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Abstract 

The non-coding space makes up around 98 % of the genome, but cancer-driving mutations have 
so far mostly been discovered in protein-coding regions. The majority of somatic non-coding 
mutations are neutral passenger mutations and identifying non-coding mutations with driving 
roles in cancer poses a challenge. In this work, evolutionary constraint was used to explore the 
non-coding space in human osteosarcoma to improve our understanding of how evolutionary 
constraint can be applied to identify non-coding driver mutations in cancer and describe the 
unknown role of non-coding mutations in osteosarcoma. Evolutionary constraint scores derived 
from an alignment of 33 mammals were used to extract non-coding mutations in functional 
elements from somatic variants of 38 osteosarcoma samples and genes with an enrichment of 
non-coding constraint mutations in their regulatory regions were identified. The investigation 
of those genes revealed that non-coding constraint mutations are likely involved in key 
osteosarcoma pathways. Furthermore, novel osteosarcoma genes and mechanisms were 
proposed based on the non-coding constraint mutation enrichment analysis. The regulatory 
potential of individual non-coding constraint mutations was evaluated based on regulatory 
annotations, functional evidence, transcription factor affinity predictions and electrophoretic 
mobility shift assays. We concluded that the analysis of non-coding constraint mutations is an 
efficient way to discover non-coding mutations with functional impact in osteosarcoma which 
likely play an important role in the disease.  

  



  

  



  

Investigating non-coding mutations in osteosarcoma 
Popular Science Summary 

Raphaela Pensch 

The cells in our body work together as a large community. To ensure that the complicated 
processes in our body run smoothly, all cells have to contribute and perform their tasks 
meticulously. They grow, process nutrients and synthesise proteins. The instructions for their 
tasks are noted in the DNA of which each cell receives the same copy. Included in the DNA are 
protein-coding genes, which are blueprints for the proteins that a cell builds itself. Other parts 
of the DNA that are called non-coding regions have less clearly defined roles, but describe for 
example at what point in time a cell needs to build how much of a particular protein. Cells grow 
and multiply by dividing and thereby forming new, identical cells. When cells divide, they first 
replicate their DNA and assign each daughter cell they then split into their own copy. This 
guarantees that every cell always knows exactly what to do.  
The instruction manual, that is DNA, is long and complicated and mistakes in the replication 
process are unavoidable. Such mistakes are called mutations. When DNA in a cell is mutated, 
this particular cell does not know how to properly fulfil its tasks and acts up. This jeopardises 
the delicate balance in the cellular community and therefore needs to be avoided by all means. 
Luckily, the cells in our body are prepared: The DNA includes an emergency plan that tells 
them how to solve this situation and usually commands the affected cells to kill themselves. 
Serious problems arise, however, when mistakes are made in the replication of the emergency 
plan itself. Cells with an erroneous or incomplete emergency plan do not know how to deal 
with DNA mutations anymore. Because nothing is telling these cells to stop working, they 
continue to perform their tasks according to their instructions. When they divide, they pass on 
their faulty manual to their daughter cells which means the number of misbehaving cells 
increases steadily. Furthermore, once the emergency plan and its control mechanisms are 
disabled, the DNA accumulates additional mutations more easily. The affected cells start to 
form tumours and spread around the body. This is how cancer develops.  
Osteosarcomas are particularly aggressive tumours and the most common form of bone cancer. 
To improve our understanding of the disease, we aimed to describe the previously unknown 
role of mutations in the non-coding regions of osteosarcoma. We have a fairly good idea of the 
consequences of mutations that occur in genes. However, genes only make up a small 
proportion of the DNA and most mutations happen outside of them. Determining which 
mutations in the non-coding regions of DNA are relevant is challenging, because they exist in 
great numbers and their effects are harder to pinpoint than those of mutations targeting genes. 
One approach to extract the important parts of non-coding regions in the DNA is to compare 
the DNA sequence of related species. As they have evolved from common ancestors, the DNA 
has differences and similarities among species. The idea is that regions of the DNA that are the 
same across multiple species remained unchanged over long evolutionary timescales because 
they have an important function. In this work, we used information about similarities in the 
DNA of 33 mammals to identify mutations in the non-coding regions that impact osteosarcoma.  
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1 Introduction 
In 2020, more than 19 million people worldwide were newly diagnosed with cancer and almost 
10 million patients died of the disease (Sung et al. 2021). Our ability to treat cancer has greatly 
improved in the past decade and strong research efforts are put into continuously improving our 
understanding of the disease. Despite this, cancer is still difficult or, in many cases, impossible 
to cure.  
Osteosarcoma is a very aggressive malignancy and the most common primary bone tumour 
(Mirabello et al. 2009). It is a predominantly paediatric disease with most cases below the age 
of 24, but shows a second incidence peak in cases above the age of 60 (Mirabello et al. 2009). 
Tumours most commonly affect the metaphysis of the lower long bones and there seems to be 
a correlation between paediatric onset of the disease and phases of rapid bone growth as they 
occur during puberty or in utero (Mirabello et al. 2009). Osteosarcoma is also frequently 
associated with certain cancer predisposition syndromes, such as Li-Fraumeni Syndrome, 
hereditary bilateral retinoblastoma and Bloom syndrome as well as Paget’s disease (Chauveinc 
et al. 2001, Varley 2003, Hansen et al. 2006, Kansara & Thomas 2007, Mirabello et al. 2011). 
Tumour stage at the time of diagnosis and factors such as the distribution of metastases strongly 
influence the prognosis for osteosarcoma patients, but overall mortality is high. With the 
implementation of surgery and chemotherapy as standard treatment, survival rates have 
improved to 60 – 70 %, but progress has since stagnated (Mirabello et al. 2009, Rickel et al. 
2017, Siegel et al. 2021). Five-year survival rates for patients who are initially diagnosed with 
metastatic osteosarcoma that has spread to distant tissues are as low as 20 - 27 % (Mialou et al. 
2005, Howlader et al. 2019). Understanding the genetic mechanisms that drive osteosarcoma 
is a main objective in the endeavour to develop better treatment and cure more patients.  
Cancer is driven by the accumulation of somatic mutations (although genetic predisposing 
mutations also exist) which eventually enable cancer cells to divide uncontrollably and invade 
healthy tissue. Somatic mutations that provide an advantage to the cancer are subject to natural 
selection and allow cancer cells to bypass normal control mechanisms and proliferate without 
adhering to cellular constraints (Stratton et al. 2009).  Somatic mutations that support cancer 
growth and are causally involved in tumorigenesis are called driver mutations (Vogelstein et 
al. 2013). Driver mutations are very rare compared to neutral passenger mutations, but their 
discovery is crucial to gain a more thorough understanding of the mechanisms that underlie 
cancer growth and eventually develop better treatment (Bailey et al. 2018). Therefore, great 
efforts are put into understanding driver mutations and the driver genes they act on as well as 
developing better methods to identify them (Lawrence et al. 2013, Dietlein et al. 2020). 
Most cancer-driving mutations have so far been discovered in the protein coding regions of the 
genome. Tumour suppressor genes have regulatory roles in cell division, replication and 
apoptosis and are frequently inactivated by driver mutations. Oncogenes, on the other hand, 
promote cancer proliferation and can be activated by gain-of-function mutations. The 
identification of driver mutations in protein coding regions undoubtedly leads to great progress 
in cancer research, however, setting the focus mainly on the coding space leaves the largest part 
of the genome unexplored (Hornshøj et al. 2018). Non-coding mutations can alter cellular 
functions and gene regulation when they are found in functional elements involved in 
transcriptional or post-transcriptional regulation (Hornshøj et al. 2018). The most well-known 
example of a non-coding driver element is the TERT promoter. Telomerease reverse 
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transcriptase (TERT) is responsible for maintaining telomere length which is pivotal for tumour 
persistence in many cancers. Somatic mutations in this gene’s promoter region can enhance its 
expression, and associated telomere extension, making them important drivers of tumorigenesis 
(Fredriksson et al. 2014). The discovery of the driving role of mutations in the TERT promoter 
has heightened awareness of the importance of non-coding driver elements and shifted focus to 
the non-coding space. Higher accessibility of whole-genome sequencing (WGS), large sample 
sizes and new computational methods have led to additional findings (Mularoni et al. 2016, 
Cuykendall et al. 2017). However, the number of drivers that have been identified in the coding 
space continues to surpass the number of non-coding drivers by far. Investigating non-coding 
regions in the search for driver mutations has the potential to lead to exciting new discoveries 
(Cuykendall et al. 2017).  
Identifying driver mutations among the vast amount of non-coding mutations poses a challenge. 
Restricting the search to annotated functional elements is not straightforward, because the 
workings of the gene regulatory system are complicated and its annotation in the human 
reference genome incomplete. Evolutionary constraint is one measure that can be applied to 
estimate the position of functional elements (Lindblad-Toh et al. 2011). Between 6 and 13 % 
of the human genome is estimated to be under evolutionary constraint which means that it has 
undergone purifying selection and is therefore likely functional (Davydov et al. 2010, Meader 
et al. 2010, Lindblad-Toh et al. 2011, Rands et al. 2014). Using comparative genomics, the 
level of evolutionary constraint can be determined for most sites in the genome.  
Sakthikumar et al. developed a novel approach that uses evolutionary constraint scores to 
identify non-coding mutations in functional elements with regulatory potential and successfully 
applied it to investigate non-coding mutations in glioblastoma (Sakthikumar et al. 2020). They 
generated WGS data of matched tumour tissue and blood samples to perform variant calling 
and functional annotation. Genes with known roles in glioblastoma were selected and their 
associated non-coding regions examined for mutations occurring in constrained sites. They 
found that non-coding constraint mutations were enriched in the neighbourhood of key 
glioblastoma genes and proposed novel genes with putative roles in glioblastoma based on high 
numbers of non-coding constraint mutations in their regulatory regions. Furthermore, 
Sakthikumar et al. were able to show that a non-coding constraint mutation in the promoter 
region of semaphorin 3C (SEMA3C) disrupted a FOXA1 transcription factor binding site 
leading to decreased binding affinity of transcription factors to that region and potentially 
altering SEMA3C gene expression levels. The authors concluded that non-coding constraint 
mutations likely play an essential role in glioblastoma.  
In the course of this project, we aimed to explore the landscape of non-coding constraint 
mutations in osteosarcoma to improve our understanding of how evolutionary constraint can be 
utilized to identify non-coding driver mutations and describe the previously unknown role of 
non-coding mutations in osteosarcoma. We mapped evolutionary constraint scores to somatic 
variant data generated by WGS of 38 osteosarcoma samples and extracted non-coding 
constraint mutations in potential regulatory regions. Established osteosarcoma genes with an 
enrichment of non-coding constraint mutations were used to investigate the involvement of 
non-coding constraint mutations in classical osteosarcoma pathways. Non-coding constraint 
mutation enrichment analysis also allowed us to propose novel osteosarcoma genes. We 
evaluated the regulatory potential of individual mutations using regulatory annotations, 
functional evidence, transcription factor affinity predictions and electrophoretic mobility shift 
assays and concluded that non-coding constraint mutation analysis is an efficient approach to 
identify non-coding mutation with functional impact in osteosarcoma.  
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2 Materials and Methods 

