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Abstract  

Since the discovery of the RET receptor tyrosine kinase in 1985, alterations of this protein 

have been found in diverse thyroid cancer subtypes. RET gene rearrangements are 

observed in papillary thyroid carcinoma, which result in RET fusion products. By contrast, 

single amino acid substitutions and small insertions and/or deletions are typical of 

hereditary and sporadic medullary thyroid carcinoma. RET rearrangements and mutations 

of extracellular cysteines facilitate dimerization and kinase activation, whereas mutations 

in the RET kinase coding domain drive dimerization-independent kinase activation. Thus, 

RET kinase inhibition is an attractive therapeutic target in patients with RET alterations. 

This approach was initially achieved using multikinase inhibitors, which affect multiple 

deregulated pathways that include RET kinase. In clinical practice, use of multikinase 

inhibitors in patients with advanced thyroid cancer resulted in therapeutic efficacy, which 



 2

was associated with frequent and sometimes severe adverse effects. However, 

remarkable progress has been achieved with the identification of novel potent and 

selective RET kinase inhibitors for patients with advanced thyroid cancer. Although 

expanded clinical validation in future trials is needed, the sustained anti-tumoural activity 

and the improved safety profile of these novel compounds is opening a new exciting era in 

precision oncology for RET-driven cancers. 

 
 
[H1] Introduction   

Since the discovery of the RET gene in 1985, considerable progress has been made in the 

understanding of its physiology and role in diseases, particularly thyroid cancer. RET 

encodes a receptor tyrosine-protein kinase (RET kinase) that is involved in numerous 

cellular mechanisms. In 2008, we reviewed the role of RET in thyroid cancer for Nature 

Clinical Practice Endocrinology & Metabolism (later renamed Nature Reviews 

Endocrinology)1. Since that time, major advances have been made, including the approval 

of tyrosine kinase inhibitors (TKIs) that inhibit vascular endothelial growth factor receptor 

type 2 (VEGFR2) and RET kinase. Furthermore, potent and selective RET kinase 

inhibitors have been identified. The 2020 approval of selpercatinib, one of these new RET 

TKIs, by the US Food and Drug Administration (FDA) prompted us to produce this updated 

Review2, 3. 

 

[H1] The role of RET in human malignancies 

In 1985, Takahashi and colleagues cloned a novel oncogene from a human T lymphoma; 

this oncogene was able to transform fibroblasts after transfection in culture. The 

transforming oncogene was named RET (REarranged during Transfection) because it was 

generated by recombination between two unlinked DNA fragments, which probably 

occurred during the transfection procedure. The researchers showed that fusion occurred 
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between the 3ʹ-terminal sequence of wild-type RET and the 5ʹ-terminal sequence of RFP 

(encoding RET Finger Protein)4. In 1989, RET was mapped to the long arm of 

chromosome 10 (10q11.2)5, a milestone that indicated RET as a candidate gene for 

multiple endocrine neoplasia type 2 (MEN2) syndrome (Box 1), which had also been 

mapped to that chromosomal region6. Also in 1989, RET was demonstrated to encode a 

transmembrane receptor with tyrosine kinase (RTK) activity7. Following this discovery, in 

1990, RET fusions were shown to be a common oncogenic driver event of papillary thyroid 

carcinoma (PTC, the fusions were called RET–PTC)8. Furthermore, in 1993, single amino-

acid substitutions and small insertions and/or deletions were identified in RET in hereditary 

and sporadic forms of medullary thyroid carcinoma (MTC)9. Finally, in 2012, RET fusions 

have been identified in non-small cell lung carcinoma (NSCLC)10-12, and subsequently 

were identified in colon, breast and other cancer types13-15 (Figure 1).  

 

[H1] RET kinase structure and physiology 

[H2] RET kinase structure  

RET encodes a transmembrane RTK (RET) (Figure 2). The extracellular domain features 

four repeats of ~110 amino acids with similarities to cadherins (that is, cadherin-like 

domains CLD1–4), one Ca2+ binding site between CLD2 and CLD3, and one cysteine-rich 

domain (CRD). The plasma membrane is traversed by the transmembrane segment and 

the intracellular domain comprises the intra-cellular juxtamembrane segment and the 

tyrosine kinase domain (TKD). This TKD folds in a typical twin-lobed catalytic core, with a 

N-terminal lobe that contains the glycine-rich nucleotide-binding loop involved in ATP 

binding, and a C-terminal lobe that contains a kinase insert of 14 amino acids. The two 

lobes are separated by a hinge16. The TKD C-terminal lobe contains the activation 

segment, which is a major regulator of the catalytic activity. The conformation of this 

activation segment is misshapen by the M918T mutation in MTC  (see later), with this 
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change leading to increased and faster kinetics of autophosphorylation than in the wild-

type protein14, 17, 18. The TKD is followed by one of two alternatively spliced carboxyl-

terminal tails, which diverge, starting from residue 1063, for their last 9 (forming the RET-9 

isoform) or 51 (forming the RET-51 isoform) amino acids13, 14, 19. 

 

[H2] RET kinase physiology 

[H3] Cellular and tissue expression. RET kinase has important roles in several tissues 

and cell types, which suggests that other pathologies, besides cancer, could benefit from 

the use of drugs that act on RET kinase. Furthermore, knowledge of RET kinase 

physiology could also help with anticipating the potential on-target toxic effects of 

pharmacological RET kinase inhibition. The function of RET kinase is important in 

neuronal populations of the central nervous system (CNS), including spinal cord 

motoneurons, ventral midbrain dopaminergic neurons (these neurons are involved in 

Parkinson disease) and appetite centres. RET kinase function is also essential for the 

correct development of parasympathetic enteric neurons of the myenteric plexus and sub-

mucosal plexus, which are involved in bowel peristalsis. RET kinase is also expressed in 

parafollicular thyroid C-cells, haematopoietic stem cells, ureteric bud tip cells (during 

kidney organogenesis), spermatogonia, growth hormone-secreting pituitary somatotrophs 

and gut haematopoietic cells (which form Peyer's patches)19-25.  

