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Chapter 9

Summary 
Molecular pathology in bone and soft tissue tumors
Bone and soft tissue tumors encompass a broad group of benign and malignant 
neoplasms and are considered difficult to diagnose for pathologists. These tumors 
are rare and distinction based on classic histomorphology can be challenging due 
to the overlapping morphology. Furthermore, traditional immunohistochemistry to 
identify the line of differentiation is less valuable in discriminating different bone 
tumors in comparison with soft tissue tumors. Fortunately, the field of bone and 
soft tissue sarcoma has rapidly evolved since the advance of new molecular 
techniques. The identification of novel genetic alterations has led to more insight 
into the genetic background of these tumors, which resulted in a more prominent 
role of molecular pathology in daily practice. The use of molecular alterations in 
bone and soft tissue tumors is not only confined to the improvement of diagnosis, 
but it also plays an important role in the prognosis and the identification of novel 
targets for molecular-based targeted therapy. In this thesis, the different key 
roles of molecular pathology in bone and soft tissue tumors are reflected in 
clinicopathological, immunohistochemical and molecular studies to aid diagnosis 
and prediction in a range of different bone and soft tissue tumors.    

Chapter 2 summarized the current knowledge on genetic alterations in bone 
tumors, leading to a subclassification of bone tumors roughly into two groups. 
The first group consists of tumors with complex karyotypes, lacking any specific 
alterations. The second group shows simple karyotypes including tumors with 
translocations and tumors with specific gene mutations and/or amplifications. 
These specific recurrent genetic alterations can change transcription, cause 
altered signaling or alter gene function. This latter category is of explicit interest 
for diagnostic purposes since the specific molecular alteration can be employed 
as a diagnostic marker to improve diagnostic accuracy, either with molecular tests 
or surrogate immunohistochemistry 1. With the acceleration of new molecular 
findings, which translates into novel diagnostic tools and therapeutic strategies, 
molecular pathology will play an increasingly central role in sarcoma patient care.  

Chapter 3 focused on different assays for translocation detection. The applicability 
of a novel method for translocation detection, termed anchored multiplex PCR 
(AMP)-based targeted next-generation sequencing (NGS) 2, was investigated in 
different bone and soft tissue tumors. With the Archer® Fusionplex sarcoma panel, 
26 genes relevant in bone and soft tissue sarcomas could be assessed in one 
assay using paraffin-embedded material. Results were compared to conventional 
fluorescence in-situ hybridization (FISH), RT-PCR and immunohistochemistry. A 
concordance of 90% between AMP-based targeted NGS and conventional methods 
was shown, and AMP-based targeted NGS was superior compared to RT-PCR and 



155

Summary and Discussion

9

FISH, demonstrating an NGS methodology with improved sensitivity compared to 
current methods for translocation detection. In our study, a failure rate of 14% for 
AMP-based targeted NGS was seen, probably due to decalcification and variability 
in tissue and fixation conditions, illustrating the daily challenges for pathologists. It 
remains difficult to achieve a decalcification method that can effectively and quickly 
decalcify while preserving genetic material. Currently, modification of standard 
decalcification procedures has been the subject of investigation and includes the 
use of microwave and ultrasonography combined with acid-based decalcification 
methods to reduce decalcification time 3, 4. Others compared three next-generation 
sequencing approaches for fusion detection in sarcoma, including the AMP-based 
targeted NGS method using the Archer® Fusionplex sarcoma panel and two 
hybrid capture-based assays, which all demonstrated a good detection capability. 
The hybrid capture assays were more comprehensive and suitable for a research 
environment, since the Fusionplex sarcoma panel was limited to 26 genes, but 
the latter proved to be a fast and easy-to-analyze approach for routine diagnostic 
laboratories 5. A limitation of AMP-based targeted NGS is that detection of fusions 
is limited to the selectively captured regions, which is especially relevant in bone 
and soft tissue tumors because of the accelerated identification of numerous novel 
fusions in the last years. Luckily, commercial companies are also focusing on the 
accelerated adoption of genetics through the development of more comprehensive 
assays, in which recently discovered sarcoma-associated fusion genes (e.g., FOS 
and FOSB) are currently included. Also, novel sequencing tools containing a larger 
number of genes involved in fusions are developed and customized panels can 
be designed for a more comprehensive panel to overcome this problem 5-7. These 
targeted sequencing panels can screen for a wide range of genetic aberrations in a 
single test and have shown to be a reliable and cost-effective approach to improve 
sarcoma diagnostics compared to single-gene tests as well as more comprehensive 
methods, such as whole-genome sequencing (WGS) 5, 6, 8. In the 100,000 Genomes 
project, close to 1000 sarcoma patients were recruited, but WGS data were only 
generated for 597 patients. The unsuitability of the samples was mainly caused by 
necrosis, secondary to neoadjuvant radiotherapy or chemotherapy, or fixation with 
formalin. Furthermore, not all alterations could be identified when validated against 
histology and standard of care diagnostic tests using the variant calling pipelines 
9. Therefore, targeted NGS serves as an excellent approach for the detection of 
aberrations in bone and soft tissue tumors in a clinical diagnostic setting.

