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Extraskeletal myxoid chondrosarcoma (EMC) is an ultra-rare cancer that makes up less than 3% of all soft tissue sarcomas. It most often arises in the soft tissues of the proximal limbs and has a higher incidence in males. Though EMC has a good prognosis, it has an indolent course with high rates of local recurrence as well as metastasis to the lungs. EMC is characterized in 70% of cases by an EWS1-NR4A3 translocation, leading to constitutive expression of NR4A3. Structural variants (SVs) in EMC, especially large-scale genomic alterations, have not been well studied and studies are severely limited by sample size. In this study, we describe Whole Genome Sequencing (WGS) of a rare case of matched EMC primary tumor, lung metastasis, and pelvic metastasis to identify genomic alterations. We examined somatic variants, copy number variants (CNVs), and larger scale SVs such as translocations and breakend points. While the primary tumor and lung metastasis had similar somatic variations and CNVs, the pelvic metastasis had more unique SVs with especially increased mutational burden of SVs in chromosome 2. This suggests that different molecular drivers appear in more advanced, relapsing EMC compared with the primary tumor and early lung metastasis. Genomic studies such as ours may identify novel molecular complexities in rare cancers that may be leveraged for therapeutic strategies and precision medicine.
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1 INTRODUCTION
Extraskeletal myxoid chondrosarcoma (EMC) is an ultra-rare soft tissue sarcoma with an estimated prevalence of 1/1,000,000 people (Goh et al., 2001). EMC most commonly arises in the deep tissues of the proximal extremities or limb girdles of males with a median age of onset of about 50 years. It has also been found in the head, neck, trunk, abdomen, retroperitoneal space, and bone. Though the name suggests it is of chondrocyte origin, EMC does not display a chondroid phenotype and is currently classified as a tumor of uncertain differentiation by the World Health Organization Classification of Tumors of Soft Tissue and Bone (WHO World Health et al., 2013).
EMC is in 70% of cases characterized by a t (9; 22) (q22; q12.2) translocation, fusing EWSR1 to NR4A3 and leading to constitutive expression of NR4A3. NR4A3 can also fuse to TAF15 on chromosome 17 q12.2 in 20% of cases, which contributes a transactivation domain as well. Rarer NR4A3 gene fusion partners occur in less than 5% of EMC cases. These include FUS, TCF12, and TGF (Hinrichs et al., 1985; Panagopoulos et al., 2002; Martínez-González et al., 2003; Broehm et al., 2014). NR4A3 is a part of the NR4A protein family comprised of orphan nuclear hormone receptors. The mechanism by which this gene fusion leads to oncogenesis is unknown. Neural and neuroendocrine markers are frequently found in EMC, suggesting a possible neural/neuroendocrine differentiation in some cases (Harris et al., 2000; Oliveira et al., 2000; Goh et al., 2001; Okamoto et al., 2001).
EMC has an indolent course with a favorable prognosis compared with other soft tissue sarcomas: survival is approximately over 80% at 5 years and over 60% at 10 years (Drilon et al., 2008; Kapoor et al., 2014; Shao et al., 2016). However, it has high rates of local recurrence and metastasis to the lungs. Metastasis may also occur to bone, lymph nodes, soft tissues, and the brain. EMC is considered to be minimally responsive to chemotherapy, and standard treatment is surgical removal with wide margins. EMC in the metastatic stage is associated with much poorer prognosis due to limited systemic therapy options, with detection of metastases occurring from 6 to 15 years after initial diagnosis of the primary tumor (Meis-Kindblom et al., 1999). In one-third of cases, metastases are present before the primary tumor is detected or a definitive diagnosis is made (Fotiadis et al., 2005).
There is an unmet need to improve early detection of metastasis of EMC, as well as develop systemic therapy for recurrent disease. For ultra-rare tumors, understanding of molecular mechanisms that lead to oncogenesis and progression is severely limited by sample size and the rareness of these diseases. In this study, we examined rare, patient-matched samples of primary tumor (P), lung metastasis (LM), pelvic metastasis (PM), and peripheral blood monocytes (PBMC) in a patient with EMC. We conducted WGS to identify genomic variants from small nucleotide polymorphisms (SNPs) to SVs on the mega-base pair chromosomal scale. Identifying structural variants in rare tumors can yield understanding of molecular pathogenesis, staging of advanced disease, and potential therapeutic strategies for EMC.
2 MATERIALS AND METHODS
2.1 Tumor samples
An EMC was diagnosed histopathologically in a 57-year-old male with a primary tumor of his right thigh (Figure 1). Written, informed consent to participate in our Musculoskeletal Oncology Tumor Registry and Tissue Bank (IRB# STUDY20010034) was obtained. Sarcoma tissue was collected fresh from the operating room and processed immediately according to Pitt Biospecimen Core and Musculoskeletal Oncology Lab protocols. Subsequent metastases to the lung and pelvis were likewise collected fresh from the operating room and processed similarly. A summary of the patient’s clinical course is presented in Figure 2.
[image: Figure 1]FIGURE 1 | Extraskeletal myxoid chondrosarcoma composed of spindle cells arranged in a reticular architecture in a prominent myxoid stroma (A). Focally, high-grade areas characterized by necrosis and sheets of large atypical epithelioid to spindle cells with coarse chromatin and prominent nucleoli are noted (B). EWSR1 FISH studies are positive for gene rearrangement (C). The tumor metastasized to the lungs (D) and lymph node (E).
[image: Figure 2]FIGURE 2 | Clinical timeline, units in years with T = 1 indicating 1 year since diagnosis of EMC in right thigh.
DNA was extracted from the frozen samples of the EMC P, LM, PM, and PBMC using the QIAamp Fast DNA Tissue Kit (Qiagen, Cat#51404). DNA concentration was determined with the Qubit 3.0 Fluorometer and DNA Broad Range Kit (ThermoFisher, Cat#Q32580). Samples were then submitted to the University of Pittsburgh Medical Center (UPMC) Genome Center (UGC) for further preparation, sequencing, and analysis.
2.2 Whole genome sequencing
