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Abstract: The incidence and mortality of lung cancer rank top three of all cancers worldwide. Accounting for 85% of the total number of lung cancer, non-small cell lung cancer (NSCLC) is an important factor endangering human health. Recently, targeted therapies against driver mutations and epigenetic alterations have made encouraging advances that benefit NSCLC patients. Druggable driver mutations, which mainly occur in EGFR, KRAS, MET, HER2, ALK, ROS1, RET and BRAF, have been identified in more than a quarter of NSCLC patients. A series of highly selective mutant targeting inhibitors, such as EGFR tyrosine kinase inhibitors and KRAS inhibitors, have been well studied and applied in clinical treatments, which greatly promote the overall survival of NSCLC patients. However, drug resistance has become a major challenge for targeted treatment, and a variety of methods to overcome drug resistance are constantly being developed, including inhibitors against new mutants, combination therapy with other pathway inhibitors, etc. In addition, epigenetics-based therapy is emerging. Epigenetic regulators such as histone deacetylases and non-coding RNA play a crucial role in the development of cancer and drug resistance by affecting multiple signaling pathways. Epigenetics-based therapeutic strategies combined with targeted drugs show great clinical potential. Many agents targeting epigenetic changes are being investigated in preclinical studies, with some already under clinical trials. This article focuses on driver mutations and epigenetic alterations in association with relevant epidemiological data. We introduce the current status of targeted inhibitors and known drug resistance, review advances in major targeted therapies with recent data from preclinical and clinical trials, and discuss the possibility of combination therapy against driver mutations and epigenetic alterations in overcoming drug resistance.
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1  Introduction

Lung cancer is an important threat to human health. In China, in 2020, the number of new cases of lung cancer reached 0.82 million, and the number of lung cancer deaths reached 0.71 million; the incidence and mortality rate ranked first among all cancers, accounting for 17.9% and 23.8%, respectively [1]. In the United States, about 350 lung cancer deaths per day are projected to occur in 2022 [2]. As surveyed by the World Health Organization, in 2020, approximately 2.21 million people worldwide were diagnosed with lung cancer (11.4% of 19.29 million new cancer cases), and about 1.8 million people died of lung cancer (18% of 9.96 million cancer deaths) [3] (Fig. 1). Regardless of gender, lung cancer ranks among the top three most common cancers and cancer death causes, while men seem to suffer from a higher risk of lung cancer deaths since lung cancer is the most common cause of cancer deaths among men in 93 of 183 countries [2,4].
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Figure 1: Global data of new cases and deaths for 12 common cancers in 2020. Top 12 in new cases list are included. Source: GLOBOCAN 2020

Non-small cell lung cancer (NSCLC) accounts for 85% of lung cancer; accumulating studies have revealed diverse driver mutations as key causes and promising therapeutic targets for NSCLC. Over the past decades, many targeted drugs against driver mutations have been clinically applied and effectively prolonged progression-free survival (PFS), including inhibitors against EGFR, ALK, MET, BRAF, ROS1, HER2, KRAS, RET, etc. [5] (Table 1). In the United States, the incidence-based mortality of NSCLC patients continued to decline from 2006 to 2016, especially between 2013 and 2016 (during which targeted drugs were widely used), while the 2-year relative survival rate continued to rise from 34% in 2010 to 42% in 2015. Among men, the mortality rate decreased by 6.3% annually from 2013 to 2016; among women, it fell by 5.9% annually from 2014 to 2016 [6,7]. Ten years ago, the average survival time of NSCLC patients with EGFR-activating mutations was less than two years [8]; nowadays, the median PFS of these patients has been significantly improved to over three years with EGFR-TKIs (epidermal growth factor receptor tyrosine kinase inhibitors) [9]. However, these targeted drugs only benefit patients with specific mutations, and drug resistance occurs almost inevitably; in this regard, efforts to develop new targeted drugs and combination strategies never stop.
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Recent studies show that apart from driver mutations, epigenetic alterations also play a crucial role in the development of lung cancer. Aberrant DNA methylation, histone modification, nucleosome remodeling and changes in microRNA (miRNA) levels in vivo are closely related to the occurrence, proliferation and metastasis of tumour cells [7,10]. A variety of epigenetic drugs, including DNMT (DNA methylation transferase) inhibitors and HDAC (histone deacetylase) inhibitors, have shown good anti-cancer effects in preclinical studies and entered clinical trials [11,12]; preclinical data also indicates the therapeutic potentials of some non-coding RNAs [13]. Moreover, epigenetic drugs combined with classic targeted drugs show great potential in overcoming drug resistance [14]. In this article, we summarize recent advances in targeted drugs against driver mutations and epigenetic alterations in NSCLC treatment, focusing on noteworthy progress in preclinical and clinical studies of new drugs and exploration of combination therapy.

2  Common Druggable Driver Mutations in NSCLC

More than a quarter of NSCLC patients harbor druggable driver mutations. The frequency of driver mutations varies greatly among different populations. EGFR mutations occur in a much larger proportion in Asian (~46.5%) compared with Western NSCLC populations (~17.7%), while KRAS mutations show higher prevalence in Western (~26.0%) than in Asian NSCLC cases (~11.0%); no significant difference was observed regarding population distribution of mutated MET, RET, ROS1, etc. (Fig. 2A). EGFR mutation is one of the earliest oncogenic mutations studied. Seven targeted drugs against mutant EGFR have been approved, and the number of EGFR-targeting drugs in the clinical trial stage far exceeds that of the other mutations in NSCLC (Fig. 2B). Recent years have witnessed the rapid development of targeted drugs against other mutations, especially for the “undruggable” KRAS, with sotorasib being the first approved drug for the treatment of KRAS G12C mutant NSCLC in 2021 (Fig. 2B). Compared to cytotoxic chemotherapy, these targeted drugs have shown great advantages in improving PFS with reduced side effects. The response rate of targeted therapy for patients carrying EGFR, ALK, ROS1 and BRAF mutations ranges from 50% to 80%, and the overall survival (OS) is between 18 and 38.6 months [9,15]. Here, advances in targeted therapies against these oncogenic mutations are introduced (Fig. 2B; Table 1), with focus on the most frequent EGFR and KRAS mutations.
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Figure 2: Frequency of common oncogenic driver molecular alterations and relevant targeted drug development in NSCLC. (A) Incidences of oncogenic driver mutations in NSCLC; data extracted from the studies by Midha et al. [16], Harrison et al. [17], Friedlaender et al. [18], Adderley et al. [19], Awad et al. [20], Pillai et al. [21], Gainor et al. [22], Lin et al. [23], Cardarella et al. [24]. (B) Summary of drugs targeting the indicated common driver mutations under different drug development stages as of October 2022; clinical trial data was derived from ClinicalTrials.gov (https://clinicaltrials.gov/ct2/home), search terms include “NSCLC” and corresponding targets “EGFR”, “KRAS”, etc.

2.1 EGFR Mutations

EGFR-activating mutation occurs in 47% of Asian patients, 15% of European patients, 21% of African patients and has a higher mutation frequency in female patients [16]. Exon 19 deletion (EX19del) and exon 21 L858R mutation (L858R) are the main types of EGFR mutations, accounting for 47% and 41%, respectively. There are more than ten known rare mutations, including exon 19 insertion (EX19ins), exon 20 insertion (EX20ins), and point mutations S768I, L861Q, G719X, G709X [17,25].

So far, three generations of EGFR-TKIs have been approved for first-line treatment of NSCLC (Table 1), with favorable response rate (56%–83%) and progression-free survival (8.4–18.9 months) [26,27]. The first-generation EGFR-TKIs, such as gefitinib and erlotinib, are mainly used to treat EGFR EX19del and L858R mutant NSCLC by reversible interaction with tyrosine kinase [28]. Although the treatment showed a good positive clinical response (50%–80%), secondary drug resistance occurs after about one year, mostly caused by T790M mutation that was observed in ~60% of patients with acquired resistance [29–31]. The second-generation EGFR-TKIs are mainly irreversible ErbB family blockers, such as afatinib, dacomitinib and neratinib, which produce longer-lasting inhibitory effects than first-generation TKIs and more complete blockade of EGFR signaling pathway [32]. However, 40%–50% of patients treated with second-generation TKIs still develop drug resistance due to T790M mutation; and indiscriminate blockade of the EGFR signaling pathway may result in more severe side effects [33,34]. At present, represented by osimertinib, the third-generation EGFR-TKIs are in full bloom (Table 1) and mainly applied to treat NSCLC patients with T790M mutation-related secondary resistance [35]. These drugs selectively and irreversibly target EGFR L858R/EX19del/T790M mutations with about 200 times higher potency than targeting wild-type EGFR [36]. According to the AURA phase III clinical trial, the median PFS of osimertinib treatment was significantly higher than that of platinum plus pemetrexed therapy (10.1 vs. 4.4 months; HR, 0.30; 95% CI, 0.23–0.41; p < 0.001) in patients with T790M-positive NSCLC after first-generation EGFR-TKIs treatment [37]. When applied as first-line treatment, osimertinib compared with first-generation EGFR-TKIs significantly prolonged PFS (18.9 vs. 10.2 months; HR, 0.80; 95% CI, 0.37–0.57; p < 0.001) in patients with EGFR EX19del/L858R mutations [9,38]. Moreover, third-generation EGFR-TKIs also exhibited lower epithelial toxicity, with fewer adverse events of grade 3 or higher in osimertinib group vs. the second-generation EGFR-TKI group (40% vs. 48%) [39,40].