Chapter 4 illustrated the key role of molecular pathology to improve diagnosis. We 
reported on a puzzling phenomenon rarely encountered by bone tumor pathologists, 
where conventional chondrosarcoma areas were admixed with clear cell 
chondrosarcoma areas. We performed extensive clinicopathological and molecular 
characterization of five cases. All five chondrosarcomas consisted predominantly 
of areas with conventional chondrosarcoma. Different grades were encountered, 
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including grade I (n=1), grade II (n=2) and grade III (n=2). Up to 20% of the tumor 
consisted of classical features of clear cell chondrosarcoma with a gradual transition 
between both components. Molecular analysis of conventional chondrosarcoma 
components revealed in two cases an IDH1 c.395G>T, p.(Arg132Leu) mutation, and 
in one case an IDH1 c.394C>T, p.(Arg132Cys) mutation, with identical IDH mutations 
in the clear cell chondrosarcoma counterpart (100%). Two cases were IDH wild-
type. Approximately 50% of conventional chondrosarcomas harbor IDH mutations 
10, 11, while these have never been found in classic clear cell chondrosarcoma 12. 
Therefore, we conclude that the clear cell change is a phenotypic phenomenon 
occurring in conventional chondrosarcoma, rather than a collision between 
two types of chondrosarcomas, or clear cell chondrosarcoma with extensive 
conventional chondrosarcoma areas. This phenomenon has not been previously 
described in the literature, but knowledge of this phenomenon in conventional 
chondrosarcoma is crucial for bone pathologists, as this can be mistaken for 
dedifferentiated chondrosarcoma, clear cell chondrosarcoma or chondroblastic 
osteosarcoma, which require different treatments and have different prognosis 13. 

In chapter 5, the translation of specific molecular findings into diagnostic tools 
to aid pathologists was illustrated in osteoid osteoma and osteoblastoma. These 
tumors were reported to harbor FOS (87%) and FOSB (3%) rearrangements 14. We 
evaluated immunohistochemical expression of FOS in these tumors in comparison 
to other bone tumors, studied the influence of decalcification and correlated 
immunohistochemical findings with the underlying genetic alteration using 
FISH. Strong nuclear expression of FOS was observed in all osteoid osteomas 
(22/22), in 57% of osteoblastomas (12/21) and in 2% of control cases (3/197). FOS 
immunoreactivity disappeared after >3 days decalcification. FOS rearrangements 
were present in 94% of osteoid osteomas and osteoblastomas with a concordance 
of 86% between FISH and immunohistochemistry. This study illustrated that FOS 
immunohistochemistry can be used in decalcified biopsies to diagnose osteoid 
osteoma and osteoblastoma, as overexpression was seen in the majority while 
being rarely positive in their mimics. FOS immunohistochemistry should not be 
used after long decalcification and a low level of focal expression found in other 
lesions and tissues might cause diagnostic problems. For these cases FISH or AMP-
based targeted NGS could be employed. Our results correspond with Amary et al., 
who reported positivity rate of 83% in osteoblastomas and 73% in osteoid osteomas 
15. Of the osteosarcomas in their series, 14% showed focal to a more conspicuous 
expression of FOS, highlighting the importance of undertaking a thorough 
assessment of expression patterns of antibodies in the light of morphologic, clinical, 
and radiologic features.  