2.1 ICGC bone tumour dataset 
We obtained a dataset of somatic bone tumour variants from the International Cancer Genome 
Consortium (ICGC) Data Portal (https://dcc.icgc.org) to investigate non-coding constraint 
mutations in osteosarcoma. The data has previously been published as part of the ICGC/TCGA 
Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium’s effort to collect WGS data 
and analyse genomic features across different tumour types (Campbell et al. 2020). The 
downloaded dataset comprised somatic variants from 64 patients and was generated by WGS 
of matched tumour and normal (blood) samples using Illumina HiSeq paired-end sequencing.  
The consortium applied three different pipelines to call somatic variants against a version of 
the human reference build hg19 (hs37d5 from the 1000 Genomes Project )(Auton et al. 2015). 
A high-confidence consensus set of variants was derived by selecting single-nucleotide variants 
that have been called by at least two pipelines. Indel calls were integrated based on stacked 
logistic regression. Additionally, multiple optimized processing and quality control steps 
ensured that a set of high-quality somatic variants was provided (Campbell et al. 2020).  
Somatic point mutation (SPM) and somatic indel mutation (SIM) data from seven bone tumour 
types was included in the dataset. These were osteosarcoma (n = 38), chondroblastoma (n = 7), 
osteoblastoma (n = 6), adamantinoma (n = 5), chordoma (n = 5), chondromyxoid 
fibroma (n = 2) and ameloblastoma (n = 1). Across the entire cohort, 30 patients were female 
and 34 were male. Among them, there were 20 female and 18 male osteosarcoma patients. The 
median age of the entire bone tumour cohort was 22 and 19.5 for osteosarcoma patients 
(Appendix Figure 1). The age of four osteosarcoma patients was unknown and no additional 
clinical data about survival time, treatment, etc. was available for the entire cohort at the ICGC 
Data Portal or within the PCAWG publication.  
Copy number alteration (CNA) data for the bone tumour cohort, which has been generated 
using the DKFZ somatic variant pipeline, was downloaded from the ICGC Data Portal as well 
(Campbell et al. 2020).  

2.2 Somatic variant pre-processing pipeline 
Three additional steps of filtering and quality control were applied to the dataset: 
First, somatic point and indel mutations (SPIMs) that did not pass the quality criteria applied 
by the PCAWG consortium during variant calling were removed. 
Then, the data was scanned for SPIMs that were called more than once per sample in the same 
position. The SPIM that was supported by more variant callers was chosen and the redundant 
variant removed. In case of a tie, the longer SIM was selected.  
On top of this, SPIMs were compared to a dataset of known germline variants to determine the 
number of potential germline artefacts among them. This dataset consisted of germline variants 
from dbSNP (version 151) and SweGen (Sherry et al. 1999, Ameur et al. 2017). Confirmed 
somatic variants from the COSMIC database (version 91) were whitelisted (Tate et al. 2019). 
The number of SPIMs per sample that coincide with the dataset of know germline variants was 
small (on average 3 % per sample). Such low numbers of potential germline artefacts unlikely 
interfere with later analyses and were therefore kept in the dataset.  
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The remaining SPIMs were annotated with the functional annotation tool Funcotator (GATK 
4.1.4.1) using pre-packaged data sources (version 1.6.20190124s) (McKenna et al. 2010).  
--force-b37-to-hg19-reference-contig-conversion was applied to translate to the correct 
reference genome.  
CNAs were filtered according to the quality measures applied by the PCAWG consortium and 
annotated with gene information by intersecting CNAs with gene positions using BEDTools 
(Quinlan & Hall 2010). Only CNAs that had been identified as an amplification, deletion or 
loss of heterozygosity and overlapped with ³ 90 % of a gene were considered for the following 
analyses.  
After this step, the osteosarcoma cohort was disjoined from the bone tumour dataset and 
analysed separately.  

2.3 Coding mutations 
Because the ICGC bone tumour cohort has been published as part of a pan-cancer study and 
has not previously been analysed individually, we first examined osteosarcoma SPIMs in 
protein-coding sequences and compared the results to available literature on osteosarcoma. This 
analysis was performed to validate that this dataset could be used to reproduce established 
results, before investigating the unexplored non-coding space in osteosarcoma.  

2.3.1 Recurrently mutated genes 
SPIMs in coding regions were processed using different approaches.  
First, significantly mutated genes (SMGs) in osteosarcoma were identified using MutSigCV 
(version 1.41) (Lawrence et al. 2013).  
Then, SPIMs were filtered for coding, non-silent mutations and those counts used to assign 
genes to the sets of frequently mutated genes (FMGs) and recurrently mutated genes (RMGs). 
We defined FMGs as genes with mutations in the protein-coding sequence in at least 10 % of 
samples and RMGs as genes with coding mutations in at least two samples.  
The absolute number of SPIMs found in a particular gene is not necessarily the most appropriate 
measure of its importance in cancer. To allow a more meaningful comparison of RMGs among 
each other, the number of SPIMs per Kbp protein-coding sequence was calculated as an 
additional metric for each gene (Ensembl Genes 103 for GRCh37).  
All RMGs including SMGs and FMGs were intersected with the Cancer Gene Census (CGC) 
dataset based on the COSMIC database (v92) to identify known cancer genes among them 
(https://cancer.sanger.ac.uk/census). CGC is a curated collection of genes that drive cancer. 
They are divided into two groups: Tier 1 genes have documented roles in cancer supported by 
experimental evidence, while Tier 2 genes show strong indications of being cancer genes but 
are supported by less extensive evidence (Sondka et al. 2018).  
Coding mutations and CNAs of relevant RMGs were visualised with brick plots that were 
generated using Oncoprinter from cBioPortal (Cerami et al. 2012, Gao et al. 2013). 

2.3.2 Pathway enrichment 
Pathway enrichment tools identify pathways that are significantly overrepresented in a given 
set of genes. In the context of cancer, pathway enrichment analysis of mutated genes provides 
insight into which pathways have been disrupted or altered. We performed pathway enrichment 
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analysis to reveal patterns and connections in the RMG set and relate these to previous findings 
in osteosarcoma. GSEA and MSigDB (version v7.2) were used to compute the overlap between 
RMGs and the MSigDB canonical pathways gene set which included pathway gene sets from 
BioCarta, KEGG, PID, Reactome and WikiPathways (Nishimura 2001, Daly et al. 2003, 
Subramanian et al. 2005, Schaefer et al. 2009, Liberzon et al. 2011, Fabregat et al. 2016, 
Kanehisa et al. 2017, Slenter et al. 2018) 

2.4 Non-coding constraint mutations 
To differentiate between neutral passenger mutations and non-coding mutations in functional 
elements, evolutionary constraint scores were mapped to the set of SPIMs. Because NCCMs in 
regulatory regions have the potential to alter gene transcription, we then extracted non-coding 
constraint mutations from the non-coding regions surrounding genes where we considered them 
most likely to be able to impact the gene regulatory system.  

