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Glioblastoma is the commonest primary malignant brain tumor, with a very poor prognosis and short overall survival. It is characterized by its high intra- and intertumoral heterogeneity, in terms of both the level of single-nucleotide variants, copy number alterations, and aneuploidy. Therefore, routine diagnosis can be challenging in some cases. We present a complicated case of glioblastoma, which was characterized with five cytogenomic methods: interphase fluorescence in situ hybridization, multiplex ligation-dependent probe amplification, comparative genomic hybridization array and single-nucleotide polymorphism, targeted gene panel, and whole-genome sequencing. These cytogenomic methods revealed classical findings associated with glioblastoma, such as a lack of IDH and TERT mutations, gain of chromosome 7, and loss of chromosome 10. At least three pathological clones were identified, including one with whole-genome duplication, and one with loss of 1p and suspected loss of 19q. Deletion and mutation of the TP53 gene were detected with numerous breakends on 17p and 20q. Based on these findings, we recommend a combined approach to the diagnosis of glioblastoma involving the detection of copy number alterations, mutations, and aneuploidy. The choice of the best combination of methods is based on cost, time required, staff expertise, and laboratory equipment. This integrated strategy could contribute directly to tangible improvements in the diagnosis, prognosis, and prediction of the therapeutic responses of patients with brain tumors.
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INTRODUCTION
Glioblastoma is the commonest primary malignant brain tumor, and has a very poor prognosis [1] and short overall survival [2]. Historically, glioblastoma has been routinely diagnosed and classified based on its histopathology, according to a microscopic evaluation and its clinical behavior [3–5]. In recent decades, new diagnostic tools have been introduced that produce diagnostic and prognostic information that is more accurate, including interphase fluorescence in situ hybridization (I-FISH), multiplex ligation-dependent probe amplification (MLPA), and comparative genomic hybridization array and single-nucleotide polymorphism (aCGH/SNP) analyses [6]. Since 2008, with the introduction of next-generation sequencing (NGS) and its application to numerous diagnostic methods (e.g., whole-genome sequencing [WGS] and targeted gene panels), the simultaneous sequencing of several markers associated with tumors has become possible. The World Health Organization (WHO) and the European Association of Neuro-Oncology (EANO) recently implemented molecular diagnostic guidelines for the classification, treatment, and follow-up of glioblastoma [7, 8].
According to the current classification, glioblastoma (WHO grade 4) is defined by the following molecular features: lack of mutations in isocitrate dehydrogenase (IDH) genes, absence of G34R/V or K27M mutations in H3F3A/H3F3B, presence of mutations in the telomerase reverse transcriptase (TERT) gene promoter, amplification of the epidermal growth factor receptor (EGFR) gene, and the combined gain of chromosome 7 and loss of chromosome 10 [7, 8].
Another characteristic feature of glioblastoma is its high intra- and intertumoral heterogeneity [9, 10]. The level of intratumor genetic diversity has been shown to correlate with cancer progression and mortality [11–14]. Many types of genetic heterogeneity are associated with cancer, including single-nucleotide variants (SNVs), copy-neutral loss of heterozygosity (CN-LOH), copy number alterations (CNAs), and aneuploidy [15]. Therefore, the diagnosis of glioblastoma often poses significant challenges, requiring the integration of multiple advanced cytogenomic techniques to achieve diagnostic clarity.
Here, we present a complex case of a patient with glioblastoma. Samples obtained during routine neurosurgery were analyzed with WGS and several other cytogenomic approaches used in the routine diagnosis of brain tumors. A comparison of the results allowed us to define the advantages and limitations of these methods and to discuss any ambivalent results. This overview provides not only theoretical, but also practical insight into the complexity of glioblastoma diagnosis.
