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Introduction: NTRK1, NTRK2, and NTRK3 gene fusions are rare oncogenic driver alterations found in diverse tumor types of adults and children. They are clinically important biomarkers as tumors harboring these genomic alterations have high response rates to targeted therapy. Routine testing for NTRK fusions and treatment with TRK inhibitors has been recommended in multiple tumor types; however, differences between testing technologies used for detecting NTRK fusions can result in variable likelihoods of identification.Methods: To assess the prevalence of NTRK fusions in a real-world standard-of-care setting, we analyzed data from 19,591 FFPE samples encompassing 35 solid tumor types submitted for comprehensive genomic profiling (CGP) as part of routine clinical care. CGP testing included DNA hybrid-capture sequencing to detect small variants, copy number alterations, microsatellite instability (MSI), and tumor mutational burden (TMB). RNA hybrid-capture sequencing was concurrently performed to detect fusions and splice variants. Detected NTRK fusions were categorized as oncogenic, likely oncogenic, or variant of unknown significance (VUS) based on the fusion partner, orientation, and breakpoint position.Results: 73 oncogenic or likely oncogenic NTRK fusions were identified in 69 unique tumor specimens across 19 tumor types for a total cohort prevalence of 0.35%. Tumor types with the highest NTRK fusion prevalence included glioblastoma (1.91%), small intestine (1.32%), and head and neck (0.95%) tumors with other solid tumor types ranging from 0.19% (uterine) to 0.63% (breast). We identified diverse intra and inter-chromosomal partner genes for NTRK fusions across all tumor types. Most NTRK fusions were detected in only one tumor specimen, though some recurrent fusions were noted with ETV6, TPM3, LMNA, EML4, TPR, PEAR1, IRF2BP2, and KANK1 fusion partners. Most NTRK fusions were mutually exclusive from other genomic driver alterations, however, almost a third of tumor specimens (29%) contained at least one co-occurring genomic driver, which may affect treatment decisions.Discussion: The high prevalence of oncogenic and likely oncogenic NTRK fusions detected in our analysis suggests that RNA hybrid-capture-based sequencing for fusion detection is a highly sensitive method for identifying clinically meaningful known and novel NTRK fusions, which may be missed with other detection methods, directly impacting therapeutic options and patient outcomes.Keywords: NTRK, fusions, clinical utility, targeted therapy, genomics, next-generation sequencing, diagnostics, oncology
1 INTRODUCTION
The tropomyosin receptor kinase (TRK) family of receptor tyrosine kinases are encoded by the NTRK1, NTRK2, and NTRK3 (NTRK) genes and play a critical role in neuronal development and differentiation (Amatu et al., 2019; Cocco et al., 2018). The common ligands of TRK receptors are neurotrophins, a family of growth factors critical to the functioning of the nervous system. The activation of TRK receptors by neurotrophin leads to the activation of signal cascades, including the RAS and PI3K pathways, promoting survival and other regulatory pathways in cells. The most common mechanism of oncogenic activation of the TRK receptors is via fusions involving the NTRK genes (Cocco et al., 2018). NTRK fusions are the consequence of large-scale chromosomal events, including inversions, deletions, and translocations, and result in the fusion of the C-terminal tyrosine kinase domain (TKD) of NTRK with an N-terminal fusion partner (Amatu et al., 2019; Wong et al., 2020). NTRK genes have >60 known fusion partners across multiple tumor types and the number is growing as novel fusion partners are identified (Kummar and Lassen, 2018). NTRK gene fusions are found at a low frequency (<1%) across multiple common pediatric and adult solid tumor types but are enriched (>90%) in a few rare tumors (secretory breast carcinoma, mammary analogue secretory carcinoma, cellular or mixed congenital mesoblastic nephroma, and infantile fibrosarcoma) (Amatu et al., 2019; Cocco et al., 2018; Okamura et al., 2018). In-frame NTRK fusions result in constitutive activation of the TRK receptor and downstream signaling pathways (Amatu et al., 2019; Cocco et al., 2018). Genomic characterization of NTRK fusion-positive cancers has demonstrated these tumors are typically devoid of other oncogenic drivers, with the notable exception of microsatellite instability-high (MSI-H) colorectal cancer (CRC) (Westphalen et al., 2021; Gatalica et al., 2019; Wang H. et al., 2022).