The samples were processed following standard WGS pipeline in UPMC UGC. Extracted DNA was quantitated using Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific). DNA libraries were prepared using the KAPA Hyper Plus Kit (Roche). 500 ng of genomic DNA was processed through fragmentation, enzymatic end-repair and A-tailing, ligation, followed by quality check using Fragment Analyzer (Agilent). The library size assessment was done using Fragment Analyzer (Agilent). Libraries with an average size of 400 bp (range: 200-600bp) were quantified by qPCR on the LightCycler 480 (Roche) using the KAPA qPCR quantification kit (Roche). The libraries were normalized and pooled by calculating the nM concentration based on the fragment size (base pairs) and the concentration (ng/mL) of the libraries by qPCR result. Sequencing was performed using NovaSeq 6,000 platform (Illumina) with 151 paired-end reads to an average target depth of 30–50X for germline and 87X, 74X, and 115X coverage for P, LM, and PM tumor samples respectively.
2.3 Somatic variant analysis
Concatenated base call files generated on NovaSeq 6,000 platform were converted to sample level FASTQ using Illumina’s bcltofastq v2.20. The quality of paired FASTQ reads was checked using FASTQC v0.11.3-1. The paired FASTQ reads were mapped to GRCh38 reference genome hs38DH (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5155401), duplicates were marked, and germline variants were called using Sentieon DNAseq pipeline v2.0.1-201911.012 (Kendig et al., 2019). Picard tools v2.4.1 (Broad Institute, 2016) were run on alignment BAM to provide mapping quality and metrics. The alignment BAM were processed with GATK and Mutect2 v4.0.5.1 (Benjamin et al., 2019) for somatic variant calling at tumor-normal mode as per GATK Best Practices (https://gatk.broadinstitute.org/hc/en-us/articles/360035894731-Somatic-short-variant-discovery-SNVs-Indels-) (Van der Auera, 2020), with PBMC sample as normal. The above pipeline was run on Linux-based AWS ec2 instances on DNAnexus® platform. SAMTools v1.15.1 flagstat (Li et al., 2009) were run on processed BAM files to generate mapping stats. The called somatic variants were filtered on PASS filter. Filtered variants were annotated and converted from VCF to MAF format (https://docs.gdc.cancer.gov/Data/File_Formats/MAF_Format/) with vcf2maf.pl v1.6.21 (Kandoth et al., 2018) tool using VEP95 (McLaren et al., 2016) on GrCh38 annotation and hs38DH genome sequence. The MAF were further filtered for minimum total read depth (t_depth) of 25 and variant allele depth (t_alt_count) of 5. Using Maftools v2.8.5 (Mayakonda et al., 2018), Oncoplot and coOncoplot were generated from filtered MAF files, displaying somatic variants in protein coding genes.
2.4 Copy number variant analysis
CNV calling was performed on mapped BAM files from Sentieon DNASeq pipeline and somatic SNV VCF files from GATK Best Practices, using an in-house developed ensemble workflow. The ensemble workflow gathered and combined called results from CNV callers GATK cnv v4.0.5, CNVkit v0.9.5 (Talevich et al., 2016), CNVnator v0.2.7 (Abyzov et al., 2011), Manta v1.3.2 (Chen et al., 2016), and Sentieon CNV v201911 (Zheng et al., 2022) using SURVIVOR2 v1.0.3 (Jeffares et al., 2017). RandomForestClassifiers (trained with 1,000 Genome (1,000 Auton et al., 2015) samples) and event size were used for filtering. The filtered results were annotated with AnnotSV v1.1 (Geoffroy et al., 2018). For affected genes. CNVs with top 10 log2ratio values (deletion and duplication) from AnnotSV output and overlapping 1,000 base segments from GATK CNV calling pipeline were selected and converted to SEG files to view on IGV (Robinson et al., 2011).
2.5 Structural variant analysis
The alignment BAM files were uploaded to the Seven Bridges Cancer Genomics Cloud (CGC) (Lau et al., 2017). The Delly Somatic SV Calling app was used to run Delly 1.1.3 (Rausch et al., 2012) on all three tumor samples, each matched with PBMC control. The pipeline consists of somatic pre-filtering, re-genotyping of somatic sites, and post-filtering for somatic SVs. The BCFtools View app v1.15.1 was using to filter the results on PASS, compression level of 0, and INFO/IMPRECISE = 1. Telomeric and centromeric regions were excluded. The filtered results were annotated with AnnotSV v3.0.7 (Geoffroy et al., 2018). The filtered results were visualized using the CGC SVCircos app which is a wrapper around the circlize R package (Gu et al., 2014).
3 RESULTS
3.1 Whole genome sequencing and mapping results
See Table 1 for mapping statistics generated using SAMTools. After filtering for PASS, the average raw depth of variant calling region was 59.52 for P, 52.66 for LM, and 58.11 for PM. After filtering reads for PASS, a tumor depth of 25, and an allele depth of 5, the remaining number of called variants were: 2,479 for P; 2,020 for LM; and 5,384 for PM. Of these, the number of called variants in the intergenic region (IGR), were: 1,663 for P; 1,296 for LM; and 3,142 for PM. P and LM shared 297 IGR variants, LM and PM shared 131 IGR variants, and P and PM shared 220 IGR variants. 259 IGR variants were shared by all three tumor samples. Of the non-IGR region variants, 202 were shared by P and LM; 54 were shared by LM and PM; and 122 were shared by P and PM. 128 were shared by all three samples.
TABLE 1 | Mapping statistics generated using SAMTools v1.15.1 flagstat and depth.
[image: Table 1]3.2 Single nucleotide polymorphism in protein coding genes and mutation annotation
Coding region and splice/donor acceptor site variants identified by GATK and mutect2 in the three tumor samples were most frequently missense mutations; followed by frame shift insertions; then in-frame insertions, non-sense mutations, and frame shift deletions; and finally splice site mutations (Figure 3A). Variant types were most commonly SNPs, followed by insertions (Figure 3B). The most common single nucleotide variants found were mutations from C to T, while the reverse was the second most common single nucleotide variant found (Figure 3C). PM had the most variants overall (27 variants), followed by P (12 variants), and then LM (11 variants) (Figure 3D). Missense mutations had a large range of variants found in each sample compared to other variant types (16 in P, 11 in P, 10 in LM) (Figure 3E). MYO18B was the most commonly mutated gene, with one missense mutation found in P and two missense mutations found in LM (Figure 3F). One of these missense mutations, from A to T, was preserved from P (Supplementary Table S1). Overall, there were 40 genes total that contained at least one variant (Figure 4). P had 6 unique variants, LM had 3 unique variants, and PM had 24 unique variants not found in other samples (Figure 4). There were five variants, all missense mutations, that were shared by P and LM. These were in the genes VPS13A, UBD, TRIM37, OR5F1, and IL7R (Figures 3F, 4). One variant was shared between LM and PM: a non-sense mutation in UROC1 (Figure 4). There were two genes that had both a frameshift insertion and a frameshift deletion in PM: KCNJ5 and ARHGEF12 (Figure 3F). There were no variants shared between all three tumor samples, nor were there variants shared by P and PM (Figure 4).