Currently, resistance mutations to third-generation drugs, bypass activations and some rare undruggable point mutations remain challenges for treating EGFR-mutant NSCLC; fourth-generation EGFR-TKIs and new therapeutic strategies are thus developed [41]. The mechanisms of resistance to third-generation EGFR-TKI treatment are heterogeneous. C797X, a point mutation at position 797 in exon 20 that is covalently linked to osimertinib, occurs in 22%–25% of T790M-positive patients treated with osimertinib, but is found in only 2% of patients treated with another third-generation EGFR-TKI rociletinib [42,43]. C797S is the main type of C797X mutation. Among osimertinib-treated patients with C797X mutations, the prevalence is 82% for C797S/T790M mutations in cis and 10% for C797S/T790M mutations in trans [44]. Interestingly, when C797S and T790M are mutated in trans but not in cis, lung cancer cells with ternary mutations (EGFR-activating mutation/T790M/C797S) retain sensitivity to first- and second-generation EGFR-TKIs [44,45]. In addition, cells with EGFR-activating mutation/C797S are sensitive to the first- and second-generation EGFR-TKIs [44]. Therefore, different generations of EGFR-TKIs can be combined to overcome resistance [41]. Meanwhile, allosteric drug designs for C797X mutation are ongoing [46]. An allosteric small-molecule inhibitor, JBJ-04-125-02 showed high inhibitory activity and low toxicity against EGFR L858R/T790M/C797S mutation [47,48]. BI-4020, a non-covalent triple mutant EGFR targeting inhibitor, effectively induced EGFR EX19del/T790M/C797S mutant tumour regression in a mouse xenograft model [49]. A growing number of fourth-generation EGFR-TKIs against C797X are in clinical trials (Table 1). In addition to the frequent C797X mutation, other causes of third-generation EGFR-TKI resistance include EGFR mutations like L718Q/V (4%), L792H (2%) and G796S (1%), other alterations like MET amplification (20%) and HER2 amplification (10%), as well as aberrant activation of RAS-MAPK pathway, PI3K pathway, etc. [50,51]. Studies have shown that the combination of MET inhibitors (such as crizotinib) and osimertinib overcame drug resistance in osimertinib-resistant EGFR-mutant NSCLC cell lines with MET amplification, suggesting that simultaneous targeting MET and EGFR may be an effective strategy [51]. The combination of anti-VEGF (vascular endothelial growth factor) therapy and EGFR-TKIs is also proposed as a promising strategy, yet further assessment is warranted because the combination of different anti-VEGF strategies and different generations of EGFR-TKIs had different outcomes. The PFS of erlotinib plus ramucirumab (a VEGFR2 inhibitor) group was superior to that of erlotinib plus placebo group in a phase III trial (median PFS: 19.4 vs. 12.4 months; HR, 0.59; p < 0.001) [52]. In 2020, ramutuzumab combined with erlotinib was approved for first-line treatment of NSCLC [25]. However, for NSCLC patients with acquired T790M mutations after failure on previous EGFR-TKI therapy, bevacizumab (a VEGF inhibitor) combined with osimertinib did not improve median PFS compared to osimertinib alone (15.4 vs. 12.3 months, stratified log-rank P = 0.83; HR, 0.96; 95% CI, 0.68–1.37), with a similar ORR (objective response rate) of 55% in both groups [25,53].

Efforts have also been made to develop EGFR-TKIs targeting rare EGFR mutations, such as EX20ins mutation which accounts for 4%–9% of EGFR mutations [54]. A phase II trial of mobocertinib, a TKI targeting both EGFR EX20ins and HER2 EX20ins, showed a confirmed ORR of 43% and a median PFS of 7.3 months [54]. Poziotinib as an irreversible pan-HER inhibitor inhibited the growth of EGFR EX20ins mutant cells with approximately ~100 times higher potency than osimertinib; however, it showed obvious toxic side effects in a phase II trial during which 60% of patients experienced grade 3 toxicity and 45% required dose reduction [55]. The preliminary efficacy of another inhibitor CLN-081 is being evaluated in a multi-center phase I–II study among NSCLC cases harboring EGFR EX20ins (NCT04036682). Moreover, amivantamab have been approved in 2021 for the treatment of locally advanced or metastatic NSCLC adult patients with EGFR EX20ins mutation [56] (Table 1) .

2.2 KRAS Mutations

KRAS (Kirsten rat sarcoma oncogene homologue) mutation as another frequent driver mutation occurs in 20%–25% of NSCLC patients, with a higher incidence in Western populations than in Asian populations (26% vs. 11%) [18,19] (Fig. 2A). KRAS mutation frequency is closely related to smoking, ranging from 25% to 35% in smokers and 5% in non-smokers [57]. Of all KRAS mutations, 83% were located at codon 12 and 14% at codon 13; G12C is the most common alteration at codon 12 (41%), followed by G12V (22%) and G12D (16%) [58–60].

KRAS is a membrane-regulatory small guanine nucleoside bound protein (G protein), which has a smooth surface and lacks binding pockets, making it difficult to target. Belonging to the guanosine triphosphatase (GTPase) family, KRAS exists in two different states (GDP binding-inactivation state, GTP binding-activation state). The high concentration of GTP in vivo and the high affinity of GTP to KRAS are also difficulties in developing competitive inhibitors for KRAS [61,62]. Therefore, indirect strategies are adopted, with focus on reducing KRAS expression, blocking the membrane position of KRAS, interfering with the signal transduction of KRAS; however, none of these efforts has achieved clinical application [63]. For example, salirasib, as a farnesyltransferase inhibitor, inhibited the modification of KRAS protein to hinder its binding to the membrane but showed insufficient therapeutic activity in phase II clinical trials [64].

The emergence of small molecules directly targeting KRAS mutants changed this situation. KRAS G12C mutant has a binding pocket near the 12th cysteine residue when binding to GDP in an inactivation state, which can be utilized for drug design to stabilize this inactivation state [65,66]. This notion led to the development of sotorasib (AMG-510) [67]. NSCLC patients treated with sotorasib showed ORR of 37.1% (95% CI, 28.6–46.2), DCR (disease control rate) of 80.6% (95% CI, 72.6–87.2), and median PFS of 6.8 months (95% CI, 5.1–8.2); moreover, the drug has a tolerable safety profile: 19.8% of patients experienced grade 3 adverse events, and 0.8% experienced grade 4 adverse events [68]. In 2021, sotorasib was approved for the treatment of NSCLC patients with KRAS G12C mutation who have undergone at least one systemic treatment [69]. Patients treated with another oral KRAS G12C inhibitor adagrasib (MRTX849) showed ORR of 42.9%, DCR of 79.5%, median DOR (duration of response) of 8.5 months and median PFS of 6.5 months in phase I/II trial (NCT03785249) [70,71]. Recently, PROTACs (proteolytic targeting chimeras) comprising of ligands targeting proteins of interest, E3 ligase recruiting elements and linkers, show game-changing potential in treating cancers driven by mutant proteins without deep binding pockets via selectively mediating ubiquitin-proteasome degradation of target proteins [72]. LC-2, the first-in-class endogenous KRAS G12C degrader, combines adagrasib warhead and a E3 ligase ligand VHL to form a ternary complex with KRAS G12C and induce proteasome degradation [73]. Another example is KRAS G12C degrader YF135, which induces VHL-mediated KRAS G12C degradation and attenuates pERK signaling in a reversible manner [74]. In addition, KRAS G12D inhibitors achieved a breakthrough recently. The first non-covalent selective KRAS G12D inhibitor MRTX1133 showed a 1000-fold higher potency against KRAS mutants than wild-type KRAS in vivo [75]. It is also demonstrated that selective targeting of KRAS G12D can be achieved by cyclic peptides in the GTP-bound state, suggesting that peptides may be an option for targeting KRAS G12D beyond small chemical molecules [76]. Currently, inhibitors of KRAS G12V and other KRAS mutations have not been reported.

