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The Oncogenic Activity of RET Point Mutants for
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Patients Affected by Familial Medullary Thyroid
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Activating germ-line point mutations in the RET re-
ceptor are responsible for multiple endocrine neopla-
sia type 2-associated medullary thyroid carcinoma
(MTC), whereas somatic RET rearrangements are
prevalent in papillary thyroid carcinomas (PTCs).
Some rare kindreds, carrying point mutations in RET,
are affected by both cancer types, suggesting that,
under specific circumstances, point mutations in RET
can drive the generation of PTC. Here we describe a
family whose siblings, affected by both PTC and MTC,
carried a germ-line point mutation in the RET extra-
cellular domain, converting cysteine 634 into serine.
We tested on thyroid follicular cells the transforming
activity of RET(C634S), RET(K603Q), another mutant
identified in a kindred with both PTC and MTC,
RET(C634R) a commonly isolated allele in MEN2A,
RET(M918T) responsible for MEN2B and also identi-
fied in kindreds with both PTC and MTC, and RET/
PTC1 the rearranged oncogene that characterizes
bona fide PIC in patients without MTC. We show that
the various RET point mutants, but not wild-type RET,
scored constitutive kinase activity and exerted mito-

genic effects for thyroid PC Cl 3 cells, albeit at signif-
icantly lower levels compared to RET/PTC1. The low
mitogenic activity of RET point mutants paralleled
their reduced kinase activity compared to RET/PTC.
Furthermore, RET point mutants maintained a pro-
tein domain, the intracellular juxtamembrane do-
main, that exerted negative effects on the mitogenic
activity. In conclusion, RET point mutants can behave
as dominant oncogenes for thyroid follicular cells.
Their transforming activity, however, is rather mod-
est, providing a possible explanation for the rare
association of MTC with PTC. (Am J Pathol 2004,
165:511-521)

Medullary thyroid carcinoma (MTC) is a malignant tumor
arising from neural crest-derived calcitonin-secreting C
cells of the thyroid," whereas papillary thyroid carcinoma
(PTC) derives from endoderm-derived follicular cells.?
MTC often occurs in the context of autosomal dominant
multiple endocrine neoplasia type 2 syndromes (MEN2),
whereas PTC is sporadic in most of the cases.® This
notwithstanding, some rare MEN2 kindreds are affected
by both cancer types, the molecular mechanism for this
association still remaining unclear.

Both MTC and PTC are strictly linked to activating
mutations in the RET gene. RET is a transmembrane
tyrosine kinase receptor for glial-derived neurotrophic
factor (GDNF).* RET rearrangements, caused by chro-
mosomal inversions or translocations, are presentin 20 to
40% of cases of PTC.® These rearrangements result in
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the fusion of the RET cytoplasmic kinase domain to the
5'-ter of heterologous genes, generating the chimeric
RET/PTC oncogenes. RET/PTC1 and RET/PTC3, the most
prevalent versions, consist of the RET fusion to the H4 or
RFG genes, respectively.® Mice transgenic for RET/PTC
oncogenes develop PTCs.®”

Multiple endocrine neoplasia type 2 (MEN2A, MEN2B,
and FMTC) syndromes predispose to MTC, pheochromo-
cytoma, and other tumors (OMIM: no. 171400). Point
mutations in RET are found in virtually all MEN2 kin-
dreds.* Most MEN2B patients carry the M918T substitu-
tion in the P+1 loop of the RET kinase. The majority of
MEN2A and FMTC mutations affects cysteines of the
extracellular domain of RET, cysteine 634 being the most
frequently affected. Less frequently, FMTC is associated
with changes in the N-terminal (E768D, L790F, Y791F,
V804L, V804M) or C-terminal lobe (S891A) of the RET ki-
nase. Somatic mutations of V804, M918, and E768 are
found in sporadic MTC.8 Both RET/PTC and RET/MEN2 are
ligand-independent constitutively active oncoproteins. In
the case of RET/PTC, fusion with protein partners displaying
protein-protein interaction motifs provides the RET kinase
with dimerizing interfaces. This results in constitutive dimer-
ization, autophosphorylation of the chimeric oncoproteins,
and constant up-regulation of signaling. Also MEN2-asso-
ciated RET point mutants are constitutively active, through
different mechanisms depending on the amino acid
change.® "