[image: Figure 3]FIGURE 3 | Characterization of variants found in GATK and mutect2 analysis of primary tumor, lung metastasis, and pelvic metastasis. (A) Variant classification. (B) Variant type (TNP = trinucleotide polymorphism, SNP = single nucleotide polymorphism, INS = insertion, DNP = dinucleotide polymorphism, DEL = deletion). (C) SNP classes. (D) Types of variants per sample, where dotted red line indicates median. (E) Variant classification summary showing range of frequency of variant types in samples. (F) Top 10 mutated genes in coding regions or splice donor/acceptor sites, x-axis = number of variants found, with variant type indicated by color. Numbers with percentages on the right of the bars represents percentage of samples in which gene was mutated (67% = mutated in two of three tumor samples).
[image: Figure 4]FIGURE 4 | Top 40 genes with variants found in coding regions or splice donor/acceptor sites in primary tumor (left column) and metastases (right columns). Mutation type is represented by color in each gene. Percentages on far left and far right represent the percentage of samples the gene is mutated in, in primary tumor samples and metastatic samples respectively (ex. 50% = mutated in half of metastatic samples).
3.3 Copy number variant analysis
Global copy number increases shared between all three tumor samples included a copy number gain in chromosome 1q and a copy number loss in chromosome 6q (Figure 5). P and LM also shared a copy number loss in chromosome 10q (Figures 5A, B). LM had a unique copy number gain of chromosome 8q (Figure 5B), while the PM had a unique copy number loss in chromosome 14 (Figure 5C). At the gene level, DMBT1 was found to have copy number decreases in all three tumor samples (copy ratio = 1.33E-09, 1.29E-09, and 4.14E-07 in P, LM, and PM respectively), as well as in PBMC (Figure 6; Table 2; Supplementary Table S2).
[image: Figure 5]FIGURE 5 | CNVs in EMC (A) primary tumor, (B) lung metastasis, and (C) pelvic metastasis. Colors represent a continuous copy number segment (alternate colors for each new segment), with black line being the average of the copy numbers of that segment (deionized copy ratio). Chromosome number is shown on the x-axis. CNV increase is represented by a deionized copy ratio > 1; while decrease is represented by deionized copy ratio < 1.
[image: Figure 6]FIGURE 6 | Copy number decreases found in DMBT1 shown in IGV browser. Blue indicates copy number decrease. Samples are indicated by row. From top to bottom: P, LM, PM, PBMC.
TABLE 2 | CNV predicted segments found in DMBT1 in all three tumor samples.
[image: Table 2]3.4 Structural variant analysis
In P, 53 SVs were found, ranging from 26 bp to 206,360 bp, with a median length of 81 bp. In LM, 46 SVs were found, ranging from 38 bp to 121,506,824 bp with a median length of 84 bp. In the PM, 163 SVs were found, ranging from 28 bp to 184,523,626 bp with a median length of 98 bp. Deletions were the most common type of structural variant in all three samples (Figure 7). Inversions were significantly more frequent in PM compared to the other two samples (Figure 7). The characteristic t (9; 22) (q22; q12.2) translocation was identified by Delly, fusing EWSR1 to NR4A3, in all three tumor samples. This is indicated by a breakend (indicated by ‘BND’) SV on exon 12 of chromosome 22 to a coding sequence on chromosome 9, and EWSR1 gene annotation (Supplementary Table S3). All samples contained frequent breakend mutations to chromosome 2 (Figure 8). Out of the breakend mutations that were not the characteristic EMC t (9; 22) translocation, 80% (4 out of 5) were to chromosome 2 in P, 100% (2 out of 2) were to chromosome 2 in LM, and 83% (5 out of 6) were to chromosome 2 in PM. One breakend SV, leading to an L1PA6 (member of LINE1 transposon family) insertion from chromosome 5q into chromosome 2q, was found in both LM and PM, but not P.
[image: Figure 7]FIGURE 7 | Distribution of structural variant types found in three EMC tumor samples. BND = break-end mutation, DEL = deletion, DUP = duplication, INS = insertion, and INV = inversion.
[image: Figure 8]FIGURE 8 | Structural variants (SVs) found in the in EMC (A) primary tumor, (B) lung metastasis, and (C) pelvic metastasis. Outer track segments represent chromosomes (black = heterochromatic region, white = euchromatic region, red = centromere). Specific SV types are shown in the light orange track. The dark orange and purple tracks represent read depth ratio (RD Ratio) and genotype quality (GQ) respectively, with GQ displayed for each sample (P = primary, LM = lung met, PM = pelvic met). Central orange arrows represent break-ends or inter-chromosomal translocations. Intra-chromosomal translocations are included in deletion, duplication, and inversion type SVs.
4 DISCUSSION
EMC is an ultra-rare soft tissue sarcoma with an estimated prevalence of 1/1,000,000 people. Though indolent with favorable survival rates compared with other soft tissue sarcomas, EMC often demonstrates local recurrence and/or metastasis to the lungs and other sites. Detection of primary tumor or initial diagnosis before the onset of metastatic disease is essential for patients with EMC. Currently, no good prognostic biomarker exists for the detection of metastatic disease or prediction of aggressiveness of metastasis in EMC. Our results identified 1) somatic mutations in MYO18B, TRIM37, and IL7R as possible targetable drivers of oncogenesis, 2) a loss in copy number of chromosome 10q in primary tumor and lung metastasis samples, and 3) a high frequency of large-scale deletions and breakend point integrations into chromosome 2.
