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ABSTRACT

RET is a transmembrane receptor protein-tyrosine kinase that is required for the development of the
nervous system and several other tissues. The mechanism of activation of RET by its glial-cell derived
neurotrophic factor (GDNF) ligands differs from that of all other receptor protein-tyrosine kinases owing
to the requirement for additional GDNF family receptor-a (GFRa) co-receptors (GFRa1/2/3/4). RET point
mutations have been reported in multiple endocrine neoplasia (MEN2A, MEN2B) and medullary thyroid
carcinoma. In contrast, RET fusion proteins have been reported in papillary thyroid and non-small cell
lung adenocarcinomas. More than a dozen fusion partners of RET have been described in papillary thyroid
carcinomas, most frequently CCDC6-RET and NCOA4-RET. RET-fusion proteins, commonly KIF5B-RET,
have also been found in non-small cell lung cancer (NSCLC). Several drugs targeting RET have been
approved by the FDA for the treatment of cancer: (i) cabozantinib and vandetanib for medullary thyroid
carcinomas and (ii) lenvatinib and sorafenib for differentiated thyroid cancers. In addition, alectinib and
sunitinib are approved for the treatment of other neoplasms. Each of these drugs is a multikinase inhibitor
that has activity against RET. Previous X-ray studies indicated that vandetanib binds within the ATP-
binding pocket and forms a hydrogen bond with A807 within the RET hinge and it makes hydrophobic
contact with L881 of the catalytic spine which occurs in the floor of the adenine-binding pocket. Our
molecular modeling studies indicate that the other antagonists bind in a similar fashion. All of these
antagonists bind to the active conformation of RET and are therefore classified as type I inhibitors. The
drugs also make variable contacts with other residues of the regulatory and catalytic spines. None of these
drugs was designed to bind preferentially to RET and it is hypothesized that RET-specific antagonists
might produce even better clinical outcomes. Currently the number of new cases of neoplasms bearing
RET mutations or RET-fusion proteins is estimated to be about 10,000 per year in the United States. This
is about the same as the incidence of chronic myelogenous leukemia for which imatinib and second
and third generation BCR-Abl non-receptor protein-tyrosine kinase antagonists have proven clinically
efficacious and which are commercially successful. These findings warrant the continued development
of specific antagonists targeting RET-driven neoplasms.

© 2017 Published by Elsevier Ltd.
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1. Overview of RET protein-tyrosine kinase

RET is a transmembrane receptor protein-tyrosine kinase that
is required for the normal development of the brain, the peripheral
sympathetic and parasympathetic nervous systems, the neuroen-
docrine thyroid calcitonin producing C-cells, thyroid and lung as
well as hematopoietic progenitors and other tissues [1]. This review
focuses on the role of RET in the pathogenesis of thyroid and lung
cancers and a discussion of the small molecule drugs that target RET
in the treatment of these disorders. We will focus on cabozantinib,
lenvatinib, sorafenib, and vandetanib, which are RET and multiki-
nase inhibitors that are FDA-approved for the treatment of thyroid
cancers. We will also consider (i) alectinib, an ALK/RET antagonist
that is approved for the treatment of ALK* non-small cell lung can-
cer (NSCLC), (ii) ponatinib, a multikinase inhibitor approved for the
treatment of Philadelphia chromosome positive acute lymphoblas-
tic leukemia (ALL) and chronic myelogenous leukemia (CML), and
(iii) sunitinib, a multikinase inhibitor that is approved for the treat-
ment of renal cell carcinoma (RCC), gastrointestinal stromal tumors
(GIST), and pancreatic neuroendocrine tumors (pNET) (www.brimr.
org/PKI/PKIs.htm).

As reported in 1985, Takahashi et al. transformed murine NIH
3T3 fibroblasts with sonicated human lymphoma DNA [2]. They
determined that the transforming sequence encompassed 34 kilo-
bases and was made up of a rearrangement of two normal but
unlinked DNA segments. Because this transforming sequence was
the product of gene rearrangement during transfection, they named
it “REarranged during Transfection,” or RET. Ishizaka et al. mapped
the human RET gene to chromosome 10 (10q11.2) [3]. Durbee
et al. subsequently identified RET as the receptor for the glial-cell
derived neurotrophic factor (GDNF) [4]. Beside GDNF, this family
includes artemin (ARTN), neurturin (NTRN), and persephin (PSPN)
[1]. The nearest relatives of the RET receptor protein-tyrosine
kinase include FGFR1/2/3/4 and VEGFR1/2/3 [5].

The mechanism of activation of RET by its ligands differs from
that of all other receptor protein-tyrosine kinases owing to the
requirement for additional GDNF family receptor-a (GFRa) co-
receptors (GFRa1/2/3/4) [1]. These co-receptors are tethered to
the external plasma membrane by a glycosylphosphatidylinositol
linkage and they form binary complexes with the extracellular RET-
activating ligands that in turn bind to RET. Members of the GDNF
family exist as a homodimer linked by a disulfide bond. The GDNF
dimer interacts with two GFRa complexes to form a dimer (a dimer
of dimers) that interacts with two RET receptors to form a hex-
americ complex that consists of two receptors, two co-receptors,
and a ligand dimer (Fig. 1). Although there may be some crossover
among the ligands and co-receptors, the chief ligand/co-receptor

complexes include GDNF/GFRa1, NTRN/GFRa2, ARTN/GFRa3, and
PSPN/GFRa4 (Table 1) [1].

In the absence of ligand-mediated stimulation, RET exists
in a dormant non-phosphorylated state. Following ligand-
mediated stimulation, the RET receptor dimer undergoes trans-
phosphorylation leading to increased activity. Unlike that of
most other receptor protein-tyrosine kinases [6], the activating
phosphorylation sites occur outside of the activation segment
[7-9]. There are 18 tyrosine residues within the RET intracel-
lular domain (Table 2). Tyr900 and Tyr905 occur within the
activation segment, Y660 and Y697 occur within the JM seg-
ment, and Y1029/1062/1090/1096 occur in the carboxyterminal
tail. Plaza-Menacho et al. reported that Y697 and Y1062 represent
early phosphorylation sites while Y900 and Y905 represent late
phosphorylation sites [8,9]. These investigators reported that phos-
phorylation of Y697 within the JM segment plays an important role
in enhancing RET activity.

Additional receptor phosphorylation creates docking sites for a
variety of proteins that result in intracellular signaling by a plethora
of pathways [1,8]. For example, pY752 and pY928 are docking sites
that lead to the activation of the JAK-STAT pathway and cell survival
(Table 2). pY981 is a docking site that leads to the activation of Src
and the PI-3 K/AKT pathway and cell survival while pY1015 leads to
the docking of PLCy and the activation of PKC. pY1062 and pY1096
are docking sites that lead to the activation of the Ras/MAP kinase
pathway and cell proliferation along with the PI-3 K/AKT pathway
and cell survival as mediated by several docking proteins including
Shc1 and Grb2 and Dok1/2/4/5/6. Moreover, the activation segment
pY905is adocking site for Grb7/10 that contributes to the activation
of the Ras/MAP kinase cell proliferation pathway [1].

RET pre-mRNA undergoes alternative splicing to yield three
protein isoforms: RET9, RET44, and RET51 (Fig. 1) [1]. These dif-
fer at the carboxyterminus with 9, 43, and 51 unique C-terminal
amino acid residues following codon 1063. Although RET dif-
fers in its mode of activation from other protein-tyrosine kinases
owing to the requirement for co-receptors, it contains a typical
extracellular domain, a transmembrane segment followed by an
intracellular juxtamembrane segment, a kinase domain, and a car-
boxyterminal tail (Fig. 2). The kinase domain contains an insert of
15 residues. The extracellular domain contains four cadherin-like
domain (CD1/2/3/4) repeats of about 110 amino acid residues [13]
and a cysteine-rich segment of about 150 amino acid residues just
proximal to the transmembrane segment. RET is the only receptor
protein-tyrosine kinase with cadherin-like domains. An extracel-
lular Ca%*-binding site occurs between CD2 and CD3.
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Fig. 1. (A) Activation of the RET receptor protein-tyrosine kinase by its ligands (GDNF, NTRN, ARTN, and PSPN) and its co-receptors (GFRa1/2/3/4). RET has three isoforms
that result from alternative splicing of pre-mRNAs leading to the generation of isoform-specific tails. (B) Each RET ligand binds to corresponding co-receptors to form a
ligand co-receptor dimer complex that then initiates the formation or RET dimers. Dimerization of RET leads to its activation and the subsequent phosphorylation of residues
associated with enzyme activation and the formation of signal transduction docking sites. Reprinted by permission from the Springer Nature Publishing Group Ref. [1]

copyright 2014.

Table 1
Properties of the GDNF-GFRa complexes.

Components UniProtKB IDs Residues in preproproteins Residues in mature proteins Selected functions

GDNF/GFRa1 P39905/P56159 211/465 78-211/25-429 Neuronal development

NTRN/GFRa2 Q99748/000451 197/464 96-197/22-244 Neuronal development/size of hematopoietic cells

ARTN/GFRa3 Q5T4W7/060609 220/400 108-220/32-374 Neuronal survival/attracts gut hematopoietic cells

PSPN/GFRa4 060542/Q9GZZ7 156/299 22-156/21-287 Thyroid C-cell and adrenal medulla development

Table 2 n NO
©0 ©0
Tyrosine phosphorylation sites.? % o% §§ 8’ éog)
& N SN

Residue Location Comments® Ca2* @ T = shes

Y660 ™M CD1 | CD2|CD3 |CD4 | C-rich ||IM ase CTT

Y687° M Binds PTPN11 * * & *

NI
(protein-tyrosine phosphatase § 05” gg) é)o
non-receptor type 11 H ™ by RGN ~

Y752°¢ KD, beginning of Binds STATS3 to activate the Slgna' sequence A‘

the BB—§trz{nd JAKISTAT pathway Fig. 2. Overview of the structure of RET receptor protein-tyrosine kinase. Selected

Y791 KD, beginning of : . . R : o
the B4-strand serine (S) and tyrosine (Y) phosphorylation sites are depicted. CD, cadherin-like
i . domain; CTT, carboxyterminal tail; JM, juxtamembrane segment; TM, transmem-

Y806°¢ KD, hinge b "

Y809¢ KD, hinge rane segment.

