1, column 2) and overall “study process composition” (Figure 11a, or Table 1, 
column 4) are overwhelmingly similar. As the methods of Taylor et al. do not identify significant 
subsets within networks, this consideration was not necessary for differentially organized networks. 

Table 6. Simplification of the gene ontology slim generic database. 

Original Terms Further Simplified Terms 
cell death, death death 
multicellular organismal development, embryonic  
development, anatomical structure morphogenesis development 

cell differentiation, differentiation differentiation 
regulation of gene expression, epigenetic epigenetics 
cell growth, growth growth 
cellular component organization, organelle organization, 
mitochondrion organization, cytoplasm organization intracellular organization 

metabolic process, cellular amino acid and derivative metabolic 
process, secondary metabolic process, lipid metabolic process, 
biosynthetic process, catabolic process, carbohydrate metabolic 
process, protein metabolic process, nucleobase nucleoside 
nucleotide and nucleic acid metabolic process, DNA metabolic 
process, generation of precursor metabolites and energy  

metabolism 

signal transduction, response to biotic stimulus, response to external 
stimulus, response to abiotic stimulus, cell-cell signaling, cell 
communication, response to endogenous stimulus, cell recognition  

signaling 

protein transport, transport transport 
regulation of biological process, biological process, behavior NaN 
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Figure 11. Distribution of cellular processes among networks and sub-networks 
investigated in this study. (a) “Study” Process Composition (b) “Subsets” Process 
Composition. (a) The Generic Slim database of gene-process associations was accessed 
from Gene Ontology and each network was annotated according to the most commonly 
occurring process term among genes within the network. (b) For all 497 networks found 
to be differentially activated in this study, the networks were re-annotated according to 
the most commonly occurring term among the significant sub-set (as the analysis of 
differential activity involves identification of a significant subset of genes within  
each network).  

 

4.5.5. Cellular Process Enrichment 

Enriched cellular processes were determined separately for differentially activated and organized 
networks. Enriched processes were first identified by determining those processing comprising a 
greater proportion within the significant results than in the entire study (i.e., differentially activated: 
Table 1 column 7 was compared to Table 1 column 3, differentially organized: Table 1 column 10 
was compared to Table 1 column 5).  

Significance of cellular process enrichment (p-value) within the network results was determined 
using the hypergeometric distribution [Equation (10)], as described by Boyle et al. [123]. In this 
equation, N is the total number of networks in the study (5,855). M is the number of networks in the 
entire study annotated to a p rocess of interest (differentially activated: Table 1 co lumn 2, 
differentially organized: Table 1 column 4). i is the number of networks within the significant results 
annotated to the same process of interest (differentially activated: Table 1 column 6, differentially 
organized: Table 1, column 9), and n is the number of networks contained within that set of 
significant results (bottom of Table 1—differentially activated: 497, differentially organized: 683). 
This operation was performed with Matlab using the “hygepdf” command. 

 

(10) 

4.6. Cell Culture 

Hu09 and derivates (L06, L13, M112 and M132) were grown in RPMI 1640 supplemented with 
10% fetal bovine serum (FBS) and 1% L-glutamine. L06 and L13 are cell lines derived from Hu09 
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human OS cell line by limited dilution plating, and M112 and M132 were derived from the Hu09 line 
by in vivo selection of pulmonary metastatic nodules [106,107]. L06 and L13 both form fewer lung 
metastases at a decr eased incidence in mice following tail-vein injection compared to the 
intermediate Hu09 line, while M112 and M132 result in greater numbers of pulmonary nodules at a 
higher incidence [107]. The differences in metastatic propensity correlate to di fferent survival 
lengths for mice injected with the various cell lines [107]. M8 cells were derived from MG63  
human OS ce lls (hereafter referred to as  MG63-P), and have decreased latency until pulmonary 
metastasis [109]. Both were grown in Dulbecco’s Modified Eagle Medium supplemented with 10% 
FBS. LM7 cells were derived from SAOS2 human OS cells (hereafter referred to as SAOS2-P), and 
form pulmonary metastases at a g reater incidence than SAOS2-P following tail-vein injection in 
mice [108]. LM7 and SAOS2-P were grown in McCoy’s 5A supplemented with 5% FBS. RNA was 
harvested from all cell lines using Trizol reagent followed by phenol/chloroform extraction. 

4.7. Quantitative Reverse-Transcription Polymerase Chain Reaction (rt-PCR) 

RNA was collected from OS tumor samples as previously described [124], and cDNA was 
synthesized from both tumor RNA and cell line RNA according to the manufacturer’s instructions  
(M-MLV Reverse Transcriptase—Invitrogen, Carlsbad, CA, USA). Quantitative rt-PCR was 
performed according to the manufacturer’s instructions (Sybr Green—Applied Biosystems, Life 
Technologies, Carlsbad, CA, USA) to quantify the abundance of target cDNA relative to that of a 
control gene, signal transducing adaptor molecule 2 (STAM2), using primer sequences according to 
Table 7. Dr. Dushanthi Pinnaduwage performed statistical analysis (Welch two-sample t-test on log2 
transformed data) comparing expression levels of protein kinase C epsilon (PRKC ) transcript 
between localized and metastatic tumors. 

Table 7. Primer sequences used in this study. 

Gene Symbol Primer Pairs 
STAM2 Forward 5'-TGGATGACAGTGATGCCAATTG-3' 
 Reverse 5'-CGCTGCCTCAGTCTCTATGT-3' 
PRKC  Forward 5'-CACTGCAAGCTGGCTGACT-3' 
 Reverse 5'-TGCAGGATCTCAGGAGCTATG-3' 
RASGRP3 Forward 5'-GGATTTCTCTGGGGCATAATC-3' 
 Reverse 5'-AGGAGGTCTTTGCACTGTTTG-3' 
GNB2 Forward 5'-CTATCAAGCTGTGGGACGTG-3' 
 Reverse 5'-GTAGCCGTTGGGGAAGAAAG-3' 
MYH9 Forward 5'-GCCTACAGGAGTATGATGCAAG-3' 
 Reverse 5'-ACTGGATGACCTTCTTGGTGTT-3' 

4.8. Western Blots 

Cytosolic protein extracts were isolated from cell lines using NETN lysis buffer (150 mM NaCl,  
1 mM EDTA, 20 mM Tris pH 7.5, 0.5% NP40, 1 mM phenylmethylsulphonyl fluoride, and 1% each 
of protease inhibitor, phosphatase inhibitor I and phosphatase inhibitor II, all from Sigma-Aldrich,  
(St. Louis, MO, USA). Protein concentration was determined using the bicinchoninic acid (BCA) 
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protein assay kit (Pierce, Thermo Scientific, Rockford, IL, USA). Proteins were separated using 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
nitrocellulose membranes at 30 V, overnight at 4 °C. Membranes were blocked for 1 h with Tris 
buffered saline with 0.1% Tween-20 (TBS-T) supplemented with 5% fat-free milk. Primary antibody 
incubation was performed in TBS-T supplemented with 5% bovine serum albumin (BSA) or fat-free 
milk, according to the manufacturer’s instructions. Secondary antibody incubation (donkey anti 
mouse, donkey anti rabbit) was performed at 1:5,000 concentration in TBS-T with 5% BSA for  
50 min. Protein bands were visualized by chemiluminescence using ECL detection system 
(Amersham, GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA,). Primary antibodies used in 
this study are PKC  (1:1,000, Cell Signaling Technology, Danvers, MA, USA), and -actin (1:5,000, 
Sigma-Aldrich, St. Louis, MO, USA). Analysis of PRKC  protein expression in the panel of OS cell 
lines was performed in triplicate. 

4.9. Knockdown of PRKC  

Two different siRNAs were purchased from Ambion (Invitrogen, Carlsbad, CA, USA) targeting 
PRKC : “select s11102” and “select s11103” (hereafter referred to as PRKC  siRNA #2 and #3, 
respectively). Ambion “select negative control siRNA #1” was used as a negative control (hereafter 
referred to as “scramble”). Transfection reagents were purchased from Dharmacon Thermo 
Scientific (Rockford, IL, USA): “DharmaFECT 2” was used for the M112 cell line, and 
“DharmaFECT 4” was used for the M132 cell line. Transfections were performed in parallel with 
cell plating for experiments. 20 M siRNA and the appropriate transfection reagent were each 
diluted (1.5:100 and 1:100, respectively) in Opti-MEM medium (Invitrogen, Carlsbad, CA, USA) 
and left to incubate for 5 min at room temperature (RT). The siRNA and transfection reagents were 
then mixed together and incubated for 10 min at RT. 200 L of the mixture was then applied to wells 
of 12-well plates, or 20 L was applied to wells of 96-well plates. 800 L (12-well plates) or 80 L 
(96-well plates) of cells at an appropriate concentration were then plated evenly in the wells. The 
cells were washed with phosphate-buffered saline (PBS) the following day and given fresh media. 

4.10. Scratch Assay 

Comparison of migration rate following knockdown of PRKC  in M132 cells was performed by 
plating 1.2 × 105 cells in 12-well plates. All plates had grids drawn across them to allow repeated 
photographing of the same field. At least 12 fields were collected and analyzed for each sample on 
each day. Twenty four hours following plating, the cells were washed with PBS and given RPMI 
1640 supplemented with 1% each of FBS and L-glutamine (“low serum media”). On the second day 
following plating, the confluent cells were “scratched” using a 200 L pipette tip. The cells were 
washed twice with PBS and fresh low serum media was added before immediately imaging the cells 
using an inverted microscope and camera. The average distance that the confluent edge of cells had 
travelled into the wound was measured for each time point. This experiment was performed  
in triplicate. 
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4.11. IGF-1 Induction Assay 

To determine if IGF-1 is able to induce the expression of PRKC , 2 × 105 M112 or M132 cells 
were plated in 12-well plates. After two days the cells were washed twice with PBS and were given 
low serum RPMI media (1% FBS, 1% L-glutamine), with the exception of some cells which were 
retained in complete media as a control. The following day the remaining cells were given fresh low  
serum RPMI supplemented either with nothing (“no treatment” control) or with 50 ng/mL of IGF-1 
(Sigma-Aldrich, St. Louis, MO, USA). After the appropriate length of incubation with IGF-1, the 
cells (4 wells) were washed with cold PBS, scraped, and then lysed in order to harvest cytosolic 
protein as described above. Trizol reagent was added to a fifth well of each sample for the extraction 
of RNA and evaluation of mRNA abundance as described above. This experiment was repeated  
in triplicate. 