2.4.1 Annotation with evolutionary constraint scores 
We downloaded precomputed evolutionary constraint scores for the human reference assembly 
hg19 from the UCSC Genome Browser database (Haeussler et al. 2019).  
The scores have been generated with the statistical framework GERP (Genomic Evolutionary 
Rate Profiling) and were derived from a multiple sequence alignment of 33 mammals. Genomic 
positions which have been subjected to purifying selection were identified as regions with fewer 
substitutions than expected and the level of constraint quantified by measuring the substitution 
deficit as “rejected substitutions” (Cooper et al. 2005, Davydov et al. 2010). 
GERP scores were mapped to SPIMs by intersecting both datasets using BEDOPS (version 
2.4.39) and bigWigToBedGraph (Kent et al. 2010, Neph et al. 2012). Deletions that spanned 
across two or more sites were annotated by collecting GERP scores for all affected positions 
and reporting the highest score for the variant. We applied a threshold of GERP ³ 2.0 to retrieve 
SPIMs in constrained elements and termed SPIMs in non-coding regions under evolutionary 
constraint non-coding constraint mutations (NCCMs). 

2.4.2 Non-coding constraint mutation enrichment analysis 
To identify genes that are regulated by NCCMs in osteosarcoma, we scanned the genome across 
the osteosarcoma cohort for genes with an enrichment of NCCMs in their associated non-coding 
regions. We deemed introns, UTRs and the 100 Kbp flanking regions of genes as regions where 
NCCMs most likely have a functional impact on the regulation of a particular gene. Therefore, 
NCCMs that had a GERP score of ³ 2 and were positioned in these non-coding regions were 
retrieved from the dataset.  
Subsequently, we calculated a rate for each gene that described the number of samples with 
NCCMs in the non-coding regions associated with it (NCCMs/ 100 Kbp). Genes that were 
assigned ³ 2 NCCMs/100 Kbp were considered to have an enrichment of NCCMs.  
NCCM enrichment analysis was performed on the remaining bone tumour SPIM dataset 
excluding osteosarcoma samples as a negative control. 

2.4.3 Characterisation of NCCM-enriched genes 
We performed pathway enrichment and gene expression analyses to describe the roles of genes 
with an enrichment of NCCMs in osteosarcoma.  
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Using GSEA and MSigDB, we computed the overlap of the set of NCCM-enriched genes with 
the Gene Ontology (GO) gene set to find out which biological processes these genes were 
involved in (The Gene Ontology Consortium et al. 2000, Carbon et al. 2021).  
Important osteosarcoma genes were expected to show expression differences when compared 
to normal osteoblasts. To investigate how many NCCM-enriched genes this applied to, we 
obtained a gene expression dataset which has been generated using Affymetrix Gene 1.0 ST 
expression arrays on 12 paediatric osteosarcoma and two normal human osteoblast samples and 
is available under the GEO accession number gse12865 (Sadikovic et al. 2009). Significant 
differences in gene expression between osteosarcomas and osteoblasts were determined with 
Student’s t-tests (p < 0.05) using ttest_ind() from the Statistical functions (scipy.stats) Python 
module. 

2.4.4 NCCM regulatory annotation 
To evaluate the regulatory potential of individual mutations, NCCMs were annotated with 
regulatory information which was provided by UCSC Genome Browser, ENCODE Project, 
GENCODE (version v16) and others (downloaded http://larva.gersteinlab.org/) and visualized 
in the UCSC Genome Browser (Dunham et al. 2012, Davis et al. 2018, Frankish et al. 2019). 
The regulation data included annotations for sites of open chromatin, histone markers, 
transcription factor binding sites identified by ChIP-seq as well as enhancer and promoter 
regions.  

2.4.5 Topologically associating domains 
On a sub-chromosomal level, the genome organises into topologically associating domains 
(TADs). Genomic regions inside these TADs tend to interact with each other rather than with 
regions outside TAD boundaries. Hence, genes and the regions involved in their regulation are 
typically part of the same TAD, although TADs can vary across tissues. To confirm that 
NCCMs and the regulatory regions they are located in can interact with genes of interest, we 
visualized chromatin interactions of NCCM sites and TADs with 3DIV (3D-genome Interaction 
Viewer and database), focusing on an interaction range of 100 Kbp (Yang et al. 2018). Hi-C 
data from H1-derived Mesenchymal Stem Cell samples was used due to a lack of data from 
osteosarcoma cell lines and the TopDom algorithm was selected to identify TADs (Shin et al. 
2015, Dali & Blanchette 2017). 

2.4.6 NCCM impact prediction on transcription factor binding affinity 
NCCMs in regulatory regions could impact the gene regulatory system by altering transcription 
factor binding sites. This can in turn change the affinity with which a transcription factor binds. 
sTRAP is a module of the Transcription factor Affinity Prediction (TRAP) Web Tools 
(http://trap.molgen.mpg.de/cgi-bin/home.cgi) and was used to detect transcription factors that 
could bind at a specific sequence. Furthermore, it predicted whether NCCMs could cause an 
increase or decrease in binding affinity for those transcription factors at the particular site 
(Manke et al. 2010, Thomas-Chollier et al. 2011).  
Wild-type and variant alleles were used as input for the web tool with their 20 bp flanking 
regions which contain the length of most transcription factor binding sites. NCCMs that had 
regulatory annotations indicating a CTCF binding site at that position were additionally 
analysed with their 50 bp flanking regions since the binding site for this protein is long. 
Predictions were based on JASPAR vertebrate matrices using the human promoter background 
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model and Benjamini-Hochberg multiple test correction. Matrices of significant results were 
downloaded from http://jaspar.genereg.net/. 

2.4.7 Electrophoretic mobility shift assay 
To experimentally confirm that NCCMs could alter the affinity with which a transcription factor 
binds a binding site, we performed electrophoretic mobility shift assays (EMSA) which are 
assays used to investigate DNA-protein interactions. We annealed 5' biotin-labelled and 
unlabelled forward strand DNA oligos of 40 bp including the transcription factor binding site 
wild-type sequence and the sequence containing the NCCM variant with their unlabelled 
reverse complementary strands. Nuclear protein was extracted from the Saos-2 human 
osteosarcoma cell line. The experiment was conducted with the LightShift™ 
Chemiluminescent EMSA Kit (Thermo Scientific) according to the manufacturer’s protocol. 
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3 Results 

3.1 Somatic variant pre-processing 
The ICGC bone tumour dataset was filtered in multiple steps and annotated with functional and 
gene information. The pre-processing pipeline removed on average 50.2 % of SPMs and 81.5 
% of SIMs per sample. After this, 210,852 SPIMs and an average of 3,130 SPMs and 164 SIMs 
per sample remained (Figure 1). The 38 osteosarcoma samples alone contained 174,375 SPIMs, 
which means that osteosarcoma SPIMs make up 83 % of the bone tumour dataset. 

 
Figure 1 | Somatic point and indel mutation (SPIM) distribution per sample.  
The ICGC bone tumour somatic variant dataset consisted of samples from seven bone tumour types: osteosarcoma, 
osteoblastoma, chordoma, chondromyxoid fibroma, chondroblastoma, ameloblastoma and adamantinoma. Multiple 
steps of quality filtering were applied to the raw SPIM data (pale shade) to obtain the final set of SPIMs (dark shade). 
The majority of SPIMs in the dataset belonged to the osteosarcoma cohort. 

3.2 Coding mutations affect known osteosarcoma pathways 
Analysing coding mutations and the genes with mutations in the coding sequence is important 
because it can point us towards genes that play a key role in osteosarcoma. Comparison with 
known osteosarcoma genes validates our pipeline and provides an indication whether our 
patient cohort is representative of the cancer.  
TP53 encodes the transcription factor p53 and was found to be significantly mutated in the 
osteosarcoma cohort (q < 0.00001). The p53 pathway is regarded as the main pathway involved 
in osteosarcoma development and the tumour suppressor gene TP53 has previously been 
established as an SMG in osteosarcoma (Chen X et al. 2014, Perry et al. 2014). In this dataset, 
SPIMs in TP53 were found in 32 % of osteosarcoma samples (Figure 2). TP53 was also affected 
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by CNAs in 32 % of osteosarcoma samples. By extracting coding, non-silent mutations and 
counting their occurrence, we found two FMGs in addition to TP53. These were TTN and RB1. 
TTN (mutated in 21 % of samples) encodes one of the largest proteins in the human genome 
which means it is also prone to accumulate a larger absolute number of somatic mutations 
during cancer development. Its importance in cancer is dubious, despite its relatively large 
number of SPIMs (Lawrence et al. 2013). The transcription factor gene RB1, on the other hand, 
is another tumour suppressor gene with a well-established role in osteosarcoma (Chen X et al. 
2014, Perry et al. 2014). Our osteosarcoma cohort showed RB1 mutations in 11 % of samples 
and CNAs in 45 %. 
A total number of 67 additional genes were found to be recurrently mutated. The total set of 70 
genes including SMGs, FMGs and RMGs will be termed RMGs below (Appendix Figure 2). 
Several known cancer genes were found among the RMGs, eight of which were CGC genes: 
TP53, RB1, LRP1B, ATRX, PIK3CA and PTPN13 are CGC Tier 1 and MUC16 and CSDM3 are 
Tier 2 genes  (Sondka et al. 2018). All RMGs except ATRX, CXorf30 and TRIM50 showed 
CNAs in at least one sample.  

