
Molecular Pathogenesis, Diagnostic, Prognostic and Predictive 
Molecular Markers in Sarcoma

Adrián Mariño-Enríquez1 and Judith V.M.G. Bovée2

Judith V.M.G. Bovée: Bovee@lumc.nl

1Department of Pathology, Brigham and Women’s Hospital, Harvard Medical School, Boston, 
USA 2Department of Pathology, Leiden University Medical Center, Leiden, The Netherlands

Abstract

Sarcomas are infrequent malignant mesenchymal neoplasms characterized by notable 

morphological and molecular heterogeneity. At present, the diagnosis of sarcoma is based on 

morphology, immunohistochemistry, and clinicopathological correlation. Molecular studies in the 

clinical setting provide refinements to morphologic sarcoma classification, and contribute 

diagnostic information (frequently), prognostic stratification (rarely) and predictive information 

concerning specific therapies (occasionally). In this review, we summarize the major molecular 

mechanisms that underlie sarcoma pathogenesis, highlighting molecular alterations that provide 

diagnostic, prognostic or predictive information. The discussion focuses on representative 

mesenchymal tumor types, following a pathogenic classification combining cytogenetic / genomic 

information and molecular biologic features. We will address five major molecular alterations 

frequent in sarcoma, including 1) the presence of chimeric transcription factors, in vascular 

tumors; 2) abnormal kinase signaling, in gastrointestinal stromal tumor; 3) epigenetic 

deregulation, either by oncometabolites, as a result of metabolic enzyme mutations, or as primary 

events, in chondrosarcoma, chondroblastoma, and other tumor types; 4) deregulated cell survival 

and proliferation, due to extreme copy number alterations, in dedifferentiated liposarcoma; and 5) 

extreme genomic instability in conventional osteosarcoma, as a representative example of 

sarcomas with highly complex karyotype.
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Overview

Sarcomas are infrequent malignant mesenchymal neoplasms characterized by notable 

morphological and molecular heterogeneity. The current WHO classification recognizes 

over 100 soft tissue and bone tumor types, over 70 of which are sarcomas,1 illustrating a 

nosologic complexity that reflects biologic complexity and leads to substantial challenges in 

diagnosis and clinical management. Sarcoma diagnosis is based on morphology, 

immunohistochemistry, and clinicopathological correlation. In addition, molecular studies in 

the clinical setting provide refinements to morphologic sarcoma classification, and 

contribute diagnostic information (frequently), prognostic stratification (rarely) and 

predictive information concerning specific therapies (only occasionally, but most excitingly). 

Much of the current molecular understanding of sarcomas derives from conventional 

karyotypic analysis, which has been extremely fruitful in this field over the last twenty-five 

years.2 At the cytogenetic level, a binary distinction between sarcomas with simple 

karyotype versus those with complex karyotype has been long recognized, and provides a 

simple conceptual framework of some academic value but limited clinicopathological 

significance.3 The molecular correlates of these cytogenetic presentations are recurrent 

genomic rearrangements and activating gene mutations for sarcomas with relatively simple 

karyotype, and multiple, diverse genomic events including gene amplifications and non-

recurrent rearrangements, for those with complex karyotype. Biologically, oncogenic 

mechanisms are better understood for sarcomas with simple karyotype, and fall typically 

into two broad categories: transcriptional deregulation or deregulated signaling. This is in 

contrast to sarcomas with highly complex karyotypes, which typically do not harbor single 

“driver” genetic alterations, and rather display non-specific molecular changes that promote 

oncogenic traits, such as cell cycle de-regulation or genomic instability.

In this review, we summarize the major molecular mechanisms that underlie sarcoma 

pathogenesis, highlighting those alterations that provide diagnostic, prognostic or predictive 

information (the so-called “clinically-actionable” alterations). The discussion will focus on 

representative mesenchymal tumor types, following a pathogenic classification combining 

cytogenetic / genomic information and molecular biologic features, as summarized in Table 

1. We will address five major molecular alterations, including the presence of chimeric 

transcription factors, in vascular tumors; deregulated kinase signaling, in gastrointestinal 

stromal tumor (GIST); epigenetic deregulation by oncometabolites, as a result of metabolic 

enzyme mutations in chondrosarcoma and other tumor types; deregulated cell survival and 

proliferation, due to extreme copy number alterations, in dedifferentiated liposarcoma 

(DDLPS); and extreme genomic instability in conventional osteosarcoma, as a representative 

example of sarcomas with highly complex karyotype. Table 2 provides a non-comprehensive 

list of clinically-actionable genetic alterations commonly encountered in sarcoma.

Sarcomas with simple genome

Sarcomas with simple genomic profiles usually harbor a recurrent molecular aberration, 

either a balanced chromosomal rearrangement or a mutation in a known oncogene or tumor 

suppressor gene, which is critical for tumorigenesis and is considered the main oncogenic 

driver. These alterations are usually present in the context of a relatively stable genome, with 
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a low mutational load and a (near) diploid karyotype; additional point mutations or copy 

number alterations may occur during tumor progression, frequently following reproducible 

patterns, in contrast with the remarkable variability observed in genomically-complex 

sarcomas (Figure 1).