5. Conclusions  

Supervised network analysis was used to discover differentially activated and organized genetic 
networks in expression profiles of metastatic-at-diagnosis osteosarcomas (MD-OS) compared to 
localized-at-diagnosis osteosarcomas (LD-OS). The PRKC -RASGRP3-GNB2 network was found 
to be differentially activated among MD-OS expression profiles and among in vitro models of OS 
metastasis. It was found that MD-OS tumors do not express significantly higher levels of PRKC  
overall (t-test p = 0.1873), but they were more likely to exhibit high expression of PRKC  transcript, 
compared to the LD-OS tumors (five of fourteen MD-OS tumors had PRKC  expression greater than 
the maximum of the LD-OS tumors). 

This result is consistent with the expression pattern observed in the panel of OS cell lines, where 
PRKC  was found to be more abundant at the RNA level in some of the in vitro models of OS 
metastasis. Specifically, PRKC  was more abundant in the M112 and M132 vs. Hu09, L06 and L13 
cell line model, but not in the LM7 vs. SAOS2 or M8 vs. MG63 models. The heterogeneity of PRKC  
expression among MD-OS tumors may indicate heterogeneous networks are aberrant in MD-OS 
tumors, or that the PRKC -RASGRP3-GNB2 network may be disrupted through alterations of other 
genes in the network. 

Despite reports by others of the involvement of PRKC  in cell migration [89,90,96,98,118], 
knockdown of PRKC  using siRNA was not found to affect migration of highly metastatic M132 
osteosarcoma cells. The effect of PRKC  on invasion of osteosarcoma cells was not investigated in 
this study, and may be a fruitful avenue of further research, as PRKC  is known to be involved in 
invasion of other cell systems in vitro, as well as to be involved in various other pro-metastatic 
pathways [125,126]. The absence of pro-metastatic effect of PRKC  protein in migration assays 
indicates that either the aberrant expression of the PRKC -RASGRP3-GNB2 network may be related 
to a bystander effect, or that the pro-metastatic phenotype of PRKC  over-expression remains to  
be elucidated. 

PRKC  protein expression in highly metastatic M112 cells was found to be induced by IGF-1 
stimulation, and this may indicate that PRKC  is involved in IGF-1 dependent pathways. Beyond the 
PRKC -RASGRP3-GNB2network, this article describes many aberrantly activated and organized 
networks among expression profiles of MD-OS tumors. A systematic functional screen of these 
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networks, and determination of the predictive accuracy of these network expression patterns in 
independent datasets, would help differentiate the bystanders from the drivers of OS metastasis.  
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Abstract: Soft-tissue sarcomas remain aggressive tumors that result in death in greater 
than a t hird of patients due to either loco-regional recurrence or distant metastasis. 
Surgical resection remains the main choice of treatment for soft tissue sarcomas with  
pre- and/or post-operational radiation and neoadjuvant chemotherapy employed in more 
advanced stage disease. However, in recent decades, there has been little progress in the 
average five-year survival for the majority of patients with high-grade soft tissue 
sarcomas, highlighting the need for improved targeted therapeutic agents. Clinical and 
preclinical studies demonstrate that tumor hypoxia and up-regulation of 
hypoxia-inducible factors (HIFs) is associated with decreased survival, increased 
metastasis, and resistance to therapy in soft tissue sarcomas. HIF-mediated gene 
expression regulates many critical aspects of tumor biology, including cell survival, 
metabolic programming, angiogenesis, metastasis, and therapy resistance. In this review, 
we discuss HIFs and HIF-mediated genes as potential prognostic markers and therapeutic 
targets in sarcomas. Many pharmacological agents targeting hypoxia-related pathways 
are in development that may hold therapeutic potential for treating both primary and 
metastatic sarcomas that demonstrate increased HIF expression.  

Keywords: soft tissue sarcoma; hypoxia; hypoxia-inducible factor; HIFs 
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1. Introduction 

Hypoxia is a common feature of many solid tumors owing to aberrant vascular function and rapid 
cell division. Neoplastic cells can survive under conditions of low oxygenation by activating 
adaptive responses to match oxygen supply with metabolic, bioenergetic, and redox demands [1]. 
Clinical and experimental studies have long demonstrated that tumor hypoxia is associated with 
increased malignancy, poor prognosis, and resistance to radiation and chemotherapy [2–4]. Patients 
with the most hypoxic soft tissue sarcomas have a worse disease-specific and overall survival [4] and 
increased likelihood of metastasis [5]. 

1.1. Hypoxia-Inducible Factors  

The hypoxia-inducible factor (HIF) transcription factors mediate the primary transcriptional 
response to hypoxic stress in normal and neoplastic cells [6]. HIFs form heterodimeric complexes 
composed of an oxygen-liable  subunit and a stable  subunit. Together these subunits bind hypoxia 
response elements (HREs) on several hundred genes that facilitate the adaptation to hypoxia [6,7]. 
Mammals possess three isoforms of HIF , of which HIF1  and HIF2  are the best characterized. 
HIF3  lacks the C-terminal transactivation domain and is believed to b e a negative regulator of 
hypoxia-inducible gene expression, most likely by competing for binding with HIF1  and HIF2  in 
conditions where HIF  is limited [8]. HIF1  is ubiquitously expressed, whereas HIF2  and HIF3  
are selectively expressed in certain tissue types including vascular endothelium, liver parenchyma, 
and cells of myeloid lineage [2]. 

HIF activity is controlled primarily through the stabilization of HIF1  and HIF2  protein 
subunits, which increases as cells become more hypoxic. HIF  subunits are modified by 
hydroxylation of two proline residues by HIF-specific prolyl-hydroxylases (PDHs) in the presence of 
oxygen, which leads to normoxic proteasomal degradation that is in part mediated by the von 
Hippel-Lindau (VHL) tumor suppressor protein [6] (Figure 1). Furthermore, under normoxic 
conditions, HIF1  is hydroxylated at residue Asn803 by factor inhibiting HIF1 (FIH), which disrupts 
a critical interaction between HIF  and coactivator p300, blocking HIF1-dependent transcriptional 
activition [1]. In the context of increased oncogenic signaling, HIF1  expression is also increased in 
cancer cells by hypoxia-independent mechanisms that include increased transcription and/or 
translation of HIF1  mRNA, as well as, increased protein stability [1]. Activated phosphoinositide-3 
kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) signaling, a common feature of many 
cancer cells, increases the rate of HIF mRNA translation, leading to increased HIF expression and 
activity [9]. 

1.2. HIFs and Soft Tissue Sarcoma 

Each year, soft tissue sarcomas arise in over 12,000 persons in the United States, and 35% of 
patients die of either loco-regional recurrence or distant metastasis [10]. Like other solid tumors, as 
sarcomas outgrow their blood supply, hypoxia stabilizes HIF1  and HIF2 , which bind to HIF-  
(ARNT), and drive the transcription of over 150 genes crucial in many aspects of cancer biology 
including angiogenesis, epithelial-mesenchymal transition, stem-cell maintenance, invasion, 
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metastasis, and resistance to radiation therapy and chemotherapy [11] (Figure 1). Based on 
genome-wide chromatin immunoprecipitation studies the estimated number of direct HIF target 
genes is greater than 800 genes [8]. HIFs also indirectly regulate gene expression by transactivation 
of chromatin-modifying genes and microRNAs [7,12,13]. Hierarchical clustering analysis using 
expression data from >100 hypoxia-related genes on oligonucleotide microarrays of sarcomas and 
normal tissues identified distinctly different patterns of expression; numerous hypoxia-related genes 
were significantly up-regulated in sarcomas including HIF1  [14]. 

Figure 1. HIFs are involved in crucial aspects of tumor progression and metastasis in 
sarcomas. In the presence of oxygen, prolyl-hydroxylases (PDH) hydroxylate proline 
residues on HIF  subunit. Hydoxylated HIF  interacts with von Hippel-Lindau (VHL) 
protein, which is part of the E3 ubiquitin ligase complex that mediates the ubiquitination 
(Ub) of HIF  and targets it for proteasomal degradation. Under hypoxia, the  subunit is 
not hydroxylated. The stabilized  subunit moves into the nucleus, dimerizes with  
subunit, and binds to hypoxia response elements (HRE) on target genes. HIF  is 
additionally up-regulated in a hypoxia-independent mechanism by several oncogenic 
pathways, including the PI3K-AKT-mTOR pathway. A representative HIF-regulated 
gene is shown to illustrate the importance of HIF target genes in many aspects of cancer 
biology in sarcomas. HIF-target genes are involved in: metabolic reprogramming, which 
include glucose transporter 1 (GLUT-1); induction of angiogenesis mediated by vascular 
endothelial growth factor (VEGF); promoting cell survival by encoding insulin-like 
growth factor 2 (IGF2); enhance stem-cell self-renewal ability through expression of 
delta-like 1 (DLK-1); promote metastasis through regulation of extracellular matrix 
genes, such as collagen, type V, 1 (COL5A1); and chemotherapy resistance through 
expression of ATP-binding cassette transporter B1 (ABCB1) that efflux chemotherapy 
drugs from cancer cells. In addition, HIFs indirectly regulate gene and protein expression 
by transactivation of chromatin-modifying genes and microRNAs. As an example, 
HIF1  up-regulates EWS-FL1 onco-protein expression and modulates its transcriptional 
signature towards metastasis-related genes. 
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The importance of hypoxia in many human cancers has prompted intensive research into 
understanding the mechanisms by which hypoxic tumor cells alter their transcriptional profiles to 
modulate critical pathways important in cancer biology [1,6]. There is also a growing body of 
preclinical evidence supporting the importance of the HIF pathway in sarcoma progression, 
metastasis, and therapy resistance. Only recently has the use of HIFs and HIF-targets as prognostic 
markers and potential therapeutic targets in soft tissue sarcomas been explored.  