Similarly to MEN2 carriers, the rare kindreds affected
by both MTC and PTC carry germ-line point mutations in
RET. Accordingly, K603Q,'? M918T,"'* and Vv804L'®
point mutations have been described in such families.
Given its familial distribution, it is unlikely that PTC occurs
in these families simply by chance. Furthermore, one
particular transgenic mice line bearing the RET(C634R)
allele under the control of the calcitonin promoter devel-
oped both MTC and PTC.'® Finally, full-length RET pro-
teins are expressed not only in MTC' but also at low
levels in PTC, regardless of the occurrence of RET rear-
rangements.'®'® Despite this data, the oncogenic activ-
ity of RET point mutants for epithelial thyroid follicular
cells has never been investigated.

The identification of a novel family with affected sib-
lings showing both MTC and PTC and carrying the
RET(C634S) mutation, prompted us to analyze the
transforming activity of RET(C634S), RET(K603Q),
RET(C634R), and RET(M918T) in PC CI 3 thyroid follicular
cells. Here we show that the various RET point mutants
induce hormone-independent proliferation of PC Cl 3
cells, although with a significantly lower efficiency com-
pared with RET/PTC1. These findings suggest that spe-
cific point mutations in RET may play a causative role in
MENZ2-associated PTC cases.

Materials and Methods

Tissue Samples

Tissue samples were analyzed from all three family mem-
bers (the father and two monozygotic twin daughters) of

a MEN2A kindred with both MTC and PTC. Pathological
examination of surgically resected material and tumor
diagnosis followed established criteria.®® Serial sections
of formalin-fixed, paraffin-embedded thyroid tissue from
the PTCs, the MTCs, and from the nonneoplastic gland of
the three patients were cut for immunohistochemistry,
microdissected, and separately processed for RNA ex-
traction to analyze RET rearrangements. Peripheral blood
samples were obtained from all three patients to deter-
mine the germline RET mutational status. Processing of
samples and clinical information proceeded in accor-
dance with review board-approved protocols.

RET Mutational Analysis

DNA was extracted from white blood cells from the three
patients and DNA sequencing was performed for exons
10, 11, 13, 14, 15, and 16 of RET according to standard
procedures.?! One single mutation changing codon 634
from TGC to TCC (cysteine to serine) in exon 11 was
found in the three patients. The mutation was confirmed
with two independent polymerase chain reactions (PCRs)
from two independent DNA samples in both directions.

RET Expression

Total RNA was extracted from formalin-fixed paraffin-
embedded tissue with the RNeasy Kit (Qiagen, Crawley,
West Sussex, UK) and subjected to on-column DNase
digestion with the RNase-free DNase set (Qiagen) follow-
ing the manufacturer’s instructions. The RNA quality was
verified by electrophoresis through 1% agarose gel and
visualization with ethidium bromide. Levels of B-actin
transcripts were used as a control for equal RNA loading.
To screen for RET expression, reverse transcriptase (RT)-
PCR was performed using reaction conditions and prim-
ers previously described®? (Table 1). For the identifica-
tion of RET/PTC1 and RET/PTCS3, multiplex RT-PCR was
used using a common downstream primer, TK3(—) and
upstream primers H4(+) and RFG(+). Additional primers
for the rare PTC2, -5, -6, -7, and -8 rearrangements were
also used (Table 1). Approximately 100 ng of RNA were
reverse-transcribed with the Gene Amp RNA PCR Kit
(Perkin-Elmer, Corp., Wilton, CT) according to the indica-
tions of the manufacturer. PCR was then performed after
the addition of upstream primers. Each 30-ul tube in-
cluded a final concentration of 0.1 umol/L for each
primer, 100 wmol/L each dNTP, 0.8 U AmpliTag polymer-
ase (Perkin-Elmer, Corp.) in Buffer Il containing 2.0
mmol/L MgCl,. After a 12-minutes hot start at 94°C, nine
cycles of touchdown amplification were performed (pro-
gressively lowering the annealing temperature from 61°C
to 55°C), followed by 40 cycles of amplification (94°C for
30 seconds, 55°C for 45 seconds, and 72°C for 45 sec-
onds) with a Hybaid OmniGene thermal cycler (Sun Bio-
sciences, Madison, CT). The amplified products were
analyzed on a 3% agarose gel and hybridized with a
probe covering the tyrosine-kinase domain of RET. RNA
extracted from the RET/PTC1-positive TPC1 or the RET/
PTC3-positive PC-PTC3 cell lines®® were used as positive