  

[H3] RET kinase signalling. RET kinase is stimulated by ligands of the glial cell line-

derived neurotrophic growth factor (GDNF) family, named GDNF-family ligands, that 

belong to the TGFβ superfamily. They include GDNF, neurturin, persephin and artemin, 

and bind to glycosylphosphatidylinositol (GPI)-linked cell surface co-receptors, named 

GDNF family receptors (GFRα1–4). Thus, a tripartite complex forms between the GDNF 

family ligand–GFRα complex and RET kinase, thereby stimulating RET kinase14, 26. For 
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example, in the GDNF–GFRα1 complex, GFRα1 contacts the RET CLD2–3, and both 

GDNF and GFRα1 contact RET CRD, which leads to homodimerization of the membrane-

proximal RET portion and kinase activation (Figure 2)18, 26. This mechanism is hijacked by 

mutations in the CRD of RET that occur in MTC (see later text).  

 Growth differentiation factor 15 (GDF15, also known as MIC-1) is an alternative 

functional RET ligand27, 28. GDF15 acts on GDNF receptor alpha-like (GFRAL)29, a distant 

relative of the GFRα family. GDF15–GFRAL binds to and stimulates RET kinase, thereby 

regulating the appetite centres of the CNS. In patients with cancer as well as patients with 

a chronic injury or inflammation, rising serum levels of GDF15 induce a RET kinase-

mediated anorexia or cachexia syndrome. Thus, the GDF15–GFRAL–RET system seems 

to be an interesting target for therapies aimed at controlling appetite, obesity, anorexia or 

cachexia27, 28.  

 In addition to acting through ligand stimulation, RET kinase functions as a 

‘dependence receptor’, able to actively transmit constitutive pro-apoptotic intracellular 

signals in the absence of ligand stimulation 22, 30. 

 Upon homodimerisation of RET kinase and kinase activation, the RET kinase 

intracellular domain undergoes phosphorylation at several tyrosine residues, which are in 

turn involved in signal transduction. These include Y687 (in the juxtamembrane segment), 

Y900 and Y905 (in the activation segment), Y981 (in the TKD), and Y1015, Y1029, Y1062 

and Y1096 (in the C-terminal tail; Y1096 is specific for the RET-51 isoform). Y1062 is the 

first tyrosine to be phosphorylated, followed by Y900, Y905 and Y981 at later time points17. 

Of note, Y1062 is crucial for intracellular signalling, in particular to the MAPK and PI3K 

pathways. Upon kinase activation, RET kinase also auto-phosphorylates on S909, thus 

amplifying RET kinase catalytic function 31.  
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[H3] RET kinase as a driver of disease. Mutations of the GDNF family ligand–GFRα–

RET system impair development of parasympathetic enteric neurons, which causes 

intestinal aganglionosis with intestinal obstruction and congenital megacolon (known as 

Hirschsprung disease)32, 33. Hirschsprung-associated RET mutations are found in 30–70% 

of patients with Hirschsprung disease. They typically reduce RET kinase protein folding 

and trafficking to the cell surface of parasympathetic enteric neurons, or decrease its 

intrinsic catalytic function, or reduce its binding to intracellular signalling effectors19, 34. 

 Increased expression or activity of wild type RET kinase in response to GDNF 

family ligands present in the tumour microenvironment is involved in several cancer types, 

including breast, prostate, pancreatic and myeloid malignancies 35. Moreover, as 

discussed later, small RET mutations at the germline or somatic level, as well as somatic 

RET rearrangements are bona fide genetic drivers of thyroid cancer and other 

malignancies, a notion that has launched the search for effective RET TKIs to treat these 

malignancies. 

 

[H1] RET point mutations in MTC  

[H2] Germline RET mutations in MEN2 

In ~25% of patients, MTC occurs as a hereditary monogenic autosomal dominant disorder 

in MEN2 syndrome (Box 1)36. Diffuse C-cell hyperplasia can be detected as the initial 

histological manifestation of the hereditary MTC, which is frequently multifocal in MEN2 

syndrome36,37. A germline RET mutation is present in almost all patients with MEN2 

syndrome. Germline RET mutations have an estimated age-standardized global incidence 

of 0.06 per 100,000 people per year and a prevalence of 1.3 per 100,000 people38, 39. 

Genetic screening is recommended in families with two or more members with MTC and 

also in patients with apparently sporadic MTC (sMTC), because RET germline mutations 

can be found in patients with sMTC (see later text) (Box 2). The identified RET-mutation 
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positive relatives must eventually undergo a search for MTC and for phaeochromocytoma 

and/or hyperparathyroidism40, 41, 42.  

 

[H3] MEN2A syndrome. This syndrome accounts for 80% of hereditary MTC, although 

this proportion might increase when including familial MTC (FMTC, Box 1). MEN2A 

syndrome with a RET mutation at codon 634, the most frequent RET mutation in MEN2A, 

is characterized by the presence of MTC in 100% of patients; 50% of patients have 

phaeochromocytoma (which is bilateral in half of these patients) and 15% a 

hyperparathyroidism, known as the classic presentation43. Around 30% of patients with a 

RET mutation at codon 634 have another subtype characterized by cutaneous lichen 

amyloidosis (CLA), known as MEN2A CLA (Box 1). Phaeochromocytoma is less frequent 

and occurs later and hyperparathyroidism is absent in patients with MEN2A due to another 

RET mutation. Phaeochromocytoma can be associated with any RET mutation and should 

be screened for in all patients with RET mutations44 . Hirschsprung disease can occur in 

patients with a RET mutation at exon 10.  

 In ~95% of patients with MEN2A syndrome, germline RET mutations cluster in 

cysteine C609, C611, C618, C620 (in exon 10), or C630 and C634 (in exon 11) within the 

extracellular CRD, with mutation of C634 being the most frequent44, 45, 36, 38. Many other 

single amino acid changes and small insertions and/or deletions have been reported 

(Figure 2, Table 1)44, 45, 36, 38. These mutations lead to constitutive activation of the RET 

kinase. In the wild type receptor, the affected cysteines are engaged in intra-molecular 

disulfide bonds. By contrast, in mutated RET kinase, their replacement with other amino 

acids leads to the formation of aberrant inter-molecular disulfide bonds, which causes 

ligand-independent RET kinase dimerization and kinase activation 46.  