In clinical practice, poor clinical efficacy occurred in 50%–60% of patients receiving KRAS inhibitors. A possible reason is that some KRAS mutant cells have low KRAS dependency, due to the activation of other pathways, such as AKT and mTORC1 pathways, that lead to intrinsic resistance; while the investigation is warranted to further interpret the mechanism [77]. Acquired resistance to KRAS inhibitors also occurs, possibly due to abnormal compensatory activation of bypass pathways [78]. The reactivation of the adaptive KRAS feedback pathway is mediated by multiple RTKs (receptor tyrosine kinases) after treatment with sotorasib and another KRAS G12C inhibitor ARS-1620, while SHP2 inhibitor can serve as a blocker of multiple RTK signal transduction to suppress KRAS feedback pathway and be applied with KRAS G12C inhibitor in combination [79]. Activation of PI3K pathway is also responsible for acquired resistance to KRAS G12C inhibitor by promoting epithelial-mesenchymal transition (EMT) [80]. Additionally, treating KRAS G12C mutant cells with sotorasib and adagrasib, respectively resulted in totally 142 resistant clones, of which 124 (87%) harbored secondary KRAS mutations. In sotorasib resistant clones, KRAS G13D was the most common secondary mutation (23%), followed by R68M (21.2%) and A59S (21.2%). In adagrasib resistant clones, KRAS Q99L was the most common secondary mutation (52.8%), followed by Y96D (15.3%) and R68S (13.9%) [69,81]. Acquired resistance to KRAS G12C inhibitors and underlying mechanisms have received great attention nowadays and has been systematically reviewed [82–84].

To overcome drug resistance and maximize the potential of KRAS inhibitors, multiple combination strategies are designed. As mentioned above, the combination of KRAS inhibitors and SHP2 inhibitors showed stronger efficacy. Co-treatment of ARS-1620 and a SHP2 inhibitor SHP-099, compared to mono treatment, led to a more significant reduction of tumour volume in vivo; the combination of adagrasib and another SHP2 inhibitor RMC-4550 also showed higher anti-tumour activity in adagrasib-resistant cells [80,85]. The therapeutic effect of combining KRAS G12C inhibitors with SHP2 inhibitors is under evaluation in ongoing clinical trials (NCT04330664 and NCT04185883). Combined use of KRAS inhibitors and inhibitors targeting SOS1 (another common downstream effector in multiple RTK signaling pathways), such as BAY293, have shown synergistic anti-tumour effects [86]. The combination of KRAS inhibitors with tumour metabolism therapy or immune therapy is also of great concern [63].

2.3 MET Mutations

Mesenchymal-epithelial transition (MET) encoded by MET proto-oncogene is a tyrosine kinase receptor that binds to hepatocyte growth factor (HGF). MET gene amplification and exon 14 skipping (EX14ski) are main categories of MET mutations. Mutations in MET exon 14 are found in about 3% of NSCLC patients. Importantly, MET amplification is significantly increased in patients with EGFR-TKI resistance, accounting for 5%–20% of patients with first-generation TKI resistance and up to 25% of patients with third-generation TKI resistance [20,51]. MET mutations and amplification cause activation of a series of pathways, including RAS, ERK/MAPK, PI3K/AKT, Wnt/beta-catenin, JAK/STAT pathway, thereby promoting the proliferation and migration of cancer cells [87]. Currently, several MET inhibitors have been approved. Capmatinib, a highly selective oral MET inhibitor, was approved in 2020 for the treatment of metastatic NSCLC patients harboring MET EX14ski. Patients treated with capmatinib showed ORR of 41% (95% CI, 29–53) and DOR of 9.7 months (95% CI, 5.5–13.0) [88]. Another MET EX14ski inhibitor tepotinib received FDA approval in 2021, with ORR of 54.4%, median DOR of 18.5 months, median PFS of 12.1 months, and median OS of 20.4 months [89,90]. Other MET targeting drugs in clinical practice include savolitinib, which is applied for the treatment of metastatic NSCLC carrying MET EX14ski mutation who progresses after chemotherapy or cannot tolerate platinum-based chemotherapy; and amivantamab, a bispecific monoclonal antibody targeting EGFR and MET, is recently approved for treating NSCLC patients with EGFR EX20ins mutation, and its effect on those with MET amplification warrants further evaluation [91,92]. In addition, different types of MET inhibitors are under development worldwide, including chemicals, monoclonal antibodies, polyclonal antibodies, and ADCs (antibody-drug conjugates), among which glumetinib (NCT05507294), telisotuzumab vedotin (NCT03539536), Gb263T (NCT05332574), MCLA-129 (NCT04868877) have entered clinical trials (Table 1).

2.4 HER2 Mutations

Human epidermal growth factor receptor 2 (HER2; eRBB2) is a member of the tyrosine kinase receptor family, which also includes EGFR, HER1, HER3 and HER4 [93]. HER2 mutations occur in about 2%–4% of NSCLC cases, the most common of which is exon 20 insertion mutation; other point mutations have also been reported, including G776C, L755S, etc. HER2 amplification, as previously described as a mechanism of EGFR-TKI resistance, occurs in approximately 3% of patients who have not been treated with EGFR-TKIs, with a significant increase of incidence (approximately 10%) among patients with EGFR-TKI resistance [21,94,95]. In 2022, enhertu became the first drug approved by the FDA for NSCLC with HER2 mutation. According to data from its phase II trial (NCT03505710), the median DOR was 9.3 months (95% CI, 5.7–14.7), median PFS was 8.2 months (95% CI, 6.0–11.9), and median OS was 17.8 months (95% CI, 13.8–22.1) [96,97]. In addition, another HER2 inhibitor XMT-1522, an auristatin-derivative molecule conjugated to a novel compound dolaflexin, was well tolerated in a phase I trial and showed early signs of anti-tumour activity with DCR of 83%, partial remission of 17% and stable disease of 67% [15]. Current clinical trials about HER2-targeting ADCs are overall encouraging, bringing hope for the NSCLC patients with HER2 mutations and those with acquired HER2-related TKI resistance [98].

2.5 ALK Fusions/Rearrangements

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase receptor, and its rearrangement is reported in 3%–7% of global NSCLC cases [22]. Echinoderm microtubule-associated protein-like 4 (EML4) is ALK’s most common fusion partner. In addition, there are at least 20 other fusion genes, such as TGF-ALK, KIF5B-ALK, and STRN-ALK [99]. Crizotinib was the first ALK-TKI drug approved as a second-line treatment for ALK-positive NSCLC in 2011 and approved by European Medicines Agency to be applied in first-line NSCLC treatment in 2015. The second-generation ALK-TKI drugs alectinib, ceritinib, brigatinib, and ensatinib achieve greater curative effects, yet acquired resistance and recurrence are inevitable [100]. ALK mutation is a common cause for ALK-TKI resistance; frequently seen resistant mutations to crizotinib include L1196M, G1269A, C1156Y, G1202R, I1171T/N/S, S1206C/Y, E1210K, L1152P/R, V11180L, I1151T, G1128A, and F1174V [101]. The most known ALK G1202R mutation occurred in 21%, 29% and 43% of patients resistant to treatment of ceritinib, alectinib, and brigatinib [102]. A noteworthy fact is that patients carrying ALK-rearranged NSCLC with a prior history of ALK inhibitors have a high incidence (45%–70%) of central nervous system (CNS) metastases, indicating that brain metastasis is a common failed form of ALK targeted therapy [103]. Compared with second-generation inhibitors, third-generation ALK-TKI lorlatinib is designed to overcome known secondary resistance mutations in the ALK tyrosine kinase domain and to penetrate the CNS [104]. Preclinical studies demonstrate that lorlatinib is effective against most known single ALK-resistant mutations, including the highly refractory ALK G1202R [104,105]. Consistently, in a phase II study, lorlatinib showed beneficial activity in patients treated with first- or second-generation ALK inhibitors [106].