Routine testing for NTRK fusions or treatment with TRK inhibitors has been recommended in >25 different tumor types (Klink et al., 2022). Variations in testing technologies can result in significant differences in the likelihood of fusion identification (Marchio et al., 2019). Single gene tests, hotspot panels, and inadequately baited DNA-based next-generation sequencing (NGS) have technical limitations precluding accurate detection of fusions (Penault-Llorca et al., 2019; Solomon et al., 2019). Highly sensitive RNA sequencing methods such as hybrid capture are optimal for comprehensively identifying actionable fusions, including NTRK fusions in solid tumors. In non-small cell lung cancer (NSCLC), the National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines in Oncology recommend biomarker testing be performed using broad NGS panels to detect druggable rearrangements or fusions involving ALK, NTRK, ROS1, and RET with consideration of RNA sequencing if not previously performed (Ettinger et al., 2022).
NTRK gene fusions were the first gene-specific alterations to receive US Food and Drug Administration (FDA) approval in a histology-agnostic manner across all solid tumors (Drilon, 2019). Larotrectinib (inhibitor of TRKA, TRKB, and TRKC) and entrectinib (inhibitor of TRKA, B and C, ROS1, and ALK) are both FDA-approved for adult and pediatric patients with metastatic, unresectable solid tumors harboring NTRK fusions that have progressed on prior therapies or when no suitable treatment is available. In phase I and II trials of larotrectinib, an objective response was observed in 79% of evaluable patients, with 16% having complete responses (Hong et al., 2020). At a median follow-up of 25.8 months, entrectinib demonstrated a complete or partial response in 61.2% of patients (Demetri et al., 2022). In 2024, the FDA granted accelerated approval to repotrectinib as the third pan-tumor approval for the treatment of adult and pediatric patients (12 years or older) with unresectable solid tumors harboring an NTRK gene fusion with locally advanced or metastatic disease after treatment progression or those with no satisfactory alternative therapy options, based on efficacy data from the phase 1/2 TRIDENT-1 trial in TRK inhibitor naïve patients and those who previously received a TRK inhibitor (Solomon et al., 2023). Entrectinib, larotrectinib, and repotrectinib are effective across pediatric and adult solid tumors and responses are independent of the NTRK fusion gene and fusion partner. Despite the efficacy of TRK inhibitors, acquired resistance to TRK inhibitors, including the emergence of on-target NTRK kinase domain mutations or off-target bypass mechanisms, remains a clinical unmet need. Second-generation TRK inhibitors are in development for on-target NTRK kinase domain mutations (Drilon, 2019; Cocco et al., 2019a).
The immunotherapy biomarker landscape in patients with NTRK fusions has been explored, and the association of NTRK fusions with tumor mutational burden (TMB) is discrepant between studies, except for in microsatellite instability-high (MSI-H) CRC (Gatalica et al., 2019; Wang H. et al., 2022; Rosen et al., 2020; Bazhenova et al., 2021). Programmed death-ligand 1 (PD-L1) expression has been detected in around 25% of NTRK fusion-positive cases, including MSI-H cases (Gatalica et al., 2019). NCCN guidelines emphasize that for patients with advanced NSCLC, testing for all recommended biomarkers should be performed before initiating single-agent immunotherapy due to the lack of response in tumors harboring actionable driver alterations (Ettinger et al., 2022; Mazieres et al., 2019). However, there has been minimal investigation of treatment sequencing in patients with NTRK fusion-positive tumors concerning targeted therapy versus immunotherapy and the role of immunotherapy after targeted therapy resistance.
To assess the prevalence of NTRK fusions in a real-world standard-of-care setting, we (Amatu et al., 2019) describe the landscape of oncogenic and likely oncogenic NTRK fusions detected across solid tumors, including novel fusion partners, by hybrid-capture next-generation RNA sequencing performed in a reference laboratory as part of patients’ routine clinical care and (Cocco et al., 2018) characterize the co-occurring alterations and immunotherapy-related signatures detected in NTRK fusion-positive solid tumors.
2 METHODS
2.1 Patient cohort
Approval for this study, including waiver of informed consent, was obtained from the Western Institutional Review Board Copernicus Group (WCG protocol # 1340120).
We retrospectively analyzed comprehensive genomic profiling (CGP) and PD-L1 22C3 immunohistochemistry (IHC) data from 19,591 FFPE solid tumor samples submitted for NGS testing at a reference laboratory (OmniSeq/Labcorp, Buffalo, NY, United States) as part of patients’ routine clinical care between June 2021 and August 2024 (Supplementary Table S1).