 Isolated FMTC accounts for about ~15% of patients with hereditary MTC. The most 

common RET mutations in FMTC affect extracellular cysteines other than C634, or 
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intracellular codons (768, 790, or 804) at exons 13 or 14, with a mutation at codon 804 

being the most frequent (Table 1) 44, 45, 36, 38. Currently, FMTC is regarded as a variant of 

MEN2A that is only diagnosed if MTC is present in another family member. Thus, including 

FMTC, up to 95% of patients with hereditary MTC can be classified as having MEN2A47. 

Of note, the genetic screening for MTC has led to the discovery of an unsuspected 

germline RET mutation in up to 6.5% of patients with apparent sMTC. Furthermore, these 

patients showed a statistically significant higher representation of FMTC (87%) with 

respect to classic MEN2A syndrome (13%), thus leading to an overall increased 

prevalence of the FMTC phenotype in individuals with hereditary MTC 48  

 

[H3] MEN2B syndrome. This syndrome is rare (accounting for  ~5% of hereditary 

MTC) and is characterized by MTC, phaeochromocytoma, generalized 

ganglioneuromatosis, ocular abnormalities and a phenotype given by typical facies, 

skeletal malformations and marfanoid habitus 49, 50. MEN2B is almost exclusively 

associated with a mutation in RET exon 16, which causes a methionine to threonine 

(M918T) substitution within the activation segment of RET kinase (Figure 2 and Table 1) 

16, 51. This substitution increases ATP-binding and autophosphorylation activity, thereby 

mediating a dimerization-independent activation of RET kinase 17. In addition, mutant RET 

M918T can be further activated by endogenous ligands 51. Moreover, this mutation has 

been reported to change the substrate specificity of RET kinase. In less than 10% of 

patients, MEN2B is associated with an A883F mutation or to double mutations, which 

include V804M and other mutations 36, 38, 52-55. Phaeochromocytoma occurs in ~50% of 

patients with MEN2B syndrome; the occurrence of phaeochromocytoma is earliest and 

most frequent in patients with MEN2B and in patients with MEN2A with C634R mutation 

than in other patients with MEN2. 
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[H2] Somatic RET point mutations in sMTC  

Somatic RET mutations have been found in up to 55% of patients with sMTC 56. This 

prevalence is higher in patients with large tumours41, and up to 85% of patients with 

distant metastases have somatic RET mutations57. The most common somatic mutation is 

M918T, which is present in up to 40% of patients with sMTC and is associated with 

disease aggressiveness. Other single amino acid changes might occur at residues C611, 

C618, C620, C630, C634, E768, A883 and S891; small RET deletions and/or insertions 

(indels) have also been detected58, 56. One instance of a RET gene fusion has been 

reported in a patient with MTC59. Point mutations in RAS (mainly H-RAS and K-RAS) are 

commonly present in patients with RET mutation-negative MTC56, 60-62. 

 

[H1] RET gene fusions in cancer  

[H2] Thyroid cancer   

Somatic gene rearrangements are a common mechanism of RET oncogenic conversion in 

cancer63. For example, RET kinase fusion proteins involve a NH2-terminal partner fused in 

frame to the RET TKD and COOH-tail. RET kinase fusions occur in <10–20% of patients 

with papillary thyroid carcinoma (PTC), which is the most common differentiated thyroid 

cancer (DTC) subtype64 (Table 2). RET fusions are most common in PTC occurring after 

radiation exposure during childhood, and in PTC in children65-67. RET fusions can be 

present in poorly-differentiated thyroid carcinoma and in rare patients with anaplastic 

thyroid carcinoma (ATC)68, 69.  

 

[H2] Non-thyroid cancer 

RET fusions occur in 1–2% of NSCLC, predominantly in the lung adenocarcinoma (LADC) 

subtype, where they correlate with young age, female sex, Asian ethnicity and minimal 

tobacco exposure10, 15, 70. Other cancer types can also rarely harbour RET 
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rearrangements63. These include breast carcinoma (about 1% of patients)71, colorectal 

carcinoma (<1% of patients)72, Spitz tumour (3% of patients)73 and other rare neoplasms 

such as paediatric spindle mesenchymal tumours74, salivary gland carcinomas75, 76 and 

chronic myeloproliferative neoplasms77. Overall, a total of 78 RET fusions from 46,697 

cancer samples (0.17%) of various histotypes are recorded in the cBioPortal for Cancer 

Genomics [https://www.cbioportal.org]10, 15, 63, 70.  

 

[H2] Mechanisms of gene fusion  

In RET gene fusions, the most common breakpoint is in RET intron 11 (Figure 2). The 

most frequent RET fusions in PTC are coiled-coil domain containing 6 (CCDC6)–RET 

(also named RET–PTC1) and nuclear receptor coactivator 4 (NCOA4)–RET (also named 

RET–PTC3). Of note, kinesin family member 5B (KIF5B)–RET is the most common fusion 

in LADC (Table 2). 

 A chromosome 10q paracentric (that is, not including the centromere) inversion is 

the mechanism for CCDC6–RET and NCOA4–RET fusions, whereas a chromosome 10 

pericentric (that is, including the centromere) inversion is the mechanism of KIF5B–RET 

fusion63. Illegitimate repair of a DNA double-strand break underlies these recombination 

events78. Accordingly, RET fusions in PTC have been mechanistically linked to exposure 

to ionizing radiation79 or to reactive oxygen species80, both agents known to cause double-

strand break formation.  

 Gene fusions mediate constitutive activation of the RET kinase, which can drive 

oncogenesis. This process is primarily caused by the aberrant RET TKD expression, due 

to the switch of the RET transcriptional promoter with that of the fusion partner, and by 

ligand-independent RET TKD activation, due to dimerization mediated by the fusion 

partners (Figure 2)15, 63, 70. In PTC and LADC, RET kinase fusions are mutually exclusive 

with other driver mutations, such as BRAF and RAS mutations and other RTK fusions. 
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This suggests that the RET fusion is a key driver event in these cancers, a notion that has 

fostered attempts to target RET kinase therapeutically and launched the search of RET 

kinase inhibitors.  

 

[H1] RET kinase as a target for TKIs  

With the identification of key driver oncogenes as targetable activated kinases, a new era 

of treatment options emerged in patients with advanced thyroid cancer, particularly MTC. 

