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Abstract

Precision oncology informed by genomic information has evolved in leaps and bounds over the 

last decade. Although non-small cell lung cancer (NSCLC) has moved to center-stage as the 

poster child of precision oncology, multiple targetable genomic alterations have been identified 
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in various cancer types. RET alterations occur in roughly 2% of all human cancers. The role of 

RET as oncogenic driver was initially identified in 1985 after the discovery that transfection with 

human lymphoma DNA transforms NIH-3T3 fibroblasts. Germline RET mutations are causative 

of multiple endocrine neoplasia type 2 syndrome, and RET fusions are found in 10–20% of 

papillary thyroid cases and are detected in most patients with advanced sporadic medullary thyroid 

cancer. RET fusions are oncogenic drivers in 2% of Non-small cell lung cancer. Rapid translation 

and regulatory approval of selective RET inhibitors, selpercatinib and pralsetinib, have opened up 

the field of RET precision oncology. This review provides an update on RET precision oncology 

from bench to bedside and back. We explore the impact of selective RET inhibitor in patients 

with advanced NSCLC, thyroid cancer, and other cancers in a tissue-agnostic fashion, resistance 

mechanisms, and future directions.
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1. Introduction

Over the last decade, genome-guided precision oncology has resulted in more effective 

therapy for patients with many types of cancer (Adashek, Subbiah, & Kurzrock, 2020; 

Subbiah & Kurzrock, 2016, 2018). Patients with non-small cell lung cancer (NSCLC) 

have especially benefited from precision oncology, although RET fusions, NTRK fusions, 

high levels of microsatellite instability, and deficient mismatch repair can be targeted in 

a tissue-agnostic manner (Adashek, Subbiah, & Kurzrock, 2020). RET alterations occur 

in approximately 2% of all human cancers (Subbiah & Cote, 2020a, 2020b; Subbiah, 

Yang, Velcheti, Drilon, & Meric-Bernstam, 2020; Thein, Velcheti, Mooers, Wu, & Subbiah, 

2021a). The incidence of RET rearrangement in non small cell lung cancer (NSCLC) seems 

to be higher in younger, <60 years old, patients with a history of light to never smokers, and 

no major correlation with the gender or the ethnicity.

As RET fusions have a low prevalence in other cancers, data are lacking pertaining to the 

clinical characteristics across multiple tumor types.

The role of RET as oncogenic driver was initially discovered in 1985 after the detection 

that transfection with human lymphoma DNA transforms NIH-3T3 fibroblasts (Subbiah & 

Cote, 2020a, 2020b). In the 1980s, RET fusions were found in papillary thyroid cancer and 

germline RET mutations were proved to be responsible of multiple endocrine neoplasia type 

2 (MEN2) syndrome. RET alterations are detected in 10–20% patients with papillary thyroid 

cancers and in almost all patients with medullary thyroid cancer (MTC) (Adashek et al., 

2021).

RET is a proto-oncogene located on chromosome 10q11.2. It encodes a transmembrane 

glycoprotein receptor tyrosine kinase which interacts with ligands from the family of glial-

derived neurotrophic factors (GDNF) (Fig. 1-1 and 1-2). RET plays a significant role in the 

development and function of the enteric nervous system and the renal system.
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RET activation occurs when a cell-membrane-bound GFRα binds to a GDNF ligand, 

leading to homodimerization and autophosphorylation (Subbiah & Cote, 2020a, 2020b). 

This causes the RET kinase domains to trigger the downstream signaling, activating the 

MAPK, JAK-STAT and PI3K-AKT-mTOR proliferativepathways (Subbiah & Cote, 2020a, 

2020b).

RET's role in the enteric nervous system means that loss-of-function mutations, as seen in 

the hereditary Hirschsprung's disease, can cause bowel dysfunction. Similarly, other RET 

mutations can lead to urinary tract malformations (Subbiah, Yang, et al., 2020; Thein, 

Velcheti, Mooers, Wu, & Subbiah, 2021b).

The chromosomal RET rearrangement between the 3′ coding region in the kinase domain 

on chromosome 10 and a 5′ gene with a coiled-coil or LIS1 homology domain causes 

constitutive oncogenic RET activation in non-small cell lung cancer (NSCLC) (Subbiah, 

Yang, et al., 2020) (Fig. 1). Most frequently, the rearrangements, or fusion are intra-

chromosomal and occur with partner genes including KIF5B, CCDC6, and NCOA4. 

