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Novel Calcium-Binding Ablating Mutations Induce
Constitutive RET Activity and Drive Tumorigenesis

Check for
updates

Junya Tabata"?, Takashi Nakaoku', Mitsugu Araki®, Ryunosuke Yoshino?, Shinji Kohsaka®, Ayaka Otsuka',
Masachika Ikegami®, Ayako Ui®, Shin-ichiro Kanno®, Keiko Miyoshi', Shigeyuki Matsumoto?®,
Yukari Sagae®, Akira Yasui’, Masakazu Sekijima®, Hiroyuki Mano®, Yasushi Okuno®, Aikou Okamoto?, and

Takashi Kohno'

Distinguishing oncogenic mutations from variants of unknown
significance (VUS) is critical for precision cancer medicine. Here,
computational modeling of 71,756 RET variants for positive selec-
tion together with functional assays of 110 representative variants
identified a three-dimensional cluster of VUSs carried by multiple
human cancers that cause amino acid substitutions in the calmod-
ulin-like motif (CaLM) of RET. Molecular dynamics simulations
indicated that CaLM mutations decrease interactions between Ca®"
and its surrounding residues and induce conformational distortion
of the RET cysteine-rich domain containing the CaLM. RET-CaLM
mutations caused ligand-independent constitutive activation of
RET kinase by homodimerization mediated by illegitimate disulfide
bond formation. RET-CaLM mutants possessed oncogenic and
tumorigenic activities that could be suppressed by tyrosine kinase
inhibitors targeting RET. This study identifies calcium-binding
ablating mutations as a novel type of oncogenic mutation of RET
and indicates that in silico-driven annotation of VUSs of druggable
oncogenes is a promising strategy to identify targetable driver
mutations.

Introduction

The identification of oncogenic mutations that drive tumorigenesis
is important because these mutations are therapeutic targets for
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Significance: Comprehensive proteogenomic and in silico anal-
yses of a vast number of VUSs identify a novel set of oncogenic and
druggable mutations in the well-characterized RET oncogene.
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Comprehensive analyses of a vast number of variants of unknown significance identify
a novel cluster of oncogenic and druggable mutations in the RET oncogene.

inhibitory drugs. Specific protein kinase inhibitors have improved
the prognosis of patients with activating mutations in oncogenic kinase
genes (1). Hotspot mutations affecting a single or a few amino acid
residues associated with human cancers have been intensively studied
as oncogenic and druggable mutations because of their cell-
transforming activity and drug sensitivity. These include mutations
in the BRAF (V600E; ref. 2), KRAS (G12G; ref. 3), EGFR (L858R;
ref. 4), and RET (M918T; refs. 5, 6) genes. However, next-generation
sequencing-based genomic analysis of tens of thousands of cancer
cases shows that many cancer genomes also carry “apparently non-
clustered (scattered)” mutations in well-known oncogenes (7, 8). Such
mutations are called variants of unknown significance (VUS), and
their role in tumorigenesis and drug sensitivity has not been studied
extensively because of their low frequency of occurrence and thus
low therapeutic potential. There is an urgent need to predict the
oncogenic effects of such VUSs in precision cancer medicine because
this could help to select cases who would benefit from molecular
targeted therapies using existing inhibitors. The existence of vast
numbers of VUSs led us to speculate that their functional annotation
can be rapidly performed using in silico methods, such as AlphaFold2
analysis, which predicts protein structures from amino acid
sequences (9). However, the gap between structural prediction and
functional annotation hampers us from distinguishing the few muta-
tions with functional significance (“drivers”) from biologically neutral
mutations (“passengers”; ref. 10).

In the present study, we sought to identify oncogenic and druggable
mutations among the large number of VUSs of a therapeutic target
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oncogene by conducting an in silico-driven functional (in vitro)
analysis. A well-known traditional oncogene, RET, was chosen as a
model case for several reasons. First, hotspot mutations of RET in
thyroid cancers are used as drug targets (11, 12). Recently developed
RET-specific tyrosine kinase inhibitors (TKI) have shown remarkable
therapeutic effects in cancer patients with such oncogenic RET muta-
tions (5, 6). Second, the molecular mechanisms underlying the onco-
genicity conferred by hotspot mutations have been elucidated. RET
hotspot mutations result in the substitution of amino acid residues in
the kinase domain or in cysteine residues that form intramolecular
disulfide bonds under physiologic conditions. These cysteine residues
are included in the core cysteine motif (CCM), which spans the
extracellular cysteine-rich domain (CRD) and the transmembrane
domain (Fig. 1A). Kinase domain mutations increase kinase activity
by enhancing enzymatic activity and/or substrate presentation for
autophosphorylation (12). CCM mutations generate unpaired cysteine
residues that form intermolecular disulfide bonds, leading to consti-
tutive RET dimerization and constitutive enzyme activation (11, 13).
Therefore, identifying additional mutations with oncogenic/therapeu-
tic potential will increase the population of cancer patients who benefit
from RET-TKI therapy.

Here, the in silico genome-wide modeling of 71,756 variants in
different human cancers for positive selection identified a novel
mutational cluster in the RET gene that undergoes mutagenesis
beyond the local background level of tri- or pentanucleotide substitu-
tions (14). The mutations resulted in a three-dimensional (3D) cluster
of amino acid substitutions in the calmodulin-like motif (CaLM),
which was recently identified by cryo-electron microscopy (EM)
analysis of the RET extracellular domain (ECD; ref. 15). Molecular
dynamics (MD) simulation using the high-performance supercom-
puter Fugaku (16) indicated that mutations in CaLM destabilize
binding of the RET-Ca*" ion complex. Gene-wide functional analyses
of 110 representative RET variants, including in vitro cell transfor-
mation and signal transduction assays, validated the CaLM mutations
as a novel cluster of activating mutations, whereas other variants
resulting in amino acid substitutions in the ECD were mostly neutral.
The CaLM mutations caused ligand-independent homodimerization
of RET kinase through illegitimate disulfide bond formation, which
occurs in wild-type RET only under artificial Ca®*-free conditions.
These results indicate that annotating VUSs scattered in oncogenes is a
promising strategy for precision oncology by identifying novel onco-
genic mutations in a traditional oncogene.