In these patients, RET kinase was the first mutated kinase that was selected for targeted 

inhibition1. Based on similarities between kinase domains of RET and vascular endothelial 

growth factor receptor type 2 (VEGFR2), the first anti-RET TKIs that reached clinical 

development also had considerable activity against VEGFR2 and other VEGFR family 

members. The use and approval of such TKIs for treatment of advanced MTC or DTC 

represented a major breakthrough for the systemic treatment of these thyroid cancers 

(discussed later) and prompted the search for the next generation of potent or selective 

RET TKIs81 82. Table 3 summarizes the biochemical activity of TKIs that are approved for 

MTC and DTC, and of novel RET TKIs that have already reached the clinical trial phase.  

 It is important to note that RET kinase inhibition could be a viable approach for 

RET-driven cancers of non-thyroid origin. A detailed review of the clinical results of the 

treatment of RET-rearranged lung carcinomas with vandetanib, cabozantinib and other 

multikinase inhibitors that target RET kinase has been is reported elsewhere70. Of the 

novel RET TKIs (see later), BLU-667 (pralsetinib) showed an objective response rate 

(ORR) of 58% in patients with RET fusion-positive NSCLC (ARROW trial, NCT03037385). 

Furthermore, in the LIBRETTO-001 trial (NCT03157128), LOXO-292 (selpercatinib) 

showed an ORR of 68% in patients with RET fusion-positive NSCLC 2, 3, 82-86.  

 

[H1] Mechanistic evidence 
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Initial studies to identify RET kinase inhibitors revealed that the orally available 

anilinoquinazoline, vandetanib (ZD6474), which is a TKI with activity against VEGFR2 and 

EGFR, had substantial RET kinase inhibitory activity87 (Table 3). Vandetanib belongs to 

the ‘type I’ class of TKIs, defined as an inhibitor that binds the ATP-binding pocket with the 

activation segment positioned in the active conformation (referred to as DFG-in, due to the 

position of the DFG motif)88. In cell-based studies, vandetanib inhibited the activity of RET 

fusion products as well as RET point mutants. Furthermore, mouse-based experiments 

showed that vandetanib inhibits the growth of xenografts of NIH3T3 fibroblasts that 

express the RET–PTC3 fusion product87. Cabozantinib, another TKI with inhibitory activity 

for VEGFR2 and hepatocyte growth factor receptor (MET), showed activity against RET 

kinase (Table 3). In contrast with vandetanib, cabozantinib is a ‘type II’ inhibitor, defined as 

an inhibitor that binds the catalytically inactive conformation of the kinase, in which the 

DFG motif is flipped out (DFG-out)88. Of note, several other TKIs have shown anti-RET 

kinase activity, including sorafenib, sunitinib, alectinib, ponatinib and lenvatinib89 70  

 

[H2]  TKIs with variable VEGFR selectivity  

The simultaneous block of RET kinase and VEGFR2 could provide an advantage in 

controlling tumour growth; although such dual activity can also increase the toxicity of TKIs 

and therefore hamper the possibility of achieving safe doses that are sufficient to inhibit 

RET kinase. Thus, medicinal chemistry and structure–activity relationship research efforts 

have led to the identification of novel RET TKIs with variable VEGFR inhibitory activity89. 

Among them, Pz1 is a novel TKI that has been shown in preclinical studies to act at a sub-

nanomolar concentration on RET kinase and several RET kinase variations90. Of note, 

Pz1 shows an approximately equal inhibitory activity against both RET kinase and 

VEGFR2 and a good global kinome selectivity90. Importantly, it is active against RET 
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kinase with a mutation at the V804 residue, which is resistant to other TKIs (see later 

text)90  

 At least four additional molecules designed as VEGFR-sparing RET TKIs have 

been reported: BLU-667 (pralsetinib), LOXO-292 (selpercatinib), BOS172738 and TPX-

0046. For example, pralsetinib was identified through the screening of >10,000 

compounds for selective activity against RET kinase compared with other kinases91. 

Biochemical assays showed that pralsetinib inhibited wild-type RET kinase as well as 

oncogenic RET mutants at sub-nanomolar concentrations, without concomitant VEGFR2 

inhibition, and the drug showed only minor activity against JAK1. Furthermore, pralsetinib 

abrogated RET signalling and proliferation in RET-driven cancer cell lines, demonstrated 

antitumour activity in in vivo models of RET-driven cancers and was active against RET 

kinase with a mutation at the V804 residue91.  

 Selpercatinib was specifically designed to target diverse RET-activating mutations. 

In vitro studies demonstrated that at a concentration of 0.1 µM, the drug was at least 

250-fold more selective for RET than for 98% of the other kinases tested 86. In addition, 

selpercatinib exerted substantial activity against diverse RET kinase-activating mutations, 

including MTC-associated mutations as well as V804 mutations (see later text). 

Importantly, in diverse RET kinase-dependent mouse tumour models, selpercatinib 

showed substantial inhibition of tumor growth82, 86.  

 BOS172738 is another potent RET TKI with a high selectivity over VEGFR2 (>300-

fold) that demonstrated potency against several RET mutants, including V804L and 

V804M (Table 3). In preclinical studies, the drug demonstrated potent activity in RET-

driven tumours and BOS172738 is currently being evaluated in a phase I clinical trial 

(NCT03780517)92. Finally, TPX-0046 is another new VEGFR2-sparing TKI with dual RET 

kinase–SRC inhibitory activity at low nanomolar concentrations that demonstrated anti-
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tumour efficacy in cell lines and patient-derived xenografts, and is currently being 

evaluated in a phase I/II clinical trial (NCT04161391) 93. 

  

[H2] Mechanisms of resistance to RET TKIs  

Either primary or acquired resistance to RET TKIs can occur in patients with RET-driven 

cancer or in cell-based models. Acquired resistance primarily involves a modification of the 

target molecule (that is, RET kinase) or a mutation that enables bypass signalling15. 

Several single amino acid changes within the RET kinase domain are able to provide 

target-mediated resistance to various TKIs (Figure 2). These include mutations of RET 

V804, Y806 and G810 in the hinge segment of the RET kinase, and of S904 in the 

activation segment of the RET kinase. Importantly, RET kinase V804 occupies the so-

called ‘gatekeeper’ position, controlling access to the hydrophobic ATP-binding and drug-

binding pocket and potentially controlling the binding affinity of the RET kinase for ATP. 