2.6 ROS1 Fusions/Rearrangements

The ROS1 gene belongs to the subfamilies of tyrosine-kinase insulin-receptor genes. ROS1 fusions produce defective genes that act as tumour drivers, leading to excessive proliferation of tumour cells. ROS1 fusions occur in about 1%–2% of NSCLC patients [23]. This change is most common in patients with NSCLC who have adenocarcinoma and are also negative for ALK, KRAS, and EGFR mutations. The kinase domains of ROS1 and ALK share about 70% homology. Crizotinib, which is approved for the ALK-positive NSCLC, is also an inhibitor of ROS1 and improves survival in NSCLC patients with ROS1 fusions [107]; in 2016, Crizotinib was approved for the treatment of ROS1-positive NSCLC. Ceritinib, a second-generation ALK inhibitor, also benefit patients with ROS1-positive NSCLC [108]. In 2019, entrectinib that targets ROS1 and ALK was approved for adults with metastatic ROS1-positive NSCLC [109]. Entrectinib can pass through the blood-brain barrier and is clinically proven effective against primary and metastatic brain diseases [110]. Moreover, preclinical studies suggested that the third-generation ALK-TKI lorlatinib can effectively inhibit ROS1 mutants [111]. Acquired resistance to ROS1-TKIs can be mediated by secondary mutations within the ROS1 kinase domain (E1935G, L1947R, L1951R, G1971E, L1982F, S1986F/Y, L2026M, G2032R, D2033N, C2060G, V2098I and L2155S and L2086F), or by activation of alternative signaling pathways (KRAS, NRAS, EGFR, HER2, MET, BRAF and MEK) [112]. ROS1 G2032R, the most common resistance substitution found in approximately one-third of the cases, is highly resistant to crizotinib as well as entrectinib and lorlatinib [113]. A new selective ROS1 inhibitor DS-6051b may overcome G2032R drug resistance as demonstrated in a preclinical study [114].

2.7 RET Fusions/Rearrangements

The RET gene is located on human chromosome 10 and encodes a single-pass transmembrane RTK. RET fusion, as an independent oncogenic driver, occurs in 1%–2% of NSCLC. Chromosomal fusions between the RET gene and its fusion partners lead to RET overexpression [115]. The most common gene fusion partners are KIF5B and CCDC6, accounting for about 70%–90% and 10%–25% of RET-positive cases, respectively. The chimeric fusion proteins can activate the ligand-independent activation of RET and promote the growth and survival of cancer cells [116]. Recently, the development of highly selective RET inhibitors, such as an oral small-molecule inhibitor selpercatinib (LOXO-292), has greatly improved the outcome of RET fusion-positive NSCLC patients [117,118]. Selpercatinib actively against not only RET fusions (KIF5B-RET, CCDC6-RET, etc.) but also some RET-activating point mutations (V804L, V804M, and M918T) [119]. The ORR of selpercatinib treatment was 64% (95% CI, 54–73) in RET fusion-positive NSCLC patients who previously received at least platinum-based chemotherapy and was 85% (95% CI, 70–94) in those untreated [120]. Moreover, another approved highly selective RET inhibitor pralsetinib (BLU-667) was able to overcome acquired resistance to EGFR-TKIs, including osimertinib, according to data from cell studies and the clinic [121].

2.8 BRAF Mutations

BRAF is a cytosolic serine/threonine kinase belonging to the RAF kinase family, serving as an important step of signal transmission from the cell surface to the nucleus after EGFR activation [122]. As a part of MAPK pathway, BRAF is involved in cell growth, proliferation, survival, and differentiation [123]. BRAF mutations occur in 1.5%–3.5% of NSCLC cases. BRAF-activating mutations are divided into BRAF V600E and BRAF non-V600E mutation; the former accounts for more than 50% of BRAF mutated NSCLC cases [124] and appears more common in female patients with lung adenocarcinoma, while the latter is more common in smokers [24,125]. The PFS of NSCLC patients with BRAF V600E mutation is shorter than those without [126]. Inhibitors have been developed to specifically bind to the ATP binding pocket of mutant BRAF, especially BRAF V600E, such as vemurafenib or dabrafenib [127]. Vemurafenib was the first MAPK inhibitor tested in BRAF mutant lung cancer. however, resistance eventually develops, mostly due to MAPK pathway reactivation [128]. Combined use of MEK inhibitors such as binimetinib can maximally block MAPK pathway and delay the emergence of drug resistance. In 2017, a combination therapy of dabrafenib and a MEK inhibitor trametinib received FDA approval for the treatment of metastatic NSCLC carrying BRAF V600E mutation [129]. In addition, cancer cells carrying BRAF V600E showed resistance to osimertinib, while a BRAF V600E inhibitor encorafetnib restored osimertinib sensitivity, suggesting its potential to promote the therapeutic effect of the third-generation EGFR-TKIs [130].

3  Epigenetic Targets in NSCLC

Cancer was considered a genetic disease, while recent studies reveal epigenetic alterations are also important participants in cancer development [160–162]. Epigenetic alterations, as the main cause of transcriptional heterogeneity, lead to changes in the expression of key oncogenes and tumour suppressor genes and thus affect multiple signaling pathways [160,163–165]. Epigenetic regulation mainly includes DNA methylation, histone modification, non-coding RNA regulation and chromatin remodeling [166,167]. Various inhibitors targeting epigenetic alterations are being investigated and some of them entered clinical trials (Tables 2 and 3). Studies also suggest that epigenetic changes contribute to initial response heterogeneity and acquired drug resistance of driver mutation targeting therapy in NSCLC patients [168–171]. Therefore, it is of great clinical significance to consider epigenetic network targets for NSCLC treatment [172].
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3.1 DNA Methylation

DNA methylation mainly occurs in CpG dinucleotides (concentrated in high-density regions called CpG islands), which inhibits the binding of RNase to gene fragments and thereby silences related genes [172,173]. DNA methyltransferases (such as DNMT1, DNMT3A and DNMT3B) and DNA demethylases (such as TET1, TET2 and TET3) are mainly responsible for the regulation of DNA methylation [168,174]. The functions of DNMT members in NSCLC vary; DNMT1 knockdown inhibits the growth of lung cancer cells in vitro and in vivo, whereas low expression of DNMT3A is associated with poor prognosis, and knockout of DNMT3A in Kras mutant mouse models promotes tumour growth and progression [175,176]. DNMT inhibitors, including azacitidine and decitabine, have not shown obvious efficacy on NSCLC in early clinical trials. However recent preclinical studies demonstrated that they could restore cancer cell sensitivity to EGFR-TKIs. Combined treatment of azacitidine and gefitinib lead to growth inhibition and apoptosis of drug-resistant cancer cells [177,178]. Loss-of-function mutations of TET can promote cancer development, and these mutations often co-occur with oncogenic KRAS mutations. In a Kras G12D NSCLC mouse model, deletion of TET promoted tumour development by up-regulating Wnt signaling pathway [179]. In addition, gefitinib repressed TET1 through the C/EBPα transcription factor, and knockdown of TET1 resulted in resistance to gefitinib. TET1 expression was also lower in gefitinib-resistant patients than in sensitive patients [180]. More recently, a correlation between DNA methylation and EGFR-TKI response was found in 79 patients with NSCLC. Transcription factor enrichment analysis showed that the hypermethylation in the enhancer region of HOXB9 mainly occurred in patients with poor EGFR-TKI response [181]. Although some agents targeting DNA methylation are under clinical trial (Table 2), more trials are warranted to further evaluate whether inhibition of DNA methylation can be applied to fight against EGFR-TKI resistance. Moreover, challenges remain in dealing with the low specificity and high side effects of DNA methylation drugs. These drugs can be a double-edged sword, up-regulating tumour suppressor genes while also activating proto-oncogenes [182]. Preclinical studies demonstrated that combination therapy could help overcome this limitation by countering the dependency on the activated oncogene or synergistically strengthening tumour-suppressing effect. For example, upregulation of oncofetal protein SALL4 was induced in SALL4-negative cancer cells treated with azacytidine, while this also provides a vulnerability to entinostat, which can suppress SALL4; azacytidine in combination with entinostat significantly repressed tumour growth [183]. Combination of azacytidine with histone deacetylase inhibitors also exhibited a robust anti-tumour effect in NSCLC cells and mouse models by reversing tumour immune evasion [184]. Appropriate dosage is also important for using DNA methylation drugs in clinical practice since adverse events caused by high doses were observed in earlier clinical trials [11,172].

3.2 Histone Modifications

Histones are key components of chromatin, and their post-translational modification plays a crucial role in regulating gene expression and developing lung cancer [185,186]. Chromatin modification enzymes are classified into histone methyltransferases (HMTs), histone demethylasehistone (HDMs), histone acetyltransferases (HATs) and histone deacetylases (HDACs) [187,188]. HMTs play a key role in many cellular processes and are typically dysregulated in cancer, with diverse consequences. One of the most well-studied HMTs in NSCLC is EZH2. Overexpression of EZH2 promotes lung cancer progression through multiple signaling pathways, including VEGF-A, AKT, E2F/Rb and TGF-β, which are also associated with resistance to chemotherapy and poor survival [189,190]. EZH2 inhibitors such as JQEZ5 and GSK126 showed anti-tumour effects against NSCLC in preclinical studies, yet further evaluation in clinical trials is warranted [191,192]. In contrast, the absence of another HMT called SETD2 leads to accelerated tumour progression in a Kras G12D NSCLC mouse model [193]. These contrary results indicate heterogeneous roles of HMTs in NSCLC development. In addition, a histone lysine methyltransferase SMYD3 is up-regulated in Ras-driven lung cancer cells. It enhances the activation of Ras/Raf/MEK/ERK signaling module through methylating a non-histone protein MAP3K2, suggesting the potential of epigenetic regulators as a therapeutic target for NSCLC patients with KRAS inhibitor resistance [194].