Materials and Methods

RET mutation selection

For the discovery cohort, mutational data of 71,756 variants from
79,720 tumors excluding gross alterations, such as fusion and copy-
number alterations, were downloaded from the American Association
for Cancer Research Project GENIE (version 7.0-public) website
(https://genie.cbioportal.org/; Supplementary Fig. S1A). Variant allele
frequencies within a sample were calculated through the relative
abundance of a variant over total sequence read counts obtained from
the GENIE data set. Mutations were analyzed using Oncodrive-
CLUSTL (14), a nucleotide sequence-based clustering algorithm that
detects cancer driver genes based on a local background model derived
from the trinucleotide context mutational probabilities of the cohort
under study (i.e., GENIE; Supplementary Fig. S1B, left). The GENIE
mutational data set was used as the mutational profile data for
processing. The background data set (training cohort) consisted of
somatic mutation data in the Mutation Annotation Format of whole-
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exome sequencing compiled by the MC3 Working Group from The
Cancer Genome Atlas (TCGA; version 0.2.8; ref. 17) because it
contains similar fractions of different mutation types to those of the
GENIE data set (Supplementary Fig. S1B, right). Statistical significance
was examined with a smoothing and clustering window of 9 bp and
a simulation window of 35 bp to increase sensitivity at a single gene
level. A total of 110 RET mutants including six CaLM, 35 known
(5,6,11,12,18,19), and 69 other mutants recurrently observed in three
or more GENIE cases were subjected to gene-wide cell-based assays.

Cell lines and reagents

HEK293H cells (catalog no. 11631017, RRID:CVCL_6643), Flp-in
T-REx 293 cells (catalog no. R78007, RRID:CVCL_U427), and Sf21
cells (catalog no. 12682019, RRID:CVCL_0518) were purchased from
Thermo Fisher Scientific. Ba/F3 cells were provided by Dr. Yasuda
Hiroyuki of Keio University School of Medicine. NTH3T3 cells were
provided by Dr. Hiroyuki Mano of the National Cancer Center
Research Institute. 293FT cells (catalog no. R70007, RRID:
CVCL_6911) were obtained from Invitrogen in 2013. WEHI-3B cells
(catalog no. RCB2853, RRID:CVCL_2239) were obtained from the
RIKEN BioResource Center in 2016. U-2 OS cells (catalog no. HTB-96,
RRID:CVCL_0042) were obtained from the ATCC. The 293H and
NIH-3T3 cells were tested for Mycoplasma contamination with a
MycoAlert detection kit (Lonza) prior to the study and the in vivo
experiments, respectively, whereas no testing was performed for the
other cell lines during the experiments. The 293H, Flp-in T-REx 293,
and 293FT cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) purchased from Thermo Fisher Scientific. WEHI-
3B cells were cultured in an RPMI medium containing 10% FBS. Ba/F3
cells were cultured in the RPMI medium containing 10% FBS and 10%
WEHI-3B-conditioned medium (a source of IL3). All cells were
incubated at 37°C in 5% CO,. Primary antibodies against RET (catalog
no. 14556, RRID:AB_2798509), phospho-RET (Tyr905; catalog no.
3221, RRID:AB_2179887), p44/42 MAPK (ERK1/2; catalog no. 9102,
RRID:AB_330744), phospho-p44/42 MAPK (ERK1/2; Thr202/
Tyr204; catalog no. 4370, RRID:AB_2315112), SHC (catalog no.
2432, RRID:AB_2254631), and phospho-SHC (Tyr239/240; catalog
no. 2434, RRID:AB_10841301), and secondary antibodies against
rabbit IgG (catalog no. 7074, RRID:AB_2099233) and mouse IgG
(catalog no. 7076, RRID:AB_330924) were purchased from Cell
Signaling Technology. A primary antibody against B-actin (catalog
no. ab8227, RRID:AB_2305186) was purchased from Abcam. A
primary antibody against FLAG (catalog no. F1804, RRID:
AB_262044) was purchased from Sigma-Aldrich. A primary antibody
against GST (catalog no. 27457701, RRID:AB_771432) was purchased
from Cytiva. Recombinant human glial cell-derived neurotrophic
factor (GDNF; catalog no. 212-GD) and GFRa1 (catalog no. 714-GR)
were purchased from R&D Systems. Selpercatinib (catalog no. S8781)
and pralsetinib (catalog no. S8716) were purchased from Selleck. These
compounds were dissolved in DMSO to yield 10 mmol/L stocks and
stored at —20°C.

Construction of lentiviral vectors expressing wild-type and
mutant RET cDNAs

Full-length wild-type and mutant RET-51 cDNAs (NM_020975)
were synthesized by GeneArt, a part of Thermo Fisher Scientific, and
ligated into pLenti6.3/V5-DEST plasmids (catalog no. V53306, RRID:
Addgene_56658; Invitrogen). The final constructs were verified by
Sanger sequencing. Expression of cDNA products was confirmed by
immunoblotting of transiently transfected 293H cells. Lentiviruses
were generated in 293FT cells (6 x 10° cells per 10 cm plate)
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transfected with pLenti6.3/V5-DEST plasmid and ViraPower pack-
aging mix (Invitrogen) using Lipofectamine 3000 (Invitrogen). Viral
supernatants were collected 24 to 48 hours after the medium change
and used for infection.

Phosphorylation assay

HEK293H cells seeded in 6-well plates were transiently transfected
with 0.25 ug of plasmid DNA using Lipofectamine 3000. The cells were
cultured under serum-starvation conditions for 48 hours after trans-
fection and lysed in RIPA buffer [20 mmol/L Tris-HCl (pH 7.5), 150
mmol/L NaCl, 1 mmol/L Na,EDTA, 1 mmol/L EGTA, 1% NP-40, 1%
sodium deoxycholate, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L
B-glycerophosphate, 1 mmol/L Na;VO,, and 1 pg/mL leupeptin]
containing a protease/phosphatase inhibitor cocktail (Cell Signaling
Technology). Cell lysates were centrifuged at 14,000 rpm for 15
minutes, and the supernatants were collected. The supernatants were
subjected to SDS-PAGE, followed by immunoblotting onto polyviny-
lidene difluoride membranes. The membranes were blocked for
1 hours with TBS containing 0.1% Tween 20 (TBST) and 1.0% bovine
serum albumin, and then probed with the following primary anti-
bodies: anti-RET (CST #14556), anti-p44/42 MAPK (ERK1/2; CST
#4695), and anti-phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204;
CST #4370). After washing with TBST, the membranes were incubated
with a horseradish peroxidase-conjugated secondary antibody against
rabbit IgG (CST #7074) and then visualized with an enhanced chemi-
luminescence reagent (PerkinElmer). The intensity of signals was
quantified using a LAS3000 imaging system (Quansys Biosciences)
and Multi-Gauge software (Fujifilm). For conditional experiments in a
medium with or without calcium ions, cells were cultured in calcium-
containing DMEM (catalog no. 08459-35, Nacalai Tesque) or calcium-
free DMEM (catalog no. 16972-45, Nacalai Tesque) for 48 hours after
transfection under serum starvation. The phosphorylation of RET and
ERK was confirmed using an antibody against phospho-RET (Tyr905;
CST #3221) and phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204;
CST #4370). For the phosphorylation assay, GDNF and GFRo.l were
added at 48 hours after transfection and incubated for an additional
6 hours. The indicated drugs were added 48 hours after transfection
and incubated for an additional 6 hours. Assays were independently
repeated three times.