2.2 Comprehensive genomic profiling (CGP)
DNA and RNA were co-extracted from FFPE tissue specimens and submitted for library preparation and sequencing using the hybrid-capture-based TruSight® Oncology (TSO) 500 assay (Illumina, San Diego, CA, United States) as part of OmniSeq® INSIGHT (OmniSeq/Labcorp, Buffalo, NY, United States). OmniSeq® INSIGHT is a comprehensive genomic and immune profiling assay performed in a laboratory accredited by the College of American Pathologists and certified by the Clinical Laboratory Improvement Amendments (Conroy et al., 2021). Within the genomic profiling framework of the assay, DNA sequencing with hybrid capture detects small nucleotide variants (SNVs) in exonic regions of 523 genes, copy number variants (CNVs) in 59 genes, and genomic signatures including MSI and TMB. RNA sequencing with hybrid capture detects fusions and splice variants in 55 genes. Variant annotation is performed using the GenomeOncology Precision Oncology Platform (GenomeOncology, Cleveland, OH, United States). Only genomic alterations annotated as known pathogenic were analyzed in the current study.
2.3 NTRK fusion analysis and classification
NTRK fusions were called and assembled using the Manta fusion caller (Chen et al., 2016), and candidate fusions were annotated as [5′ gene]-[3′ gene] when ≥5 unique candidate gene fusion reads were detected (Conroy et al., 2021). Detected fusions were labeled oncogenic or likely oncogenic based on published NTRK fusion oncogenicity classification guidelines outlined by the ClinGen NTRK Fusions Somatic Cancer Variant Curation Expert Panel (Saliba et al., 2022). Based on these guidelines, NTRK fusions were classified as oncogenic if (Amatu et al., 2019) the NTRK gene component was the 3′ partner of the fusion and contained the TKD region and (Cocco et al., 2018) the 5′ gene component was a known fusion partner of NTRK genes. Known fusion partners included canonical partners or partners with clinical evidence of validity. Canonical fusion partners were defined as those reported in Catalogue Of Somatic Mutations In Cancer (COSMIC) (Sondka et al., 2024) and GENIE (AACR Project GENIE Consortium, 2017) databases or >3 studies in the scientific literature as curated by Salida et al., 2022 (Saliba et al., 2022). Partners with clinical evidence of validity were those identified in clinical studies that supported the FDA approvals of larotrectinib or entrectinib (Hong et al., 2020; Doebele et al., 2020; Drilon et al., 2017). NTRK fusions were classified as likely oncogenic if (Amatu et al., 2019) the NTRK gene component was the 3′ partner of the fusion and contained the TKD region and (Cocco et al., 2018) the 5′ gene component was a novel fusion partner where the reading frame was preserved (Saliba et al., 2022). An NTRK fusion that did not meet the oncogenic or likely oncogenic classification criteria was labeled as a variant of unknown significance (VUS).
2.4 Immunohistochemical studies
PD-L1 protein expression on the surface of tumor cells was measured by Dako PD-L1 IHC 22C3 pharmDx (Agilent, Santa Clara, CA, United States). A board-certified anatomical pathologist scored cell surface PD-L1 expression according to published guidelines as tumor proportion score (TPS) or combined positive score (CPS) depending on the tumor type (Patel and Kurzrock, 2015). TPS represents the percentage of tumor cells with positive PD-L1 out of all viable tumor cells. CPS represents the ratio of total PD-L1 positive cells (tumor and non-tumor cells) in a tumor specimen relative to all viable tumor cells. Both are scored numerically with values from 0 to 100.
2.5 Statistical analysis
Statistical analysis and plot generation were performed in R v 4.4.2 (https://www.r-project.org/). Basic plotting was performed using the ggplot2 v 3.5.1 (https://cran.r-project.org/web/packages/ggplot2) and ggpubr v 0.6.0 (https://cran.r-project.org/web/packages/ggpubr). Circos plots were generated using the R package circlize v 0.4.16 (https://cran.r-project.org/web/packages/circlize). The Wilcoxon rank-sum test was used to test for differences in TMB and PD-L1 IHC between NTRK-positive and negative tumors. TMB was given a pseudo-count of 1 and then log-transformed before statistical testing.