MATERIALS AND METHODS
Biopsy processing
The patient with glioblastoma underwent neurosurgical resection at the Department of Neurosurgery, Military University Hospital, Prague, Czech Republic. The patient gave his written consent for his biological material to be used for research purposes, in accordance with the ethical standards of the local ethic committees (Ref. No. 108/15-33/2020). Two biopsies were taken from a similar region of the brain tumor during the routine neurosurgical procedure, for diagnostic and experimental purposes. The first was used for the histopathological diagnosis of the tumor mass. The second biopsy sample was immersed in phosphate-buffered saline (PBS) containing 1% heparin (Zentiva, Prague, Czech Republic) and transferred to the Center of Oncocytogenomics, General University Hospital, Prague, Czech Republic) for further analysis. The biopsy sample was homogenized at medium speed for 45 s with a homogenizer (Minilys, Bertin Instruments, Montigny-le-Bretonneux, France), and then divided into two parts. The first part was fixed and used for I-FISH (see I-FISH protocol). The other part was centrifuged (24,000 × g, 5 min, 4°C) and the pellet was used for isolating genomic DNA (gDNA). The patient’s peripheral blood, taken after the procedure, was placed in Vacuette 2 mL K3-EDTA tubes (Dialab, Prague, Czech Republic). The gDNA was isolated and used as a control to eliminate germline variants and copy number changes.
gDNA isolation and quantification
The gDNA was isolated from the tumor sample with the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, United States), according to the manufacturer’s protocol. The GenElute Blood Genomic DNA Kit (MERC, Darmstad, Germany) was used to isolate the peripheral blood gDNA, according to manufacturer’s instructions.
The quality and quantity of gDNA were assessed with a spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, United States) and a fluorometer (Qubit 4.0, Life Technologies, Carlsbad, CA, United States). The quality of the gDNA was confirmed on 1% agarose gel, after visualization with a gel imaging system (Essential V6, Uvitec Cambridge, Cambridge, United Kingdom).
Interphase fluorescence in situ hybridization (I-FISH)
The homogenized tissues in PBS containing heparin were processed further with standard cytogenetic procedures (hypotonia, fixation in methanol/acetic acid). Microscopy samples for I-FISH were prepared from fixed cell suspensions. Dual-color interphase FISH was performed with the DNA probes Vysis LSI 1p36 SpO/1q25 SpG, LSI 19q13 SpO/19p13 SpG, LSI PTEN/CEP 10, LSI TP53/CEP 17, LSI 13 (RB1)/13q34, CEP X SpO/Y SpG (Abbott Molecular, Des Plaines, IL, United States), XL EGFR amp, XL 6q21/6q23/6cen, XL CDKN2A (MetaSystems, Altlussheim, Germany), and MGMT-20-OR (Empire Genomics, Williamsville, NY, United States), according to the manufacturers’ recommendations, to detect the biomarkers for glioblastoma categorization and to confirm the findings of the other methods. The slides were analyzed with an fluorescence microscope (Axio Imager Z2, Zeiss, Oberkochen, Germany) by two independent observers. The cut-off values were defined as 5% for deletions and 2.5% for gains, as described in a previous study [16].
Multiplex ligation-dependent probe amplification (MLPA)
The MLPA probe mixes (MRC Holland, Amsterdam, Netherlands) p370 BRAF-IDH1-IDH2 (version C1), p150 Glioma2 (version D3), and p088 Oligodendroglioma 1p-19q (version D1) were used to detect CNAs and selected variants of the IDH1, IDH2, and BRAF genes. The methylation-specific MLPA probe mix ME012 MGMT-IDH1–IDH2 (version A1) (MRC Holland, Amsterdam, Netherlands) was used to detect the methylation of the MGMT promoter and selected mutations in the IDH genes, according to the manufacturer’s instructions. The PCR amplicons were analyzed with the SeqStudio Genetic Analyzer System (Applied Biosystems, Waltham, MA, United States). The acquired fragmentation data were analyzed with Coffalyser.Net (MRC Holland). MLPA probes with scores of ≥1.3 were deemed to show gains/amplifications, and those with scores of 1.15–1.29 were deemed to be the suspected gains/amplifications. MLPA probes with scores of ≤0.7 were deemed to show losses/deletions and those with scores of 0.71–0.85 were deemed to show suspected losses.
Comparative genomic hybridization array and single-nucleotide polymorphism (aCGH/SNP)
A microarray analysis (aCGH/SNP) was performed with the SurePrint G3 Human CGH Microarray Kit, 4 × 180K (Agilent Technologies, Santa Clara, CA, United States) to detect unbalanced chromosomal changes and CN-LOH. The final product was scanned with a microarray scanner system (G2565CA, Agilent Technologies) and analyzed with the CytoGenomics 5.2.0.20 software (Agilent Technologies). Unbalanced chromosomal abnormalities of >350 kb and CN-LOH regions of >10 Mb are reported.