Inhibition of HDACs alone lacks specific efficacy in clinical trials, but its combination with targeted drugs has great potential in overcoming TKI resistance. HDAC inhibitors help to overcome EGFR-TKI resistance by suppressing EMT [12,195] and inhibiting the self-renewal of cancer stem cells [196]. Preclinical studies have shown that vorinostat, which selectively inhibits HDAC3, increases EGFR-mutant cellular sensitivity to osimertinib in vitro and in vivo [197]. Moreover, vorinostat combined with ALK-TKI brigatinib showed more potent anti-tumour activity in lung adenocarcinoma cells carrying EGFR L858R/T790M/C797S mutations [198]. In a phase II trial, patients with high E-cadherin levels treated with erlotinib combined with an HDAC inhibitor entinostat had longer OS than those treated with erlotinib alone (9.4 vs. 5.4 months) [199]. More combination therapies, including HDAC inhibitors and EGFR-TKIs (NCT02151721, NCT02520778), HDAC inhibitors and DNMT inhibitors (NCT00387465) are under clinical trials, providing ideas for overcoming targeted resistance and enhancing TKI efficacy in NSCLC [7] (Table 2). In addition, dual inhibitors against driver mutations and HDAC are being developed. Compound 9E, a dual inhibitor based on osimertinib and vorinostat, showed superior antiproliferative activity against several tumour cell lines [200].

Similar to DNA methylation, the adverse reactions of HDAC inhibitors also raised broad concern. The use of nanocarrier technologies (such as polymeric nanoparticles, PEG-coated nanoparticles, and colloid carrier systems) can deliver HDAC inhibitors with enhanced solubility, tumour specificity and less toxicity [201,202]. Developing HDAC inhibitors with higher tumour selectivity, exploring proper timing for administration, and identifying predictive biomarkers to better select patients will also be helpful in improving HDAC-based therapy [12].

3.3 Non-Coding RNA

Non-coding RNAs are involved in the occurrence and development of lung cancer. They are closely related to targeted therapy resistance, among which microRNAs (miRNAs), long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) have been most widely studied [170,212,213]. Although most studies are preclinical, emerging positive results suggest non-coding RNAs as potential therapeutic targets for NSCLC (Table 3). MiRNAs typically consist of 18–25 nucleotides that target RNA to regulate gene expression. Their contribution to TKI resistance involves multiple signaling pathways (such as PI3K/AKT/mTOR pathway) and EMT process [214]. For example, miR-483-3p can induce EMT and produce resistance to gefitinib through methylation of its own promoter [215]. In both univariate and multivariate analyses, gefitinib was associated with a significant improvement in OS in NSCLC patients with reduced miR-21 expression, suggesting targeting specific miRNA may promote response to EGFR-TKI [216]. Moreover, miRNAs are also involved in chemotherapy or radiotherapy resistance. After radiotherapy, NRF2-induced up-regulation of miR-140 transcription plays an important role in obtaining radiation protection [217].

LncRNA is non-coding RNA with a length >200 bp, which is a major regulator of gene expression [212]. LncRNA can interact with miRNA and affect the proliferation, invasion and metastasis of NSCLC cells [218]. LncRNA XLOC_008466 is highly expressed in patients with NSCLC and binds to miR-874 to down-regulate its level and increase miR-874 downstream target expression to promote cancer cell proliferation and invasion [219]. A tumour suppressor lncRNA SNHG10 can significantly reduce the miRNA-21 level and is positively associated with better survival and prognosis [220]. LncRNA can also interact with various signaling pathways such as Wnt, STAT3, PTEN/PI3K/AKT pathways, as well as histone modifiers like EZH2 [212]. For example, lncRNA CBR3-AS1 promotes migration and invasion of lung adenocarcinoma cells by activating Wnt/β-catenin signaling pathway [221]. Another LncRNA, TSLNC8, significantly enhanced the anti-tumour effect of osimertinib by inhibiting the EGFR-STAT3 signaling pathway [222]. LncRNA CASC9 repressed tumour suppressor DUSP1 by recruiting EZH2, thereby promoting gefitinib resistance in vitro and in vivo [100]. Moreover, the expression of LncRNA H19 is increased in gefitinib-resistant cells, and it can be transferred to non-resistant cells through exosomes to “spread” drug resistance [223]. Numerous preclinical studies (Table 3) suggested the potential of lncRNA in suppressing cancer progression and the occurrence of drug resistance, while current clinical trials of lncRNA-based therapies for NSCLC remain rare.

CircRNAs are a kind of non-coding RNAs with a stable covalent closed loop structure, with recently reported involvement in lung cancer development [224]. The production of some circRNAs is closely related to the oncogene fusion gene. F-circEA-2a, a novel circRNA produced by the EML4-ALK fusion gene, promotes the migration and invasion of cancer cells in EML4-ALK positive NSCLC [225]. An important function of circRNAs is to act as miRNA sponges to interact with miRNAs, forming a circRNA-miRNA-mRNA regulatory axis in lung cancer that regulates related gene expression [226,227]. CiR-7 interacts with miR-7 and down-regulates miR-7 level, thus promoting lung cancer cell proliferation, migration and invasion by upregulating genes such as NF-κB, EGRF, CCNE1, PIK3CD, etc. [228,229]. In addition, a recent study has shown that circRNA is associated with drug resistance. The up-regulation of hsa_circ_0004015 significantly increased cellular resistance to gefitinib, while its down-regulation decreased gefitinib IC50 in resistant cancer cells, mechanistically via a hsa_circ_0004015/miR-1183/PDPK1 axis [230]. More agents targeting circRNAs are summarized in Table 3.

4  Discussion

The emergence and rapid development of targeted therapy in NSCLC treatment reflect the progress of precision oncology. Compared with traditional chemotherapy, targeted drugs have higher selectivity and better safety and greatly prolong the median survival of lung cancer patients. However, limited patients with specific mutations can be benefited; some well-known mutants like KRAS G12V and KRAS G13D and various rare mutants still lack long-term effective inhibitors. Moreover, drug resistance is always inevitable. Identifying new targets, understanding drug resistance mechanisms and developing new drugs or combination therapy strategies are crucial to benefit broader patients.

Emerging targetable epigenetic alterations provides new ideas for managing lung cancer and overcoming drug resistance. Accumulating preclinical studies have revealed its important role in the occurrence and development of lung cancer and the mechanism of drug resistance, suggesting broad application prospects. However, epigenetic therapy for NSCLC is still in its infancy; the mechanism of complex epigenetic networks in lung cancer remains unclear. Drugs targeting epigenetic alterations have not achieved satisfactory results in NSCLC clinical trials so far. Current problems in epigenetic targeting strategies must be solved, including relatively low specificity and sometimes two-edged effects of inhibitors targeting epigenetic regulations, including histone modification and DNA methylation. Developing inhibitors and drug delivery strategy with higher specificity and efficiency is warranted. Combination therapy is also a way to enhance the tumour-suppressing impact of epigenetic inhibitors while reducing/avoiding the impact of reactivated oncogenes. In addition, studies on identifying cohorts with higher sensitivity and determining appropriate doses are necessary to facilitate the application of epigenetic target-based treatment in clinical practice [11,172].

