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High-risk neuroblastoma (NB) poses significant challenges in pediatric oncology due to its resistance to conventional therapies, leading to relapse and poor prognosis. Copy number variations (CNVs) are strong prognostic factors in NB, prompting exploration into alternative methods for CNV profiling. We conducted whole-genome sequencing (WGS) of the circulating cell-free DNA (cfDNA) from a patient with NB and compared the WGS of the primary and relapsed tumor tissue. Our analysis revealed concordance between the somatic single nucleotide variants (SNVs), insertions and deletions (indels), and CNVs identified in the cfDNA and tumor WGS. Notably, WGS detected numerical chromosome imbalances, large and focal structural aberrations including amplifications in MYCN, CDK4, and MDM2, using low-input cfDNA. Furthermore, additional variants unique to the cfDNA, such as the rare MET (p.R970C) variant, were identified, possibly representing sub-clonal populations or variants present at metastatic sites. In conclusion, WGS analysis of cfDNA offers a noninvasive, cost-effective, rapid, and sensitive alternative for CNV profiling in patients with NB. This approach holds promise for improving prognostication and for guiding personalized treatment strategies in NB.
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Introduction

Neuroblastoma (NB) represents a formidable challenge in pediatric oncology. It is characterized by its heterogeneous clinical behavior ranging from spontaneous regression to aggressive metastatic disease (1–4). NB accounts for a significant portion of childhood cancer mortality, particularly in patients with high-risk disease who exhibit resistance to conventional therapies and a propensity for relapse (1–4). NB is also known for its genomic complexity, with different copy number variations (CNVs) as strong prognostic indicators influencing the disease outcome (1–5).

In recent years, the advent of genomic technologies has revolutionized cancer research and clinical practice, offering insights into the molecular underpinnings of tumorigenesis and thereby potential therapeutic targets. Whole-genome sequencing (WGS) has emerged as a powerful tool for comprehensive genomic profiling, enabling the detection of somatic mutations, structural rearrangements, and CNVs across the entire genome (6–8). However, traditional methods of obtaining tumor DNA for WGS or other genomic analyses, such as tissue biopsy, are invasive. Moreover, a biopsy may not always capture the full genomic landscape of the disease, particularly as tumor heterogeneity and distant metastasis are present in many patients with NB. Another obstacle present in some cases is the anatomical location of the tumor, which can make them inaccessible for biopsy (9–12); in other cases, open surgical biopsy could delay clinical management and the start of necessary therapy (13–15).

In contrast, liquid biopsies offer a minimally invasive alternative for genomic analysis, leveraging the presence of circulating cell-free DNA (cfDNA) shed into the bloodstream by tumor cells (16, 17). This is a convenient approach that enables repeated sampling over the course of treatment, thereby providing real-time insights into the tumor dynamics and evolution (17–19). Several studies have demonstrated the possibilities of cfDNA analysis in profiling genetic alterations in various cancer types, including breast, lung, and colorectal cancers (20–23). Recent studies have demonstrated the utility of cfDNA in NB, with varying concentrations observed across disease stages and risk groups (24). While targeted sequencing has been widely used to profile cfDNA in NB, WGS remains underutilized despite its potential to provide a more comprehensive view of genomic alterations (25, 26). This study leverages WGS to compare the cfDNA and tumor DNA in a relapsed patient with NB, highlighting the potential of liquid biopsy for noninvasive genomic profiling in pediatric cancers.

Despite its promise, the clinical value of cfDNA analysis in NB is still relatively unexplored. Herein, we present a study aimed at evaluating the feasibility and utility of WGS analysis on cfDNA as a noninvasive alternative to tumor biopsies as the DNA source for CNV profiling in NB. We compare the genomic alterations detected in the cfDNA with those identified in the tumor tissue, leveraging advanced molecular techniques to characterize the genomic landscape of NB and to identify potential therapeutic targets. Our study demonstrates the successful application of WGS for the detection of CNVs and single nucleotide variants (SNVs) in the cfDNA from a patient with NB. These findings suggest that cfDNA WGS holds promise for the evaluation of treatment response, clonal heterogeneity, and early detection of relapse in NB, potentially guiding clinical decisions regarding NB treatment.





Materials and methods

See Supplementary Material 1 for an extended description of the methods used.





