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Background

Personalized targeted therapies have transformed management of several solid tumors. Timely and accurate detection of clinically relevant genetic variants in tumor is central to the implementation of molecular targeted therapies. To facilitate precise molecular testing in solid tumors, targeted next-generation sequencing (NGS) assays have emerged as a valuable tool. In this study, we provide an overview of the technical validation, diagnostic yields, and spectrum of variants observed in 3,164 solid tumor samples that were tested as part of the standard clinical diagnostic assessment in an academic healthcare institution over a period of 2 years.





Methods

The Ion Ampliseq™ Cancer Hotspot Panel v2 assay (ThermoFisher) that targets ~2,800 COSMIC mutations from 50 oncogenes and tumor suppressor genes was validated, and a total of 3,164 tumor DNA samples were tested in 2 years. A total of 500 tumor samples were tested by the comprehensive panel containing all the 50 genes. Other samples, including 1,375 lung cancer, 692 colon cancer, 462 melanoma, and 135 brain cancer, were tested by tumor-specific targeted subpanels including a few clinically actionable genes.





Results

Of 3,164 patient samples, 2,016 (63.7%) tested positive for at least one clinically relevant variant. Of 500 samples tested by a comprehensive panel, 290 had a clinically relevant variant with TP53, KRAS, and PIK3CA being the most frequently mutated genes. The diagnostic yields in major tumor types were as follows: breast (58.4%), colorectal (77.6%), lung (60.4%), pancreatic (84.6%), endometrial (72.4%), ovary (57.1%), and thyroid (73.9%). Tumor-specific targeted subpanels also demonstrated high diagnostic yields: lung (69%), colon (61.2%), melanoma (69.7%), and brain (20.7%). Co-occurrence of mutations in more than one gene was frequently observed.





Conclusions

The findings of our study demonstrate the feasibility of integrating an NGS-based gene panel screen as part of a standard diagnostic protocol for solid tumor assessment. High diagnostic rates enable significant clinical impact including improved diagnosis, prognosis, and clinical management in patients with solid tumors.
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Introduction

Molecular profiling of tumors has now become a routine and integral part of diagnosis, prognosis, and treatment planning for patients with advanced malignant cancers. The traditional molecular testing approach for targeted therapy decision-making involved testing a single hotspot mutation in a single patient at a time. However, recent sequencing technologies, i.e., next-generation sequencing (NGS), enabled simultaneous analysis of multiple genes in a single test across a large number of samples, while reducing the cost and turnaround time (TAT). Current oncology practice for patients with advanced stage tumors, e.g., non-small cell lung cancer (NSCLC), melanoma, and colorectal (CRC) adenocarcinoma, may involve treatment with molecularly targeted drugs or enrollment in clinical trials (1–3). The current guidelines for NSCLC recommend frontline comprehensive testing of all known actionable driver biomarkers including EGFR, ALK, ROS1, BRAF, KRAS, NTRK, MET, RET, HER2 [ERBB2], and PD-L1 with higher relevance in advanced disease stages, to choose the most appropriate targeted therapy for a patient (4, 5). PD-L1 expression status is evaluated in NSCLC tumors for eligibility of immune checkpoint inhibitors therapy (PD-1/PD-L1 inhibitors) (5). A comprehensive testing approach ensures a timely personalized treatment in NSCLC with maximum therapeutic efficacy and better patient outcomes. Targeted therapeutic approaches have successfully prolonged overall survival for CRC patients. RAS mutation status in metastatic colorectal cancer patients is central to the success of anti-EGFR targeted therapies. BRAF inhibitors and combination therapies have shown promising results in BRAF V600 mutated CRC patients. Most recent National Comprehensive Cancer Network (NCCN) guidelines recommend to evaluate metastatic CRC patients for RAS, mismatch repair, BRAF, HER2, VEGF, and PD-1/PD-L1 status to choose the appropriate initial and subsequent therapy (6). Melanoma development could be influenced by driver mutations such as BRAF, H/N/K-RAS, and C-KIT. Molecular testing for activating BRAF variants has become standard of care as recommended by NCCN and the European Society for Medical Oncology (ESMO) for stage III or IV melanoma, to evaluate the eligibility and efficacy of BRAF/MEK inhibitors targeting the BRAF-MEK-ERK pathway (7). KIT mutations in melanoma correlate with specific clinicopathological features and are candidates for KIT targeted therapies but has limited evidence of efficacy (8). Integration of these molecular markers in therapeutic decision-making highlights the utility of upfront molecular testing for the management of several tumor types.

Genetic information can also inform the diagnostic and prognostic aspects of the disease in individual patients. NRAS mutations found in 25% of melanoma cases have been associated with lower median overall survival and high aggressiveness with lack of efficient targeted therapies and also emerging resistance to existing treatments options (9). PIK3CA gene mutations are known as a good prognostic factor for breast carcinoma (10), and a poor prognostic marker for colorectal tumors (11). Also, association of TP53 mutations with unfavorable outcomes in many solid tumors including lung cancer (12) is not uncommon. IDH1/IDH2 mutations are associated with a favorable prognosis in patients with glioma and may confer a survival benefit for patients treated with radiation or alkylating chemotherapy [13, NCCN.org]. Loss of PTEN has been associated with favorable outcomes in endometrial cancers (14, 15).

Molecular profiling of tumors often provides diagnostic information like RB1 mutations in retinoblastoma and RET in thyroid tumors. Other examples include diagnostic utility of CTNNB1 mutations in pediatric desmid tumors (16) and IDH1/2 mutations in brain tumor subtypes (17). Recently, integration of molecular information for stratification and molecular subtyping of female genital tumors highlight the utility of molecular markers for tumor diagnosis and classification (18).

Implementation of standardized genomic screening protocols as part of routine clinical diagnostic workup and our expanding knowledge of genetic associations provide a growing impact on cancer patient management. Broad molecular profiling has now become essential for nearly all patients with metastatic solid tumors. Molecular profiling methodologies, guidelines, and practice standards are also subjected to continuous revision and updates as new technologies and markers become available. One of the major challenges other than continuous evolution of this field is the choice of disease-specific panels vs. more comprehensive panels as cost, TAT, and better utilization of resources in community settings play a huge role in making such decisions (19). Identification of patients who can significantly benefit from this powerful test, availability of timely results, and interpretation of findings have been a constant challenge in community settings.

Cancer Care Ontario (CCO) is an agency that formulates cancer diagnosis/treatment services-related guidelines for local healthcare professional to deliver best patient care in the province of Ontario Canada (https://www.cancercareontario.ca/). In Ontario, a province-wide standardized approach to molecular diagnostics has been adopted in recent years with initial implementation at London Health Science Centre (LHSC), which serves molecular testing on tumor samples of patients referred from Southwest Ontario, and all molecular tests were ordered based on an indication-based ordering system. In this study, we analyzed genetic test results from the first 3,164 tumor samples tested using a frontline NGS panel test at LHSC and evaluated the diagnostic utility of this panel in a clinical setting.





