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Abstract

:

Simple Summary


Recently, tumor-agnostic precision medicine employing comprehensive genome profiling (CGP) and using next-generation sequencing (NGS) has been progressing. This review focuses on the recent progress in precision medicine for advanced unresectable hepatobiliary and pancreatic cancers. We highlight therapies that target several regulators of cancer cell growth and tumor-agnostic therapies that effectively treat biliary and pancreatic cancers. We also discuss our current understanding of precision medicine methods developed using NGS of circulating tumor DNA (ctDNA) as a liquid biopsy technique.




Abstract


Tumor-agnostic precision medicine employing comprehensive genome profiling (CGP) and using next-generation sequencing (NGS) has been progressing recently. This review focuses on precision medicine for advanced unresectable hepatobiliary and pancreatic cancers. In this paper, for biliary tract cancer (BTC), therapies that target several regulators of cancer cell growth, including isocitrate dehydrogenase 1 (IDH1), fibroblast growth factor receptor 2 (FGFR2) fusion, proto-oncogene B-Raf (BRAF), and human epidermal growth factor receptor 2 (HER2) alterations, are reviewed. For pancreatic ductal adenocarcinoma (PDAC), therapies for Kirsten rat sarcoma virus (KRAS) gene mutation G12C, neuregulin (NRG)1, and breast cancer type 1 and 2 susceptibility (BRCA1/2), gene alterations are summarized. On the other hand, precision medicine targets were not established for hepatocellular carcinoma (HCC), although telomerase reverse transcriptase (TERT), tumor protein P53 (TP53), and Wnt/β catenin signaling alterations have been recognized as HCC driver oncogenes. Tumor-agnostic therapies for microsatellite instability-high (MSI-H) and neurotropic tyrosine receptor kinase (NTRK) fusion cancers effectively treat biliary and pancreatic cancers. Precision medicine methods developed using NGS of circulating tumor DNA (ctDNA) and utilizing a liquid biopsy technique are discussed.
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1. Introduction


Cancer is a genetic disease caused by a stepwise accumulation of genetic alterations. Revolutionary high-throughput sequencing capacity of next-generation sequencing (NGS) technologies supported a breakthrough in cancer genome research and accelerated the innovation in anti-cancer drug development. Several genetic alterations have been discovered in human cancerous tissues using NGS-based whole-exome and whole-genome sequencing. Precision medicine involves comprehensive genome profiling (CGP) using NGS, which is clinically performed worldwide to find a drug suitable for each patient. For example, in bile duct cancers, genetic aberrations in tumor protein P53 (TP53); Kirsten rat sarcoma virus (KRAS); phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PI3KCA); BAP1; cyclin-dependent kinase inhibitor (CDKN)2A/B; AT-rich interaction domain 1A (ARID1A); receptor tyrosine-protein kinase erbB-2 (ERBB2); proto-oncogene B-Raf (BRAF); fibroblast growth factor receptor (FGFR)1–3; isocitrate dehydrogenase (IDH)1/2; MET proto-oncogene, receptor tyrosine kinase (MET); and FGFR2 are frequently detectable and used as major markers for selective therapies [1,2]. In pancreatic cancers, frequent mutations of several cancer-related genes, such as KRAS, TP53, CDKN2A, SMAD family member 4 (SMAD4), CDKN2B, ARID1A, GATA6, and MYC, have been determined using NGS [3]. Additionally, in hepatocellular carcinoma (HCC), genetic alterations have been found in telomerase reverse transcriptase (TERT), p53/RB (TP53 and CDKN2A), or Wnt/βcatenin (CTNNB1 and AXIN1) signaling pathways [4,5]. The aim of precision medicine is to identify and target those genome-wide alterations in various cancers, and the genetic changes identified by NGS technologies support personalized drug design for patients with specific genetic alterations. Of note, a precision medicine approach is advanced in lung adenocarcinoma. For instance, osimertinib, a third-generation tyrosine kinase inhibitor, prolonged progression-free survival (PFS) to 18.9 months in patients with lung adenocarcinoma with the epidermal growth factor receptor (EGFR) common mutation [6]. Another example is malignant melanoma with BRAF mutation. BRAF and MEK inhibitors, dabrafenib, and trametinib combination therapy prolonged PFS and overall survival (OS) to 12.3 and 22.3 months, respectively [7]. Precision medicine-targeted genetic alterations and treatment results for hepatobiliary and pancreatic cancers, which will be discussed in this study, are summarized in Table 1. This review focuses on the recent progress in precision medicine for advanced unresectable hepatobiliary and pancreatic cancers.




2. Precision Medicine Targets in Biliary Tract Cancer (BTC)


BTC is a well-targeted cancer type addressed by precision medicine. The European Society for Medical Oncology precision medicine working group guidelines recommended that CGP should be investigated using NGS in this cancer [22]. Genomic findings differ for the three BTC types, including intrahepatic cholangiocarcinoma (IHCCA), extrahepatic cholangiocarcinoma (EHCCA), and gallbladder cancer (GBCA). Gene mutations of FGFR1–3, TP53, IDH1/2, ARID1/2, CDKN2A/B, and KRAS were found in IHCCA [1,2]. Changes in KRAS, TP53, and SMAD4 were detected in EHCCA [1,2]. Important alterations in TP53, ERBB2/3, CDKN2A/B, ARID1A, and KRAS have also been reported in GBCA [1,2]. These established precision medicine targets and outcomes of clinical trials for these cancer types are discussed below.



2.1. IDH1


IDH is an enzyme that regulates energy metabolism in the citric acid cycle. Wild-type IDH1 contributes to the reaction, producing α-ketoglutaric acid from isocitric acid. Mutant IDH1 produces D-2-hydroxyglutarate (D-2-HG), an oncometabolite. D-2-HG competitively inhibits IDH1 enzyme activity that depends on α-ketoglutaric acid, causing carcinogenesis [23]. About 16% of patients with IHCC have IDH1 mutations [1]. Ivosidenib is a novel small molecule inhibitor of mutant IDH1 protein. ClarIDHy is an international phase 3 study that proved the efficacy of ivosidenib against BTC with IDH1 mutation. PFS, which was the primary study endpoint, was 2.7 months (95% CI: 1.6–4.2 months) and 1.4 months (95% CI: 1.4–1.6 months) for ivosidenib and placebo groups, respectively [8]. The study reported a hazard ratio (HR) of 0.37 (95% CI: 0.25–0.54; one-sided p < 0.0001). Thus, ivosidenib significantly prolonged PFS [8]. Mean survival time (MST), which was the secondary endpoint parameter for ivosidenib, was 10.3 months (95% CI: 7.8–12.4 months), while that of the placebo groups was 5.1 months (95% CI: 3.8–7.6 months; adjusted for crossover), with an HR of 0.49 (95% CI: 0.34–0.70; one-sided p < 0.001) [9]. Therefore, ivosidenib also significantly extended the MST of BTC patients with IDH1 mutation. Ascites was the most common grade 3 or worse adverse event in both treatment groups found in 7% (4/59) of patients receiving placebo and 7% (9/121) receiving ivosidenib. Serious adverse events occurred in 36% (36/121) of patients receiving ivosidenib and 22% (13/59) of the placebo groups.




2.2. Fibroblast Growth Factor Receptor (FGFR)2 Fusion


FGFs are growth factors comprising 23 family members, which can bind to FGFR1–4 as ligands. FGFR2 fusion genes are known as driver oncogenes [24,25]. The prevalence of FGFR2 mutations in IHCCA was reported as 5–15%. At least 19 fusion partners were identified and contained functional domains related to the formation of a dimer or multimer. Generated from the fusion gene, FGFR2 forms a dimer which is activated without ligand stimulation, causing oncogenesis [24,25].



Pemigatinib selectively inhibits FGFR1–3, and its efficacy against BTC with a treatment history was indicated in a single-arm open-label phase 2 FIGHT-202 study. In the study, cohort A was composed of 107 patients with FGFR2 fusion/rearrangement, cohort B included 20 patients with FGF/FGFR2 mutation, and cohort C comprised 18 patients without FGF/FGFR2 alteration. Cohort A contained 56 fusion-partner genes, and BICC1 was the most frequently found. The objective response rate (ORR) of cohort A, the primary endpoint, was 35.5% (95% CI: 26.5–45.4%). The ORRs of cohorts B and C, which were secondary endpoints, were 0%. The disease control rate (DCR) of cohorts A, B, and C were 82% (95% CI: 74–89%), 40% (95% CI: 19–64%), and 22% (95% CI: 6–48%), respectively. The median PFSs in A/B/C cohorts were 6.9 months (95% CI: 6.2–9.6 months), 2.1 months (95% CI: 1.2–4.9 months), and 1.7 months (95% CI: 1.3–1.8 months), respectively. The median survival times were 21.1 months (95% CI: 14.8 to not estimated months), 6.7 months (95% CI: 2.1–10.6 months), and 4.0 months (95% CI: 2.3–6.5 months), respectively, for those cohorts. Grade 3 or worse treatment-related adverse events (trAEs) occurred in 71 patients (49%), including hypophosphatemia in 10 patients (7%) and stomatitis in 8 patients (5%) [10].