Results




Patient information and clinical findings

The patient, a boy, was diagnosed with high-risk NB at the age of 2 years and 1 month. He initially presented with a 14 cm × 10 cm × 10 cm MYCN-amplified tumor localized on the right adrenal gland with overgrowth in the right kidney and with local lymph node metastases in the abdomen. The tumor, INRG stage L2, was crossing the midline, compressing the liver and dislocating and compressing the abdominal aorta and the inferior vena cava (27). At the time of diagnosis, the bone marrow was negative for NB cells and the tumor did not show any uptake on MIBG (meta-iodobenzylguanidine). FDG-PET was not performed. After the investigational workup, treatment was started according to the SIOPEN HR-NBL1 protocol, with partial response (4.3 cm × 3.6 cm × 3.8 cm) to the induction chemotherapy (28). The tumor and the lymph node metastases were removed surgically without any complications 3 months after diagnosis. According to the pathology report, the tumor was completely resected and showed >90% necrosis and <10% viable cells. At 2 weeks after the operation, the patient underwent high-dose chemotherapy with BuMel (busulfan and melphalan) followed by stem cell reinfusion. Proton radiotherapy to the initial tumor bed was administered with a total dose of 21 Gy. A short time after completion of radiotherapy, clinical deterioration was observed, and the disease progressed with metastases in the liver, the lungs, bone marrow, and the right kidney, near the site of the primary tumor. The treating physicians applied for compassionate use of the MDM2 inhibitor; however, due to the rapid progression, the treatment was never initiated. Ad mortem was 8 months from the initial diagnosis (Figure 1).




Figure 1 | Patient clinical history. Timeline depicting patient follow-up, biopsy, and initial diagnosis. [C], cisplatin; [O], vincristine; [J], carboplatin; [E], etoposide; [C], cyclophosphamide (known as COJEC); BuMel, busulfan and melphalan.







Genetics of the patient

DNA extracted from the tumor biopsy, which was retrieved from the primary tumor at the time of
diagnosis, and DNA from a local relapse sampled 7 months after the diagnosis, together with constitutional DNA extracted from blood lymphocytes, were analyzed using WGS with average sequencing depths of 59×, 104×, and 37×, respectively (Supplementary Table S1). Copy number profiling by WGS and SNP microarray showed concordant findings and indicated a complex genome with amplification of multiple regions on chromosomes 1, 2, and 12 including MYCN, CDK4, and MDM2, together with an interstitial deletion on 1p, deletion of 10q, gain of 10p and 17q, and a small focal homozygous deletion affecting PTPRD on chromosome 9 (Figure 2; Supplementary Figures S1A, B), with addition of 11q deletion and 22q gain and several numerical alterations at the time of relapse. WGS revealed a total of 19 and 147 somatic, non-synonymous SNVs with variant allele frequency (VAF) ≥10% in the primary and relapsed tumor material, respectively, of which 16 were shared between the two tumor specimens (Supplementary Figure S2A and Supplementary Table S2). A total of 107 structural variants (SVs) were common to the two tumor samples, with an additional 131 SVs unique to the tumor at the time of diagnosis and 225 SVs unique to the tumor at the time of recurrence. The vast majority of called SVs were associated with the amplified regions (Supplementary Figure S2A and Supplementary Table S3). No alterations in association with ALK, TERT, ATRX, TP53, or any of the RAS-genes were detected. Germline analysis indicated no underlying genetic causes for NB.




Figure 2 | Genomic analysis of tumor samples. Copy number profiling derived from normalized reads from whole-genome sequencing (WGS) showing the genomic profiles of the patient from cfDNA (upper panel), primary tumor (middle panel), and relapse (lower panel). Y-axis shows the copy number change in relation to the diploid genome (set as zero) as inferred by the Canvas tool (49).







Comparison of plasma cfDNA WGS versus tumor DNA WGS

The cfDNA extracted from the plasma of the patient retrieved at the time of tumor resection was
subjected to WGS, reaching an average coverage of 15× (Supplementary Table S1). The analysis aimed to identify somatic mutations, structural variations, focal copy number amplifications/gains and deletions, and other genomic alterations that could provide insights into the genomic landscape of the tumor and potential therapeutic targets.