3 RESULTS
3.1 NTRK fusions are present across solid tumor types and histologies
We retrospectively analyzed data from 19,591 FFPE samples encompassing 35 solid tumor types submitted for CGP as part of routine clinical care (Supplementary Table S1). The largest tumor type group was NSCLC making up more than a third of cases included in the analysis (39%) (Figure 1A; Table 1). Overall, 73 oncogenic or likely oncogenic NTRK fusions were identified in 69 unique tumor specimens across 19 tumor types for a total cohort prevalence of 0.35% (Figure 1B, first column; Supplementary Table S2). The prevalence of NTRK fusions in NSCLC was below that of the total cohort prevalence (0.24%) and above that in other solid tumor types (0.43%) (Table 1). Tumor types with the highest NTRK fusion prevalence included glioblastoma (1.91%, N = 3 out of 157), small intestine (1.32%, N = 1 out of 76), and head and neck (0.95%, N = 4 out of 423) tumors with other solid tumor types ranging from 0.19% (uterine, N = 1 out of 514) to 0.63% (breast, N = 9 out of 1,423) (Figure 1B). The median age of patients with NTRK fusions was 66 years (range 26–89 years) with a slight overrepresentation of females in NSCLC (56%) and other solid tumors (61%) (Table 1; Supplementary Table S2). For patients with staging information, almost all were advanced stage (86%) (Table 1; Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Overview of NTRK fusion case selection and detection. (A) A flow chart showing the breakdown of NTRK fusion cases detected out of 19,591 patient tumor samples tested with and passing the RNA-seq fusion detection component of the TruSight Oncology 500 assay. The remaining figures in the current study focused on cases where oncogenic or likely oncogenic NTRK fusions were detected (boxes with bold borders). (B) Distributions of oncogenic and likely oncogenic NTRK fusions stratified by cancer type. Each bar represents the prevalence of cases with NTRK fusions estimated to be oncogenic or likely oncogenic out of the total number of cases that passed RNA-seq for fusion detection. The N in parentheses represents the number of cases with an oncogenic or likely oncogenic NTRK fusion. The N under each bar represents the total number of cases included in a group. Each bar is colored by the fraction of cases with NTRK fusions predicted to be likely oncogenic or oncogenic via manual data inspection by two independent investigators. NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer.
TABLE 1 | Patient characteristics.
[image: Table 1]NTRK fusions in NSCLC tumors were identified across NSCLC histologic types, including poorly differentiated adenocarcinoma (Figure 2A), lung adenocarcinoma (Figure 2B), and lung adenocarcinoma with enteric differentiation (Figure 2C). For comparison, Figure 2D highlights an ovarian carcinoma with a KANK-NTRK3 fusion.
[image: Figure 2]FIGURE 2 | Hematoxylin and eosin images of diverse NTRK-positive NSCLC histologies, including (A) a poorly differentiated adenocarcinoma with a RABGAP1L-NTRK1 fusion, (B) a lung adenocarcinoma with a TP53-NTRK1 fusion, (C) a lung adenocarcinoma with enteric differentiation with a PRKACA-NTRK2 fusion, and (D) an ovarian carcinoma with a KANK-NTRK3 fusion.
3.2 Genomic structure of NTRK fusions
Fusion of the NTRK 3′ TKD with a 5′ upstream gene results in a chimeric oncoprotein having ligand-independent constitutive TRK kinase activity (Figure 3A). There are currently multiple generations of NTRK-targeted therapies, some approved and others in development, that bind the TRK domain and block downstream growth signaling pathways (Figure 3A). A specific example of a fusion and its structure that was detected in the present study is shown in Figure 3B, where we detail the fusion locations for the known LMNA-NTRK1 fusion, with breakpoints in intron 3 (LMNA) and intron 11 (NTRK1), and the resulting LMNA-NTRK1 fused mRNA.
[image: Figure 3]FIGURE 3 | Overview of NTRK fusion mechanisms and fusion partners. (A) Schematic of the normal neurotrophic tropomyosin receptor kinase (NTRK) structure and oncogenic NTRK fusion structure with downstream pathways and TRK inhibitor therapy options, with next-generation drugs in red and blue. (B) An example of breakpoint locations in an NTRK fusion (denoted with arrows) in an LMNA-NTRK1 fusion identified in this analysis, resulted in fused mRNA. (C) Circos plots demonstrating the locations of NTRK genes and fusion partners for oncogenic or likely oncogenic fusions identified in the present study. Lines connect the 5′ and 3′ genes in each gene fusion identified. The color of the lines denotes if a fusion was inferred to be oncogenic or likely oncogenic.
We identified other, diverse partner genes for oncogenic and likely oncogenic NTRK fusions across all tumor types including intra and inter-chromosomal rearrangements with intra-chromosomal fusions identified more frequently (Figure 3C). For NTRK1-detected fusions, 10 included partners within chromosome 1 (e.g., RABGAP1L, PEAR1, LMNA, HMCN1) while 5 inter-chromosomal rearrangements were identified with genes in chromosomes 2 (EML4), 6 (LRRC16A), 15 (FAM227B), 17 (TP53), and 20 (MKKS) (Figure 3C, first panel). NTRK2-detected fusions had the highest number of unique fusion partners, 15 included partners within chromosome 9 (e.g., GNAQ) while 9 inter-chromosomal rearrangements were identified with genes in chromosomes 3 (SLAC6A6), 5 (SQSTM1), 12 (KRT5), 18 (HMSD, SERPINB8), 19 (PRKACA, ZNF98), 20 (CTSA), and 21 (DYRK1A) (Figure 3C, second panel). For NTRK3-detected fusions, 10 included partners within chromosome 15 (e.g., ARNT2, AKAP13) while 11 inter-chromosomal rearrangements were identified with genes in chromosomes 2 (EML4), 3 (SETD5), 5 (SQSTM1), 6 (SASH1), 7 (SND1), 9 (KANK1), 12 (ETV6, MDM2), 17 (ERBB2, INTS2), and 18 (FHOD3) (Figure 3C, third panel). Most NTRK fusions were detected in only one tumor specimen, though some recurrent fusions were noted with ETV6, TPM3, LMNA, EML4, TPR, PEAR1, IRF2BP2, and KANK1 fusion partners (Table 2; Supplementary Table S2).