Infigratinib is another selective inhibitor of FGFR1–3, and the drug efficacy against BTC was tested in a multicenter open-label phase 2 study. Advanced BTCs with a treatment history with gemcitabine-containing regimen were registered. The number of registered participants included 48 patients (78.7%) with FGFR2 fusions, 8 patients (13.1%) with FGFR2 mutants, and 3 patients (4.9%) with FGFR amplifications. The observed ORRs, which was the primary endpoint, was 14.8% (95% CI: 7.0–26.2%) (18.8% for patients with FGFR2 fusion only). DCR was 75.4% (95% CI: 62.7–85.5%) (83.3% FGFR2 fusion only), and PFS was 5.8 months (95% CI: 4.3–7.6 months). As a notable grade 3 or 4 treatment-related adverse event, hyperphosphatemia occurred in 16.4% of the patients. [11].



These findings indicated that targeted therapy against FGFR2 alterations could be a promising precision medicine for BTC patients. Consistently, TAS-120 (futibatinib) is also being developed as a therapy for patients with FGFR2 fusion.




2.3. EGFR (HER)2 Amplification


HER2 (encoded by ERBB2 gene) is a membrane-penetrating receptor tyrosine-protein kinase. After the attachment of a specific ligand, the receptor forms a heterodimer and triggers growth-stimulating intracellular signaling. Overexpression or mutation of HER2 continuously activates the mitogen-activated protein kinase (MAPK) and PI3K/AKT pathways independently without a ligand. Therefore, HER2 overexpression/mutations are often associated with tumor proliferation or inhibition of apoptosis [26,27,28,29,30,31]. ERBB2 amplification was rarely found in IHCCA(3%) but was more common in EHCCA (11%) and GBCA (16%) [1].



The MyPathway basket trial verified the tumor-agnostic effect of trastuzumab and pertuzumab combination therapy in HER2 amplified/overexpressing cohort [12]. The ORR of all cancer types was 26% (95% CI: 19–35%) and DCR was 40% (46/114). The ORR of patients with BTC included in this study was 29% (2/7; 95% CI: 4–71%) and DCR was 86% (6/7). The efficacy of trastuzumab + pertuzumabut revealed in this study [12] were higher than ado-trastuzumab emtansine (T-DM1) [13], supporting the better anti-cancer quality of this approach.



The National Cancer Institute Molecular Analysis for Therapy Choice (NCI-MATCH) trial verified the effectiveness of T-DM1, an anti-body drug conjugate. HER2 overexpressed patients with more than seven copy numbers (confirmed by NGS) showed a PFS of 3.1 months (90% CI: 2.1–4.4 months). Although the ORR, which was the primary endpoint, was 5.6% (95% CI: 1.0–16.5%), it was not a satisfactory value. All three patients of BTC included in this study were diagnosed with stable disease (SD). Fatigue, anemia, fever, and thrombocytopenia were common toxicities, although no new safety problems were reported [13].




2.4. BRAF V600E


BRAF (A, B, and C subtypes) protein is a serine/threonine kinase associated with the MAPK pathway [32,33,34]. The binding of BRAF ligands forms a dimer, which transmits signals downstream of the MAPK network. Mutated BRAF could play a role as oncogenes. BRAF mutants activate downstream growth-promoting signals continuously, causing oncogenic transformation. The most common oncogenic BRAF mutation is BRAF V600E [35]. BRAF mutation frequency was reported at 5% in BTC [1]. BRAF V600E is one of the tumor-agnostic targets of precision medicine. The ROAR basket trial indicated that the combination therapy with dabrafenib (BRAF inhibitor) plus trametinib (MEK inhibitor) was effective against the BRAF V600E-mutated BTC [14]. Consequently, an independent reviewer-assessed overall response was 47% (95% CI: 31–62%). Increased γ-glutamyltransferase was the most common grade 3 or worse adverse event observed in five (12%) patients. Nine patients (21%) had treatment-related major adverse events, with pyrexia in eight (19%) being the most frequent [14].





3. Precision Medicine Targets in Pancreatic Ductal Adenocarcinoma (PDAC)


PDAC has a comparatively uniform genetic background comprising four mutated genes: KRAS, CDKN2A [p16/p14], TP53, and SMAD4 [3]. Although genetic alterations were frequently observed in ARID1A, KMT2C, RNF43, FAT3, and KMT2D [3], KRAS, BRCA2, and NRG1 are considered more valuable in cancer diagnostic using precision medicine for PDAC [3]. The results of clinical therapies, which targeted these three oncogenes in patients with PDAC, are described below.



3.1. BRCA1/2


PDAC represents a phenotype of hereditary breast and/or ovarian cancer syndrome, the well-known hereditary tumor syndrome caused by the BRCA1/2 mutation. The main phenotypes are breast and ovarian cancers, as its name suggests. Instances of prostate and other cancers have also been reported in carriers of the mutation [36,37,38]. BRCA mutation causes decompensation of double-strand DNA break repair—homologous recombination repair deficiency. Poly (ADP-ribose) polymerase (PARP) inhibitor, which inhibits single-strand DNA break compensation, can activate apoptosis in cancer cells with BRCA1/2 mutation and increase anti-cancer platinum sensitivity. However, only 6% of metastatic PDACs had BRCA1/2 mutations [15]. The POLO study showed the efficacy of olaparib against PDAC in patients with mutations that prevented progression for more than 16 weeks. The ORRs were 23% (18/78) and 12% (6/52) for olaparib and the placebo group, respectively. Although the OS, which was the secondary endpoint, was 18.9 and 18.1 months, respectively, and the hazard ratio (HR) was 0.91 (95% CI: 0.56–1.46, p = 0.68), there was no significant difference. The PFS, which was the primary endpoint, was 7.4 and 3.8 months, respectively, and the HR was 0.53 (95% CI: 0.35–0.82, p = 0.68) and was significantly different. Grade 3 or worse trAEs, including anemia (11%), fatigue or asthenia (5%), and decreased appetite (3%), occurred in 36 patients (40%) [16].




3.2. KRAS G12C


KRAS mutation is a significant oncogenic mutation and is found in 95% of PDACs. RAS is activated by connecting with GTP, receiving the signal from receptor tyrosine kinase. Activated RAS transmits the proliferation-promoting signal to the downstream MAPK pathway effectors. RAS, which has GTPase function, converts GTP into GDP via hydrolysis and proceeds to its inactivated state. However, mutated RAS has weak GTPase activity and induces a prolongation of activated signaling downstream, contributing to a malignant trait. Several efforts have been made to develop drugs that target mutated RAS. The effectiveness and safety of sotorasib, which affect mutated KRAS G12C, have been assessed in a phase 1/2 study named CodeBreaK 100 trial [18]. A total of 129 patients were included in both dose-escalation and enlarged cohorts; 59 patients with non-small cell lung cancer (NSCLC), 42 patients with colon cancer, and 28 patients with other cancers were registered, and all of them were included in the analysis. Generally, only 1.7% of PDACs had KRAS G12C mutation [17], and only 11 patients were registered. Other cancer groups, including PDAC cases, showed 14.3% (95% CI: 4.03–32.67%) of ORR and 75.0% (95% CI: 55.13–89.31%) of DCR. Although the value of ORR was low compared to that of NSCLC at 32.3% (95% CI: 20.62–45.64%), 9 of 11 patients with PDAC showed responses no less than SD, including one partial response; thus, the DCR was 82% (9/11) [18]. Grade 3 or 4 trAEs occurred in 15 patients (11.6%), including an increase in the alanine aminotransferase (ALT) level in 5.4%, diarrhea in 3.9%, and anemia in 3.1%. Other RAS-targeting drugs, including MRTX849 [39,40] and ARS-3248/JNJ-74699157 for KRASG12C [41], siG12D LODER for KRASG12D [42], and compound 3144 for Pan-KRAS [43], are under development.




3.3. Neuregulin (NRG)1


NRG1 is now gaining attention as a new target for precision medicine among KRAS-negative PDACs [44,45]. NRG1 protein is a cell adhesion molecule that belongs to the NRG family and affects the epidermal growth factor receptor (EGFR). The epidermal growth factor (EGF)-like domain of NRG1 regulates itself or nearby cells using HER2s or HER3/HER4 dimers. About 0.5% of PDAC have NRG fusion, and the specific fusion partners in PDAC are CDH1, ATP181, and VTCN1 [19]. The efficacy of zenocutuzumab, an NGR inhibitor, is proved in the phase 1/2 global open-label clinical trial (eNRGy) and the early access program against NSCLC and PDAC showing NRG1 fusion. The ORR of PDAC was 42% (5/12, 90% CI: 18–69%), with a DCR of 92% (11/12), which was a promising result [20]. TrAEs occurred in 59% of 157 patients, including diarrhea (20%), asthenia/fatigue (13%), nausea (10%), and infusion-related reactions (7%), and most trAEs were grade 1–2.