Assays of Ba/F3 cells

Ba/F3 cells (4.0 x 10°) were infected with lentivirus in the presence
of 10 ug/mL polybrene (Sigma-Aldrich) by centrifugation at 3,000 x g
for 150 minutes at 32°C. Following overnight incubation at 37°C in 5%
CO,, the cells were seeded into 24-well plates and selected in medium
containing IL3 and 8 pg/mL blasticidin (Invitrogen) for 10 days. The
blasticidin-resistant cells were grown in IL3-free medium for 2 weeks.
The expression of exogenous RET proteins was confirmed by immu-
noblotting. For the drug treatment, 5 x 10° Ba/F3 cells were plated in
quadruplicate in 96-well plates and serially diluted inhibitors were
added to the wells. Cell viability was measured at 72 hours after drug
treatment using the CellTiter-Glo luminescent cell viability reagent
(Promega) with EnVision (PerkinElmer). Cell viability was calculated
as the cell count in drug-treated samples relative to that in untreated
samples (n = 6). The data were displayed graphically using GraphPad
Prism version 9.0 (GraphPad Software Inc., RRID:SCR_002798).

NIH3T3 transformation assay

NIH3T3 cells were infected with lentiviruses in the presence of
8 ug/mL polybrene (Sigma-Aldrich) for 24 hours and cultured in
DMEM-F12 supplemented with 5% calf serum for up to 2 weeks as
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previously described (20). Focus formation assays for infected
NIH3T3 cells were performed in the absence of GDNF/GFRal or
any other ligands for screening, and functional studies for alanine
substitution mutations were performed in the presence of 5% calf
serum for 14 days. When evaluating the addition of ligand and
coreceptor, infected NIH3T3 cells were cultured with 0, 1, or 2.5 ng/
mL GDNF and GFRol in the presence of 5% calf serum for 14 days.
Cell transformation was assessed by staining with Giemsa solution.
Reproducibility was confirmed by performing the same experiment
three times. The focus area was quantified using Image] software
(NIH, RRID:SCR_003070).

RET dimerization assay

T-REx 293 cells expressing full-length wild-type, D567N, D567Y,
and C634R RET cDNAs and an empty control were established using
the Flp-in T-REx-293 system according to the manufacturer’s proto-
col. The cloned cells were cultured in normal (calcium-containing) or
calcium-free DMEM supplemented with 0.1 pug/mL doxycycline
(Fujifilm) for 6 hours. In this assay, the protein extracts were prepared
using RIPA buffer with or without 40 umol/L dithiothreitol (Cell
Signaling Technology). An antibody against FLAG (catalog no. F1804,
Sigma-Aldrich) was used as the primary antibody in the immunoblot
analysis.

For the Sf21 cell assay, pFastBac (Thermo Fisher Scientific) bacu-
loviral plasmids containing cDNAs encoding the CLD4-CRD (amino
acids 382-635) region of RET were transfected into Sf21 cells using
Cellfectin IT Reagent (Thermo Fisher Scientific). Transfected cells were
lysed in extraction buffer (50 mmol/L HEPES, 0.3 M NaCl, and 0.2%
NP-40, pH 7.5) with or without 5 mmol/L EDTA. Following centri-
fugation (10,000 x g), GST-Sepharose beads were added to the
supernatant and mixed by rotation at 4°C for 30 minutes. The beads
were washed thoroughly with extraction buffer and mixed in loading
buffer (50 mmol/L Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, and 0.1%
bromophenol blue) with or without 1% 2-mercaptoethanol (2-ME)
and incubated at 95°C for 5 minutes. The samples were electrophor-
esed, and dimer formation was detected by immunoblotting using an
anti-GST antibody as the primary antibody or by Coomassie brilliant
blue (CBB) staining.

NanoBIiT assay

U-2 OS cells were transfected with plasmids expressing the Small
BiT (SmBit; N197 pBiT2.1-C [TK/SmBiT] Vector) or Large BiT (LgBit;
N196 pBiT1.1-C [TK/LgBiT] Vector) luciferase subunits (Promega)
fused to the C-terminus of the RET-ECD domain (encoding amino
acids 1-662) of wild-type (WT), C634R, D567N, and D567Y RET via a
peptide linker. Transfected cells were then seeded onto 96-well poly-
lysine-coated plates. Next, cells (1.13 x 10* per well) were transfected
with 5 ng of a mixture of SmBit and LgBiT plasmid DNA at a mass ratio
of 1:1. After 24 hours, cells were serum-starved with Opti-MEM for
5 hours. Fifteen minutes after the addition of the NanoGlo live-cell
luciferase substrate, GDNF and GFRo1 were added to the cells to a
final concentration of 7.4 ig/mL, and the kinetics of luminescence was
measured for 45 minutes using a Synergy HTX plate reader (BioTek).