TABLE 2 | Oncogenic or likely oncogenic NTRK fusions identified in more than one tumor specimen.
[image: Table 2]We identified fusion breakpoint locations in introns 1, 6, 9, 11, and exon 10 in NTRK1 (Figure 4A; Supplementary Table S2). In NTRK2, breakpoints were found more ubiquitously across the NTRK2 gene including introns 1, 4, 6, 10, 11, 15, 16, and in exons 5, 12, 15, and 17 (Figure 4B; Supplementary Table S2). In NTRK3, we identified focalized breakpoints associated with 4–6 gene partners in exons 4, 14, and 15 while other breakpoints were associated with fewer gene partners including intron 3 and exons 2, 3, 6, and 12 (Figure 4C; Supplementary Table S2). We identified 41 novel fusion partners across the NTRK genes including HMCN, ASTN2, MSANTD3-TMEFF1, PRKACA, FAM174B, PIAS1, and others. We identified fewer known fusion partners (N = 18), which suggests the potential for further investigation into novel fusion partners to increase this number and bring more clinical evidence. Detected known fusion partners included LMNA, PEAR1, RABGAP1L, TP53, EML4, TMP3, LGR6, TPR, and IRF2BP2 for NTRK1 (Figure 4A), GKAP1 and SQSTM1 for NTRK2 (Figure 4B), and KANK1, SASH1, ETV6, EML4, ARNT2, SQSTM1, and TARSL2 for NTRK3 (Figure 4C).
[image: Figure 4]FIGURE 4 | Diagrams of NTRK fusions identified in the present study. The resulting exonic structure, including retained exons and functional domains for each partner gene and NTRK gene, are represented for (A) NTRK1, (B) NTRK2, and (C) NTRK3. Arrows next to gene partner names denote breakpoints involved in each fusion. Known fusion partners have been bolded. TM, transmembrane; Ig, immunoglobulin.
The TRK TKD is encoded by different exons in each gene NTRK gene. The TKD is encoded by exons 9-17 for NTRK1, 16-20 in NTRK2, and 15-19 in NTRK3 (Figure 4). The TKD was present in all gene fusions identified with NTRK as the 3′ fusion partner (Figures 4A–C). Transmembrane domains were present in the partner genes PEAR1 and FAM174B (Figures 4A,C), and 6 of 12 NTRK fusions contained the transmembrane domain in the TRK protein; however, a transmembrane domain is not required for a fusion to be functional.
3.3 Genomic driver alterations that co-occur with NTRK fusions
We evaluated co-occurring genomic alterations across all samples with an oncogenic or likely oncogenic NTRK fusion (Figure 5; Supplementary Table S3). The most common co-occurring alterations were small SNVs, or insertions/deletions found in 86% (N = 59) of oncogenic or likely oncogenic NTRK-positive tumors. CNVs and non-NTRK fusions co-occurred at similar frequencies in 29% (N = 20) and 26% (N = 18) of NTRK-positive tumors, respectively (Supplementary Table S3). The gene most commonly co-mutated was TP53, which was altered in 50.7% of cases, while other commonly co-mutated genes included ARID1A (13%), KRAS (13%), and NOTCH1 (10.1%) (Figure 5; Supplementary Table S3). Co-occurring CNVs typically involved amplification of MDM2 or loss of PTEN (∼4% of NTRK-positive tumors respectively) (Figure 5; Supplementary Table S3). Most NTRK fusions were mutually exclusive from other genomic driver alterations, however, almost a third of tumor specimens (29%) contained at least one co-occurring genomic driver (Supplementary Table S3). In NSCLC, co-occurring oncogenic driver mutations were identified in 61% of cases (N = 11 out of 18) including ALK, KRAS, BRAF, and EGFR (Supplementary Table S3). A breakdown of co-occurring alteration frequencies in patient tumors with oncogenic and likely oncogenic NTRK fusions and NTRK fusions of unknown significance, along with AMP/CAP/ASCO Tier associations, can be found in Supplementary Table S4.