4. Possible Targets for Precision Medicine of Hepatocellular Carcinoma (HCC)


The accumulation of gene aberrations induced by several risk factors, such as alcohol, hepatitis virus infection, or steatohepatitis, causes hepatocarcinogenesis. Genetic alterations in TERT, TP53, or Wnt/βcatenin signaling pathway could play a role as a cancer driver for HCC. Genetic analysis of 755 HCC patients using NGS revealed genetic aberrations in 44% (TP53), 35% (CTNNB1), 31% (ARID1A), and 12% (MYC) of the assessed genes. However, these alterations have not been targeted by therapies and precision medicine has not been well-established in patients with HCC. Although some tumor-agnostic gene alterations, including changes in NTRK and MET, lead to precision medicine, the incidences of these genes are low (2–4% for NTRK and 2% for MET) [4,5].



4.1. Telomerase Reverse Transcriptase: TERT


TERT is one of the most common driver oncogenes of HCC with respect to cancer cell immortality. Every time cells divide, the recurrent arrangements at the edge of the chromosomes become shorter, and when the telomere length is shortened to a decided extent, the cells die. Cancer cells can be immortalized because of the high telomerase activity, which maintains the telomere length. TERT codes a telomerase subunit and affects the regulation of telomerase activity, causing the oncogenic progression of various cancers. HCCs have a 50% point mutation in the promotor area that regulates the TERT gene expression. Although drugs targeted for TERT treatment are being developed, their efficacy has not yet been established [4,5].




4.2. TP53


TP53 is one of the most effective tumor suppressing genes [46]. TP53 mutations are found in various human cancers [47,48]. Point mutations of the gene were found in ~40% of HCC. The protein product of TP53, p53, functions as a transcription factor, suppresses transcription genes concerned with cell proliferation, and is called the “Guardian Deity of Genome.” The inactivation of p53 leads to genome instability and accumulates genome abnormalities that lead to oncogenesis. However, precision medicine based on the TP53 mutation has not yet been well established [4,5].




4.3. Wnt/βcatenin Signaling Pathway


The Wnt/βcatenin signaling pathway is important for organogenesis, maintenance of stem cells, adjustment of cell proliferation, movement, and polarity [49]. Alterations of this pathway were found in 40–50% of HCCs [21]. Most of these changes are point mutations of CTNNB1 exon3 that are responsible for CTNNB1 transfer into the nucleus. The mutations can activate MYC and CTNNDI, causing the proliferation of HCC cells [21]. This pathway alteration is also strongly related to the immunological properties of the tumor and might lead to a response to immunological therapy [50].





5. Tumor-Agnostic Precision Medicine


Recently, the efficacy of the same drug against common genetic alterations in all types of cancer has been established. Here, we discuss microsatellite instability-high (MSI-H), tumor mutation burden-high (TMB-H), and NTRK fusions. Although there are several reports showing the possible tumor-agnostic precision medicines for hepatobiliary and pancreatic cancers, the evidence is not enough because of an insufficiency in the number of examined cases, and thus further examinations are awaited. The tumor-agnostic genetic alterations and treatment results for hepatobiliary and pancreatic cancers are summarized in Table 2. In addition to these treatments, it is noteworthy that the United States Food and Drug Administration (FDA) recently accelerated approval of tumor-agonistic therapy for solid tumors with BRAF mutation [51].



5.1. Microsatellite Instability-High in MSI-H Abnormality Phenotype


Mismatch repair deficiency (dMMR), a DNA repair deficiency caused by MLH1, MSH2, MSH6, or PMS2 mutation, and accumulation of gene mutations, leads to oncogenesis. dMMR tends to make errors in duplicating sequences, repeating a microsatellite sequence from one to several times. When dMMRs are widely found in the genome, the abnormality status is called MSI-High (MSI-H). There are two methods to investigate MSI status: polymerase chain reaction and NGS-based methods [59]. The incidence of MSI-H in the assessed 11 cancer types was 5%, and that in hepatobiliary and pancreatic cancers was ~2% [52]. The effectiveness of immune checkpoint inhibitors (ICIs) against MSI-H tumors has already been established. This effectiveness is due to the abundant expression of a mutation-associated neoantigen, which facilitates the recognition of cancer cells by the immune system, a process that is defined as cancer surveillance [60,61]. Conversely, Lynch syndrome should be excluded from the MSI-H patient cohort. Lynch syndrome is one of the best-known hereditary cancers; its phenotypes are colonic, endometrial, and urinary tract cancers [62]. The tumor-agnostic effectiveness of pembrolizumab against MSI-H tumors is proven by the KEYNOTE-158 trial. In this study, the ORR for 27 tumor types, including BTC and PDAC, were reported as 34.3 (80/233, 95% CI: 28.3–40.8%), and those of BTC and PDAC were reported as 40.9 (9/22, 95% CI: 20.7–63.6%) and 18.2% (4/22, 95% CI: 5.2–40.3%), respectively. TrAEs of pembrolizumab occurred in 151 patients (64.8%), and grade 3 or worse trAEs were seen in 34 patients (14.6%). Immune-related adverse events (irAE) are notable trAEs of ICIs. In this study, irAEs and infusion reactions occurred in 54 patients (23.2%). Hypothyroidism, hyper-thyroidism, colitis, and pneumonitis were the most prevalent irAEs. Pneumonitis (n = 3; 1.3%), severe skin reactions (n = 3; 1.3%), and hepatitis (n = 2; 0.9%) were classed as grade 3 irAEs [55].




5.2. Tumor Mutation Burden-High (TMB-H) Phenotypes


Accumulated mutations on somatic genes, tumor mutation burden (TMB), is defined as the number of single nucleotide variations per megabase [63]. Tumors with more than 10 mutations per megabase were defined as TMB-High (TMB-H) tumors [56]. TMB differs by cancer type [64], and the frequency of TMB-H cancers was reported at ~13% in 2589 cases of various cancers, with Bellini’s duct carcinoma at 4.0% (28/706) [53]. There is a correlation between TMB and ORR to ICI. PDAC is a cancer that shows the least TMB and ORR to ICI. Conversely, HCC shows moderate TMB and ORR [65]. An abundant expression of mutation-associated neoantigens contributes to the efficacy of ICI in TMB-H cancers, similar to MSI-H cancers. The tumor-agnostic efficacy of ICI on TMB-H cancers is shown in the KEYNOTE-158 trial. Although ORR, the primary endpoint, was 29.4% (30/102, 95% CI: 20.8–39.3%) for 10 tumor types, hepatobiliary and pancreatic cancers were not contained in the TMB-H cases in this study. Grade 3 or worse adverse events occurred in 16 (15%) patients. However, the efficacy of ICI on TMB-H cancers has not yet been established [66,67], and further evidence is needed.




5.3. Neurotropic Tyrosine Receptor Kinase: NTRK


The TRK receptor families TRK A/B/C are coded by NTRK genes and transmit the signaling into the cells concerned with differentiations and activities of peripheral and central neural cells. When NTRK1/2/3 are fused with other genes, TRK 1/2/3 protein activates itself continuously and keeps sending the signals, causing oncogenesis of the cell [68]. The incidences of NTRK fusion in various tumor types are 0.26% and for BTC and PDAC is 0.34% and 0.25%, respectively [54]. Integrated analyses of three phase 1/2 studies—NCT02122913, NCT02637687, and NCT02576431—although it contained few BTCs and PDACs, showed the efficacy of larotrectinib. The ORR, the primary endpoint, was 79% (121/153, 90% CI: 72–85%) for all tumor types. One of the two patients both in the BTC and PDAC subgroups showed response. Increased alanine aminotransferase in eight (3%) patients, anemia in six (2%), and decreased neutrophil count in five (2%) were the most common grade 3 or 4 trAEs [57]. The efficacy of entrectinib has also been proven in the integrated analysis of three studies: ALKA-372-001; STARTRK-1, which are phase 1 studies; and STARTRK-2, which is an international phase 2 basket trial. According to the analysis, entrectinib was administered to 54 patients with tumors with NTRK fusions. The ORR and median duration of response (mDOR) were 57% (31/54 90% CI: 43.2–70.8%) and 10 months (90% CI: 7.1 to not estimated), respectively. In the study, one patient with BTC and two of three with PDAC responded. Increased weight in seven (10%) and anemia in eight (12%) were the most prevalent grade 3 or 4 trAEs [58].