In vivo tumorigenesis

NIH3T3 cells expressing the RET C634R, D567N, and D567Y
mutants were selected by exposure to 8 pg/mL blasticidin for 20 days
after lentiviral infection. Cells were counted and resuspended in a 1:1
mixture of 100 pL culture medium and 100 UL Matrigel (BD Bios-
ciences) on ice. Cells (5 x 10° cells/mouse) were injected subcutane-
ously into the flanks of 6-week-old female BALB/c-nu: CAnN.Cg-
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Foxn1™/CrlCrlj mice (Charles River; RRID:IMSR_CRL:194). Mice
were divided into three groups for each mutant, and treatments began
when tumors measured between approximately 100 and 200 mm?. For
all mutant experiments, mice were dosed twice daily with vehicle or
3 mg/kg selpercatinib or pralsetinib. Tumor growth was measured at
regular intervals using calipers, and tumor volume was calculated
using the following formula: tumor volume (mm?) = 0.5 x length x
width x width. The subcutaneous tumor weight was measured at the
end of the experiment, and the mice were sacrificed according to
standard protocols. The experiment was approved by the National
Cancer Center Animal Ethical Committee (approval number:
A277bM1-21).

MD simulation of monomers

The initial cryo-EM structural data of the RET-CRD were obtained
from the Protein Data Bank (PDB code: 6Q2N). Monomer models for
the MD simulation were constructed using residues 508-622 of the E
chain, and the other residues were deleted. Bond order assignment and
hydrogenation were performed using the Protein Preparation module
in Maestro 2020-2 (Schrodinger, Inc.). The structures of disordered
loops (residues 508-514 and 547-548) were modeled using
Prime (21, 22). The N- and C-termini of all protein models were
capped with acetyl and N-methyl groups, respectively. RET mutation
models were created using “Sequence viewer” in Maestro (Schrodin-
ger, Inc.) and were based on the 6Q2N structure using the same
protocol. H-bond optimization and energy minimization were per-
formed using PROPKA (23) and the OPLS3e force field (24).

MD simulations for interaction analysis and evaluation of binding
free energy were performed using Desmond (Schrddinger, Inc.) The
Molecular Dynamics System Setup module in Maestro was used for
preparing hydration models. All energy-minimized models were
placed in an orthorhombic box with a buffer distance of 10 A to
create a hydration model. The SPC water model (25) was used for the
hydration model. NaCl (0.15 M) was included as the counter ion to
neutralize the system. The cutoff radii for Van der Waals interactions
was 9 A, and the time step, initial temperature, and pressure of the
system were set to 2.0 fs, 300 K, and 1.01325 bars, respectively. The
sampling interval of the trajectory frame was set to 100 ps. The final
production run was performed for 1 [ts using the number of molecules,
pressure, and temperature (NPT) ensemble.

All trajectories from the MD simulation were aligned to the initial
frame with protein Co.. The root-mean-square deviation (RMSD) and
distance analyses were performed using the Simulation Interactions
Diagram module in Maestro and based on the coordinates of the first
frame. The MM/PB(GB)SA (26) method was used to predict the
binding free energy of Ca ions to the CRD. Binding free energy analysis
was performed at 100 frame intervals for each trajectory, and
Prime (21, 22) was used for the analysis.

MD simulation of the RET-GDNF-GFRAT1 extracellular complex

The initial structural data of the RET/GFRo.1/GDNF extracellular
complex were obtained from the PDB (code: 6Q2N). The structures of
disordered loops were modeled using the Structure Preparation mod-
ule in the MOE program (Chemical Computing Group Inc.). The N-
and C-termini of all protein models were capped with acetyl and N-
methyl groups, respectively. The dominant protonation state at pH 7.0
was assigned for titratable residues. A D567Y or D567N mutation was
introduced into the structure of WT RET using MOE.

All MD simulations were performed using the GROMACS 2021
program (27). The Amber ff99SB-ILDN force field (28) was used for
protein and ions, and TIP3P (29) was used to model water molecules.

Cancer Res; 82(20) October 15, 2022

Approximately 280,000 water molecules were placed around each
complex model with an encompassing distance of 10 A. Sodium and
chloride ions (150 mmol/L each) were introduced into the simulation
box to neutralize the system. Electrostatic interactions were calculated
using the particle mesh Ewald method (30) with a cutoff radius of 10 A.
The cutoff for Van der Waals interactions was set at 10 A. Virtual sites
for hydrogen atoms were used to allow for a time step of 4 fs (31). The
P-LINCS algorithm was used to constrain all bond lengths at their
equilibrium value (32). After energy minimization, each system was
equilibrated for 100 ps in a constant number of molecules, volume, and
temperature ensemble and run for 100 ps in a constant NPT ensemble,
with positional restraints applied on protein heavy atoms. The tem-
perature was maintained at 310 K by stochastic velocity rescaling (33),
and a Parrinello-Rahman barostat was used to maintain the pressure
at 1 bar (34). The temperature and pressure time constants were set to
0.1 and 2 ps, respectively. Three independent 1 us production runs
were performed with different velocities for each WT RET and its
D567Y and D567N mutants. The contact area between the CRD and
GDNF/GFRo1 was calculated with a probe radius of 1.4 A using High-
Throughput Molecular Dynamics (HTMD) environment 1.14.0 (35).

Data availability

The data generated in this study are available within the article and
its Supplementary data files. The data and materials used in this study
are available upon request from the corresponding authors.

Results

CaLM as a hidden cluster of oncogenic mutations

To discover hidden clusters of oncogenic mutations among the
large number of VUSs, we performed genome-wide trinucleotide
enrichment analysis using the OncodriveCLUSTL program (14). A
total of 71,756 variants obtained from GENIE version 7.0 cohorts
(version 7; 79,720 tumors; ref. 36), which are real-world targeted
captured sequencing data containing diagnosis codes for 686 tumor
types from 32 tissues from 19 of the leading cancer centers in the world,
were tested against a background mutation rate model based on the
mutational trinucleotide context generated from 9,104 samples from
TCGA (Supplementary Fig. S1A and S1B). For VUS investigation, we
focused on RET as a druggable oncogene because it possesses many
types (860 kinds of genetic alterations) of missense and in-frame indel
mutations in 1,290 mutation tumors (1.6%), most of which are
annotated as “unknown significance” by OncoKB (Supplementary
Fig. SIA, S1C, and SID; ref. 37). The CRD of RET kinase has two
mutational cluster motifs, a known CCM cluster containing a C634R
hotspot mutation and a novel cluster at residues 557-580 that only
contains VUSs (Fig. 1A). Identification of three other clusters in the
intracellular domain (ICD), each containing the hotspot mutations
V804M, R886W, and M918T (12), demonstrated the authenticity of
the mutational modeling. Residues 557-580 correspond to the CaLM
of the ECD, which was recently identified by cryo-EM analysis (15).
The CaLM mutations were observed in various tumor types, whereas
CCM variants were enriched for thyroid cancers (Fig. 1A). The variant
allele frequencies of the CaLM mutations were similar to those of CCM
(Supplementary Fig. S1E; Supplementary Table S1). They were mostly
observed as independent, but not as compound, mutations similar to
those in the CCM (Supplementary Fig. SIF). These data were con-
sistent with the positively selected characters.