Somatic variant analysis identified six genes with mutations in coding regions in both P and LM: MYO18B, VPS13A, UBD, TRIM37, OR5F1, and IL7R (Figures 3F, 4). MYO18B has been found to be inactivated in about 50% of lung cancers by deletions, mutations, and methylation (Yokota et al., 2003). Restoration of MYO18B was found to suppress anchorage-independent growth in lung cancer, indicating a possible role for metastatic suppression for MYO18B in human lung cancer (Yokota et al., 2003). MYO18B was also found to be somatically mutated in poorly differentiated neuroendocrine carcinoma (Bhatla et al., 2016) and a possible tumor suppressor in medulloblastoma (Schieffer et al., 2019). MYO18B expression was not evaluated in our tumor samples, so the effects of the mutations found in our tumor samples should be investigated for a possible tumor suppressor role in EMC. TRIM37 and IL7R both had missense mutations in primary tumor and lung metastasis and represent possible targets for gene therapy and mediation of chemoresistance. TRIM37 has been shown to promote chemoresistance and metastasis in triple-negative breast cancer (Przanowski et al., 2020). TRIM37 is linked to a 17q gain in neuroblastoma and 17q34 amplification in breast cancer (Meitinger et al., 2020), and has also been shown to cause genomic instability by delaying centrosome maturation (Yeow et al., 2020). Centrioles duplicate once a cell cycle in a process controlled by PLK4 (polo-family kinase). TRIM37 is a centrosomal ubiquitin ligase. When PLK4 is inhibited, low levels of TRIM37 can promote acentrosomal cell cycle proliferation, while high levels of TRIM37 inhibit acentrosomal proliferation. Thus, PLK4 inhibition is currently being explored in TRIM37-implicated cancers as a way to trigger selective mitotic failure for cancer treatment (Meitinger et al., 2020). Because EMC displays an unstable genome and is poorly responsive to chemotherapy, PLK4 inhibition may be explored as a possible therapy for EMCs that express high levels of TRIM37. The missense mutation found in our tumor samples should be investigated for its effects on TRIM37 expression. Finally, IL-7 and IL-7R play critical roles in the impaired immune systems of patients with cancer (Wang et al., 2022). IL-7 promotes an anti-tumor response in glioma, melanoma, lymphoma, leukemia, prostate cancer, and glioblastoma (Lin et al., 2017). In metastatic pediatric sarcomas including osteosarcoma and Ewing sarcoma, adjuvant therapy with recombinant IL-7 was shown to promote immune recovery and CD4 count recovery compared with standard therapy (Merchant et al., 2016). The immune profile and immunotherapy in EMC have been scarcely explored thus far. One recent trial of an antiangiogenic drug pazopanib in patients with advanced EMC identified lymphoid and myeloid infiltration in peri-tumoral areas and with tumor-associated macrophages intratumorally (Brenca et al., 2019). Currently, there is a Phase 1 trial recruiting patients with relapsed osteosarcoma and Ewing sarcoma for a trial of treatment with C7R (functionally active CD34-IL-7R) CAR-T cells (NCT03635632). Mutations in IL-7R in our primary tumor and lung metastasis may represent impaired IL-7 signaling in the tumor immune response. Immunotherapy should be further explored as a treatment, especially in metastatic relapsing EMC that requires systemic treatment. Overall, PM had the highest number of unique variants not found in the other two samples (24 unique variants). Since the PM sample had a higher number of reads mapped, no comparison can be made for the number of mutations found in each sample. The increased number of mutations in PM is likely due to a higher horizontal coverage (about 2 million more covered bases) (Table 1), as the tumor depth is similar for all samples (around 50). However, the results do show the variants implicated in P and LM are different than the variants implicated in PM. Thus, different somatic tumor drivers likely appear with more advanced disease.
Our data shows copy number gains in chromosome 1q and copy number losses in chromosome 6q in all three samples (Figure 5). These have previously also been identified in EMC by Davis et al. (2017). In particular, the Davis et al. study identifies copy number gains in chromosome 1q in four out of six EMC cases, with three of these being metastatic lung samples and one being a metastatic gluteus sample. The Davis et al. metastatic gluteus sample shows many CNV mutational similarities to our LM sample at the chromosome level, also sharing a copy number decrease in chromosome 6q and copy number increase in chromosome 8q. These CNVs found in our study highlight the importance of increased data and sample size for ultra-rare cancers such as EMC. The Davis et al. study additionally identified somatic point mutations that they reported were of ‘unknown significance’. Our data did not share any somatic point mutations with their samples, supporting their hypothesis that the mutational profile of metastatic EMC is limited beyond the pathognomonic translocation, at least with respect to somatic point mutations. In our study, P and LM also shared a copy number decrease in chromosome 10q (Figures 5A, B). Partial or entire losses of chromosome 10q is frequent in a large variety of human cancers, including glioblastomas, carcinomas, lymphomas, and melanomas (Fujisawa et al., 2000). Many tumor suppressor genes have been identified on chromosome 10q, including PTEN at 10q23.3, LGI1 at 10q24, BUB3 at 10q24-q26, MX1 at 10q25.1, LIMAB1 at 10q25, and DMBT1 at 10q26.1 (Fujisawa et al., 2000). DMBT1 showed the most significant copy number decrease of any gene that had copy number decreases in all three EMC tumor samples in our data (copy ratio = 1.33E-09, 1.29E-09, and 4.14E-07 in primary tumor, lung metastasis, and pelvic metastasis respectively). DMBT1 (deleted in malignant brain tumors 1) codes for a glycoprotein containing multiple scavenger receptor cysteine-rich (SRCR) domains. It is often deleted in glioblastoma (Mollenhauer et al., 1997) and is considered a candidate tumor suppressor gene in brain, gastrointestinal, and lung cancer; as well as having a role in immune defense (Mollenhauer et al., 2000). In glioblastoma, chromosome 10 is entirely lost in primary glioblastomas, while only chromosome 10q is lost in secondary glioblastoma, suggesting the involvement of different tumor suppressor genes (Fujisawa et al., 2000). It suggests there may be a severe loss of tumor suppressor genes on chromosome 10q in P and LM, including DMBT1. In summary, all three tumors share copy number gains in chromosome 1q and losses in chromosome 6q, while P and LM share a copy number loss in chromosome 10q. The significance of these CNVs in EMC biology should be further explored.