6. CGP by Liquid Biopsy


CGP by circulating tumor DNA (ctDNA) analysis is an established and clinically applied liquid biopsy technique [69,70]. Liquid biopsy, as a diagnostic procedure, has two breakthrough advantages as follows: (1) specimen collection procedure is relatively easy and provides real-time genetic information, and (2) turnaround time is short. Conversely, there are several negative points to remember. Firstly, when the amount of ctDNA is small, existing alterations might not be detected [71]. Secondly, the procedure is complicated by aging, which increases the incidence of false positives by clonal hematopoiesis of indeterminate potential (CHIP) [72,73]. The most commonly involved genes include DNMT3A, TET2, and ASXL1; however, other frequently mutated genes include TP53, JAK2, SF3B1, GNB1, PPM1D, GNAS, and BCORL1 [74,75,76]. Given the limited evidence, caution is needed when interpreting ctDNA variants in these genes. Finally, detecting copy number alterations or DNA fusions is occasionally difficult [69].



In biliary and pancreatic cancers with major genetic alterations, over a 90% concordance between histology and liquid biopsy was obtained using NGS panel testing [77]. Evaluation of MSI status by liquid biopsy has been reported [78]. Additionally, germline alterations, such as BRCA1/2 mutations in PDAC, were also detected by liquid biopsy. About 3% of germline-assumed alterations in 10,000 patients with PDAC were detected by analyzing ctDNA [79]. Compared with variant allele frequency of somatic mutations, that of germline mutations was ~50%; thus, it is relatively easy to distinguish them. From this viewpoint, ctDNA analysis by liquid biopsy may soon replace conventional CGP for histological analysis. However, there is insufficient evidence to initiate a prospective study on precision medicine based on the biomarkers of ctDNA alterations.



In Japan, the GOZILA trial, wherein ctDNA alterations of unresectable advanced gastroenterological cancers were screened using NGS, has been conducted. This trial is one of the largest screening projects for ctDNA assessment, the target of which was ~2000 patients. Furthermore, some physician-led clinical umbrella/basket trials, where drugs are chosen on the basis of ctDNA alterations, are being conducted to provide more evidence [80,81].




7. Conclusions


Precision medicine for advanced unresectable hepatobiliary and pancreatic cancers is reviewed focusing on clinical trial outcomes in this article. Although precision medicine methods have been improved to achieve better diagnostics of various tumor types, potentially effective drugs are prescribed to only ~10% of patients based on CGP tests in most types of cancers [82,83,84]. Not all actionable mutations concerned with oncogenesis are druggable, and not all druggable mutations can be treated with the drug because of the lack of adequate clinical trials. Many patients do not have adequate opportunities to be assessed using the precision medicine approach and treated with potentially effective drugs. From this viewpoint, it is crucially important to promote tumor-agnostic universal basket trials based on genomic information that leads to the development of new drugs to gain further advances in precision medicine.



Despite the recent progress of targeted inhibitors and ICIs, the overall outcomes of hepatobiliary and pancreatic cancers remain poor mainly due to the treatment resistance caused by genetic and non-genetic events. For example, a number of studies identified various genetic aberrations associated with resistance to each targeted therapy in various tumors, including FGFR2 fusion [85,86,87], HER2 amplification [88,89,90], BRAF V600E mutation [91,92,93], BRCA1/2 mutations [94,95,96], and NTRK fusions [97,98,99]. Our understanding of resistance mechanisms to targeted therapies would allow the development of rational approaches for hepatobiliary and pancreatic cancers in a patient-specific manner.







Author Contributions


Writing and editing, T.T., K.D., and H.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Javle, M.; Bekaii-Saab, T.; Jain, A.; Wang, Y.; Kelley, R.K.; Wang, K.; Kang, H.C.; Catenacci, D.; Ali, S.; Krishnan, S.; et al. Biliary Cancer: Utility of next-Generation Sequencing for Clinical Management: Genomic Profiling of Biliary Tract Cancer. Cancer 2016, 122, 3838–3847. [Google Scholar] [CrossRef] [PubMed]

	



Valle, J.W.; Lamarca, A.; Goyal, L.; Barriuso, J.; Zhu, A.X. New Horizons for Precision Medicine in Biliary Tract Cancers. Cancer Discov. 2017, 7, 943–962. [Google Scholar] [CrossRef] [PubMed]

	



Singhi, A.D.; George, B.; Greenbowe, J.R.; Chung, J.; Suh, J.; Maitra, A.; Klempner, S.J.; Hendifar, A.; Milind, J.M.; Golan, T.; et al. Real-Time Targeted Genome Profile Analysis of Pancreatic Ductal Adenocarcinomas Identifies Genetic Alterations That Might Be Targeted with Existing Drugs or Used as Biomarkers. Gastroenterology 2019, 156, 2242–2253. [Google Scholar] [CrossRef] [PubMed]

	



Ang, C.; Klempner, S.J.; Ali, S.M.; Madison, R.; Ross, J.S.; Severson, E.A.; Fabrizio, D.; Goodman, A.; Kurzrock, R.; Suh, J.; et al. Prevalence of Established and Emerging Biomarkers of Immune Checkpoint Inhibitor Response in Advanced Hepatocellular Carcinoma. Oncotarget 2019, 10, 4018–4025. [Google Scholar] [CrossRef]

	



Shibata, T.; Arai, Y.; Totoki, Y. Molecular Genomic Landscapes of Hepatobiliary Cancer. Cancer Sci. 2018, 109, 1282–1291. [Google Scholar] [CrossRef]

	



Soria, J.-C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.; Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR -Mutated Advanced Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2018, 378, 113–125. [Google Scholar] [CrossRef]

	



Long, G.V.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F.; Larkin, J.; Garbe, C.; Jouary, T.; Hauschild, A.; Grob, J.-J.; et al. Dabrafenib and Trametinib versus Dabrafenib and Placebo for Val600 BRAF-Mutant Melanoma: A Multicentre, Double-Blind, Phase 3 Randomised Controlled Trial. Lancet 2015, 386, 444–451. [Google Scholar] [CrossRef]

	



Abou-Alfa, G.K.; Macarulla, T.; Javle, M.M.; Kelley, R.K.; Lubner, S.J.; Adeva, J.; Cleary, J.M.; Catenacci, D.V.; Borad, M.J.; Bridgewater, J.; et al. Ivosidenib in IDH1-Mutant, Chemotherapy-Refractory Cholangiocarcinoma (ClarIDHy): A Multicentre, Randomised, Double-Blind, Placebo-Controlled, Phase 3 Study. Lancet Oncol. 2020, 21, 796–807. [Google Scholar] [CrossRef]

	



Zhu, A.X.; Macarulla, T.; Javle, M.M.; Kelley, R.K.; Lubner, S.J.; Adeva, J.; Cleary, J.M.; Catenacci, D.V.T.; Borad, M.J.; Bridgewater, J.A.; et al. Final Overall Survival Efficacy Results of Ivosidenib for Patients with Advanced Cholangiocarcinoma with IDH1Mutation: The Phase 3 Randomized Clinical ClarIDHy Trial. JAMA Oncol. 2021, 7, 1669–1677. [Google Scholar] [CrossRef]

	



Abou-Alfa, G.K.; Sahai, V.; Hollebecque, A.; Vaccaro, G.; Melisi, D.; Al-Rajabi, R.; Paulson, A.S.; Borad, M.J.; Gallinson, D.; Murphy, A.G.; et al. Pemigatinib for Previously Treated, Locally Advanced or Metastatic Cholangiocarcinoma: A Multicentre, Open-Label, Phase 2 Study. Lancet Oncol. 2020, 21, 671–684. [Google Scholar] [CrossRef]

	



Javle, M.; Lowery, M.; Shroff, R.T.; Weiss, K.H.; Springfeld, C.; Borad, M.J.; Ramanathan, R.K.; Goyal, L.; Sadeghi, S.; Macarulla, T.; et al. Phase II Study of BGJ398 in Patients With FGFR-Altered Advanced Cholangiocarcinoma. J. Clin. Oncol 2018, 36, 276–282. [Google Scholar] [CrossRef]

	



Hainsworth, J.D.; Meric-Bernstam, F.; Swanton, C.; Hurwitz, H.; Spigel, D.R.; Sweeney, C.; Burris, H.A.; Bose, R.; Yoo, B.; Stein, A.; et al. Targeted Therapy for Advanced Solid Tumors on the Basis of Molecular Profiles: Results from MyPathway, an Open-Label, Phase IIa Multiple Basket Study. JCO 2018, 36, 536–542. [Google Scholar] [CrossRef]

	



Jhaveri, K.L.; Wang, X.V.; Makker, V.; Luoh, S.-W.; Mitchell, E.P.; Zwiebel, J.A.; Sharon, E.; Gray, R.J.; Li, S.; McShane, L.M.; et al. Ado-Trastuzumab Emtansine (T-DM1) in Patients with HER2-Amplified Tumors Excluding Breast and Gastric/Gastroesophageal Junction (GEJ) Adenocarcinomas: Results from the NCI-MATCH Trial (EAY131) Subprotocol Q. Ann. Oncol. 2019, 30, 1821–1830. [Google Scholar] [CrossRef]