Y826P°¢ KD, KID

Y864 KD, end of the .

oE-helix 2. Thyroid cancers

Y900¢4 KD, AS

Y9054 KD, AS Binds Grb7/10 to activate the 2.1. Classiﬁcation of thyroid cancers
Ras/MAP kinase pathway

Y928¢ KD, substrate Binds STAT3 to activate the Th id . is th t d . li

binding site JAK/STAT pathway yrolid carcinoma 1s € mos common EI‘l' ocrine malignancy

Y952 KD, aF-aG loop and accounts for 3-4% of all cancers in the United States (Table 3)

y981¢cd KD, beginning [14]. The estimated incidence in 2017 is 57,000 (15,000 male,

aH-helix 42,000 female) with 2000 deaths (900 male, 1100 female). The clin-
a i i . . .

Y1015 KD, end of KD 1:2;‘\1; g](;?olfe;g'c“g to the ical outcome and survival rates of thyroid neoplasms are markedly

Y1029° CTT better than those of other malignancies [15].

Y106204 CTT Binds Shc1, FRS2, IRS1/2, The thyroid gland is primarily made of follicular cells that
Dok1/2/4/5/6, NCK, JNK leading secrete thyroxine (T4) and to a lesser extent tri-iodothyronine (T3).
to the activation of PI-3K and Differentiated thyroid cancers make up about 93% of thyroid malig-
RAS/MAP kinase pathways . . . . N

¥1090¢ CTT nancies and they consist of two subtypes: (i) papillary thyroid

Y1096P4 CTT Binds Grb2, CAB1/2 to activate cancers (PTC) represent about 88% and (ii) follicular thyroid can-

PI-3K and RAS/MAP kinase
pathways

a AS, activation segment; CTT, carboxyterminal tail; KD, kinase domain; KID,
kinase insert domain; JM, juxtamembrane segment; PLCvy, phospholipase C-y.

b From Ref. [10].

¢ From Ref. [11].

4 From Ref. [12].

¢ From Ref. [1].

cers (FTC) represent about 5% of cases. Both of these cancers arise
from the thyroid follicular epithelium and their names reflect their
histological appearance (papillae or follicles) [15]. Anaplastic thy-
roid cancers (ATC) are undifferentiated or dedifferentiated tumors
that make up about 2% of cases. Medullary thyroid carcinomas
make up the remaining 5%. The vast majority of thyroid malignan-
cies (95%) are derived from the follicular epithelium. Exposure to
ionizing radiation is a well-known risk factor for papillary thyroid
carcinomas [16].
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Table 3
Estimated incidence of RET-driven thyroid and lung cancers in 2017.7

Classification (% of total) Incidence No. (%) with RET mutations or fusion proteins
All thyroid cancers (100%) 57,000 7900 (14%)

Papillary thyroid cancer (84%) 48,000 6200 (11%)

Medullary thyroid cancer (5%) 2800 1700 (60%)

Sporadic medullary thyroid cancer (3.7%) 2100 1050 (50%)

Familial medullary thyroid cancer (1.3%) 700 700 (100%)

NSCLC (100%) 200,000 2000-4000 (1-2%)

2 Based upon the data in Refs. [16-19].

2.2. Treatment of thyroid cancers

Nearly all patients with thyroid neoplasms present with a mass
in the neck [15]. The patient is usually euthyroid clinically and bio-
chemically. Radionuclide scans show a cold nodule (tracer uptake
is less than the normal part of the gland). The diagnosis can be
established preoperatively by fine needle aspiration.

Total thyroidectomy is the first-line treatment [15]. The extent
of surgery depends upon the results of preoperative ultrasound
examination of the neck which helps to identify the presence or
absence of cervical lymph node involvement. 131 is taken up by
thyroid follicular cells and, to a lesser degree, by their malignant
counterparts. Postoperative scanning permits the identification of
residual local foci or distant disease. Since 131 is concentrated
in thyroid cells, y-ray emission allows detection and localization
of residual thyroid tissue and metastases. Serial measurement of
thyroglobulin following surgery is also useful for monitoring the
presence/absence of malignant thyroid cells. Undetectable serum
thyroglobulin indicates a very low likelihood of residual disease
and is a predictor of a better outcome.

Distant metastases occur in about 15% of patients with papil-
lary or follicular thyroid cancer [ 15]. The most common sites are the
lungs and bone, followed by soft tissues. If the site of spread is acces-
sible and localized, surgery is the treatment of choice. In patients
with unresectable disease or distant metastases, a therapeutic dose
of I'31 is a treatment option. Here, B-rays induce radiation toxicity
and cell death. Moreover, total ablation of thyroid follicular cells
(both normal and cancerous) improves the value of measurements
of serum thyroglobulin as a marker of recurrent or metastatic dis-
ease. Patients with papillary thyroid carcinoma have an excellent
prognosis with a 10-year survival of greater than 95%.

Patients with follicular carcinoma also present with a slowly
enlarging painless thyroid nodule, but metastases to bone, lungs, or
liver are more common than in patients with papillary thyroid car-
cinomas [15]. The treatment for both disorders is the same, but the
prognosis is less favorable for patients with follicular carcinoma. In
this group the 10-year survival approaches 50% for patients with
metastases and greater than 90% in those without metastases.

Patients with anaplastic thyroid cancer present with a rapidly
enlarging neck mass often with symptoms of cough, dysphagia,
dyspnea, or hoarseness caused by spread to the recurrent laryngeal
nerve [15]. Therapeutic results, thus far, have been disappointing.
Treatment is palliative in nature owing to the aggressiveness of the
malignancy. For those rare occasions without distant metastases
at the time of diagnosis, surgery is recommended as the first-line
treatment. Death generally occurs within one year after diagnosis
with a mean survival of only six months [16].

Medullary carcinoma of thyroid is distinct from other thyroid
neoplasms both clinically and embryologically [ 15]. Medullary car-
cinoma results from the malignant transformation of parafollicular
thyroid C-cells. These cells, which secret calcitonin and are of neu-
roendocrine origin, are located in the connective tissue adjacent to
thyroid follicles. About 75% of medullary carcinomas are sporadic
and 25% are familial in nature and are transmitted as an autosomal
dominant trait (Table 3)[20]. Familial medullary thyroid carcinoma

usually occurs as a part of a multiple endocrine neoplasia syndrome
(80% MEN2A and 5% MEN2B). The other 15% are not associated
with other endocrine gland abnormalities [19]. In MEN2A, usu-
ally diagnosed in second or third decade, medullary thyroid cancer
is associated with pheochromocytoma (50% of cases) and hyper-
parathyroidism (20-30%). In MEN2B, medullary thyroid cancer may
occur within the first year of life and is associated with pheochro-
mocytoma in 50% of patients. These patients may also have mucosal
neuromas, intestinal ganglioneuromas, and marfanoid phenotypic
features (long limbs, long fingers and toes, and crowded oral max-
illa). Medullary carcinomas arising in the context of MEN2B are
generally more aggressive than those occurring in MEN2A. In the
former (MEN2B) metastatic disease may be present in the first
year of life. The malignancy is least aggressive in patients with iso-
lated familial medullary thyroid carcinoma unrelated to MEN2A or
MEN2B [19].

Patients with sporadic medullary thyroid carcinoma have a clin-
ically mild disease [15]. Many of these patients are diagnosed
following genetic testing of first degree relatives of a patient known
to have this malignancy. In other instances, a de novo mutation
results in a familial index case of medullary thyroid cancer. In the
absence of a familial index case, patients present with cardiovas-
cular symptoms related to pheochromocytomas or hypercalcemia
due to parathyroid adenomas.

Surgical excision is the first line of therapy in medullary thy-
roid carcinoma and is curative. [15]. Total thyroidectomy, early in
childhood or at diagnosis, is also recommended for asymptomatic
carriers. Historically, treatment of patients with inaccessible dis-
tant metastases has been difficult and unsatisfactory. There is no
role for 13! treatment in patients with medullary thyroid cancer
because C-cells fail to take up iodine.

2.3. Driver mutations in thyroid cancers

RET point mutations occur in about one half of sporadic (non-
familial) medullary thyroid cancers. RET point mutations have also
been reported in familial medullary thyroid carcinomas and mul-
tiple endocrine neoplasia (MEN2A and MEN2B) [1,8,21-24]. In
contrast, RET fusion proteins have been reported in papillary thy-
roid carcinoma and also in non-small cell lung adenocarcinoma as
described in Section 3 [1,8,16-18,24-28].

Most papillary thyroid carcinomas have mutations involving the
genes encoding the B-Raf protein-serine/threonine kinase, K-Ras,
RET, NTRK, or ALK protein-tyrosine kinases [16]. The mutations
are mutually exclusive. About one-third of these cancers possess
a BRAFY600E gain-of-function mutation (which is associated with
extrathyroidal extension and metastatic disease) [18]. Paracen-
tric inversion or translocations of NTRK1 on chromosome 1q21,
which result in enzyme activation, are present in 5-10% of pap-
illary thyroid malignancies. Under physiologic conditions, the RET
gene product is not expressed in thyroid follicular cells. In papillary
cancers, however, a reciprocal translocation between chromo-
somes 10 and 17 or a paracentric inversion within chromosome
10 places the protein-tyrosine kinase domain under the transcrip-
tional control of genes that are normally expressed within the
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thyroid epithelium. More than a dozen fusion partners of RET have
been described in papillary thyroid carcinomas including CCDC6,
PRKAR1A, NCOA4, GOLGAS5, TRIM24, TRIM33, ELKS, KTN1, RFG9,
PCM1, TRIM27, HOOK3, ERC1, AKAP13, TBL1XR1, FKBP, SPECCIL,
ANK3, and ACBD5 [18,20,24]. Of these, the most commonly iden-
tified RET fusions in papillary thyroid carcinomas are CCDC6-RET
and NCOA4-RET.

In contrast to papillary neoplasms, follicular carcinomas con-
tain activating mutations of KRAS or activating mutations of the
PI-3K/AKT pathway [16]. Patients with this disorder present with
slowly enlarging painless thyroid nodules; metastases to bone,
lungs, or liver are common. Anaplastic thyroid carcinomas con-
tain a variety of molecular alterations including BRAF, RAS, or TERT
promoter mutations, effectors of the PI-3K/AKT pathway, or inac-
tivation of the TP53 gene [16].