Delly SV Analysis was able to identify the characteristic t (9; 22) translocation unidentified by other methods of genomic analysis in all three samples. The identification of the translocation in all three samples demonstrates that this translocation is a conserved mutation that is likely important to EMC biology. Additionally, it supports Delly as a reliable tool for SV detection. P and LM were more similar in their SV mutational burden, while more SVs were identified in the PM as well as longer SVs. This is again likely due to the significantly larger number of mapped reads for PM. However, the frequency of inversions also greatly increased in PM, indicating increased genome instability. Deletions were the most common type of SV found by far. Taking the SNP and CNV findings into account, this could indicate that pathogenesis in EMC is generally driven by accumulation of loss of tumor suppressor genes. Interestingly, all tumor samples shared high rates of breakend mutations to chromosome 2. LM and PM shared a breakend mutation from chromosome 5q to chromosome 2q. This breakend SV was annotated for L1PA6, a member of the LINE1 (long interspersed nuclear element-1) transposon family. LINE1 transposons comprise approximately 17% of the human genome, and somatic LINE1 integrations are present in almost half of all cancers. The known role of LINE1 in cancer in the currently literature is primarily through epigenetic regulation and hypomethylation of LINE1 (Zhang et al., 2020). Aberrant LINE1 integrations also play a role in oncogenesis; aberrant integration leads to megabase scale chromosomal rearrangements that can result in removal of tumor suppressor genes or trigger the amplification of oncogenes (Rodriguez-Martin et al., 2020). PM contained another breakend mutation from chromosome 3p to chromosome 2p, encoding L1PA3, another LINE1 element. In all samples, the majority of breakend mutations result in chromosome 2 integrations. To our knowledge, large-scale structural variants of insertions, inversions, and breakends have not been studied in EMC thus far. Our data reveal a possible role of chromosome 2 in the progression of genome instability of EMC, and increased incidence of LINE1 insertions with tumor progression. The effect of LINE1 insertions and the significance of chromosome 2 insertions should be further studied to determine if there is an oncogenic role in EMC beyond general genome instability.
Our study has several limitations. First, our sample size was limited to one case of matched primary tumor and two metastatic tissues in the same patient at different time points in his clinical course. This limits the generalizability of our data to other cases of EMC. Secondly, while WGS allowed us to identify mega base-scale chromosomal somatic mutations including translocations, our findings must be verified with transcriptomics and RNA/protein expression. Somatic variant analysis in this study focused on protein-coding genes, with the goal of identifying oncogenic drivers or therapeutic targets, but should be expanded to non-coding regions and non-intergenic regions in future studies. Finally, in CNV analysis, CNVs for PBMC were separately generated and then compared with tumor samples, instead of PBMC being used as the matched normal as with somatic and SV analysis. A pooled normal analysis decreases noise and resulted in better CNV analysis. However, this also limited our identification of somatic CNVs, such as DMBT1 copy number decrease, indicating that these findings may represent germline mutations. It is also possible that germline mutations contributed to the overall genome instability in our EMC samples. DMBT1 germline deletions have been found in neuroendocrine tumors (Qu et al., 2020) hemizygous germline deletions of DMBT1 have been found in primary brain tumors (Pang et al., 2003).
Our overall results in somatic mutation, CNV, and SV show more similarities between the primary tumor and the lung metastasis than with the pelvic metastasis. This is likely due to timeline of metastatic disease. In our patient, the pulmonary nodule was removed 1.11 years after initial diagnosis, with pulmonary disease stabilization at 1.36 years. However, at 2.7 years, there is evidence of both recurrence in right thigh and the appearance of the pelvic metastasis in an iliac lymph node. Thus, the pelvic metastasis may have metastasized from new mutational events that also resulted in local recurrence. The initial EMC may have been driven by SNPs in MYO18B, TRIM37, and IL7R; or loss of tumor suppressor genes on chromosome 10q. The more aggressive pelvic metastasis appears with unique SNPs, and a higher mutational burden of larger size structural variants such as inversions. There may be hypermutation due to the increased number of LINE1 integrations or other random events, especially in chromosome 2, as the disease progresses.
In conclusion, our data suggest that there may be unique genomic mutations in more advanced and recurrent EMC. Further studies will focus on tumor phylogenetics to identify if the pelvic metastasis was an independent clonal evolution from the primary tumor, as opposed to from the lung metastasis, and the mechanisms underlying its more unique phenotype. These alterations should be further studied to improve outcomes for patients with advanced EMC.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: [Link: https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003305.v1.p1/ Accession numbers: STUDY: phs003305; SAMPLE: S4 (SAMN35440161); EXPERIMENT: S4 (SRX20750599); RUN: PM_WAT403A2_S11_001_markdup_realigned.bam (SRR24994636); SAMPLE: S3 (SAMN35440162); EXPERIMENT: S3 (SRX20750600); RUN: LM_S16_markdup_realigned.bam (SRR24994637); SAMPLE: S1 (SAMN35440160); EXPERIMENT: S1 (SRX20750602); RUN: PBMC_S18_markdup_realigned.bam (SRR24994639); SAMPLE: S2 (SAMN35440159); EXPERIMENT: S2 (SRX20750601); RUN: P_S15_markdup_realigned.bam (SRR24994638)].
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the University of Pittsburgh Institutional Review Board (IRB# STUDY20010034, IRB# STUDY19010043). Written informed consent to participate in this study was provided by the patient. Written informed consent was obtained from the patient for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
All authors contributed to the study concept and design. Material preparation was performed by RW. Somatic Variant and Copy Number analysis was performed by RS, JW, UC, and TZ. Structural Variant Analysis was performed by GB and TZ.
FUNDING