The cfDNA-generated copy number profile was more similar to that at diagnosis than at relapse (Figure 2), including the amplicon on chromosomes 2 and 12 (Supplementary Figure S1B). Amplifications, in particular encompassing the MYCN locus, are known to infer poor prognosis in patients with NB (29–31). Accurate assessment of MYCN is thus of utmost importance in the genetic workup of the primary tumor as it may directly impact treatment decisions. Importantly, in this study, amplification in MYCN observed in the tumor DNA samples was also detected in the cfDNA (Figure 2). Furthermore, chromosome 12q amplicons containing CDK4 (12q14.1) and MDM2 (12q15) were detected both in the cfDNA and the tumor tissues (Figure 2; Supplementary Figure S1B), consistent with previous findings associating these co-amplifications with poor prognosis in patients with NB (32, 33).

Subsequently, we investigated somatic mutations, which provided additional information regarding the heterogeneity of the primary tumor. Indeed, additional genomic alterations were observed in the cfDNA compared with the tumor DNA. Notably, pathogenic or likely pathogenic missense mutations were identified in the cfDNA sample, including SNVs that are consistent with the WGS findings of the primary tumor (Figure 3; Supplementary Figure S2A and Supplementary Table S2). Interestingly, an additional missense variant not detected in the tumor WGS was identified in MET (NM_000245.4: c.2908C>T, p.R970C), which might represent a sub-clone (Figure 3; Supplementary Table S2). Although cfDNA may not be an optimal source for the detection of SVs due to short fragments and the fraction of circulating tumor DNA, still a substantial part of the SVs detected in the primary tumor could be confirmed in the cfDNA (Figure 3; Supplementary Table S3). Additional SVs unique to the cfDNA were also called (Supplementary Figure S2B); however, due to the above-mentioned limitations, these are more ambiguous.




Figure 3 | Mutational spectra and structural variants. Circos plots showing structural variants (SVs), copy number variations (CNVs), and somatic single nucleotide variants (SNVs). The copy number plots calculated based on the coverage ratio between the tumor or cell-free DNA (cfDNA) and the corresponding normal tissue are shown on the inner circle, with gain of genomic material indicated in red and loss of genomic material indicated in blue. The lines within the inner circle indicate structural variants within and between chromosomes, while the genes affected by somatic SNVs are shown outside the outer circle. Alterations shared between the tumor and cfDNA are indicated by a red font or red lines, alterations shared between primary and relapse are indicated in blue, while variants unique to a sample are indicated in black. For clarity, only the SVs that are shared between cfDNA and the tumor are depicted in the Circos plot for cfDNA.







Protein analysis of the tumor material

Due to the presence of the MET variant in the cfDNA, we wanted to determine whether the patient’s tumor biopsy sample possesses MET activity. To investigate this, fresh frozen tumor tissue from the primary tumor resection was processed for proteomic analysis. In this experiment, we used the gastric cell lines AGS (non-amplified MET) and MKN-45 (amplified MET) as negative and positive controls, respectively, for MET activity (34). Immunoblotting indeed showed detectable protein expression levels of MET, as well as phospho-MET (Y1234/Y1235) (Figure 4A), which indicate active MET protein. Signaling pathways, including STAT3, AKT, and ERK, were also activated in the patient sample, although much weaker than those in the MKN-45 cell line with MET amplification (Figure 4A). Thus, our proteomic analysis indicates that both MET and its downstream targets might be activated in this NB patient sample. Investigation of an earlier published NB cohort (Kocak-649 patients) (35) showed that an increase of the MET gene expression is associated with poor prognosis in NB (p = 6.72 × 10−11 and p = 0.02 respectively) (Figure 4B). To investigate the presence of phosphorylated MET, a panel of five NB cell lines [Kelly, NB69, SK-N-AS, SK-N-BE (2), and SK-N-FI], which represent a range of aberrant genetic backgrounds found in NB tumors, although without any MET aberrations (36), were examined. All of the tested NB cell lines expressed MET and displayed detectable p-MET protein levels (Figure 4C), suggesting that these cell lines have a basal activation level of MET. In contrast, the downstream signaling pathways Akt/mTOR (p-AKT), RAS/MAPK (p-ERK1/2), and JAK/STAT (p-STAT3) exhibited differential expression across all NB cell lines (Figure 4C).