Methods




Targeted NGS panel




Patients/tumor samples

All tests were ordered based on an indication-based ordering system. Referring laboratories or local clinicians utilized a standardized form that had listed indications for CCO-approved testing (https://lhsc.omni-assistant.net/lab/Document/Handlers/FileStreamer.ashx?Df_Guid=61d249dd-e8c9-4bcb-9f36-c4a6246c6602&MostRecentDocument=true). All cases were then reviewed by a local pathologist and the approved molecular testing was ordered based on the diagnosis. The review included assessment of the pathology report and immunohistochemical testing was performed. In some cases, additional immunohistochemistry testing is performed by the local pathologist to confirm the diagnosis before initiating the indicated tested. Requests for testing outside of the approved CCO pathways were typically rejected or re-directed to other pathways. A total of 3,164 solid tumor samples were subjected to NGS-based targeted genetic test from July 2017 to May 2020 at the Molecular Genetics Laboratory of LHSC. Genes included in the full comprehensive panel and each targeted subpanel as per CCO guidelines are listed in Table 1. A total of 500 tumor samples were tested by the full comprehensive hotspot panel across a number of tumor types. A total of 1,375 NSCLC tumor samples were tested by the targeted lung subpanel, 692 metastatic colorectal tumor samples were tested for the colon subpanel, and 462 metastatic melanoma samples were subjected to targeted melanoma subpanel testing. Brain targeted subpanel testing was done for 135 glioma samples. Subpanels were tested for specific tumor types based on local funding and regulations. For example, patients with non-squamous NSCLC had reflexive testing regardless of stage, while the colorectal subpanel was run for patients with advanced disease.


Table 1 | Genes included in the targeted panels.








Nucleic acid isolation

Unstained FFPE slides were reviewed and marked by a molecular pathologist to indicate the affected tumor area and cellularity for subsequent procedures. Total amount of tumor tissue used for DNA extraction was 0.25 cm2 or less in some cases. Tumor tissue was scraped into a 0.2-ml PCR tube. DNA purification was performed using Ion AmpliSeq™ Direct FFPE DNA Kit (ThermoFisher Scientific) according to the manufacturer’s protocol. Deparaffinization of slides was not required and only done in cases where there was little to no tissue visible on slides. In these cases, deparaffinization was done using 100% xylene followed by 100% ethanol. DNA was quantitated using the Invitrogen Qubit 3.0 Fluorometer and Invitrogen Qubit dsDNA HS Assay Kit.





NGS library construction and sequencing

Libraries were prepared with 20 ng of genomic DNA and constructed by automated library preparation using the Ion Chef™ System and Ion Ampliseq™ Cancer Hotspot Panel v2 (Life Technologies). This panel included hotspot regions, including ~2,800 COSMIC mutations of 50 oncogenes and tumor suppressor genes with known implications in diagnosis, prognosis, and therapeutic decision-making. Regions covered and average coverage for this targeted panel are described in Table S1. DNA libraries of eight samples were combined into one library, which was then diluted to a concentration of 30 pmol/L. The diluted pooled DNA library was used for template preparation and chip loading on the Ion Chef system using Ion 520 chips, followed by sequencing on either the Ion PGM™ System or Ion S5™ Sequencer (ThermoFisher Scientific). Parameters used for assessing run quality included key signal >30, ISP loading >30%, and usable reads >30%. Parameters used for assessing sample quality included mean depth of coverage >1,000× and uniformity >90%. In some cases, samples were assessed at >500× mean coverage with adjusted cutoffs for variant reporting (VAF 15% with 500× coverage).





Sequencing analysis and variant interpretation

Validation of analysis pipeline conforms to the recommendations from the Association for Molecular Pathology and the College of American Pathologists (20). We are using the Torrent Suite Software on the Torrent Server for automated sequencing data alignment and analysis. This process uses the Torrent Mapping Alignment Program (TMAP), which is specifically optimized for Ion Torrent data. Base calling, alignments, and run quality control were performed using the Ion Torrent Suite™ Software v5.8.0. Variant calling was performed by Torrent Suite™ Variant Caller plugin using standard settings. BAM and VCF files for variants were imported into Geneticist Assistant version 1.4.2 (SoftGenetics) for sample quality control assessment (minimum base coverage and mean amplicon coverage) and for databasing. As part of our analytical pipeline, we evaluate quality control by average read depth (>1,000×) and uniformity (>90%). Average coverage values for each region is listed in Supplementary Table 1. Beyond the quality review of each region, variant quality is also evaluated with adapted guidelines proposed by Petrackova et al. (21). Genetic variants with 5% or greater variant frequency and minimum coverage of 250 were analyzed. Variant assessments were done by genome analysts (primary review) and a clinical molecular geneticist or a molecular pathologist (secondary review). Variants were classified into four tiers (Tier I to Tier IV) based on the consensus guidelines set by the Association for Molecular Pathology, the American Society of Clinical Oncology, and the College of American Pathologists (22). Variants classified as Tier I and II were of strong clinical significance, Tier III variants were with unknown clinical significance due to lack of significant evidence, and Tier IV variants were benign or likely benign. Sequence pileups for reportable variants were manually assessed to ensure no miscalls. Variants classified as Tier I/II (described as clinically relevant variant) were reported to the oncologist/physician for each sample.





Assay validation

NGS assay validation was performed using a retrospective set of tumor samples previously tested by other methods like allele-specific PCR with fluorescent hydrolysis probe detection (Enterogen) and sanger sequencing in our laboratory, and the limit of detection (LOD) was assessed by testing serially diluted DNA samples positive for known variants (Supplementary File 1).






Results




NGS assay validation and limit of detection

The NGS assay was clinically tested and validated by using a commercially available reference standard from Horizon Diagnostics (HDx Perkin Elmar), with known variant allele frequencies and a cohort of 39 retrospective tumor DNA samples selected from the laboratory archive, which were previously tested by other validated methods in our laboratory including allele-specific PCR with fluorescent hydrolysis probe detection (Enterogen) and sanger sequencing. These include 27 positive samples, each carrying at least one Tier I/II variant and 12 negative samples with no Tier I/II variants (Table S1). All the positive control samples were concordant by the NGS assay and no Tier I/II variants were detected in the negative controls. Therefore, the sensitivity and specificity of this assay for the previously assessed variants were determined to be 100%. Repeat sequencing runs were performed to assess the reproducibility and were estimated to be 100%. By testing serial dilutions of tumor DNA samples with Tier I/II variants (BRAF V600E, KRAS G12C, and EGFR exon 19 deletion p.L747_E749del), the LOD for accurate and reproducible variant calling was determined to be 5% of variant allele frequency.





Lung subpanel assessment

A total of 1,375 NSCLC samples were tested by the lung NGS subpanel, namely, 790 female samples (mean age: 69.6 years; range: 24.8 to 91.8) and 585 male samples (mean age: 69.7 years; range: 36 to 93.8 years) and 952 (69%) tested positive for reportable (Tier I or II) variants. Tier I/II variants identified are listed in Supplementary Table 2. The detection rates in male and female samples were 65.1% and 72.2%, respectively. Variant detection rates in specific age groups are listed in Table 2. KRAS was found to be the most commonly mutated gene (41.1%), followed by TP53 (24.2%) and EGFR (11.2%) (Figure 1A). A total of 731 samples had one variant, 205 had two variants, and 16 had three variants. Co-occurring variants are shown in Figure 1B. Out of 154 samples with an EGFR variant, 69 (42%) were exon 19 deletions, 42 (26%) were exon 21 L858R, 17 (10%) were exon 20 insertions, 11 (7%) were exon 18 G719S, 6 (4%) were exon 21 L861Q, 7 (4%) were T790M/L858R, 2 (1%) were T790M/Exon 19 del, and 9 (6%) were rare EGFR variants (Figure 1C). An interesting point noted is the high frequency of KRAS G12C mutations (15.2%; 209/1,375) in our study cohort, which was higher than the frequency of EGFR mutations (11.2%).


Table 2 | Characteristics of NSCLC patients tested by the lung hotspot panel.






Figure 1 | Details of variants identified by the targeted lung subpanel (N = 1,375). (A) Frequency of variants in genes identified in NSCLC tumors tested by the lung subpanel; (B) co-occurring mutations in NSCLC samples; (C) frequency of EGFR gene variants.