[image: Figure 5]FIGURE 5 | Oncoprint of co-occurring mutations within genes with a cumulative alteration frequency of at least 3%. The first section of the plot shows individual mutations detected within tumors of patients with oncogenic or likely oncogenic NTRK fusions (x-axis). The second section of the plot shows the cumulative alteration frequency of each gene (y-axis). Colors represent the type of genomic alteration identified in the genes.
3.4 Immunotherapy biomarkers: TMB, MSI, and PD-L1 IHC
We next sought to characterize distributional differences in immunotherapy biomarkers (TMB, PD-L1 IHC, MSI) between tumors harboring oncogenic or likely oncogenic NTRK fusions and NTRK-negative tumors (Figure 6). We found TMB and PD-L1 IHC scores were significantly lower in NTRK-positive head and neck tumors compared to NTRK-negative (1.1 vs. 5.4 mutations/Mb, 0 vs. 10 CPS, P < 0.03) (Figures 6A,B). An opposite trend was observed in CRC tumors where NTRK-positive tumors trended toward higher TMB scores (7.8 vs. 6.2 mutations/Mb, P = 0.06) and had significantly higher PD-L1 IHC scores (20 vs. 0 CPS, P < 0.0001) (Figures 6A,B). No significant differences in TMB or PD-L1 IHC were observed when analyzing all solid tumors at once (P > 0.8) (Figures 6A,B). MSI-H was seen at a higher frequency in NTRK-positive tumors in CRC and small intestine cases (50% vs. 6.6%) while MSI-H cases were only observed in NTRK-negative cases in other solid tumors (Figure 6C).
[image: Figure 6]FIGURE 6 | Distribution of (A) tumor mutational burden (TMB), (B) PD-L1 22C3 immunohistochemistry (IHC), and (C) microsatellite instability (MSI) in tumors negative (−) or positive (+) for oncogenic or likely oncogenic NTRK fusions. The bottom, middle, and top horizontal boundaries of each box in the box plots represent the first, second (median), and third quartiles of the data for a particular age group. The lines extending from the two ends of each box represent 1.5x outside the interquartile range. Points beyond the lines are considered outliers. Values above each pair of box plots represent the uncorrected P-values from testing differences between NTRK–or + tumors using the Wilcoxon rank-sum test. Values below each box plot represent the median value for a group. The dashed line represents the threshold for high (≥10) and low (<10) values for TMB and the high (≥50), low (1–49), and negative (<1) values for PD-L1 IHC. PD-L1 IHC was calculated using the tumor proportion score (TPS) or combined positive score (CPS) depending on tumor type. Values for TMB were log-transformed for testing and plotting, but the corresponding untransformed values are provided in parentheses next to each log-transformed value on the y-axis. Bar plots of MSI represent the proportion of cases that were MSI high or microsatellite stable (MSS) in NTRK - or + tumors. Differences in MSI status were not tested due to low sample size in the MSI-high (MSI_H) groups.
4 DISCUSSION
NTRK gene fusions are oncogenic drivers found in diverse pediatric and adult tumors. Intra- and inter-chromosomal rearrangements involving the 3′ regions of NTRK genes and the 5′ region of a partner gene can produce a constitutively active TRK fusion protein that drives uncontrolled downstream signaling (Penault-Llorca et al., 2019). Though these gene fusions are rare, they are clinically important targets due to high response rates to targeted therapy and durable responses in patients with TRK fusion-driven advanced and metastatic tumors (Hong et al., 2020; Demetri et al., 2022). It is recommended that all patients with TRK fusion-positive tumors be identified so they can receive approved targeted therapies. In our analysis, 19,531 FFPE solid tumor samples underwent successful RNA hybrid-capture-based NGS and functional characterization of detected NTRK fusions, revealing 73 oncogenic or likely oncogenic NTRK fusions identified in 69 (0.35%) adult patients (Figure 1; Supplementary Table S2). Among these fusions, 41 novel 5′ partners were identified (Figure 4; Supplementary Table S2).
Though there are several techniques available to identify NTRK gene fusions, the wide range of gene partners and the presence of large intronic regions where breakpoints often occur can make identification of these fusions challenging (Marchio et al., 2019). Techniques such as IHC and fluorescence in situ hybridization (FISH) are often readily available; however, these methods can produce high rates of false negatives and false positives. Additionally, they do not identify the fusion partner as they only interrogate one target at a time. Reverse transcriptase polymerase chain reaction (RT-PCR) has the advantage of high sensitivity and specificity; however, target sequences must be known ahead of time, which decreases the likelihood of detection of novel fusion partners. Though clinical guidelines acknowledge multiple techniques for NTRK gene fusion detection, NGS is the recommended method (Ettinger et al., 2022).