Tumors with chimeric transcription factors: vascular tumors

An expanding list of mesenchymal tumors contain recurrent balanced chromosomal 

rearrangements, most often translocations, and most fusion genes produced by these 

rearrangements encode chimeric transcription factors that cause transcriptional deregulation. 

The best studied example is the EWSR1-FLI1 and EWSR1-ERG fusion in Ewing sarcoma. 

Chimeric transcription factors are thought to deregulate the expression of specific repertoires 

of target genes, thereby orchestrating several of the defined “hallmarks of cancer”.5 The 

group of sarcomas carrying a specific translocation constituted only ~15–20% of all 

sarcomas in 2007.6 However, using next generation sequencing approaches detecting cryptic 

alterations not detectable by conventional approaches, this group is rapidly expanding. 

Examples of the increased resolution of current methods include the detection of fusions by 

a paracentric inversion in solitary fibrous tumor,7 and mesenchymal chondrosarcoma,8 both 

of which have provided useful diagnostic immunohistochemical or molecular markers for 

the diagnosis of these entities. More recently, novel gene fusions have been discovered by 

transcriptome analysis in a series of vascular tumors, a group of lesions characteristically 

difficult to classify because of overlapping morphology that expand a range of biological 

behavior, including clinically benign, intermediate and overtly malignant tumors.

Key features of sarcomas with simple genome

• Simple karyotype, low mutational rate.

• Often show relatively monomorphic morphology.

• Wide range of clinical behavior.

• Clinically-useful diagnostic molecular markers (amenable to detection by 

FISH, RT-PCR, sequencing, and occasionally immunohistochemistry).

• No therapies targeting chimeric transcription factors or epigenetic 

alterations.

• Effective targeted therapies against most deregulated kinases.

• Prototypical examples: Ewing sarcoma, rhabdomyosarcoma, synovial 

sarcoma.

Vascular tumors of bone and soft tissue constitute a heterogeneous group of tumors 

displaying endothelial differentiation. Tumors range from benign (hemangioma) to 

intermediate (various types of hemangioendothelioma) to malignant (epithelioid 

hemangioendothelioma and angiosarcoma). Over the past decade, with the advance of next 

generation sequencing techniques, the molecular background of some of these lesions has 

been elucidated.
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Epithelioid hemangioma (previously known as angiolymphoid hyperplasia with eosinophilia 

or histiocytoid hemangioma) is a benign (in soft tissue) or locally aggressive (in bone) 

neoplasm composed of cells that have an endothelial phenotype and epithelioid 

morphology.1 Transcriptome sequencing of epithelioid hemangioma revealed a recurrent 

translocation breakpoint involving the FOS gene fused to different partners.9,10 The break 

was observed in exon 4 of the FOS gene and the fusion event led to the introduction of a 

STOP codon, truncating the FOS protein and resulting in loss of the Trans-Activation 

Domain.9 Atypical variants of epithelioid hemangioma were shown to harbor ZFP36-FOSB 
fusions.11 The distinction between epithelioid hemangioma and angiosarcoma can be 

challenging, and detection of FOS rearrangements may assist in the differential 

diagnosis.9,10,12 Treatment with curettage or marginal en bloc excision is usually sufficient 

for epithelioid hemangioma, while patients with angiosarcoma need more aggressive 

treatment.13

Interestingly, FOSB rearrangements are also the hallmark of pseudomyogenic 

haemangioendothelioma (epithelioid sarcoma-like hemangioendothelioma), which is a rare, 

distinctive entity frequently presenting as multiple discontiguous nodules in different tissue 

planes of a limb in young adult males.14,15 In epithelioid hemangioendothelioma (EHE), 

considered a low grade angiosarcoma, cords of epithelioid endothelial cells are seen in a 

distinctive myxohyaline stroma.1 EHE is characterized by the recurrent t(1;3) translocation, 

resulting in a WWTR1-CAMTA1 fusion gene.16,17 Interestingly, like epithelioid 

hemangioma, EHE also often presents as multifocal lesions, which are all monoclonal.9,16 

Immunohistochemistry for CAMTA1 can be used as a surrogate marker for the translocation 

(Figure 2).18,19 A specific entity has been described, focally resembling EHE, with more 

solid architecture admixed with the formation of well-formed vascular channels, genetically 

characterized by YAP1-TFE3 fusions.20 These tumors have strong immunoreactivity for 

TFE3 (Figure 2D).20 Future studies should reveal if there is a final common pathway 

affected by these fusion genes that is involved in the development of these vascular tumors.