Figure 4 | Proteomic analysis of the tumor resection sample. (A) Immunoblotting for the indicated proteins in lysates from the gastric cell lines AGS and MKN-45, as reference, and the patient tumor lysate. (B) Kaplan–Meier event-free survival curves of the neuroblastoma (NB) cohort Kocak-649 patients stratified according to MET expression. Patients with higher expression are highlighted in blue, whereas those with lower expression are highlighted in red. The log-rank test p-values are indicated. (C) NB cell lysates analyzed on SDS-PAGE followed by immunoblotting for MET, phospho-MET, p-STAT3, p-AKT, pERK1/2, and GAPDH as the loading control.








Discussion

The results of this study underscored the potential of cfDNA WGS as a powerful and noninvasive tool for genomic profiling in NB. By comparing the cfDNA WGS with sequencing on the primary tumor and metastasis at the time of relapse, we demonstrated a high degree of concordance in the identification of key genomic alterations, including MYCN and CDK4/MDM2 amplifications (Figure 2; Supplementary Figure S1B). These alterations are often associated with aggressive disease and could influence therapeutic strategies (32, 33). These findings highlight the reliability of cfDNA WGS in capturing the genomic landscape of a tumor.

One interesting finding in the cfDNA was the detection of a MET p.R970C mutation located in the juxta membrane domain (p.R970C is also known as R988C on transcript NM_001127500.3), which was not identified in both the primary and relapse tumor specimens. MET, a receptor tyrosine kinase (RTK), plays a critical role in tumor growth, invasion, and metastasis. Its activation has been associated with poor prognosis in various cancers (37–41). Other mutations in the juxta membrane of MET have been shown to attenuate MET receptor ubiquitination and degradation, thereby prolonging oncogenic signaling (39–42). The MET R970C mutation has been previously described in cancer, however with conflicting data on the functionality (43–46). Although our proteomics study revealed MET phosphorylation and activation of the downstream signaling pathways in the resected tumor sample, this activation cannot be directly attributed to the R970C mutation as it was not confirmed in the resected tumor specimen. In addition, these downstream pathways can be activated through other RTKs. This, combined with conflicting data on its oncogenicity and the classification of germline MET R970C as a variant of uncertain significance (VUS) in various ClinVar submissions, highlights the need for further investigations, including functional assays and patient cohort studies, to elucidate its precise involvement in the progression and therapy resistance of NB.

The presence of the novel somatic variants that were not detected in the tumor biopsies emphasizes the advantage of cfDNA in providing a more comprehensive view of tumor heterogeneity and in identifying novel therapeutic targets. Of specific interest in this case is the MET mutation that, together with the corresponding protein activation in the tumor tissue (Figure 4A), suggests that MET inhibitors could be explored as a targeted therapeutic strategy. The presence of MET activation in a broad range of cell lines (Figure 4C), as well as the association between high MET expression and poor survival (Figure 4B), indicates that MET could be investigated for therapeutic targeting in patients with NB exhibiting similar genomic and proteomic profiles. Another observation that we identified is the bone marrow metastasis of this NB patient at progressive relapse. In general, CDK4/MDM2-amplified tumors show minimal bone marrow metastasis (47, 48). The detection of MET mutation in cfDNA raises questions about its potential role in tumor progression. In this case, the absence of MET mutation in the relapsed tumor sample suggests that this mutation may have been present in sub-clonal populations or was lost during disease progression. Further studies are needed to explore the functional significance of MET in NB and its potential association with metastatic behavior.

Altogether, WGS of cfDNA provided a comprehensive overview of the tumor genome of this patient, uncovering a range of somatic mutations and structural variations that are crucial for understanding the biology and progression of the disease. The identification of MYCN amplification, along with other significant genomic alterations, highlights the potential of cfDNA WGS as a noninvasive tool for genomic profiling in NB. These findings not only reinforce the concordance with the primary tumor DNA but also uncover additional mutations that may represent sub-clonal populations and inform targeted therapeutic strategies. Due to the risk of circulating tumor DNA contamination in the lymphocyte fraction, there could be limitations to performing somatic analysis of the cfDNA.

In conclusion, this case study highlights the potential of liquid biopsy as a noninvasive tool for the genomic profiling of NB, particularly for the detection of mutations in residual tumors that may be dominated by treatment-resistant clones. One of the limitations in this study is the small sample size, which may have impacted the generalizability of the findings. Larger cohort studies are necessary to validate the observed genomic alterations and their clinical relevance. In addition, while our analysis provides insights into MET mutation and its potential role in NB, further functional studies are required to elucidate its precise contribution to tumor progression and metastasis.
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Supplementary Figure 1 | (A). Copy number profiling using the Affymetrix HD SNP microarray shows the patient’s genomic profiles from primary (upper panel) and relapse (lower panel). (B). Coverage plots presented in Integrative genomic visualization (IGV) of tumor and cfDNA sample. Comparison of cfDNA, primary tumor, metastasis, and normal DNA sequencing IGV images of chromosome 2 including MYCN, and chromosome 12 covering CDK4, and MDM2.