	



Subbiah, V.; Lassen, U.; Élez, E.; Italiano, A.; Curigliano, G.; Javle, M.; de Braud, F.; Prager, G.W.; Greil, R.; Stein, A.; et al. Dabrafenib plus Trametinib in Patients with BRAFV600E-Mutated Biliary Tract Cancer (ROAR): A Phase 2, Open-Label, Single-Arm, Multicentre Basket Trial. Lancet Oncol. 2020, 21, 1234–1243. [Google Scholar] [CrossRef]

	



Golan, T.; Kindler, H.L.; Park, J.O.; Reni, M.; Macarulla, T.; Hammel, P.; Van Cutsem, E.; Arnold, D.; Hochhauser, D.; McGuinness, D.; et al. Geographic and Ethnic Heterogeneity of Germline BRCA1 or BRCA2 Mutation Prevalence Among Patients With Metastatic Pancreatic Cancer Screened for Entry Into the POLO Trial. JCO 2020, 38, 1442–1454. [Google Scholar] [CrossRef]

	



Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; Park, J.-O.; Hochhauser, D.; Arnold, D.; Oh, D.-Y.; et al. Maintenance Olaparib for Germline BRCA -Mutated Metastatic Pancreatic Cancer. N. Engl. J. Med. 2019, 381, 317–327. [Google Scholar] [CrossRef]

	



Luo, J. KRAS Mutation in Pancreatic Cancer. Semin. Oncol. 2021, 48, 10–18. [Google Scholar] [CrossRef]

	



Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger, C.S.; et al. KRAS G12C Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207–1217. [Google Scholar] [CrossRef]

	



Jonna, S.; Feldman, R.A.; Swensen, J.; Gatalica, Z.; Korn, W.M.; Borghaei, H.; Ma, P.C.; Nieva, J.J.; Spira, A.I.; Vanderwalde, A.M.; et al. Detection of NRG1 Gene Fusions in Solid Tumors. Clin. Cancer Res. 2019, 25, 4966–4972. [Google Scholar] [CrossRef]

	



Schram, A.M.; O’Reilly, E.M.; O’Kane, G.M.; Goto, K.; Kim, D.-W.; Neuzillet, C.; Martin-Romano, P.; Duruisseaux, M.; Nagasaka, M.; Rodon, J.; et al. Efficacy and Safety of Zenocutuzumab in Advanced Pancreas Cancer and Other Solid Tumors Harboring NRG1 Fusions. JCO 2021, 39, 3003. [Google Scholar] [CrossRef]

	



Miyoshi, Y.; Iwao, K.; Nagasawa, Y.; Aihara, T.; Sasaki, Y.; Imaoka, S.; Murata, M.; Shimano, T.; Nakamura, Y. Activation of the β-CateninGene in Primary Hepatocellular Carcinomas by Somatic Alterations Involving Exon 3. Cancer Res. 1998, 58, 2524–2527. [Google Scholar]

	



Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F.; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-Bernstam, F.; et al. Recommendations for the Use of Next-Generation Sequencing (NGS) for Patients with Metastatic Cancers: A Report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [Google Scholar] [CrossRef]

	



Farshidfar, F.; Zheng, S.; Gingras, M.-C.; Newton, Y.; Shih, J.; Robertson, A.G.; Hinoue, T.; Hoadley, K.A.; Gibb, E.A.; Roszik, J.; et al. Integrative Genomic Analysis of Cholangiocarcinoma Identifies Distinct IDH-Mutant Molecular Profiles. Cell Rep. 2017, 18, 2780–2794. [Google Scholar] [CrossRef]

	



Imamura, T. Physiological Functions and Underlying Mechanisms of Fibroblast Growth Factor (FGF) Family Members: Recent Findings and Implications for Their Pharmacological Application. Biol. Pharm. Bull. 2014, 37, 1081–1089. [Google Scholar] [CrossRef]

	



Tiong, K.H.; Mah, L.Y.; Leong, C.-O. Functional Roles of Fibroblast Growth Factor Receptors (FGFRs) Signaling in Human Cancers. Apoptosis 2013, 18, 1447–1468. [Google Scholar] [CrossRef]

	



Baselga, J.; Swain, S.M. Novel Anticancer Targets: Revisiting ERBB2 and Discovering ERBB3. Nat. Rev. Cancer 2009, 9, 463–475. [Google Scholar] [CrossRef]

	



Kim, H.H.; Sierke, S.L.; Koland, J.G. Epidermal Growth Factor-Dependent Association of Phosphatidylinositol 3-Kinase with the ErbB3 Gene Product. J. Biol. Chem. 1994, 269, 24747–24755. [Google Scholar] [CrossRef]

	



Olayioye, M.A. NEW EMBO MEMBERS’ REVIEW: The ErbB Signaling Network: Receptor Heterodimerization in Development and Cancer. EMBO J. 2000, 19, 3159–3167. [Google Scholar] [CrossRef]

	



Rowinsky, E.K. The ErbB Family: Targets for Therapeutic Development Against Cancer and Therapeutic Strategies Using Monoclonal Antibodies and Tyrosine Kinase Inhibitors. Annu. Rev. Med. 2004, 55, 433–457. [Google Scholar] [CrossRef]

	



Soltoff, S.P.; Carraway, K.L.; Prigent, S.A.; Gullick, W.G.; Cantley, L.C. ErbB3 Is Involved in Activation of Phosphatidylinositol 3-Kinase by Epidermal Growth Factor. Mol. Cell. Biol. 1994, 14, 3550–3558. [Google Scholar]

	



Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB Signalling Network. Nat. Rev. Mol. Cell Biol. 2001, 2, 127–137. [Google Scholar] [CrossRef] [PubMed]

	



Avruch, J. Ras Activation of the Raf Kinase: Tyrosine Kinase Recruitment of the MAP Kinase Cascade. Recent Prog. Horm. Res. 2001, 56, 127–155. [Google Scholar] [CrossRef] [PubMed]

	



Kolch, W. Meaningful Relationships: The Regulation of the Ras/Raf/MEK/ERK Pathway by Protein Interactions. Biochem. J. 2000, 351 Pt 2, 289–305. [Google Scholar] [CrossRef] [PubMed]

	



Peyssonnaux, C.; Eychène, A. The Raf/MEK/ERK Pathway: New Concepts of Activation. Biol. Cell 2001, 93, 53–62. [Google Scholar] [CrossRef]

	



Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al. Mutations of the BRAF Gene in Human Cancer. Nature 2002, 417, 949–954. [Google Scholar] [CrossRef]

	



Struewing, J.P.; Hartge, P.; Wacholder, S.; Baker, S.M.; Berlin, M.; McAdams, M.; Timmerman, M.M.; Brody, L.C.; Tucker, M.A. The Risk of Cancer Associated with Specific Mutations of BRCA1 and BRCA2 among Ashkenazi Jews. N. Engl. J. Med. 1997, 336, 1401–1408. [Google Scholar] [CrossRef]

	



The UKGPCS Collaborators; Kote-Jarai, Z.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Castro, E.; Mahmud, N.; Guy, M.; Edwards, S.; O’Brien, L.; et al. BRCA2 Is a Moderate Penetrance Gene Contributing to Young-Onset Prostate Cancer: Implications for Genetic Testing in Prostate Cancer Patients. Br. J. Cancer 2011, 105, 1230–1234. [Google Scholar] [CrossRef]

	



Momozawa, Y.; Sasai, R.; Usui, Y.; Shiraishi, K.; Iwasaki, Y.; Taniyama, Y.; Parsons, M.T.; Mizukami, K.; Sekine, Y.; Hirata, M.; et al. Expansion of Cancer Risk Profile for BRCA1 and BRCA2 Pathogenic Variants. JAMA Oncol. 2022, 8, 871–878. [Google Scholar] [CrossRef]

	



Briere, D.M.; Li, S.; Calinisan, A.; Sudhakar, N.; Aranda, R.; Hargis, L.; Peng, D.H.; Deng, J.; Engstrom, L.D.; Hallin, J.; et al. The KRASG12C Inhibitor MRTX849 Reconditions the Tumor Immune Microenvironment and Sensitizes Tumors to Checkpoint Inhibitor Therapy. Mol. Cancer Ther. 2021, 20, 975–985. [Google Scholar] [CrossRef]

	



Hallin, J.; Engstrom, L.D.; Hargis, L.; Calinisan, A.; Aranda, R.; Briere, D.M.; Sudhakar, N.; Bowcut, V.; Baer, B.R.; Ballard, J.A.; et al. The KRAS G12C Inhibitor MRTX849 Provides Insight toward Therapeutic Susceptibility of KRAS-Mutant Cancers in Mouse Models and Patients. Cancer Discov. 2020, 10, 54–71. [Google Scholar] [CrossRef]