1.3. HIFs as Independent Prognosticators in Soft Tissue and Bone Sarcomas 

There is compelling evidence that activation of the HIF pathway promotes oncogenesis and 
cancer progression, including clinical data showing an association between increased HIF expression 
and decreased patient survival in many human cancers, including sarcomas [15–21]. Several reports 
have shown that hypoxia and elevated HIFs expression are correlated with a s ignificantly shorter 
overall survival and metastasis free survival in soft tissue sarcomas, and in certain studies 
irrespective of histological diagnosis [4,22–25]. As an example, increased expression of HIF1  and 
HIF2  in chondrosarcomas is associated with worse patient survival [18,19]. HIF1  and HIF2  
up-regulation play a prominent role in evasion of apoptosis and tumor progression associated with 
high Bcl-xL and low Beclin 1 expression in chondrosarcomas [18,19]. Whereas the trend from these 
studies is that HIF1  and HIF2  promote cancer progression, the association is not absolute. In one 
report, high expression of HIF1  mRNA in certain sarcomas was correlated with a significantly more 
favorable prognosis [26]. This may suggest differences in transcriptional and post-transcriptional 
mechanisms of HIF mRNA and/or may highlight complex and even opposing function by different 
isoforms of HIF during different stages of tumor development. 

2. HIFs: Mediators of Sarcoma Progression, Metastasis, and Therapy Resistance 

2.1. HIFs as Regulators of Sarcomagenesis  

Early data showing that HIF1  expression was correlated with aberrant p53 accumulation and cell 
proliferation in various solid tumors and their metastasis indicated the important role that HIFs may 
play in human cancer progression [27]. Although the pathogenesis of sarcoma subtypes varies 
greatly, HIF-regulated genes have been shown to be important in the pathobiology of various 
sarcoma subtypes. 

2.1.1. Rhabdomyosarocoma 

Several lines of evidence suggest a role HIF1  in rhabdomyosarcoma tumorigenesis. Under 
hypoxia, glucose transporter 1 (GLUT-1) is induced in a HIF1 -dependent manner increasing 
glucose uptake and playing an important role in conferring apoptosis resistance [28]. Hypoxia also 
enhances the stem-like population of cells within rhabdomyosarcoma cell lines [29]. More recently, 
pharmacological targeting of the HIF1  signaling pathway has been shown to inhibit 
rhabdomyosarcoma growth in xenograft models [30].  
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2.1.2. Kaposi’s Sarcoma 

As the master regulator of the hypoxic vascular response, it should not be surprising that HIFs 
plays a central role in Kaposi’s sarcomagenesis (KS) [31]. HIF1  drives transcriptional activation of 
hundreds of genes involved in vascular reactivity, angiogenesis, arteriogenesis, and the recruitment 
of endothelial precursor cells, all key steps toward the development of KS [31,32]. The 
latency-associated nuclear antigen (LANA) encoded by Kaposi’s sarcoma-associated herpesvirus 
(KSHV) is critical for nuclear accumulation of HIF1  in normoxia as it targets the HIF1  suppressors 
von Hippel-Lindau protein and p53 f or degradation [33,34]. KSHV G p rotein-coupled receptor 
(vGPCR) upregulates vascular endothelial growth factor (VEGF) in endothelial cells through an 
mTOR-dependent increase in HIF1  and HIF2  protein levels [32]. Pharmacologic inhibition of 
HIFs blocked VEGF secretion and lead to regression of tumor allografts in this model [32]. 

2.1.3. Gastroinstestinal Tumor  

In a subset of “wild-type” gastrointestinal tumors (GISTs) with succinate dehydrogenase  
loss-of-function, it is postulated that elevation of succinate levels negatively regulates prolyl 
hydroxylase leading to increased HIF1  levels [35]. In line with this model, wild-type GISTs show 
increased expression of VEGF and insulin-like growth factor 2 (IGF2), HIF1  transcriptional targets, 
as compared to KIT-mutated GISTs [36]. IGF2 may activate IGFR in an autocrine manner resulting 
in increased signaling through the PI3K-AKT pathway [35].  

2.1.4. Liposarcoma  

Several lines of evidence suggest HIF1  involvement in the progression of liposarcoma to a 
dedifferentiated state. In synchronous liposarcoma lesions that contain both well-differentiated 
component (adipocyte-like differentiation) and dedifferentiated component (lacking adipocyte 
differentiation and frequently showing other mesenchchymal differentiation), HIF1  is primarily 
detected in the dedifferentiated component [24]. Hypoxia has been shown to inhibit adipocyte 
differentiation through the repressive activity of HIF1 -induced differentiated embryo-chondrocyte 
expressed gene 1 (DEC1) on PPAR 2 expression [37]. Furthermore, hypoxia via an HIF-dependent 
mechanism promotes the maintained expression of delta-like 1 (DLK1), a key stem cell gene that 
negatively regulates adipogenic differentiation and may facilitate the maintenance and/or selection 
of cancer cells with stem cell properties [38,39].  

2.1.5. Ewing’s Sarcoma 

In Ewing’s sarcoma cells, EWS-FLI1 protein expression is upregulated by hypoxia in a 
HIF1 -dependent manner [40]. Furthermore, hypoxia modulates the EWS-FLI1 transcriptional 
signature towards the expression of metastasis-related genes and leads to invasiveness and soft agar 
colony formation in vitro [40]. Although HIF1  and HIF2  were previously suspected to have 
overlapping functions, more recent data suggest isoform-specific transcriptional responses. 
Experiments in Ewing’s sarcoma and osteosarcoma cell lines highlight isoform-specific HIF 
transcriptional response to hypoxia and hypoglycemia [41]. Downstream transcription of transcripts 
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containing the VEGF and GLUT-1 hypoxia-response element (HRE) was HIF1 -dependent in 
Ewing’s sarcoma, but regulated by both isoforms in osteosarcoma [41]. The specific mechanism(s) 
whereby HIF promotes Ewing’s sarcoma and osteosarcoma progression in vivo remains to be 
identified. Furthermore, future studies need to better define isoform-specific transcriptional 
responses and function in an oncogenic context. 

In certain contexts, hypoxia alone may not be enough to act ivate the HIF system. Despite the 
presence of extreme hypoxia, HIF1  is not up-regulated in benign uterine leiomyomas, however in 
their malignant counterparts, leiomyosarcomas, show a strong induction of the HIF system [42]. The 
authors suggest the strong activation of the HIF system observed in solid malignant tumors may be 
mechanistically linked to their transformed phenotype, rather than being a physiological reaction 
activated in a pathological context [42]. 

2.2. HIFs as Regulators of Metastasis 

It has been shown that tumor oxygenation predicts the likelihood of distant metastases in human 
sarcomas [5,43,44]. Gene expression data from human tumors and work with experimental mouse 
models highlight the importance of HIF pathway activation in sarcoma metastasis. In a genetically 
engineered, temporally and spatially restricted, mouse model of pleomorhpic undifferentiated 
sarcomas, the HIF-target FOXM1 is highly associated with lung metastasis [44]. Gene expression 
microarray analysis in a gr oup of 177 s arcomas revealed a pr ognostic profile of hypoxia-related 
genes predictive of metastatic potential in high grade, pleomorphic, genetically-complex  
sarcomas [43]. A separate gene expression microarray analysis suggested the existence of at least 
two subsets of high-grade pleomorphic STS with distinct clinical behavior, with tumors with 
increased metastatic propensity showing increased expression of HIF-dependent extracellular matrix 
genes, including COL5A1, COL1A2, and PLOD2 [45]. Independent of currently used 
prognosticators, these results support that hypoxia-related gene expression signature provide 
diagnostic utility in improved selection of high-risk STS patients. 

Studies from other cancer types suggest that metastasis is achieved through a stepwise selection 
process driven by hypoxia [46]. HIF1 -dependent up-regulation of cathepsin D, urokinase-type 
plasminogen-activator receptor, and matrix metalloproteinase-2 enable cellular invasion through the 
basement membrane and the underlying stroma [47]. Studies in breast and head and neck cancers 
have shown that hypoxia-induced lysyl oxidase (LOX) is essential for tumor metastasis as LOX 
covalently modifies collagens to increase focal adhesion kinase activity, cell migration, and 
metastasis [48]. Hypoxia-induced VEGF promotes intravasation and extravasation by helping to 
increase microvascular permeability and interstitial fluid pressure [46]. ANGPTL4, a key molecule 
for extravasation to the lung, is up-regulated by HIF1  [49]. Hypoxia may increase metastatic 
homing by inducing chemokine receptor CXCR4, which plays a key role in metastatic homing of 
tumor cells to organs expressing high level of its ligand, SDF1 [50]. LOX also acts as a cr itical 
mobilizing factor, which recruits CD11b+ myeloid cells to form the niche to facilitate the 
colonization of metastatic tumor cells [51]. Through regulation of these critical molecular targets, 
HIFs promote various steps of the metastatic cascade and provide an adaptive advantage to select 
tumor cell populations to survive and escape the unfavorable microenvironment of the primary  
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tumor [46]. It is currently unclear if sarcoma cancer cells use similar molecular mechanisms or 
employ other HIF-dependent pathways to achieve metastatic potential. 

Hypoxia may also influence organ-specific metastasis. In breast cancer, hypoxia enhances the 
expression of a l arge percentage of genes involved in lung metastasis, while it activates a more 
limited number in bo ne metastasis [27]. The role of HIFs in organ-specific metastasis needs to be 
better studied in sarcomas, especially with respect to lung metastasis that constitute the majority of 
metastatic diseases. Future studies need to address if HIF-targets that promote survival,  
metabolic reprogramming, invasion and angiogenesis in the primary tumor function similarly in 
secondary sites.  

2.3. HIFs as Regulators of Therapy Resistance  

It is well established that hypoxic cells within a tumor limit the effectiveness of radiotherapy, with 
the requirement of free oxygen to covert free radicals initiated by ionizing radiation to form DNA 
strand breaks [52]. HIFs also contribute to radiation resistance. Inhibition of HIF-2  leads to tumor 
cell death and enhances the response to radiation treatment [53]. HIF1  also promotes tumor 
radioresistance through stimulation of endothelial cell survival [54]. In a phase II clinical trial, 
neoadjuvant bevacizumab, an anti-VEGF therapy, can significantly augment the therapeutic  
efficacy of radiation therapy against soft tissue sarcomas and may reduce the incidence of local 
recurrence [55]. 