Inter-chromosomal, partners have also been identified. Alternatively, inter-chromosomal 

recombination can occur. It involves the exchange of nucleotide sequences between 

homologous chromosomes or identical DNA molecules.

RET gene fusions are frequently detected in papillary thyroid carcinoma (Grieco et al., 

1990) including those that involve CCDC6 and NCOA4 (Subbiah, Yang, et al., 2020). 

RET fusions with KIF5B, ROS, and ALK have been reported in lung adenocarcinoma and 

colorectal cancer (Subbiah, Yang, et al., 2020). RET fusions with BCR and FGFR1OP have 

been detected in patients with chronic myelomonocytic leukemia (Ballerini et al., 2012). 

RET fusions partner genes and breakpoints influence the characteristics of the resulting RET 

protein. The former also determine whether the RET oncoprotein is constitutively active and 

may result in the formation of multi-kinase signaling hubs.

In thyroid cancer, (Adashek et al., 2021; Subbiah, Yang, et al., 2020), RET predominantly 

results from point mutations, with those in the extracellular domain leading to the hereditary 

MEN2A syndrome (Fig. 1-3). The most common of mutation among patients with MEN2A 

is the M918T alteration (Adashek et al., 2021). MEN2A patients are characterized by 

marfanoid habitus, the majority develop MTC and pheochromocytomas, and some develop 

hyperparathyroidism.

Notably RET rearrangements are driver mutations hence mutually exclusive with other 

driver mutations in NSCLC, though recent data have shown the co-occuring genomic 

alteration, in particular with the Kirsten rat sarcoma viral oncogene (KRAS) (Skoulidis & 

Heymach, 2019).

In this review, we will first discuss RET gene and RET protein structure and function. We 

will describe the current state of RET precision oncology. We explore relevance of RET 
alterations in patients with advanced NSCLC, thyroid cancer, and other cancers. Finally, 

we describe resistance mechanisms to RET-targeted therapies and discuss ongoing efforts to 

more effectively treat patients with RET oncogene-driven cancers.
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2. RET structure and function

The RET pre-mRNA is alternatively spliced to generate three isoforms. The transcripts for 

alternative splicing include the first 19 exons of RET that are then followed by varying 

sequences (Carter et al., 2001). Each RET isoform is unique and named in accordance 

with the number of amino acids located at each C-terminus (Fig. 1-1): RET9, RET43, 

and RET51. The C-terminal isoform tails of these proteins contain 9, 43, and 51 amino 

acids, respectively (Ishizaka et al., 1989; Myers, Eng, Ponder, & Mulligan, 1995; Tahira, 

Ishizaka, Itoh, Sugimura, & Nagao, 1990). RET9 and RET51 are highly conserved within 

vertebrates (Mulligan, 2014) and were first described in 1990 after characterization of RET 
proto-oncogene cDNA clones obtained from a human neuroblastoma cell line (Tahira et 

al., 1990). The third isoform, RET43, is expressed at low levels and has a low degree 

of conservation between mouse, rat, and human (Carter et al., 2001). The RET isoforms 

have unique binding affinities for factors involved in downstream signaling and likely 

have distinct signaling functions (Mulligan, 2014; Peterson & Bogenmann, 2004). These 

alternative splicing patterns at the 3′ end of RET are important for its biological function 

and differences were previously reported between the RET isoforms studied in vivo (Arighi, 

Borrello, & Sariola, 2005; Carter et al., 2001; Tahira et al., 1990). These are the result of 

protein interactions with tyrosine (Y1062) (Arighi et al., 1997), the common and last amino 

acid found in the three distinct isoforms (RET9, RET43, and RET51)(Arighi et al., 2005; 

Ibanez, 2013) Phosphorylated tyrosine (Y1062) is located within a docking site for SHC 

and IRS-1, two adaptor molecules, and the docking protein FRS2 (Kurokawa et al., 2001; 

Lorenzo et al., 1997) (Lorenzo et al., 1997, Kurokawa et al., 2001). The SHC molecule binds 

phosphorylated Y1062 through the SH2 or PTB domain depending on the RET isoform 

(Ishiguro et al., 1999; Melillo et al., 2001). RET 43 does not bind SHC, while binding FRS2 

weakly. The PTB domains of the SHC adaptor molecule, IRS-1 and FRS2 are capable of 

binding RET51 and RET9(Carter et al., 2001). On the other hand, RET9 also has the ability 

to bind SHC with greater affinity via the SH2 rather than PTB domain (Lorenzo et al., 1997) 

(Table 1).

RET extracellular regions include four cadherin-like and one cysteine-rich domain (Fig. 