V804M, V804L and V804E substitutions mediate resistance to vandetanib and 

cabozantinib94, 95 91, 94. In addition, the change of the adjacent amino acid (Y806C) also 

mediates resistance to vandetanib96 97.  

 V804 (V804L and V804M) and Y806 (Y806C) RET kinase substitutions are 

pathogenetic lesions identified in patients with MTC who are naive for previous TKI 

treatment (Table 2). Of note, V804M has been also identified in patients with MTC and 

patients with NSCLC who relapsed upon treatment with vandetanib, cabozantinib or both, 

suggesting that the V804M mutation could also be under selective pressure to mediate 

secondary resistance98 99. This finding supports the speculation that RET kinase inhibition 

by these specific TKIs is an important component of their clinical activity. However, a 

clinical response to vandetanib has been reported in 3 of 4 patients with MTC who have a 

RET kinase V804 mutation, which suggest that non-RET kinase activity might be important 

as well100. Notably, new inhibitors, such as Pz1, selpercatinib, pralsetinib and BOS172738, 
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maintained their activity against RET kinase V804 mutants, findings that were replicated in 

vivo in patients90, 10186, 91.  

Mutations at glycine 810 (G810A or G810S) in the hinge of the RET kinase were 

initially demonstrated to mediate resistance to vandetanib in preclinical models102 103 

(Figure 2). Importantly, RET kinase G810R, G810S or G810C mutations were also 

identified as acquired resistance mechanisms in patients with KIF5B–RET or CCDC6–RET 

positive NSCLC and in patients with RET mutant-positive MTC, who progressed with 

vandetanib, lenvatinib and with the new generation TKIs selpercatinib and pralsetinib101. 

Structural modelling showed that replacement of G810 with bulky, charged or polar 

residues could directly interfere with selpercatinib binding to the kinase with just minor 

effects on ATP affinity101. Of note, TPX-0046 maintained activity against the RET kinase 

G810R mutation and nintedanib against G810A97. 

 Finally, S904 in RET kinase maps between two autophosphorylation tyrosine 

residues (Y900 and Y905) within the activation segment of RET kinase (Figure 2). S904F 

mutation increases the ATP affinity and autophosphorylation activity of RET kinase, and 

this change was identified as a mechanism of on-target resistance to vandetanib in a 

patient with CCDC6–RET positive NSCLC104. However, the new generation inhibitors 

selpercatinib and pralsetinib were active in vitro also against  RET kinase with the S904F 

mutation 101.  

Monitoring circulating tumour DNA or cell-free DNA in patients before and during 

treatment with TKIs (BOX 2) could provide new insights into these mechanisms of 

resistance in individual patients105. 

 

[H1] Clinical data 

Since the early 2000s, multi kinase inhibitors have been used to treat patients with 

advanced thyroid cancer. A decade later, inhibitors with selective activity for specific 



 16

oncogenic kinases became available and the use of these selective inhibitors has 

therefore been restricted to tumours with mutations of the target kinase. Mutational 

screening is mandatory in all patients with extended thyroid cancer, ideally of their 

metastatic tissue, which enables patients to be treated with selective TKIs.  

 

[H2] Progressive refractory advanced DTC  

Several TKIs have entered into clinical trials in patients with progressive radioiodine-

refractory advanced DTC. For example, two drugs, sorafenib that targets VEGFR and RET 

kinase, and lenvatinib that targets VEGFR, RET kinase and FGFR, proceeded through 

phase III trials. In the DECISION trial (sorafenib versus placebo) in 417 patients with DTC, 

the median progression free survival (PFS) was improved from 5.8 to 10.8 months (HR: 

0.59, P<0.0001) and the objective response rate (ORR) was 12% (REF. 106). In the 

SELECT trial (lenvatinib versus placebo) in 392 patients with DTC, the median PFS was 

improved from 3.6 to 18.3 months (HR: 0.21, P <0.0001) and the ORR was 65% (REF. 107). 

The significant improvement of median PFS over placebo led to the US FDA and 

European Medicine Agency (EMA) approvals for both drugs for patients with progressive 

refractory advanced DTC (in 2013 for sorafenib and 2015 for lenvatinib). Other TKIs have 

been effective in phase II trials for progressive refractory advanced DTC, such as 

cabozantinib108, pazopanib109, sunitinib110  and axitinib111. In the DECISION (sorafenib 

versus placebo) and SELECT (lenvatinib versus placebo) trials, no association could be 

identified between specific oncogenic mutations and change in PFS or response rate to 

the drug. 

  

[H2] Advanced MTC  

For advanced MTC, vandetanib (which targets VEGFR2, RET and EGFR kinases) and 

cabozantinib (which targets VEGFR2, RET and MET kinases) have entered phase III trials 
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(Table 3). In the ZETA trial (vandetanib versus placebo) in 331 patients with metastatic 

(but not necessarily progressive) MTC, median PFS was improved from 19.3 months to an 

estimated 30.5 months (HR: 0.46, P<0.001) and the ORR was 44% (REF. 81). In the 

EXAM trial (cabozantinib versus placebo) in 330 patients with progressive metastatic MTC, 

median PFS improved from 4.0 months to 11.2 months (HR: 0.28, P<0.001) and the ORR 

was 28% (REF. 112). The significant improvement of median PFS over placebo led to FDA 

and EMA approvals for both drugs for patients with progressive advanced MTC (in 2011 

for vandetanib and in 2012 for cabozantinib). Of note, between the two trials, the markedly 

different outcomes in the placebo treated arms as well as the active drug arms are 

probably related to differences in eligibility criteria. However, a non-prespecified sub-

analysis of the ZETA trial could demonstrate similar benefits of vandetanib in patients with 

documented progression at baseline113. Long term treatment responses lasting 10 years 

or even more were observed in ~10% of patients with MTC treated with vandetanib114 115, 

suggesting that in some tumours no resistance mechanisms appear during the long-term 

treatment. Other TKIs have been effective in phase II trials in patients with MTC, such as 

lenvatinib116. 