A contribution of HIF1  to chemoresistance of neoplastic cells has been observed in a wide 
spectrum of solid tumors, including fibrosarcoma [56–58]. Clinically, HIF1  has been shown to be 
an independent factor for resistance to chemotherapy in several solid tumor types [59–61].  
The mechanisms underpinning HIF1 -mediated chemoresistance need to be better studied  
in the heterogenous group of sarcomas that exhibit resistance to therapy. Furthermore, HIF1 activity 
may contribute to resistance to m ore targeted therapies, such as imatinib, through metabolic 
reprogramming [62]. 

3. Agents Targeting HIFs 

Several approaches targeting hypoxia in sarcoma cells have been explored, including the use of 
bioreductive prodrugs that are converted to cytotoxins under hypoxic conditions, developing 
inhibitors of HIF1 expression and activity, targeting oncogenic pathways (mTOR) regulating HIF1 
expression, and targeting specific HIF downstream pathways [63]. Most of these agents have 
previously been reviewed elsewhere [11,63–65], and will not be extensively covered here. 

Bioactive prodrugs, agents that only become activated in oxygen-poor conditions, are designed to 
exploit the hypoxic microenvironment in many sarcomas. TH-302, a nitroimidazole prodrug of the 
DNA alkylating agent, bromoisophosphoramide mustard (Br-IPM), is reduced in hypoxic conditions 
leading to release of the Br-IPM and DNA cross-linking [66]. TH-302 has minimal cytotoxic activity 
under normoxic conditions, minimizing systemic toxicity seen with ifosfamide, a similar systemic 
cross-linking agent. The standard single-agent chemotherapy for metastatic or locally advanced 
unresectable disease is doxorubicin, with an expected response rate of 12%–23% and median 
progression-free survival of 4–6 months [66]. Updated results of phase 2 cl inical trial involving  
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91 metastatic or locally advanced unresectable STS reported at 2012 Connective Tissue Oncology 
Society meeting in Prague showed that TH-302 boosted the response rate to 36% with a median 
progression-free survival of 6.7 months [66,67]. In March 2012, TH-302 was granted orphan drug 
status in the United States and E urope to treat soft-tissue sarcoma [68]. Given the marked 
heterogeneity in tumor hypoxia, there is a great need for the development of diagnostics to better 
predict patient stratification and sensitivity as new drugs are discovered [63]. 

Agents targeting HIFs are in various stages of clinical development [69]. Currently, there is a 
growing number of chemical compounds that have been shown to block xenograft growth and inhibit 
HIF activity through a variety of molecular mechanisms such as decreased mRNA expression, 
protein synthesis and stabilization, subunit dimerization, DNA binding, and transcriptional activity 
of HIFs [11]. Antisense oligonucleotide (EZN2968) [70], and the aryl hydrocarbon receptor ligand 
aminoflavone have been shown to reduce HIF1  mRNA levels [71]. Several agents reduce HIF1  
mRNA translation, including topoisomerase I inhibitors, such as EZN2208 [72], and mTOR  
inhibitors, temsirolimus and ridaforolimus [30,73]. HIF1  protein stability can be targeted by 
17DMAG, an inhibitor of the chaperone heat sock protein 90 (Hsp90) [74]. Although most published 
studies correspond to the regulation of HIF1 , many of these agents might also affect HIF2  
expression and activity [64]. 

Other HIF inhibitors have been discovered through phenotypic screens. A screen of drugs in 
clinical trials and/or use revealed that digoxin and other cardiac glycosides inhibit HIF1  protein 
synthesis and expression of HIF1  target genes in cancer cells [65]. In tumor xenografts, 
administration of digoxin increased latency and decreased growth, whereas treatment of established 
tumors resulted in growth arrest within one week [65]. Another screen using a cell-based reporter 
gene assay identified the anthracycline chemotherapeutic agents doxorubicin and daunorubicin as 
potent inhibitors of HIF1 -mediated gene transcription by blocking HIF binding to DNA [75]. 

Given the prominent role of mTOR in control of HIF expression, several mTOR inhibitors are 
under clinical investigation for patients with STS [68]. A large prospective study of ridaforolimus, an 
mTOR inhibitor, in 212 patients with metastatic or unresectable sarcomas showed a clinical benefit 
rate of 29% [73], which is greater than the expected rate with standard doxorubicin therapy [66]. 
Patients in the leiomyosarcoma and liposarcoma cohorts had slightly higher clinical benefit rates 
than those patients in the “other” cohort, highlighting the need for better biomarkers to identify 
patients who may respond [73]. A randomized, placebo-controlled Phase III study of ridaforolimus 
as maintenance therapy in 711 patients with advanced bone and soft tissue sarcomas who had at least 
stable disease following prior chemotherapy, showed an improvement in progression free survival as 
compared to the placebo group [73,76,77]. 

In addition, combining several HIF inhibitors may allow lower doses of individual agents, thereby 
reducing the likelihood of off-target effects, while still allowing for effective inhibition of the HIF 
pathway by multiple mechanisms [78]. In addition, combination treatment with HIF inhibitors may 
improve the efficacy of anti-VEGF therapy, by blocking compensatory pathways exploited by cancer 
cells to overcome environmental stresses [78]. To expand the use of agents targeting VEGF and HIFs 
in sarcoma patients, it is essential to understand better the complex role of HIFs in controlling 
sarcoma progression and metastasis and the biological effects of VEGF and HIF inhibition on 
chemo- and radiosensitivity in these tumors. 
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Currently, there is insufficient data to identify specific STS subtypes or specific class of tumors 
within a subtype that are more likely to benefit from hypoxia-driven therapies. Although there are no 
validated predictive biomarkers for the response to hypoxia-target therapy, future research should 
lead to selection of patients more likely to respond [66]. Furthermore, molecular imaging techniques, 
such as positron emission tomography imaging with fluorinated nitroimidazoles, are being 
developed to better predict the response to hypoxia-target therapies [79]. 

4. Conclusions 

Mounting evidence suggests that hypoxia-induced factors are important regulators in tumor 
progression, metastasis, and therapy resistance in soft tissue sarcomas. HIFs and HIF-mediated genes 
can be used as important prognosticators to stratify patients with sarcomas into groups with distinct 
clinical behavior improving selection of high-risk cancers for management. For their critical role in 
regulating sarcoma progression, HIFs and HIF-mediated genes may provide a brand new frontier to 
fight sarcoma. Better understanding of HIFs in regulating key oncogenic pathways will expand  
the use of agents targeting hypoxia-related genes in sarcoma patients. Pharmacological agents are 
being developed to target hypoxia-related pathways in human cancers, and this growing library of 
agents may hold therapeutic implications for treating both the primary sarcoma and metastatic 
disease. Future studies utilizing more accurate tumor models should tease out the effects of targeting 
the HIF pathway because different isoforms of HIF are likely to have complex and even opposing 
functions during different stages of tumor development. In addition, better molecular and imaging 
markers are needed to improve patient selection and treatment-response surveillance to parallel the 
use of HIF inhibitors. 
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Abstract: There is much ambiguity surrounding the diagnosis of nerve sheath tumors, 
including atypical neurofibroma and low-grade MPNST, and yet, the distinction between 
these entities designates either benign or malignant behavior and thus carries presumed 
profound prognostic importance that often guides treatment. This study reviews the 
diagnostic criteria used to designate atypical neurofibroma from low-grade MPNSTs and 
reviews existing literature the natural history of each of these tumors to see if the 
distinction is, in fact, of importance.  

Keywords: MPNST; neurofibromatosis; nerve sheath tumor; atypical neurofibroma;  
low grade MPNST 

 

1. Introduction 

Peripheral nerve sheath tumors (PNSTs) comprise a spectrum of neoplastic potential ranging from 
benign neurofibromas and schwannomas to high-grade malignant peripheral nerve sheath tumors 
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(MPNSTs). Benign neurofibromas are often found incidentally and usually require only 
symptomatic treatment. In contrast, high-grade MPNSTs are fulminantly malignant lesions with 
clinical outcomes on par with the worst of soft tissue sarcomas, despite aggressive treatment. Along 
this spectrum, atypical neurofibromas and low-grade MPNSTs reside in an undefined, nebulous 
middle ground that presents a treatment challenge to physicians and surgeons. While convention 
defines atypical neurofibromas as benign lesions and low-grade MPNSTs as malignant, this 
distinction may not be so clear. In this analysis, we review the present literature on atypical 
neurofibromas and low-grade MPNSTs to evaluate the clinical utility of this distinction. In doing so, 
we hope to help guide treatment for these challenging tumors. 

2. Methods 

A PUBMED search was performed on 20 September 2012, searching for the following key 
words: “atypical neurofibroma”, “malignant peripheral nerve sheath tumor”, “low-grade MPNST”, 
and “neurofibromatosis”. Articles from 1970–2012 were reviewed.  

3. A Rose by Any Other Name [1] 

3.1. Neurofibroma 

According to the World Health Organization (WHO), a neurofibroma is an unencapsulated nerve 
sheath tumor comprised of a heterogenous population of cells of mixed origin in which Schwann 
cells are the predominant cell type [2]. Neurofibromas are the most common type of peripheral nerve 
sheath tumor and approximately 10% are associated with the genetic disorder neurofibromatosis type 
1 (NF1) [3]. Neurofibromas are often described as “benign, slow-growing, and often painless” and 
treatment is predominantly surgical resection of those tumors that are symptomatic [4]. 
Neurofibromas are often subclassified into localized, diffuse and plexiform types based on their 
gross appearance and location [2]. Morphologically, neurofibromas are generally described as 
having mild nuclear size and hyperchromasia, minimal mitotic activity and no areas of necrosis [5]. 
The spindly cells show wavy, small and dark nuclei without cytological atypia. Intermixed are dense, 
wire-like collagen, often described as “shredded carrot” type. A myxoid or mucin rich stroma matrix 
is noted (Figure 1a,b).  