Colon subpanel assessment

Out of 692 colorectal cancer samples (mean age:65.4 years; 404 male samples and 288 female samples) tested by the colon subpanel, 424 (61.2%) had a Tier I/II variant and 6 had variants in two genes (Supplementary Table 3). A total of 322 (46.5%) had a KRAS variant, 82 (11.8%) had a BRAF variant, and 26 (3.7%) had a NRAS variant (Table 3; Figure 2A). The most common KRAS variants were in codon 12 followed by codons 13, 146, and 61. Rare clinically relevant variants were detected in six patients. The most frequent BRAF variant was Val600Glu (V600E), which occurred in 72 samples; 10.4% of all patients had colon cancer.


Table 3 | Gene variants in colorectal cancer samples.






Figure 2 | (A) Frequency of variants identified in tumor samples tested by the colorectal subpanel; (B) frequency of variants identified in tumor samples tested by the melanoma subpanel.







Melanoma subpanel

Out of 462 melanoma samples, 322 (69.7%) were positive for Tier I/II variant and 8 patients had variants in two genes (5 patients with BRAF and NRAS; 3 patients with BRAF and KIT). The highest frequency of variants was observed in the BRAF (42.2%) gene followed by NRAS (23.4%) and KIT (2.33%). The most common BRAF gene variants were in codon Val600 and NRAS codon 61 (Table 4; Figure 2B). All sample details and variants are listed in Supplementary File 4.


Table 4 | Gene variants in melanoma samples.







Brain subpanel

Out of 135 brain tumor samples tested, 28 (20.7%) had one clinically relevant variant, 11 (8.1%) had a BRAF Val600Glu variant, 14 (10.3%) had an IDH1 Arg132 variant, and 3 (2.2%) had an IDH2 Arg172 variant (Supplementary File 5).





Comprehensive panel

A total of 500 tumor samples from patients presenting with various cancer types were tested by a comprehensive panel with 50 genes. Two hundred ninety samples (58%) were tested positive for at least one clinically relevant Tier I/II variant. Among these samples, 82 (16.4%) had two variants and 30 (6%) had three or more variants (Supplementary File 6). Overall, TP53 (23%), KRAS (18.4%), and PIK3CA (9.4%) were among the most frequently mutated genes, followed by APC, BRAF, PEN, RET, NRAS, IDH1, SMAD4, AKT1, and CDKN2A with a detection rate ranging from 1.4% to 3.8% (Figure 3; Supplementary File 6). Other less frequently mutated genes were FBXW7, PDGFRA, RB1, ATM, ERBB2, KIT, GNAS, HRAS, FGFR2, Flt3, MET, NOTCH1, STK11, VHL, and SMARCB1 with ≤1% detection rate (Table 5). Oncoprint plots (Figure 4) shows overview of alterations in each sample with in common tumor types analyzed in this study.




Figure 3 | Frequency of variants in genes included in the comprehensive panel (n = 500).




Table 5 | Frequency of genetic variants in tumor types tested by the comprehensive gene panel.






Figure 4 | OncoPrint diagram of mutation frequencies of the genes included in the comprehensive panel in common tumor types tested in our study. All samples (with in each tumor type) are included and genes with ≥1 Tier I/II variant are shown. Each row is one gene (mutation frequencies are shown as % of total samples tested) and each column is one tumor sample. (A) Breast (n = 77); (B) colorectal (n = 67); (C) endometrial (n = 29); (D) non-small cell lung cancer (n = 48); (E) ovary (n = 28); (F) pancreas (n = 39); (G) thyroid (n = 23).



Breast: Out of 77 breast tumor samples, 45 (58.4%) had a Tier I/II variant with a high frequency of variants observed in PIK3CA (32.4%) and TP53 (22%) genes. Variants in more than one gene were detected in 13 patients and 7 of these patients had variants in both TP53 and PIK3CA gene (Figure 4).

Colorectal: Out of 67 colorectal tumor samples, 52 (77.6%) tested positive and the most frequently mutated genes included KRAS (38.8%), TP53 (29.8%), and APC (25.35) followed by NRAS (11.9%) and PIK3CA (5.9%). Co-occurrence of variants in more than one gene was common in colorectal cancer samples as 32 patients tested positive for variant in more than one gene. The most common co-occurrence of variants was observed in KRAS, APC, and TP53 genes (Figure 4).

Non-small cell lung cancer: Forty-eight NSCLC tumor samples tested by the comprehensive panel also showed high frequency of variants in KRAS (31.2%) and TP53 (18.7%) genes, which was in line with the targeted lung subpanel.

Pancreatic: Approximately 33 of 39 pancreatic tumor samples had a clinically relevant variant with KRAS (71.7%), TP53 (35.8%), and CDKN2A (10.2%) observed as the most common genes with a variant. A total of 13 pancreatic tumor samples had co-occurring variants in KRAS and TP53 genes (Figure 4).

Endometrial: Out of 29 endometrial cancer samples, 21 (72.4%) tested positive and 34.4% had variants in TP53 gene, and 13.7% in PTEN and PIK3CA gene each.

Ovarian: Out of 28 ovarian cancer samples, 16 (57.1%) tested positive and 25% had variants in TP53 gene.

Thyroid tumor: Out of 23 thyroid tumor samples, 17 (73.9%) had genetic variants. BRAF gene was the most commonly mutated, in 39% of patients, followed by RET gene in 17.3% of patients.

Rare tumors: Some of the less frequent advanced tumors tested by the comprehensive panel in our study cohort include renal, esophagus, bladder, cervix, oral, gastric, sarcoma, melanoma, and prostate. The frequencies of variants in genes observed in these tumors are listed in Table 5.






Discussion

Molecular profiling of solid tumors is rapidly becoming the standard of care for a widening range of oncology indications with strong implications in diagnosis, prognostic outcomes, and clinical and treatment management decisions. NGS-based targeted hotspot panel assays provide a cost-effective platform for rapid and accurate molecular characterization of solid tumors in a clinical laboratory setting. We first validated a targeted NGS cancer hotspot panel assay and then implemented it to identify genomic aberrations in patient tumor samples. In the present study, we have analyzed the frequency and nature of variants in 3,164 solid tumor samples from patients with advanced cancer received in our laboratory for genetic testing using this assay. This study provides real-world evidence for the utility of hotspot genotyping and small targeted tumor-specific panel sequencing.




Diagnostic yields of target subpanels vs. comprehensive panels

Target subpanels are designed to test specific genes and/or variants with known clinical utility for the tumor type. These genes are recommended by clinical guidelines and have a direct impact on patient management. Target panels have the advantage of streamlining data analysis and interpretation, expediting the results, and decreasing the rate of variants of unknown clinical significance. In our setting, NGS panel analysis resulted in high diagnostic yields across various clinical indications including lung (69%), colon (61.2%), melanoma (69.7%), and brain (20.7%), highlighting the utility of targeted subpanels in the clinical setting. In contrast, comprehensive panels have the ability to identify genes known to be targetable in other cancer and other genes with therapeutic or prognostic potential and/or diagnostic markers that may be incorporated in the clinical practice as more evidence become available. For example, comparison of data from colorectal tumor showed a significant diagnostic yield in genes such as TP53 and APC that are currently not part of the targeted panel. Overall, the diagnostic yield of the comprehensive panel was 58%, ranging from 77.6% in colorectal cancer to 2% in oral cancer (Table 5).