Distant metastases to lung, bone and soft tissue occur in
about 15% of patients with papillary or follicular thyroid cancer
[15]. In patients with nonresectable disease or distant metastases,
[131 js a treatment option provided that malignant cells take up
the isotope. In patients with progressive disease that does not
respond to standard therapies, the use of sorafenib and lenvatinib
has been approved by FDA (www.brimr.org/PKI/PKIs.htm) [16].
Sorafenib and lenvatinib are multikinase inhibitors that target RET,
VEGFR1/2/3,PDGFRa/[3, and Kit. The interaction of these drugs with
the RET protein kinase domain is described in Section 5.3.

As discussed previously, surgery is also the mainstay of treat-
ment for both familial and sporadic medullary thyroid carcinomas
[15]. For carriers of familial RET mutations associated with severe
medullary thyroid carcinomas (codon 609, 611,618, 620, 630, 634),
prophylactic total thyroidectomy is performed at the time of diag-
nosis. These mutations occur within the cysteine-rich extracellular
domain of RET (Fig. 2). For patients with MEN2B mutations in codon
883, 918, or V804M/E805K, V804M/Y806C, V804M/S904C double
mutations, prophylactic thyroidectomy should be performed in
the first year of life. Thyroidectomy can be delayed in patients
with less lethal medullary thyroid cancer with mutations involving
RET codon 769, 790, 791, 804, or 891, who have surgical con-
traindications as long as stringent criteria are met and there is
close monitoring and follow-up. The use of cabozantinib has been
FDA-approved for the treatment of progressive medullary thyroid
carcinoma and vandetanib has been approved for the treatment
of indolent and progressive medullary thyroid carcinoma (www.
brimr.org/PKI/PKIs.htm) [16].

3. RET fusion proteins in lung cancers

Lung cancer accounts for about 13% of all new neoplasms diag-
nosed in the United States [14]. Siegel et al. estimate that 222,000
people will develop cancer of the lung and bronchus in the United
States in 2017 (105,000 women, 117,000 men) and 156,000 people
will die of the disease (71,000 women, 85,000 men) [14].

Patients with non-small cell lung cancer often have early metas-
tases. As such they may not be candidates for surgical resection
or radiation therapy. Accordingly, chemotherapy is usually the
treatment of choice for this group. However, the choice of sur-
gical resection and radiation as the primary therapy in NSCLC is
dependent on the patient’s general health, the extent of neoplas-
tic involvement, and the presence/absence of co-morbidities. Shaw
et al. estimate that 1-2% of patients with NSCLC harbor RET-fusion
proteins [18]. With the estimated 222,000 patients developing lung
cancer in the US in 2017 and assuming that 90% of these new cases
are NSCLC (200,000), the incidence of new cases of RET-fusion pro-
tein lung cancer is 2000-4000 per year (Table 3) As a comparison
it should be noted that the incidence of new cases of chronic myel-
ogenous leukemia in the same period is thought to be around 9000.

KIF5B-RET is the most common RET fusion partner identified in
NSCLC [24]. Other RET fusion partners including CCDC6, NCOA4,
and TRIM33 occur in both lung cancer and papillary thyroid can-
cer [18]. Lung cancer patients with RET-fusion proteins tend to be
relatively young (<60 years of age) and have minimal or no prior
history of cigarette smoking [24]. Several RET inhibitors that also
target other protein kinases are in clinical trials for the treatment
of RET-fusion protein positive lung cancer including cabozantinib,
vandetanib, ponatinib, sunitinib, and sorafenib [18]. The interac-
tion of these drugs with RET is described in Section 5.3. See Ref.
[29] for a discussion of the treatment of the various types of small
cell and non-small cell lung cancers.

4. Properties of the RET protein-tyrosine kinase domain

4.1. Primary, secondary, and tertiary structures of the human RET
catalytic domain

The catalytic domain of RET consists of 310 amino acid residues;
this is somewhat larger than the average domain of 275-300
residues owing to a kinase insert of 15 amino acid residues. The sto-
ichiometry of the reaction catalyzed by RET protein-tyrosine kinase
is given by the following chemical equation:

MgATP!~ + protein-tyrosine-0 : H
— protein-tyrosine-O : PO32~ + MgADP + H*

Note that the phosphoryl group (PO32-) and not the phosphate
(OP032-) group is transferred from ATP to the protein/peptide sub-
strate.

Based on the sequences of five dozen protein-tyrosine and
protein-serine/threonine kinases, Hanks and Hunter divided the
primary structures of these enzymes into 12 domains (I-VIA, VIB-
XI) [30]. Domain I of RET contains a glycine-rich loop (GRL) with a
GxGx®PG signature (73'GEGEFG’36), where @ refers to a hydropho-
bic residue and is phenylalanine in the case of RET. The glycine-rich
loop occurs between the $1- and (2-strands and overlays the
ATP/ADP-binding site (Fig. 3A). Because of its role in ATP binding
and ADP release, the loop must be flexible and protein segments
including glycine possess this property. In active RET proteins, the
glycine-rich loop has an open configuration (PDB ID: 4CK]) while in
an inactive form, the glycine-rich loop has a closed configuration
(PDB ID: 4CKiI) (Fig. 3A). This distinction has not been reported in
other protein kinases and it may be a unique feature of RET.

Domain Il of RET contains a conserved Ala-Xxx-Lys (726 AVK738)
sequence in the B3-strand and domain III contains a conserved
glutamate (E775) in the aC-helix that forms a salt bridge with a
conserved [33-lysine (Fig. 3C) while in an active protein kinase con-
formation. Domain VIB of RET contains a conserved HRD sequence,
which forms part of the catalytic loop (372HRDLAARNS79). Domain
VII contains an 892DFG894 signature and domain VIII contains a
919AIE921 sequence, which together represent the beginning and
end of the RET activation segment. Note that most activation seg-
ments end with APE. The activation segment exhibits different
conformations in active and dormant protein kinase states. Pro-
tein kinase domains IX-XI make up the aE-al helices (Fig. 3A and
B).

The original X-ray structure of the protein kinase A catalytic
subunit provided an invaluable framework for understanding the
interrelationship of the 12 domains and it has clarified our views on
the fundamental biochemistry of the entire protein kinase super-
family (2CPK)[31,32]. All protein kinases including RET have a small
amino-terminal and a large carboxyterminal lobe. The small lobe
contains five conserved [(3-strands (31-5) and an important reg-
ulatory aC-helix. The large lobe has four conserved short strands
(B6-B9) along with seven helices (aD-al and «EF) (Fig. 3A and B).
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Fig. 3. Secondary and tertiary structure of the RET protein kinase domain. (A) Clas-
sical or frontal view of the protein kinase domain. (B) Side view. (C) AMP-binding
site. The dashed lines depict polar bonds. Ad, adenine; AS, activation segment; BL,
aC-4 back loop; CL, catalytic loop; GRL, glycine-rich loop; JM, juxtamembrane seg-
ment; ¢, closed conformation of the GRL; o, open conformation of the GRL. (A) and
(B) depict the superposition of the closed (PDB ID: 4CKI) and open (PDB ID: 4CK])
glycine-rich loop structures of RET and (C) is derived from PDB ID: 2IVT. Figs. 3-5,
7,and 9 were prepared using the PyMOL Molecular Graphics System Version 1.5.0.4
Schrédinger, LLC.

All of the thousands of protein kinase structures that have been
determined possess the canonical protein kinase structure as first
described for the protein kinase A catalytic subunit [31-33].

A K/E/D/D (Lys/Glu/Asp/Asp) signature is found in all catalyti-
cally active protein kinases and these residues play a critical role
during catalysis (Table 4) [33]. The lysine and glutamate are located
in the small lobe and the two aspartate residues are located in the
large lobe. Although ATP binds in a crevice between the two lobes,

there is more extensive interaction with the amino-terminal lobe.
An electrostatic bond linking the [33-lysine and the aC-glutamate
isrequired for the formation of an active protein kinase, which cor-
responds to an aCj, configuration (Fig. 4A). These residues in many
inactive enzyme conformations fail to make electrostatic contact
and constitute an inactive aCoy¢ Structure (Fig. 4E) (See Refs. [33,34]
for details). The aCj, structure is necessary, but not sufficient, for
the expression of catalytic activity.

The large lobe participates in protein substrate binding and con-
tains residues in the catalytic loop that play an essential role in the
phosphoryl transfer reaction. Furthermore, two Mg2* ions partic-
ipate in the catalytic cycle of several protein kinases [35] and are
most likely required for the functioning of RET. Of the X-ray struc-
tures of RET that are in the public domain, none contains ATP, a
peptide substrate, or Mg2*. By inference, however, RET D892 (the
DFG-D and the first D of K/E/D/D) binds to MgZ*(1), which in turn
binds to the (- and y-phosphates of ATP. In this active conforma-
tion, the DFG-D is directed inward toward the active site. Moreover,
RET N879 of the catalytic loop is hypothesized to bind Mg2*(2),
which in turn binds to the a- and y-phosphates of ATP. Both active
and dormant protein kinases contain an additional helix («EF) near
the end of the activation segment (Fig. 3A).

Although no structure of RET with bound ATP/ADP is in the pub-
licdomain, an activated and phosphorylated form of RET containing
AMP has been described (PDB ID: 2IVT). This structure shows that
the exocyclic 6-amino nitrogen of AMP forms a hydrogen bond with
the carbonyl backbone residue of the first RET hinge residue (E805)
that connects the small and large lobes of the protein kinase domain
and the N1 nitrogen of the adenine base forms a second hydrogen
bond with the N-H group of the third hinge residue (A807) (Fig. 3C).
The adenine base of ATP/ADP is expected to bind in a similar fash-
ion as described for many protein kinases [33]. As noted later, most
small-molecule steady-state ATP competitive inhibitors of protein
kinases including RET make one or more hydrogen bonds with
backbone residues of the connecting hinge. The phosphate group of
pY905 within the activation segment of RET forms a salt bridge with
R897 and K907 also in the activation segment and R770 within the
aC-helix. An additional electrostatic bond forms between R912 of
the activation segment and D771 of the aC-helix (Fig. 3C). Although
the activation segment pT197 of PKA interacts with H87 of the
aC-helix (PDB ID: 1ATP), the interaction of protein-tyrosine kinase
activation segment phosphotyrosine residues with the «C-helix as
described here is uncommon.