3.2. Malignant Peripheral Nerve Sheath Tumors (MPNSTs) 

MPNSTs are defined by the WHO as “any malignant tumor arising from a peripheral nerve or 
showing nerve sheath differentiation, excluding those originating from epineurium or peripheral 
nerve vasculature” [2]. This broad definition encompasses tumors previously classified as 
neurogenic sarcoma, malignant schwannoma, malignant neurilemoma, and neurofibrosarcoma [4]. 
While several variants have been described including epithelioid, glandular, and 
rhabdomyosarcomatous (triton tumor), high-grade MPNSTs are generally thought to grow rapidly, 
cause severe pain, and lead to “relentlessly progressive neurologic deficits” [4]. In contrast to 
neurofibromas, MPNSTs are histologically characterized by a fascicular arrangement of grossly 
atypical wavy spindle cells with an increased nuclear:cytoplasm ratio, a high mitotic index, minimal 
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“shredded carrot” type collagen, high mitotic activity, a fascicular growth pattern, and prominent 
areas of necrosis [5] (Figure 2a,b).  

Figure 1. An intermediate (200×) (a) and high power view (400×); (b) of routine 
hematoxylin and eosin (H&E stain) sections of typical neurofibromas from an NF1 
patient. A low cellularity of spindly (Schwann) cells intermixed with abundant stroma 
mucin and prominent “shredded carrot” collagen. There is no evidence of cytologic 
atypia, increased cellularity, or mitotic figures.  

 
(a) 

 
(b) 
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Figure 2. An intermediate power (200×) (a) view of routine hematoxylin and eosin 
(H&E stain) sections of a high-grade MPNST from an NF1 patient. A high cellularity of 
spindly (Schwann) cells intermixed with a fascicular growth pattern and little “shredded 
carrot” collagen. High power (400×); (b) view shows increased cellularity, atypia, and 
mitotic figures. 

 
(a) 

 
(b) 

4. Shades of Grey  

Unfortunately for physicians and patients alike, the aforementioned pathohistological criteria 
used to differentiate neurofibroma from MPNST are most effective at differentiating “typical” 
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neurofibromas from high-grade MPNSTs. However, the intermediate lesions, the atypical 
neurofibromas and low-grade MPNSTs, have characteristics of both tumors, and therefore present a 
difficult diagnostic and treatment conundrum [6].  

4.1. Atypical Neurofibroma 

An atypical neurofibroma is classified as such based on increased cellularity, more degenerative 
cytological atypia, and a more pronounced fascicular growth pattern as compared to the more 
“typical” neurofibroma. While all of these characteristics are more suggestive of MPNST, atypical 
neurofibromas lack the “monotonous” cytological atypia, chromatin abnormalities and mitotic 
activity seen in MPNST [5].  

4.2. Low-Grade MPNST 

An MPNST is histologically defined as a hy percellular tumor with nuclear enlargement, 
hyperchromasia, and a pronounced fascicular growth pattern (similar to atypical neurofibroma). A 
low-grade MPNST is one in which less than five mitoses per 10 high-power fields are noted in the 
setting of the aforementioned signs of malignancy [5]. Further, necrosis is conspicuously lacking. 

5. Imaging 

Positron-emission/computerized tomography (PET/CT) has been applied to help distinguish 
benign and malignant nerve sheath tumors [7]. The mean standardized uptake value (SUV) in benign 
neurofibroma has been calculated in one series at 1.5 (SD 1.1) as compared to 5.7 (SD 2.6) in  
MPNST [8]. However, again the intermediate lesions muddy the waters: recent work applying the 
aforementioned scale to determine malignancy shows an atypical neurofibroma in a patient with NF1 
with a high, “malignant-level” SUV of 5.7 on PET/CT [9].  

6. Choose Wisely… 

The rather ambiguous classification noted above, distinguishing atypical neurofibroma from  
low-grade MPNST is an ostensibly critical one in guiding treatment. A low-grade MPNST is, by 
definition, a malignant lesion, and therefore convention suggests treatment with wide resection in an 
attempt for oncologic cure. Conversely, an atypical neurofibroma, a benign lesion, can be treated 
with intralesional or marginal resection if a wide margin carries significant morbidity. With this 
major threshold-initiated shift in treatment paradigms in mind, getting the classification “correct” 
becomes of utmost significance.  

The situation becomes more complex when one examines the clinical behavior of nerve sheath 
tumors. While treatment is often guided reflexively by the categorizing of a tumor as benign or 
malignant, the natural history of low-grade MPNSTs and of atypical neurofibromas must be 
considered. In other words, do low grade MPNSTs truly exhibit malignant behavior and are atypical 
neurofibromas actually benign? This question drives the present review.  
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7. Clinical Outcomes 

Studies looking at MPNSTs often aggregate low- and high-grade lesions into one category of 
“Malignant Peripheral Nerve Sheath Tumor.” This grouping clearly skews clinical results to assign a 
more “malignant” course for low-grade MPNSTs than may be justified. Similarly, studies looking at 
neurofibromas often include both typical and atypical neurofibromas, thereby raising the possibility 
of “diluting” a more aggressive natural history of atypical neurofibromas. We therefore reviewed 
existing literature on low-grade MPNSTs and atypical neurofibromas to see if these lesions are 
clinically distinguishable at two separate intermediately aggressive groups. 

The largest study to date of MPNSTs is a single-institution review of 205 patients with localized 
MPNST treated with surgery at the Nazionale per lo Studio e la Cura dei Tumori in Milan, Italy [10]. 
While the report’s discussion concludes that tumor grade is not a significant factor for survival, close 
analysis of the data brings this conclusion into doubt. For the statistical analysis, the authors combine 
low and intermediate grade MPNSTs as a single group, then compare these to high-grade tumors, 
concluding that the groups do not differ in survival. Intermediate grade MPNST in the French 
Grading system used in this cohort includes tumors with a total score of 4–5, which could include a 
tumor that is completely undifferentiated (3 points) and has 10–19 mitoses per 10 HPF (2 points) [11]. 
Such a so-called intermediate grade tumor has more in common histologically with a high-grade 
MPNST than a low-grade MPNST. Such blurred distinctions may well distort a survival comparison. 
When low-grade tumors are reviewed as an independent group, only 6% of the cohort, or 14 total 
patients, can be considered. One of these 14 patients (7%) developed local recurrence and metastatic 
disease, ultimately dying of disease. The authors did not designate whether this patient had NF1, which 
might indicate development of a second MPNST, rather than a true recurrence of the first tumor. 

A recent publication from the Mayo Clinic reviewed the institution’s experience with 175 
MPNST patients [12]. This study classifies MPNSTs on a four-tier grading system, with grade 1 and 
2 tumors (well differentiated and intermediately differentiated) as “low grade” and grade 3 and  
4 tumors as “high grade.” They conclude that tumor grade was significantly correlated with disease 
specific survival on uni- and multi-variate analysis. The 50 patients with grade 1 or 2 “low grade” 
MPNSTs included seven who developed metastatic disease (14%). This again includes 
“intermediately differentiated” tumors as low-grade but similar to the Italian cohort, cannot rule out 
the possibility of aggressive behavior in “low-grade” lesions.  

Unfortunately, the remaining literature addressing outcomes of low-grade MPNSTs is limited to 
small case series. Okada et al. published a series of 55 cases of MPNST, in which six were classified 
as low-grade by AJCC classification [13]. All six host patients showed no evidence of disease at final 
follow-up after resection. As a diagnostic aside, the authors note that all low-grade MPNSTs were 
S100 positive in their cohort whereas only 50% of high-grade MPNSTs demonstrated S100 
positivity. Yamaguchi et al. published a retrospective case series of four cases of low-grade MPNSTs 
(AJCC classification) [14]. In this study, there were no recurrences, metastases or deaths attributable 
to disease in these patients with low-grade tumors.  

These four studies represent the complete literature available for low-grade MPNSTs, paltry as it 
is. Atypical neurofibromas have even less conclusive data available than low-grade MPNSTs. The 
term, “atypical neurofibroma” is most often associated with a neurofibroma in the setting of a patient 
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with NF1 and has recently been described by several studies as a “premalignant lesion in transit”, i.e., 
in the early stages of transitioning from a benign neurofibroma to an aggressive MPNST. While 
some cytogenetic analyses were recently published providing support for this hypothesis [15], there 
are no published articles currently available in PUBMED showing clinical/oncologic outcomes of 
atypical neurofibromas. 

8. Discussion 

The spectrum of neoplastic potential ranging from benign neurofibromas to MPNSTs continues to 
challenge our diagnostic and therapeutic capabilities today. Between the biological extremes—a 
benign neurofibroma producing only local symptoms and a high-grade MPNST progressing rapidly 
to metastasis and death despite aggressive treatment—most lesions lie somewhere in the middle 
range. Evidence for a correlation between histologic features and ultimate clinical course is rather 
weak at any level, but downright absent for the graded distinctions between atypical neurofibromas 
and low-grade MPNSTs. 

This ambiguity challenges the patient and the treating physician. Tailored treatment options along 
a range of aggressiveness are not really available. We basically have non-operative surveillance, 
marginal, nerve-sparing excisions, and wide, morbid resections in our arsenal. Because ultimately 
high-grade tumors are so profoundly recalcitrant to any treatment options, any tumor known to be on 
a biological course headed that direction would merit aggressive and morbid treatment while it is yet 
possible. Conversely, any tumor known to be stable in a non-progressive state would be happily 
observed over time, or symptomatically managed with a minimally-morbid resection. The distinction 
is of paramount importance, but remains woefully unclear. The question is highlighted in NF1 
patients, in whom “atypical” neurofibromas often track along the nerve sheath of an entire extremity 
all the way to the nerve roots at the spinal cord. Massively disfiguring and debilitating surgeries are 
often performed on these patients in the name of oncologic principles with no clear information 
available regarding their biology or natural history.  

Future work aims to address this ambiguity in two ways. First, the science of molecular genetics is 
rapidly advancing and may provide us a better understanding of what truly defines a “malignant” 
nerve sheath tumor. Recent cytogenetic data suggests that mutations in the CDKN2A and CDKN2B 
loci, which code for cell cycle regulators p16 and p14, accumulate as part of the “process” by which 
neurofibromas become malignant [15]. Other work suggests that MPNSTs arise from precursors via 
silencing mutations in multiple tumor suppressor genes (e.g., TP53, CDKN2A) and amplifications of 
tyrosine kinase receptor genes (e.g., EGFR) [16–19]. A recent case report presents genomic changes 
in one area of a neurofibroma that “de-differentiated” to a MPNST, where losses of TP53, RB1, and 
CDKN2A were found only in the malignant portion of the tumor [20]. Additional work has been 
done attempting to correlate MDM2 amplification with p53 immunoreactivity to better distinguish 
among nerve sheath tumors, but with little proposed current applicability [21]. Nonetheless, future 
molecular diagnostic analyses will undoubtedly assist us to define the lesions more accurately than 
we are currently able to with histopathology and immunohistochemistry.  