Frequency of variants in targeted panels

Genetic mutations observed in NSCLC may vary among patients with different racial and demographic background and other clinical and pathological aspects (23, 24). However, we do not have the exact ethnicity information available for patients included in our study but overall frequency of variants in NSCLC observed in our study is in accordance with other reported studies from the Western population. For example, EGFR variants seen in 11% of our samples are reported in literature at nearly 15% among North Americans, in contrast to nearly 50% in Asians (23). The most common EGFR mutations are either exon 19 deletions or exon 21 L858R found at 42% and 26%, respectively, in our dataset, which is comparable but slightly lower than what has been reported in literature: exon 19 deletions at 42.8% and exon 21 L858R substitutions at 29.8% reported in a metanalysis of studies from many regions including North America (23). In our population, the frequency of less common EGFR mutations, exon 20 insertions (10%), G719X (7%), and L861Q (4%), are all higher than expected (25).

Similarly, KRAS mutation seen at 41.1% in our study is reported to range from one-fourth to one-third (∼15%–35%) of the NSCLC patients in the Western population to 4%–8% in Asians (26, 27). In our dataset, patients had KRAS G12C mutations in 15.2% of samples. This is higher than our rate of EGFR positivity, and nearly double the frequency of the common EGFR mutations (exon 19 deletions and L858R) combined.

BRAF and KRAS mutations have been reported to occur in ∼10% and 44% of patients with metastatic colorectal cancer, which is similar to frequency (KRAS: 46%; BRAF: 11.2%; NRAS: 3%) observed in our sample cohort (28). Frequency of variants identified in melanoma samples as listed in Table 4 is in line with reported studies (BRAF ∼50%, NRAS ∼25%; KIT ∼4.5%), as analyzed by Vanni et al. from different reported studies (29, 30). Glioma samples tested by the brain subpanel had BRAF variants at 8% and IDH1/IDH2 variants at 12.5%. As reported earlier, we noted a higher incidence of BRAF variants in younger patients (the median age of patients with a BRAF variant is 31.5 years vs. the median age of patients without a BRAF variants is 56.6 years) (31). However, it was noted that the overall frequency of variants across different tumor types identified by our targeted subpanels is comparable to reported literature but detailed analysis about the frequency of specific variant types based on precise tumor histology and clinical and demographic details is beyond the scope of this study as this information was not available in our laboratory-based database.





Co-occurring variants in targeted subpanels

Out of 1,375 NSCLC samples tested by the lung subpanel, 69% (952) tested positive for a variant. Co-occurrence of mutation in more than one gene was observed in 260/1,375 (19%) patients. Co-occurring variants in oncogenic drivers and tumor suppressors in NSCLC tumors contribute towards complex molecular diversity of these tumors and may impact the efficacy of TKIs. The most common co-occurring genetic alteration observed in our study include TP53 (207 samples) with 121 KRAS, 40 EGFR, 25 PIK3CA, 17 BRAF, 3 NRAS, and 1 ERBB2 positive samples. Concurrent TP53 mutations with KRAS and EGFR are reported as negative prognostic markers for advanced NSCLC patients who are candidates for EGFR-TKI or ALK-TKI treatments (32). Dual mutations in the EGFR gene like T790M/Exon 19 del and T790M/L858R were observed and are known to alter the response to TKI therapy (33). We also observed tumor samples with co-occurring driver variants in EGFR, KRAS, and BRAF genes (seven patients with KRAS/EGFR variants; four patients with BRAF/KRAS; one patient with BRAF/EGFR/KRAS). Typically considered as mutually exclusive, concurrent driver mutations in EGFR/KRAS/BRAF genes are rare in literature (34, 35) and their clinical relevance is not well known but it has been suggested that patients with co-occurring actionable variants may require tailoring the combination or sequential treatment strategies (36). Among the samples tested by the colon subpanel, a high frequency of mutations was noted in KRAS (46.5%) and BRAF (11.8%) genes, and four patients had concomitant KRAS and BRAF (nonV600E) variants. BRAF and KRAS are two key oncogenes that determine response to anti-EGFR therapies in colorectal cancer patients. BRAF and KRAS variants are mutually exclusive and co-occurrence is rarely reported (37, 38). However, clinical outcomes for such patients is not well characterized but personalized combination therapeutic strategies have been suggested for such patients (28). Also, the co-occurrence of NRAS and BRAF, the two most frequently mutated genes in melanoma, is also rarely reported (2.9%), which is in agreement with our observations as we found concomitant NRAS/BRAF variants in 5 (1%) of our melanoma samples (39); however, their clinical impact is not known.





Comprehensive panel testing

A growing number of genomic aberrations are impacting the treatment decisions for advanced metastatic tumors. We implemented a comprehensive NGS assay covering 50 oncogenes and tumor suppressor genes to identify variants in genes with a potential clinical impact in a variety of tumor types, including breast, colorectal, pancreas, endometrial, ovary, lung, and thyroid tumors. To evaluate the molecular profile, 500 tumor samples were assessed by this assay and a positive mutation rate of 58% was observed. Some of the frequently mutated genes identified in these tumors hold high clinical relevance.

Sequencing studies analyzing somatic driver mutations in genetically complex tumors like breast cancer have identified PIK3CA as a frequently mutated gene in breast tumors followed by TP53 with co-occurrence reported in 10%–15% patients (40, 41). We detected variants in PIK3CA at 33%, TP53 at 22%, and co-occurring variants in 9% patients (7/77). Variants in other clinically relevant genes were less frequent with EGFR and AKT1 variants found in 5% patients. The PI3-kinase inhibitor in combination with the estrogen receptor (ER) antagonist is FDA-approved for the treatment of patients with PIK3CA mutant ER+/HER2− breast cancer and the presence of PIK3CA/TP53 mutations has evidence of prognostic relevance (42, 43).

Colorectal tumors had the highest frequency of variants (77.6%) as compared to other tumors analyzed in our study. In line with previous studies, colorectal cancer samples had high frequency of variants in genes including KRAS, TP53, APC, NRAS, PTEN, and PIK3CA. Other than RAS genes that predict anti-EGFR sensitivity, PIK3CA mutations have prognostic implication in colorectal tumors. PIK3ACA mutations are associated with a worse response to first-line chemotherapy (11) and a phase I clinical trial has shown evidence for the sensitivity of PIK3CA mutated colorectal cancer to the PIK3a-selective inhibitor (44). Early trial data suggest that PI3K inhibitors may be of benefit to solid tumors harboring PTEN mutation (45). There is evidence that co-occurring variants in APC, PIK3CA, TP53, and KRAS may impact the overall disease progression and response but it is not yet well studied and larger trials are needed to fully understand the impact on disease outcome (46).

Following TP53 (34.4%), PTEN and PIK3CA were the most commonly mutated genes in endometrial tumors, and these variants have predictive value in endometrial tumors. PTEN has been associated with a favorable outcome in endometrial cancer, and pre-clinical data have shown that inactivating mutations in the PTEN gene may confer sensitivity to PI3K-AKT inhibitors as well as PI3K/mTOR inhibitors (14, 45). Since PIK3CA is another frequently mutated gene in endometrial tumors, PIK3CA-directed inhibitors may show benefits but its utility is still under investigation (47). Recurrent TP53 mutations in endometrial tumors have been associated with higher rates of recurrence in grade 1–2, stage I and II endometrioid adenocarcinoma (48, 49). CTNNB1 gene variants were less frequent at 7% and are associated with increased risk of recurrence in grade 1–2 early-stage endometrial endometrioid adenocarcinoma (50).

KRAS gene alterations are the most frequent, observed at a frequency of 72% in pancreatic tumor samples, with TP53 at 36% as the second most common followed by CDKN2A. The high prevalence of KRAS variants in pancreatic tumors suggests the clinical utility of therapies targeting the RAS signaling pathway, but studies done in this direction so far have shown little clinical benefit (51). However, KRAS mutations have been reported to have a negative impact on prognosis and improve the performance of classic cytopathology to diagnose pancreatic tumors (52).