The activation segment interacts with the protein substrate and
consequently plays animportant role in catalysis [36]. The proximal
portion of the segment is located near the amino-terminus of the
aC-helix and the catalytic loop HRD. The interfaces of these compo-
nents are linked by hydrophobic interactions. Phosphorylation of a
residue or residues within the activation segment converts a less-
active to a more-active enzyme in most protein kinases [37], but
this is not the case for RET. Although RET contain two phosphorylat-
able tyrosine residues (Y900, Y905) within the activation segment,
Plaza-Menacho et al. reported that phosphorylation and activation
of RET occurs following phosphorylation of Y697 within the jux-
tamembrane segment and of Y1062 within the C-terminal tail and
phosphorylation of Y900 and Y905 occurs later [7,9]. Activation seg-
ment phosphorylation is also not required for the activation of the
EGFR/ErbB1, ErbB3, and ErbB4 receptor protein-tyrosine kinases
[38].

Plaza-Menacho reported that S909 within the activation loop
also undergoes phosphorylation as catalyzed by RET [9]. This find-
ing thus classifies RET as a dual specificity kinase, like MEK1/2
[39], that is able to mediate the phosphorylation of both tyro-
sine and serine residues. Plaza-Menacho also reported that the
activation-loop pS909 interacts with the HRD motif and promotes
both regulatory-spine assembly (described in Section 4.2) and
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Table 4
Important human RET residues.?

RET residues Comments Hanks no.
No. of residues 1114 (RET51)/1072 (RET9)
Molecular Wt (kDa)® 124.3/119.8
Signal sequence 1-28
Extracellular domain 29-635 Ligand binding

CD1, 28-154¢

CD2, 167-270°

CD3, 273-387¢

CD4, 402-503¢

Cys-rich 514-656 Receptor dimer formation
Transmembrane segment 636-657 Links extracellular and intracellular domains and mediates dimer formation
Juxtamembrane segment 658-723 Signal transduction None
Juxtamembrane segment phosphorylation sites Y687/S696 Binds PTPN11/RAC1 GTPase activation None
Protein kinase domain 724-1016 Catalyzes substrate phosphorylation
Glycine-rich loop 731GEGEFG’3¢ Anchors ATP 3- and y-phosphates I
B3-K of K/E/D/D K757 Forms salt bridges with ATP a- and B-phosphates and with $3-K 1l
aC-E, E of K/E/D/D E775 Forms salt bridges with 33-K 111
Hinge residues 805SEYAKYGS10 Connects N- and C-lobes and hydrogen bonds with the ATP adenine \Y
Kinase insert domain 826-840 Unclear None
Kinase domain phosphorylation sites (Y806, Y809)/Y1015 Unclear (V)/None
Catalytic loop 872HRDLAARNS7? Plays both structural and catalytic functions Vib
Catalytic loop HRD-D, first D of K/E/D/D D874 Catalytic base (abstracts protein substrate proton) VIb
Catalytic loop HRDLAARN-N N879 Chelates Mg2*(2) Vib
AS DFG-D, second D of K/E/D/D D892 Chelates Mg2*(1) VIl
AS D892-E921 Enzyme activity/positions protein substrate VII-VIII
AS phosphorylation sites (Y900, Y905)/Y981 (Stabilizes the AS after phosphorylation)/unclear VIII
End of AS 919 AJE921 Interacts with the aHI loop and stabilizes the AS VIII
C-terminal tail 1017-1114 Intracellular signaling None
C-terminal tail phosphorylation sites Y1062, Y1090, Y1096 Mediate intracellular signaling None

2 AS, activation segment; CD, cadherin-like segment; from UniProtKB ID: P07949.

b Molecular weight of the unprocessed and nonglycosylated precursor.
¢ From Ref. [13].
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Fig. 4. Overview of the structures of (A) active RET, (B) the RET spines, (C) VEGFR2 with DFG-Doy (D) the VEGFR2 spines and shell residues, (E) BTK with aCoyt, and (F) the
BTK spines. Ad, adenine; AS, activation segment; CL, catalytic loop; CS, catalytic spine; GRL, glycine-rich loop; RS, regulatory spine; Sh, shell.

accessibility to phosphotyrosine binding modules [9]. Thus, pY905
is displaced and adopts a solvent-accessible conformation that is
competent for a signaling function while apparently not playing an
activating role.

Lemmon and Schlessinger reviewed the mechanisms of reg-
ulation of the receptor tyrosine-protein kinase family and most
of these mechanisms involve ligand-induced receptor dimer for-
mation and subsequent protein kinase activation, or they involve
ligand-induced activation of pre-formed dimers [6]. During the

activation process, one member of the dimer pair catalyzes the
phosphorylation of activation segment tyrosine residues of the
receptor partner (trans phosphorylation) along with the phospho-
rylation of other protein-tyrosines that create docking sites for
signal transduction proteins that typically contain Src homology
2 (SH2) or phosphotyrosine-binding (PTB) domains [6]. Plaza-
Menacho et al. demonstrated that the rate of RET phosphorylation
was proportional to the enzyme concentration [7]. This confirms
that phosphorylation is intermolecular and occurs in trans. If phos-
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Fig. 5. Inferred mechanism of the RET catalyzed protein kinase reaction. D874
abstracts a proton from the tyrosyl substrate allowing for its nucleophilic attack
onto the y-phosphate of ATP. The chemistry occurs within the blue circle. 1 and 2
label the two Mg?* ions. AS, activation segment; CL, catalytic loop. The figure was
prepared from FGFR2 (PDB ID: 2PVF), but the numbers correspond to those of RET.

phorylation were intramolecular, the rate of RET phosphorylation
would be independent of the enzyme concentration. RET dimer-
ization is required for its activation except that activation segment
phosphorylation is not required to increase catalytic activity. In the
case of RET fusion proteins, the fusion partner is responsible for the
dimerization that results in the subsequent activation of the protein
kinase domain [17,18].

The RET catalytic loop within the large lobe consists of
the canonical 872HRDLAARNS79 sequence. The catalytic aspartate
(D874), which is the first D of K/E/D/D, abstracts a proton from the
protein-tyrosine substrate residue thereby facilitating the in-line
nucleophilic attack of the tyrosyl residue onto the ~y-phosphorus
atom of ATP (Fig. 5) [40]. Beside RET, the catalytic segment AAR
sequence occurs in many receptor protein-tyrosine kinases includ-
ing EGFR and PDGFR[3 while RAA occurs in many non-receptor
protein-tyrosine kinases such as Src [30].

4.2. The hydrophobic spines of human RET, VEGFR2, Bruton
tyrosine kinase, and murine PKA catalytic domains

Kornev et al. investigated the tertiary structures of 23 protein
kinases and they ascertained the role of several critical amino acid
residues by a local spatial pattern alignment algorithm [41,42].
They classified four hydrophobicresidues as a regulatory or R-spine
[41] and eight hydrophobic residues as a catalytic or C-spine [42].
These spines contain amino acid residues from both the small and
large lobes. The R-spine contains one residue from the regulatory
aC-helix and another from the activation segment, both of which
are major components that determine active or dormant enzyme
states. The base of the R-spine within the large lobe anchors the
catalytic loop and activation segment in an active state while the
C-spine tethers the adenine base of ATP within the interlobe cleft
thereby enabling catalysis. Moreover, the accurate alignment of
both spines is necessary for the assembly of an active enzyme as
described for ALK, Bruton tyrosine kinase, CDKs, ERK1/2, MEK1/2,
the Janus kinases, Src, EGFR, ROS1, and VEGFR2 [29,35,43-50].

Going from the bottom to the top, the protein kinase regula-
tory spine consists of the catalytic loop HRD-H, the activation loop
DFG-F, an amino acid four residues C-terminal to the conserved
aC-glutamate, and an amino acid at the beginning of the 4-strand
[41,42]. The backbone N-H of the HRD-H hydrogen bonds with an
invariant aspartyl carboxyl group within the hydrophobic aF-helix.
Going from the bottom to the top of the spine, Meharena et al.
named the R-spine residues RSO, RS1, RS2, RS3, and RS4 (Fig. 4B)

[51]. The R-spine of active RET is linear. The R-spine of dormant
enzymes is usually nonlinear or broken, particularly involving the
RS2 and RS3 residues. In the case of the DFG-Dy,: conformation,
RS2 is displaced leftward (Fig. 4D) and in the case of the aCoyt
configuration, RS2 is displaced rightward (Fig. 4F).

The C-spine of protein kinases contains residues from both the
small and large lobes. This spine is completed by the adenine base
of ATP (Fig. 4B) [42]. The two residues of the amino-terminal lobe
that interact with the adenine moiety of ATP include a conserved
valine residue in the proximal portion of the 32-strand (CS7) and
the canonical alanine from the AXK signature of the [33-strand
(CS8). Moreover, a hydrophobic residue from the 37-strand (CS6)
that is two residues carboxyterminal to the end of the catalytic
loop interacts with the adenine portion of ATP. Nearly all steady-
state ATP-competitive protein kinase inhibitors interact with CS6.
The CS6 residue occurs between two hydrophobic residues (CS4
and CS5) that interact with the CS3 residue near the beginning of
the aD-helix of the carboxyterminal lobe (Fig. 4B). CS5/6/4 imme-
diately follow the catalytic loop asparagine (HRDxxxxN) so that
one can readily identify these residues based upon the primary
structure. Finally, CS3 and CS4 make hydrophobic contacts with
the CS1 and CS2 residues of the aF-helix thereby forming a com-
pleted catalytic spine (Fig. 4B) [42]. Note that the hydrophobic
aF-helix, which spans the entire large lobe, supports both spines.
Furthermore, both spines play an indispensable role in anchoring
the protein kinase catalytic residues in an active conformation. CS7
and CS8 in the small lobe make up the “ceiling” of the adenine-
binding pocket while CS5/6/4 make up the “floor” of the binding
pocket. Note that CS5/6/4 form the 37-strand (Fig. 3A) of the protein
kinase domain.

Based upon the findings of site-directed mutagenesis studies,
Meharena et al. identified three shell (Sh) residues in the protein
kinase A catalytic subunit that support and stabilize the R-spine,
which they labeled Sh1, Sh2, and Sh3 [51]. Sh2 corresponds to the
so-called gatekeeper residue, which occurs just before the hinge.
This term describes the role that the gatekeeper plays in controlling
access to the back cleft or back pocket [52,53], which is also called
hydrophobic pocket II (HPII) [53,54]. In contrast to the identifica-
tion of the AXK, HRD, or DFG signatures, which is based upon their
primary structures [30], the spines were identified by their spatial
locations in active or dormant protein kinases [41,42]. Table 5 pro-
vides a summary of the spine and shell residues of RET, VEGFR2,
BTK, and PKA. As described in Section 5.3, small molecule protein
kinase antagonists often interact with residues that constitute the
C-spine as well as the R-spine and the shell residues [58].