1-1) (Mulligan, 2014). The cadherin-like domains involve about 110 amino acids, and 

there is one calcium binding site between cadherin-like domain 2 and cadherin-like domain 

3 (Anders, Kjar, & Ibanez, 2001; Ibanez, 2013). The binding of Ca2+ is necessary for 

interaction of RET protein with a ligand from the GDNF family (Ibanez, 2013).

The cysteine-rich region of RET is cell-membrane adjacent and is essential for protein 

configuration and ligand binding. Several mutations associated with MEN2A and familial 

MTC are detected in this domain (Anders et al., 2001; Mulligan, 2014; Pasini et al., 1997; 

Wang, 2013). A subgroup of cysteine RET variants termed ‘Janus mutations,’ which affect 

C609, 611, 618 and 620 are associated with RET gain-of-function and loss-of-function 

diseases (Arighi et al., 2004). We have listed the different possible mutations and their 

possible phenotype in Tables 1.

RET requires a co-receptor for ligand binding (Airaksinen, Titievsky, & Saarma, 1999), 

consisting of a soluble GDNF ligand and a GDNF family receptors alpha co-receptor 
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(GFRα). In 1996, two studies characterized the multiple components that comprise 

the RET receptor(Arighi et al., 1997; Liu et al., 1996). These studies established that 

GFRα1 is needed to bind GDNF and that the GDNF-GFRα1 complex regulates the 

dimerization of RET. In the years that followed, three additional GDNF family ligands 

were discovered including neurturin, artemin, and persephin, which bind to GFRα2, α3, 

and α4, respectively. The GDNF first binds to GFRα, which is bound to the cell membrane 

by glycosylphosphatidylinositol. This complex recruits RET, and when two RET molecules 

are assembled, their cysteine-rich domains are brought together, activating tyrosine kinase 

function.

3. Targeted RET inhibition in NSCLC and thyroid carcinoma

RET fusions were first identified in NSCLC patients 2012(Subbiah, Yang, et al., 2020). 

The typical phenotype of patients harboring RET fusions is that of young, non-smokers, 

with adenocarcinoma histology, though these fusions can be found in any patient population 

(Subbiah, Yang, et al., 2020). Molecular profiling for RET alterations should not be limited 

to the typical patient population and should be incorporated into multigene screening. RET 

was initially targeted with multi-kinase inhibitors (MKIs) in NSCLC. However, MKIs have 

poor specificity. They are better inhibitors of kinases like VEGFR2 than RET, resulting 

in side effects due to off-target toxicity (Subbiah & Cote, 2020a, 2020b). Despite this, 

cabozantinib and vandetanib are two MKIs approved in the treatment of MTC. In addition, 

lenvatinib and sorafenib are approved therapies for differentiated thyroid cancer. The use of 

the MKIs are based on histology rather than the presence of RET alterations or any other 

biomarker.

RET precision oncology has been made possible by the development of novel, highly 

selective RET inhibitors. Potent and highly selective RET inhibitors, Selpercatinib and 

Pralsetinib, have recently received regulatory approval based on evidence of safety and 

efficacy in RET fusion-positive lung, thyroid and medullary thyroid cancers (Drilon et al., 

2020; Gainor et al., 2021; Subbiah et al., 2021; Subbiah et al., 2021; Wirth et al., 2020).

3.1. Selpercatinib

Selpercatinib, originally known as LOXO-292 and marketed as Retevmo®, is an oral 

highly selective RET inhibitor (Subbiah et al., 2018) The phase I/II LIBRETTO-001 trial 

(NCT03157128) in patients with RET fusion-positive solid tumors led to FDA approval of 

selpercatinib (Drilon et al., 2018; Subbiah et al., 2021a, 2021b; Wirth et al., 2020).

In the phase I part of the trial, 49 patients with previously treated advanced NSCLC with 

RET rearrangement were treated with 20 mg selpercatinib once daily up to 240 mg twice 

daily. The study dose in the 56 patients in the phase II trial was 160 mg twice daily. There 

was a 64% ORR (95% CI: 54–73%), which was not influenced by previous checkpoint 

inhibitors or MKIs. Among 39 treatment-naïve patients, there was an 85% ORR. Among 11 

previously-treated patients with brain metastases, there was a 91% ORR and 27% complete 

response rate, supporting high central nervous system (CNS) activity. Overall, the median 

duration of response (DoR) was 17.5 months (95% CI: 12 months – not reached).
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The LIBRETTO-001 trial accrued 55 patients harboring RET-positive MTC, after 

progression on prior MKIs (Wirth et al., 2020). In this subset of patients, there was a 69% 

ORR (95% CI: 55–81%), and an 82% one year progression-free survival (PFS) rate (95% 

CI: 69–90%). Among 88 previously untreated patients, there was a 73% ORR (95% CI: 

62–82%) and 92% one year PFS rate (95% CI: 82–97%). The response rate did not differ 

greatly among 19 previously-treated patients, with a 79% ORR (95% CI: 54–94%) and 64% 

one year PFS rate (95% CI: 37–82%).