 
Figure 2 | Recurrently mutated genes (RMGs) in osteosarcoma. 
Genes that are recurrently mutated and show mutations in two or more samples of the osteosarcoma cohort were 
reported and copy number alterations (CNAs) in those genes analysed. The minimum age of the osteosarcoma cohort 
is 4 and the maximum age 85. The age of four samples was unknown (-). Several established osteosarcoma and cancer 
genes were discovered in the set.  
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In the RMG set, 43 pathways were significantly enriched. Several pathways involved in cancer 
(head and neck squamous cell carcinoma, endometrial cancer and non-small cell lung cancer) 
and cancer-related processes were among the ten most significantly enriched pathways (Table 
1). Most pathways centred around the osteosarcoma genes TP53 and RB1. TP53 was found in 
seven, RB1 in five of these pathways. The ARF pathway was the most significantly enriched 
pathway in the set. RMGs found in the overlap with the BioCarta ARF pathway gene set were 
TP53, RB1 and PIK3CA. It is an important cancer pathway which is involved in regulating p53 
and osteosarcoma development as well as bone remodelling (Palmero et al. 1998, Rauch et al. 
2010). The WNT signalling pathway was significantly enriched as well and plays a crucial role 
in bone development and osteosarcoma (Hill et al. 2005, Matsuoka et al. 2020). It was 
represented by the RMGs TP53, ROCK2, APC2 and DKK2. The transcription regulator BTG2 
suppresses osteosarcoma growth and has previously been linked to TP53 (Rouault et al. 1996, 
Li et al. 2015); the BTG2 pathway was represented by TP53 and RB1. CACNA1A and 
CACNA1E were found in two significantly enriched pathways involved in calcium regulation, 
calcium regulation in the cardiac cell and, together with RYR2 and RYR3, presynaptic 
depolarization and calcium channel opening. 
Table 1 | Pathway enrichment analysis of recurrently mutated genes (RMGs).  
Pathway enrichment analysis was performed with 70 recurrently mutated genes of the osteosarcoma cohort and the 
ten most significantly enriched pathways were examined. Several pathways related to cancer were enriched in the 
RMG set. Shown are the number of genes in the RMG-pathway gene set overlap, q-value for pathway enrichment and 
genes found in the overlap.  

Pathway Genes in overlap q-value Genes 

BioCarta ARF pathway 3 0.0098 TP53, RB1, PIK3CA 

WikiPathways head and neck 
squamous cell carcinoma 4 0.0143 TP53, RB1, PIK3CA, CSMD3 

WikiPathways calcium regulation in 
the cardiac cell 4 0.0334 CACNA1A, CACNA1E, RYR3, RYR2 

KEGG WNT signalling pathway 4 0.0334 TP53, ROCK2, APC2, DKK2 

WikiPathways spinal cord injury 4 0.0334 TP53, RB1, ROCK2, MAG 

KEGG non-small cell lung cancer 3 0.0334 TP53, RB1, PIK3CA 

KEGG endometrial cancer 3 0.0334 TP53, PIK3CA, APC2 

KEGG type II diabetes mellitus 3 0.0334 PIK3CA, CACNA1A, CACNA1E 

Reactome presynaptic depolarisation 
and calcium channel opening 2 0.0334 CACNA1A, CACNA1E 

BioCarta BTG2 pathway 2 0.0334 TP53, RB1 

3.3 9 % of non-coding mutations are found in constrained elements 
In the osteosarcoma cohort, 99 % of SPIMs were found in non-coding regions. We annotated 
them with evolutionary constraint scores generated with GERP to identify SPIMs in functional 
elements. The distribution of GERP scores for non-coding SPIMs in osteosarcoma showed a 
clear peak around a score of zero (Figure 3): 78 % of non-coding SPIMs had a GERP score 
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between ± 2.0, 58 % of non-coding SPIMs had a score between ± 1.0 and 42 % had a score 
between ± 0.5. Considering a GERP score threshold of ³ 2.0, 9 % of non-coding SPIMs were 
found in sites under evolutionary constraint and were therefore termed non-coding constraint 
mutations (NCCMs). Of these NCCMs, 44 % resided in intergenic regions, 41 % in introns and 
7 % in lincRNAs. The remaining NCCMs were found in 3’UTRs (2 %), 5’UTRs (0.7 %), 5’ 
flanking regions (2 %), and other non-coding RNAs (4 %). 13 NCCMs could not be assigned 
to either of these categories. 

 
Figure 3 | GERP score distribution of osteosarcoma non-coding mutations.  
Somatic osteosarcoma mutations were annotated with GERP scores to identify sites under evolutionary constraint. 
The GERP distribution of non-coding mutations shows a peak around the score zero. 9% of positions of non-coding 
mutations have a GERP score ³ 2 and are therefore considered to be constrained. 

3.4 NCCM enrichment around cancer genes 
The next step was to identify genes with an enrichment of NCCMs in surrounding non-coding 
regions (Figure 4 a), as a high number of NCCMs in the regulatory regions of a gene could 
indicate that they are involved in the regulation of that gene in osteosarcoma.  
The majority of genes (79.3 %) were associated with less than 0.5 NCCMs/100 Kbp and 99.7 % 
of genes had less than 2.0 NCCMs/100 Kbp (Figure 4 b). This left around 0.3 % of 
genes (n = 64) with  ³ 2.0 NCCMs/100 Kbp at the tail end of the distribution. These genes were 
considered to have an enrichment of NCCMs and were investigated in more detail (Appendix 
Table 1). Because of overlapping flanking regions, some NCCMs were assigned to multiple 
genes. Of the 64 genes with an enrichment of NCCMs, 25 genes shared some or all their 
associated NCCMs with one or more genes.  
As a control, the same analysis was carried out using all other bone tumour (OBT) samples 
from the ICGC bone tumour cohort excluding osteosarcoma. Bone tumours in this set were 
either benign or considered to be less aggressive than osteosarcomas. The GERP score 
distribution of non-coding OBT SPIMs was comparable to the distribution of non-coding 
osteosarcoma SPIMs (Appendix Figure 3). However, all genes fell below the threshold 
of ³ 2 NCCMs/100 Kbp (Figure 4 b). 97.9 % of genes were associated with less than 
0.5 NCCMs/100 Kbp, 1.9 % had 0.5 or more but less than 1.0 NCCMs/100 Kbp and 
0.1 % (n = 28) had 1.0 or more and less than 1.5 NCCMs/100 Kbp.  
The 64 NCCM-enriched genes included genes related to cancer, osteosarcoma and bone 
development including a large number of transcription factors (Appendix Table 1). The top five 
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genes with the highest NCCM rate were SOX2, NKX2-8, IZUMO3, NR4A2 and COL1A2. Four 
genes were CGC Tier 1 genes (SOX2, NKX2-1, BCL11A and PREX2).  

 
Figure 4 | Enrichment of non-coding constraint mutations.  
a. Enrichment of NCCMs in the non-coding space associated with genes was analysed. The non-coding regions that 
were considered are introns, 5’ and 3’ UTRs and the 100 Kbp flanking regions of each gene.  
b. Distribution of the number of non-coding mutations associated with genes. Up: Distribution of the percentage of 
genes of the human genome and number of associated NCCMs for osteosarcoma and other bone tumours. Down: 
Magnified view of the tail ends of the distributions. 

The ten most significantly enriched GOs in the NCCM-enriched gene set were dominated by 
GOs involved in transcriptional regulation (Table 2). Fourteen genes were connected to each 
transcription regulator activities and sequence-specific DNA binding, 13 genes were associated 
with DNA binding transcription factor activities and 12 were related to chromatin. Another 
group of GOs among the ten most significantly enriched pathways were related to four gap 
junction genes (GJA4, GJB4, GJB5, GJB3). Gap junction genes are tumour suppressors that 
facilitate intracellular communication and are associated with bone development (Batra et al. 
2012, Talbot et al. 2015). GOs that were solely represented by these four GJ genes were 
connexin complex, gap junction channel activity, wide pore channel activity and gap junction. 
Together with nine other genes they were found in the overlap of the membrane protein 
complex GO and with four other genes in passive transmembrane transporter activity. 
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Table 2 | Gene Ontology (GO) enrichment analysis of NCCM genes.  
GO enrichment analysis was performed with 64 genes that show an NCCM enrichment in the osteosarcoma cohort 
and the GO cellular component (GOCC), GO molecular function (GOMF) and GO biological process (GOBP) gene 
sets. The ten most significantly enriched GOs were examined. GOs related to transcription regulation and gap 
junctions are significantly enriched. Shown are the number of genes in the NCCM gene-GO overlap, q-value for GO 
enrichment and genes found in the overlap. 