The RET X-ray structures are those of an active protein kinase
(Fig. 4A and B). For example, the DFG-Asp is pointed inward toward
the active site, the configuration of the aC-helix is in its active aCj,
configuration with E775 forming a hydrogen bond with the 3-
K808, and the catalytic and regulatory spines are linear and are
neither bent nor broken. Moreover, the glycine-rich loop is in an
open configuration that can readily accommodate ATP.

5. Drugs approved and in clinical trials for the treatment of
RET-driven thyroid and lung cancers

5.1. Clinical trial summary

Currently the FDA has approved (i) cabozantinib and vandetanib
for the treatment of medullary thyroid cancers and (ii) lenvatinib
and sorafenib for differentiated thyroid cancers (Table 6). In addi-
tion, these and other drugs are in clinical trials for the treatment of
both thyroid and RET-driven lung cancers. It should be noted that
using the code for the RET inhibitors is useful for literature searches
in both PubMed and PDB data bases because it often results in list-
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Table 5
Spine and shell residues of human RET, VEGFR2, BTK, and murine PKA.
Symbol KLIFS No.? RET VEGFR2 BTK PKAP
Regulatory spine
B4-strand (N-lobe) RS4 38 L790 1901 L460 L106
C-helix (N-lobe) RS3 28 L779 1889 M449 L95
Activation loop F of DFG (C-lobe) RS2 82 F893 F1047 F540 F185
Catalytic loop His/Tyr (C-lobe) RS1 68 H872 H1026 H519 Y164
F-helix (C-lobe) RSO None D933 D1087 D579 D220
R-shell
Two residues upstream from the gatekeeper Sh3 43 L802 V914 1472 M118
Gatekeeper, end of 35-strand Sh2 45 V804 V916 T474 M120
aC-34 back loop Sh1 36 1788 V899 V458 V104
Catalytic spine
B3-AxK motif (N-lobe) CS8 15 A756 A866 A428 A70
B2-strand (N-lobe) Cs7 11 V738 V848 V416 V57
B7-strand (C-lobe) CS6 77 1881 L1035 L528 L173
B7-strand (C-lobe) CS5 78 V822 L1036 V529 1174
B7-strand (C-lobe) CS4 76 1880 11034 C527 L172
D-helix (C-lobe) CS3 53 L812 1924 1482 M128
F-helix (C-lobe) CS2 None L940 L1094 L586 L227
F-helix (C-lobe) CS1 None 1944 11098 1590 M231
a KLIFS (kinase-ligand interaction fingerprint and structure) from Ref. [55].
b From Refs. [41,42,51].
Table 6
Properties of selected orally effective small molecule RET multikinase inhibitors.
Name, code, trade Selected targets PubChem CID? Formula MW (Da) D/AP RET IC5p (nM) FDA-approved indications
name” (year)©
Alectinib, CH 5424802, RET, ALK 49806720 C30H34N40, 482.6 1/5 4.8 ALK* NSCLC (2015)
Alcensa”
Cabozantinib, XL-184 RET, VEGFR1/2/3, MET, 25102847 CysH4FN305 501.5 2[7 5-10¢ Medullary thyroid cancer
and BMS-907351, Kit, Flt-3, Tie-2, TrkB, (2012); RCC (2016) after one
Cometriq” Axl, ROS1 prior anti-angiogenic therapy
Lenvatinib, E7080, RET, VEGFR2, 9823820 C21H19CIN4O4 426.9 3/5 1.5¢ Differentiated thyroid cancer
Lenvima” FGFR1/2/3/4, PDGFRa, refractory to radioiodine
Kit treatment (2015); RCC (2016)
in combination with
everolimus after one
anti-angiogenic therapy
Ponatinib, AP24534, RET, VEGFR1/2/3, 24826799 Ca9Ha7F3NgO 532.6 1/8 26¢ CML (2012), Ph* ALL (2012)
Iclusig” PDGFRa/B,
FGFR1/2/3/4, BCR-ADbl,
Kit, Tie2, F133, EphR,
Src family kinases
Sorafenib, BAY RET, Raf, Kit, Flt3, 216239 C21H16CIF3N403 464.8 3/7 6-47¢ RCC (2005); HCC (2007);
43-9006, Nexavar” VEGFR1/2/3, PDGFR3 Differentiated thyroid cancer
refractory to radioiodine
treatment (2013)
Sunitinib, SU-11248, RET, PDGFRa/f3, 5329102 C2H7FN4 O, 398.4 3/4 220¢ RCC (2006), GIST (2006), pNET
Sutent” VEGFR1/2/3, Kit, (2011)
CSF-1R, FIt3
Vandetanib, ZD6474, RET, EGFRs, VEGFRs, 3081361 Cy2H4BrFN4 O, 475.3 1/7 100¢ Medullary thyroid cancer

Caprelsa” Brk, Tie2, EphRs, Src

family kinases

(2011)

2 www.ncbi.nlm.nih.gov/pccompound.
b No. of hydrogen bond donors/acceptors.

¢ ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia; GIST, gastrointestinal stromal tumor; HCC, hepatocellular carcinoma; NSCLC, non-small cell
lung cancer; Ph*, Philadelphia chromosome positive; pNET, pancreatic neuroendocrine tumor; RCC, renal cell carcinoma.

d Ref. [56].
e Ref. [57].

ings that are missed when using the generic or trade names. See
Ref. [18,24,59-61] for a summary of the clinical trials that led to
the approval of the four drugs for the treatment of thyroid cancers
and for the status of the other drugs that are in clinical trials for the
treatment of thyroid and RET-driven lung cancers.

5.2. Classification of protein kinase-drug complexes

Dar and Shokat identified three categories of small molecule
protein kinase inhibitors: types [, I, and III [62]. Type I inhibitors

bind within the ATP pocket of an active conformation of the kinase
domain; type II inhibitors bind to an inactive (usually DFG-Dgyt)
conformation of the enzyme while type Il inhibitors bind at an
allosteric site. Allosteric inhibitors bind to a location that is dis-
tinct from the active site [63] or outside of the ATP-binding pocket.
Zuccotto defined type I¥2 inhibitors as ligands that bind to inac-
tive protein kinases with the DFG-Asp directed inward toward
the active site (in contrast to the DFG-Dgyt structure) [64]. The
inactive enzyme may have the aCyyt conformation or it may
exhibit abnormalities in the regulatory spine or the activation
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Fig. 6. Structures of selected RET multikinase inhibitors.

segment. Subsequently, Gavrin and Saiah divided allosteric antag-
onists into two classes: Il and IV [65]. Thus, type III inhibitors
bind within the crevice between the small and large lobes contigu-
ous with, but independent of, the ATP binding pocket while type
IV allosteric inhibitors bind elsewhere. Lamba and Gosh defined
bivalent inhibitors as those antagonists which span two separate
sections of the protein kinase domain as type V inhibitors [66]. An
antagonist that binds to both the ATP-binding site and the peptide
substrate side would be classified as a type V inhibitor. To complete
this classification, we labeled small molecules that form covalent
adducts with the target enzyme as type VI inhibitors [58]. Afatinib
isatype VIinhibitor of EGFR that is FDA-approved for the treatment
of NSCLC (www.brimr.org/PKI/PKIs.htm). However, this drug binds
initially to an active conformation of EGFR (like a type I inhibitor)
and then the thiol group of C797 forms a covalent adduct with the
drug [58].

We have previously classified the type 12 and type Il inhibitors
into A and B subtypes [58]. Sorafenib is a type Il inhibitor of VEGFR2
(PDB ID: 4ASD). This drug binds to this protein with the DFG-Dgyt
configuration and extends into the back cleft [58] and we classified
drugs that extend into the back cleft as type A inhibitors. In con-
trast, we classified drugs such as sunitinib that bind to the DFG-Doyt
conformation of VEGFR2 while not extending into the back cleft as
type B inhibitors (PDB ID: 4AGD). Based on limited data [58], the
practical consequence of this distinction is that type A antagonists
bind to their target kinase with a long residence time when com-
pared with type B inhibitors. In the next section, we will see that
the RET antagonists studied in this paper are type I inhibitors.

5.3. Structures of RET-drug complexes

The following provides an overview of drug-RET protein
kinase catalytic domain interactions. Several RET steady-state ATP-
competitive inhibitors bind to CS7 and CS8 within the small lobe
and CS6 within the large lobe. These residues form hydrophobic
contacts with the adenine base of ATP. Although protein kinase
antagonists may form 1-3 hydrogen bonds with the backbone
residues within the hinge, the RET inhibitors form a single hydrogen
bond with the N—H group of A807 within the hinge. Many drugs
interact with the gatekeeper residue by forming hydrogen bonds
or by making hydrophobic contact with the —R group. Because
the RET gatekeeper is valine, interaction with the gatekeeper is
expected to be hydrophobic in nature and several RET antagonists
interact with this residue. Moreover, several RET antagonists inter-
act with residues within the aC-34 back loop, particularly the Sh1
residue. Many protein kinase antagonists bind to residues within
the back pocket that extends past the gatekeeper toward the acti-
vation segment and the aC-helix. All of the RET inhibitors interact

with residues within the selectivity entrance near the solvent front
including those at the end of the $1-strand just before the G-
rich loop in the amino-terminal lobe and those in the aD-helix
within the carboxyterminal lobe; these residues form the mouth of
the front pocket. The so-called selectivity pocket includes residues
near the aC-helix and (35-strand within the back pocket, residues
near the (33-lysine, the aC-glutamate, and DFG-D, but it excludes
residues that contact the adenine base of ATP including CS6/7/8
[67].

Vandetinib  (N-(4-bromo-2-fluorophenyl)-6-methoxy-7-((1-
methylpiperidin-4-yl) methoxy) quinazolin-4-amine) (Fig. 6A)
is a multikinase inhibitor that was approved by the FDA for the
treatment of medullary thyroid cancer in 2011 (www.brimr.
org/PKI/PKIs.htm). Knowles et al. determined the X-ray crystal
structure of vandetanib bound to RET [11]. Most targeted protein
kinase antagonists form hydrogen bonds with amino acid residues
within the hinge and vandetanib is not an exception. They found
that N1 of the quinazoline group forms a hydrogen bond with the
N—H group of A807 within the hinge (Fig. 7A). They also found
that the drug made hydrophobic contact with L730 at the end
of the B1-strand, V738 at the beginning of the (32-strand, A756
(CS8), V757 and K758 within the [(33-strand, L779 (RS3) within
the aC-helix, L801 near the beginning of the (35-strand, 1803 and
the V804 gatekeeper at the end of the [35-strand, Y806 within the
hinge, and L881 (CS6) within the 37-strand on the floor of the
adenine pocket.