The safety profile of selpercatinib is manageable, with grade 3–4 treatment-emergent 

adverse effects (TEAEs) in 59% of patients, comprising mainly hypertension (17.1%) 

and liver enzyme elevation (16.5%). The most common low-grade toxicities included 

xerostomia (38.9%), diarrhea (36.6%) and hypertension (35.9%).The earliest TEAE was 

hypersensitivity at 1.7 weeks and the latest, rash, 9.3 weeks after treatment initiation. Dose 

adjustments, interruptions and discontinuation were more common among patients who 

received treatment longer.

3.2. Pralsetinib

Pralsetinib, originally known as BLU-667 and now marketed as Gavreto® is an oral selective 

RET inhibitor (Subbiah et al., 2018). Pralsetinib was FDA approved in December 2020 

and EMA approved in November 2021 for patients with advanced NSCLC harboring 

RET fusions. These approvals are based on the ongoing phase I/II ARROW study 

(NCT03037385) of pralsetinib in patients with NSCLC, thyroid cancer and other RET-

rearranged advanced cancers (Vivek Subbiah, et al., 2021; Subbiah, Hu, Gainor, et al., 

2021).

The ARROW trial is a multicenter study in 11 countries (Gainor et al., 2021;Subbiah, Hu, 

Gainor, et al., 2021; Subbiah, Hu, Wirth, et al., 2021). Patients received pralsetinib at a dose 

of 400 mg per day. It includes four cohorts: 67 patients with RET-mutant MTC who were 

treated with prior MKIs, 42 treatment-naïve patients with RET-mutant MTC, 10 previously 

treated patients MTC who did not receive MKIs, and a cohort of 319 patients with other 

cancer types who had RET alterations. The endpoints included safety, ORR and DoR.

Among the 92 patients in the RET-mutant MTC cohort, the median age was 59 (19–83) and 

roughly two-thirds of the patients were male (Subbiah, Hu, Gainor, et al., 2021). About 60% 

of patients had an Eastern Cooperative Oncology Group performance status of 1 or 2, and 

10% had a history of CNS/brain metastases. Various RET alterations were detected: In 61% 

of patients, the mutation was M918T. Mutations in the cysteine-rich domain were detected 

in 29% of subjects. A further 3% had V804M or V804L mutations, which are mutations in 

a gatekeeper residue that modulates interaction of MKIs with the ATP-binding pocket. The 

remainder of patients had less common alterations. Across the cohorts, the baseline patients 

characteristics were similar.

At data cut off, the 53 previously treated patients appeared to respond very well to 

pralsetinib, with a 60% ORR (95% CI: 46–74%) of which 2% had complete responses 

(Subbiah, Hu, Gainor, et al., 2021). There was a 96% disease control rate. At data cut-off, 

neither the median DoR nor the median PFS were reached. Seventy-five percent of patients 
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were still on praseltinib and 94% of responders were still on treatment. Among 42 patients 

who were treatment-naïve and ineligible for standard therapy, there was a 74% ORR and 

100% disease control rate. Neither median DoR nor median PFS were reached in this cohort.

Pralsetinib had a manageable safety profile (Subbiah, Hu, Gainor, et al., 2021; Subbiah, Hu, 

Wirth, et al., 2021). Most TEAEs were low-grade, the most common being increased liver 

enzymes (57%), anemia (24%), constipation (23%), and hypertension (22%). Regarding 

grade 3–4 TEAEs, the most common were hypertension (11%), followed by hematologic 

toxicity, including neutropenia (10%), anemia (8%) and neutropenia (6%). Four percent of 

patients discontinued praseltinib due to toxicity (Subbiah, Hu, Gainor, et al., 2021; Subbiah, 

Hu, Wirth, et al., 2021).