	



Nagasaka, M.; Li, Y.; Sukari, A.; Ou, S.-H.I.; Al-Hallak, M.N.; Azmi, A.S. KRAS G12C Game of Thrones, Which Direct KRAS Inhibitor Will Claim the Iron Throne? Cancer Treat. Rev. 2020, 84, 101974. [Google Scholar] [CrossRef]

	



Golan, T.; Khvalevsky, E.Z.; Hubert, A.; Gabai, R.M.; Hen, N.; Segal, A.; Domb, A.; Harari, G.; David, E.B.; Raskin, S.; et al. RNAi Therapy Targeting KRAS in Combination with Chemotherapy for Locally Advanced Pancreatic Cancer Patients. Oncotarget 2015, 6, 24560–24570. [Google Scholar] [CrossRef]

	



Welsch, M.E.; Kaplan, A.; Chambers, J.M.; Stokes, M.E.; Bos, P.H.; Zask, A.; Zhang, Y.; Sanchez-Martin, M.; Badgley, M.A.; Huang, C.S.; et al. Multivalent Small-Molecule Pan-RAS Inhibitors. Cell 2017, 168, 878–889e.29. [Google Scholar] [CrossRef]

	



Heining, C.; Horak, P.; Uhrig, S.; Codo, P.L.; Klink, B.; Hutter, B.; Fröhlich, M.; Bonekamp, D.; Richter, D.; Steiger, K.; et al. NRG1 Fusions in KRAS Wild-Type Pancreatic Cancer. Cancer Discov. 2018, 8, 1087–1095. [Google Scholar] [CrossRef]

	



Aguirre, A.J. Oncogenic NRG1 Fusions: A New Hope for Targeted Therapy in Pancreatic Cancer. Clin. Cancer Res. 2019, 25, 4589–4591. [Google Scholar] [CrossRef]

	



Lane, D.P.; Lain, S. Therapeutic Exploitation of the P53 Pathway. Trends Mol. Med. 2002, 8, S38–S42. [Google Scholar] [CrossRef]

	



Béroud, C.; Soussi, T. The UMD-P53 Database: New Mutations and Analysis Tools: UMD-P53 DATABASE. Hum. Mutat. 2003, 21, 176–181. [Google Scholar] [CrossRef]

	



Hussain, S.P.; Harris, C.C. Molecular Epidemiology of Human Cancer: Contribution of Mutation Spectra Studies of Tumor Suppressor Genes. Cancer Res. 1998, 58, 4023–4037. [Google Scholar]

	



Clevers, H.; Nusse, R. Wnt/β-Catenin Signaling and Disease. Cell 2012, 149, 1192–1205. [Google Scholar] [CrossRef]

	



Sia, D.; Jiao, Y.; Martinez-Quetglas, I.; Kuchuk, O.; Villacorta-Martin, C.; Castro de Moura, M.; Putra, J.; Camprecios, G.; Bassaganyas, L.; Akers, N.; et al. Identification of an Immune-Specific Class of Hepatocellular Carcinoma, Based on Molecular Features. Gastroenterology 2017, 153, 812–826. [Google Scholar] [CrossRef]

	



U.S. Food & Drug Administration (FDA). Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-dabrafenib-combination-trametinib-unresectable-or-metastatic-solid (accessed on 22 July 2022).

	



Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al. Mismatch Repair Deficiency Predicts Response of Solid Tumors to PD-1 Blockade. Science 2017, 357, 409–413. [Google Scholar] [CrossRef] [PubMed]

	



Shao, C.; Li, G.; Huang, L.; Pruitt, S.; Castellanos, E.; Frampton, G.; Carson, K.R.; Snow, T.; Singal, G.; Fabrizio, D.; et al. Prevalence of High Tumor Mutational Burden and Association with Survival in Patients With Less Common Solid Tumors. JAMA Netw. Open 2020, 3, e2025109. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, J.P.; Linkov, I.; Rosado, A.; Mullaney, K.; Rosen, E.Y.; Frosina, D.; Jungbluth, A.A.; Zehir, A.; Benayed, R.; Drilon, A.; et al. NTRK Fusion Detection across Multiple Assays and 33,997 Cases: Diagnostic Implications and Pitfalls. Mod. Pathol. 2020, 33, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Marabelle, A.; Le, D.T.; Ascierto, P.A.; Di Giacomo, A.M.; De Jesus-Acosta, A.; Delord, J.-P.; Geva, R.; Gottfried, M.; Penel, N.; Hansen, A.R.; et al. Efficacy of Pembrolizumab in Patients With Noncolorectal High Microsatellite Instability/Mismatch Repair–Deficient Cancer: Results From the Phase II KEYNOTE-158 Study. JCO 2020, 38, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Marabelle, A.; Fakih, M.; Lopez, J.; Shah, M.; Shapira-Frommer, R.; Nakagawa, K.; Chung, H.C.; Kindler, H.L.; Lopez-Martin, J.A.; Miller, W.H.; et al. Association of Tumour Mutational Burden with Outcomes in Patients with Advanced Solid Tumours Treated with Pembrolizumab: Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase 2 KEYNOTE-158 Study. Lancet Oncol. 2020, 21, 1353–1365. [Google Scholar] [CrossRef]

	



Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.; Farago, A.F.; Pappo, A.S.; et al. Efficacy of Larotrectinib in TRK Fusion–Positive Cancers in Adults and Children. N. Engl. J. Med. 2018, 378, 731–739. [Google Scholar] [CrossRef]

	



Doebele, R.C.; Drilon, A.; Paz-Ares, L.; Siena, S.; Shaw, A.T.; Farago, A.F.; Blakely, C.M.; Seto, T.; Cho, B.C.; Tosi, D.; et al. Entrectinib in Patients with Advanced or Metastatic NTRK Fusion-Positive Solid Tumours: Integrated Analysis of Three Phase 1–2 Trials. Lancet Oncol. 2020, 21, 271–282. [Google Scholar] [CrossRef]

	



Eso, Y.; Shimizu, T.; Takeda, H.; Takai, A.; Marusawa, H. Microsatellite Instability and Immune Checkpoint Inhibitors: Toward Precision Medicine against Gastrointestinal and Hepatobiliary Cancers. J. Gastroenterol. 2020, 55, 15–26. [Google Scholar] [CrossRef]

	



Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [Google Scholar] [CrossRef]

	



Dudley, J.C.; Lin, M.-T.; Le, D.T.; Eshleman, J.R. Microsatellite Instability as a Biomarker for PD-1 Blockade. Clin. Cancer Res. 2016, 22, 813–820. [Google Scholar] [CrossRef]

	



Latham, A.; Srinivasan, P.; Kemel, Y.; Shia, J.; Bandlamudi, C.; Mandelker, D.; Middha, S.; Hechtman, J.; Zehir, A.; Dubard-Gault, M.; et al. Microsatellite Instability Is Associated with the Presence of Lynch Syndrome Pan-Cancer. JCO 2019, 37, 286–295. [Google Scholar] [CrossRef]

	



Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.; et al. Analysis of 100,000 Human Cancer Genomes Reveals the Landscape of Tumor Mutational Burden. Genome Med. 2017, 9, 34. [Google Scholar] [CrossRef]

	



Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.; Roberts, S.A.; et al. Mutational Heterogeneity in Cancer and the Search for New Cancer-Associated Genes. Nature 2013, 499, 214–218. [Google Scholar] [CrossRef]

	



Yarchoan, M.; Hopkins, A.; Jaffee, E.M. Tumor Mutational Burden and Response Rate to PD-1 Inhibition. N. Engl. J. Med. 2017, 377, 2500–2501. [Google Scholar] [CrossRef]

	



McGrail, D.J.; Pilié, P.G.; Rashid, N.U.; Voorwerk, L.; Slagter, M.; Kok, M.; Jonasch, E.; Khasraw, M.; Heimberger, A.B.; Lim, B.; et al. High Tumor Mutation Burden Fails to Predict Immune Checkpoint Blockade Response across All Cancer Types. Ann. Oncol. 2021, 32, 661–672. [Google Scholar] [CrossRef]

	



Rousseau, B.; Foote, M.B.; Maron, S.B.; Diplas, B.H.; Lu, S.; Argilés, G.; Cercek, A.; Diaz, L.A. The Spectrum of Benefit from Checkpoint Blockade in Hypermutated Tumors. N. Engl. J. Med. 2021, 384, 1168–1170. [Google Scholar] [CrossRef]

	



Vaishnavi, A.; Le, A.T.; Doebele, R.C. TRKing Down an Old Oncogene in a New Era of Targeted Therapy. Cancer Discov. 2015, 5, 25–34. [Google Scholar] [CrossRef]

	