Supplementary Figure 2 | Overview of number of shared and unique SNV and SV. (A) Venn diagram of called non-synonymous SNVs (with variant allele frequency (VAF) ≥10%) and SVs in cfDNA, primary and relapsed tumor. (B). Circos plot of cfDNA showing structural variants, CNVs, and somatic SNVs. Copy number plots are shown on the inner circle, with gain of genomic material indicated in red and loss of genomic material indicated in blue. The lines within the inner circle indicate structural variants within and between chromosomes, while genes affected by somatic SNVs are shown outside the outer circle. Alterations shared between tumor and cfDNA are indicated by red font or red lines, while variants unique to the cfDNA sample is indicated in black.




References

1. Kamijo, T, and Nakagawara, A. Molecular and genetic bases of neuroblastoma. Int J Clin Oncol. (2012) 17:190–5. doi: 10.1007/s10147-012-0415-7

2. Maris, JM. Recent advances in neuroblastoma. N Engl J Med. (2010) 362:2202–11. doi: 10.1056/NEJMra0804577

3. Matthay, KK, Maris, JM, Schleiermacher, G, Nakagawara, A, Mackall, CL, Diller, L, et al. Neuroblastoma. Nat Rev Dis Primers. (2016) 2:16078. doi: 10.1038/nrdp.2016.78

4. Umapathy, G, Mendoza-Garcia, P, Hallberg, B, and Palmer, RH. Targeting anaplastic lymphoma kinase in neuroblastoma. APMIS. (2019) 127:288–302. doi: 10.1111/apm.2019.127.issue-5

5. Eleveld, TF, Oldridge, DA, Bernard, V, Koster, J, Colmet Daage, L, Diskin, SJ, et al. Relapsed neuroblastomas show frequent RAS-MAPK pathway mutations. Nat Genet. (2015) 47:864–71. doi: 10.1038/ng.3333

6. Colomer, R, Miranda, J, Romero-Laorden, N, Hornedo, J, González-Cortijo, L, Mouron, S, et al. Usefulness and real-world outcomes of next generation sequencing testing in patients with cancer: an observational study on the impact of selection based on clinical judgement. EClinicalMedicine. (2023) 60:102029. doi: 10.1016/j.eclinm.2023.102029

7. Pugh, TJ, Morozova, O, Attiyeh, EF, Asgharzadeh, S, Wei, JS, Auclair, D, et al. The genetic landscape of high-risk neuroblastoma. Nat Genet. (2013) 45:279–84. doi: 10.1038/ng.2529

8. Gundem, G, Levine, MF, Roberts, SS, Cheung, IY, Medina-Martínez, JS, Feng, Y, et al. Clonal evolution during metastatic. spread high-risk neuroblastoma. Nat Genet. (2023) 55:1022–33. doi: 10.1038/s41588-023-01395-x

9. Ambros, PF, Ambros, IM, Kerbl, R, Luegmayr, A, Rumpler, S, Ladenstein, R, et al. Intratumoural heterogeneity of 1p deletions and MYCN amplification in neuroblastomas. Med Pediatr Oncol. (2001) 36:1–4. doi: 10.1002/1096-911X(20010101)36:1<1::AID-MPO1002>3.0.CO;2-L

10. Berbegall, AP, Navarro, S, and Noguera, R. Diagnostic implications of intrapatient genetic tumor heterogeneity. Mol Cell Oncol. (2016) 3:e1079671. doi: 10.1080/23723556.2015.1079671

11. Squire, JA, Thorner, P, Marrano, P, Parkinson, D, Ng, YK, Gerrie, B, et al. Identification of MYCN copy number heterogeneity by direct FISH analysis of neuroblastoma preparations. Mol Diagn. (1996) 1:281–9. doi: 10.1016/S1084-8592(96)70010-3