Unlike the epithelioid hemangiomas and the different types of hemangioendotheliomas, in 

angiosarcomas translocations are infrequent. Instead, angiosarcomas often show more 

complex genomic findings. Most radiation induced angiosarcomas show MYC gene 

amplification,21 which can be a helpful diagnostic tool, either using FISH or 

immunohistochemistry, in the differential diagnosis of atypical radiation induced vascular 

proliferation versus angiosarcoma.22 However, MYC amplification is not restricted to 

radiation induced angiosarcomas as it can also be found in a subset of primary 

angiosarcomas.23,24 In addition to MYC amplification, co-amplification of FLT4, or PTPRB 
and/or PLCG1 mutations can be found in secondary angiosarcomas.25 Angiosarcomas of the 

breast can present with KDR mutations (10%).26 Many of these genes involve angiogenic 

signaling. Recently, CIC rearrangements or mutations have been found in 9% of primary 

angiosarcomas, which were predominantly epithelioid with solid growth and affected 

younger patients, with an inferior disease-free survival.27
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Tumors with deregulated kinase signaling: GIST

Deregulation of cellular signaling driving sustained proliferation is a major hallmark of 

cancer5 and, as such, contributes to the biology of most sarcoma types. In certain sarcoma 

types, however, signaling alteration due to kinase activation is the main oncogenic driver 

and, most likely, the initiating oncogenic event. Prominent examples amongst sarcoma 

include mutationally-activated receptor tyrosine kinases such as KIT in GIST, recurrent 

chimeric kinase fusions like ALK oncoproteins in inflammatory myofibroblastic (IMT) and 

ETV6-NTRK3 in infantile fibrosarcoma, or kinase receptors activated by autocrine 

mechanisms such as PDGFRA/B in dermatofibrosarcoma protuberans (DFSP). Advances in 

pharmacology have generated a collection of kinase inhibitors with variable potency, which 

provide tremendous clinical benefit to patients affected by this group of sarcomas. The most 

remarkable example of clinically effective targeted inhibition of oncogenic kinase mutations 

in sarcoma is inhibition of KIT/PDGFRA in GIST.

GIST is a model of oncogenic addiction: GIST cell viability and proliferation is absolutely 

dependent on signaling from the receptor tyrosine kinase KIT, which is constitutively active 

due to gain-of-function mutations in ~70–80% of cases.28 An additional ~10% of GIST are 

driven by analogous activating mutations in the receptor tyrosine kinase PDGFRA. 

PDGFRA-driven GIST shows a predilection for gastric location and an epithelioid 

phenotype.29–31 KIT and PDGFRA mutations, which are mutually exclusive, lead to ligand-

independent activation, which in turn activates intracellular signaling pathways controlling 

cell differentiation, survival and proliferation.32 KIT primary mutations usually affect exon 

11 (70%), exon 9 (10%), exon 13 (1%) or exon 17 (1%), whereas PDGFRA mutations affect 

exons 18 (5%), 12 (1%) or 14 (<1%).28 All of them are activating mutations, but the 

activation results from different alterations of various functional domains of the protein, 

which tolerate different kinds of mutational mechanisms (Figure 3): the juxtamembrane 

domain, encoded by exons 11 in KIT and 12 in PDGFRA, is an autoinhibitory domain that 

can be disrupted by in-frame deletions, in-frame insertion-deletions, or point mutations. The 

two domains that form the split kinase, namely the ATP-binding pocket (exons 13 to 15) and 

the activation loop (exons 17 and 18), are usually activated by point mutations.

The diagnostic value of KIT mutations is limited in GIST, since the diagnosis is often 

achievable by the detection of KIT and DOG1 expression by immunohistochemistry, in the 

appropriate morphological and clinical context. An infrequent exception would be rare cases 

of KIT-negative GIST, which may lose KIT expression during tumor progression.33,34 

Regarding prognosis, some KIT/PDGFRA mutations are associated with poor clinical 

outcomes in untreated populations, such as in-frame deletions of codons 557–558 in exon 

11.35 However, the prognostic differences between mutations are minor, in comparison to 

their variable sensitivity to drug inhibitors, so that the most important clinical value of 

mutational analysis in GIST is prediction of response to therapy.

Most mutant KIT and PDGFRA oncoproteins can be effectively inhibited by small molecule 

kinase inhibitors such as imatinib. The degree of inhibition, and hence the potential clinical 

benefit, correlates tightly with the specific mutation: in general, exon 11 KIT mutations are 

extremely sensitive to imatinib, while exon 9 mutations, typically a 6 nucleotide duplication 

affecting codons 502 and 503, are less sensitive and require a higher dose of imatinib 
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(usually 800mg, double the standard dose).36 Approximately 80% of patients with 

metastatic GIST initially respond to imatinib - 50% showing partial responses, 30% with 

stable disease - resulting in a 3-year survival rate of 69 to 74% and a median overall survival 

of 5 years, compared to only 19 months in the pre-imatinib era.37–39 Primary drug resistance 

to imatinib results mostly from PDGFRA D842V point mutation or KIT/PDGFRA wild-type 

status.40 Of note, PDGFRA D842V mutation is cross-resistant to most tyrosine kinase 

inhibitors, with the potential exception of crenolanib that has shown activity in vitro.41 

Primary resistance to imatinib due to hyperactivation of signaling effectors downstream of 

KIT is possible, but much less common and probably reflects the need of activation of 

several signaling pathways by independent mechanisms for sustained proliferation in 