The second area for future work lies in well-organized clinical outcome studies. Our institution, 
among others, is in the process of analyzing the clinical outcomes of atypical neurofibromas and  
low-grade MPNSTs. With widely agreed upon criteria and a common grading system, large-scale, 



128 

 

multi-institutional studies could more clearly define the discernible risk factors (histopathologic or 
molecular) for a bad prognosis meriting more aggressive treatment.  

9. Conclusions 

While the distinction among nerve sheath tumors remains diagnostically challenging with current 
criteria, the importance of the distinction in determining the malignant potential of these tumors 
remains unclear in the current literature. Previous clinical studies have used inconsistent definitions 
and diagnostic criteria; thus, coalescing current data into a meta-analysis is not feasible. Molecular 
genetics will hopefully provide more reproducible definitions of these intermediate lesions and 
therefore allow more accurate assessment of natural history. This is essential prior to determining the 
appropriateness of aggressive and often debilitating surgical procedures. 
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Abstract: DNA-aneuploidy may reflect the malignant nature of mesenchymal 
proliferations and herald gross genomic instability as a mechanistic factor in t umor 
genesis. DNA-ploidy and -index were determined by flow cytometry in canine 
inflammatory or neoplastic mesenchymal tissues and related to clinico-pathological 
features, biological behavior and p53 gene mutational status. Half of all sarcomas were 
aneuploid. Benign mesenchymal neoplasms were rarely aneuploid and inflammatory 
lesions not at all. The aneuploidy rate was comparable to that reported for human 
sarcomas with significant variation amongst subtypes. DNA-ploidy status in canines 
lacked a relation with histological grade of malignancy, in contrast to human sarcomas. 
While aneuploidy was related to the development of metastases in soft tissue sarcomas it 
was not in osteosarcomas. No relation amongst sarcomas was found between ploidy 
status and presence of P53 gene mutations. Heterogeneity of the DNA index between 
primary and metastatic sarcoma sites was present in half of the cases examined. 
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Hypoploidy is more common in canine sarcomas and hyperploid cases have less 
deviation of the DNA index than human sarcomas. The variation in the presence and 
extent of aneuploidy amongst sarcoma subtypes indicates variation in genomic 
instability. This study strengthens the concept of interspecies variation in the evolution of 
gross chromosomal aberrations during cancer development. 

Keywords: aneuploidy evolution; canine; sarcomas; DNA index 
 

Abbreviations 

Canine Kidney Cells, CKC; Chicken Red Blood Cells, CRBC; Coefficient of Variation, CV;  
DNA Index, DI; Flow Cytometry, FCM; Histiocytic Sarcoma, HS; Malignant Tumor of Bone, MTB; 
Osteosarcoma, OS; Peridiploid, PD; Soft Tissue Sarcoma, STS. 

1. Introduction 

In dogs cancer is the most common cause of non-traumatic death [1]. Several types of canine 
malignant neoplasms—based upon pathobiology—can serve as useful models for rare cancers in 
humans, including osteosarcomas (OS) and soft tissue sarcomas (STS) [2–4], both types being 
relatively common in the dog [5,6]. 

As in humans, the prognosis of canine tumor patients is related to tumor location and, for 
malignant tumors, clinical stage [7]. A key factor in t his assessment is the histological phenotype 
including malignancy grade [4,8,9], but there is a s ignificant morphological overlap between 
malignant, benign, and reactive mesenchymal lesions in the human [10,11]. For both species, 
classification and management of mesenchymal tumors is complicated by the fact that these form a 
very heterogeneous group [9,12]. In order to improve the prognostic value of histological 
examination of Malignant Tumor of Bone (MTB) and of STS, several classification and grading 
systems have been established in humans [13], and later adopted for use in the dog [8,9], but the 
prognostic value of these systems for many individual tumors is limited [4,9,14]. Therefore, 
objective prognostic criteria are urgently needed. 

Determination of the DNA-ploidy status may help to discriminate non-neoplastic or benign 
neoplastic lesions from (pre)malignant neoplastic conditions [15], including lesions of mesenchymal 
origin [16–19]. In humans, DNA-aneuploidy is more common in high-grade sarcomas than in those 
of low- or intermediate-grade [16,18,20,21]. These potential discriminatory values still need to be 
examined in dogs. In addition, DNA-aneuploidy has been reported to have prognostic value in 
several cancer types in humans [22–24]. However, in some sarcoma subtypes, this is not always the  
case [16,21,25–32]. 

Besides the diagnostic value that the DNA-ploidy status can have, the DNA index (DI) 
distribution may help to comprehend the nature of genomic changes during tumorigenesis [33–35]. It 
reflects gross chromosomal changes [36] that, as already hypothesized one century ago [37], appear 
to play a mechanistic role in tumorigenesis, the extent of which is subject of debate [33–36,38–49]. 
In approximately two-thirds of human malignant solid cancers, the evolution of karyotypic 
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alterations over many cell divisions until cancer clinically manifests, is thought to be reflected by the 
increase of total nuclear DNA content, which peaks at 1.6-fold of the normal amount [33–35,50]. In 
the other one-third of human cancers, the deviation of the DI is much less prominent, or cannot be 
discriminated from normal due to only minute or balanced chromosomal changes [15]. In general, a 
significant decrease in the DNA-content or DNA-hypoploidy is rare in most human solid cancers, 
with a few exceptions such as chondrosarcomas [51]. 

Loss of function of the P53 pathway has been hypothesized to be one important factor in the 
development of aneuploid cancers [52]. As in humans, most cancers in dogs, such as thyroid and 
mammary carcinomas, are DNA-aneuploid, but the extent of the aberration of the DI in 
DNA-aneuploid cancers is less and DNA-hypoploidy more common in such carcinomas in the dog 
than in humans [53–55]. In fact, these observations led us to hypothesize that there is an interspecies 
evolutionary variation in the manifestation of DNA-aneuploidy in tumors, when comparing humans 
and dogs [44]. 

In continuation with our earlier research [53–55], we now examined the DNA-ploidy distribution 
pattern as determined by flow cytometry (FCM) in a series of fresh frozen samples of canine benign 
and malignant mesenchymal lesions. Preliminary results of this study have been presented as poster 
at the ESF conference (ESF Conference, Dresden, March 2010). For sarcomas, the data were 
compared with information on clinical stage, histological subtype and grade and the mutational 
status of the P53 gene, and with published data in human sarcomas. Comparison of observations in 
the current and earlier studies on canine neoplasms to those published on human cancers, points to 
interspecies variation in the driving force of aneuploidy in the development of malignant tumors. 

2. Results 

2.1. DNA-Ploidy Status in Primary Lesions 

The arithmetical mean of the CV of G0–1 populations of all lesions was 3.38 (1.4–5.0). The DNA 
ratio of the non-neoplastic G0–1 diploid cells as compared to CRBC G0–1 cells fell within the margins 
established in earlier studies [53,56,57]. The ploidy status as defined by FCM-base histograms 
(Figure 1) was normal (diploid) in all non-malignant lesions except one lipoma with a small (10% of 
all nuclei) aneuploid peak (DI 1.20). 

In three dogs with histiocytic sarcoma (HS), there was multi-organ involvement. To attribute a 
ploidy status in such cases, the DI of the largest of multiple tumors (one dog) or one out of multiple 
equally-sized lesions with equal DI-results was used in the categorization of primary malignancies. 
There were 42 aneuploid cases out of 77 primary malignant tumors (55%), and four (5%) PD cases. 
We found a significant difference in the ploidy-status of primary malignancies compared to benign 
neoplastic lesions (p = 0.023) and to non-neoplastic proliferative lesions (p = 0.0005). Out of all  
43 aneuploid primary tumors (including one lipoma), 35 had only a single aneuploid G0–1 population 
named stemline (81.4%), whereas eight (18.6%) had multiple aneuploid stemlines. The distribution 
of the DIs of all stemlines in primary sarcomas is shown in Figure 2. The ploidy status did not vary  
(p = 0.62) between all STS as compared to all MTB. 
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Figure 1. Example of DNA content histograms of canine tumors. 

 

 
(A) Diploid tumor, osteosarcoma (OS, DI = 1.0); (B) Hyperploid (tetraploid) tumor, 
hemangiosarcoma (DI = 2.0); (C) Multiploid-hypoploid tumor, chondrosarcoma (DI = 0.73 and 
0.88); (D) Hypoploid primary OS (DI = 0. 76); (E) Multiploid tumor (1st lung-metastases of 
former OS, DI = 0.77 and 1.56); (F) Multiploid tumor (2nd lung-metastases of former OS,  
DI = 0.79, 1.43 and 1.59). Note: The stemline of the primary OS (DI = 0.76) reappeared in the 1st 
metastases (DI = 0.77) together with a second stemline with double the DNA content (DI = 1.56), 
while in the second metastases the hypoploid stemline (DI = 0.79) plus the polyploid stemline 
(DI = 1.59) appeared together with a third stemline (DI = 1.43). 

Amongst STS, malignant peripheral nerve sheath tumors (MPNST) and leiomyosarcomas had a 
significantly lower rate of aneuploidy (Table 1) as compared to all other STS (p = 0.003 and 0.03, 
respectively). In contrast, HS and synovial cell sarcomas had an increased rate of aneuploidy when 
compared to all other STS (p = 0 .01 and 0.02, respectively) or to MPNST or leiomyosarcomas  
(p < 0.02). 

Twenty of the 77 primary sarcomas had hypoploid stemlines (26%, or 48% of the aneuploid 
cases). Amongst aneuploid sarcomas the occurrence of hypoploidy in STS (9 of 25; 36%) and MTB 
(11 of 17; 65%) did not differ significantly (p = 0.115). 