Gene Ontology Genes in overlap q-value Genes 

GOCC membrane protein 
complex 13 0.0001 

GJA4, GJB4, GJB5, GJB3, GRIN3A, 
KCNS2, TRPC3, GABRA4, CD40, 
ITGB4, CDH7, CPLX2, LAMTOR5 

GOMF gap junction channel 
activity 4 0.0001 GJA4, GJB4, GJB5, GJB3 

GOCC connexin complex 4 0.0001 GJA4, GJB4, GJB5, GJB3 

GOMF sequence specific DNA 
binding 14 0.0001 

NKX2-1, SOX2, NR4A2, POU3F3, 
TFAP2B, ALX1, NKX2-8, TFAP2D, 
FOXG1, SP8, SIM1, NR2F2, BCL11A, 
ORC5 

GOMF DNA binding 
transcription factor activity 13 0.0001 

NKX2-1, SOX2, NR4A2, POU3F3, 
TFAP2B, ALX1, NKX2-8, TFAP2D, 
FOXG1, SP8, SIM1, NR2F2, BCL11A 

GOCC chromatin 12 0.0001 
NKX2-1, SOX2, NR4A2, POU3F3, 
TFAP2B, ALX1, NKX2-8, TFAP2D, 
FOXG1, SP8, SIM1, ORC5 

GOMF wide pore channel 
activity 4 0.0001 GJA4, GJB4, GJB5, GJB3 

GOCC gap junction 4 0.0001 GJA4, GJB4, GJB5, GJB3 

GOMF transcription regulator 
activity 14 0.0002 

NKX2-1, SOX2, NR4A2, POU3F3, 
TFAP2B, ALX1, NKX2-8, TFAP2D, 
FOXG1, SP8, SIM1, NR2F2, BCL11A, 
VGLL1 

GOMF passive transmembrane 
transporter activity 
 

8 0.0002 GJA4, GJB4, GJB5, GJB3, GRIN3A, 
KCNS2, TRPC3, GABRA4 

Gene expression differences between osteosarcomas and osteoblasts were analysed for 
51 NCCM-enriched genes (no expression data was available for lncRNAs and IZUMO3) to 
further investigate their importance in cancer (Appendix Figure 4). Twelve genes showed 
significantly different expression between osteosarcomas and normal human osteoblasts 
(Student’s t-test, p £ 0.05).  CD40, CD84, GJA4, ITGB4, PREX2, SOX2 and TFAP2D 
expression was significantly higher while SMIM12 (C1ORF212), DPH5, HBXIP, MRPL19 and 
SLC16A4 expression was significantly lower in osteosarcoma than in osteoblasts. 

3.4.1 SOX2 has the highest enrichment of NCCMs 
SOX2 was the gene with the highest NCCM rate (4.0 NCCMs/100 Kbp) and its expression was 
significantly higher in osteosarcomas than in osteoblasts (Appendix Table 1). It is a stem cell 
transcription factor that is involved in several important processes such as for example 
embryonic development and plays a crucial role in osteoblast self-renewal and proliferation 



 24 

(Yuan et al. 1995, Basu-Roy et al. 2010). SOX2 is also required for osteosarcoma development 
and proliferation (Maurizi et al. 2018).  
In total, there were nine SOX2 NCCMs found in eight different samples (Figure 5). Seven of 
these NCCMs were located in intergenic regions, one in the 5’ flanking region and one in a 
noncoding RNA. To evaluate the regulatory potential of sites hit by NCCMs in detail, we 
intersected them with regulatory annotation information compiled from several sources. We 
found that one NCCM was located in the SOX2 promoter region and three overlapped with 
DNase I hypersensitive sites which mark accessible chromatin and therefore potentially active 
regulatory regions (Frankish et al. 2019). Histone modifications regulate chromatin structure 
and thus influence the activation or inactivation of genes. Two NCCMs showed H3K4Me3 
marks which are often found near promoters, six NCCMs were associated with H3K4Me1 
marks which are found near regulatory elements and two NCCMs had an H3K27Ac mark which 
is a signature of a transcriptionally active regulatory region. Additionally, four NCCMs had 
transcription factor binding site annotations derived from ChIP-seq. In total, seven of the nine 
SOX2 NCCMs had an additional regulatory annotation.  

 
Figure 5 | UCSC Genome Browser view of SOX2 NCCMs. 
SOX2 had the highest NCCM rate in the osteosarcoma cohort with nine NCCMs in associated non-coding regions. 

At the position of SOX2_NCCM_7, a transcription factor ChIP-seq cluster identified a CTCF 
binding site. CTCF is a zinc finger protein involved in genome regulation that often acts as an 
insulator, spatially separating genes from each other or from nearby enhancers (Phillips & 
Corces 2009). SOX2_NCCM_7 had a high GERP score of 4.9 and a variant allele fraction of 
0.35. To test in silico whether SOX2_NCCM_7 could affect CTCF binding, the sTRAP module 
from the Transcription factor Affinity Prediction (TRAP) Web Tools, which predicts 
differences in transcription factor binding affinity between two sequences, was applied 
(Thomas-Chollier et al. 2011). Indeed, the wild-type sequence was predicted to have significant 
affinity for CTCF binding at this position, while the NCCM in the mutant sequences caused a 
strong decrease in binding affinity. 
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3.4.2 BCL11A NCCMs have strong regulatory potential 
BCL11A is a transcription factor which is most commonly known for its role in lymphoid 
tumours. For example, high BCL11A expression in natural killer/T-cell lymphomas promotes 
tumour development and is correlated with poor clinical outcomes (Satterwhite et al. 2001, Shi 
et al. 2020). It is a CGC Tier 1 gene, which can interact with SOX2 in cancer development 
(Lazarus et al. 2018). BCL11A expression was not significantly different in our small gene 
expression cohort, but a trend towards overexpression of BCL11A in osteosarcoma was 
observed (Figure 6 a).  
We found 2.7 NCCMs/100 Kbp in the non-coding regions associated with BCL11A. This 
corresponds to an absolute number of 11 NCCMs in eight different samples (Appendix Table 
1). Nine of these NCCMs were found in introns, while one was located in an intergenic region 
and one in a lincRNA. Moreover, there was an abundance of regulatory annotations in NCCM 
sites (Figure 6 b). Seven NCCMs were located in DNase I hypersensitive sites and four were in 
ChIP-seq transcription factor binding sites. All 11 NCCMs were in regions with H3K4Me1 
marks which indicates that they were in or in close proximity to regulatory elements. Eight 
NCCMs were in sites that show H3K27Ac marks and four in sites with H3K4Me3 marks.  
We performed sTRAP analysis for all NCCMs associated with BCL11A. HNF1B and PRRX2, 
which are transcription factors in the WNT signalling pathway, had significant binding affinity 
predictions for the wildtype sequence at and around the sites of BCL11A_NCCM_3 and 
BCL11A_NCCM_9, respectively. This was interesting, because BCL11A activates WNT 
signalling in breast cancer (Zhu et al. 2019). In both cases, the NCCM lead to a predicted 
decrease in binding affinity. BCL11A_NCCM_9 is located in a highly conserved position of the 
PRRX2 transcription factor binding site (Figure 6 c). We performed an EMSA which showed 
that the wild-type transcription factor binding sequence bound a protein, presumably PRRX2, 
while the mutant sequence with the BCL11A_NCCM_9 variant likely did not (Figure 6 d). 
However, the results of this experiment were slightly ambiguous and will therefore be 
confirmed via replication in the future. 
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Figure 6 | Non-coding constraint mutations analysis of BCL11A. 
a. Normalised gene expression of BCL11A in osteosarcomas (OS) and osteoblasts (OB). 
b. UCSC Genome Browser view of BCL11A NCCMs. BCL11A NCCMs were frequently found in regulatory elements.  
c. PRRX2 Jaspar matrix. BCL11A_NCCM_9 affects a conserved site of the PRRX2 binding site. 
d. Electrophoretic mobility shift assay (EMSA) comparing DNA-protein interaction of BCL11A wild-type (wt) and 
NCCM_9 mutant sequence. DNA binding of nuclear protein from Saos-2 osteosarcoma cell line to the predicted 
PRRX2 binding site in the BCL11A wild-type sequence (lanes 2-3) and the NCCM_9 mutant sequence (lanes 5-6) was 
tested. In lane 2, a shift was present for the wild-type sequence that was competed out in lane 3. This shift was weaker 
for the NCCM_9 mutant sequence in lane 5. 
 