In the vandetanib and cabozantinib trials in MTC, the presence of a RET mutation in 

the tumour tissue was associated with a better outcome. For example, in the cabozantinib 

study, patients whose tumours contained the somatic RET M918T mutation showed a 

greater improvement in PFS than the overall study cohort (13.9 months versus 4.0 

months; HR: 0.15, P< 0.0001) and a significant overall survival improvement (median 

survival: 44.3 months versus 18.9 months, HR: 0.6, P=0.03) (REF. 117). In the vandetanib 

trial, patients with the somatic RET M918T mutation were more likely than patients with 

other mutations to experience an improved PFS81. It is worth noting that these drugs are 

potent VEGFR2 inhibitors and might exert their effects on MTC by directly targeting either 

RET or VEGFR2 or both118. In MTC, RET activating mutations, besides promoting C-cell 
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proliferation, stimulate the production of calcitonin. In some patients, treatment with 

vandetanib or cabozantinib induces a rapid decrease in circulating levels of calcitonin, 

even before and, in some cases independently from, any decrease in tumour burden. In 

these patients, it is plausible that the rapid reduction of calcitonin production is the effect of 

a direct inhibition of RET kinase119.  

 

[H2] Limitations of currently approved drugs  

Despite the impressive changes in PFS, none of these four drugs approved for treating 

advanced thyroid carcinoma (sorafenib and lenvatinib in DTC, vandetanib and 

cabozantinib in MTC) were shown to improve overall survival. Study design could have 

affected this outcome in three of the studies, as only the cabozantinib trial did not permit 

cross-over from placebo upon progression. Furthermore, only one pre-specified analysis of 

the lenvatinib trial showed that patients older than 65 years lived longer if randomized to 

lenvatinib rather than placebo (HR: 0.53, P = 0.02) (REF. 120). 

 Unfortunately, the use of these agents might decrease quality of life and is 

associated with adverse effects that could be fatal in some patients. Adverse effects 

include diarrhoea, nausea, fatigue, rash and skin lesions, as well as hypertension and 

cardiovascular complications including QT prolongation attributable to VEGFR2, EGFR 

and hERG inhibition. These effects might limit the treatment dose of these drugs70. 

Moreover, some patients might simply be not eligible for these therapies on the basis of 

contraindication due to systemic disability or to an unacceptable risk of bleeding or fistula. 

In patients with DTC, adverse effects that necessitated dose reduction occurred in 64% of 

patients on sorafenib and 68% of patients on lenvatinib, and permanent discontinuation of 

therapy in 19% and 14% of patients, respectively. In addition, in patients with MTC, 

adverse effects necessitated dose reduction in 35% of patients on vandetanib and 79% of 
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patients on cabozantinib, and permanent discontinuation of therapy in 12% and 16% of 

patients, respectively. 

  

[H2] Selective TKIs  

Preliminary data on the use of selective RET TKIs in patients with thyroid cancer with 

RET-activating mutations suggest that they might be more effective and less toxic than 

those drugs already in practice. For example, the safety and efficacy of selpercatinib in 

advanced RET-mutant MTC and in RET fusion-positive thyroid cancer were evaluated in 

LIBRETTO-001 (NCT03157128), a phase I/II clinical trial in adolescent and adult patients. 

In 88 patients with RET-mutated MTC, the ORR was 73% for patients who had not 

received vandetanib and cabozantinib, whereas the 1-year PFS rate was 92%; for the 55 

patients who had been pre-treated with vandetanib or cabozantinib, the ORR was 69%, 

the 1-year PFS rate was 82% and the calcitonin response rate was 91%. In addition, in 

this trial, 19 patients had previously treated RET-fusion gene positive DTC; for these 

patients the ORR was 79% and the 1-year PFS rate was 64% (REF. 83).  

 The safety and efficacy of pralsetinib were evaluated in ARROW, a phase I/II trial 

(NCT03037385). Preliminary results are available in 32 patients with RET-mutant MTC, 

including 16 patients previously treated with cabozantinib or vandetanib; for all these 

patients the ORR was 63% and the disease control rate was 94%. In 12 patients with 

RET–fusion gene positive DTC, the ORR was 75% and the median duration of response 

was 14.5 months91, 121. These specific RET TKIs appeared to be well tolerated, with the 

most common drug-related adverse effects including dry mouth, increased serum levels of 

markers of liver function (AST and ALT), hypertension, diarrhoea and fatigue. However, 

toxicities typically associated with other TKIs, such as hypertension and diarrhoea, were 

less frequent and of lower grades. Dose reductions were fairly uncommon, and treatment 

discontinuation due to treatment-related adverse effects was necessary in only 3% of 
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patients. In May 2020, the FDA granted approval for selpercatinib in patients with lung and 

thyroid cancer carrying alterations in the RET gene2, 3. 

  

[H1] Conclusions  

In conclusion, the use of these novel RET kinase inhibitors are promising in terms of both 

efficacy and tolerance. Ongoing phase III trials comparing the efficacy and tolerance of 

one of the novel selective RET kinase inhibitors to the TKIs already in practice (that is, 

vandetanib or cabozantinib) will determine which agent can be recommended as the first 

line treatment in patients with a RET mutation. Trials will also determine at which stage of 

the disease initiation of treatment is recommended, and whether the use of these novel 

RET kinase inhibitors should be used at an earlier stage than that recommended for TKIs 

already in clinical practice. The emergence of target-dependent resistance mechanisms, 

such as RET kinase G810 mutations, might also be an issue with these new drugs and 

necessitates a search for second line compounds to overcome resistance. In the absence 

of a RET mutation, other treatment modalities, such as the other TKIs already in clinical 

practice, can be used for patients with advanced thyroid cancer, either alone or in 

combination with other treatment modalities, such as immunotherapy.  
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Key points 

• Alterations in RET are frequent key events in thyroid tumorigenesis. 

• Single amino acid mutations and small deletions and/or insertions, or gene fusions 

involving RET represent oncogenic driving forces in medullary thyroid carcinoma 

and papillary thyroid carcinoma, respectively. 

• Multi-targeted tyrosine kinase inhibitors (TKIs) currently represent the mainstay of 

treatment for advanced radioiodine-refractory thyroid cancer and advanced 

medullary thyroid carcinoma. 