We next performed gene-wide cell-based assays using 110 RET
mutants, selected by the following three criteria: (i) mutations occur-
ring in CaLM: six, (ii) known mutations annotated as oncogenic in
OncoKB or previously reported: 35 (5, 6, 11, 12, 18, 19), and (iii)
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Figure 1.

Identification of the RET-CaLM mutation cluster. A, Mutational modeling for positive selection. The top graph shows the incidence of individual 1,290 RET mutations
(circles) with a smoothed view of distribution (blue lines). The bottom bars show mutational clusters determined by OncodriveCLUSTL with P values and distribution
of domains/motifs. Pie charts show the proportion of cancer types and OncoKB annotations (37) for the CaLM and CCM mutation clusters. The numbers in the center
of the pie charts refer to the total number of mutations in the clusters. The percentages in the pie charts refer to the fractions of mutations in each cancer type among
total mutations. CLD1, cadherin-like domain 1, residues 29-154; CLD2, cadherin-like domain 2, residues 172-261; CLD3, cadherin-like domain 3, residues 265-379;
CLD4, cadherin-like domain 4, residues 404-506; CRD, cysteine-rich domain, residues 516-634; TM, transmembrane domain, residues 635-657; KD, kinase domain,
residues 723-1012; CaLM, calmodulin-like motif, residues 557-580; CCM, core cysteine motif, residues 629-643. B, Bubble plot showing NIH3T3 cell-transforming
ability and ERK phosphorylation activity of RET mutations. The horizontal axis indicates the amino acid residue numbers, and the vertical axis shows the logo-fold
increase in ERK phosphorylation compared with WT RET. The size of the plot for each mutation indicates the magnitude of focus formation in three grades. The color
of each plot indicates the significance grades of OncoKB annotation (37). Blue, oncogenic; light blue, likely oncogenic; gray, unknown significance; purple,
inconclusive; green, likely neutral. Representative images of Giemsa-stained NIH3T3 cells are shown in the graph area. C, ERK phosphorylation assay. HEK293H cells
transfected with empty vector or WT RET, 110 RET mutants, and kinase-dead mutant (K758M)-expressing plasmids were subjected to immunoblot analysis of
phosphorylated ERK (pERK), ERK, and RET. The relative pERK levels compared with those in the WT are plotted in B.

mutations recurrently observed in three or more samples in the same
residue in the GENIE cohort: 69 (Supplementary Tables S1 and S2). The
effect of the introduction of RET mutant cDNAs on transforming
activity in NIH3T3 cells in the absence of GDNF/GFRal or any other
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ligands and downstream ERK phosphorylation in HEK293H cells was
examined (Fig. 1B and C). The results confirmed CaLM as a cluster of
oncogenic variants with similar magnitude as CCM and ICD hotspot
mutants, whereas most variants, especially in the ECD, were functionally
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neutral except for R417C, D631Y, A498S, G533C, Y606C, and R635C,
which were annotated as “unknown significance” (Fig. 1B). The bio-
logical significance of CaLM mutations was verified by the increased
phosphorylation of RET, SHC, which is a direct substrate of RET, and
downstream ERK upon expression of the representative D567N and
D567Y CaLM mutants (Supplementary Fig. S1G).

Structural destabilizations of the CRD caused by CaLM mutations

The CaLM of RET captures the Ca>" ion by forming coordinate
bonds with negatively charged side chains or the backbone carbonyl of
contributing amino acids (Fig. 2A; ref. 15), similar to calmodulin
(Fig. 2B). RET-CaLM mutations result in the formation of a 3D cluster
with substitutions in amino acids involved in Ca*" ion-binding (i.e.,

3756 Cancer Res; 82(20) October 15, 2022
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Figure 2.

Three-dimensional fluctuation of CRD caused by CaLM mutation. A, 3D view of CaLM mutations. The cartoon shows an overhead view of the extracellular portion of
the RET-GDNF-GFRa1 hexamer (PDB: 6Q2N) with an expanded view of CaLM. The expanded image shows a stick and cartoon representation showing the locations
of Ca®* ions (green sphere) and amino acid residues contributing to Ca®* ion holding. Mutated residues are highlighted in red. Bottom, CLD, orange; cysteine-rich
domain (CRD), gray; glial cell-derived neurotrophic factor (GDNF), light blue; GDNF family receptor alphal (GFRal), pink. B, 3D view of calmodulin mutations. The
stick and cartoon model represents the Ca?*-binding motif of calmodulin (PDB code: 2BE6). Mutated residues in long-QT syndrome patients are highlighted inred. C,
Violin plot of binding-free energy between the Ca?* ion and a RET-CRD monomer at 10 ns intervals. The width of each strip represents the fraction of time points
showing a binding-free energy value. The black dashed line represents the median value. Each dotted line represents the interval between the end of the first quartile
and the beginning of the fourth quartile. *, P < 0.05; ****, P < 0.0001 by a one-way ANOVA with the Tukey multiple comparisons test. D, Violin plots of RMSD of
backbone Co atoms of CRD monomers. The RMSDs of heavy atoms of each amino acid at 100 ps intervals were calculated with respect to the initial position and
plotted. Left, RMSD of WT and native CaLM mutants. Right, artificial alanine mutants. E, Oncogenic properties of artificial CaLM mutants. Left, ERK phosphorylation
assay. HEK293H cells transfected with empty vector or WT RET, 110 RET mutants, and kinase-dead mutant (K758M)-expressing plasmids were subjected to
immunoblot analysis of pERK, ERK, pRET, RET, and B-actin. Right, NIH3T3 focus formation. The transforming ability of lentiviruses expressing artificial CaLM mutants
was examined using parental cells (uninfected), empty virus infection, and lentiviruses to express D567Y (native CaLM mutant), C634R (CCM mutant), and M918T
(kinase domain mutant) proteins.
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D567Y and D567N, G568S, D571N, and E574D). Because three-
dimensional mapping of D584N outside CaLM to the protein structure
shows a residue directly binding to the Ca>" ion, the mutation is
integrated into CaLM mutations in subsequent analyses. This is similar
to the germline mutations at D95 and N97 residues in the CALM I gene
(encoding calmodulin) causing long-QT syndrome. Because these
CALMI mutations are associated with destabilized Ca®* ion hold-
ing (38, 39), we performed MD simulation to predict the impact
of CaLM mutations on the conformational integrity of the RET-Ca*"
ion complex.