This work was supported in part by Pittsburgh Cure Sarcoma and the Ferguson Fund of the Pittsburgh Foundation. The Seven Bridges Cancer Research Data Commons Cloud Resource has been funded in whole or in part with Federal funds from the National Cancer Institute, National Institutes of Health, Contract No. HHSN261201400008C and ID/IQ Agreement No. 17X146 under Contract No. HHSN261201500003I and 75N91019D00024. This work was partially supported by the Hillman Cancer Center’s Cancer Bioinformatics Services funded by the Cancer Center Support Grant (CCSG) award P30CA047904.
ACKNOWLEDGMENTS
The authors want to thank Dr. Richard McGough, Dr. Mark Goodman, Dr. Melissa Burgess, and Ms. Alma Heyl for their assistance in the Musculoskeletal Oncology Tumor Registry and clinical aspects of this project.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmmed.2023.1152550/full#supplementary-material
REFERENCES
 Abyzov, A., Urban, A. E., Snyder, M., and Gerstein, M. (2011). CNVnator: An approach to discover, genotype, and characterize typical and atypical CNVs from family and population genome sequencing. Genome Res. 21, 974–984. doi:10.1101/gr.114876.110
 Auton, A., Brooks, L. D., Durbin, R. M., Garrison, E. P., Kang, H. M., Korbel, J. O., et al. (2015). A global reference for human genetic variation. Nature 526, 68–74. doi:10.1038/nature15393
 Benjamin, D. I., Sato, T., Cibulskis, K., Getz, G., Stewart, C., and Lichtenstein, L. (2019). Calling somatic SNVs and indels with Mutect2. BioRxiv . doi:10.1101/861054
 Bhatla, T., Dandekar, S., Lu, B. Y., Wang, J., Han, E., Bitterman, D., et al. (2016). Genomic characterization of poorly differentiated neuroendocrine carcinoma in a pediatric patient. J. Pediatr. Hematol. Oncol. 38, e21–e25. doi:10.1097/MPH.0000000000000463
 Brenca, M., Stacchiotti, S., Fassetta, K., Sbaraglia, M., Janjusevic, M., Racanelli, D., et al. (2019). NR4A3 fusion proteins trigger an axon guidance switch that marks the difference between EWSR1 and TAF15 translocated extraskeletal myxoid chondrosarcomas. J. Pathol. 249, 90–101. doi:10.1002/path.5284
 Broad Institute (2016). picard. Available at: https://broadinstitute.github.io/picard/(Accessed November 1, 2022). 
 Broehm, C. J., Wu, J., Gullapalli, R. R., and Bocklage, T. (2014). Extraskeletal myxoid chondrosarcoma with a t(9;16)(q22;p11.2) resulting in a NR4A3-FUS fusion. Cancer Genet. 207, 276–280. doi:10.1016/j.cancergen.2014.06.024
 Chen, X., Schulz-Trieglaff, O., Shaw, R., Barnes, B., Schlesinger, F., Källberg, M., et al. (2016). Manta: Rapid detection of structural variants and indels for germline and cancer sequencing applications. Bioinformatics 32, 1220–1222. doi:10.1093/bioinformatics/btv710
 Davis, E. J., Wu, Y.-M., Robinson, D., Schuetze, S. M., Baker, L. H., Athanikar, J., et al. (2017). Next generation sequencing of extraskeletal myxoid chondrosarcoma. Oncotarget 8, 21770–21777. doi:10.18632/oncotarget.15568
 Drilon, A. D., Popat, S., Bhuchar, G., D’Adamo, D. R., Keohan, M. L., Fisher, C., et al. (2008). Extraskeletal myxoid chondrosarcoma: A retrospective review from 2 referral centers emphasizing long-term outcomes with surgery and chemotherapy. Cancer 113, 3364–3371. doi:10.1002/cncr.23978
 WHO World Health Fletcher, C., Bridge, J. A., Hogendoorn, P. C. W., and Mertens, F. (2013). WHO classification of tumours of soft tissue and bone: WHO classification of tumours. World Health Organ. 5, 1. doi:10.1097/PAP.0000000000000284
 Fotiadis, C., Charalambopoulos, A., Chatzikokolis, S., Zografos, G. C., Genetzakis, M., and Tringidou, R. (2005). Extraskeletal myxoid chondrosarcoma metastatic to the pancreas: A case report. World J. Gastroenterol. 11, 2203–2205. doi:10.3748/wjg.v11.i14.2203
 Fujisawa, H., Reis, R. M., Nakamura, M., Colella, S., Yonekawa, Y., Kleihues, P., et al. (2000). Loss of heterozygosity on chromosome 10 is more extensive in primary (de novo) than in secondary glioblastomas. Lab. Invest. 80, 65–72. doi:10.1038/labinvest.3780009
 Geoffroy, V., Herenger, Y., Kress, A., Stoetzel, C., Piton, A., Dollfus, H., et al. (2018). AnnotSV: An integrated tool for structural variations annotation. Bioinformatics 34, 3572–3574. doi:10.1093/bioinformatics/bty304
 Goh, Y. W., Spagnolo, D. V., Platten, M., Caterina, P., Fisher, C., Oliveira, A. M., et al. (2001). Extraskeletal myxoid chondrosarcoma: A light microscopic, immunohistochemical, ultrastructural and immuno-ultrastructural study indicating neuroendocrine differentiation. Histopathology 39, 514–524. doi:10.1046/j.1365-2559.2001.01277.x
 Gu, Z., Gu, L., Eils, R., Schlesner, M., and Brors, B. (2014). Circlize Implements and enhances circular visualization in R. Bioinformatics 30, 2811–2812. doi:10.1093/bioinformatics/btu393
 Harris, M., Coyne, J., Tariq, M., Eyden, B. P., Atkinson, M., Freemont, A. J., et al. (2000). Extraskeletal myxoid chondrosarcoma with neuroendocrine differentiation: A pathologic, cytogenetic, and molecular study of a case with a novel translocation t(9;17)(q22;q11.2). Am. J. Surg. Pathol. 24, 1020–1026. doi:10.1097/00000478-200007000-00015
 Hinrichs, S. H., Jaramillo, M. A., Gumerlock, P. H., Gardner, M. B., Lewis, J. P., and Freeman, A. E. (1985). Myxoid chondrosarcoma with a translocation involving chromosomes 9 and 22. Cancer Genet. Cytogenet 14, 219–226. doi:10.1016/0165-4608(85)90187-6
 Jeffares, D. C., Jolly, C., Hoti, M., Speed, D., Shaw, L., Rallis, C., et al. (2017). Transient structural variations have strong effects on quantitative traits and reproductive isolation in fission yeast. Nat. Commun. 8, 14061. doi:10.1038/ncomms14061
 Kandoth, C., Gao, J., QwangmskMattioni, M., Struck, A., Boursin, Y., Penson, A., et al. (2018). Mskcc/Vcf2Maf: Vcf2Maf V1. Zenodo 6, 1. doi:10.5281/zenodo.1185418
 Kapoor, N., Shinagare, A. B., Jagannathan, J. P., Shah, S. H., Krajewski, K. M., Hornick, J. L., et al. (2014). Clinical and radiologic features of extraskeletal myxoid chondrosarcoma including initial presentation, local recurrence, and metastases. Radiol. Oncol. 48, 235–242. doi:10.2478/raon-2014-0005
 Kendig, K. I., Baheti, S., Bockol, M. A., Drucker, T. M., Hart, S. N., Heldenbrand, J. R., et al. (2019). Sentieon dnaseq variant calling workflow demonstrates strong computational performance and accuracy. Front. Genet. 10, 736. doi:10.3389/fgene.2019.00736
 Lau, J. W., Lehnert, E., Sethi, A., Malhotra, R., Kaushik, G., Onder, Z., et al. (2017). The cancer genomics Cloud: Collaborative, reproducible, and democratized-A new paradigm in large-scale computational research. Cancer Res. 77, e3–e6. doi:10.1158/0008-5472.CAN-17-0387
 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi:10.1093/bioinformatics/btp352