The advantages of using NGS for gene fusion detection include the ability to evaluate multiple actionable targets at once and the potential for detecting novel fusion partners (Marchio et al., 2019). Several commercially available DNA-based hybrid-capture NGS assays exist that sequence full exons or hotspot regions and a select number of introns for detecting common rearrangement and fusion breakpoints (Marchio et al., 2019). Though many breakpoints occur within introns, the number of intronic regions and complete coverage of select introns in targeted panels is often limited to avoid compromising the sequencing capacity of desired exons in key genes of interest (Solomon et al., 2019). Therefore, adequate sequencing of all introns with a DNA-only hybrid capture approach is not feasible when large or complex intronic regions are present. This is especially true for NTRK genes that contain large introns that cannot be included in a targeted DNA-only NGS approach. These panels are often designed to sequence a limited number of select introns within NTRK1 and NTRK2. With this approach, breakpoints occurring in introns that are not sequenced in these targeted panels will be missed. Additionally, it is not feasible to sequence the large NTRK3 introns with targeted DNA panels. These panels are restricted to identifying only NTRK3 gene fusions with its most common partner, ETV6, based on select ETV6 introns. Because of these limitations, DNA-only targeted NGS platforms will not identify all NTRK gene fusions.
RNA-based NGS assays for gene fusion detection eliminate the need for sequencing introns, since they are spliced out in mRNA, and can target known fusion exons within multiple oncogenes. In addition, the detection of RNA fusions indicates successful transcription of the gene fusion and provides insight into possible translation to a functional oncogenic fusion protein. The advantages of using PCR amplicon-based RNA panels for fusion detection include shorter and simpler workflows and compatibility with lower quantities of RNA; however, this technique is limited to a small number of gene targets and detection of novel fusion partners is not possible with classical amplicon approaches. Hybrid capture-based RNA panels typically require high quantities of RNA with more complex and longer workflows but also capture large numbers of gene targets and novel fusions with increased sensitivity and specificity as only one fusion partner needs to be known (Solomon et al., 2019; Singh, 2022; Bruno and Fontanini, 2020).
We utilized an RNA hybrid capture-based NGS approach designed to detect fusions and splice variants in 55 genes including NTRK1, NTRK2, and NTRK3 fusions, resulting in a detection rate of 0.35% across a real-world, pan-tumor cohort. The prevalence of NTRK fusions in this study was higher than in previous studies using DNA hybrid capture NGS with or without RNA sequencing using targeted multiplex PCR for fusion detection (Westphalen et al., 2021; Rosen et al., 2020). We also used a stringent approach to characterize each NTRK fusion as functionally oncogenic or likely oncogenic (Saliba et al., 2022). This resulted in 28 additional NTRK fusions detected in this study being classified as VUS and not carried forward in downstream characterizations (Supplementary Table S2). Of the 41 novel fusion partners, 51% (N = 21) were NTRK2 fusions with the majority having intronic breakpoints (Figure 4B). Detection of novel NTRK2 fusions is limited using DNA-only hybrid capture approaches due to limited intronic baiting, which would miss most of the novel NTRK2 fusions identified in this analysis (Westphalen et al., 2021). An oncogenic, canonical GNAQ-NTRK2 fusion identified in a patient with esophageal adenocarcinoma patient would have likely been missed as breakpoints within both genes were in intronic regions (intron 1 of GNAQ, intron 15 of NTRK2) that are not typically covered in DNA-only hybrid capture panels. Considering this patient did not have any other actionable co-mutations (CHEK1 deletion (S343fs) and TP53 substitution (R248Q), Supplementary Table S3), the identification of this GNAQ-NTRK2 fusion would be critical for treatment decisions. Additionally, novel NTRK3 fusions would not have been detected by DNA NGS targeted panels if breakpoints occurred in NTRK3 introns and did not have ETV6 as the 5′ fusion partner. The identification of these 41 novel NTRK fusion partners in our analysis provides additional evidence that RNA hybrid-capture NGS testing is a superior method for NTRK fusion detection over DNA NGS targeted panels and speaks to the need for a well-designed RNA NGS panel to capture all potential NTRK fusions.