Targeted gene panel
The Archer VariantPlex Solid Tumor Kit (IDT, Coralville, IA, United States), which detects SNVs and CNAs in 67 genes associated with solid tumors, was used to analyze the tumor samples, according to the manufacturer’s recommendations. Final quantification was performed with the KAPA Library Quantification Kit (Roche, Basel, Switzerland), followed by sequencing with the NextSeq 500/550 Mid Output Kit v2 (300 Cycles) (Illumina, San Diego, CA, United States). The quality of runs was examined with Sequencing Analysis Viewer v2.4.7 (Illumina) and FASTQC v0.11.9 [17]. The analysis was performed in Archer software v7 (IDT). Only variants that met our criteria (allele frequency > 5%, quality score > 1,000, depth > 500) were considered further. The variants from the peripheral blood were compared with the variants from the glioma samples and only somatic variants were analyzed further (Supplementary Table S4).
Whole-genome sequencing (WGS)
DNA was fragmented with an ultrasonicator (M220, Covaris, Woburn, MA, United States) with the program set up for 500–600-bp fragments. The fragment length distribution was controlled with an Agilent Bioanalyzer 2100 (High Sensitivity DNA Kit) (Agilent). Sequencing libraries were prepared from the fragmented DNA (40 ng) with the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA, United States). NEBNext Multiplex Oligos for Illumina (Dual Index Set 1) (New England BioLabs, Ipswich, MA, United States) was used to barcode the libraries. The final PCR amplification of the library included six cycles and the products were cleaned up with SPRIselect beads (Beckman Coulter, Brea, CA, United States). The library length profiles and concentrations were controlled with the Agilent Bioanalyzer (High Sensitivity DNA Kit) and fluorometer (Qubit 2.0, Life Technologies, Carlsbad, CA, United States), respectively. The libraries were mixed in equimolar ratios and commercially sequenced on a sequencing system (NovaSeq 6000, Illumina) to obtain a minimum of 5000 paired-end reads (150 bp × 150 bp).
The data analysis workflow consisted of quality control, alignment, and somatic variant calling. The analysis was performed with the nf-core/sarek pipeline v2.7.1 [18] with the default options, unless otherwise stated. Read quality was assessed with FastQC v0.11.9 [17], and the reports were combined with MultiQC v1.12 [19]. The reads were aligned to the GRCh38 human reference genome [20]. The somatic variant calling of SNVs was performed with GATK MuTect2 v4.1.7.0, Strelka v2.9.10, and the best-practice modification of Strelka, called “StrelkaBP” [21]. Structural variants (SVs) were determined with Manta v1.6.0 [22]. CNVs, LOH, and neutral events were detected with both Control-FREEC v11.6 [23] and ASCAT v2.5.2 [24]. ASCAT was used to estimate ploidy and tumor heterogeneity. SNVs were annotated with snpEff v4.3t [25] and Ensembl Variant Effect Predictor (VEP) v99.2 [26], whereas SVs were only annotated with VEP. Both tools used the ENSEMBL annotation file GRCh38 v99. Data manipulation, report generation, and the creation of several plots were performed in R v4.1.3 [27]. Circos v0.69.8 software [28] was used to visualize the SV and CNV data in circos plot.
RESULTS
Case presentation
In December 2020, a 65-year-old male patient experienced an epileptic seizure with postictal right-sided hemiparesis and was diagnosed with glioblastoma of the left parietal lobe. Surgery was postponed because the patient became infected with SARS-CoV-2. Two months later, the patient underwent subtotal resection of the tumor, and minimal residue was detected on a postoperative MRI scan. The patient’s recovery was uncomplicated, but slight right-sided hemiparesis persisted. After the results of the histological analysis were received—glioblastoma, IDH-wildtype – concomitant chemoradiotherapy was recommended and begun at the end of February 2021. However, the tumor had recurred at the first check-up, 4 months after surgery. The Karnofsky performance score of the patient was 50–60. Given the rapid decline in the patient’s condition, further surgery was not recommended and adjuvant chemotherapy with temozolomide was suggested as the best option. Despite oncological treatment, the tumor continued to grow. The patient died in March 2022.
A microscopic examination showed brain tissue infiltrated by a highly cellular diffuse glioma, with prominent nuclear atypia and high proliferative activity (5–6 mitoses per high-power field, including atypical mitoses). Foci of microvascular proliferation and areas of necrosis were present, with a palisade-like arrangement of tumor cells at the periphery. Immunochemistry revealed that the nuclear expression of ATRX was retained in all the tumor cells, there was no R132H mutation in the IDH1 gene, loss of p53 immunoreactivity and the Ki67 index was up to 25% in highly proliferative areas (data not shown).