Merker, J.D.; Oxnard, G.R.; Compton, C.; Diehn, M.; Hurley, P.; Lazar, A.J.; Lindeman, N.; Lockwood, C.M.; Rai, A.J.; Schilsky, R.L.; et al. Circulating Tumor DNA Analysis in Patients with Cancer: American Society of Clinical Oncology and College of American Pathologists Joint Review. J. Clin. Oncol. 2018, 36, 1631–1641. [Google Scholar] [CrossRef]

	



Sunami, K.; Bando, H.; Yatabe, Y.; Naito, Y.; Takahashi, H.; Tsuchihara, K.; Toyooka, S.; Mimori, K.; Kohsaka, S.; Uetake, H.; et al. Appropriate Use of Cancer Comprehensive Genome Profiling Assay Using Circulating Tumor DNA. Cancer Sci. 2021, 112, 3911–3917. [Google Scholar] [CrossRef]

	



Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al. Detection of Circulating Tumor DNA in Early- and Late-Stage Human Malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [Google Scholar] [CrossRef]

	



Krimmel, J.D.; Schmitt, M.W.; Harrell, M.I.; Agnew, K.J.; Kennedy, S.R.; Emond, M.J.; Loeb, L.A.; Swisher, E.M.; Risques, R.A. Ultra-Deep Sequencing Detects Ovarian Cancer Cells in Peritoneal Fluid and Reveals Somatic TP53 Mutations in Noncancerous Tissues. Proc. Natl. Acad. Sci. USA 2016, 113, 6005–6010. [Google Scholar] [CrossRef]

	



Fernandez-Cuesta, L.; Perdomo, S.; Avogbe, P.H.; Leblay, N.; Delhomme, T.M.; Gaborieau, V.; Abedi-Ardekani, B.; Chanudet, E.; Olivier, M.; Zaridze, D.; et al. Identification of Circulating Tumor DNA for the Early Detection of Small-Cell Lung Cancer. EBioMedicine 2016, 10, 117–123. [Google Scholar] [CrossRef]

	



Jaiswal, S.; Fontanillas, P.; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.; Chavez, A.; et al. Age-Related Clonal Hematopoiesis Associated with Adverse Outcomes. N. Engl. J. Med. 2014, 371, 2488–2498. [Google Scholar] [CrossRef]

	



Genovese, G.; Kähler, A.K.; Handsaker, R.E.; Lindberg, J.; Rose, S.A.; Bakhoum, S.F.; Chambert, K.; Mick, E.; Neale, B.M.; Fromer, M.; et al. Clonal Hematopoiesis and Blood-Cancer Risk Inferred from Blood DNA Sequence. N. Engl. J. Med. 2014, 371, 2477–2487. [Google Scholar] [CrossRef] [PubMed]

	



Xie, M.; Lu, C.; Wang, J.; McLellan, M.D.; Johnson, K.J.; Wendl, M.C.; McMichael, J.F.; Schmidt, H.K.; Yellapantula, V.; Miller, C.A.; et al. Age-Related Mutations Associated with Clonal Hematopoietic Expansion and Malignancies. Nat. Med. 2014, 20, 1472–1478. [Google Scholar] [CrossRef] [PubMed]

	



Zill, O.A.; Greene, C.; Sebisanovic, D.; Siew, L.M.; Leng, J.; Vu, M.; Hendifar, A.E.; Wang, Z.; Atreya, C.E.; Kelley, R.K.; et al. Cell-Free DNA Next-Generation Sequencing in Pancreatobiliary Carcinomas. Cancer Discov. 2015, 5, 1040–1048. [Google Scholar] [CrossRef] [PubMed]

	



Willis, J.; Lefterova, M.I.; Artyomenko, A.; Kasi, P.M.; Nakamura, Y.; Mody, K.; Catenacci, D.V.T.; Fakih, M.; Barbacioru, C.; Zhao, J.; et al. Validation of Microsatellite Instability Detection Using a Comprehensive Plasma-Based Genotyping Panel. Clin. Cancer Res. 2019, 25, 7035–7045. [Google Scholar] [CrossRef]

	



Slavin, T.P.; Banks, K.C.; Chudova, D.; Oxnard, G.R.; Odegaard, J.I.; Nagy, R.J.; Tsang, K.W.K.; Neuhausen, S.L.; Gray, S.W.; Cristofanilli, M.; et al. Identification of Incidental Germline Mutations in Patients With Advanced Solid Tumors Who Underwent Cell-Free Circulating Tumor DNA Sequencing. JCO 2018, 36, 3459–3465. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Fujisawa, T.; Taniguchi, H.; Bando, H.; Okamoto, W.; Tsuchihara, K.; Yoshino, T.; Ohtsu, A. SCRUM-Japan GI-SCREEN and MONSTAR-SCREEN: Path to the Realization of Biomarker-guided Precision Oncology in Advanced Solid Tumors. Cancer Sci. 2021, 112, 4425–4432. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Taniguchi, H.; Ikeda, M.; Bando, H.; Kato, K.; Morizane, C.; Esaki, T.; Komatsu, Y.; Kawamoto, Y.; Takahashi, N.; et al. Clinical Utility of Circulating Tumor DNA Sequencing in Advanced Gastrointestinal Cancer: SCRUM-Japan GI-SCREEN and GOZILA Studies. Nat. Med. 2020, 26, 1859–1864. [Google Scholar] [CrossRef]

	



Zehir, A.; Benayed, R.; Shah, R.H.; Syed, A.; Middha, S.; Kim, H.R.; Srinivasan, P.; Gao, J.; Chakravarty, D.; Devlin, S.M.; et al. Mutational Landscape of Metastatic Cancer Revealed from Prospective Clinical Sequencing of 10,000 Patients. Nat. Med. 2017, 23, 703–713. [Google Scholar] [CrossRef]

	



Sunami, K.; Ichikawa, H.; Kubo, T.; Kato, M.; Fujiwara, Y.; Shimomura, A.; Koyama, T.; Kakishima, H.; Kitami, M.; Matsushita, H.; et al. Feasibility and Utility of a Panel Testing for 114 Cancer-associated Genes in a Clinical Setting: A Hospital-based Study. Cancer Sci. 2019, 110, 1480–1490. [Google Scholar] [CrossRef]

	



Sunami, K.; Naito, Y.; Aimono, E.; Amano, T.; Ennishi, D.; Kage, H.; Kanai, M.; Komine, K.; Koyama, T.; Maeda, T.; et al. The Initial Assessment of Expert Panel Performance in Core Hospitals for Cancer Genomic Medicine in Japan. Int. J. Clin. Oncol. 2021, 26, 443–449. [Google Scholar] [CrossRef]

	



Goyal, L.; Saha, S.K.; Liu, L.Y.; Siravegna, G.; Leshchiner, I.; Ahronian, L.G.; Lennerz, J.K.; Vu, P.; Deshpande, V.; Kambadakone, A.; et al. Polyclonal Secondary FGFR2 Mutations Drive Acquired Resistance to FGFR Inhibition in Patients with FGFR2 Fusion–Positive Cholangiocarcinoma. Cancer Discov. 2017, 7, 252–263. [Google Scholar] [CrossRef]

	



Goyal, L.; Shi, L.; Liu, L.Y.; Fece de la Cruz, F.; Lennerz, J.K.; Raghavan, S.; Leschiner, I.; Elagina, L.; Siravegna, G.; Ng, R.W.S.; et al. TAS-120 Overcomes Resistance to ATP-Competitive FGFR Inhibitors in Patients with FGFR2 Fusion–Positive Intrahepatic Cholangiocarcinoma. Cancer Discov. 2019, 9, 1064–1079. [Google Scholar] [CrossRef]

	



Nakanishi, Y.; Akiyama, N.; Tsukaguchi, T.; Fujii, T.; Sakata, K.; Sase, H.; Isobe, T.; Morikami, K.; Shindoh, H.; Mio, T.; et al. The Fibroblast Growth Factor Receptor Genetic Status as a Potential Predictor of the Sensitivity to CH5183284/Debio 1347, a Novel Selective FGFR Inhibitor. Mol. Cancer Ther. 2014, 13, 2547–2558. [Google Scholar] [CrossRef]

	



Hunter, F.W.; Barker, H.R.; Lipert, B.; Rothé, F.; Gebhart, G.; Piccart-Gebhart, M.J.; Sotiriou, C.; Jamieson, S.M.F. Mechanisms of Resistance to Trastuzumab Emtansine (T-DM1) in HER2-Positive Breast Cancer. Br. J. Cancer 2020, 122, 603–612. [Google Scholar] [CrossRef]

	



Ocaña, A.; Amir, E.; Pandiella, A. HER2 Heterogeneity and Resistance to Anti-HER2 Antibody-Drug Conjugates. Breast Cancer Res. 2020, 22, 15. [Google Scholar] [CrossRef]

	