The impact on the local steric integrity was first investigated using a
1 us simulation of RET-CRD monomers with and without CaLM
mutations. The binding free energy (AGy;,a) of the Ca>" ion to the
CRD of D567Y and D567N mutants was higher than that of the WT
(Fig. 2C; Supplementary Fig. S2A), indicating destabilization of the
CRD-Ca®" complex due to CaLM mutations. In the simulation, the
locations of the Ca** ion fluctuated toward the opposite side of the
mutated residues at position 567 (Supplementary Fig. S2B and S2C;
Supplementary Movies S1-3). The instability of the Ca*" ion location
caused by CaLM mutations was suggested by the increased RMSD of
the Ca>" ion from the initial location (Supplementary Fig. S2D). In
parallel with this, the structural fluctuation of the CRD associated with
the D567 mutation was indicated by the RMSD of backbone Co atoms
(Fig. 2D, left; Supplementary Fig. S2E and S2F; Supplementary Movies
S1-3). Similar results were obtained for other CaLM mutations
(Fig. 2D, left), strongly indicating that destabilization of the CaLM-
Ca®* complex underlies the oncogenic properties. To validate the
results of the simulation, we examined the properties of artificial
mutants generated by removing the effects of side chains contributing
to Ca”" ion holding (i.e., mutants with substitution to alanine; Fig. 2D,
right). The alanine mutants showed high RMSD values similar to those
of native CaLM mutants. The oncogenic properties of the alanine
mutants were verified by downstream ERK activation as well as
NIH3T3 cell transformation (Fig. 2E).

lllegitimate intermolecular disulfide bond formation induced by
CaLM mutations

Under physiologic conditions, the RET protein homodimerizes by
binding with GDNF ligands and coreceptors, such as GDNF family
receptor alphal (GFRal), resulting in a hexamer complex (Fig. 2A;
ref. 15). To address the effects of CaLM mutations on the structure of
RET and its interaction with ligands/coreceptors, we performed
microsecond-timescale MD simulations starting from a cryo-EM
structure (PDB: 6Q2N) consisting of a dimerized extracellular RET,
two GFRoul molecules, and two GDNF molecules. Compared with the
WT RET complex, the CaLM mutants exhibited structural distortion
of the CRD concomitant with loss of interactions between the Ca*" ion
and its surrounding residues (Fig. 3A, left, middle, and Supplementary
Fig. S3A). The distorted CRD conformations of the CaLM mutants
increased the solvent-accessible surface area (SASA) of cysteine resi-
dues C565, C570, and C585 (Fig. 3A, right), which are physiologically
buried inside the CRD domain and form intra-domain disulfide bonds
inthe WT RET structure (15). These simulation results prompted us to
investigate whether intermolecular disulfide bond formation may be
induced by CaLM mutations.

Exogenous expression of full-length RET cDNA in HEK293 cells
caused CaLM mutants to dimerize through illegitimate intermolecular
disulfide bonds similar to the C634R CCM mutant (Fig. 3B and C,
left). Depletion of the Ca*" ion from the culture medium, which
mimics the ablation of Ca?* ion holding in the CaLM, also caused
dimerization of WT RET through the formation of intermolecular
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disulfide bonds (Fig. 3C, right), indicating that CaLM suppresses
illegitimate RET dimerization. RET has three other Ca>" ion-binding
sites spanning cadherin-like domains (CLD) 2 and 3 (Fig. 3B; ref. 15).
Dimerization assays using purified CLD4-CRD proteins verified the
suppressive role of CaLM on dimerization; CaLM mutations increased
disulfide bond-mediated dimerization in the presence of Ca®* ions,
whereas Ca?™ ion depletion increased disulfide bond-mediated dimer-
ization of WT RET (Fig. 3D; Supplementary Fig. S3B and S3C).
Consistently, after Ca*" ion depletion, RET and downstream ERK
phosphorylation were more evident in WT RET than in CaLM
mutants (Fig. 3E).

Coreceptors/ligands contribute to bringing RET molecules together
for dimerization (40). A temporal bimolecular interaction assay of
the RET-ECD domain using a NanoBiT system (41) demonstrated
that not only WT RET but also CaLM (D567N and D567Y)
and CCM (C634R) mutant dimerization depend on the addition
of ligands/coreceptors (Supplementary Fig. S3D, left). These re-
sponses were mediated by active dimerization including ligands/
coreceptors, and not by inactive dimerization without these mole-
cules, as indicated by the introduction of R77E and R144E double
mutations that suppress inactive dimerization (15), which did not
abolish the response (Supplementary Fig. S3D, right). The present
MD simulation suggests that the D567N RET mutant forms a more
stable RET-GDNF-GFRol hexamer complex than WT RET and
the D567Y mutant via enhanced RET-ligand/coreceptor contacts
(Fig. 3F and G). Consistently, the addition of GDNF and GFRo
increased the NIH3T3 cell-transforming and ERK activation
abilities of the D567N mutant more evidently than those of the
D567Y and C634R mutants (Fig. 3H; Supplementary Fig. S3E).
These data suggest that the oncogenic properties of the D567N
mutant increase in the presence of ligands/coreceptors, consistent
with their enhanced interaction observed in the MD simulation.

RET-CaLM mutants as a target for RET-TKIs

Finally, we examined whether RET-CaLM mutants are targetable by
existing RET-TKIs. Enhanced ERK phosphorylation caused by exog-
enously expressed CaLM mutants in HEK293H cells was suppressed
by selpercatinib and pralsetinib, two RET-specific TKIs approved by
the FDA (Fig. 4A; ref. 18). Stable expression of RET-CaLM mutants
enabled Ba/F3 cells to grow in an IL3-independent manner similar to
C634R and M918T hotspot mutants, thus confirming the oncogenic
activity of CaLM mutants. The growth of Ba/F3 cells expressing CaLM
mutants was suppressed by selpercatinib and pralsetinib at similar
concentrations as those that were effective against C634R and M918T
mutants (Fig. 4B; Supplementary Fig. S4A). NIH3T3 cells with stable
expression of D567N and D567Y formed tumors in nude mice similar
to those expressing the C634R mutant. Both selpercatinib and pralse-
tinib suppressed the growth of NIH3T3 cells expressing D567N and
D567Y similar to their effect on NIH3T3 cells expressing C634R
mutants (Fig. 4C-E; Supplementary Fig. S4B). These results indicate
that RET-CaLM mutants are targetable by existing RET-TKIs.