Liao [54] and van Linden et al. [55] divided the region between
the small and large lobes into a front cleft or pocket, a gate area, and
a back cleft (Fig. 8). Hydrophobic pocket I (HPII) or the back pocket
consists of the gate region and the back cleft. The front pocket
includes the Gly-rich loop, the hinge, the segment connecting the
hinge to the aD-helix in the carboxyterminal lobe, and amino acid
residues within the catalytic loop. The gate region includes amino
acids within the $3-strand and the proximal portion of the acti-
vation segment including DFG. These investigators also depicted
several sub-pockets within these three fields. Accordingly, the front
cleft contains an adenine pocket (AP) adjacent to two front pock-
ets (FP-I1 and FP-II) and the gate region contains two back pockets
(BP-I-A and BP-I-B). The back cleft borders the aC-helix, the aC-
(34 loop, part of the 34 and B5-strands, and part of the aE-helix.
The X-ray structure shows that vandetanib binds to the RET front
pocket and gate region including BP-I-A and BP-I-B (http://Klifs.
vu-compmedchem.nl/; PDB ID: 2IVU). The methylpiperidine group
extends away from the RET protein kinase domain into the solvent.
The X-ray crystallographic structure shows that RET is in an active
conformation with an open glycine-rich loop, a«C-E775 forming a
hydrogen bond with the $3-K758, a linear R-spine with DFG-D892
pointing inward toward the active site, and an activation segment
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in its open conformation. These structural studies indicate that
vandetanib binds to an active conformation of RET and is thereby
classified as a type I inhibitor [58].

van Linden et al. have created an all-inclusive summary of drug
and ligand binding to more than 1200 human and mouse protein
kinase catalytic domains [55]. Their KLIFS (kinase-ligand interac-
tion fingerprint and structure) catalog includes the alignment of
85 protein kinase-ligand binding-site residues, which allows for
the classification of ligands based upon their binding properties
and facilitates the identification of related interaction features.
These investigators established a standard residue numbering sys-
tem that enables a comparison among all protein kinases. See
Table 5 for the correspondence between the C-spine, Shell, and
R-spine amino acid residues and those of the KLIFS database. Fur-
thermore, these investigators established a valuable searchable and
noncommercial web site that is continuously updated and provides
information on protein kinase-ligand interactions (http://www.vu-
compmedchem.nl/).

Alectinib (9-ethyl-6,6-dimethyl-8-(4-morpholin-4-ylpiperidin-
1-yl)-11-0xo0-5H-benzo[b]carbazole-3-carbohitrile) (Fig. 6B) is an
ALK/RET antagonist that is approved for the treatment of ALK*
NSCLC. No X-ray structural studies of alectinib bound to RET have
been reported. To obtain an idea on the possible interaction of this
drug with the enzyme, the Schrédinger Induced Fit Docking Proto-
col (2016-1 release) was used to dock the drug into phosphorylated
human RET (with the initially bound pyrazolo[3,4-d] pyrimidine
called PP-1, PDB ID: 5FM2) [68]. The induced-fit pose indicates that
the 11-oxo group of the drug forms a hydrogen bond with the N—H
group of RET A807 of the hinge (Fig. 7B). Alectinib makes hydropho-
bic contacts with L730 at the end of the [31-strand, the (33-A756
(CS8), 1788 (Sh1) of the aC-34 back loop, the V804 gatekeeper at
the end of the 35-strand, Y806 within the hinge, L881 (CS6) within
the B7-strand of the large lobe. The drug makes van der Waals
contact with S891, the residue immediately before DFG-D892 of
the activation segment. L730 and A756 occur above the plane of
the scaffold while L881 occurs below the plane. These residues are
found within the front pocket and BP-I-B in the gate area. The 4-
morpholin-4-piperidine group extends from the enzyme into the
solvent. The glycine-rich loop is in an open configuration, «C-E775
forms a hydrogen bond with the 33-K758, the R-spine is linear, and
DFG-D892 is pointed inward toward the active site, properties asso-
ciated with an active enzyme form. These modeling studies indicate
thatalectinibis a typeIinhibitor of RET owing to its interaction with
a fully active enzyme [58].

Alectinib is a second-line treatment that is FDA-approved
against crizotinib-resistant ALK* NSCLC (www.brimr.org/PKI/PKIs.
htm). The binding of alectinib to ALK is similar to its binding to
RET; however, the proximal portion of the activation segment of
ALK forms an AL-helix and is autoinhibited and inactive thereby
making it a type [¥2B ALK inhibitor where 1% refers to an inactive
conformation with DFG-D;,, and B indicates that the drug does not
extend into the back cleft [29]. Alectinib binds to the front pocket
and the BP-I-B subpocket of ALK (http://www.vu-compmedchem.
nl/; PDB ID: 3A0X).

Cabozantinib (1-N-[4-(6,7-dimethoxyquinolin-4-yl)
oxyphenyl]-1-N’-(4-fluorophenyl) cyclopropane-1,1-
dicarboxamide) is a multikinase inhibitor that is FDA approved for
the treatment of medullary thyroid cancer and renal cell carcinoma
(Table 6). Although there are no structural data of cabozantinib
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(Fig. 6C) binding to RET or any other protein kinase in the public
domain, we were able to generate a satisfactory pose of the drug
binding to human RET using the Schrédinger Induced Fit Docking
Protocol as described above using PDB ID: 5FM2 as a template
[68]. The resulting pose indicates that the cabozantinib quinoline
N1 forms a hydrogen bond with the N—H group of A807 of the
hinge and the distal carbonyl group forms a hydrogen bond with
[33-K758 (Fig. 7C). The drug makes hydrophobic interactions with
L730 at the end of the B31-strand, F735 within the G-rich loop, V738
(CS7) within the B2-strand, S774, V778, and L779 (RS3) within the
aC-helix, 1788 (Sh1) of the back loop, Y806 within the hinge, L870
(two residues before the catalytic loop), H872 within the catalytic
loop (RS1), L881 (CS6) within the 37-strand, 1890 at the end of the
[38-strand, and DFG-F893 within the activation segment. The drug
binds to an active conformation of RET and is thereby classified as
a type I inhibitor [58].

Lenvatinib (4-[3-chloro-4-(cyclopropylcarbamoylamino)
phenoxy|-7-methoxyquinoline-6-carboxamide) (Fig. 6D) is a
multikinase inhibitor that was FDA-approved for the treatment of
thyroid cancer in 2015 (Table 6). We generated a satisfactory pose
of its binding to RET using the Schrodinger Induced Fit Docking
program as described above using PDB ID: 5FM2 as a template
[68]. We found that the N1 of the quinoline fragment forms a
hydrogen bond with the N—H group of A807 of the hinge, the
N—H groups of the urea moiety of the drug form hydrogen bonds
with the carboxyl group of aC-E775, and the OH group of S891
and the N—H group of DFG-D892 forms a hydrogen bond with the
lenvatinib urea oxygen (Fig. 7D). The drug makes hydrophobic
contact with L730 at the end of the (31-strand, V738 (CS7) within
the [32-strand, V778 and L779 (RS3) within the aC-helix, the V804
gatekeeper at the end of the (35-strand, L8381 (CS6) within the
[37-strand, and DFG-F893 within the activation segment. The drug
binds to an active conformation of RET and is thereby classified as
a type I inhibitor [58].

The binding of lenvatinib to VEGFR2 has been described
(3WZD); the drug binds to the front pocket, gate area, and back
pockets and the BP-I-B and BP-II-in subpockets (http://www.vu-
compmedchem.nl/). DFG-D is pointed inward and the aC-helix
is in its active conformation; however, the R-spine is in an inac-
tive broken conformation so that the drug is classified as a type
[15A inhibitor of VEGFR2 where 1%z indicates an inactive confor-
mation with DFG-D;, and A indicates that the drug extends into
the back pocket [58]. That a given antagonist can bind to differ-
ent conformations of its targets adds to the complexity of inhibitor
classification. For example, bosutinib is a type I inhibitor of Src
and a type IIB inhibitor of Abl, both of which are non-receptor
protein-tyrosine kinases [58]. Crizotinib is a type I inhibitor of
ALK but a type I¥2 B inhibitor of c-Met (hepatocyte growth fac-
tor receptor protein-tyrosine kinase), both of which are receptor
protein-tyrosine kinases. Erlotinib is a type I and I¥2B inhibitor of
EGFR. Moreover, sunitinib is a type Y4B inhibitor of CDK2 (a protein-
serine/threonine kinase) but a type IIB inhibitor of Kit (a receptor
protein-tyrosine kinase). These findings reveal that protein kinase
antagonists are not necessarily conformationally selective.

Sorafenib (4-[4-[[4-chloro-3-(trifluoromethyl)phenyl]carbamoy
lamino]phenoxy]-N-methylpyridine-2-carboxamide) (Fig. 6E), a
multikinase inhibitor, is FDA-approved for the treatment of dif-
ferentiated thyroid cancer, hepatocellular carcinoma, and renal
cell carcinoma (Table 6). We generated a satisfactory pose of its
binding to RET using the Schrédinger Induced Fit Docking program
as described above using 5FM2 as a template [68]; we found that
the N1 of pyridine forms a hydrogen bond with the N—H group of
A807 of the hinge, the urea N—H groups form hydrogen bonds with
the carboxyl group of E775 of the aC-helix, and the urea oxygen
forms a hydrogen bond with the —OH group of S891 and the
N—H group of DFG-D892 (Fig. 7E). We found that the drug makes

hydrophobic contact with L730 at the end of the B1-strand, V738
(CS7) within the B2-strand, V778 and L779 (RS3) of the aC-helix,
V787 and 1788 (Sh1) within the back loop, the V804 gatekeeper
(Sh2) at the end of the B5-strand, HRD-H872 (R1), L881 (CS6)
within the $7-strand, 1890 (two residues before the activation
segment), DFG-F893, and S896 within the activation segment.