Forty-eight NSCLC tumor samples tested by the comprehensive panel had KRAS (31.2%) and TP53 (18.7%) as the most frequently mutated, followed by ERBB2, RB1, and EGFR. EGFR mutations predict response to anti-EGFR therapies in NSCLC tumors, and TP53 mutations have been reported to have a negative prognostic effect (6). Oncogenic variants in ERBB2 gene may confer sensitivity to anti-HER2-directed therapies and trastuzumab deruxtecan is now FDA-approved for these patients (53–55).

Thyroid cancer is another tumor type with a high mutation positivity rate of 74% with BRAF at 40% followed by RET at 17.3%. BRAF positive thyroid tumors have shown sensitivity to RAF and/or MEK inhibitors (56) and RET variants correlate with aggressive phenotype and worse outcome (57). Co-occurring variants also predict survival in thyroid tumors (58, 59).





Disease-specific subpanels/comprehensive panel in the clinical setting

A molecular testing model implemented in Ontario as per CCO guidelines represents the integration of both comprehensive and targeted subpanels for tumor samples in the clinical setting. The data collected here are not sufficient to make any conclusions about the utility of one over the other, but this model definitely highlights the feasibility of administering both in a clinical environment with evidence of high variant detection rates. We have targeted ongoing studies to establish the utility of subpanel vs. full panel testing and also to investigate disease-specific clinical scenarios suited best for each type of testing.






Conclusion

NGS has revolutionized the way cancer is diagnosed and treated. This study demonstrated the utility of NGS in identifying actionable genetic alterations in solid tumors, including the potential for identifying novel therapeutic targets. While the study had some limitations, such as targeting specific hotspot regions and lack of additional clinical information, the results showed a high diagnostic yield of 58% using a comprehensive panel and 20.7%–69.7% using targeted subpanel testing. The study also highlighted the efficiency of incorporating both comprehensive and targeted subpanel testing in a clinical laboratory setting. Additionally, the study identified co-occurring driver mutations and novel gene mutations, emphasizing the need for continued research to expand precision medicine to all tumor types. Overall, this study provides promising evidence for the utility of NGS testing in clinical laboratories for diagnosing and treating solid tumors.





Data availability statement

The data analyzed in this study is subject to the following ethical restrictions: Raw NGS files cannot be made available due to patient confidentiality and institutional requirements. Specifically, these data are from patient samples within the clinical testing laboratory. The samples were obtained through clinical testing requisitions. Samples are blinded and assessed through our clinical laboratory Quality Improvement Protocol as part of the clinical test/technology validation. Requests to access these datasets should be directed to the corresponding author.





Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.





Author contributions

PB and JT analyzed and interpreted the data, wrote the manuscript. HL, BS planned and executed this study and contributed in reviewing the manuscript. DB, CH, SW, MC, LP contributed in patient enrollment and analyzing the clinical impact. JK, AS, HL, SS, ML and BS validated the NGS assay and contributed in clinical implementation of the NGS assay. AF, AS ML, HL, LP, BS and JK contributed in data collection and analysis. PB, JT, HL, BS, MC, CH analyzed the NGS findings and performed clinical interpretations. All authors contributed to the article and approved the submitted version.




Acknowledgments

The authors would like to thank all the laboratory staff at Pathology and Laboratory Medicine, London Health Science Center for their significant contributions to this study.





Conflict of interest

The 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1208244/full#supplementary-material




References

1. Awada, G, and Neyns, B. Melanoma with genetic alterations beyond the BRAFV600 mutation: management and new insights. Curr Opin Oncol (2022) 34(2):115–22. doi: 10.1097/CCO.0000000000000817

2. Benson, AB, Venook, AP, Al-Hawary, MM, Arain, MA, Chen, YJ, Ciombor, KK, et al. Colon cancer, version 2.2021, NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw (2021) 19(3):329–59. doi: 10.6004/jnccn.2021.0012

3. Ettinger, DS, Wood, DE, Aisner, DL, Akerley, W, Bauman, JR, Bharat, A, et al. NCCN guidelines insights: non-small cell lung cancer, version 2.2021. J Natl Compr Canc Netw (2021) 19(3):254–66. doi: 10.6004/jnccn.2021.0013

4. Guo, H, Zhang, J, Qin, C, Yan, H, Liu, T, Hu, H, et al. Biomarker-targeted therapies in non-small cell lung cancer: current status and perspectives. Cells (2022) 11(20):3200. doi: 10.3390/cells11203200

5. Villaruz, LC, Socinski, MA, and Weiss, J. Guidance for clinicians and patients with non-small cell lung cancer in the time of precision medicine. Front Oncol (2023) 13:1124167. doi: 10.3389/fonc.2023.1124167

6. Xie, YH, Chen, YX, and Fang, JY. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct Target Ther (2020) 5(1):22. doi: 10.1038/s41392-020-0116-z

7. Florent, L, Saby, C, Slimano, F, and Morjani, H. BRAF V600-mutated metastatic melanoma and targeted therapy resistance: an update of the current knowledge. Cancers (Basel) (2023) 15(9):2607. doi: 10.3390/cancers15092607

8. Pham, DDM, Guhan, S, and Tsao, H. KIT and melanoma: biological insights and clinical implications. Yonsei Med J (2020) 61(7):562–71. doi: 10.3349/ymj.2020.61.7.562

9. Randic, T, Kozar, I, Margue, C, Utikal, J, and Kreis, S. NRAS mutant melanoma: towards better therapies. Cancer Treat Rev (2021). doi: 10.1016/j.ctrv.2021.102238

10. Mukohara, T. PI3K mutations in breast cancer: prognostic and therapeutic implications. Breast Cancer (Dove Med Press) (2015) 7:111–23. doi: 10.2147/BCTT.S60696

11. Wang, Q, Shi, YL, Zhou, K, Wang, LL, Yan, ZX, Liu, YL, et al. PIK3CA mutations confer resistance to first-line chemotherapy in colorectal cancer. Cell Death Dis (2018) 9(7):739. doi: 10.1038/s41419-018-0776-6

12. Gu, J, Zhou, Y, Huang, L, Ou, W, Wu, J, Li, S, et al. TP53 mutation is associated with a poor clinical outcome for non-small cell lung cancer: evidence from a meta-analysis. Mol Clin Oncol (2016) 5(6):705–13. doi: 10.3892/mco.2016.1057

13. Parsons, DW, Jones, S, Zhang, X, Lin, JC, Leary, RJ, Angenendt, P, et al. An integrated genomic analysis of human glioblastoma multiforme. Science (2008) 321(5897):1807–12. doi: 10.1126/science.1164382

14. Akiyama-Abe, A, Minaguchi, T, Nakamura, Y, Michikami, H, Shikama, A, Nakao, S, et al. Loss of PTEN expression is an independent predictor of favourable survival in endometrial carcinomas. Br J Cancer (2013) 109(6):1703–10. doi: 10.1038/bjc.2013.455

15. Risinger, JI, Hayes, K, Maxwell, GL, Carney, ME, Dodge, RK, Barrett, JC, et al. PTEN mutation in endometrial cancers is associated with favorable clinical and pathologic characteristics. Clin Cancer Res (1998) 4(12):3005–10.