 Lin, J., Zhu, Z., Xiao, H., Wakefield, M. R., Ding, V. A., Bai, Q., et al. (2017). The role of IL-7 in immunity and cancer. Anticancer Res. 37, 963–967. doi:10.21873/anticanres.11405
 Martínez-González, J., Rius, J., Castelló, A., Cases-Langhoff, C., and Badimon, L. (2003). Neuron-derived orphan receptor-1 (NOR-1) modulates vascular smooth muscle cell proliferation. Circ. Res. 92, 96–103. doi:10.1161/01.es.0000050921.53008.47
 Mayakonda, A., Lin, D.-C., Assenov, Y., Plass, C., and Koeffler, H. P. (2018). Maftools: Efficient and comprehensive analysis of somatic variants in cancer. Genome Res. 28, 1747–1756. doi:10.1101/gr.239244.118
 McLaren, W., Gil, L., Hunt, S. E., Riat, H. S., Ritchie, G. R. S., Thormann, A., et al. (2016). The ensembl variant effect predictor. Genome Biol. 17, 122. doi:10.1186/s13059-016-0974-4
 Meis-Kindblom, J. M., Bergh, P., Gunterberg, B., and Kindblom, L. G. (1999). Extraskeletal myxoid chondrosarcoma: A reappraisal of its morphologic spectrum and prognostic factors based on 117 cases. Am. J. Surg. Pathol. 23, 636–650. doi:10.1097/00000478-199906000-00002
 Meitinger, F., Ohta, M., Lee, K.-Y., Watanabe, S., Davis, R. L., Anzola, J. V., et al. (2020). TRIM37 controls cancer-specific vulnerability to PLK4 inhibition. Nature 585, 440–446. doi:10.1038/s41586-020-2710-1
 Merchant, M. S., Bernstein, D., Amoako, M., Baird, K., Fleisher, T. A., Morre, M., et al. (2016). Adjuvant immunotherapy to improve outcome in high-risk pediatric sarcomas. Clin. Cancer Res. 22, 3182–3191. doi:10.1158/1078-0432.CCR-15-2550
 Mollenhauer, J., Herbertz, S., Holmskov, U., Tolnay, M., Krebs, I., Merlo, A., et al. (2000). DMBT1 encodes a protein involved in the immune defense and in epithelial differentiation and is highly unstable in cancer. Cancer Res. 60, 1704–1710.
 Mollenhauer, J., Wiemann, S., Scheurlen, W., Korn, B., Hayashi, Y., Wilgenbus, K. K., et al. (1997). DMBT1, a new member of the SRCR superfamily, on chromosome 10q25.3-26.1 is deleted in malignant brain tumours. Nat. Genet. 17, 32–39. doi:10.1038/ng0997-32
 Okamoto, S., Hisaoka, M., Ishida, T., Imamura, T., Kanda, H., Shimajiri, S., et al. (2001). Extraskeletal myxoid chondrosarcoma: A clinicopathologic, immunohistochemical, and molecular analysis of 18 cases. Hum. Pathol. 32, 1116–1124. doi:10.1053/hupa.2001.28226
 Oliveira, A. M., Sebo, T. J., McGrory, J. E., Gaffey, T. A., Rock, M. G., and Nascimento, A. G. (2000). Extraskeletal myxoid chondrosarcoma: A clinicopathologic, immunohistochemical, and ploidy analysis of 23 cases. Mod. Pathol. 13, 900–908. doi:10.1038/modpathol.3880161
 Panagopoulos, I., Mertens, F., Isaksson, M., Domanski, H. A., Brosjö, O., Heim, S., et al. (2002). Molecular genetic characterization of the EWS/CHN and RBP56/CHN fusion genes in extraskeletal myxoid chondrosarcoma. Genes. Chromosom. Cancer 35, 340–352. doi:10.1002/gcc.10127
 Pang, J. C.-S., Dong, Z., Zhang, R., Liu, Y., Zhou, L.-F., Chan, B. W., et al. (2003). Mutation analysis of DMBT1 in glioblastoma, medulloblastoma and oligodendroglial tumors. Int. J. Cancer 105, 76–81. doi:10.1002/ijc.11019
 Przanowski, P., Lou, S., Tihagam, R. D., Mondal, T., Conlan, C., Shivange, G., et al. (2020). Oncogenic TRIM37 links chemoresistance and metastatic fate in triple-negative breast cancer. Cancer Res. 80, 4791–4804. doi:10.1158/0008-5472.CAN-20-1459
 Qu, N., Shi, R.-L., Liao, T., Huang, S.-L., Wen, D., Hu, J.-Q., et al. (2020). Germline missense mutation of deleted in malignant brain tumor 1 (DMBT1) in familial mediastinal neuroendocrine cancer and in vitro effects in thyroid cancer cells. Neuroendocrinology 110, 714–720. doi:10.1159/000504369
 Rausch, T., Zichner, T., Schlattl, A., Stütz, A. M., Benes, V., and Korbel, J. O. (2012). Delly: Structural variant discovery by integrated paired-end and split-read analysis. Bioinformatics 28, i333–i339. doi:10.1093/bioinformatics/bts378
 Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E. S., Getz, G., et al. (2011). Integrative genomics viewer. Nat. Biotechnol. 29, 24–26. doi:10.1038/nbt.1754
 Rodriguez-Martin, B., Alvarez, E. G., Baez-Ortega, A., Zamora, J., Supek, F., Demeulemeester, J., et al. (2020). Pan-cancer analysis of whole genomes identifies driver rearrangements promoted by LINE-1 retrotransposition. Nat. Genet. 52, 306–319. doi:10.1038/s41588-019-0562-0
 Schieffer, K. M., Varga, E., Miller, K. E., Agarwal, V., Koboldt, D. C., Brennan, P., et al. (2019). Expanding the clinical history associated with syndromic klippel-feil: A unique case of comorbidity with medulloblastoma. Eur. J. Med. Genet. 62, 103701. doi:10.1016/j.ejmg.2019.103701
 Shao, R., Lao, I. W., Wang, L., Yu, L., Wang, J., and Fan, Q. (2016). Clinicopathologic and radiologic features of extraskeletal myxoid chondrosarcoma: A retrospective study of 40 Chinese cases with literature review. Ann. Diagn Pathol. 23, 14–20. doi:10.1016/j.anndiagpath.2016.04.004
 Talevich, E., Shain, A. H., Botton, T., and Bastian, B. C. (2016). CNVkit: Genome-Wide copy number detection and visualization from targeted DNA sequencing. PLoS Comput. Biol. 12, e1004873. doi:10.1371/journal.pcbi.1004873
 Van der Auera, G. A. (2020). Genomics in the Cloud: Using docker, GATK, and WDL in terra. 1st ed. California: O’Reilly Media Inc. 
 Wang, C., Kong, L., Kim, S., Lee, S., Oh, S., Jo, S., et al. (2022). The role of IL-7 and IL-7R in cancer pathophysiology and immunotherapy. Int. J. Mol. Sci. 23, 10412. doi:10.3390/ijms231810412
 Yeow, Z. Y., Lambrus, B. G., Marlow, R., Zhan, K. H., Durin, M.-A., Evans, L. T., et al. (2020). Targeting TRIM37-driven centrosome dysfunction in 17q23-amplified breast cancer. Nature 585, 447–452. doi:10.1038/s41586-020-2690-1
 Yokota, J., Nishioka, M., Tani, M., and Kohno, T. (2003). Genetic alterations responsible for metastatic phenotypes of lung cancer cells. Clin. Exp. Metastasis 20, 189–193. doi:10.1023/a:1022978932215
 Zhang, X., Zhang, R., and Yu, J. (2020). New understanding of the relevant role of LINE-1 retrotransposition in human disease and immune modulation. Front. Cell Dev. Biol. 8, 657. doi:10.3389/fcell.2020.00657
 Zheng, T., Qian, X., and Wang, J. (2022). A structural variation genotyping algorithm enhanced by CNV quantitative transfer. Front. Comput. Sci. 16, 166905. doi:10.1007/s11704-021-1177-z
Conflict of interest: GB was employed by Seven Bridges, Inc.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zou, Sethi, Wang, Budak, Chandran, John, Watters and Weiss. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmmed-03-1152550-g005.gif