Discussion

The present in silico analysis—guided study identified a novel set of
oncogenic and targetable mutations among a large number of VUSs of
the RET gene. These were Ca>-binding ablating mutations of CaLM,
which cause constitutive RET kinase activation by inducing illegiti-
mate dimerization. The mutants were identified using two strategies: a
genome-wide in silico mutation modeling to identify positively select-
ed mutations, and gene-wide cell-based screening of representative
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Figure 3.

lllegitimate intermolecular disulfide bond formation induced by CaLM mutations. A, Violin plots showing the interaction energy between the Ca®* ion and the CRD
(left), the RMSD of the CRD (middle), and the SASA of cysteine residues (C565, C570, C581, and C585) in the CRD (right) estimated from MD simulation of the RET-
GDNF-GFRal extracellular complex. MD simulation was performed in triplicate for each WT and RET mutant, and structures extracted from the 0.5-1us trajectories
every 20 ps were subjected to calculation. The black dashed line represents the median values. Each dotted line represents the interval between the end of the first
quartile and the beginning of the fourth quartile. B, Schematic diagram of the RET protein. CLD, cadherin-like domain; CRD, cysteine-rich domain; KD, kinase domain;
green circle, Ca®" ion-binding sites; dashed line, cell membrane. C, Intermolecular RET dimer formation. Flp-in T-REx 293 cells with or without doxycycline-inducible
FLAG-tagged full-length RET cDNAs were cultured for 48 hours with doxycycline in calcium-containing (left) or calcium-free (right) medium. Whole-cell lysates were
prepared under reducing or nonreducing conditions, i.e., presence or absence of dithiothreitol, and resolved by SDS-PAGE, followed by immunoblot analysis using an
anti-FLAG antibody. D, Intermolecular dimer formation of CLD4-CRD. GST-tagged RET-CRD-CLD4 polypeptides expressed in Sf21 cells were purified under reducing
or nonreducing conditions, i.e., presence or absence of 2-ME, and resolved by SDS-PAGE, followed by immunoblot analysis using an anti-GST antibody. Left,
intermolecular dimer formation of WT, C634R, and D567N mutant polypeptides. Right, intermolecular dimer formation of WT RET polypeptides purified with or
without calcium chelation, i.e., presence or absence of EDTA. E, RET autophosphorylation and ERK phosphorylation induced by calcium depletion. (Continued on
the following page.)
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mutants. CaLM was defined as the location of a novel 3D cluster of
oncogenic mutations in RET. The CaLM mutations are not found in
thyroid cancer and are distinct from the CCM mutations enriched in
thyroid cancer. In thyroid cancer, including medullary thyroid carci-
noma, most mutations have been studied extensively, e.g., M918T and
C634R/W. Mutations other than the established hotspots are unlikely
to occur. This mutational pattern is inconsistent with that of other
cancer lineages, in which non-hotspot mutations are likely to occur.
This suggests that thyroid cancer has a stronger selection pressure for
the acquisition of major oncogenic mutations such as M918T or
C634R during the oncogenic process than other cancer lineages. This
speculation will be confirmed by collecting additional genomic data
and performing positive enrichment mutation analysis across cancer
lineages. The functional effects of the CaLM mutations were predicted
using MD simulations of both CRD monomers and the RET/ligand/
coreceptor complex. Cell- and protein-based assays supported the
prediction and demonstrated the oncogenic and targetable properties
of RET-CaLM mutations. The present study strongly indicates that
cancer genomes harbor unidentified oncogenic/targetable mutations
in well-known oncogenes. Notably, not only D567N, which was
recurrently observed in >10 cases, but also other mutations observed
only in one or two cases, such as D567Y, were included in the 3D
cluster of CaLM mutations. The EGFR kinase activation loop shows a
highly recurrent L858R hotspot mutation, although it also contains
other infrequent but similarly oncogenic mutations such as L861Q and
L861R (20). Therefore, comprehensive annotation of apparent non-
hotspot mutations by incorporating a 3D perspective that focuses on
protein motifs could be a powerful method to expand the list of
targetable mutations in known oncogenes.

The results suggest that RET-CaLM mutations cause homodimer-
ization of RET proteins through illegitimate disulfide bond formation.
Depletion of Ca>* ions from the culture medium caused dimerization
of the WT RET protein by inducing intermolecular disulfide bond
formation, indicating that CaLM negatively regulates intermolecule
dimerization by preserving its proper conformation for holding Ca*"
ions. However, CaLM mutations caused intermolecular disulfide bond
formation even in the presence of Ca®* ions, suggesting that altered
Ca”" ion holding in CaLM mutants triggers illegitimate disulfide bond
formation similar to that in the Ca*" ion-depleted condition. MD
simulation of the RET-ECD-ligand-coreceptor complex suggested
that RET-CaLM mutations cause the exposure of cysteine residues that
form intramolecular disulfide bonds under physiologic conditions.
Thus, this structural change might increase the chances of intermo-
lecular interaction between cysteine residues, which may lead to
illegitimate disulfide bond formation between two RET molecules.
The present study elucidated the mechanisms underlying the onco-
genic properties of CaLM mutations in human cancer and shed light
on the physiologic role of RET-CaLM, which was poorly under-
stood (15). In this mechanism, the Ca*" ion is the key to protein
structural stabilization, and the destabilization induced by the CaLM

Calcium-Binding Ablating Mutation in RET

mutations is a novel critical hallmark of RET oncogenic conversion.
Another receptor tyrosine kinase (RTK) gene with a couple of Ca2™"
ion-binding motifs and their surrounding mutations has not been
found. However, future structural studies may identify an RTK gene
with a similar mechanism of activation.