GIST.42

Even in patients with near-complete initial response to imatinib, secondary resistance 

develops due to the invariable presence of residual viable GIST cells, including drug-

resistant subclones which subsequently manifest as clinical progression.43 Up to 50% of 

GIST patients that initially respond to imatinib develop secondary resistance within 2 years 

of therapy. Resistance results in the majority of cases from secondary mutations that affect 

non-random residues in KIT, typically in either the ATP-binding pocket (exon 13–15), or the 

kinase activation loop (exons 17 or 18 of KIT and exon 18 of PDGFRA), which occur in cis 
with the primary mutation (i.e. in the same allele).44–46 These secondary KIT mutations are 

almost never detectable in untreated GIST, likely reflecting their negative effect in cellular 

fitness in the absence of pharmacologic inhibitors. In the presence of an active inhibitor, 

however, activating mutations in these domains are selected, and clonal expansion of tumor 

cells may result in the presence of different secondary mutations in different tumor cell 

subpopulations in a single patient. A mutation assay with high sensitivity of detection is 

critical in the setting of therapeutic resistance to appropriately detect heterogeneous 

secondary mutations, which can be missed by Sanger sequencing.

The predictive nature of KIT mutations in relation to imatinib treatment response extends to 

sunitinib and regorafenib –and, essentially, to every tyrosine kinase inhibitor. Sunitinib is 

effective against mutations in exons 13–15 of KIT (ATP-binding pocket), but is ineffective 

against mutations in exons 17–18 (activation loop);40 while the opposite is true for 

regorafenib.47,48 Therefore, the sequence of treatment for advanced GIST determined 

historically, first-line imatinib, followed by sunitinib and third-line regorafenib, is not 

surprisingly supported by the biology and the natural history of the various KIT/PDGFRA 

mutations in GIST. It is worth noting that sunitinib and regorafenib are less specific 

inhibitors than imatinib, with activity against a substantially wider range of kinases; this may 

explain part of their pharmacologic activity, and determines a higher incidence of significant 

side effects.

The three major signaling pathways activated by constitutive KIT and PDGFRA activation 

are the PI3K/AKT/mTOR pathway, the RAS/RAF/MAPK pathway, and the JAK/STAT 

pathway.32,49 The latter pathway is known to be relevant in mast cell disease harboring KIT 
mutations, but plays only a limited role in GIST. The PI3K/AKT/mTOR and the RAS/RAF/

MAPK pathways, on the other hand, are crucial for proliferation in GIST and may be further 

activated and contribute to disease progression in high-risk GIST or advanced tumors.50,51 
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Although primary mutations in effectors downstream of KIT is not common, they can occur 

at the time of progression in the setting of therapeutic resistance;42,52,53 activating mutations 

and loss of negative regulators of these pathways can be easily detected given the low 

mutation rate and relatively quiet copy number variation (CNV) profile of GIST (Figure 1B).

Predictive value of molecular alterations in KIT/PDGFRA-mutant GIST

• KIT exon 11 mutations are typically primary mutations, and are very 

sensitive to imatinib.

• The most common PDGFRA mutation in GIST, D842V in exon 18, is 

imatinib-resistant (and cross-resistant to most tyrosine kinase inhibitors)

• KIT exon 9 primary mutations, usually dup502_503, respond to higher 

dose of imatinib.

• KIT exon 13 mutation, often K642E, is often a secondary mutation 

resistant to imatinib. It responds to sunitinib.

• KIT activation-loop mutations, affecting exon 17, are secondary mutations 

cross-resistant to imatinib and sunitinib, but may respond to regorafenib.

• The KIT exon 17 mutation, D816V, is resistant to virtually all inhibitors, 

but is extraordinarily uncommon in GIST.

• Various tyrosine kinase inhibitors (sorafenib, dasatinib, nilotinib, 

crenolanib, ponatinib) are effective against different sets of KIT/PDGFRA 

mutations.

Tumors driven by oncometabolites (via epigenetic deregulation): chondrosarcoma

Mutations in metabolic enzymes lead to deregulated cellular energetics in cancer cells and, 

more importantly, result in the production of metabolites that may alter tightly-regulated 

physiological processes such as gene expression and epigenetic regulation. Several 

metabolic enzymes are frequently mutated in particular tumor types. An illustrative example 

is the metabolic enzyme isocitrate dehydrogenase (IDH), in which somatic mutations were 

first described in gliomas,54 followed by other tumors55 including ~50% of 

chondrosarcomas.56 Heterozygous somatic mosaic mutations in IDH were later found in up 

to 81% of patients with multiple enchondromas (Ollier disease / Maffucci syndrome).57,58

Mutations in IDH cause epigenetic changes59–61 by the formation of a neoenzyme that 

catalyzes the reduction of α-ketoglutarate to D-2-hydroxyglutarate (D2HG).62–64 D2HG is 

considered an oncometabolite and inhibits α-ketoglutarate dependent oxygenases like 

TET2.65,66 This results in inhibition of DNA demethylation, causing hypermethylation. 