Since cementoblastoma shows striking morphological resemblance to 
osteoblastoma, in chapter 6 we set out to determine whether cementoblastoma 
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also harbors FOS rearrangements with overexpression of FOS. Sixteen 
cementoblastomas were analyzed for FOS expression by immunohistochemistry 
and for FOS rearrangements by FISH. We observed strong and diffuse staining 
of FOS in 71% of cementoblastomas and identified a FOS rearrangement in all 
three cases that were amenable to FISH. The morphologic similarities between 
cementoblastoma, osteoid osteoma and osteoblastoma combined with the shared 
molecular alterations suggests a relation between these lesions, as they probably 
represent parts of the spectrum of the same disease. The distinction between 
osteoid osteoma and osteoblastoma has been arbitrarily defined by size (cut-off 
2cm) and despite the finding of FOS rearrangements underlying both lesions in 
the current World Health Organization (WHO) classification of soft tissue and 
bone tumors these are still considered as separate disease entities since clinical 
characteristics and behavior differ 14, 16. In line with this conception, it would be 
logical to consider a clinically well-established term like cementoblastoma as a 
separate entity since these tumors also differ in the site and clinical characteristics. 

The chapters 4-6 illustrated that molecular diagnostics can offer important benefits 
to patients since it improves diagnostic accuracy. However, the use of molecular 
diagnostics in clinical practice is still limited and access to these techniques remains 
unequal across countries and sometimes even within individual countries 17. To 
consolidate genomic testing and to ensure that these tests are available for each 
sarcoma patient in the Netherlands, centralization of sarcoma patient care is inevitable, 
especially since multiple studies indicated that management of rare cancers in 
specialized hospitals by an experienced multidisciplinary team has a positive impact 
on survival outcomes 18. While  centralization of bone sarcoma patients is currently 
well organized, for soft tissue tumors further improvement should be obtained. To 
further improve management of sarcoma care, the chance of delayed diagnosis 
resulting in potentially more extensive surgery and decreased survival, should 
be minimalized. This can be achieved by raising more awareness among general 
practitioners and specialists and by the establishment of care pathways, which have 
shown to improve referral rates, reduce costs associated with local recurrence and 
result in better surgical results and overall patient outcomes 18, 19.

In chapter 7 and 8, the predictive role of molecular pathology stood central. In 
chapter 7, we focused on mismatch repair (MMR) deficiency as a predictive marker 
for potential immune checkpoint inhibiting (ICI) therapy in a broad spectrum of 
bone and soft tissue tumors. With immunohistochemistry for mismatch repair 
proteins MSH2, MSH6, MLH1 and PMS2 as a first screening method, eight 
out of 894 (1%) bone and soft tissue tumors were found to be mismatch repair-
deficient. These included four leiomyosarcomas, two rhabdomyosarcomas, one 
malignant peripheral nerve sheath tumor and one radiation-associated sarcoma. 
Three patients were suspected of Lynch syndrome. Literature review revealed 
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30 MMR-deficient sarcomas of which 33% were undifferentiated/unclassifiable 
sarcomas. Most patients were genetically predisposed. Our findings were in line 
with Doyle et al., who reported an overall frequency of 2%. Although the frequency 
of MMR-deficient sarcomas is very low, identifying these tumors allows potentially 
novel treatment options for patients, especially since the advent of basket trails. 
Response to ICI therapy in MMR-deficient tumors is thought to be caused by a 
high tumor mutational burden (TMB). This leads to the production of more neo-
antigens that might be recognized by the immune system and thereby eliciting 
an anti-tumor response 20-22. Therefore, not only MMR-deficient tumors but also 
cancers associated with mutagens (i.e., UV exposure in melanoma and smoking in 
non-small-cell lung cancer), resulting in a high TMB demonstrate high response 
rates to ICI therapy 23. Although the association between TMB and ICI response is 
robust, other factors are involved. For example, tumors associated with oncogenic 
viruses such as Merkel cell carcinoma respond better to ICI therapy than would be 
expected based on TMB alone. Besides genomic biomarkers, biomarkers involving 
the immune microenvironment have been a subject of investigation. PD-L1 was 
thought to be a promising predictive biomarker as its expression is expected to 
be required for response to ICI therapy. However, some studies found a positive 
correlation between PD-L1 and ICI response, while this result was not detected in 
other studies. Moreover, response to ICI therapy was observed in patients without 
expression of PD-L1. Also in sarcomas, where expression of PD-L1 is observed in 
approximately 50%, PD-1 blockade alone did not show promising efficacy clinically, 
suggesting that the PD-L1 status is not likely to be a sufficient comprehensive 
standalone biomarker 22, 24-27. More recently, gene expression profiles were studied 
in soft tissue sarcoma, which led to an immune-based classification. Based on the 
composition of the tumor microenvironment five distinct phenotypes (i.e., immune-
low (A and B), immune-high (D en E), and highly vascularized (C)) were identified. 
Interestingly, the class E group demonstrated improved survival and a high response 
rate to PD-1 blockade in a phase 2 clinical trial, suggesting that identification of this 
subgroup might be helpful to guide clinical decision-making and treatment 28.  