3.3. Clinical detection of RET alterations

Novel RET inhibitors are dependent on the detection of RET alterations. As with regulatory 

approval for drugs, diagnostics used in personalized medicine are subject to assessment and 

approvals. The ESMO Translational Research and Precision Medicine Working Group has 

published recommendations for the detection of RET rearrangements and mutations (Table 

2). The diagnostic approach can include immunohistochemistry (IHC), fluorescent in situ 

hybridization (FISH), reverse transcription-polymerase chain reaction (RT-PCR), DNA and 

RNA sequencing. Due to low sensitivity and specificity, IHC alone is not recommended for 

RET screening. Both novel therapies and diagnostic accuracy are drastically changing the 

management of RET altered thyroid and lung cancers.

4. Intracranial activity of selective RET inhibitors

Patients with NSCLC with intracranial metastases have poor prognosis and impaired quality 

of life (Subbiah, Gainor, Oxnard, et al., 2021a, 2021b). Before the advent of selective 

RET inhibitors, a combination of mTOR inhibitor everolimus was shown to improve blood 

brain penetration of vandetanib pre-clinically and clinically (Minocha, Khurana, Qin, Pal, 

& Mitra, 2012; Subbiah et al., 2015). Both selective RET inhibitors, selpercatinib and 

pralsetinib have very high intracranial activity. In the LIBRETTO-001 trial, selpercatinib 

at the dose of 160 mg twice a day showed 82% response rate, and median duration of 

intracranial response was not reached (95% CI, 9.3-NE) at a median duration of follow-up 

of 9.5 months (IQR = 5.7, 12.0) (Drilon et al., 2020; Subbiah, Gainor, Oxnard, et al., 2021a, 

2021b). The median intracranial PFS was 13.7 months. Similarly, in the ARROW study, 

pralsetinib showed intracranial activity in all patients with NSCLC and brain metastases 

with 56% response rate with a median duration of intracranial response not reached (Gainor 

et al., 2021). In patients with MTC, selpercatinib was active in leptomeningeal disease as 

well (Andreev-Drakhlin, Cabanillas, Amini, & Subbiah, 2020).

5. Tissue-agnostic activities of RET inhibitors

Historically, tumors have been diagnosed and treated based on their site of origin and 

histological subtype. The development of more sophisticated technologies such as next-

generation sequencing (NGS) has resulted in a better understanding of the role and impact 

of molecular features of cancer cells. Evidence suggests that different cancer types can 
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share similar molecular alterations, challenging the dogma that cancer treatment should be 

driven by site and histology. A shift from treatment based on tumor site and histology to 

treatment based on genomic aberrations has been triggered by use of NGS techniques and 

the development of more active and selective tyrosine kinase inhibitors (TKIs). For instance, 

selpercatinib and pralsetinib treatments resulted in ORRs of over 45% when selective RET 

inhibitors are administered to patients with cancers in organs other than lung and thyroid 

who have RET alterations (Subbiah et al., 2022; Vivek Subbiah, et al., 2021; Subbiah et 

al., 2021; Subbiah et al., 2022). These data validate RET fusions as oncogenic drivers in 

multiple cancers and demonstrate tissue-agnostic activities of RET inhibitors. Selpercatinib 

is now US FDA approved in a tissue-agnostic manner for all RET fusion positive cancers.

6. Immunotherapy in NSCLC patients with RET alterations

ICIs are standard front-line therapy, either alone or in combination with a second ICI and/or 

chemotherapy, in advanced non-oncogene-addicted NSCLC. Not all oncogenic alterations 

confer resistance to ICIs; for instance, KRAS-driven tumors, in particular, those with the 

G12C mutation, are sensitive to immunotherapy (Addeo et al., 2021; Torralvo, Friedlaender, 

Achard, & Addeo, 2019). The impact of RET alterations remains unknown, as patients in 

previous clinical trials were not evaluate for these mutations. In the context of the recent 

approval of selective RET inhibitors, it is important to understand how RET alterations 

influence response to ICIs to best tailor the therapeutic sequence.

So far only retrospective studies have explored the role of ICIs in patients with NSCLC 

who have RET alterations. NSCLC patients with RET rearrangements were among patients 

treated with pembrolizumab or nivolumab, alone or with ipilimumab, atezolizumab, or 

durvalumab. The median tumor mutational burden in patients with RET alterations was 

1.75 mutations/Mb, significantly lower than the 5.27 mutations/Mb detected in subjects 

with wild-type RET. Among the 13 response-evaluable patients who had RET alterations, 

the median PFS was 3.4 months and was independent of PD-L1 expression and tumor 

mutational burden (Offin et al., 2019). In the IMMUNOTARGET registry, which comprises 

the data on the activity of ICIs in oncogene-driven NSCLC, 16 of 551 patients had RET 
rearrangements (Mazieres et al., 2019). Patients received pembrolizumab or nivolumab. 