OPS/images/fmmed-03-1152550-g006.gif
R O . e O B et o






OPS/images/fmmed-03-1152550-g003.gif





OPS/images/fmmed-03-1152550-g004.gif





OPS/images/fmmed-03-1152550-t001.jpg
Total (QC pass + QC failed)

#Primary reads
#Primary mapped reads
#Proper pair

9%Primary mapped
%Proper pair

#Covered bases

893,578,786
867,458,426
866,702,160
844,104,934
99.91
97.31

2,718,402,310

760,459,060
740,004,256
739,322,899
719,133,284
99.91
97.18

2,718,022,683

1,176,896,493
1,104,048,270
1,101,357,617
1,015,786,012
99.76
92,01

2,720,851,858

557,693,299
541,739,078
541,270,463
525,108,642
99.91
96.93

2,716,363,876






OPS/images/fmmed-03-1152550-g007.gif
‘Number of Structrual Variants

100

0
50
n
0
50
o
£
»
10

o

ul . R
Primary  Lung Metastasis
BEND. G SOUF. B IS

Pelvic Metastasis
ine





OPS/images/fmmed-03-1152550-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Whole genome sequencing for metastatic mutational burden in extraskeletal myxoid chondrosarcoma		1 Introduction

		2 Materials and methods		2.1 Tumor samples

		2.2 Whole genome sequencing

		2.3 Somatic variant analysis

		2.4 Copy number variant analysis

		2.5 Structural variant analysis





		3 Results		3.1 Whole genome sequencing and mapping results

		3.2 Single nucleotide polymorphism in protein coding genes and mutation annotation

		3.3 Copy number variant analysis

		3.4 Structural variant analysis





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Medicine






OPS/images/fmmed-03-1152550-g001.gif





OPS/images/fmmed-03-1152550-g002.gif





OPS/images/fmmed-03-1152550-t002.jpg
Sample Callg SV_start SV_end SV_type CpRat
P DMBT1 GATK 122584000 122595000 DEL 133E-09

M DMBT1 GATK 122584000 122595000 DEL 129E-09
M DMBT1 Sentieon 122585500 122593000 DEL 129E-09
PM DMBT1 GATK 122586000 122595000 DEL 4.14E-07
PM DMBT1 Sentieon 122585500 122592000 DEL 0.00028627










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Molecular Medicine