3.4.3 NR4A2 and NKX2-1 NCCMs are mutually exclusive with TP53 alterations 
NR4A2 and NKX2-1 were among the top ten genes with the highest NCCMs/100 Kbp rate and 
are both known to regulate p53 (Zhang T et al. 2009, Chen PM et al. 2015).  
NR4A2 had a rate of 3.2 NCCMs/100 Kbp with a total number of seven NCCMs in seven 
different samples (Appendix Table 1). All seven NCCMs were located in intergenic regions, 
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two were in DNase I hypersensitive sites and two overlapped with ChIP-seq transcription factor 
binding sites. The H3K4Me1 histone mark that indicates proximity to regulatory elements was 
found in five NCCM sites.  
NKX2-1 had a rate of 3.0 NCCMs/100 Kbp and six NCCMs in seven different samples. All 
seven NCCMs were shared with NKX2-8 which lies in close proximity to NKX2-1 and therefore 
has an overlapping flanking region. Six NCCMs were also shared with SFTA3. Here we focused 
on NKX2-1, but NCCMs could be involved in the regulation of all three genes. Four NCCMs 
associated with NKX2-1 lay in intergenic and three in intronic regions. Five NCCMs were in 
DNase I hypersensitive sites, five were annotated as ChIP-seq derived transcription factor 
binding sites and four had H3K4Me1 marks.  
Because NR4A2 and NKX2-1 can regulate p53, we were interested in the distribution of NCCMs 
in those genes across samples compared to TP53 mutations. TP53 had protein-coding mutations 
in 12 samples and CNAs in 12 samples, but showed neither one in 20 samples. Five NR4A2 
NCCMs were found in samples with no TP53 coding mutation and four NR4A2 NCCMs in 
samples with neither a TP53 coding mutation nor CNA (Figure 7). Three NKX2-1 NCCMs were 
in samples that have neither a TP53 coding mutation nor CNA. Together, seven NR4A2 or 
NKX2-1 NCCMs were in samples with no TP53 coding mutation, six NCCMs were in samples 
with no TP53 coding mutation or CNA. Considering CNA and NCCMs in NR4A2 and  
NKX2-1 as well as coding mutations and CNA in TP53, 84 % of osteosarcoma samples have 
mutations that could alter the p53 pathway. We tested mutual exclusivity of all NR4A2 and 
NKX2-1 alterations with TP53 alterations as well as specifically of NCCMs in NR4A2 and 
NKX2-1 with TP53 alterations and both results were significant (q = 0.043 and q = 0.003, 
respectively). 

 
Figure 7 | Comparison of NR4A2, NKX2-1, and TP53 alterations per sample.  
TP53 alterations are mutually exclusive with both NR4A2 and NKX2-1 alterations and NR4A2 and NKX2-1 NCCMs 
only. 

3.4.4 Gap junction genes share most NCCMs 
Gap junction (GJ) proteins are responsible for intercellular communication and are often 
described as tumour suppressor genes (Talbot et al. 2015). They are also associated with bone 
development (Batra et al. 2012).  
Looking at the gene expression of the four GJ genes of our NCCM-enriched gene set in 
osteosarcoma and osteoblasts revealed differences between them (Figure 8 a). GJA4 was 
significantly overexpressed in osteosarcoma compared to osteoblasts. GJB4, GJB3 and GJB5 
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expression was not significantly different in osteosarcoma than in osteoblasts, but a trend 
towards lower expression in osteosarcoma than in osteoblasts was observed.  

In our dataset, four genes encoding for gap junction proteins had ³ 2 NCCMs/100 Kbp (GJA4, 
GJB3, GJB5 and GJB4; Appendix Table 1). These are rather short genes that are situated 
closely together. This means that their 100 Kbp flanking regions overlapped and most NCCMs 
found in their surroundings were shared between them. Some NCCMs were additionally shared 
with SMIM12. GJA4 and GJB3 had six NCCMs in six different samples each, while GJB5 and 
GJB4 had five NCCMs in five samples each. Collectively, these NCCMs were made up of 
seven unique NCCMs which will be referred to as GJ_NCCM_1 to GJ_NCCM_7 (Figure 8 b). 
Four NCCMs were found in the intergenic regions upstream of this GJ locus, and three 
downstream with one NCCM in the intergenic region and two in DLGAP3 introns. Three 
NCCMs were in DNase I hypersensitive sites and one in a ChIP-seq transcription factor binding 
site. Moreover, three NCCMs had H3K4Me1 marks and one had an H3K27Ac mark.  
Among other results, sTRAP predicted a decrease in binding affinity for ZNF354C caused by 
GJ_NCCM_6 (Figure 8 c). ZNF354C is a transcription factor with known roles in bone 
development. GJ_NCCM_6 resided in the flanking regions of all four GJ genes and could 
therefore have an effect on each of them. TAD domain analysis was performed with 3DIV to 
find out which of the four gap junction genes might be regulated by this transcription factor 
binding site and the NCCM. The analysis showed that the upstream NCCMs (GJ_NCCM_3, 
GJ_NCCM_4, GJ_NCCM_6 and GJ_NCCM7) were in the same TAD as GJB4 and GJB5, and 
the downstream NCCMs (GJ_NCCM_1, GJ_NCCM_2 and GJ_NCCM_5) shared TAD with 
GJA4 and GJB3 (Figure 8 d). Since GJ_NCCM_6 as well as the ZNF354C transcription factor 
binding site shared TAD with only GJB5 and GJB4, these were the likely targets of this 
regulatory region. 
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Figure 8 | Gap junction (GJ) NCCM analysis. 
a. Normalized expression comparison of GJ genes between osteosarcomas (OS) and osteoblasts (OB) showed different 
patterns. Gene expression was significantly different (*) in osteosarcomas and osteoblasts for GJA4.  
b. UCSC Genome Browser view of GJ NCCMs. GJ NCCMs lie in the flanking regions of four GJ genes. 
c. ZNF354C Jaspar matrix. GJ_NCCM_6 affects a conserved site of the ZNF354C binding site. 
d. TAD analysis of the GJ locus. GJB5 and GJB4 share TAD1 with GJ_NCCM_6. 
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4 Discussion 
In our attempt to shine a light on the role of non-coding constraint mutations in osteosarcoma, 
we first analysed SPIMs in protein-coding regions and compared the results with findings from 
other studies.  
TP53 was significantly mutated in our osteosarcoma cohort. Mutations in the tumour suppressor 
gene play a crucial role in osteosarcoma tumorigenesis and TP53 inactivation has been 
suggested to be involved in the structural instability of the genome that is a predominant 
characteristic of osteosarcoma (Perry et al. 2014). TP53 has previously been identified as an 
osteosarcoma SMG by several studies (Chen X et al. 2014, Perry et al. 2014). The tumour 
suppressor gene RB1 was frequently mutated in our osteosarcoma cohort. Studies have found 
that more than 50 % of osteosarcoma patients have mutations in both TP53 and RB1 and shown 
that mutations in TP53 and RB1 can synergistically accelerate tumorigenesis and thereby drive 
osteosarcoma development (Walkley et al. 2008, Perry et al. 2014). ATRX is a transcriptional 
regulator that has previously been reported as recurrently mutated in osteosarcoma and showed 
mutations in two samples of our cohort (Chen X et al. 2014). In addition to TP53, RB1 and 
ATRX, several cancer and osteosarcoma genes were recurrently mutated. For example, MUC16 
is a tumour antigen, which is involved in tumour growth and metastasis in various cancers 
(Thériault et al. 2011, Chen S et al. 2012, Lakshmanan et al. 2012). APC2 can inhibit 
osteosarcoma progression by acting as a negative regulator of the WNT signalling pathway 
(Wu et al. 2018). ABC transporters are involved in cancer in various ways and ABCA13 has 
been linked to poor survival in metastatic ovarian serous carcinoma (Nymoen et al. 2015).  
Pathway enrichment analysis revealed an enrichment of cancer pathways in the RMG set. Most 
centred once again around TP53 and RB1, which are included in seven and five pathways, 
respectively. This emphasized the importance of these two genes in osteosarcoma. However, 
TP53 and RB1 are among the most well studied genes in cancer biology and are therefore more 
likely to have documented roles in a larger number of pathways. Pathway enrichment analyses 
are based on defined gene sets and databases, which can introduce bias towards well known 
pathways. WNT signalling was a highly relevant result, because it is supported by TP53 as well 
as three other genes (APC2, ROCK2 and DKK2). This pathway is not only involved in bone 
development and formation by regulating osteoblast lineage determination and differentiation 
(Glass et al. 2005, Hill et al. 2005). Aberrant activation of WNT signalling also promotes 
osteosarcoma proliferation and has been correlated with aggressive behaviour and decreased 
patient survival (Chen C et al. 2015, Matsuoka et al. 2020).  
Overall, results from the analysis of recurrent protein-coding mutations in our osteosarcoma 
cohort and the pathways they act on coincide with previous findings, which establishes the 
osteosarcoma samples from our cohort as representative for the disease.  

4.1 NCCM analysis yields results relevant for osteosarcoma 
Non-coding mutations can be responsible for alterations of cellular function and gene regulation 
(Fredriksson et al. 2014). To identify somatic mutations that target functional elements with 
regulatory potential, we mapped evolutionary constraint scores to the set of somatic variants 
and extracted NCCMs in putative regulatory regions.  
Between 6 and 13 % of the human genome are estimated to be under evolutionary constraint. 
Based on a moderate estimate of around 8 %, we used a threshold of GERP ³ 2.0 to identify 
somatic mutations under evolutionary constraint in the osteosarcoma cohort (Rands et al. 2014). 
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Most variants that have an effect on the gene regulatory system are found in cis-acting eQTLs 
which are located in the 1 Mbp flanking regions of their target gene (Wittkopp & Kalay 2012, 
Battle et al. 2014, Albert & Kruglyak 2015, Sakthikumar et al. 2020). We decided to be more 
stringent and extracted NCCMs in introns, UTRs and the 100 Kbp flanking regions of all human 
genes to identify those with an enrichment of mutations with a potential functional impact. 
The osteosarcoma NCCM enrichment analysis revealed that 0.3 % of genes had an enrichment 
of NCCMs in their associated regulatory regions. No genes were enriched with NCCMs in the 
OBT cohort where the majority of genes had less than 0.5 NCCMs/100 Kbp. This result is at 
least partly linked to a lower mutation rate in these benign or less aggressive bone tumours in 
general. It does, however, also indicate that genes with an NCCM enrichment in osteosarcoma 
are relevant to the cancer and suggests that NCCMs are an efficient way to identify mutations 
and genes with roles in osteosarcoma. 