Among patients with RET rearrangements, the ORR was 6%, and disease progression was 

observed in 75% of patients with a median PFS of 2.1 months. In a retrospective study of 

59 NSCLC patients with RET rearrangements, 13 patients received ICIs. The results were 

similarly disappointing with a 7.7% ORR and 2.1 month median PFS. In a single-center 

study from the MD Anderson Cancer Center, among 70 patients treated with systemic 

therapy for cancer with RET alterations, ICI therapy was associated with an increased 

risk for treatment discontinuation (Hegde et al., 2020). All of these trials suggest that, if 

available, targeted therapies appear to be a better choice than ICIs for patients who have 

RET alterations. Additional data about the impact of ICIs in patients with RET alterations 

are needed. A Chinese trial is currently recruiting NSCLC patients with RET alterations 

with the goal of comparing chemotherapy to chemoimmunotherapy (NCT04322591). The 

LIBRETTO-431 trial (NCT04194944) will also compare responses of NSCLC patients with 

RET alterations to first line treatments with the ICI pembrolizumab.
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7. Use of multi-kinase inhibitors in treatment of cancers with RET 

alterations

The first kinase inhibitors imatinib and gefitinib were approved by the FDA in 2003, and 

a variety of kinase inhibitors have since been developed to treat cancers associated with 

RET alterations including chronic myelogenous leukemia, gastrointestinal stromal tumors, 

MEN2A/2B, familial MTC, NSCLC, and breast cancer (Subbiah & Cote, 2020a, 2020b).

Commonly used kinase inhibitors (e.g., alectinib, cabozantinib, lenvatinib, ponatinib, 

regorafenib, sorafenib, sunitinib, vandetanib, and RXDX-105) can be classified into types 

I and II according to their distinct mode of kinase inhibition (Subbiah, Velcheti, et al., 

2018; Takahashi, Kawai, & Asai, 2020). Vandetanib and sunitinib are type I inhibitors; these 

compounds bind the ATP-binding pocket of the activated kinase (Plaza-Menacho, Mologni, 

& McDonald, 2014). In contrast, sorafenib, cabozantinib, ponatinib and RXDX-105 are 

type II inhibitors. These bind the ATP-binding pocket while the kinase is in the inactive 

conformation (Plenker et al., 2017). Efficacies of MKIs have been evaluated in NSCLC and 

MTC (Thein et al., 2021b). Subsets of patients presented with fusions of RET with various 

genes including KIF5B, CCDC6, TRIM33, ERC1, CLIP1, NCOA4, and RELCH (Takamori 

et al., 2021). In advanced MTC, vandetanib was compared to placebo and demonstrated a 

PFS improvement from 19.3 to 30.5 months. Among patients with more aggressive disease, 

cabozantinib improved PFS compared to placebo, at 11.2 months versus 4.0 months. Despite 

these encouraging results, clinical efficacy of MKIs in patients with RET fusions is limited, 

and significant toxicities are reported. This is likely because MKI inhibitors broadly inhibit 

kinases including VEGFR, EGFR, MET, and ALK (Thein et al., 2021b).

8. Resistance to selective RET inhibitors

8.1. On-target resistance mechanisms

Resistance to selective RET inhibitors occurs by means of on-target and off-target 

mechanisms (Fig. 2). Among patients treated with selpercatinib in advanced RET fusion-

positive MTC and NSCLC, and who responded initially, circulating tumor DNA was 

analyzed. The emergence of RET G810 mutations was detected prior to clinical resistance 

(Solomon et al., 2020). This is a so-called solvent front mutation as it either sterically blocks 

kinase inhibitor binding and/or destabilizes favorable electrostatic interactions between 

the inhibitor and the binding site on the kinase. Additionally, analyses of a patient who 

presented with RET-mutant MTC and a patient with a CCDC6-RET fusion NSCLC who 

initially responded to selpercatinib but later developed resistance identified selpercatinib-

resistant RET mutants that also imparted pralsetinib resistance in cell culture (Subbiah 

et al., 2021). In the MTC patient, mutations in RET were detected at the solvent front 

(G810C/S) and in the hinge region (Y806C/N) mutations. The RET G810C mutation was 

detected in the NSCLC patient. Additionally, five RET kinase domain mutations in three 

non-gatekeeper residues were found in analyses of 39 selpercatinib-resistant cell lines. 