As technology advances and understanding deepens, deadlocks in targeted therapy are broken through one by one. Previously unidentified numerous and miscellaneous rare mutations have been identified nowadays in various stages of treatment, such as EGFR rare point mutations S768I, L861Q, G719X, G709X and rare secondary point mutations C797X, L718Q/V, L792H, G796S, indicating new targets for NSCLC treatment. Some mutants that were considered untargetable in the past may become targetable as research progresses. The emergence of KRAS G12 mutant inhibitors is a good example. New technologies such as AlphaFold2 and PROTACs are making powerful contributions to developing inhibitors against emerging targets, as well as dual inhibitors for different targets [72,243,244]. In addition, the complex network of drug resistance mechanisms is being gradually elucidated, including abnormal activation of bypass pathways, compensatory activation of downstream pathways, multi-target synergistic effects, and epigenetic heterogeneity, allowing increasing combination therapy strategies to be developed [245–247]. In general, drugs targeting epigenetics and driver mutations, as novel anti-tumour drugs or combination therapies, will open up a new era for the treatment of patients with NSCLC.
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Table 2: Drugs targeting epigenetic alterations in NSCLC
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Phase I dose-escalation study of decitabine with a fixed dose of
genistein to treat advanced solid tumour was followed by a phase 11
study in advanced lung cancer patients [203]. (NCT01628471)

This phase I clinical trial is studying how well azacitidine works in
treating patients with previously treated advanced NSCLC.
(NCT01281124)

Among 25 patients, the combination of 5-azacitidine and entinostat is
safe and well tolerated in advanced NSCLC patients. Two patients have
had durable benefit from treatment, including a complete response.
Pharmacodynamic and pharmacokinetic analyses are being conducted
to identify characteristics of the subset of patients responding to this
novel therapy [204]. (NCT00387465)

This phase II clinical trial is designed to determine if 5-Fluoro-2'-
Deoxycytidine and tetrahydrouridine can work together to control lung
cancer growth and to evaluate the safety and tolerability of 5-Fluoro-2'-
Deoxycytidine and tetrahydrouridine when given together.
(NCT00978250)

Seven of the 12 patients in the trial experienced SD (median 4.2 months,
range 2-10.7). Median TTP: 2.8 months (range 1-10.7+); median OS
6.5 months (range 1.4—10.7+); estimated 6 months OS rate 50% [205].
Other combination therapies are ongoing. (NCT01413750;
NCT00503971; NCT02151721)

Among 18 patients, SD was observed in 5 patients (27.8%). Median
PFS was 1.5 months, 3-month PFS rate was 11.1%, and median OS was
4.7 months. The most common grade 3/4 toxicities were
thrombocytopenia and fatigue. Two patients who had baseline taxane-
related grade 1 peripheral neuropathy developed grade 3 neuropathy.
Bortezomib and vorinostat displayed minimal anti-tumour activity as
third-line therapy in NSCLC [206]. (NCT00798720)

Among 12 patients with EGFR-mutated NSCLC with the BIM deletion,
no dose-limiting toxicity was observed in all patients. The median PFS
was 5.2 months (95% CI, 1.4-15.7) and the 6-week DCR was 83.3%
(10/12) [207]. (NCT02151721)

Among 15 patients, romidepsin 8 mg/m? plus erlotinib appears well
tolerated, has encouraging evidence of disease control, and exhibits
effects on relevant molecular targets in an unselected advanced NSCLC
population [208]. (NCT01302808)

Pivanex, at doses up to 2.5 g/m? can be administered safely in
combination with 75 mg/m?* of docetaxel in the regimen described
above. This dose is being used in an ongoing Phase IIb trial [209].

Among 132 patients, the 4-month PFS rate was comparable for both
groups (EE, 18% vs. EP, 20%; p = 0.7). In the subset of patients with
high E-cadherin levels, OS was longer in the EE group compared with
the EP group (9.4 vs. 5.4 months; HR, 0.35; 95% CI, 0.13-0.92) with a
corresponding trend toward increased PFS [210]. (NCT00602030)

A phase I clinical trial showed no drug-related death or grade I'V toxicity
in 17 patients who participated in the treatment [211].

Among 42 patients, DCR was 54%, PR was 3, SD was 3, PFS was
4.7 months, OS was 41 months in EGFR mutation NSCLC.
(NCT00738751)

Abbreviations: CI, confidence interval; DCR, disease control rate; DNMT, DNA methyltransferase; HDAC, histone deacetylase; HR, hazard ratio;
NSCLC, non-small cell lung cancer; OS, overall survival;, PFS, progression-free survival; PR, partial response; SD, stable disease; TTP, time-to-

progression.
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Table 1: Drugs targeting driver mutations in NSCLC
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1,217 patients with metastatic NSCLC showed a significant
improvement in PFS (median PFS: 10.9 months [gefitinib] vs.
7.4 months [platinum-doublet chemotherapy]), ORR (67% vs.
41%) and DOR (median DOR: 9.6 vs. 5.5 months) [131].

Among 174 patients, erlotinib significantly improved PFS
time compared with platinum-based chemotherapy in the
patients with EGFR-activating mutations (9.7 vs. 5.2 months;
HR, 0.37; 95% CI, 0.25-0.54; p < 0.001) [132].
(NCT00446225)

Among 296 patients, the PFS time of the icotinib group was
significantly longer than that of the pemetrexed plus cisplatin
chemotherapy group following the 1st-line treatment of
EGFR-mutated NSCLC (11.2 vs. 7.9 months; HR, 0.61;
95% ClI, 0.43-0.87; p = 0.006) [133]. (NCT01719536)

Afatinib significantly improved outcomes in treatment-naive
patients with EGFR-mutated NSCLC compared with gefitinib,
with PFS (median 11.0 months [10.6-12.9] with afatinib vs.
10.9 months [9.1-11.5] with gefitinib) and time-to-treatment
failure (median 13.7 months [11.9-15.0] with afatinib vs.
11.5 months [10.1-13.1] with gefitinib) [134].
(NCT01466660)

Among 452 patients, median PFS according to masked
independent review was 14.7 months (95% CI, 11.1-16.6) in
the dacomitinib group and 9.2 months (9.1-11.0) in the
gefitinib group (HR, 0.59, 95% CI, 0.47-0.74; p < 0.001).
Dacomitinib significantly improved PFS over gefitinib [135].
(NCT01774721)

Among 167 patients after neratinib treatment, 24% required
discontinuation, 20% required dose reduction, and 11 patients
(7%) discontinued the study due to adverse events [136]

Among 419 patients, Osimertinib group showed significantly
longer median PFS time than that with platinum therapy plus
pemetrexed (10.1 vs. 4.4 months; HR, 0.30; 95% CI, 0.23—
0.41; p <0.001) [37]. (NCT02151981)

Among 566 patients, the median PFS time of untreated
patients with EGFR mutation was significantly longer
following osimertinib administration compared with that
following gefitinib or erlotinib administration (18.9 vs.

10.2 months; HR, 0.80; 95% CI, 0.37-0.57; p < 0.001) [38].
(NCT02296125)

After independent analysis (n = 130), the maturation
confirmation response rate was updated to 45% and the
median PFS time to 6.1 months [137]. (NCT02186301)

The development of rociletinib was terminated due to efficacy
and safety including diarrhea (2.7%), hyperglycemia (24.0%),
corrected QT prolongation (6.7%) and cataracts [138].
(NCT02322281)

Among 429 patients, the median PFS time was significantly
longer with almonertinib than that with gefitinib, the median
PFS was 19.3 months (17.8-20.8) and 9.9 months (8.3—12.6).
The ORR was 73.8% (67.4%-79.6%) [almonertinib] and
72.1% (65.6%—78.0%) [gefitinib]. (NCT03849768)

Among 127 patients, the ORR was 57.7% (45/78) (95% CI,
44.7-67.6), the median DOR of the 76 centrally-confirmed
EGFR T790M patients (n = 76) was 13.8 months (95% CI;
9.6-NR) and the median PFS was 11.0 months (95% CI; 5.6-
16.4) [139]. (NCT03046992)

Phase III clinical trials of Lazertinib in NSCLC are ongoing.
(NCT04248829, NCT04077463)

Among 227 patients, the ORR was 52.2% (109/209) (95% CI,
45.1-59.1), the median PFS was 7.5 months (95% CI, 6.0—
8.8) and the median DOR was 7.6 months (95% CI, 6.1-9.2)
[140]. NCT02330367)

A randomized phase III trial comparing efficacy and safety of
abivertinib to gefitinib in NSCLC was planned and registered.
(NCT03856697)

Among 220 patients, the ORR was 74.1% (95% CI, 67.8—
79.7) (163/220), the median PFS was 9.6 months (95% CI,
8.2-9.7) [141]. (NCT03452592)

A phase III trial comparing alflutinib with gefitinib in
treatment of EGFR positive NSCLC patients is on-going.
(NCT03787992)

A phase I-II, open-label, first-in-human study is designed to
evaluate the safety, tolerability, PKs, PDs, and anticancer
activity of BLU-945, as monotherapy or in combination with
osimertinib. (NCT04862780)

A phase I-II, open-label, first-in-human study is designed to
evaluate the safety, tolerability, pharmacokinetics,
pharmacodynamics, and anti-tumour activity of BLU-701 as
monotherapy or in combination with either osimertinib or
platinum-based chemotherapy in patients with EGFR-
activating NSCLC. (NCT05153408)

A phase [-II, open-labeled, multicenter clinical study is
designed to evaluate the safety, tolerability, PKs, and
preliminary efficacy of JIN-A02, the 4th generation of orally
administered EGFR-TKI, in patients with EGFR mutation
advanced NSCLC after standard anti-tumour treatment
including the currently approved EGFR-TKIs and platinum-
based chemotherapy up to once. (NCT05394831)