Cytogenomic findings
The genetic aberrations specific for glioblastoma were detected with a combination of cytogenomic methods, and the diagnosis was confirmed with histopathological analyses (Figure 1, Supplementary Tables S1–S7). No mutation of IDH1/IDH2 was identified; nor was the G34R/V or K27M mutation in H3F3A or any mutation in the TERT promoter detected. Gain of chromosome 7 (including the EGFR gene) was observed (trisomy–hexasomy on I-FISH, and up to eight copies were detected with WGS). Monosomy of chromosome 10 was observed with I-FISH, aCGH/SNP, and WGS, although MLPA and the gene panel indicated an intact PTEN gene (Figure 1, Supplementary Table S2). Methylation of the MGMT promoter was not confirmed (Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Graphic representation of all reported findings with five cytogenomics methods. Light gray—area with normal findings investigated with selected method. Dark blue—gain/amplification of designated area; light blue—suspected gain of marked area (at the border of detection limit). Dark red—loss/deletion of designated area; light red—suspected loss of marker area (at the border of detection limit). Black outlined areas indicate detection of SNVs with gene panel and/or MLPA. White lightning bolts represent positive gene mutations detected with the selected method. For detailed information, see Supplementary Material.
As well as glioblastoma-specific cytogenomic aberrations, additional SNAs, CNVs, SVs, and aneuploidy were detected. I-FISH and WGS detected at least three pathological clones, one of which was near-tetraploid (5%–15% interphase nuclei, depending on the selected probe; ploidy = 3.83). I-FISH detected the deletion of 1p36 and 19q13 (Figure 1, Supplementary Table S1). Other methods (MLPA, aCGH/SNP, and WGS) only identified the deletion of 1p36, and a suspected deletion of 19p (below the cut-off limit; Figure 1, Supplementary Tables S2, S3, S7).
In the near-tetraploid clone, two types of chromosomal losses were identified based on the WGS results: 1) chromosome losses with a homozygous allelotype (two copies instead of four), such as chromosomes 8, 10, 13, 14 and 22; and 2) chromosome losses with a heterozygous allelotype (three copies instead of four), such as the long arm of chromosome 6 and the loss of chromosomes 19 and 21. The same mechanism was also observed for gains (five chromosomes instead of four), such as the gain of one copy each of chromosomes 1, 9, 13 and 18 (Supplementary Figure S1).
The loss of 17p was confirmed with all the methods used. Moreover, the I-FISH analysis revealed monosomy 17 in a small cell clone (Figure 1, Supplementary Table S1). The pathogenic variant R196* of the TP53 gene was subsequently detected with the gene panel and WGS (Supplementary Tables S4, S6).
The WGS data revealed seven SNVs that were classified as pathogenic or likely pathogenic (Tiers I/II) and 13 variants of unknown significance (Tier III) (Supplementary Table S6). WGS also confirmed SVs on nearly all chromosomes, except chromosomes 13 and 14. Among these, deletions (n = 88) were most frequent, followed by breakends (BNDs; n = 80), duplication events (n = 42), and insertions (n = 4). Two chromosomes showed the most BNDs: the short arm of chromosome 17 (17p13.1 and 17p12) with 14 BNDs (10 BNDs and 2 interchromosomal translocations) and chromosome 20 with 29 BND events (19 BNDs and 5 interchromosomal translocations) (Supplementary Figures S2, S3). Detailed results of the SV analysis are given in the Supplementary Figures S1–S3 and Supplementary Tables S6, S7.
DISCUSSION
The findings in glioblastoma patients are usually very complex, ranging from clinically significant aberrations to complex structural rearrangements that are detectable only with methods such as WGS. In this study, we represent one case that was selected as an ideal candidate for methods presentation due to the complexity of his findings, which thoroughly tested our laboratory methodologies.