All five selpercatinib-resistant RET mutations also resulted in resistance to pralsetinib. No 

gatekeeper mutations have been detected in RET inhibitor-resistant tumors or cell lines 
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(Subbiah et al., 2021). Selpercatinib susceptibility was maintained in the presence of the 

RET V804 gatekeeper mutation (Subbiah, Velcheti, et al., 2018).

8.2. Off-target resistance mechanisms

A recent study identified an acquired KHDRBS1-NTRK3 fusion as a resistance mechanism 

to ss KIF5B-RET lung cancer that initially responded and then developed resistance to 

selpercatinib. In post- clinical valiation studies, in BaF3 cells co-expressing KIF5B-RET 

and KHDRBS1-NTRK3 are resistant to selpercatinib. Co-treatment of these cells with 

selpercatinib and larotrectinib suppressed induced apoptosis in these cells (Subbiah et 

al., 2021). This example shows that real-time integration of preclinical studies that apply 

molecular profiling into clinical practice is critical.

A recent study found MET amplification as a recurrent off-target resistance mechanism in 

RET rearranged NSCLC (Rosen et al., 2021). Tissue and plasma NGS or FISH analyses 

among 18 patients treated with selpercatinib and/or pralsetinib detected three (15%) cases 

of acquired MET amplification, without RET mutations. There was also one case of KRAS 
amplification. In a case report of selpercatinib resistance in a 48-year-old female never-

smoker with KIF5B-RET NSCLC, there was also a novel MET amplification that was not 

present prior to treatment. A similar case found that MET-driven resistance was overcome 

by concurrent selpercatinib and crizotinib therapy (Rosen et al., 2021).

These findings suggest that MET amplification is an off-target acquired resistance 

mechanism to selective RET inhibition. Combination therapies with selective MET 

inhibitors such as tepotinib, capmatinb and savolitinib, or the use of MKIs may be an 

effective therapeutic strategy and require further assessment (Lin et al., 2020).

8.3. Resistance due to activation of the epithelial-mesenchymal transition

Although an association between the epithelial-mesenchymal transition (EMT) and RET-

targeted therapy has not been experimentally established, activation of EMT has been 

implicated in development of resistance to various TKIs (Zhuo et al., 2008; Zhuo, Wang, 

Zhuo, Zhang, & Chen, 2008). EMT induction results in resistance to a MET-specific 

inhibitor in MET-amplified EGFR inhibitor-resistant NSCLC cells in culture. A preclinical 

study of lung cancer demonstrated that induction of EMT is associated with resistance to the 

ALK inhibitors alectinib, ceritinib, and lorlatinib. However, reverting EMT in vitro and in 

vivo by pre-treating cells with quisinostat, a histone deacetylase inhibitor, was able to block 

drug resistance. This finding indicates that conditioning cells with a histone deacetylase 

inhibitor followed by treatment with a kinase inhibitor could be an approach to overcome 

resistance driven by EMT in the heterogeneous tumor tissue (Fukuda et al., 2019). In 

a clinical specimen study, Gainor et al. observed that EMT was present in the tumors 

of NSCLC patients with ALK rearrangements who had resistance to ALK-specific TKIs 

(Gainor et al., 2016).

EMT also appears to be involved in resistance to other TKIs. NSCLC cells resistant 

to erlotinib, an EGFR inhibitor, or SU11274, a MET inhibitor, undergo EMT through 

induction of ZEB-1, which represses the transcription of E-cadherin or by upregulation of 

β-catenin, respectively (Rastogi et al., 2016). MET amplification and EMT exist as distinct 
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mechanisms of acquired resistance to erlotinib in EGFR-mutated, NSCLC HCC827 cells 

(Jakobsen et al., 2017). EMT can be both a primary driver of resistance and an acquired 

mechanism of resistance to EGFR TKIs in lung cancer cell lines (Ware et al., 2013). 

Thompson et al. demonstrated that the degree of EMT impacts the sensitivity of wild-type 

EGFR NSCLC cells lines to TKIs. This was proven both in cultures and as xenografts 

(Thomson et al., 2005). These findings suggest that EMT impacts the sensitivity to TKIs and 

that tumors that lack an EMT signature (e.g., E-cadherin-positive and vimentin/fibronectin-

negative) are most likely to respond to treatment. Further, as treatment of TKI-resistant 

NSCLC cells with an siRNA that reduces expression of β-catenin or with an miR-200a 

mimic increases the sensitivity of the TKI-resistant cells to the TKIs (Rastogi et al., 2016), 

suggesting that a combination of an EMT signaling inhibitor with a TKI might benefit some 

patients.