The first-in-human study of BBT-176 is to investigate the
safety and tolerability of BBT-176 and to evaluate the anti-
tumour activity of BBT-176. (NCT04820023)

A phase I study is designed to evaluate safety and anti-tumour
activity of U3-1402 in two parts: dose escalation and dose
expansion. (NCT03260491)

Among 210 patients, confirmed ORR was 28%, including

1 CR; DCR was 78% (95% CI, 69-85); median DOR was
17.5 months. Mobocertinib demonstrated clinically
meaningful benefit for patients with EGFR EX20ins NSCLC
with a manageable safety profile [142]. (NCT02716116)

A phase III clinical trial of mobocertinib is ongoing to
compare the effectiveness of TAK-788 as first-line treatment
with that of platinum-based chemotherapy in NSCLC.
(NCT04129502)

The purpose of this study is to assess the feasibility of
subcutaneous administration of amivantamab based on safety
and pharmacokinetics and determine a dose, dose regimen and
formulation for amivantamab subcutaneous delivery.
(NCT04606381)

More combination therapies in NSCLC are ongoing.
(NCTO04487080; NCT04538664; NCT04077463)

Among 88 patients, the ORR in the as-treated population was
14.8% (95% CI 8.9-22.6), and the DCR was 68.7% (95% CI
59.4-77.0) with a median DOR of 7.4 months, 65% patients
had tumour size reductions and the median PFS was

4.2 months [143]. (NCT03318939)

A phase I-II, open label, multi-center study of CLN-081 in
patients with NSCLC harboring an EGFR EX20ins mutation,
is designed to determine the MTD and recommended phase II
dose, as well as to evaluate preliminary efficacy.
(NCT04036682)

Among 126 patients, the median DOR was 11.1 months (95%
CI, 6.9-could not be evaluated), disease control occurred in
100 patients (80.6%; 95% CI, 72.6-87.2), the median PFS was
6.8 months (95% CI, 5.1-8.2), and the median OS was

12.5 months (95% CIL, 10.0 to could not be evaluated) [68].
(NCT03600883)

Other clinical trials in NSCLC: NCT05118854;
NCTO05054725; NCT05400577; NCT05311709

Among 116 patients, the ORR was 42.9% (48/112), the DCR
was 79.5% (89/112), the median DOR was 8.5 months (95%
CI 6.2-13.8), the median PFS was 6.5 months (95% CI 4.7—
8.4), the median OS was 12.6 months (95% CI 9.2-NE) [70].
(NCT03785249)

A phase III study will evaluate the efficacy of the
investigational agent adagrasib (MRTX849) vs. docetaxel in
patients who have been previously treated for metastatic
NSCLC with a KRAS G12C mutation. (NCT04685135)

A phase III open label study is designed to compare
JDQ443 as monotherapy to docetaxel in participants with
advanced non-small cell lung cancer (NSCLC) harboring a
KRAS G12C mutation who have been previously treated with
a platinum-based chemotherapy and immune checkpoint
inhibitor therapy either in sequence or in combination.
(NCT05132075)

Among 53 patients, the ORR and DCR were 70% (7/10) and
100% (10/10), respectively, including 5 non-confirmed PR
[144]. (NCT05009329)

Phase I: To evaluate the safety and tolerability of GFH925 in
subjects with KRAS G12C mutant advanced solid tumours
and estimate the MTD and/or a recommended phase II dose.
Phase II: To evaluate the efficacy of GFH925 in subjects with
KRAS G12C mutant advanced non-small cell lung cancer
(NSCLC).

128 patients demonstrated the preliminary efficacy signal of
GFHO925 in previously treated advanced NSCLC and CRC
[145]. (NCT05005234)

A phase I-1I study (n = 144) is designed to evaluate the safety,
tolerability, pharmacokinetics and efficacy of D-

1553 combination therapy in subjects with KRAS G12C-
mutated locally advanced or metastatic non-small cell lung
cancer. (NCT05492045)

Among 76 patients, the ORR was 47.5% (95% CI, 34.6—60.7),
DCR 93.4% (95% CI, 84.1-98.2) and the median PFS was
6.8 months (95% CI, 4.2-13.8) among all treated patients
[145]. (NCT02897479)

Among 69 previously treated MET EX14ski patients receiving
capmatinib in the second- or third-line setting, the an ORR
was 41% (95% CI, 29-53) and median DOR was 9.7 months
(95% CI, 5.6-13.0) [146]. (NCT02414139)

79 Asian patients were assessed for efficacy (38% female,
42% smoking history, 34% treatment-naive [1L] and 82%
adenocarcinoma), ORR was 54.4% (42.8, 65.7), median DOR
was 18.5 months (8.3, ne), median PFS was 12.1 months (6.9,
ne) and median OS was 20.4 months (19.1, ne) [89].
(NCT02864992)

Crizotinib, a multi-kinase inhibitor approved by FDA for ALK
or ROS1 rearranged advanced NSCLC, also has activity
against MET kinase. Among 65 patients, the ORR was 32%
(95% CI, 21-45) and the median DOR was 9.1 months (95%
Cl, 6.4-12.7) [146]. (NCT00585195)

43 patients showed amivantamab demonstrates anti-tumour
activity in primary MET EX14ski NSCLC including after
prior MET inhibitor treatment. Enrollment is ongoing in
NSCLC and updated data will be shown [147].
(NCT02609776)

Among 18 patients, only one patient among 6 evaluable
patients at 400 mg cohort reported one DLT of grade

3 vomiting. Treatment-related adverse events mostly were
grade 1 or 2 nausea, vomiting, elevated alkaline phosphatase,
clevated conjugated bilirubin, edema, headache, asthenia and
decreased appetite [147]. (NCT03466268)

A phase Ib/II, pen-label, study to valuate the efficacy and
safety of glumetinib (SCC244) is ongoing. (NCT04270591)

Among 43 patients, the ORR was 36.5% in the EGFR WT
cohort (52.2% in c-Met high group and 24.1% in c-Met
intermediate group) [148].

A phase III open-label, randomized trial is to determine if
telisotuzumab vedotin works better than docetaxel and to
assess how safe telisotuzumab vedotin is in adult participants
with NSCLC who have previously been treated.
(NCT04928846)

A phase [-II study of GB263T in participants with advanced
NSCLC and other solid tumour will consist of a dose-
escalation and expansion stage to determine recommended
phasell dose (Phase I), and an extension stage (Phase II) where
participants will be enrolled into indication-specific cohorts.
(NCT05332574)

Among 91 patients, the median DOR was 9.3 months (95%
Cl, 5.7-14.7), median PFS was 8.2 months (95% CI, 6.0—
11.9), and median OS was 17.8 months (95% CI, 13.8-22.1)
[96]. (NCT03505710)

A phase I, open-label study is designed to evaluate neratinib
monotherapy and neratinib plus temsirolimus combination
therapy in patients with NSCLC who have documented
somatic HER2 mutations. (NCT01827267)

Among 19 patients, there have been no DLTs nor serious
adverse events attributed to study drug, the DCR was 5/6
(83%) for patients dosed at 16 mg/m? or 21.3 mg/m? with 1 PR
and 4 SD [149]. (NCT02952729)

Among 343 patients, the PFS was significantly longer with
crizotinib than with chemotherapy (median, 10.9 vs.

7.0 months; HR, 0.45; 95% CI, 0.35-0.60; p < 0.001) [150].
(NCT01154140)

Among 231 patients, ceritinib had a significant improvement
in median PFS compared with chemotherapy (5.4 months
[95% CI, 4.1-6.9] for ceritinib vs. 1.6 months [95% CI, 1.4—
2.8] for chemotherapy; HR, 0.49; p < 0.001) [151].
(NCT01828112)

Among 303 patients, the PFS significantly prolonged PFS
with alectinib (HR, 0.43; 95% CI, 0.32-0.58; median PFS
34.8 vs. 10.9 months crizotinib) [152]. (NCT02075840)

Among 275 patients, the PFS assessed by Bio-integral
resource cente, brigatinib showed consistent advantages over
cozotinib, median, 24.0 vs. 11.0 months (HR, 0.49; 95% CI,
0.35-0.68; p < 0.0001) [153]. (NCT02737501)

Among 296 patients, the PFS was improved with lorlatinib vs.
crizotinib in patients with and without brain metastases at
baseline (12-month PFS rates: 78% vs. 22% and 78% vs. 45%,
respectively) [154]. (NCT03052608)

Among 343 patients, the median PFS was significantly longer
with ensartinib than with crizotinib (25.8 vs. 12.7 months; HR,
0.51; 95% CI, 0.35-0.72; p < 0.001) [154]. (NCT02767804)