One of the most important factors influencing the prognosis of glioblastoma patients is CNAs [29], followed by SNVs [30]. Recent data have shown that gene fusions and rearrangements are also important drivers in some brain tumors [6, 31]. All methods compared in this study detected CNAs, although with considerable differences in the numbers detected, based on their detection limits (Figure 1, Table 1, Supplementary Material). I-FISH and MLPA required several probes or kits to detect all the CNAs necessary for a molecular diagnosis of glioblastoma (Table 1). Other methods (aCGH/SNP, gene panel, WGS) detected all the important CNAs in one assay. However, in general, NGS methods (gene panels, WGS) are not optimal for large CNAs, such as the gain or deletion of whole chromosomes or chromosomal arms [32]. In our patient, the gene panel detected partial deletions of chromosomes 10 and 13, but not monosomies of the whole chromosomes (Figure 1). CNA-recognition software is based on the coverage of amplicons and the detection of outliers after the appropriate normalization step. Therefore, it is crucial to analyze several samples together, ideally with reference samples as the negative controls, and thereby improve the detection of large CNAs with gene panels.
TABLE 1 | Comparison of different cytogenomic methods for glioblastoma diagnosis.
[image: Table 1]I-FISH is the standard diagnostic method for detecting the unbalanced whole-arm translocation t(1; 19)(q10; p10), which is a typical finding in oligodendroglial tumors [7]. This rearrangement results in the whole arm 1p/19q co-deletion, which is used as an important diagnostic marker [33]. However, FISH probes only allow targeted detection of the loss of specific chromosomal regions 1p36 and 19q13 [34, 35] but do not provide information on the extent and origin of these deletions. Thus, they can lead to false-positive findings. Similarly in our patient, I-FISH detected deletion of 1p36 and 19q13, i.e., a suspected 1p/19q co-deletion. However, MLPA, aCGH/SNP and WGS analyses revealed only partial loss of the short arm of chromosome 1 (1p35p36) and the hole long arm of chromosome 19 (Figure 1), so the origin of the deletions was likely different from the recurrent t(1; 19)(q10; p10) translocation. These losses are a relatively common finding in astrocytic tumors [36, 37]. According to published data, the frequency of false-positive FISH findings of 1p/19q co-deletion in diffuse astrocytomas is estimated to be approximately 3.6% [38]. Therefore, in IDH-mutated gliomas, it is beneficial to investigate the 1p/19q co-deletion with two independent methods to refine the type of these deletions, as recommended by Brandner [39]. The loss of chromosome 10 was observed, although MLPA and the gene panel indicated an intact PTEN gene. This ambivalent result may be caused by the presence of small polyploid clones. The presence of more than two copies of chromosome 10 may affect the relative ratio calculated with these methods. The LOH on the short arm of chromosome 17 frequently occurs in human cancers, often including the region containing the TP53 tumor suppressor gene (17p13.1; [1]). TP53 mutations or deletions are observed in 23%–28% of patients with primary glioblastoma [40, 41]. The complete loss of the TP53 gene is commonly associated with t(17; 20) reciprocal translocations in glioblastoma [42]. Our data confirms the translocation breakpoints at loci on 17p and 20q (Supplementary Figure S3). TP53 alterations have been shown to be mutually exclusive with the amplifications of the MDM family genes (MDM1/2/4) and CDKN2A [40], which is consistent with our findings. The pathogenic variant TP53 R196*, which was detected in our patient, was previously described by Shiraishi et al. [43].
Concurrent TP53 mutations are twice as common in the presence of whole-genome duplication (WGD), although TP53 dysfunction is not an obligatory event for WGD [44]. One of the most important findings that caused ambiguous results was the presence of several clones, one of which was a small near-tetraploid clone (7% of cells). Only two methods (I-FISH, WGS) could reliably detect aneuploidy. WGD leads to tetraploidy and is a common macroevolutionary event occurring early in tumorigenesis [44, 45]. Its frequency is reported to range from 11% [45, 46] to 25% in glioblastoma [47]. WGD has been associated with several molecular and clinical features, including a higher mutational burden, increased proliferation signatures, worse overall survival, and resistance to radiation therapy and chemotherapy [44, 46, 48]. WGD may also contribute to intratumor heterogeneity. Intratumoral heterogeneity has been well documented with single-cell RNA-sequencing experiments, which revealed cross-talk among four different cellular states [49, 50]. We were unable to assign our finding to these states, but at least three clones were observed based on the I-FISH and WGS results (Supplementary Figure S1). Moreover, the same pathological clone, discovered with I-FISH in diploid cells, was also present after its duplication in near-tetraploid (Supplementary Figure S1). The remaining methods (MLPA, aCGH/SNP, and gene panel) detected only the changes present in most tumor cells, and in targeted chromosomal regions (such as the long arm of chromosome 6 and the short arm of chromosome 9), so the presence of several clones with various findings led to inconclusive results.