In chapter 8, NTRK fusions in bone tumors as a predictive marker for TRK-inhibitors 
were explored. Immunohistochemical expression of pan-Trk was used to prescreen 
for NTRK fusions in a large series of bone tumors according to recent World Sarcoma 
Network (WSN) recommendations 29. Osteogenic, chondrogenic tumors and Ewing 
sarcoma were included, thereby representing the three most common bone 
sarcomas. NTRK fusions were not identified among 354 examined bone tumors, 
which was in line with our expectations as only a few anecdotal cases are described 
in the literature. To date, a three-tiered screening method is proposed when 
screening for NTRK fusions in sarcomas and this is mainly based on the literature 
concerning soft tissue tumors 29. It is recommended that screening in a clinical 
setting should be focused on histologic subtypes in which NTRK fusions are found 
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at high frequency and are diagnostic. For sarcoma patients with locally advanced 
and unresectable or metastatic disease, the WSN advises NTRK fusion testing using 
pan-Trk immunohistochemistry prescreening only for those sarcoma types known 
to harbor a complex genome (e.g., osteosarcoma). In sarcomas with recurrent gene 
fusions (e.g., Ewing sarcoma) or amplifications as driver alterations, NTRK fusion 
testing should be restricted to research 29, since NTRK fusions are typically mutually 
exclusive with other drivers 30. We show that the likelihood of finding a NTRK fusion 
in bone tumors in clinical practice, even in tumors with complex genome lacking 
driver alterations, is extremely low. This may imply that, if more comprehensive 
large scale molecular studies confirm this, routine predictive NTRK testing in bone 
sarcoma patients with advanced disease may be reconsidered.

Chapter 7 & 8 highlighted a key role of molecular pathology in personalized 
medicine. The increasing importance of targeted therapy and checkpoint inhibitors 
in the treatment of several tumor entities and the necessity to screen for multiple 
predictive molecular alterations is causing new challenges 31. Nowadays, targeted 
genomic sequencing, which focuses on a panel of genes or targets that have strong 
associations with the pathogenesis of disease and/or clinical relevance, is most 
commonly used in clinical practice. Although it provides numerous advantages 
such as greater sequencing depth with reduced costs and less data burden, it runs 
the risk of missing crucial variants outside the targeted regions. As the number 
of druggable gene aberrations and predictive biomarkers rapidly increases 
in oncology, a transition towards WGS, which has been mostly applied in study 
settings so far, is currently ongoing. In order to keep up with this demand, several 
hurdles need to be overcome to successfully implement WGS in routine practice 32. 
Since frozen material is mandatory for WGS, this should be obtained in the routine 
diagnostic workflow. The time from sample to result should be dramatically reduced 
to obtain the result within a clinically relevant timeframe and further reduction of 
cost and easy-to-use software for data handling and analysis are required. Another 
challenge is that even if actionable targets are present, the lack of approved or 
investigational agents to match specific drivers hinders potential treatment options 
33, 34. Only when these processes reach maturity, WGS will be a potential future 
standard of care for genomic tumor profiling to improve personalized therapeutic 
management in advanced cancer patients.

Concluding remarks 
The different key roles of molecular pathology in bone and soft tissue tumors have 
been addressed in several chapters of this thesis and has proven to provide a 
more accurate diagnosis and a better classification of tumor entities. Furthermore, 
molecular alterations could be translated into adjunctive markers that may aid 
diagnosis in routine diagnostics, such as FOS, and have allowed new opportunities 
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for novel therapeutic options. Despite the accelerated identification of numerous 
recurrent molecular alterations, it is likely that many potentially important molecular 
alterations in rare cancers are not yet discovered. Future studies using techniques 
such as WGS and RNA sequencing will definitely contribute to novel discoveries, 
especially since bioinformaticians have taken advantage of artificial intelligence 
to analyze these large datasets 35. This will offer unprecedented opportunities to 
increase our understanding of molecular tumor biology, which could open new 
avenues and appealing targets for therapy. However, the access to molecular 
techniques, especially sequencing techniques is not always so self-evident, 
though the costs of next-generation sequencing have decreased at a dramatic rate, 
outpacing Moore’s law. Translation of molecular findings into more easily accessible 
techniques such as immunohistochemistry, could help provide pathologists across 
the world diagnostic tools to improve bone and soft tissue tumor diagnostics. 
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