Indeed, IDH1 mutations are associated with a hypermethylated phenotype in cartilage 

tumors.58 D2HG also inhibits other α-ketoglutarate dependent oxygenases67,68 such as the 

Jumonji domain histone demethylases, thereby increasing histone methylation as well.60 

These epigenetic changes are thought to affect differentiation. Indeed, when mesenchymal 

stem cells are treated with D2HG, or when an IDH mutation is introduced, this results in 
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inhibition of osteogenic differentiation and stimulation of chondrogenic differentiation, 

explaining the development of enchondromas during bone development.69,70

Chondrosarcoma can arise secondarily within a benign enchondroma, or as a primary tumor. 

It is the second most frequent primary bone malignancy, predominantly affecting adults.1 

The development of chondrosarcoma occurs through the acquisition of additional genetic 

alterations (multistep genetic progression model),71 involving amongst others the pRb 

pathway.72 In high grade chondrosarcomas, the IDH mutation is no longer essential for 

tumor growth.73,74

Detection of hotspot mutations in IDH1 or IDH2 can be useful in the differential diagnosis 

of chondrosarcoma versus chordoma or chondroblastic osteosarcoma, which can sometimes 

be challenging. A specific antibody against the IDH R132H mutation, widely used for the 

diagnosis of gliomas, permits detection of this mutation by immunohistochemistry in rare 

chondrosarcoma cases (Figure 4A). IDH mutations are present in 87% of Ollier- associated 

enchondromas, 86% of secondary central chondrosarcoma, 38–70% of primary central 

chondrosarcoma, ~15% of periosteal chondrosarcoma and 54% of dedifferentiated 

chondrosarcoma56–58,75 and are absent in peripheral chondrosarcoma, osteosarcoma and in 

chordoma.56,58,76,77

Other metabolic enzymes, including succinate dehydrogenase (SDH) and fumarate 

hydratase (FH) are also known to be mutated in cancer and to cause defective energy 

metabolism as well as epigenetic deregulation in cancer. Inactivating mutations in subunits 

of mitochondrial complex II including the succinate dehydrogenase subunit D (SDHD), C 

(SDHC) and B (SDHB) genes, are found in patients with head and neck paragangliomas and 

pheochromocytomas.78 Also, a subset of gastrointestinal stromal tumors, lacking mutations 

in KIT or PDGFRA, carry mutations in one of the SDH genes79 or an SDHC epimutation80 

both of which are associated with global hypermethylation.81 These gastric GIST tend to 

affect young patients, and are morphologically distinct, with a multinodular architecture and 

epithelioid cytomorphology (Figures 4B and 4C). Mutations in one of the SDH subunits 

destabilize the SDH complex, causing degradation and loss of SDHB. 

Immunohistochemistry for SDHB is therefore a surrogate marker for mutations in one of the 

SDH subunits (Figure 4D).82

Inactivating germline mutations of another tricarboxylic acid cycle gene, fumarate hydratase 
(FH), cause autosomal dominant HLRCC syndrome (hereditary leiomyomas and type 2 

papillary renal cell carcinoma), including benign cutaneous and uterine leiomyomas and 

renal cell cancer,83 while somatic mutations are rare. The accumulation of fumarate, caused 

by mutations in FH, leads to aberrant succination of proteins. Positive staining for (S)-2-

succinocysteine (2SC) can be used as a robust biomarker for mutations in FH.84,85 Similar to 

mutations in IDH, FH as well as SDH mutations affect epigenetic signaling, by inhibition of 

histone demethylases and the TET family of 5 hydroxymethylcytosine (5mC)-hydroxylases 

by accumulated fumarate and succinate, respectively.86–88 Using immunohistochemistry, 

loss of 5hmC and increased H3K9me3 can be shown in SDH and FH mutant tumor cells.89 

In SDH mutant GIST, 5-hmC staining is also low to absent.90
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Tumors driven by primary epigenetic deregulation: chondroblastoma

Epigenetic deregulation is emerging as a very prevalent oncogenic mechanism in a wide 

variety of tumors, beyond the effects of metabolic enzymes and oncometabolites. Molecular 

alterations of components of the Polycomb group, the SWI/SNF complex, and other genes 

involved in chromatin structure and regulation are increasingly being identified in many 

cancer types.91 Frequently, epigenetic deregulation is an additional feature in a cancer cell, 

contributing to a complex genomic environment in which several other oncogenic 

mechanisms are already in place (e.g. mutations in members of the PRC2 complex in 

malignant peripheral nerve sheath tumors).92,93 In some tumor types, however, mutations 

causing epigenetic deregulation seem to occur as early events, in a background of low 

mutational rate, and may serve as primary drivers of tumorigenesis.94 Examples include 

histone mutations in giant cell tumor of bone (GCTB) and chondroblastoma, SMARCB1 
homozygous deletions in rhabdoid tumor,95 and SMARCA4 inactivation in SMARCA4-

deficient thoracic sarcomas.96 It has recently become apparent that the main oncogenic 

effect of some chimeric transcription factors, specifically the SS18-SSX fusions in synovial 

sarcoma, is epigenetic reprograming by mechanisms such as disruption of SWI/SNF 

complexes;97 these two pathogenetic categories are therefore not mutually exclusive, and as 

our biological understanding improves, it is to be expected that other sarcomas with 

chimeric transcription factors may fit better in more specific pathogenetic categories.