Noteworthy is the relative high DI w ithin the three liposarcoma cases (2.0, 2.3 and 3.2 
respectively), in relation to the general DI distribution in primary malignancies (Figure 1). There was 
no significant relation between ploidy status and histological malignancy grade (Table 2, grade I + II 
versus III in MTB: p = 1.0, in STS: p = 0.16, in all sarcomas: p = 0.15). Note that this analysis 
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excluded the three PD cases. Examination of a possible relation between ploidy-status and the p53 
gene mutational status in 44 sarcomas was negative (Table 3). 

Figure 2. DNA indices of stemlines present in all 77 primary malignant lesions. 

 
In cases in which multiple aneuploid peaks were present, both of the stemlines were represented 
with the stemline was the lowest DI in white and the stemline with the highest DI in black. The 4 
PD sarcomas are not represented in the table. 

Table 1. DNA-ploidy status in 77 sarcomas according to subtype. 

Subtype Diploid (n) Aneuploid (n) Peridiploid (n) Total (n) 
Malignant tumors of bone 
Osteosarcoma 9 14 3 26 
Chondrosarcoma 1 2 - 3 
Multilobular tumor of bone 0 1 - 1 
Total 10 17 3 30 
Soft tissue sarcomas 
Fibrosarcoma 2 1 - 3 
Sarcoma-not otherwise specified 3 1 - 4 
Rhabdomyosarcoma 2 3 - 5 
Malignant peripheral nerve sheath tumors 7 1 - 8 
Synovial sarcoma 0 5 - 5 
Liposarcoma 0 3 - 3 
Leiomyosarcoma 6 2 - 8 
Hemangiosarcoma 1 3 - 4 
Histiocytic sarcoma 0 6 1 7 
Total 21 25 1 47 
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Table 2. DNA-ploidy status and histological malignancy grade in 59 sarcomas. 

Tumor type and grade Diploid (n) Peridiploid (n) Aneuploid (n)  
Malignant tumor of bone 

-grade I 0 0 0 
-grade II 1 1 2 
-grade III 8 2 12 

Soft tissue sarcoma 
-grade I 5 0 2 
-grade II 5 0 2 
-grade III 8 0 11 

Table 3. Presence of p53 mutations in sarcomas (n = 44) as related to the ploidy-status. 

 Diploid Aneuploid Peridiploid 
P53-wt 12 14 2 

P53- alteration 7 9 1 
Note: only mutations predicted to alter the amino acid composition of the p53 protein were counted. 

We then compared ploidy status with metastatic behavior. Only cases with macroscopic 
metastasis were considered, found either at first presentation (including those with postmortem after 
euthanasia) or during a follow up period for up to one year. PD cases (n = 4) and cases with less than 
one year follow up after tumor resection (n = 22, including three PD cases) were excluded. In the 
category of MTB only 20 dogs with OS fulfilled the criteria; all developed metastases either at first 
presentation (n = 2) or after surgical removal of the primary tumor (n = 18) without any influence of 
ploidy status (Table 4). 

Table 4. The metastatic behavior of the sarcomas and the ploidy status of the  
primary lesion. 

Tumor group 
Ploidy status 

Diploid Aneuploid 
Osteosarcomas 

-Metastases  8 12 
-No metastases  0 0 

Soft tissue sarcomas 
-Metastases 5 17 

-No metastases 8 3 
Note: PD cases were excluded, as well as cases that lacked information on metastatic growth or recurrence 
within the first year following the initial diagnosis. 

When viewing STS as a group (including HS), 22 out of 34 d ogs had metastases at f irst 
presentation or during follow up after tumor resection. Aneuploid STS more often had metastases 
than diploid STS (p = 0.0092). The difference was no longer significant (p = 0.067) after exclusion of 
HS. All HS cases but one (which was euthanized upon diagnosis) had metastases at first presentation. 
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2.2. Heterogeneity of Ploidy Status or DI 

In 12 dogs, we were able to compare the DI of the primary and metastatic lesions (Table 5). In six 
of these dogs, a s ignificant variation in DI was noticed: The DI changed from a d iploid into an 
aneuploid (hyperdiploid) pattern in two sarcomas and from an aneuploid (hyperdiploid) to a diploid 
pattern in one other. In one dog with HS, in which the largest tumor (lung) and a sternal lymph node 
were both analyzed, the pulmonary lesion was PD an d the nodal was low-level hypodiploid  
(DI 0.93). No particular significance was ascribed to this difference. In another three cases extra 
stemlines were identified on one location as compared to the other location(s), which in two of these 
cases led to the (dis)appearance of a stemline, containing twice the total DNA content. 

Table 5. Comparison of the DNA index (DI) in p rimary versus metastatic lesions  
(Met. 1 to 4) from the same tumors. 

Case Primary Met. 1 Met. 2 Met. 3 Met. 4 
Osteosarcoma 1 * 2.10 1.10/2.14 1.12   
Osteosarcoma 2 * 0.76 0.77/1.56 0.79/1.43/1.59 0.79/1.55 0.78/1.55 
Osteosarcoma 3 * 1.0 1.88    
Osteosarcoma 4 1.0 1.0 1.0   

Synovial cell sarcoma * 0.89/1.80 1.77    
Hemangiosarcoma * 1.89 1.0 1.0   

Sarcoma-NOS * 1.0 1.77    
Fibrosarcoma 1.0 1.0 1.0   

Malignant Peripheral 
Nerve Sheet Tumor 

1.0 1.0    

Synovial Cell Sarcoma 0.72 0.72    
Histiocytic Sarcoma PD 0.93    

Liposarcoma 2.03 1.97    
Note: The variations in the DI became visible as peaks with >10% of the total cell population analyzed. 
Met: Metastasis, NOS: Not otherwise specified. Marked with an asterisk (*) are six dogs that had 
significant variation in DI comparing primary-and metastatic lesion. 

3. Discussion 

Our study indicates that the existence of aneuploidy in canine mesenchymal proliferative lesions 
is suggestive but no proof of a malignancy, in accordance with observations in humans [16,58–60], 
although it must be recognized that a diploid status does not rule out malignancy. This finding may 
lead to additional cytological/histological testing of canine mesenchymal lesions in which the results 
of routine diagnosis remain ambiguous. 

For sarcomas in humans, a relationship between histological grade of malignancy and ploidy 
pattern has often been reported [16,20,59,61], but no such relationship was evident in our study. In 
part, this may be related to the relatively high frequency of hypoploid cancers, and the related 
presence of smaller nuclei, which might be judged lower grade by pathologists. 

As in earlier studies in mammary malignant tumors in dogs [22,53,55] and in humans [22,23,30], 
we were also able to demonstrate a relation between ploidy status and risk of metastases in STS. 
Many studies in humans [28,30,31,62] reported a s imilar correlation, although this is not  
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universal [58]. Striking was the absolute lack of a relation between ploidy status and risk of 
metastasis in OS, which is in contrast to OS in humans [32,63]. In diploid cases within particular 
types of cancer more detailed cytogenetic analyses are required to discern those changes that predict 
metastatic behavior [62,64]. 

Consistent with early research [65–67], clear similarities were found with respect to aneuploidy 
occurrence amongst STS (53%) and MTB (57%) when compared to such sarcomas in  
humans [50,58,60]. For the subtypes of MPNST and leiomyosarcoma a diploid status is common in 
both dogs (as seen in our study) and humans [68]. However, in most human sarcomas hypodiploidy 
is rare [10,50], with the highest reported rate being 11% [58], while chondrosarcomas are an 
exception since they are frequently hypoploid [69]. We observed a remarkable overall hypoploidy 
incidence of 26% (48% of aneuploid cases). One other study in canine OS r eported a somewhat 
lower figure [67]. In addition, both studies indicate that for many subtypes of canine sarcomas  
the net increase in DNA content in h yperploid cases is modest when compared to their human 
counterparts [16,58,70] albeit that some sarcoma types, such as the three liposarcomas in our study, 
form an exception, since these were all (hyper)tetraploid. 

Since similar observations have been made in other types of cancer in the dog such as thyroid and 
mammary carcinomas and malignant lymphomas [53,54,56,57], it seems that the dog is particularly 
prone to the development of aneuploid tumors associated with either chromosome loss or low 
number chromosome gain, and less frequently to hypertriploid tumors that are common in  
humans [33,34,40,50]. This feature seems at variance with ploidy evolution patterns described in 
humans. In humans, this evolution can be divided in s tages with early on the development of 
tetraploidy which is followed by chromosome loss and later on leads to a major proportion (amongst 
aneuploid cases) of cancers manifesting an increase in DI of approximately 1.6–1.7 [33–35,40,45,50]. 
Still, in a few sarcomas of the current study and in mammary carcinomas [53,65] tetraploidization (in 
the primary cancer) followed by an appearance of hypotetraploid stemlines (in its metastases) has 
been observed. A possible explanation for this difference in ploidy evolution could be the presence of 
a more powerful defense mechanism in humans against the tumorigenic effects of hypodiploidy or 
low level hyperploidy [33,71]. While for many human cancers a greater destabilization over multiple 
phases of destabilizing events seems necessary to arrive at a fully malignant state, such state may be 
reached with less destabilization in the dog, as hypothesized earlier [44]. How some cancers can 
reach at a f ully malignant state while remaining DNA-diploid is uncertain. More subtle and 
sometimes balanced chromosomal gains and losses have been observed by cytogenetic analysis in 
some such human cancers [34] including sarcomas [19,68], and also in canine sarcomas [72,73] and 
carcinomas [74]. In other human diploid cancers however, structural chromosomal abnormalities are 
absent, and the transformation to malignancy seems to be driven by defects in DNA repair pathways 
leading to microsatellite instability, with microsatellite instability and aneuploidy being mutually 
exclusive phenomena [46]. 

It must be recognized that the karyotypic alterations that occur in dog cancer are to some extent at 
variance with those described for human cancers. The autosomes in normal dog cells are 
acrocentric/telocentric, and changes in canine cancers often concern centric fusions [74–77] albeit 
that alterations such as trisomies or monosomies and translocations are also frequent [72,75,78,79] as 
well as smaller structural abnormalities that have been detected with comparative genomic 
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hybridization studies [73,79–81] in the past few years. Still, as mentioned in an extensive review by 
Breen and Thomas, “tumors of the same histological types in both species present with equivalent 
cytogenetic lesions” [82]. 