Sorafenib is a type IIA inhibitor of B-Raf (PDB ID: 1UWH)
and CDK8 (PDB ID: 3RGF) (both are nonreceptor protein-
serine/threonine kinases); the II designation indicates that the
DFG-D is directed away from the active site (DFG-Dqy¢). In contrast,
the induced-fit model has the drug binding to an active confor-
mation of RET and is thereby classified as a type I inhibitor with
DFG-Dj, [58]. Gao et al. studied the interaction of sorafenib with
RET with the DFGeyt configuration using molecular modeling and
molecular dynamics simulations with VEGFR2 as a template (PDB
ID: 4ASD) [69]. They reported that the drug forms two hydro-
gen bonds with A807 in contrast to the one hydrogen bond that
we found. Moreover, they found that the urea group of sorafenib
formed two hydrogen bonds with RET involving E775 and D872,
which is in agreement with our results. However, we found that
the urea oxygen also forms a hydrogen bond with the —OH group
of S891. The differences in the results of these two studies likely
involves our selection of a RET template with the DFG-D;,, vs. their
selection of a template with the DFG-Doy: configuration. As noted
above, bosutinib and sunitinib have been shown to bind to both
DFG-D;,, and DFG-Dgy configurations [58].

Sunitinib (N-[2-(diethylamino) ethyl]-
5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)
methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide) (Fig. 6F) is

a multikinase inhibitor that is FDA-approved for the treatment
of renal cell carcinoma, gastrointestinal stromal tumors, and
pancreatic neuroendocrine tumors (Table 6). We generated a sat-
isfactory pose of its binding to RET using the Schrodinger Induced
Fit Docking program as described above using 5SFM2 as a template
[68]; the oxygen atom of the indolinone scaffold forms a hydrogen
bond with the N—H group of A807 within the hinge (Fig. 7F). We
found that the drug makes hydrophobic contacts with L730 at the
end of the 31-strand, A756 (CS8), 1788 (Sh1), the gatekeeper V804
residue, Y809 within the hinge, L881 (CS6), and DFG-D892. Because
the RET protein kinase domain has all of the characteristics of an
active enzyme, sunitinib is classified as a type I inhibitor of this
enzyme. Sunitinib is a type [¥2B inhibitor of CDK2 and a type I1IB
inhibitor of Kit and VEGFR2 receptor protein-tyrosine kinases [58].

Ponatinib (3-(2-imidazo[1,2-b] pyridazin-3-
ylethynyl)-4-methyl-N-[4-[(4-methylpiperazin-1-yl)
methyl]-3-(trifluoromethyl) phenyl] benzamide) (Fig. 6G), a
multikinase inhibitor, is approved for the treatment of chronic
myelogenous and acute lymphoblastic leukemias (Table 6).
Although the X-ray structures of ponatinib bound to FGFR1 (PDB
ID: 4V04), FGFR4 (PDB ID: 4UXQ), Kit (PDB ID: 4U0I), and Abl
(PDB ID: 30XG) show that it is a type IIA inhibitor, there are no
structures with the drug bound to RET. Unfortunately, we were
unable to generate a satisfactory pose of its binding to RET using
either of the Schrodinger Induced Fit or Glide programs [68,70]. It
is possible that the Schrédinger programs were unable to model
ponatinib docking into a type IIA RET ligand-binding site starting
with a type [ template.

To summarize this section, each of the drugs forms a hydro-
gen bond with the N—H group of A807, which is the third residue
within the RET hinge. Each of the drugs also makes hydropho-
bic contacts with L730 at the end of the 1-strand before the
G-rich loop and L881 (CS6) within the 37-strand on the floor of the
active site. Except for cabozantinib, each drug makes hydropho-
bic contact with the V804 gatekeeper at the end of the 35-strand.
Moreover, each drug makes hydrophobic contact with V738 (CS7)
within the B2-strand with the exception of alectinib. Vandetanib,
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alectinib, lenvatinib, and sunitinib make hydrophobic contact with
A757 (CS8) within the 33-strand while vandetanib, alectinib, and
cabozantinib make hydrophobic contact with Y806 within the
hinge. Cabozantinib, lenvatinib, and sorafenib make hydrophobic
contact with L779 (RS3) of the aC-helix. Cabozantinib and sorafenib
interact with H872 (RS1) and 1890 at the end of the 38-strand and
lenvatinib and sorafenib make hydrophobic contact with DFG-F893
(RS2). Each of the drugs also makes contact with a number of other
variable residues. The description of the C-spine (CS6/7/8), R-spine
(RS1/2/3), and the shell residues (SH1/2/3) has served as a bell-
wether for interaction partners of targeted small molecule protein
kinase antagonists.

The US FDA has approved 36 small molecule drugs that
bind directly to the intracellular protein kinase domain (www.
brimr.org/PKI/PKIs.htm). Table 7 provides an updated classifica-
tion of FDA-approved protein kinase inhibitors based upon the
structure of the drug-enzyme complexes as we have previously
reported [29,58]. Of the 36 approved drugs, we are lacking X-
ray crystal structures of acalabrutinib, cabozantinib, midostaurin,
ibrutinib, osimertinib, pazopanib, regorafenib, trametinib bound to
their drug targets and their consequent structure-based inhibitor
classification. However, we do have computer-based models of
cabozantinib, ibrutinib, and trametinib binding to target enzymes.
The results indicate that 26 drug-enzyme complexes exhibit the
DFG-D;, configuration (types I, [2A, I¥2B) and 13 complexes exhibit
the DFG-Doyt configuration (type IIA and IIB). There are two type III
allosteric inhibitors that bind adjacent to the adenine pocket and
two type Vlirreversible, or covalent, inhibitors. We have no exam-
ples of FDA-approved type IV allosteric inhibitors, which do not
bind adjacent to the adenine pocket, nor do we have any examples
of approved type V bivalent inhibitors. Perhaps such inhibitors will
be forthcoming in the future.

6. RET point mutations

Activating RET mutations within the extracellular cysteine-
rich domain have been identified in patients with MEN2A and
familial medullary thyroid cancer (FMTC) [24]. As a result of the
conversion of cysteine to another amino acid residue, disruption
of intramolecular disulfide bridges occurs thereby enabling the
formation of intermolecular covalent disulfide bonds that lead
to ligand-independent dimerization and activation. Three of the
mutations are of non-cysteine residues (G533C, D631Y, and K666E)
and it is unclear how these changes lead to activation of protein
kinase activity. Activating RET mutations within the protein kinase
domain have been identified in patients with MEN2B and occasion-
ally in familial medullary carcinomas. These mutations are listed in
Table 8.

The locations of the RET protein kinase domain mutations
are depicted in Fig. 9. The clinically more serious mutations
involve codons 883, 918, or V804M/E805K, V804M/Y806C, and
V804M/S904C double mutations. Patients with these mutations
should have a prophylactic thyroidectomy during the first year of
life [15]. The codon 883 mutation (A883F) occurs at the end of the
[37-strand within the catalytic loop and this mutation may enhance
catalytic activity. The RET M918T mutation is associated with the
most severe disease phenotypes and is the most transforming of all
RET mutants in cultured cells [ 1]. This mutation occurs at the end of
the activation segment near the protein-substrate binding site and
this mutation may alter substrate affinity. Gujral et al. found that
the M918T mutant was more highly phosphorylated in cell culture
inresponse to GDNF stimulation when compared with the wild type
protein [71]. Moreover, they reported that the mutation decreases
autoinhibition by the activation segment. They also found that the
mutation decreased the K, for ATP from 188 to 105 wM while the
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Fig. 9. Location of activating RET protein-tyrosine kinase point mutations.

K4 was decreased from 192 to 15.3 wM. Here we have a case where
a mutation about 20 A from the ATP-binding site is able to influ-
ence nucleotide binding. Furthermore, these investigators found
evidence that the M918T mutant forms dimers more readily than
the wild type protein. Thus, Gujral et al. concluded that multiple
distinct, but complementary, mechanisms are responsible for the
activation of the M918T mutant.

Each of the double mutations (V804M/E805K, V804M/Y806C,
and V804M/S904C) involve the gatekeeper (V804), hinge residues
(E805,Y806), or activation segment (S904) and such mutations may
promote ATP binding. The less serious mutations involve codons
768, 790, 791, 804, and 891. Surgery on patients with these muta-
tions can be delayed provided that they are carefully monitored
[15]. The codon E768D mutation occurs near the beginning of the
aC-helix. The carboxyl group of E768 forms a hydrogen bond with
the S765 N—H group at the beginning of the aC-helix, but D768 is
unable to form this bond. Moreover, E768 forms a salt bridge with
K761, but D768 is unable to form this bond. These two electrostatic
bonds in the wild type enzyme (E768) may produce a dormant
enzyme conformation while their absence (D768) may promote
an active state. The codon L790F or Y791F mutation occurs at the
beginning of the B4-strand. L790 forms part of the regulatory spine
and perhaps the mutation to phenylalanine strengthens the spine.
The mutation of the adjacent Y791F may also affect the strength
of the R-spine. The S891A is located just proximal to the activation
segment and the —OH group of S891 forms a salt bridge with DFG-
D892. An alanine at this position cannot form such an electrostatic
bond and this may lead to activation of RET catalytic activity. From
a mechanistic point of view, additional biochemical studies on the
ability of these mutations to alter enzyme activity seem warranted.