The diagnostic routine for solid tumors currently requires that the results be delivered within 14 days of the receipt of the sample [41]. The time required for the laboratory processing range from several hours or days (I-FISH, MLPA) to ≥3 days (aCGH/SNP, gene panels, WGS), depending on the number of samples, the amount of sample delivered, and the complexity of each sample (Table 1). In terms of the time required to interpret the results, the methods that are based on gDNA analyses and that can only detect the most abundant aberrations (such as MLPA and gene panels) are less time-consuming. The time required to interpret an I-FISH analysis can be influenced by the number of pathological clones present in the sample. The challenge of WGS is the expertise and time required to interpret the full spectrum of SNAs, CNVs, and SVs [51]. Analysis and interpretation can take several hours or up to several days, depending upon the quality of the data and the number of SNVs and CNVs. Another important component of diagnostic testing is the cost of the analysis performed, which may be linked to insurance reimbursement [52]. The most economically efficient procedure is MLPA, followed by I-FISH and aCGH/SNP. Gene panels are more cost-effective than WGS, because WGS inherently requires substantially more sequencing capacity than gene panels, and thus is more expensive. Protocols for WGS at very low depth have recently been established to reduce costs (e.g., [53]). The availability or selection of a sequencing instrument with high throughput capacity can dramatically reduce the cost of methods based on NGS. However, for small laboratories, the number of samples could also be a limitation. The time required to collect sufficient samples for NGS-based approaches or even aCGH/SNP can prolong the delivery of the results to neurosurgeons and increase the sequencing cost.
The methods compared in our study detected CNAs, SNVs, SVs, and aneuploidy, either alone or in combination. Nevertheless, these methods cannot detect the exact number of pathogenic clones, microsatellite instability, the expression of genes, and/or translocations. There are many technologies available today, including Single-cell DNA sequencing, Single-cell RNA sequencing, epigenetic profiling, optical genome mapping and circulating and tumor cell enumeration, that can together provide a comprehensive “snapshot” of an individual cancer. However, this is not economically feasible for routine practice yet.
The prevailing diagnostic method for glioblastoma is based on an investigation of several selected aberrations in a relatively short period so that the patient’s treatment can begin as soon as possible. The treatment approach recommended by the National Comprehensive Cancer network (NCCN) guidelines for glioblastoma patients with good performance status (PS) includes maximal surgical removal, followed by radiotherapy and chemotherapy with temozolomide and/or participation in clinical trial [54]. The genomic findings in this case, particularly the detection of TP53 mutations, EGFR amplification, and chromosomal alterations such as gain of chromosome 7 and loss of chromosome 10, carry important implications for treatment. The p53 pathway (TP53/MDM2/P14arfç) and PI3K/AKT/mTOR pathway (activated by EGFR gene amplification) are the main signalling pathways involved in glioblastoma tumorigenesis and are associated with resistance to standard treatments [55, 56]. Therapies targeting the TP53 gene aim to restore normal level of p53 tumor suppressor protein through inhibition of p53/MDM2 complex [57] or MDM2 itself [58]. Similarly, EGFR amplification opens the potential for targeted therapies, including three generations of EGFR inhibitors [59, 60] or EGFR antibodies [61]. However, the heterogeneity observed in the tumor complicates treatment decisions, as the presence of multiple clones with varying genetic profiles suggests that single-target therapies may not be sufficient. Comprehensive molecular profiling in glioblastoma cases, as demonstrated in this study, is crucial for tailoring personalized treatment strategies and potentially improving patient outcomes.
We have shown that although the presence of several pathological clones and aneuploidy can complicate the examination of the sample, it is feasible to use a combination of modern molecular diagnostic methods. Based on the findings presented here, a combined approach involving the detection of CNAs (I-FISH, MLPA, aCGH/SNP), mutations (MLPA, gene panel), and aneuploidy (I-FISH) is recommended for routine diagnosis. The great promise for the future looks to be WGS, which can detect the most sensitive SNAs, CNVs and aneuplodies in a single analysis. The choice of the best combination of methods will be based on price, time required, staff expertise, and laboratory equipment available. This integrated strategy could contribute directly to a tangible improvement in the diagnosis, prognosis, and prediction of the therapeutic responses of patients with brain tumors.
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