16. Colombo, C, Miceli, R, Lazar, AJ, Perrone, F, Pollock, RE, Le Cesne, A, et al. CTNNB1 45F mutation is a molecular prognosticator of increased postoperative primary desmoid tumor recurrence: an independent, multicenter validation study. Cancer (2013) 119(20):3696–702. doi: 10.1002/cncr.28271

17. Louis, DN, Perry, A, Wesseling, P, Brat, DJ, Cree, IA, Figarella-Branger, D, et al. The 2021 WHO classification of tumors of the central nervous system: a summary. Neuro Oncol (2021) 23(8):1231–51. doi: 10.1093/neuonc/noab106

18. McCluggage, WG, Singh, N, and Gilks, CB. Key changes to the world health organization (WHO) classification of female genital tumours introduced in the 5th edition (2020). Histopathology (2022) 80(5):762–78. doi: 10.1111/his.14609

19. El-Deiry, WS, Goldberg, RM, Lenz, HJ, Shields, AF, Gibney, GT, Tan, AR, et al. The current state of molecular testing in the treatment of patients with solid tumors, 2019. CA Cancer J Clin (2019) 69(4):305–43. doi: 10.3322/caac.21560

20. Strom, SP. Current practices and guidelines for clinical next-generation sequencing oncology testing. Cancer Biol Med (2016) 13(1):3–11. doi: 10.20892/j.issn.2095-3941.2016.0004

21. Petrackova, A, Vasinek, M, Sedlarikova, L, Dyskova, T, Schneiderova, P, Novosad, T, et al. Standardization of sequencing coverage depth in NGS: recommendation for detection of clonal and subclonal mutations in cancer diagnostics. Front Oncol (2019) 9:851. doi: 10.3389/fonc.2019.00851

22. Li, MM, Datto, M, Duncavage, EJ, Kulkarni, S, Lindeman, NI, Roy, S, et al. Standards and guidelines for the interpretation and reporting of sequence variants in cancer: a joint consensus recommendation of the association for molecular pathology, American society of clinical oncology, and college of American pathologists. J Mol Diagn (2017) 19(1):4–23. doi: 10.1016/j.jmoldx.2016.10.002

23. Melosky, B, Kambartel, K, Häntschel, M, Bennetts, M, Nickens, DJ, Brinkmann, J, et al. Worldwide prevalence of epidermal growth factor receptor mutations in non-small cell lung cancer: a meta-analysis. Mol Diagn Ther (2022) 26(1):7–18. doi: 10.1007/s40291-021-00563-1

24. Shi, H, Seegobin, K, Heng, F, Zhou, K, Chen, R, Qin, H, et al. Genomic landscape of lung adenocarcinomas in different races. Front Oncol (2022) 12:946625. doi: 10.3389/fonc.2022.946625

25. Passaro, A, Mok, T, Peters, S, Popat, S, Ahn, MJ, de Marinis, F, et al. Recent advances on the role of EGFR tyrosine kinase inhibitors in the management of NSCLC with uncommon, non exon 20 insertions, EGFR mutations. J Thorac Oncol (2021) 16(5):764–73. doi: 10.1016/j.jtho.2020.12.002

26. Biernacka, A, Tsongalis, PD, Peterson, JD, de Abreu, FB, Black, CC, Gutmann, EJ, et al. The potential utility of re-mining results of somatic mutation testing: KRAS status in lung adenocarcinoma. Cancer Genet (2016) 209(5):195–8. doi: 10.1016/j.cancergen.2016.03.001

27. Burns, TF, Borghaei, H, Ramalingam, SS, Mok, TS, and Peters, S. Targeting KRAS-mutant non-Small-Cell lung cancer: one mutation at a time, with a focus on KRAS G12C mutations. J Clin Oncol (2020) 38(35):4208–18. doi: 10.1200/JCO.20.00744

28. Li, ZN, Zhao, L, Yu, LF, and Wei, MJ. BRAF and KRAS mutations in metastatic colorectal cancer: future perspectives for personalized therapy. Gastroenterol Rep (Oxf) (2020) 8(3):192–205. doi: 10.1093/gastro/goaa022

29. Vanni, I, Tanda, ET, Dalmasso, B, Pastorino, L, Andreotti, V, Bruno, W, et al. Non-BRAF mutant melanoma: molecular features and therapeutical implications. Front Mol Biosci (2020) 7:172. doi: 10.3389/fmolb.2020.00172

30. Khaddour, K, Maahs, L, Avila-Rodriguez, AM, Maamar, Y, Samaan, S, and Ansstas, G. Melanoma targeted therapies beyond BRAF-mutant melanoma: potential druggable mutations and novel treatment approaches. Cancers (Basel) (2021) 13(22):5847. doi: 10.3390/cancers13225847

31. Dahiya, S, Emnett, RJ, Haydon, DH, Leonard, JR, Phillips, JJ, Perry, A, et al. BRAF-V600E mutation in pediatric and adult glioblastoma. Neuro Oncol (2014) 16(2):318–9. doi: 10.1093/neuonc/not146

32. Qin, K, Hou, H, Liang, Y, and Zhang, X. Prognostic value of TP53 concurrent mutations for EGFR- TKIs and ALK-TKIs based targeted therapy in advanced non-small cell lung cancer: a meta-analysis. BMC Cancer (2020) 20(1):328. doi: 10.1186/s12885-020-06805-5

33. Tang, Y, Che, N, Yu, Y, Gao, Y, Shi, H, Feng, Q, et al. Co-Occurring genetic alterations and primary EGFR T790M mutations detected by NGS in pre-TKI-treated NSCLCs. J Cancer Res Clin Oncol (2020) 146(2):407–16. doi: 10.1007/s00432-019-03065-0

34. Scheffler, M, Ihle, MA, Hein, R, Merkelbach-Bruse, S, Scheel, AH, Siemanowski, J, et al. K-Ras mutation subtypes in NSCLC and associated Co-occuring mutations in other oncogenic pathways. J Thorac Oncol (2019) 14(4):606–16. doi: 10.1016/j.jtho.2018.12.013

35. Fois, SS, Paliogiannis, P, Zinellu, A, Fois, AG, Cossu, A, and Palmieri, G. Molecular epidemiology of the main druggable genetic alterations in non-small cell lung cancer. Int J Mol Sci (2021) 22(2):612. doi: 10.3390/ijms22020612

36. Zhao, Y, Wang, S, Yang, Z, Dong, Y, Wang, Y, Zhang, L, et al. Co-Occurring potentially actionable oncogenic drivers in non-small cell lung cancer. Front Oncol (2021) 11:665484. doi: 10.3389/fonc.2021.665484

37. Midthun, L, Shaheen, S, Deisch, J, Senthil, M, Tsai, J, and Hsueh, CT. Concomitant KRAS and BRAF mutations in colorectal cancer. J Gastrointest Oncol (2019) 10(3):577–81. doi: 10.21037/jgo.2019.01.10

38. Larki, P, Gharib, E, Yaghoob Taleghani, M, Khorshidi, F, Nazemalhosseini-Mojarad, E, and Asadzadeh Aghdaei, H. Coexistence of KRAS and BRAF mutations in colorectal cancer: a case report supporting the concept of tumoral heterogeneity. Cell J (2017) 19(Suppl 1):113–7. doi: 10.22074/cellj.2017.5123

39. Shackelford, R, Pollen, M, Vora, M, Jusion, TT, Cotelingam, J, and Nair, B. Malignant melanoma with concurrent BRAF E586K and NRAS Q81K mutations. Case Rep Oncol (2014) 7(2):297–300. doi: 10.1159/000362788

40. Li, G, Guo, X, Chen, M, Tang, L, Jiang, H, Day, JX, et al. Prevalence and spectrum of AKT1, PIK3CA, PTEN and TP53 somatic mutations in Chinese breast cancer patients. PloS One (2018) 13(9):e0203495. doi: 10.1371/journal.pone.0203495