• Novel RET TKIs that target RET kinase potently with increased selectivity might be 

effective and better tolerated than the drugs already in clinical practice for treatment 

of advanced thyroid cancer. 

 

Table 1: RET single amino acid substitutions in MEN2 syndrome and sMTC 
 
RET 
exon 

Codon Mutation in MEN2a MEN2 
subtype

 Risk level Mutation in 
sMTC 

10 C609 C609R, C609G, 
C609F, C609S,  
C609W, C609Y 

MEN2A Moderate Rare in sMTC 

10 C611 C611R, C611G, 
C611F, C611S, 
C611W, C611Y 

MEN2A Moderate Rare in sMTC 

10 C618 C618R, C618G, 
C618F, C618S, 
C618W, C618Y 

MEN2A Moderate C618R,  C618G 

10 C620 C620R, C620G, 
C620F, C620S, 
C620W, C620Y 

MEN2A Moderate C620R 

11 C630 C630R, C630Y, 
C630F, C630S 

MEN2A Moderate Rare in sMTC 

11 C634 C634R, C634G, MEN2A High C634R, C634F,  
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C634F, C634S, 
C634W, C634Y, 
C634K 

C634S, 
C634W, C634Y 

13 E768 E768D MEN2A Moderate Rare in sMTC 
13 L790 L790F MEN2A Moderate Rare in sMTC 
14 V804 V804L, V804M MEN2A Moderate Rare in sMTC 
15 A883 A883F MEN2B High or 

Highest 
A883F, A883S 

15 S891 S891A MEN2A Moderate S891A 
15 S904 S904F MEN2A Moderate Rare in sMTC 
16 M918 M918T MEN2B Highest M918T 
 
MEN2, multiple endocrine neoplasia type 2; sMTC, sporadic medullary thyroid 
carcinoma. aOnly some of the most common mutations of RET kinase hot spots are listed. 
For a complete list, the reader is referred to comprehensive reviews36, 38,56.  
 
 
Table 2: RET fusions in thyroid carcinoma and in other malignancies 
 

RET Fusiona  Thyroid 
carcinoma  

Other malignancies  

ACBD5–RET PTC NA 
AFAP1L2–RET PTC NA 
AKAP13–RET PTC NA 
ANKRD26–RET PTC NA 
CCDC6–RET (known as 
RET–PTC1) 

PTC, PDTC  LADC, BRCA, SCT, CRC, 
STAD 

DLG5–RET PTC NA 
ERC1–RET PTC,  BRCA 
FKBP15–RET PTC NA 

GOLGA5–RET (known as 
RET–PTC5) 

PTC,  SN 

HOOK3–RET PTC NA 
KIAA1468–RET PTC IMA 

KTN1–RET (known as 
RET–PTC8) 

PTC NA 

MYH13–RET MTC NA 
NCOA4–RET (known as 
RET–PTC3) 

PTC, PDTC  LADC, BRCA, IC, SCT, CRC 

PCM1–RET PTC NA 
PDCD10–RET PDTC NA 
PPFIBP2–RET PTC NA 
PRKAR1A–RET (known as 
RET–PTC2) 

PTC NA 

RUFY2–RET PTC LADC, 
SPECC1L–RET PTC  LPF, LPF-NT 
SQSTM1–RET PTC NA 
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TBL1XR1–RET PTC NA 
TFG–RET PDTC  SCT, LPF 
TRIM24–RET (known as 
RET–PTC6) 

PTC  LADC, CRC 

TRIM27–RET  PTC IC 
TRIM33–RET (known as 
RET–PTC7) 

PTC  LADC 

UEVLD–RET PTC NA 
 
BRCA, breast invasive carcinoma; CRC, colorectal carcinoma; IC, intraductal 
carcinoma of the salivary gland; IMA, invasive mucinous lung 
adenocarcinoma; LADC, lung adenocarcinoma; LPF, lipofibromatosis; LPF-
NT, lipofibromatosis-like neuronal tumours; MTC, medullary thyroid 
carcinoma; NA, not identified in other malignancies; PDTC, poorly 
differentiated thyroid carcinoma; PTC, papillary thyroid carcinoma; SCT, 
spindle cell tumour of soft tissues; SN, spitzoid neoplasms; STAD, stomach 
adenocarcinoma. aData originally presented in Ref63.  
 
 

Table 3: Activity of clinical small molecule tyrosine kinase inhibitors targeting RET 
 
Compounda Other 

names 
Targets (IC50 nM)b Reference 

RET 
kinase 

VEGFR2 Others (IC50 nM)c 

Vandetanib ZD6474, 
Zactima, 
Caprelsa 

130 (4) 40 (4) VEGFR3 (110), 
EGFR (500) 

122, 86 

Cabozantinib BMS-
907351, 
XL-184, 
Cometriq 

5.2 (11) 0.035 (2) MET (1.3), KIT 
(4.6), AXL (7), 
FLT3 (11.3), TIE2 
(14.3) 

123, 86 

Sorafenib BAY 43-
9006, 
Nexavar 

5.9 15 RAF1 (6), 
mVEGFR3 (20), 
BRAF (22), 
mPDGFRb (57), 
FLT3 (58) 

124-126 

Lenvatinib Lenvima, 
E7080 

1.5 4 VEGFR3 (5.2) 127-129 

Pralsetinib BLU-667 0.4 35 NR 86 
Selpercatinib  LOXO-292 0.4 100 NR 82 
BOS172738 DS-5010 1.0d >300 fold 

vs RET 
NR 130 

 
NR: not reported. aFrom https://pubchem.ncbi.nlm.nih.gov/ and 
https://www.cancer.gov/publications/dictionaries/cancer-drug. bData from in vitro kinase 
assays (standard deviations are omitted) from the original publications. Based on the 
different experimental setting relative potency for the different targets within the same 
study might be appreciated, while direct comparisons between absolute values from 
different studies should be considered very cautiously. Between dashes are the values 
from reference86. cTargets with IC50 values in a 10-fold range with respect to RET kinase 
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are reported. BLU-667 inhibits JAK1 but at a potency about 20-fold lower than RET. dIn 
this case, biochemical Kd values are reported. 
 