Among 129 patients, the ORR was 71.7% (95% CI, 63.0—
79.3), median PFS was 15.9 months (95% CI, 12.9-24.0)
[155]. (NCT01945021)

A phase III clinical trial study comparing the efficacy and
safety of entrectinib with crizotinib in participants with
advanced or metastatic ROS1 NSCLC. (NCT04603807)

The ORR was 62% (95% CI, 45-77). The median PFS was

9.3 months (95% CI, 0-22) for all patients and 19.3 months

(95% CI, 1-37) for crizotinib-naive patients. The median OS
was 24 months (95% CI, 5-43) [108]. (NCT01964157)

Among 364 patients, 13 (62%; 95% CI, 38-82) of 21 TKI-
naive patients and 14 (35%; 95% CI, 21-52) of 40 patients
previously treated with crizotinib as their only TKI had an

objective response [156]. (NCT01970865)

Among 105 consecutively enrolled patients with RET fusion-
positive NSCLC who had previously received at least
platinum-based chemotherapy, the ORR was 64% (95% CIL,
54-73). The median DOR was 17.5 months (95% CI, 12.0 to
could not be evaluated), and 63% of the responses were
ongoing at a median follow-up of 12.1 months. Among

39 previously untreated patients, with an ORR was 85% (95%
CI, 70-94), and 90% of the responses were ongoing at

6 months [120]. (NCT03157128)

A phase III clinical trial is ongoing to compare selpercatinib to
platinum-based and pemetrexed therapy with or without
pembrolizumab as initial treatment of advanced or metastatic
RET fusion-positive NSCLC. (NCT04194944)

Among 79 patients with advanced RET fusion + NSCLC,
ORR among 57 response-evaluable patients with measurable
disease and at least one follow-up disease assessment was 56%
(95% CI, 42—69; 32 PR, 9 PR pending confirmation, 20 SD,
5 progressive disease). 91% (29/32) of responding patients
remain on treatment; 6 have achieved response duration >

6 months. DCR was 91% (52/57) [157]. (NCT03037385)

Among 177 patients showed the proportion of patients with
investigator-assessed confirmed overall response was 23
(64%; 95% CI, 46-79), with two (6%) patients achieving a
complete response and 21 (58%) a partial response [158].
(NCTO01336634)

In the cohort (r = 208) with NSCLC, the response rate was
42% (95% CI, 20—67) and median PFS was 7.3 months (95%
CI, 3.5-10.8) [159]. (NCT01524978)

A phase II-11I, global, multicenter, open-label, multi-cohort
study designed to evaluate the safety and efficacy of targeted
therapies or immunotherapy as single agents or in combination
in participants with unresectable, advanced or metastatic
NSCLC. (NCT04591431)

Abbreviations: CI, confidence interval, CR, complete response; CRC, colorectal cancer; DCR, disease control rate; DLT, dose-limiting toxicity; DOR,
duration of response; EX14ski, exon 14 skipping; EX19del, exon 19 deletion; EX20ins, EX20ins; FDA, U.S. Food and Drug Administration; HR,
hazard ratio; MTD, maximum tolerated dose; NSCLC, non small-cell lung cancer; ORR, objective response rate; OS, overall survival; PD,
pharmacodynamics; PFS, progression-free survival; PK, pharmacokinetics; PR, partial response; SD, stable disease.
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Table 3: Non-coding RNAs as potential target or potential therapeutic agent for NSCLC treatment

Type Name Association  Preclinical data
with NSCLC

MicroRNA miR-200c Potential Among 66 NSCLC patients with wild-type EGFR, high
therapeutic  level of miR-200c expression was associated with higher
agent DCR, longer PFS and longer OS compared with low

miR-200c expression subgroup [231].

MicroRNA miR-124 Potential Manipulation of miR-124 restored cellular sensitivity to
therapeutic  acquired gefitinib resistance. MiR-124 depletion induced
agent gefitinib resistance [232].

MicroRNA miR-21 Potential In both univariate and multivariate analyses (n = 201),

miR-10b target gefitinib was associated with a significant improvement in

OS in patients with reduced miR-21 expression, miR-10b
is highly expressed in progressive disease compared with
CR or SD (p <0.001) [216].

MicroRNA miR-214 Potential Down-regulation of miR-214 may reverse acquired
target resistance to erlotinib in NSCLC through mediating its
direct target gene LHX6 expression [233].
MicroRNA miR-181a Potential MiR-181a is significantly up-regulated in gefitinib-
target resistant cells compared with gefitinib-sensitive cells.

Upregulation of miR-181a caused resistance of gefitinib,
whereas downregulation of miR-181a sensitized NSCLC
cells to gefitinib [234].

LncRNA  BRCAT54 Potential BRCAT54 was identified as a tumour suppressor in
therapeutic =~ NSCLC. Overexpression of BRCAT54 inhibited
agent proliferation, migration and activated apoptosis in

NSCLC cells [235].

LncRNA  AC079630.4 Potential LncRNA of AC079630.4 was identified as a tumour
therapeutic ~ suppressor in lung cancer by the methods of
agent bioinformatics analysis and experimental validation.

Samples with low AC079630.4 expression had a more
advanced pathological stage and a worse prognosis than
those with high expression [13].

LncRNA  WTI-AS Potential WT1-AS was downregulated in NSCLC and was
therapeutic  correlated with poor survival, overexpression of WT1-AS
agent inhibit the cell proliferation and EMT to decrease cell

migration and invasion of NSCLC cells by
downregulating UCA1 [236].

LncRNA  LINCO01089 Potential LINCO01089 improved OS of LUAD patients and was
therapeutic ~ low-expressed in LUAD. LINC01089 inhibited lung
agent adenocarcinoma cell proliferation and promoted

apoptosis via sponging miR-543 [237].

LncRNA  LINCO00673 Potential LINC00673 could sponge miR-150-5p and modulate the

target expression of a key EMT regulator ZEB1 indirectly;

inhibition of LINC00673 significantly attenuated the
tumourigenesis ability of A549 cells in vivo [238].

LncRNA  LINCO01123 Potential LINCO01123 is upregulated in NSCLC, correlates with
target prognosis, and controls proliferation and aerobic
glycolysis by a positive feedback loop with c-Myec, it is
expected to be a potential biomarker and therapeutic
target for NSCLC [239].

LncRNA  CASC9 Potential CASC?9 inhibition restored gefitinib sensitivity both in
target vitro and in vivo, whereas CASC9 overexpression
promoted gefitinib resistance. CASC9 repressed the
tumour suppressor DUSP1 by recruiting histone
methyltransferase EZH2, thereby increasing the
resistance to gefitinib [100].

LncRNA  GASS Potential The decrease in LncRNA GASS expression and the over-
target express of Ki67/EGFR occur in NSCLC tissues, the

expressions of LncRNA GASS, Ki67 and EGFR are
connected with the progression, metastasis and prognosis
of tumour; and LncRNA GASS is related to the
expression of Ki67 and EGFR. These three factors are
involved in the tumourigenesis and growth of the NSCLC
process [240].

CircRNA  GiR-ITCH Potential CiR-ITCH act as sponge of miR-7 and miR-214 to
therapeutic ~ enhance ITCH expression, suppress the activation of
agent Wnt/B-catenin signaling and thus inhibit cancer cell

proliferation [241].

CircRNA  F-circEA-2a Potential F-circEA-4a, generated from the back-splicing of EML4-

target ALK variant 3b, mainly locates in the cytoplasm and

promotes cell migration and invasion, but has little effect
on cell proliferation [225].

CircRNA  CiR-7 Potential CiR-7 functioned as miR-7 sponges to up-regulate the
target key targets of miR-7 including EGFR, CCNEI and
PIK3CD. The results in vivo further confirmed that CiR-
7 functioned as oncogene [229].

CircRNA  hsa_circ_0004015 Potential Hsa circ_ 0004015 could enhance the resistance of
target HCC827 to gefitinib. In mechanism, hsa_circ_ 0004015 acted
as a sponge for miR-1183, and exert oncogenic effects by
regulating miR-1183/PDPK1 axis [230].

CircRNA  Hsa circ 100876 Potential Hsa circ 100876 level was positively correlated with
target lymph node metastasis (p = 0.001) and tumour staging
(» = 0.001) in NSCLC; Overall survival time of NSCLC
patients with high hsa circ_100876 expression was
significantly shorter than for those patients with low
hsa circ_100876 expression (p = 0.000) [242].

Abbreviations: CR, complete response; DCR, disease control rate; NSCLC, non-small cell lung cancer; OS, overall survival; PFS, progression-free
survival; SD, stable disease.
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