41. Wang, Y, Lin, L, Li, L, Wen, J, Chi, Y, Hao, R, et al. Genetic landscape of breast cancer and mutation tracking with circulating tumor DNA in Chinese women. Aging (Albany NY) (2021) 13(8):11860–76. doi: 10.18632/aging.202888

42. André, F, Ciruelos, E, Rubovszky, G, Campone, M, Loibl, S, Rugo, HS, et al. Alpelisib for PIK3CA-mutated, hormone receptor-positive advanced breast cancer. N Engl J Med (2019) 380(20):1929–40. doi: 10.1056/NEJMoa1813904

43. Pereira, B, Chin, SF, Rueda, OM, Vollan, HK, Provenzano, E, Bardwell, HA, et al. The somatic mutation profiles of 2,433 breast cancers refines their genomic and transcriptomic landscapes. Nat Commun (2016) 7:11479. doi: 10.1038/ncomms11479

44. Juric, D, Rodon, J, Tabernero, J, Janku, F, Burris, HA, Schellens, JHM, et al. Phosphatidylinositol 3-kinase α-selective inhibition with alpelisib (BYL719) in PIK3CA-altered solid tumors: results from the first-in-Human study. J Clin Oncol (2018) 36(13):1291–9. doi: 10.1200/JCO.2017.72.7107

45. Mateo, J, Ganji, G, Lemech, C, Burris, HA, Han, SW, Swales, K, et al. A first-Time-in-Human study of GSK2636771, a phosphoinositide 3 kinase beta-selective inhibitor, in patients with advanced solid tumors. Clin Cancer Res (2017) 23(19):5981–92. doi: 10.1158/1078-0432.CCR-17-0725

46. Marbun, VMG, Erlina, L, and Lalisang, TJM. Genomic landscape of pathogenic mutation of APC, KRAS, TP53, PIK3CA, and MLH1 in Indonesian colorectal cancer. PloS One (2022) 17(6):e0267090. doi: 10.1371/journal.pone.0267090

47. Santin, AD, Filiaci, V, Bellone, S, Ratner, ES, Mathews, CA, Cantuaria, G, et al. Phase II evaluation of copanlisib, a selective inhibitor of Pi3kca, in patients with persistent or recurrent endometrial carcinoma harboring PIK3CA hotspot mutations: an NRG oncology study (NRG-GY008). Gynecol Oncol Rep (2020) 31:100532. doi: 10.1016/j.gore.2019.100532

48. Kurnit, KC, Kim, GN, Fellman, BM, Urbauer, DL, Mills, GB, Zhang, W, et al. CTNNB1 (beta-catenin) mutation identifies low grade, early stage endometrial cancer patients at increased risk of recurrence. Mod Pathol (2017) 30(7):1032–41. doi: 10.1038/modpathol.2017.15

49. Köbel, M, Ronnett, BM, Singh, N, Soslow, RA, Gilks, CB, and McCluggage, WG. Interpretation of P53 immunohistochemistry in endometrial carcinomas: toward increased reproducibility. Int J Gynecol Pathol (2019) 38(Suppl 1):S123–31. doi: 10.1097/PGP.0000000000000488

50. Travaglino, A, Raffone, A, Raimondo, D, Reppuccia, S, Ruggiero, A, Arena, A, et al. Prognostic significance of CTNNB1 mutation in early stage endometrial carcinoma: a systematic review and meta-analysis. Arch Gynecol Obstet (2022) 306(2):423–31. doi: 10.1007/s00404-021-06385-0

51. Luo, J. KRAS mutation in pancreatic cancer. Semin Oncol (2021) 48(1):10–8. doi: 10.1053/j.seminoncol.2021.02.003

52. Buscail, L, Bournet, B, and Cordelier, P. Role of oncogenic KRAS in the diagnosis, prognosis and treatment of pancreatic cancer. Nat Rev Gastroenterol Hepatol (2020) 17(3):153–68. doi: 10.1038/s41575-019-0245-4

53. Peters, S, Stahel, R, Bubendorf, L, Bonomi, P, Villegas, A, Kowalski, DM, et al. Trastuzumab emtansine (T-DM1) in patients with previously treated HER2-overexpressing metastatic non-small cell lung cancer: efficacy, safety, and biomarkers. Clin Cancer Res (2019) 25(1):64–72. doi: 10.1158/1078-0432.CCR-18-1590

54. Zhao, J, and Xia, Y. Targeting HER2 alterations in non-Small-Cell lung cancer: a comprehensive review. JCO Precis Oncol (2020) 4:411–25. doi: 10.1200/PO.19.00333

55. Li, BT, Smit, EF, Goto, Y, Nakagawa, K, Udagawa, H, Mazières, J, et al. Trastuzumab deruxtecan in HER2-mutant non-Small-Cell lung cancer. N Engl J Med (2022) 386(3):241–51. doi: 10.1056/NEJMoa2112431

56. Subbiah, V, Kreitman, RJ, Wainberg, ZA, Cho, JY, Schellens, JHM, Soria, JC, et al. Dabrafenib and trametinib treatment in patients with locally advanced or metastatic BRAF V600-mutant anaplastic thyroid cancer. J Clin Oncol (2018) 36(1):7–13. doi: 10.1200/JCO.2017.73.6785

57. Ciampi, R, Romei, C, Ramone, T, Prete, A, Tacito, A, Cappagli, V, et al. Genetic landscape of somatic mutations in a Large cohort of sporadic medullary thyroid carcinomas studied by next-generation targeted sequencing. iScience (2019) 20:324–36. doi: 10.1016/j.isci.2019.09.030

58. Wang, JR, Montierth, M, Xu, L, Goswami, M, Zhao, X, Cote, G, et al. Impact of somatic mutations on survival outcomes in patients with anaplastic thyroid carcinoma. JCO Precis Oncol (2022) 6:e2100504. doi: 10.1200/PO.21.00504

59. Colombo, C, Pogliaghi, G, Tosi, D, Muzza, M, Bulfamante, G, Persani, L, et al. Thyroid cancer harboring PTEN and TP53 mutations: a peculiar molecular and clinical case report. Front Oncol (2022) 12:949098. doi: 10.3389/fonc.2022.949098




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 © 2023 Bhai, Turowec, Santos, Kerkhof, Pickard, Foroutan, Breadner, Cecchini, Levy, Stuart, Welch, Howlett, Lin and Sadikovic. 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.2023.1208244_cover.jpg
& frontiers | Frontiers in Oncology

Molecular profiling of solid tumors by next-
generation sequencing: an experience from
a clinical laboratory





OEBPS/Images/fonc-13-1208244-g002.jpg
Colorectal sub-panel Melanoma Sub-panel

250 140

120

200

150

100

NO. OF TUMOR SAMPLES

100

80

40

NO. OF TUMOR SAMPLES

50

I I 20
W ll__, . Mmoo o = 0 _ - u

A O P S o & Q © 3 N © S & & O
b°é;:°(\ &6‘)&:{5\,&’;’)@& @%“‘%‘Qﬁ?’;& o"\b;oxé\i‘:\y Q*Q;\ng\’ék 5°°b b°°\, o“'e, 0\? @é’} 3 @ev‘ \7"@ (B&(P
S F S @‘;’{33" RS Y S %Q?&v‘?\;q?" & & F & @F

KRAS BRAF NRAS NRAS BRAF





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Molecular profiling of solid tumors by next-generation sequencing: an experience from a clinical laboratory

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Targeted NGS panel

          

            		

              Patients/tumor samples

            



          



          



          		

            Nucleic acid isolation

          



          		

            NGS library construction and sequencing

          



          		

            Sequencing analysis and variant interpretation

          