In cancers that harbour significant chromosomal alterations, even if not recognized as 
DNA-aneuploid, the cause underlying this chromosomal instability has been subject of study and 
aberrations in many pathways, in particular those related to s ister chromatid cohesion and 
segregation have been suggested as possible causes [46,47,49,83–85]. Contrasting views exist as to 
whether loss of P53 function is essential for the development of aneuploidy [52,86–88]. In the 
current study, no relation between P53 mutations and DNA-ploidy status was found. Although it 
must be recognized that analysis for P53 mutations concerns only part of the many elements involved 
in the P53 pathway, our results are in clear contrast with a study in human sarcomas that 
demonstrated a relation between the presence of P53 mutations and DNA-aneuploidy [61]. 

Regarding whether and how aneuploidy may be essential for the development of cancer [38] it is 
essential to agree on the definition of malignancy. Most oncologists agree that proof of metastatic 
potential is not the only prerequisite for a tumor to be considered malignant and that tumors with 
extensive infiltrative destructive growth and low or late risk of metastases such as leiomyosarcomas 
and MPNSTs in the dog should also be regarded as malignant [7]. In our study, these sarcomas were 
only rarely found to be aneuploid. There is no doubt that many malignancies with full malignant 
potential are aneuploid, reflecting gross quantitative genomic destabilization. Several major 
disturbances must have taken place in order to overcome restraints, which are—in part tissue 
specific—against malignant transformation. Other cancers, such as the diploid OS in the current 
study, can reach this state of progression with much less genome destabilization. Functional changes 
that may allow malignant behavior in such cancers may include P53 inactivation or MDM2 
amplification [89,90] as well as many other genetic alterations. Such changes may be called high 
hierarchy changes. This is opposite to many more subtle low hierarchy changes that can accumulate 
during progressive genomic destabilization and, by chance or number, can also disrupt crucial 
control mechanisms. To some extent and for some types of sarcomas (such as MPNST and 
leiomyosarcoma), a diploid status is then related to low metastatic potential. For OS in the dog a 
highly metastatic state can be either reached by appearance of a r elatively low number of high 
hierarchy genetic changes, and low level of genomic destabilization in the form of chromosomal 
instability, while in others a high level of genomic destabilization, involving more lower hierarchy 
changes, may lead to this state. 

The debate on gene mutation versus aneuploidization as cause of cancer cannot be resolved, since 
both phenomena may be linked and cooperative in tumor development [36,48]. 

Once a malignant tumor has developed, the same DI can often be found in both the primary and 
the metastatic lesion. Sometimes, haploidization or duplication of such stemlines occurs, with 
variation between metastases. In other tumors in the current and earlier studies [53,65,67] stemlines 
were found which really looked like an unrelated clone, able to pr opagate as independent 
subpopulation, as hypothesized previously [91]. 
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4. Experimental Section 

4.1. Animals 

Lesions from pet-dogs of various breeds, sex and age were selected for this study. Samples with 
suspicion of a neoplastic origin were obtained, with informed consent from the owner, by  
biopsy or surgical excision as part of normal diagnostic procedure or treatment, or at postmortem 
immediately following euthanasia. After previous studies by our research group on DNA-ploidy* of 
carcinomas [53,54,56] and of malignant lymphomas [57], the focus was on proliferative, 
inflammatory or neoplastic lesions of the mesenchyme.  

All samples had been characterized by routine histopathology by different veterinary pathologists 
and were centrally reviewed for the current study. The ploidy assessment was not possible in three 
soft tissue sarcomas, one inflammatory lesion and two benign lesions, probably due to the amount of 
debris present. These samples were excluded from further analyses. Remaining samples, from 95 
dogs, included non-neoplastic, proliferative, inflammatory lesions (n = 10), benign tumors (n = 8: 
lipoma 4), fibrous dysplasia of bone, osteochondroma, leiomyoma, fibrous epulis), and 77 malignancies 
(including one local recurrence; detailed description is listed in Table 2), from 77 dogs. From 12 of 
these 77 dogs both primary and recurrent specimens were available for examination. 

Prior to collection of the tissue samples, none of the patients had received any cytostatic or 
radiotherapeutic treatment. Data on the occurrence of metastasis at first presentation or for up to one 
year after surgery were collected from the hospital records. Where in the following text the word 
ploidy is used as related to the current study, it indicates DNA-ploidy. 

4.2. Preparation of Samples  

Upon surgery or euthanasia, tissue samples were immediately placed in melting ice. From areas of 
the mass not hampering full histological evaluation, thus avoiding planes of resection, blocks of 
approximately 5 mm3 were cut, trimmed of fat and necrotic parts, snap-frozen in liquid nitrogen and 
stored at 70 °C until further analysis. The tissue samples were thawed only once, directly prior to 
FCM. Adjacent blocks including the resection planes were fixed in neutral phosphate-buffered 10% 
formalin for histological examination. 

4.3. Histological Examination 

The tissues were routinely processed; paraffin embedded and cut to 4–6 m sections that were 
stained with hematoxylin-eosin (H&E). Cases were re-evaluated by board-certified veterinary 
pathologist (CS, GCMG) and categorized according to the WHO classification for tumors in 
domestic animals (WHO 1994, 1998). STS were grouped by their entity, including additional 
immunohistochemistry if deemed appropriate [89,92,93]. Most cases were reviewed, except for 
eleven due t o sample loss, for which the original diagnoses were used. With the exclusion of 
histiocytic sarcomas (HS), a proper grading system is available for STS [8,9] as well as for OS [4]. 
This was applied for the current series, except for ten cases that could not be graded leaving a total of 
59 cases. 
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4.4. Flow Cytometry Analysis of Nuclear DNA Content 

FCM of nuclear DNA content was performed as previously described [53,57] using the 
detergent-trypsin procedure of Vindolov et al. [94]. Isolated nuclei from all lesions were stained with 
propidium iodide (Sigma Chemical Co., St. Louis, MO, USA). All neoplastic samples were required 
to contain an adequate proportion of at least 20% tumor cells and the cell yield of all specimens had 
to permit analysis of 5,000 cells in each assay. As external standard, Chicken Red Blood Cells 
(CRBC) was added to determine the position of the G0–1 peak(s). In some samples two G0–1 peaks 
were discerned of which the DNA content both fell within the range of the ratio of the DNA content 
of normal dog diploid cells compared to that of CRBC. Then a second analysis was done with and 
without addition of Canine Kidney Cells (CKC) as a diploid standard. The increase in height of one 
of those peaks upon addition of CKC identified this peak as diploid and the other as aneuploid. The 
ploidy analysis itself was performed using the FAC Scan 3 flow cytometer (Becton Dickinson, 
Mountain View, CA, USA). The device is able to detect changes above 5% in nuclear DNA content. 
The propidium iodide fluorescence was excited at 488 nm and measured at 585 nm. Since past 
research has indicated that, by measuring only a single tissue block, true aneuploid stemlines can 
sometimes be missed [58], many lesions—in particular large-sized ones—were analyzed using two 
or more tissue blocks. In 11 primary tumors of larger size (>3 cm) more than one tissue block was 
analyzed to as sess possible intra-tumor heterogeneity. When a di fference was found between the 
separate analyses, the measurement was repeated several times with and without the external CKC 
reference standard. 

4.5. DNA-Ploidy Assessment 

The DI is defined as the ratio of the modal channel number of the G0–1 peak of the (neoplastic) cell 
population in relation to the modal channel number of the G0–1 fraction of diploid cells. The latter 
was recognized by its relative position to the G0–1 peak of CRBC and by is position to the normal 
CKC (normal dog reference) peak [53]. A sample was considered diploid if the DI was between 0.95 
and 1.05 and aneuploid if there was a distinct G0–1 population with DI < 0.95 or > 1.05. A peak with 
a DI of 1.90–2.10 was considered to b e a tetraploid G0–1 peak if it contained >20% of the total 
number of analyzed cells and if a G2-M peak was also present. Aneuploid stemlines were subdivided 
into hypoploid (DI < 1.0) or hyperploid (DI > 1.0) When more than one aneuploid G0–1 population 
was present the sample was classified as multiploid. For all samples, the coefficient of variation (CV) 
for the G0–1 peak was measured. A CV above 5% was considered suspicious for the presence of an 
aneuploid peak within a diploid population. Samples with peaks with a CV > 5.1% were re-analyzed 
with and without the CKC reference cells, and if this led to a clear recognition of two separate peaks, 
it was considered aneuploid. However, if under these conditions a single G0–1 peak with CV > 5.1% 
remained, the sample was considered neither diploid nor aneuploid but peridiploid (PD). All  
non-diploid, non-PD lesions were grouped together as aneuploid, including those with heterogeneity 
in ploidy status within the primary site. 
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4.6. Mutational Analysis of the p53 Gene  

In two earlier studies, part of the sarcomas had been analyzed for the presence of p53 mutations. 
For STS the p53 gene was analyzed for exons IV–VIII, covering most of the mutations occurring in 
cancer [89]; for MTB exons I-X were examined [90]. Eight STS had been analyzed during the study 
of MTB that have not yet been published. The results of both investigations including a tot al of  
44 sarcomas were used for a comparison with the ploidy-status. Only mutations predicted to affect 
the amino-acid sequence of the p53 gene [95] including point mutations, deletions and insertions, 
and mutations of the splice site were counted. 

4.7. Statistical Analysis 

Differences in frequency distribution in data groups were analyzed using Fishers exact test. The 
level of significance was set at 0.05. PD samples were excluded in the statistical analysis comparing 
diploid and aneuploid status. 

5. Conclusions 

In conclusion, aneuploidy is frequent in various canine malignant lesions, with prominent 
variation amongst the different sarcoma types. The overall frequency of aneuploidy is largely in 
accordance with findings in humans [50]. However, the high frequency of tumors with hypoploidy 
and low-level hyperploidy in various canine cancers [53,54,57] when compared to human 
malignancies including sarcomas [50], is striking. In human solid cancers hypoploidy is rare and the 
majority of cases are hypertriploid thought to arise from a tetraploid intermediate (33–35, 46, 50). 
Our findings therefore are suggestive of interspecies variation in aneuploidy evolution and genomic 
destabilization during carcinogenesis. 
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