Mutations in bone tumors affecting epigenetic signaling include histone H3.3 mutations in 

giant cell tumor of bone (GCTB) and chondroblastoma,98 both of which are locally 

aggressive bone tumors predominantly affecting young patients. In 92% of GCTBs 

mutations are found in the H3F3A gene, while in 95% of the chondroblastomas mutations 

were found in the H3F3B gene.98 Both genes encode for histone H3.3. The exact mechanism 

by which these histone H3.3 mutations cause the formation of these giant cell containing 

tumors is currently unknown. The distinction between GCTB and chondroblastoma and their 

distinction from other giant cell–containing lesions of bone such as aneurysmal bone cyst, 

telangiectatic osteosarcoma or chondromyxoid fibroma can be a challenge. Mutation 

analysis may be a useful diagnostic tool, in addition to the possible use of S100 or DOG1 

immunohistochemistry, of which positivity would favor chondroblastoma.99,100 Moreover, 

in chondromyxoid fibroma, GRM1 rearrangements are found.101 When using mutation 

analysis for diagnosis, one should realize that the mutation is present in the mononuclear 

stromal cells, which constitute only a minority of the cells in the tumor. Sensitivity is 

therefore highly dependent on the technique used, detecting mutations in H3F3A in 69% of 

the giant cell tumors of bone using classical Sanger sequencing102 compared to 92% using a 

targeted next generation sequencing (NGS) approach.98

Sarcomas with complex genome

The majority of sarcomas show complex genomic profiles, with inconsistent, nonspecific 

molecular alterations. These are aggressive tumors that tend to affect older adults (with the 

exception of some osteosarcomas, and most radiation-associated sarcomas). 

Morphologically, sarcomas with complex genome are heterogeneous, usually of high 

histologic grade, frequently cytologically pleomorphic, and may show signs of 
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differentiation along several mesenchymal lineages or may be undifferentiated.1 Notable 

examples include high grade leiomyosarcoma, pleomorphic and dedifferentiated 

liposarcoma, high grade myxofibrosarcoma, angiosarcoma, and undifferentiated 

pleomorphic sarcoma. Although the genomics of these lesions are highly variable from case 

to case, there is a predominance of copy number alterations over single nucleotide variants. 

The high chromosomal instability occurs in the context of TP53 pathway alterations, very 

often TP53 mutation, which is likely an early event in tumorigenesis. Additional molecular 

alterations include activation of the alternative lengthening of telomeres, often facilitated by 

loss of the chromatin remodeling factor by ATRX, and loss of multiple tumor suppressor 

genes. The Rb/E2F pathway is also critical for tumor development and multiple members of 

the pathway are frequently mutated by different mechanisms. The extreme heterogeneity and 

complexity explains the limited number of specific molecular markers available for these 

sarcomas, which at present only benefit from molecular studies in rare occasions in clinical 

settings. Nonetheless, the higher mutational load in these tumors potentially makes them 

good candidates for immunotherapy, with drugs such as immune checkpoint blockers.103

Key features of sarcomas with complex genome

• Complex unbalanced karyotype. Numerous copy number changes 

reflecting chromosomal instability.

• Higher mutational load.

• Pleomorphic, high-grade morphology.

• No specific molecular markers.

• Frequent loss of tumor suppressor genes (most often TP53).

• No effective targeted therapies.

• Subsets respond to conventional chemotherapy and radiation therapy.

• Prototypical examples: osteosarcoma, leiomyosarcoma, pleomorphic 

liposarcoma, myxofibrosarcoma, undifferentiated pleomorphic sarcoma 

(UPS).

Tumors with characteristic copy number alterations: DDLPS

Subsets of sarcoma cases with complex genome show somewhat reproducible pattern of 

chromosomal alterations. One example is well differentiated/dedifferentiated liposarcoma 

(WD/DDLPS), whose genome is characterized by multiple copy number changes, mostly 

gains and amplifications, with multiple intra and interchromosomal rearrangements. More 

than 90% of WD/DDLPS have characteristic neochromosomes, either linear or circular –

giant markers and ring chromosomes, respectively- which are dynamic structures composed 

of genetic material from various distinct chromosomal regions. The composition of WD/

DDLPS neochromosomes is highly variable, from case to case and during clonal evolution 

within an individual WD/DDLPS, but almost invariably includes a core group of genes from 

chromosome 12q13-15, including multiple copies of the MDM2 and CDK4 oncogenes. 