          		

            Assay validation

          



        



        



        		

          Results

        

          		

            NGS assay validation and limit of detection

          



          		

            Lung subpanel assessment

          



          		

            Colon subpanel assessment

          



          		

            Melanoma subpanel

          



          		

            Brain subpanel

          



          		

            Comprehensive panel

          



        



        



        		

          Discussion

        

          		

            Diagnostic yields of target subpanels vs. comprehensive panels

          



          		

            Frequency of variants in targeted panels

          



          		

            Co-occurring variants in targeted subpanels

          



          		

            Comprehensive panel testing

          



          		

            Disease-specific subpanels/comprehensive panel in the clinical setting

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
No. of

No. of patients with at least one

patients Tier I/l Variant
Total patients 1,375 952 (69%)
Sex
Male 585 381 (65.1%)
Female 790 571 (72.2%)
Age group
21-40 8 7 (88%)
41-50 30 20 (67%)
51-60 178 126 (71%)
61-70 464 341 (73%)
71-80 507 346 (68%)
>80 188 112 (60%)






OEBPS/Images/table4.jpg
Characteristic No of patients
Total patients 462

Male 288

Female 174

Average age 68.1 years

Range 17.4 to 97.2 years
Positive for Tier /11 variant 322 (69.7%)
Variant Type

BRAF 195/462 (42.2%)
NRAS 108/462 (23.4%)
KIT 11/462 (2.3%)
BRAF+NRAS 5

BRAF+KIT 3





OEBPS/Images/fonc-13-1208244-g001.jpg
Targeted Lung Sub-panel

NRAS
ERBB2
PIK3CA
BRAF
EGFR
TP53
KRAS

0 100 200 300 400 500 600

KRAS P53 EGFR BRAF PIK3CA ERBB2 NRAS
M No. of patients 566 333 154 60 55 12 9

C
Other rare
6% T79;)::I{/ L8
Exon 21 \, g //_T790l:|‘/ﬂ5xon 19
1861Q
4% ~
Exon 18
G719
7% —__Exon 19
Deletions
Exon 20 42%

Insertions
10%

Exon21 X
L858R
26%






OEBPS/Images/table3.jpg
Characteristic No. of pa

Total patients 692

Male 404

Female 288
Average age 65.4 years
Range 19.8 to 90.3 years
Positive for Tier I/1I variant 424 (61.2%)
Variant Type

KRAS 317 (46%)
BRAF 77 (11.2%)
NRAS 25 (3.6%)
BRAF/KRAS 4
KRAS/NRAS 1
NRAS/BRAF 1

Number of patients (% of total patients tested n=692) are written in bold.






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





OEBPS/Images/fonc-13-1208244-g003.jpg
Patients tested positive for a variant (%)

25

20

15

10

Frequency of genetic variants in tumor samples tested by
comprehensive panel (n=500)

38 36 36 36 3,

26 22 ,

18 48 4,
1 1 1 0808 08 06 04 04 02 02 02 02 02 02

£ & A S 0\ q, "
Wt & Q"é\ Qs'eqsb &'& é ‘& \‘\oéqy «Sg’q’ 0“?‘? Qg'?é& ﬁ&\“éd‘ S

&





OEBPS/Images/fonc-13-1208244-g004.jpg
1]
it |
|
I |
|
|
|
A Breast

D nsclc

E

Ovary

F Pancreas

G Thyroid





OEBPS/Images/table1.jpg
Targeted Genes included Patient inclusion Number ~ Number
panel criteria of of patients

patients  positive
tested for Tier I/l

Variant
Comprehensive ~ ABL1, AKT1, ALK, APC, ATM, BRAF, CDHI, CDKN2A, CSFIR, CTNNBI, EGFR, Patients with advanced 500 290 (58%)
ERBB2, ERBB4, EZH2, FBXW7, FGFR1, FGFR2, FGFR3, FLT3, GNA1l, GNAS, solid tumors; candidates for
GNAQ, HNF1A, HRAS, IDH1, JAK2, JAK3, IDH2, KDR, KIT, KRAS, MET, MLH1, systemic therapy; ECOG
MPL, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN, PTPN11, RB1, RET, performance status equal to
SMAD4, SMARCBI, SMO, SRC, STK11, TP53, VHL 0 or 1 and adequate organ
functions.
Lung subpanel ALK, BRAF, EGFR, ERBB2, KRAS, NRAS, PIK3CA, TP53 Non-small cell lung 1,375 952 (69%)
carcinoma
Melanoma BRAF, KIT, NRAS Metastatic melanomas 462 322 (69.7%)
subpanel
Colon BRAF, KRAS, NRAS Metastatic colorectal 692 424 (61.2%)
subpanel cancers

Brain subpanel  IDHI, IDH2, BRAF Glioma 135 28 (20.7%)
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Breast 77 45 (58.4%) PIK3CA (25; 32.4%) CTNNBI, AKT1, EGFR, PDGFRA,
TP53 (17; 22%) PTEN, ATM, RBI, KRAS, NRAS
EGER (4; 5.2%)
Colorectal 67 52 (77.6%) KRAS (26; 38.8%) SMAD4, FBXW7, PTEN, EGFR
TP53 (20; 29.8%)
APC (17; 25.3%)
NRAS (8; 11.9%)
PIK3CA (4; 5.9%)
NSCLC 48 29 (60.4%) KRAS (15; 31.2%) EGFR, ERBB2, RB1, BRAF, CDKN2A,
TP53 (9; 18.7%) IDH1, STK11, KIT
Pancreas 39 33 (84.6%) KRAS (28; 71.7%) NRAS, EGFR, SMAD4, CTNNBI,
TP53 (14; 35.8%) APC, GNAS, RET
CDKN2A (4; 10.2%)
Endometrial 29 21 (72.4%) TP53 (10; 34.4%) PTEN, CTNNBI, KRAS
PTEN (4; 13.7%)
PIK3CA (4; 13.7%)
Ovary 28 16 (57.1%) TP53 (7; 25%) BRAF, KRAS, NRAS, FGFR2, EGFR,
PIK3CA, SMARCBI, KIT
Thyroid 23 17 (73.9%) BRAF (9; 39.1%) TP53, AKT1, EGFR, FBXW7, ATM,
RET (4; 17.3%) PTEN, KRAS
Unknown primary 17 10 (58.8%) TP53 (4; 23.5%) MET, BRAF, KRAS, RB1, IDHI, KIT,
PIK3CA, TP53
GE junction 13 6 (46.2%) TP53 (6; 46.1%)
Renal 13 3(23.1%) PTEN, VHL, TP53
Cholangiocarcinoma 11 4 (36.4%) IDHI, RET, EGFR, CTNNBI, KRAS,
TP53, SMAD4, PIK3CA
Esophagus I 4 (36.4%) TP53 (4; 36.3%) PIK3CA, CTNNB1
Bladder 10 5 (50%) TP53, KRAS, SMAD4, PIK3CA,
CTNNBI, GNAS
Cervix 10 3 (30%) KRAS, PIK3CA, SMAD4
Oral 10 2 (2%) TP53, NOTCH]I; PIK3CA
Gastric 9 4 (44.4%) FBXW?7, TP53, GNAS, KRAS, ERBB2
Sarcoma 9 3(33.3%) IDHI1, TP53
Adenoid cystic 8 2 (25%) PTEN, CTNNB1, PDGFRA
carcinoma
Melanoma 7 5 (71.4%) EGFR, TP53, NRAS, RB1, CDKN2A,
BRAF
Parotid 6 3 (50%) ERBB2, FLT3, PIK3CA, HRAS
Prostate 6 1(16.7%)

PTEN