7. Clinical outcomes in response to RET inhibitors

The clinical outcomes in response to RET-directed therapies
are limited when compared with those achieved with other tar-
geted therapies directed at other oncogenic drivers of solid tumors
including EGFR, B-Raf, ALK, and ROS1 [24]. Cabozantinib and van-
detanib are approved for the treatment of medullary thyroid cancer
and lenvatinib and sorafenib are approved for the treatment of
differentiated thyroid cancers (papillary and follicular). It is note-
worthy that these have been approved regardless of the RET
mutation status. Alectinib, ponatinib, and sunitinib are RET and
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Table 7

Drug-protein kinase interactions.
Drug-enzyme? PDB ID DFG-D ASP aC R-Spine GK° Inhibitor class Pockets and sub-pockets occupied?
Alectinib-RET Model in open in active \% I F, BP-I-B¢
Bosutinib-Src 4MXO0 in open in active T 1 F, G, BP-I-A/B
Cabozantinib-RET Model in open in active \% 1 F, G, B, BP-I-B, BP-II-in, BP-II-B¢
Dasatinib-Abl 2GQG in open in active T 1 F, FP-1
Erlotinib-EGFR 1M17 in open in active T [ F, G, BP-I-A/B
Gefitinib-EGFR 2ITY in open in active T 1 F, G, BP-I-A/B
Lenvatinib-RET Model in open in active \% 1 F, G, B, BP-I-B, BP-II-in®
Palbociclib-CDK6 2EUF in open in active F [ F
Ruxolitinib-Src’ 4U5] in open in active T 1 Fe
Sorafenib-RET Model in open in active \% 1 F, G, B, BP-I-B, BP-II-in®
Sunitinib-RET Model in open in active \% I F, BP-I-B¢
Tofacitinib-JAK3 3LXK in open in active M 1 F, FP-1/11
Tofacitinib-JAK1 3EYG in open in active M 1 F, FP-1/11
Vandetanib-RET 21IVU in open in active \% 1 F, G, BP-I-A/B
Dabrafenib-B-Raf 5CSW in closed out RS3— T 15A F, G, B, FP-II, BP-I-A, BP-I-B, BP-II-in, BP-II-A-in
Dasatinib-Lyn® 2ZVA in open in RS2/3/4 up T 1A F, G, B, BP-I-A/B
Lapatinib-EGFR 1XKK in closed out RS2/3— T 115A F, G, B, BP-I-A/B, Il in, IIA in
Lenvatinib-VEGFR 3WZD in ? in RS3/4 up \Y 115A F,G,B,IB, Il in
Vemurafenib-B-Raf 30G7 in ? out RS3— T 15A F,G B
Abemaciclib-CDK6 5L2S in ? out RS3— F 1V2B F, FP-1I
Alectinib-ALK 3A0X in closed in active L 1B F, FP-1
Ceritinib-ALK 4MKC in closed in active L 1B F, FP-1
Crizotinib-ALK 2XP2 in closed in active L |R%):] F, FP-1
Crizotinib-Met 2WGJ in closed out <~—RS4 L 1B F, FP-1
Erlotinib-EGFR 4HJO in closed out RS2/3— T 1B F, G, BP-I-A/B
Sunitinib- CDK2 3TI1 in closed out RS3— F 1B F
Axitinib-VEGFR 4AG8 out closed in «~—RS2/4 \Y 1A F, G, B, BP-I-B, Il out
Imatinib-Abl® 1IEP out closed in <—RS2 T 1A F, G, B, BP-I-A/B, Il out, IV
Imatinib-Kit 1T46 out closed in «~—RS2 T IIA F, G, B, BP-I-A/B, Il out, IV
Nilotinib-Abl 3CS9 out closed in <RS2 T 1A F, G, B, BP-I-A/B, Il out, III, V
Ponatinib-Abl® 30XZ out closed in <—RS2 T 1A F, G, B, BP-I-A/B, Il out, III, IV
Ponatinib-Kit 4U0I out closed in <—RS2 T 1A F, G, B, BP-I-A/B, Il out, III, IV
Ponatinib-B-Raf 1UWH out ? in <~—RS2/4 T 1A F, G, B, BP-I-B, Il out, III
Sorafenib-CDK8 3RGF out ? in «~—RS2/4 F 1A F, G, B, BP-I-B, Il out, III
Sorafenib-VEGFR 4ASD out closed in «—RS2 \% 1A F, G, B, BP-I-B, ll-out, III
Bosutinib-Abl 3UE4 out open in <RS2 T 1IB F, G, BP-I-A/B
Nintedanib-VEGFR2 3C7Q out closed in «—RS2 \% 1B F, G, BP-I-B
Sunitinib-Kit 3GOE out closed in <RS2 T 1B F
Sunitinib-VEGFR 4AGD out closed in <RS2 \% 1IB F, BP-I-B
Cobimetanib-MEK1 4AN2 in closed out RS3— M 11 F,G, B, BP-II-in
Trametinib-MEK1 Model" in closed out RS3— M 111 F,G, B, BP-II-in®
Afatinib-EGFR 4G5] in open in active T VI F, G, BP-I-A/B
Ibrutinib-BTK Model in closed in inactive T VI F, G, B, BP-I-A/B®
2 All human proteins unless otherwise noted.
b Activation segment.
¢ Gatekeeper residue.
4 F, front cleft; G, gate area; B, back cleft; from http://klifs.vu-compmedchem.nl/unless otherwise noted.
¢ Inferred.
f Chicken enzyme.
¢ Mouse enzyme.
h Ref. [47].
i Ref. [44].

Table 8

RET point mutations®.
Mutations in the extracellular cysteine-rich segment Protein kinase domain mutations
Mutation Mutation Location
Exon 8 G533C Exon 13 E768D Fourth residue of the aC-helix
Exon 10 C609F/G/R/S|Y Exon 13 L790F (RS4) Beginning of the 34-strand
Exon 10 C611F/G/S|Y|W Exon 13Y791F Second residue of the B4-strand
Exon 10 C618F/R/S Exon 14 V804M/L (Sh2) Gatekeeper residue
Exon 10 C620F/R/S Exon 14 Y806C Hinge residue
Exon 11 C630R/Y Exon 15 A883F Last residue of the B7-strand
Exon 11 D631Y Exon 15 S891A Between [38-strand and activation segment
Exon 11 C634/F/G/R/W[Y Exon 16 M918T End of the activation segment

Exon 11 K666E

@ Data from Ref. [24].
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multikinase inhibitors that have been approved for other indica-
tions (www.brimr.org/PKI/PKIs.htm).

The leading hypothesis to explain the modest response of these
multikinase inhibitors is related to the concomitant inhibition of
VEGFR2, which limits the permissible dosage [24]. For example, at
clinically achievable concentrations, cabozantinib and vandetanib
are more effective inhibitors of VEGFR2 than of RET. In the case
of cabozantinib, its IC5g value for VEGFR2 is 0.035nM vs. 5.2 nM
against RET, which is nearly 150 times as large [72]. None of the
drugs listed in Table 6 were designed primarily as RET antago-
nists. Development of antagonists that target RET specifically may
improve the effectiveness in the treatment of RET-driven cancers.
BLU-667 and LOX0-292, two RET specific antagonists, are in the
early developmental phase and have entered clinical trials for both
thyroid and lung cancers (www.clinicaltrials.gov) [24].

Li et al. reported that RXDX-105 (CEP-32496), which was ini-
tially developed as a B-Raf inhibitor, exhibits an 800-fold selectivity
toward RET vs. VEGFR2 (0.33 vs. 258 nM ICsq values) [73]. Based
upon modeling studies, they reported that RXDX-105 binds to the
DFG-Doyt conformation and is classified as a type II RET inhibitor.
This drug is in clinical trials in patients with advanced lung cancer
and other solid tumors (www.clinicaltrials.gov). See Ref. [60] for a
summary of the development of other RET inhibitors.

The estimated incidence of new cases associated with RET muta-
tions or RET-fusion proteins in the United States is about 10,000 per
year (Table 3). This is about the same as number of new cases of
chronic myelogenous leukemia for which imatinib and second and
third generation of BCR-Abl non-receptor protein-tyrosine kinase
antagonists have proven clinically efficacious and commercially
successful [33]. Accordingly, such findings suggest that the search
for specific antagonists targeting RET-driven neoplasms is worth-
while.

In addition to the inhibition of wild type RET, studies have been
performed on the ability of antagonists to inhibit RET mutants that
occur in sporadic and familial medullary thyroid carcinomas and
multiple endocrine neoplasia type 2 syndromes [24]. For exam-
ple, alectinib is a good inhibitor of the RET M918T, V804L, or Y791
mutants, ponatinib is effective against the RET V804M gatekeeper
mutant, and sunitinib is effective against the V804L gatekeeper
mutant. Moreover, cabozantinib is an effective inhibitor of the RET
M918T mutant, vandetanib is a good inhibitor of the RET C634W
and M918T mutants while sorafenib is a potent antagonist of the
RET C634R and M918T mutants. In contrast, lenvatinib is ineffective
against the more common RET mutants.

As noted by Winer and colleagues “Biologically, the cancer
cell is notoriously wily; each time we throw an obstacle in its
path, it finds an alternate route that must then be blocked” [74].
Acquired resistance to RET antagonists occurs, but little is known
about the resistance mechanisms. To date, no mutations have been
reported in tumor samples from patients who have developed
acquired resistance to these multikinase inhibitors [24]. The activa-
tion of bypass pathways is a likely mechanism for the development
of some cases of acquired resistance following RET multikinase
inhibitor treatment [75].

8. Epilogue

Manning et al. reported that the human protein kinase lineage
consists of 518 members that include 478 typical and 40 atypical
enzymes [5]. Based upon the identity of the phosphorylated —OH
group, these enzymes are classified as protein-serine/threonine
kinases (385 members), protein-tyrosine kinases (90), and protein-
tyrosine kinase like enzymes (43). The protein-tyrosine kinases
include both non-receptor (32) and receptor (58) proteins. A small
group of enzymes such as MEK1/2, which catalyze the phosphory-

lation of both threonine and tyrosine residues within the activation
segment of target proteins, are classified as dual specificity kinases.
Although RET is only distantly related to MEK1/2, Plaza-Menacho
reported that RET is a dual specificity kinase with the ability to cat-
alyze the phosphorylation of both tyrosyl and seryl residues [9].
Furthermore, Plaza-Menacho described an active structure of RET
with an open glycine-rich loop and an inactive structure of RET
with a closed glycine-rich loop that is unable to bind ATP [7]. This
finding adds another parameter in addition to the conformation of
the aC-helix, the activation segment, and the regulatory spine in
determining the differences between active and dormant protein
kinases. RET is also an unusual receptor protein-tyrosine kinase
owing to the requirement of GDNF family receptor-a co-receptors
necessary for ligand-mediated activation.

Dysregulation of protein kinases plays a fundamental role in
the pathogenesis of human illness, including autoimmune, can-
cer, inflammatory, and nervous system disorders. Accordingly, this
family of enzymes has become one of the most important drug tar-
gets over the past two decades [59,76]. There are currently more
than 250 protein kinase antagonists in various stages of clinical
development worldwide. The 36 FDA-approved drugs target about
20 different protein kinases within the family with 518 members
(www.brimr.org/PKI/PKIs.htm). Most of these approved drugs are
used for the treatment of neoplastic disorders. Owing to their role in
many aspects of cellular signaling, a much wider range of diseases
should be amenable to treatments with protein kinase antagonists
[77]. Accordingly, we can expect future advances in clinical effec-
tiveness and the subsequent approval of additional drugs targeting
(i) more protein kinases and (ii) other illnesses such as hypertension
and Parkinson disease [76].
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