Several genetic alterations that cause constitutive RET kinase
activation are effective targets for cancer therapy using RET-
TKIs (42). Especially, genetic alterations that cause ligand-
independent dimerization of RET kinase in lung and thyroid cancers,
such as RET fusion and hotspot cysteine mutations (11, 13, 43, 44), are
strongly associated with a good therapeutic response to inhibitory
drugs specifically targeting RET kinase (5, 45). These RET alterations
are present in several cancers other than lung and thyroid can-
cers (19, 46), and the therapeutic effects of RET kinase inhibitors
have been observed in a tumor agnostic manner (47-49). The RET-
CaLM mutations identified in this study are present in multiple types
of cancers, such as lung, colorectal, central nervous system, and blood
cancers. As an example of the importance of RET-CaLM mutations in
clinical specimens, the available transcript data from colon adenocar-
cinoma with D571N mutations, a member of CaLM mutations, listed
in the TCGA cohort demonstrated the mRNA expression of the
D571N-mutated allele (Supplementary Fig. S5A). In addition, a com-
parison of expression values by z-score obtained from cBioPortal
(https://www.cbioportal.org/) showed that the expression of the RET
D571N mutant is similar to that of other oncogenic gene aberrations
including gene fusions and M918T and C634R mutations, and that the
expression of GDNF and GFRAL1 is correlated with the expression of
RET (Supplementary Fig. S5B), supporting the significance of RET-
CaLM mutations in clinical samples. Further case analysis is required
to confirm the results. One obstacle limiting the delivery of precision
medicine to patients with these mutations is that the CaLM DNA
segment is not covered by the present companion diagnostics for
detecting RET mutations. The present study indicated that tumors
with CaLM mutations respond to RET inhibitory therapy in vivo.
Therefore, CaLM mutations should be added to the list of RET
alterations that increase the benefit from RET inhibitory therapy and
should be analyzed to expand the population of cancer patients that
may benefit from RET-TKI therapy.

Lastly, the present study used MD simulation to predict the
functional effects of mutations. MD simulation has exclusively been
used in clinical oncology to analyze drug resistance/sensitivity accord-
ing to secondary mutations in target kinases in response to kinase
inhibitory therapy (50-54). Thus, the present study expands the utility
of MD simulation in oncology, i.e., for predicting the functional effects
of VUSs based on conformational fluctuations. Native and artificial
CaLM mutants caused increased fluctuation of the CRD as well as
decreased Ca®" ion interactions. Furthermore, a long simulation of a
protein hexamer consisting of a dimerized extracellular RET, two
GFRal, and two GDNF molecules was performed using the high-
performance supercomputer “Fugaku” (16). The simulation provided

(Continued.) HEK293H cells transfected with WT or mutant full-length RET cDNAs were cultured for 48 hours in calcium-containing or calcium-free medium. RET-
CalLM mutants were examined by detecting K758M (kinase-dead) and C634R (CCM) mutants. Protein lysates were subjected to immunoblot analysis of pRET, RET,
PERK, and ERK.F, Violin plots of the interaction energy between RET-ECD and GDNF/GFRal (left) or RET-CRD and GDNF/GFRa1 (middle) and contact area between
the CRD and GDNF/GFRa!1 (right) estimated from the MD simulation of the RET-GDNF-GFRa!1 extracellular complex. The black dashed line represents the median
values. Each dotted line represents the interval between the end of the first quartile and the beginning of the fourth quartile. G, D567N mutation-induced increase in
contact areas between RET-CRD and ligand/coreceptor. The mean structure of a WT (left) or D567N (right) RET subunit bound to two GDNFs and a GFRol molecule
was calculated using three 0.5-1ps trajectories obtained from the MD simulation of the RET extracellular complex and is represented by the surface model. Top, the
CRD binding interfaces of two GDNFs and a GFRol molecule whose amino acid residues located within 5 A from the CRD domain are highlighted in red. An enlarged
view of the CRD-GFRa1 binding interface is shown in the bottom panels. H, ERK phosphorylation assay. HEK293H cells transfected with empty vector or WT RET,
K758M (kinase dead), C634R (CCM), D567N, and D567Y RET mutant-expressing plasmids and treated with GDNF/GFRal as described were subjected to
immunoblot analysis of pERK, ERK, pRET, RET, and B-actin. n.s., not significant; ****, P < 0.0001 by a one-way ANOVA with the Tukey multiple comparisons test.
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Figure 4.

RET-CalLM mutants as a target for RET-TKIs. A, Suppression of signal transduction by RET inhibitors. HEK293H cells expressing RET-CaLM and C634R (CCM) mutants
were treated with selpercatinib (top) or pralsetinib (bottom) for 6 hours. Cell lysates were subjected to immunoblot analysis of pERK, ERK, pRET, RET, and B-actin.
B, Suppression of RET-dependent cell growth by RET inhibitors. IL3-independent growth of Ba/F3 cells expressing RET-CalLM, CCM, and M918T kinase domain
mutants was examined in the presence of the indicated concentrations of selpercatinib (left) or pralsetinib (right) for 72 hours. Cell viability was measured using the
CellTiter-Glo assay. The relative viability (%) is shown in a color-coded manner. C, Suppression of allograft growth of NIH3T3 cells expressing RET mutants by
RET inhibitors. Drug treatment was started when the subcutaneous tumors grew to a volume of approximately 100 to 200 mm?>. All mutants were treated
with vehicle or 3 mg/kg selpercatinib or pralsetinib twice daily. Four mice were included in each treatment group. Data are expressed as the mean & SD. **, P< 0.01;
*+* P<0.001; ****, P<0.0001; one-way ANOVA with a Dunnett multiple comparisons test against the vehicle group. b.i.d., twice daily. D, Tumors of D567N mutant-
expressing NIH3T3 cells after treatment with vehicle (top), selpercatinib (middle), or pralsetinib (bottom). After treatment completion, tumors were dissected from
subjects. E, Tumor weights at the endpoint. Data represent the mean + SD. **, P< 0.01; ****, P< 0.0001; one-way ANOVA with the Tukey multiple comparisons test
against the vehicle group.
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insight into the function of CaLM mutants, such as intermolecular
disulfide bond formation triggered by exposure of cysteine residues
from the CRD and increased oncogenicity of the D567N mutant
induced by ligand/coreceptor molecules. Oncogenic proteins ubiqui-
tously express their properties by forming complexes with signaling
molecules (55). MD simulation of protein complexes could guide
functional annotation of the vast number of VUSs in human cancer.
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