12. Van Roy, N, Van Der Linden, M, Menten, B, Dheedene, A, Vandeputte, C, Van Dorpe, J, et al. Shallow whole genome sequencing on circulating cell-free DNA allows reliable noninvasive copy-number profiling in neuroblastoma patients. Clin Cancer Res. (2017) 23:6305–14. doi: 10.1158/1078-0432.CCR-17-0675

13. Fröstad, B, Martinsson, T, Tani, E, Falkmer, U, Darnfors, C, Skoog, L, et al. The use of fine-needle aspiration cytology in the molecular characterization of neuroblastoma in children. Cancer. (1999) 87:60–8. doi: 10.1002/(SICI)1097-0142(19990425)87:2<60::AID-CNCR4>3.0.CO;2-9

14. Cañete, A, Jovani, C, Lopez, A, Costa, E, Segarra, V, Fernández, JM, et al. Surgical treatment for neuroblastoma: complications during 15 years’ experience. J Pediatr Surg. (1998) 33:1526–30. doi: 10.1016/s0022-3468(98)90490-0

15. Fati, F, Pulvirenti, R, Paraboschi, I, and Martucciello, G. Surgical approaches to neuroblastoma: review of the operative techniques. Children (Basel). (2021) 8. doi: 10.3390/children8060446

16. Diaz, LA Jr., and Bardelli, A. Liquid biopsies: genotyping circulating tumor DNA. J Clin Oncol. (2014) 32:579–86. doi: 10.1200/JCO.2012.45.2011

17. Im, YR, Tsui, DWY, Diaz, LA Jr., and Wan, JCM. Next-generation liquid biopsies: embracing data science in oncology. Trends Cancer. (2021) 7:283–92. doi: 10.1016/j.trecan.2020.11.001

18. Wan, JCM, Massie, C, Garcia-Corbacho, J, Mouliere, F, Brenton, JD, Caldas, C, et al. Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat Rev Cancer. (2017) 17:223–38. doi: 10.1038/nrc.2017.7

19. Wan, JCM, Mughal, TI, Razavi, P, Dawson, SJ, Moss, EL, Govindan, R, et al. Liquid biopsies for residual disease and recurrence. Med. (2021) 2:1292–313. doi: 10.1016/j.medj.2021.11.001

20. Heitzer, E. Circulating tumor DNA for modern cancer management. Clin Chem. (2019). doi: 10.1373/clinchem.2019.304774

21. Heitzer, E, Ulz, P, and Geigl, JB. Circulating tumor DNA as a liquid biopsy for cancer. Clin Chem. (2015) 61:112–23. doi: 10.1373/clinchem.2014.222679

22. Ulz, P, Auer, M, and Heitzer, E. Detection of circulating tumor DNA in the blood of cancer patients: an important tool in cancer chemoprevention. Methods Mol Biol. (2016) 1379:45–68. doi: 10.1007/978-1-4939-3191-0_5

23. Lei, S, Jia, S, Takalkar, S, Chang, TC, Ma, X, Szlachta, K, et al. Genomic profiling of circulating tumor DNA for childhood cancers. Leukemia. (2025) 39:420–30. doi: 10.1038/s41375-024-02461-x

24. Lodrini, M, Wünschel, J, Thole-Kliesch, TM, Grimaldi, M, Sprüssel, A, Linke, RB, et al. Circulating cell-free DNA assessment in biofluids from children with neuroblastoma demonstrates feasibility and potential for minimally invasive molecular diagnostics. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14092080

25. Klega, K, Imamovic-Tuco, A, Ha, G, Clapp, AN, Meyer, S, Ward, A, et al. Detection of somatic structural variants enables quantification and characterization of circulating tumor DNA in children with solid tumors. JCO Precis Oncol. (2018) 2018. doi: 10.1200/PO.17.00285

26. Singh, J, Peters, NJ, Avti, P, Trehan, A, Mahajan, JK, Menon, P, et al. The role of liquid biopsy in neuroblastoma: A scoping review. J Pediatr Surg. (2025) 60:161887. doi: 10.1016/j.jpedsurg.2024.161887

27. Monclair, T, Brodeur, GM, Ambros, PF, Brisse, HJ, Cecchetto, G, Holmes, K, et al. The International Neuroblastoma Risk Group (INRG) staging system: an INRG Task Force report. J Clin Oncol. (2009) 27:298–303. doi: 10.1200/JCO.2008.16.6876