These represent at least two independent 12q amplicons, amongst approximately 15–20 
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amplicons characteristically present in WD/DDLPS cells. Some of the additional amplicons 

are relatively consistent, such as 1q25 or 6q21, but their extension and amplitude is highly 

variable. The mutational mechanisms underlying the formation of WD/DDLPS 

neochromosomes are the subject of intense investigations104 and can be systematized as 1) 

an early initiation phase, in which a single catastrophic event (chromothripsis) results in 

massive fragmentation, rearrangement and circularization of chromosome 12; 2) an 

amplification phase, in which hundreds of repetitive cycles of break-fusion-bridge allow for 

amplification, loss, and variable incorporation of additional chromosomal regions to the ring 

neochromosomes; and 3) a linearization phase, in which the neochromosomes are stabilized 

by capturing new chromothriptic telomeres. Understanding these events is helpful in the 

interpretation of copy number alterations and chromosomal rearrangements in WD/DDLPS 

cases.

The highly recurrent nature of MDM2 and CDK4 amplification provides a useful diagnostic 

marker. Detection of MDM2 amplification by FISH is currently the gold standard for 

diagnosis of WD/DDLPS,105 while combined immunohistochemical detection of the MDM2 

and CDK4 proteins is a very useful diagnostic tool in surgical pathology routine 

practice.106,107 MDM2 and CDK4 amplification are readily detectable by NGS (Figure 5). 

These tests are particularly useful in three situations: 1) to confirm the diagnosis of WDLPS 

in an adipocytic lesion of minimal cytologic atypia; 2) more commonly, to establish the 

diagnosis of DDLPS in a relatively non-descript spindle cell or pleomorphic sarcoma in a 

deep somatic location, and 3) very rarely, to reclassify a high grade pleomorphic adipocytic 

sarcoma as DDLPS with homologous lipoblastic differentiation that could be mistaken for 

pleomorphic liposarcoma.108

Biologically, amplification of MDM2 results in inactivation of p53, while CDK4 
amplification leads to cell cycle progression.109 Both alterations can be pharmacologically 

targeted with compounds that are at different stages of clinical development. MDM2 

inhibitors restore p53 function disrupting the p53-MDM2 interaction. Several classes are 

being evaluated in clinical trials in DDLPS and other forms of cancer. Despite the strong 

biologic rationale and proven on-target activity, initial clinical experiences demonstrate that 

few DDLPS patients achieve disease stabilization after MDM2 inhibition, at the expense of 

substantial adverse effects.110 Such drug toxicities seem to be class-specific, and novel 

compounds are being evaluated that may overcome the limitations of current drugs. CDK4 

inhibition can be achieved with compounds that typically target CDK4 and CDK6, such as 

palbociclib.111 In DDLPS, CDK4 inhibition provides limited benefits as single agent,112 but 

probably will be therapeutically effective in combination regimens, as recently demonstrated 

in other cancer types.113 The combination of MDM2 and CDK4 inhibition in DDLPS is an 

attractive concept supported by a strong biological rationale, but it may not be achievable 

due to the combined toxicities of these drugs.

Tumors with highly complex karyotypes: Osteosarcoma

Most pleomorphic sarcomas have complex karyotypes lacking specific genetic aberrations 

and recognizable chromosomal patterns. These high grade sarcomas often harbor aberrations 

in the Rb or p53 pathway. Conventional osteosarcoma is the most frequent primary high-
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grade bone tumor in humans, occurring predominantly in children and adolescents.1,114 It 

has a high risk of metastasis, and despite intensive treatment strategies, the chance at cure of 

patients with resectable osteosarcoma has remained around 60%–65% in the past 3 

decades.115 At the genetic level osteosarcoma is extremely unstable with many 

translocations, amplifications, mutations and deletions (Figure 1D). The detection of specific 

driver genes and pathways is therefore extremely difficult. Recently two phenomena where 

described that reflect this genomic instability. One is chromothripsis,116 a cataclysmic event 

in which chromosomes are fragmented and subsequently aberrantly assembled. 

Chromothripsis was also been identified in other tumours, but is most prevalent in bone 

tumours.117 The other phenomenon is kataegis, reflected by a localized hypermutation area, 

which also occurs at a high frequency in osteosarcoma (~50%).117
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KEY POINTS

• Sarcomas are characterized by notable morphological and molecular 

heterogeneity. Molecular studies in the clinical setting provide 

refinements to morphologic classification, and contribute mainly 

diagnostic and predictive information.

• Sarcomas with simple genome can be driven by transcriptional 

deregulation, abnormal kinase signaling, or epigenetic reprogramming. 

This group of sarcomas can be identified with specific molecular 

markers.

• Sarcomas with complex genome show multiple, non-recurrent 

molecular alterations. There are no molecular diagnostic markers for 

these tumors. Some prognostic information may be derived from loss 

of tumor suppressor genes. The high mutational load may make these 

tumors good candidates for immunotherapies dependent on 

neoantigens.
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Figure 1. 
Copy number profiles of sarcomas with simple genome (top) in comparison with sarcomas 

with complex genome (bottom), as determined by a next generation sequencing platform.118 

A. Ewing sarcoma affecting a 9 year old boy. Note the simple genomic profile. This tumor 

harbored a EWSR1-FLI1 fusion, identified by this assay. B. High-risk, spindle cell intestinal 