We assessed TMB and MSI genomic signatures by DNA NGS and PD-L1 expression by IHC in NTRK fusion-positive and negative patient tumors. Consistent with a previous report, TMB and PD-L1 expression were found to be significantly lower in NTRK fusion-positive head and neck cancer specimens compared to fusion-negative cases (Figures 6A,B), suggesting these NTRK fusions are the dominant targetable oncogenic drivers (Xu et al., 2021). DNA NGS was also used to detect co-occurring genomic alterations. Of the 12 NTRK fusion-positive CRC and small intestine cases, 50% (N = 6) were MSI-H (Figure 6C) and 92% (N = 11) were KRAS, NRAS, and BRAF wild-type, consistent with published data (Cocco et al., 2019b). One NTRK fusion-positive CRC patient’s tumor was MSI-H, TMB-H (91.6 mut/Mb) and PD-L1 IHC positive (CPS score = 80%) with a POLD1 co-mutation, and another case with metastatic small intestine cancer was also MSI-H and TMB-H (80 mut/Mb) with a POLD1 co-mutation (Supplementary Tables S2, S3). This suggests these patients are more likely to benefit from immune checkpoint inhibitor (ICI) therapy. ICIs such as pembrolizumab are effective treatment options for patients with MSI-H or TMB-H metastatic CRC (Benson et al., 2021; Andre et al., 2020; Samstein et al., 2019). However, there is currently no evidence to suggest the timing of immunotherapy treatment for NTRK-positive CRC patients. Of the 18 NTRK fusion-positive patients with NSCLC, 6 had PD-L1 IHC expression with TPS ≥1–49%, and 6 had TPS ≥50% for consideration of pembrolizumab (Figure 1B; Supplementary Table S2).
Clinical guidelines emphasize testing for actionable biomarkers (including ALK, BRAF, EGFR, MET exon 14 skipping, NTRK, RET, and ROS) should be performed before administering first-line ICIs due to decreased efficacy when tumors harbor co-occurring driver mutations (Ettinger et al., 2022; Mazieres et al., 2019). Two NTRK fusion-positive NSCLC patients had co-occurring KRAS G12C driver mutations (Supplementary Table S3). Four NTRK fusion-positive patients had co-occurring EGFR driver mutations (3 with EGFR L858R and 1 with EGFR exon 19 deletion), where first-line immunotherapy may have decreased efficacy (Supplementary Table S3) and could also lead to severe immune-related adverse events when followed by osimertinib (Lee et al., 2017; Schoenfeld et al., 2019). Five of these lung cancer patients had novel NTRK2 fusions with intronic breakpoints that would likely have been missed if using a DNA NGS targeted panel (Supplementary Table S2), potentially leading to first-line immune checkpoint inhibitor therapy with decreased efficacy in the presence of a co-occurring oncogenic driver.
Of the 10 NTRK fusion-positive breast cancer patients, only 1 patient had an additional actionable PIK3CA E545K mutation (Supplementary Table S3). A novel ERBB2-NTRK3 fusion was identified from a breast mammary adenocarcinoma specimen that was also confirmed to have an ERBB2 copy number gain (estimated to be a 7-fold change) and a co-occurring TP53 mutation (Supplementary Tables S2, S3). The pathology report confirmed this tumor to be HER2 positive (HER2 IHC 3+). In previous NGS genomic profiling studies of HER2+ breast cancer patients, fusion events are common, with ERBB2 being the most frequently involved gene (Chen et al., 2020) with the most frequent co-mutations found in TP53 (Schubert et al., 2023; Wang T. et al., 2022). ERBB2 fusions most commonly occur in chromosome 17, with the most frequent breakpoint identified within exon 27, corresponding to the chromosome and breakpoint identified in this ERBB2-NTRK3 fusion (Supplementary Table S2). HER2+ patients with tumors harboring ERBB2 fusions have been shown to achieve a pathological complete response with chemotherapy plus trastuzumab, indicating these fusions do not lead to resistance to therapy (Lesurf et al., 2017). This novel ERBB2-NTRK3 fusion provides an additional targeted therapy option after progression on available anti-HER2 agents.
Additional co-occurring actionable genomic alterations were identified in 5 NTRK fusion-positive patients: CRC (CCDC6-RET fusion), pancreatic (ITSN2-ALK fusion), prostate (PTEN loss, TBL1XR1-PIK3CA fusion), ovarian (PIK3CA mutation) (Supplementary Table S3). A patient originally diagnosed with uterine endometrioid adenocarcinoma had additional clinically relevant PIK3CA and TP53 mutations that further characterize this patient as having pleomorphic rhabdomyosarcoma (Pinto et al., 2018). In summary, most NTRK fusion-positive patients did not have an actionable co-occurring alteration where additional targeted therapies would have been available, highlighting the need for accurate NTRK fusion testing.
5 CONCLUSION
NTRK fusions are clinically relevant driver alterations across solid tumor types. These fusions are difficult to detect, as breakpoints can occur within introns, and they have a wide range of partner genes. RNA hybrid capture-based sequencing in a real-world standard-of-care setting revealed the highest reportable oncogenic and likely oncogenic NTRK fusion prevalence (0.35%) across solid tumors with 41 previously unreported novel NTRK fusion partners. These data emphasize the importance of CGP using a well-designed RNA hybrid-capture sequencing assay to identify all NTRK fusions across malignancies from a broad range of histologic subtypes for optimal patient treatment management.
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