28. Park, JR, Bagatell, R, Cohn, SL, Pearson, AD, Villablanca, JG, Berthold, F, et al. Revisions to the international neuroblastoma response criteria: A consensus statement from the national cancer institute clinical trials planning meeting. J Clin Oncol. (2017) 35:2580–7. doi: 10.1200/JCO.2016.72.0177

29. Brodeur, GM, Seeger, RC, Schwab, M, Varmus, HE, and Bishop, JM. Amplification of N-myc in untreated human neuroblastomas correlates with advanced disease stage. Science. (1984) 224:1121–4. doi: 10.1126/science.6719137

30. Brodeur, GM, Seeger, RC, Schwab, M, Varmus, HE, and Bishop, JM. Amplification of N-myc sequences in primary human neuroblastomas: correlation with advanced disease stage. Prog Clin Biol Res. (1985) 175:105–13.

31. Seeger, RC, Brodeur, GM, Sather, H, Dalton, A, Siegel, SE, Wong, KY, et al. Association of multiple copies of the N-myc oncogene with rapid progression of neuroblastomas. N Engl J Med. (1985) 313:1111–6. doi: 10.1056/NEJM198510313131802

32. Amoroso, L, Ognibene, M, Morini, M, Conte, M, Di Cataldo, A, Tondo, A, et al. Genomic coamplification of CDK4/MDM2/FRS2 is associated with very poor prognosis and atypical clinical features in neuroblastoma patients. Genes Chromosomes Cancer. (2020) 59:277–85. doi: 10.1002/gcc.22827

33. Martinez-Monleon, A, Kryh Öberg, H, Gaarder, J, Berbegall, AP, Javanmardi, N, Djos, A, et al. Amplification of CDK4 and MDM2: a detailed study of a high-risk neuroblastoma subgroup. Sci Rep. (2022) 12:12420. doi: 10.1038/s41598-022-16455-1

34. Park, CH, Cho, SY, Ha, JD, Jung, H, Kim, HR, Lee, CO, et al. Novel c-Met inhibitor suppresses the growth of c-Met-addicted gastric cancer cells. BMC Cancer. (2016) 16:35. doi: 10.1186/s12885-016-2058-y

35. Kocak, H, Ackermann, S, Hero, B, Kahlert, Y, Oberthuer, A, Juraeva, D, et al. Hox-C9 activates the intrinsic pathway of apoptosis and is associated with. spontaneous regression neuroblastoma. Cell Death Dis. (2013) 4:e586. doi: 10.1038/cddis.2013.84

36. Fransson, S, Martinez-Monleon, A, Johansson, M, Sjöberg, RM, Björklund, C, Ljungman, G, et al. Whole-genome sequencing of recurrent neuroblastoma reveals somatic mutations that affect key players in cancer progression and telomere maintenance. Sci Rep. (2020) 10:22432. doi: 10.1038/s41598-020-78370-7

37. Fu, J, Su, X, Li, Z, Deng, L, Liu, X, Feng, X, et al. HGF/c-MET pathway in cancer: from molecular characterization to clinical evidence. Oncogene. (2021) 40:4625–51. doi: 10.1038/s41388-021-01863-w

38. Christensen, JG, Burrows, J, and Salgia, R. c-Met as a target for human cancer and characterization of inhibitors for therapeutic intervention. Cancer Lett. (2005) 225:1–26. doi: 10.1016/j.canlet.2004.09.044

39. Salgia, R. Role of c-Met in cancer: emphasis on lung cancer. Semin Oncol. (2009) 36:S52–8. doi: 10.1053/j.seminoncol.2009.02.008

40. Sattler, M, and Salgia, R. c-Met and hepatocyte growth factor: potential as novel targets in cancer therapy. Curr Oncol Rep. (2007) 9:102–8. doi: 10.1007/s11912-007-0005-4

41. Lee, JH, Han, SU, Cho, H, Jennings, B, Gerrard, B, Dean, M, et al. A novel germ line juxtamembrane Met mutation in human gastric cancer. Oncogene. (2000) 19:4947–53. doi: 10.1038/sj.onc.1203874

42. Jagadeeswaran, R, Jagadeeswaran, S, Bindokas, VP, and Salgia, R. Activation of HGF/c-Met pathway contributes to the reactive oxygen species generation and motility of small cell lung cancer cells. Am J Physiol Lung Cell Mol Physiol. (2007) 292:L1488–94. doi: 10.1152/ajplung.00147.2006