GIST in a 60 year old male patient. The tumor harbored a KIT K642E mutation detected by 

the assay. Note a relatively simple genomic profile, with near-diploid karyotype and loss of 

chromosomes 1p, 14q, 15q and 22q, characteristic of advanced GIST. C. Undifferentiated 

pleomorphic sarcoma arising in the deltoid of a 55 year old man and D. Conventional 

osteosarcoma in the femur of a 7 year old boy: multiple chromosomal gains and losses in a 

non-recurrent pattern. Both these tumors showed alterations in TP53 (copy number loss and 

truncating mutations).
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Figure 2. 
Detection of molecular alterations by immunohistochemistry. Chromosomal rearrangements 

frequently result in overexpression of transcription factors that can be detected by 

immunohistochemistry. A. Pulmonary epithelioid hemangioendothelioma with WWTR1-
CAMTA1 fusion, composed of small tumor nodules growing along the preexistent alveolar 

spaces. B. Cords and strands of endothelial epithelioid cells, with intracytoplasmic lumina, 

embedded in a myxohyaline stroma characteristic of epithelioid hemangioendothelioma. C. 
CAMTA1 expression in epithelioid hemangioendothelioma with WWTR1-CAMTA1 gene 

fusion. D. YAP1-TFE3-rearranged epithelioid hemangioendothelioma; TFE3 overexpression 

can be detected by immunohistochemistry in this unusually vasoformative variant of 

epithelioid hemangioendothelioma.
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Figure 3. 
A. KIT mutations in untreated GISTs involve exons 11, 9, 13, and 17, encoding regions of 

the extracellular, juxtamembrane, ATP-binding pocket, and activation loop domains, 

respectively. PDGFRA mutations, found in <10% of GISTs, involve analogous domains. B. 
Relative frequency of the most common KIT and PDGFRA primary mutations in GIST.
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Figure 4. 
Molecular metabolic aberrations leading to epigenetic deregulation. A. Detection of R132H 

mutant IDH1 in chondrosarcoma. Note that this antibody only detects the specific R132H 

mutation, which is, in contrast to gliomas where it is the most common mutation, infrequent 

in chondrosarcoma. Thus, negative immunohistochemistry does not rule out a mutation in 

IDH1. B. Low magnification view of SDH-deficient gastric GIST, demonstrating its 

characteristic multinodular growth pattern. C. Epithelioid cytomorphology and D. loss of 

SDHB expression in SDH-deficient gastric GIST.
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Figure 5. 
High copy number gain of MDM2 and CDK4, in two independent amplicons, in 

chromosomal region 12q13-15. This lesion was a dedifferentiated liposarcoma with spindle 

cell and pleomorphic morphologies, arising in a well-differentiated liposarcoma in the 

inguinal region of a 72 year old male.
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Table 1

Molecular genetic categories of soft tissue tumors and sarcoma

1 Sarcomas with simple genome

1.1 Tumors with chimeric transcription factors and transcriptional deregulation – e.g. vascular tumors

1.2 Tumors with deregulated kinase signaling – e.g. GIST

1.3 Tumors driven by oncometabolites (via epigenetic deregulation) – e.g. chondrosarcoma

1.4 Tumors driven by primary epigenetic deregulation – e.g. chondroblastoma

2 Sarcomas with complex genome

2.1 Tumors with characteristic copy number alterations – e.g. DDLPS

2.2 Tumors with highly complex karyotypes – e.g. osteosarcoma
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Table 2

Diagnostic, Prognostic and Predictive Molecular Markers in Sarcoma

Type of alteration Genes Entities Clinical value

Recurrent rearrangements Fusion oncogenes Sarcoma-type specific (reviewed by Mertens)4 Diagnostic / Prognostic

Point mutations or small indels

KIT / PDGFRA, 
SDHA / B

GIST Predictive / Diagnostic

CTNNB1 Desmoid tumor Diagnostic

IDH1, IDH2 Enchodroma / chondrosarcoma Diagnostic

SUZ12, EED Malignant peripheral nerve sheath tumor Diagnostic

PIK3CA Myxoid liposarcoma Predictive

KDR Angiosarcoma Diagnostic

NRAS, KRAS, HRAS, 
FGFR4

Embryonal rhabdomyosarcoma Diagnostic / Predictive

MYOD1 Spindle cell rhabdomyosarcoma Diagnostic

MED12 Leiomyoma (and small subset of leiomyosarcoma) Diagnostic

NF1 MPNST and others Diagnostic

Copy number gain / Amplification

MDM2, CDK4 WD/DDLPS Diagnostic

CDK4 Predictive

MYC Postradiation sarcoma Diagnostic

MYOCD Leiomyosarcoma Diagnostic

Copy number loss / Deletion

TP53 Osteosarcoma, leiomyosarcoma, and others Prognostic

SMARCB1 Rhabdoid tumor, epithelioid sarcoma Diagnostic

SMARCA4 SMARCA4-deficient thoracic sarcomas Diagnostic

CDKN2A MPNST, fibrosarcomatous DFSP, advanced GIST Predictive

RB1 Spindle cell lipoma, and others Diagnostic

High-grade sarcomas with complex karyotype Predictive

NF1 MPNST and others Diagnostic / Predictive
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