Clement et al. recently reported that sequencing results indicated that MET inhibitor 

resistance was epigenetically arbitrated by EMT and the associated upregulation of FGFR1 

rather than resulting from a common genetic alteration (Clement, Gammelgaard, Nielsen, & 

Sorensen, 2020). Having said that, the association between EMT and RET-targeted therapy 

has not been experimentally established yet.

Therefore, future studies should also consider epigenetic regulation as an additional 

parameter in the design of studies and in new treatment discovery.

9. Future perspectives

Data from phase I/II trials are clear: Highly selective RET inhibitors are effective 

treatments for cancers associated with RET alterations. Two phase III trials are ongoing 

that are expected to confirm the superiority of RET-targeted therapy compared to current 

standards of care in NSCLC patients with RET rearrangements. The LIBRETTO-431 trial 

(NCT04194944) will compared selpercatinib to two standard-of-care arms, one consisting 

of platinum and pemetrexed chemotherapy, the other chemotherapy and pembrolizumab. 

The AcceleRET-Lung trial (NCT04222972) will compare pralsetinib to chemotherapy, with 

or without immunotherapy. In light of the recent approval of adjuvant osimertinib in early 

NSCLC with EGFR mutations, testing of RET inhibitors in an earlier setting is warranted. 

The phase III LIBRETTO-432 study (NCT04819100) will compare adjuvant selpercatinib 

to placebo after definitive therapy for stage IB-IIIA NSCLC, be it surgery or radiotherapy 

(studies listed in Table 3) (see Table 4).

There are two further reasons to offer RET-targeted therapy upfront. Given both the risk of 

CNS progression on standard therapy and high drop-off rates on each subsequent treatment 

line in NSCLC, opting to keep a TKI for a subsequent line may prevent a patient from 

receiving this life-prolonging therapy. Currently approved RET inhibitors have good CNS 

penetration and durable responses. The second reason we would opt for upfront TKIs is 

toxicity. Highly selective RET inhibitors have a favorable toxicity profile compared to 

chemotherapy with or without ICIs. Furthermore, although RET inhibitors have not yet 

been tested in this context, exposing patients to certain TKIs, such as osimertinib, after ICI 

treatment increases the risk of serious TEAEs.
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In conclusion, while we await phase III trial results, our opinion is that front-line RET 

inhibitors should be offered to those cancer patients with RET alterations. Rapid translation 

of selective RET inhibitors and global regulatory approvals have opened up the field of 

RET precision oncology in NSCLC, thyroid cancer, and multiple other cancers in a tissue-

agnostic fashion harboring RET fusions. Continued deployment of NGS assays to detect 

RET alterations are crucial for identification of patients who could benefit the most from 

such therapy.
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Fig. 1. 
RET mechanisms in normal and oncogenic states. (1) Wild-type RET is a transmembrane 

protein with extracellular cadherin-like and cysteine-rich domains and an intracellular 

tyrosine kinase domain and isoform-specific tail. (2) Upon binding of the wild-type RET to 

a GFRα bound to a GDNF family ligand, RET homodimerizes, is autophosphorylated, and 

activates signaling through RAS, RAF, MEK, or ERK pathways. Ligands are color-coded 

(GDNF in red, NRTN in yellow, ARTN in green, and PSPN in blue), and respective GFRα 
receptors are color-matched. Calcium-binding is represented by bright green crosses and 

phosphorylation by the letter p in a yellow circle. (3) RET with oncogenic mutations, such 

as those indicated, is constitutively active. (4) Oncogenic RET with two of the most common 

fusions, CCDC6 and KIF58, is intracellular, undergoes ligand-independent dimerization, and 

is constitutively active.
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Fig. 2. 
RET inhibitor resistance mechanisms. The RET V804M/L gate-keeper mutations confer 

resistance to MKIs but are overcome by selective RET inhibitors. Solvent front mutations 

(e.g., RET G10S/C/R) confer resistance to selective RET inhibitors. Mutations or 

amplifications of MET or NTRK underlie off-target mechanisms of resistance to selective 

RET inhibitor therapy. EMT may also play a role in acquisition of RET inhibitor resistance.
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Table 1

Affinities to binding domains following phosphorylation of Y1062.

Adaptor
Molecule

RET9 RET43 RET51 Binding
Domains

SHC □ ◊ ●Efficient binding ◊ Undetected ◊ ●Efficient binding □SH2

IRS-1 ◊PTB

FRS2 ◊ ●Binding ◊ ●Low binding ◊ ●Binding

●Binding Affinity, □SH2, ◊PTB
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