43. Tate, JG, Bamford, S, Jubb, HC, Sondka, Z, Beare, DM, Bindal, N, et al. COSMIC: the catalogue of somatic mutations in cancer. Nucleic Acids Res. (2019) 47:D941–7. doi: 10.1093/nar/gky1015

44. Ma, PC, Jagadeeswaran, R, Jagadeesh, S, Tretiakova, MS, Nallasura, V, Fox, EA, et al. Functional expression and mutations of c-Met and its therapeutic inhibition with SU11274 and small interfering RNA in non-small cell lung cancer. Cancer Res. (2005) 65:1479–88. doi: 10.1158/0008-5472.CAN-04-2650

45. Ma, PC, Kijima, T, Maulik, G, Fox, EA, Sattler, M, Griffin, JD, et al. c-MET mutational analysis in small cell lung cancer: novel juxtamembrane domain mutations regulating cytoskeletal functions. Cancer Res. (2003) 63:6272–81.

46. Tyner, JW, Fletcher, LB, Wang, EQ, Yang, WF, Rutenberg-Schoenberg, ML, Beadling, C, et al. MET receptor sequence variants R970C and T992I lack transforming capacity. Cancer Res. (2010) 70:6233–7. doi: 10.1158/0008-5472.CAN-10-0429

47. Kato, K, Nagai, JI, Goto, H, Shinkai, M, Kitagawa, N, Toyoda, Y, et al. Establishment and characterization of a novel MDM2/MYCN-co-amplified neuroblastoma cell line, NBN-SHIM, established from a late recurrent stage MS tumor. Hum Cell. (2024). doi: 10.1007/s13577-024-01106-6

48. Mei, S, Alchahin, AM, Embaie, BT, Gavriliuc, IM, Verhoeven, BM, Zhao, T, et al. Single-cell analyses of metastatic bone marrow in human neuroblastoma reveals microenvironmental remodeling and metastatic signature. JCI Insight. (2024) 9. doi: 10.1172/jci.insight.173337

49. Roller, E, Ivakhno, S, Lee, S, Royce, T, and Tanner, S. Canvas: versatile and scalable detection of copy number variants. Bioinformatics. (2016) 32:2375–7. doi: 10.1093/bioinformatics/btw163




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.


Copyright © 2025 Fransson, Georgantzi, Djos, Gaarder, Svensson, Anthonydhason, Kogner, Martinsson and Umapathy. 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.


OEBPS/Images/fonc-15-1569520-g003.jpg
Primary Relapse

cfDNA





OEBPS/Images/fonc-15-1569520-g001.jpg
Primary tumor Primary tumor Local relapse
Core needle biopsy Resection Core needle biopsy
SNP-Array + WGS cfDNA WGS/proteomics SNP-Array + WGS

(Months) [0 A2 84 6 6 7 )
T

Chemotherapy = Chemotherapy Radiotherapy
Rapid COJEC High dose BuMel 21Gy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative analysis of whole-genome sequencing of tumor and cfDNA in a neuroblastoma patient: a case report

      

        		

          Introduction

        



        		

          Materials and methods

        



        		

          Results

        

          		

            Patient information and clinical findings

          



          		

            Genetics of the patient

          



          		

            Comparison of plasma cfDNA WGS versus tumor DNA WGS

          



          		

            Protein analysis of the tumor material

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2025.1569520_cover.jpg
& frontiers | Frontiers in Oncology

Comparative analysis of whole-genome
sequencing of tumor and cfDNA in a
neuroblastoma patient: a case report





OEBPS/Images/fonc-15-1569520-g004.jpg
9 5 %
X : &« ¥
> < = < X
N G ? 5 > )
& & 5 5 5 ¢ 0§
o IR
p'MET ——  S— R Sl —— - p-MET

- -

““ GAPDH T— — — — — — >  GAPDH

1.00 c-MET expression

0.90

0.80
low (n=410)

0.70
0.60

0.50

0.40

overall survival probability

0.30

high (n=66)
0.20

0.10
P =6.72e-11

0.00
O N A N © = o o oaN
X ® N O N & O © =
© » ® N O

Follow up in months





OEBPS/Images/fonc-15-1569520-g002.jpg
19 21
Chr 11 12 13 14 15161718 20 22 X Y

CDK4

cfDNA

Primary
A 0O 2N WA o

Relapse
2 O 2 N WA o





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