4.2 NCCMs are involved in important osteosarcoma pathways 
Characterisation of NCCM-enriched genes revealed their involvement in several cancer and 
osteosarcoma processes.  
A large number of genes with an enrichment of NCCMs were transcription factors. 
Transcription factors are strongly involved in tumorigenesis and make up 19 % of all known 
oncogenes (Lambert et al. 2018). Methods targeting transcription factors for cancer treatment, 
especially drivers of immune invasion, epithelial-to-mesenchymal transition, resistance 
development, replicative immortality, differentiation and cell death as well as transcription 
factors supporting stem cell properties, are being widely explored and show promising results 
(Lambert et al. 2018, Bushweller 2019). Transcription factors like p53 and SOX2 play an 
important role in osteosarcoma and our results suggest that non-coding mutations are a crucial 
factor in the regulation of their transcription.  
Among the top ten significantly enriched GOs in NCCM genes were several GOs related to gap 
junctions. For four of these, the overlap with the NCCM gene set solely consists of the four gap 
junction genes GJA4, GJB3, GJB4 and GJB5. Gap junctions play a role in cancer and bone 
development, but the fact that they dominate the results of this enrichment analysis leads to a 
potential overestimation of their importance. GJA4, GJB3, GJB4 and GJB5 share seven unique 
NCCMs due to their close proximity to each other and overlapping flanking regions, which 
raises the question of how such cases should be evaluated. On the one hand, the example of this 
GO enrichment analysis shows that genes sharing the same NCCMs could lead to an artificial 
enrichment and overemphasis of a certain gene family. On the other hand, regulatory elements, 
and therefore the NCCMs that potentially influence them, can act on multiple genes in a large 
genomic region. Until functional investigations of NCCMs and all associated genes can be 
conducted to assess the role of individual genes in osteosarcoma, it should be assumed that they 
are equally important.  
Gap junctions consist of transmembrane channels that facilitate intercellular communication. 
By coordinating signal transmission between bone cells, gap junctions have been implicated in 
the regulation of bone development, differentiation, bone modelling and remodelling (Batra et 
al. 2012, Talbot et al. 2015). Moreover, gap junction genes are downregulated and gap junctions 
and their way of intracellular communication suppressed in several cancers (Naus et al. 1991, 
Huang et al. 1999, Laird et al. 1999, Saito T et al. 2001). Loss of gap junctional communication 
in cancer is suggested to be beneficial to cancer proliferation because it disrupts control 
mechanisms that surrounding healthy cells exert on cancerous cells (Loewenstein 1979, Mehta 
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et al. 1999). In osteosarcoma cells, overexpression of the gap junction gene GJA1 (connexin-43) 
suppresses proliferation (Zhang YW et al. 2001). We therefore suggest that NCCMs might play 
their part in the downregulation of gap junction genes in osteosarcoma to prohibit their tumour 
suppressive activities. 
SOX2 is highly expressed in osteosarcoma. Aberrant SOX2 expression inhibits osteoblast 
differentiation and WNT signalling (Mansukhani et al. 2005). In cancer, SOX2 is mainly known 
for its role in tumour initiating or cancer stem cells. Cancer stem cells are a subpopulation of 
cells that maintain a tumour, can self-renew indefinitely and are able to initiate new tumour 
growth when transplanted into an animal host. Depletion of SOX2 in murine osteosarcoma cells 
inhibits differentiation into osteoblasts, reduces the cells’ potential to form new tumours and 
impairs tumour invasion and metastasis. This suggests that a subpopulation of tumour-initiating 
cancer stem cells exists in osteosarcoma in which SOX2 is required for self-renewal and 
tumorigenicity (Basu-Roy et al. 2012). Subsequently, it has been shown that SOX2 is not only 
necessary in cancer stem cells but required for osteosarcoma development and progression. 
SOX2 has therefore been suggested as a potentially very effective therapeutic target (Maurizi et 
al. 2018). SOX2 showed a strong enrichment of NCCMs which could play a crucial role in 
regulating SOX2 expression in osteosarcoma. 

4.3 Novel osteosarcoma mechanisms are proposed based on NCCM 
analysis 

BCL11A is a CGC Tier 1 gene with oncogenic effects in several cancers. In natural killer/T-cell 
lymphoma, BCL11A promotes tumour development and has been linked to poor clinical 
outcomes (Satterwhite et al. 2001, Shi et al. 2020). In lung squamous cell carcinoma, BCL11A 
expression is involved in tumour development and maintenance and interacts with SOX2 to 
control epigenetic regulators such as SETD8 (Lazarus et al. 2018). In breast cancer, BCL11A 
promotes tumour formation and progression. Moreover, BCL11A activates the WNT signalling 
pathway and by doing so is suspected to initiate breast cancer stem cell renewal and metastasis 
(Zhu et al. 2019). To our knowledge, BCL11A has not directly been associated with 
osteosarcoma, but its connection to SOX2 and cancer stemness, its ability to regulate WNT 
signalling as well as a high number of NCCMs and elevated expression levels in osteosarcoma 
point towards a potential role in the disease.  
The nuclear receptor gene NR4A2 is highly expressed in cancer and supports cancer progression 
by mediating cell proliferation, differentiation and apoptosis (Ke  et al. 2004). In bladder cancer, 
NR4A2 expression has been correlated with increasing tumour stage, enhanced invasiveness 
and adverse outcomes and in squamous cell carcinoma, colorectal carcinoma and gastric NR4A2 
has been linked to chemo-resistance (Inamoto et al. 2010, Shigeishi et al. 2011, Han et al. 
2013b, Han et al. 2013a). Furthermore, NR4A2 is an important factor in osteoblast 
differentiation and interaction with the WNT signalling pathway (Lee et al. 2006, Rajalin & 
Aarnisalo 2011). In osteosarcoma, NR4A2 might be targeted by PTHR1 and increased PTHR1 
expression levels mediated by WNT signalling have been correlated with tumour 
aggressiveness and poor outcome (Guan & Tian 2017). The NKX gene family is involved in 
oncogenesis of several cancers and NKX2-1 serves for example as a prognostic marker in early-
stage non-small cell lung cancer and might act as a tumour suppressor in lung adenocarcinoma 
(Saito RA et al. 2009, Moisés et al. 2017).  
Both NCCM genes NR4A2 and NKX2-1 had an enrichment of NCCMs and their documented 
roles in bone development and cancer make them interesting candidate genes for osteosarcoma. 
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What they have in common is their ability to regulate p53. NKX2-1 directly regulates p53 
transcription and NR4A2 interferes with p53 self-assembly and suppresses p53-mediated 
transcriptional activity (Zhang T et al. 2009, Chen PM et al. 2015). Based on our results, we 
suggest that NR4A2 and NKX2-1 could influence osteosarcoma development. Further, NCCMs 
and the gene regulatory alterations they likely cause in NR4A2 and NKX2-1 could support the 
characteristic osteosarcoma phenotype in TP53 wild-type patients. 

4.4 NCCMs have strong potential to alter gene regulation 
The basic premise behind this effort to investigate non-coding constraint mutations was that 
evolutionary constraint scores can be utilized to identify non-coding mutations that drive 
osteosarcoma. Our results suggest that non-coding constraint mutations in regulatory regions 
can alter transcription levels and thereby promote tumorigenesis. Many NCCMs were found in 
regulatory regions and had an abundance of regulatory annotations. Of the sTRAP analyses that 
were performed on interesting candidates, more than 65 % predicted alterations of transcription 
factor binding affinities caused by NCCMs.  
SOX2 NCCMs were frequently annotated with regulatory information which was supported by 
functional evidence. ChIP-seq had identified a CTCF binding site at the position of 
SOX2_NCCM_7 and sTRAP predicted a decrease in binding affinity for CTCF caused by the 
mutation. CTCF is often involved in insulation, preventing enhancers from acting on promoters, 
while clumping together regions that interact within DNA loops (Phillips & Corces 2009). 
Disruption of CTCF binding causes changes in chromatin interaction and gene expression and 
may act as a mechanism of tumorigenesis (Fang et al. 2020). It has been shown that CTCF 
deficiency can lead to SOX2 upregulation, while CTCF overexpression can repress SOX2 which 
is strong evidence that SOX2 is regulated by CTCF (Wang et al. 2020). We therefore 
hypothesize that SOX2_NCCM_7 facilitates SOX2 overexpression by disrupting CTCF binding 
and preventing insulation.  
Four GJ genes were enriched with NCCMs in the osteosarcoma cohort. At the position of 
GJ_NCCM_6, sTRAP predicted significant binding affinity for ZNF354C in the wild-type 
sequence. The NCCM was predicted to decrease binding affinity for ZNF354C. Considering 
that gap junction proteins and ZNF354C are important agents of bone development, we consider 
it likely that the transcription factor regulates GJ gene transcription (Jheon et al. 2001). TAD 
analysis suggested that GJB5 and GJB4 are potential targets of this regulatory element. We 
speculate that the predicted disruption of a ZNF354C binding site caused by GJ_NCCM_6 
might be involved in tumorigenesis by facilitating a downregulation of gap junction genes.  
Regulatory annotation and functional evidence suggested that BCL11A NCCMs were found in 
active regulatory regions. sTRAP predicted significant binding affinity for the WNT signalling 
transcription factors HNF1B and PRRX2 in the wild-type sequence at the positions of 
BCL11A_NCCM_3 and BCL11A_NCCM_9, respectively (Lv et al. 2017, Chai et al. 2019, 
Chan et al. 2019). Both mutations were predicted to cause decreased binding affinity compared 
to the wild-type. This indicates that BCL11A_NCCM_3 and BCL11A_NCCM_9 weaken or 
hinder the regulatory effects HNF1B and PRRX2 have on gene transcription.  
Using EMSA, we aimed to experimentally confirm that BCL11A_NCCM_9 could disrupt a 
PRRX2 binding site. The preliminary results of this EMSA suggested that the wild-type 
sequence around this position indeed bound a protein, while the BCL11A_NCCM_9 mutant 
sequence did not. However, they were not definitive. The experiment will be replicated with a 
higher amount of nuclear protein extract to produce a clearer signal. Additional shifts visible 
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on the gel that were probably caused by unspecific binding could be prevented by using shorter 
DNA probes. To confirm that the bound protein is truly PRRX2, the EMSA could be repeated 
using recombinant PRRX2 instead of nuclear protein extract. Another option would be to add 
a selective antibody to cause a supershift. Until then, the results of this EMSA did indicate that 
BCL11A_NCCM_9 disrupts a PRRX2 transcription factor binding site and that, by doing so, it 
can interfere with transcription factor binding at that position.  
This showed that NCCMs can manipulate functions of the gene regulatory system and suggests 
that they are likely able to cause changes in transcription levels.  