 

Figure 1: Timeline of key discoveries for RET as a driver oncogene and its 

therapeutic targeting. Schematic representation of the major discoveries about RET 

kinase structure and function, and the role of RET kinase in the pathogenesis of human 

cancer and other diseases. The approval of drugs acting on RET kinase is also shown. 

GDNF, glial cell line-derived neurotrophic growth factor; LADC: lung adenocarcinoma; 

MEN2: multiple endocrine neoplasia type 2; MTC: medullary thyroid carcinoma; PTC: 

papillary thyroid carcinoma; TKD, tyrosine kinase domain. 

 

Figure 2: Structure of RET protein and of major RET fusion partners. a | Schematic 

representation of RET protein. C634 is commonly mutated in multiple endocrine neoplasia 

type 2A (MEN2A) syndrome.  b | Schematic representation of CCDC6, NCOA4 and KIF5B 

proteins. For each protein, the structural domains are indicated. DUF2046 (domain of 

unknown function 2046) of CCDC6 contains several potential segments able to fold into 

coiled-coil structures (amino acids 56–104, 120–140, 142–212, 214–234 and 262–325). 

The first ARA70 domain in NCOA4 contains a potential segment (amino acids 12–128) 

able to fold into a coiled-coil structure. Protein domain information was obtained from Pfam 

(https://pfam.xfam.org/)131. Arrows indicate the most frequent breakpoint sites in RET 

kinase and partner proteins. c | Schematic representation of the RET TKD. V804, Y806, 

G810 and S904 are shown; mutation of these residues might cause resistance to some 

kinase inhibitors. M918, whose mutation is associated with sporadic MTC and patients 

with MEN2B syndrome, is also shown. AS, activation segment; CC, coiled-coil; CLD 1 to 4, 

Cadherin-like domains; CRD, Cysteine-rich domain; EC, extracellular region; G, Glycine-
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rich loop mediating binding to the nucleotide; H, hinge; I, kinase insert; TM, 

transmembrane segment; JM, juxtamembrane segment; TKD, tyrosine kinase domain.  

 

Box 1: Clinical characteristics of multiple endocrine neoplasia type 2 syndromes 

There are two clinically distinct types of multiple endocrine neoplasia type 2 (MEN2) 

syndrome, termed [MEN2A https://www.omim.org/entry/171400] and [MEN2B 

https://www.omim.org/entry/162300]. Within MEN2A, there are four variants. First, classic 

MEN2A, represented by the uniform presence of medullary thyroid carcinoma (MTC) and 

the less frequent occurrence of phaeochromocytoma, or primary hyperparathyroidism, or 

both. Second, MEN2A with cutaneous lichen amyloidosis. Third, MEN2A with 

Hirschsprung disease. Fourth, familial MTC [(FMTC) https://www.omim.org/entry/155240], 

which is defined as individuals with MTC only and without any other inherited pathology in 

their family members. MEN2B is associated with MTC, phaeochromocytoma, typical facies, 

skeletal abnormalities and marfanoid habitus, generalized ganglioneuromatosis and ocular 

abnormalities132 36.  

A germline RET mutation is present in almost all patients with MEN2. RET 

mutations are stratified into three risk levels, that is, highest, high and moderate risk, 

based on the penetrance, aggressiveness and latency of the MTC132. This risk level will 

indicate the age at which thyroidectomy should be performed in mutation carriers. Children 

with MEN2B (mutation at codon 918) are in the highest risk category and should undergo 

thyroidectomy in their first year of life or perhaps even in their first months of life. In 

children in the high-risk category (mutation at codon 634), thyroidectomy should typically 

be performed at the age of 5 or at an earlier age if serum levels of calcitonin become 

elevated. In children in the moderate risk group (with any of the other RET mutations), 

disease expression varies considerably. As such, the decision regarding the age of 

prophylactic thyroidectomy is no longer based upon genotype alone but is currently driven 

by the increasing trend of serum levels of calcitonin, surgery being recommended for 

elevated levels but below 30 pg/ml, because the occurrence of lymph node metastases 

becomes more frequent for higher levels. Personalized management also includes 

decisions about the best age to begin biochemical screening for phaeochromocytoma and 

primary hyperparathyroidism 132. 

 

Box 2: RET testing in patients with thyroid carcinoma   
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[bH1] Testing for germline mutations 

The identification of RET point mutations is fairly simple when a specific germline mutation 

is already known in the family. Such knowledge allows clinicians to detect the mutated 

RET allele in at-risk family members. The strategy is either to initially sequence the most 

commonly mutated RET cysteine codons located in exons 10 and 11 as well as hot spots 

located in exons 13 to 16, or sequencing all RET exons. The second approach is more 

expensive, but feasible and allows detection of ‘rare’ RET double or multiple mutations 133. 

 

[bH1] Testing for somatic alterations 

[bH2] Detection of point mutations. Uses the above methods. 

[bH2] Detection of gene fusions. Several different genes can contribute to the 5ʹ 

sequences of chimeric RET products, therefore the use of DNA based methods is limited. 

RT-PCR assays can detect RET and fusions partners, but detect only a few genes at once 

and cannot detect novel fusion partners. Fluorescence in situ hybridization or 

immunohistochemistry are rarely used to detect RET fusion proteins due to the weak 

reactivity of available antibodies. Next generation sequencing offers the possibility to 

assess multiple RET mutations, gene fusions and variant allele frequencies with high 

sensitivity. RNA sequencing approaches enable a more comprehensive detection of gene 

rearrangements and are considered as a complementary approach when DNA-based 

approaches fail to detect fusion products. 

[bH2] Liquid biopsy  

Liquid biopsy has finally emerged as a novel method that is particularly useful in the 

clinical and therapeutic monitoring of advanced thyroid cancers with a specific RET 

alteration. The technique aims to identify and quantify RET alterations in plasma DNA, 

although specificity and sensitivity of the assay should be addressed 134. In a 2019 study, 

RET point mutations and fusions were investigated in plasma DNA of nearly 33,000 

patients affected by various cancer types; somatic activating RET alterations were found in 

~1 in 200 patients in a wide range of solid tumour types105 . 

 

Alterations of RET kinase have been found in diverse thyroid cancer subtypes. This 

Review describes the RET mutations and gene fusions that can occur in thyroid cancer 

and highlights specific RET kinase inhibitors that are in clinical and preclinical use.  
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