Vernieri, C.; Milano, M.; Brambilla, M.; Mennitto, A.; Maggi, C.; Cona, M.S.; Prisciandaro, M.; Fabbroni, C.; Celio, L.; Mariani, G.; et al. Resistance Mechanisms to Anti-HER2 Therapies in HER2-Positive Breast Cancer: Current Knowledge, New Research Directions and Therapeutic Perspectives. Crit. Rev. Oncol. Hematol. 2019, 139, 53–66. [Google Scholar] [CrossRef]

	



Das Thakur, M.; Salangsang, F.; Landman, A.S.; Sellers, W.R.; Pryer, N.K.; Levesque, M.P.; Dummer, R.; McMahon, M.; Stuart, D.D. Modelling Vemurafenib Resistance in Melanoma Reveals a Strategy to Forestall Drug Resistance. Nature 2013, 494, 251–255. [Google Scholar] [CrossRef]

	



Poulikakos, P.I.; Persaud, Y.; Janakiraman, M.; Kong, X.; Ng, C.; Moriceau, G.; Shi, H.; Atefi, M.; Titz, B.; Gabay, M.T.; et al. RAF Inhibitor Resistance Is Mediated by Dimerization of Aberrantly Spliced BRAF(V600E). Nature 2011, 480, 387–390. [Google Scholar] [CrossRef]

	



Shi, H.; Hugo, W.; Kong, X.; Hong, A.; Koya, R.C.; Moriceau, G.; Chodon, T.; Guo, R.; Johnson, D.B.; Dahlman, K.B.; et al. Acquired Resistance and Clonal Evolution in Melanoma during BRAF Inhibitor Therapy. Cancer Discov. 2014, 4, 80–93. [Google Scholar] [CrossRef]

	



Domchek, S.M. Reversion Mutations with Clinical Use of PARP Inhibitors: Many Genes, Many Versions. Cancer Discov. 2017, 7, 937–939. [Google Scholar] [CrossRef]

	



Edwards, S.L.; Brough, R.; Lord, C.J.; Natrajan, R.; Vatcheva, R.; Levine, D.A.; Boyd, J.; Reis-Filho, J.S.; Ashworth, A. Resistance to Therapy Caused by Intragenic Deletion in BRCA2. Nature 2008, 451, 1111–1115. [Google Scholar] [CrossRef]

	



Sakai, W.; Swisher, E.M.; Karlan, B.Y.; Agarwal, M.K.; Higgins, J.; Friedman, C.; Villegas, E.; Jacquemont, C.; Farrugia, D.J.; Couch, F.J.; et al. Secondary Mutations as a Mechanism of Cisplatin Resistance in BRCA2-Mutated Cancers. Nature 2008, 451, 1116–1120. [Google Scholar] [CrossRef]

	



Drilon, A.; Nagasubramanian, R.; Blake, J.F.; Ku, N.; Tuch, B.B.; Ebata, K.; Smith, S.; Lauriault, V.; Kolakowski, G.R.; Brandhuber, B.J.; et al. A Next-Generation TRK Kinase Inhibitor Overcomes Acquired Resistance to Prior TRK Kinase Inhibition in Patients with TRK Fusion–Positive Solid Tumors. Cancer Discov. 2017, 7, 963–972. [Google Scholar] [CrossRef]

	



Drilon, A.; Ou, S.-H.I.; Cho, B.C.; Kim, D.-W.; Lee, J.; Lin, J.J.; Zhu, V.W.; Ahn, M.-J.; Camidge, D.R.; Nguyen, J.; et al. Repotrectinib (TPX-0005) Is a Next-Generation ROS1/TRK/ALK Inhibitor That Potently Inhibits ROS1/TRK/ALK Solvent- Front Mutations. Cancer Discov. 2018, 8, 1227–1236. [Google Scholar] [CrossRef]

	



Russo, M.; Misale, S.; Wei, G.; Siravegna, G.; Crisafulli, G.; Lazzari, L.; Corti, G.; Rospo, G.; Novara, L.; Mussolin, B.; et al. Acquired Resistance to the TRK Inhibitor Entrectinib in Colorectal Cancer. Cancer Discov. 2016, 6, 36–44. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Therapy-targeted gene alterations and clinical trial treatment results for hepatobiliary and pancreatic cancers.






Table 1. Therapy-targeted gene alterations and clinical trial treatment results for hepatobiliary and pancreatic cancers.





	
Cancer Type/Genes

	
Alterations

	
Prevalence

	
Drugs

	
Study

	
Efficacy




	
Biliary tract cancer (BTC)

	

	
[1]

	

	

	






	
IDH1

	
Mutations

	
IHCCA 16%

	
Ivosidenib

	
Phase3 ClarIDHy [8,9]

	
ORR 2% (3/124), DCR 53% (66/124),

☆ PFS 2.7 m (HR0.37), MST 10.3 m (HR 0.49)




	
FGFR2

	
Fusions

	
IHCCA 11%

	
Pemigatinib

Infigratinib

	
Phase2 FIGHT-202 [10]

Phase2 [11]

	
☆ ORR 36% (38/107), DCR 82% (88/107)

☆ ORR 19% (9/48), DCR 83% (40/48)




	
ERBB2

	
Amplification

	
GBCA 16%

EHCCA 11%

IHCCA 3%

	
Trastuzumab + Pertuzumab

T-DM1

	
Phase2a MyPathway [12]

Phase2 NCI-MATCH [13]

	
☆ ORR 29% (2/7), DCR 86% (6/7)

☆ ORR 0% (0/3), DCR 100% (3/3)




	
BRAFV600E

	
Mutations

	
5%

	
Dabrafenib + Trametinib

	
Phase2 ROAR [14]

	
☆ ORR 47% (20/43)




	
Pancreatic cancer (PDAC)

	

	

	

	

	




	
BRCA1/2

	
Mutations

	
6% [15]

	
Olaparib

	
Phase3 POLO [16]

	
ORR 23% (18/78), ☆ PFS 7.4 m (HR0.53),

MST 18.9 m (HR0.91)




	
KRASG12C

	
Mutations

	
1.7% [17]

	
Sotorasib

	
Phase1/2 CodeBreaK 100 [18]

	
ORR 9.1% (1/11), DCR 82% (9/11)




	
NRG1

	
Fusions

	
0.5% [19]

	
Zenocutuzumab

	
Phase1/2 eNRGy [20]

	
☆ ORR 42% (5/12), DCR 92% (11/12)




	
Hepatocellular carcinoma (HCC)

	

	

	

	

	




	
TERT

	
Mutations

	
50% [4,5]

	
-

	
-

	
-




	
TP53

	
Mutations

	
40% [4,5]

	
-

	
-

	
-




	
Wint/βcatenin signaling

pathway

	
Mutations

	
40–50% [21]

	
-

	
-

	
-








Abbreviations: BTC, biliary tract cancer; IHCCA, intrahepatic cholangiocarcinoma; GBCA, gallbladder cancer; EHCCA, extrahepatic cholangiocarcinoma; ORR, objective response rate; PFS, progression-free survival; MST, mean survival time; HR, hazard ratio; T-DM1, ado-trastuzumab emtancine; PDAC, pancreatic ductal adenocarcinoma; MSI-H, microsatellite instability-high; HCC, hepatocellular carcinoma; and M, months. ☆ Primary endpoint.
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Table 2. Tumor-agnostic biomarkers and treatment results for hepatobiliary and pancreatic cancers.
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MSI-H

	
TMB-H

	
NTRK






	
Alterations

	
Mutations of MLH1, MSH2, MSH6, PMS2

	
-

	
Fusions




	
Prevalence

Whole cancers

Hepatobiliary pancreatic

	
[52]

5%

Around 2%

	
[53]

13%

4%

	
[54]

0.26% (87/33997)

BTC 0.34% (2/787), PDAC 0.25% (5/1492)




	
Drugs

	
Pembrolizumab

	
Pembrolizumab

	
Larotrectinib

	
Entrectinib




	
Study

	
Phase 2 KEYNOTE-158

	
Phase 2 KEYNOTE-158

	
Integrated analysis of three phase 1/2

	
Integrated analysis of two phase 2 and one phase 1




	
Efficacy

Whole cancers

Hepatobiliary

	
[55]

☆ ORR 34.3% (80/233)

BTC 41% (9/22), PDAC 18% (4/22)

	
[56]

☆ ORR 29.4% (30/102)

no data

	
[57]

☆ ORR 79% (121/153)

ORR of BTC 50% (1/2); PDAC 50% (1/2)

	
[58]

☆ ORR 57 % (31/54)

ORR of BTC 100% (1/1); PDAC 67% (2/3)








Abbreviations: BTC, biliary tract cancer; ORR, objective response rate; PDAC, pancreatic ductal adenocarcinoma; and MSI-H, microsatellite instability-high. ☆ Primary endpoint.
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