4.5 Limitations 
We used GERP scores based on an alignment of 33 mammals to identify NCCMs. During the 
time-frame of this project, a novel set of PhyloP scores based on an alignment of 241 mammals 
became available. PhyloP uses a multiple sequence alignment to compute p-values for 
evolutionary conservation and acceleration (Pollard et al. 2010). Because these scores are based 
on the alignment of more species that are part of the same class as humans, they are considered 
to be more precise in estimating the level of evolutionary constraint than the set of GERP scores. 
For this reason, the analysis was repeated using PhyloP scores which resulted in 43 genes with 
an enrichment of NCCMs. Due to time limits for this project, we continued using mainly GERP 
results, but focused on the 13 genes that showed an enrichment of NCCMs in both GERP and 
PhyloP analyses (SOX2, IZUMO3, AC016251.1, GJA4, GJB3, BCL11A, C14orf23, TAS2R1, 
GJB5, GJB4, PRDM13, CD40 and RP11-298I3.5). 
The utilization of evolutionary constraint is a powerful method to identify functional elements 
and allows us to estimate the functional importance of single nucleotides in the genome. 
Evolutionary constraint scores provide a simple, universally applicable measure that does not 
depend on experimental factors such as the analysed tissue type or choice of experiment and 
conditions. One multiple sequence alignment enables us to estimate the position of functional 
elements independent of tissue and cell types across all species that are included in it.  
At the same time, the simplicity of evolutionary constraint scores can be considered a 
disadvantage as they do not provide insight on the kind of functional element that is identified 
and which tissue or cell type that element is active in. The Encyclopedia of DNA Elements 
(ENCODE) Consortium has launched a multi-phase effort to characterize functional elements 
in the human genome by applying a variety of methods, such as DNA hypersensitivity assays, 
DNA methylation assays, ChIP-seq for histones and transcription factors and many more on a 
wide range of tissue and cell types (Birney et al. 2007). Large-scale empirical projects such as 
ENCODE provide the detailed information on functional elements that evolutionary constraint 
scores are lacking which makes them invaluable resources to understand the role of functional 
elements.  
The comparison of evolutionary constraint and the functional annotations generated by 
ENCODE revealed that a fraction of the functional elements ENCODE has identified in the 
human genome was not constrained across mammalian species (Borneman et al. 2007, Odom 
et al. 2007, Schmidt et al. 2010, Dunham et al. 2012). This discrepancy seems to have two main 
causes. Some functional elements have evolved under lineage-specific selection and are 
therefore not conserved across a wide range of species.  Other elements are likely neutral which 
means that they do have a function but their presence does not affect the fitness of a species 
(Dunham et al. 2012). This shows that evolutionary constraint cannot identify all functional 
elements. On the other hand, ENCODE has so far not managed to characterize all sites in the 
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human genome that are under evolutionary constraint as functional elements. Despite great 
efforts and more than 9,000 experiments, the ENCODE data collection is still incomplete 
because assays have not been performed on all cell types or for example investigating all 
transcription factors (Abascal et al. 2020). 
In this work, we showed that evolutionary constraint is an appropriate and effective measure to 
identify somatic mutations in functional elements. However, it cannot stand alone and data from 
additional resources such as ENCODE is necessary to further characterise regions of interest.  

4.6 Conclusion 
In conclusion, we found that non-coding mutations likely play an important role in 
osteosarcoma. We showed that mapping evolutionary constraint scores to somatic variants is 
an efficient method to extract non-coding mutations with functional impact in osteosarcoma. 
Furthermore, we applied NCCM analysis to improve our understanding of known osteosarcoma 
mechanisms as well as to discover new candidate genes and pathways that drive osteosarcoma.  
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Appendix 

 
Appendix Figure 1 | Age and gender distribution of ICGC bone tumour patient cohort for osteosarcoma (OS) and 
other bone tumours (OBTs).  
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Appendix Figure 2 | Recurrently mutated genes.  
Recurrently mutated genes have ³ 2 protein-coding mutations and are shown with the number of unique samples with 
mutations in the gene, the total number of mutations in that gene in the osteosarcoma cohort and the total number of 
mutations normalized with the gene’s coding-sequence length. 

 

 
Appendix Figure 3 | GERP score distributions of osteosarcoma and other bone tumours.  
The distribution of GERP scores across non-coding mutations is comparable between osteosarcoma and other bone 
tumour samples.  
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Appendix Table 1 | NCCM enrichment analysis.  
Genes with an enrichment of NCCMs are shown with the total number of NCCMs in the associated non-coding 
regions, the number of unique samples with NCCMs and the NCCM rate (NCCMs/100 Kbp). 

Gene NCCMs Samples NCCMs/
100 Kbp 

Gene NCCMs Samples NCCMs/
100 Kbp 

SOX2 9 8 4.0 RP11-386G21.1 5 5 2.4 

NKX2-8 8 7 3.5 GPD2 11 9 2.4 

IZUMO3 8 7 3.5 ELAVL2 8 8 2.4 

NR4A2 7 7 3.2 CD40 6 5 2.4 

COL1A2 7 7 3.0 AL139147.1 5 5 2.4 

AC016251.1 6 6 3.0 CD40LG 5 5 2.4 

GJA4 6 6 3.0 NR2F2 5 5 2.3 

NKX2-1 7 6 3.0 ALX1 5 5 2.3 

GJB3 6 6 2.9 TYRP1 5 5 2.2 

TFAP2D 8 7 2.7 VGLL1 5 5 2.2 

BCL11A 11 8 2.7 TRPC3 6 6 2.2 

GABRA4 7 7 2.6 SLC16A4 5 5 2.2 

ELAVL4 12 9 2.5 TFAP2B 6 5 2.2 

SIM1 9 7 2.5 NRSN1 5 5 2.2 

AL109659.1 5 5 2.5 GRIN3A 8 8 2.2 

C14orf23 6 6 2.5 ITGB4 10 5 2.2 

FSCB 5 5 2.5 ORC5L 8 6 2.1 

SP8 5 5 2.5 DPH5 5 5 2.1 

SPATA8 5 5 2.5 CDH7 8 7 2.1 

TAS2R1 7 7 2.5 RP11-298I3.5 5 5 2.1 

FOXG1 5 5 2.5 SERPINI2 5 5 2.1 

GJB5 5 5 2.5 CD84 5 5 2.1 

GJB4 5 5 2.5 SFTA3 6 5 2.1 

PPP3R2 5 5 2.5 PREX2 12 10 2.1 

RP11-386G21.2 5 5 2.5 MRPL19 5 5 2.1 

POU3F3 5 5 2.5 CMPK1 5 5 2.0 

KCNS2 6 5 2.5 SMIM12 7 7 2.0 

CPLX2 8 7 2.4 AC011308.1 5 4 2.0 

HBXIP 5 5 2.4 AC087477.1 4 4 2.0 

FTSJD1 5 5 2.4 FLJ00388 4 4 2.0 

PRDM13 5 5 2.4 OR6J1 6 4 2.0 

LINC00923 9 8 2.4 TSRM 5 4 2.0 
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Appendix Figure 4 | Expression of genes with an enrichment of NCCMs.  
Gene expression of genes with an NCCM enrichment was compared between osteosarcoma (OS) and osteoblasts (OB). 
Significant differences were determined with Student’s t-test (*). 

 

 