Table 1. Primers Selected for RET Analysis
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Name Gene Position* Sequence Primer size
TM(+) RET 1922-1941 CTG TCC TCT TCT CCT TCA TC 20 mer
TK1(+) RET 2149-2168 TGG GAA TTC CCT CGG AAG AA 20 mer
TK2(-) RET 2364-2383 TGC AGG CCC CAT ACA ATT TG 20 mer
TK3(—) RET 2185-2202 TTC GCC TTC TCC TAG AGT 18 mer
H4(+) H4 335-351 GCA AAG CCA GCG TTA CC 17 mer
RFG(+) RFG 746-763 CCC CAG GAC TGG CTT ATC 18 mer
PTC2(+) Rla 602-619 TAT CGC AGG AGA GAC TGT 18 mer
PTC5(+) Golgin 1469-1486 TAC TAG AAT ACT GCA ATC 18 mer
PTC6(+) HTIF1 1089-1106 GCT CTA CTG CAT CAG TTA 18 mer
PTC7(+) HTIFy 1096-1113 CAT TTT GCA GCT ACT CAG 18 mer
PTC8(+) KTN1 2760-2777 ACA GGG AAG TGG TTA CAG 18 mer

*The positions of TM, TK1, TK2, and TK3 are according to the standard RET sequence with the numeration beginning from the start codon of RET,
according to this numeration the breakpoint in both RET/PTC1 and RET/PTC3 is at the nucleotide 2136; the positions of H4(+) (accession number
M31213), RFG(+) (accession number X77548) and PTC2, 5, 6, 7, and 8 primers are according to current sequences of the NCBI database.

controls. Amplification without previous reverse transcrip-
tion, in the absence of any RNA or in the presence of
normal placental RNA was used as a negative control.

Antibodies and Immunohistochemistry

For immunohistochemical analysis we used anti-RET
polyclonal rabbit antibodies, anti-RET(TK), directed against
the tyrosine kinase domain of RET (amino acids 738 to
1058); their features and specificity have been previously
characterized.?>2* Antibodies were affinity-purified by
sequential chromatography on RET- and GST-coupled
agarose columns and tested by immunoblotting of pro-
tein lysates obtained from NIH3T3 cells expressing wild-
type RET or RET/PTC1. Immunohistochemistry was per-
formed and scored similar to previous protocols®* using
a 1/100 dilution. Negative controls were performed on all
cases by omitting the primary antibody. Sections of MTC
and of previously characterized PTCs®* were used as
positive controls. Positive immunoreactivity was abol-
ished by preadsorption with a molar excess of the RET
protein. Immunohistochemistry was also performed with
the antibodies anti-calcitonin (DAKO, Copenhagen, Den-
mark) and anti-thyroglobulin (DAKO) following standard
procedures.

Cell Culture and Transfection Experiments

PC CI 3, a differentiated thyroid epithelial cell line derived
from 18-month-old Fischer rats, was cultured in Coon’s
modified Ham F12 medium supplemented with 5% calf
serum and a mixture of six hormones (6H): thyrotropin (10
mU/ml), hydrocortisone (10 nmol/L), insulin (10 ug/ml),
apo-transferrin (5 pg/ml), somatostatin (10 ng/ml), and
glycyl-histidyl-lysine (10 ng/ml) (Sigma Chemical Co., St.
Louis, MO) according to Fusco and colleagues.?® Cells
(5 X 10°) were plated 48 hours before transfection in
60-mm tissue culture dishes. The medium was changed
to Dulbecco’s modified Eagle’s medium (Life Technolo-
gies, Inc., Grand Island, NY) containing 5% calf serum
and 6H. Three hours later, calcium-phosphate DNA pre-
cipitates were incubated with the cells for 1 hour. DNA
precipitates were removed, and cells were washed with
serum-free Dulbecco’s modified Eagle’s medium and in-

cubated with 15% glycerol in HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid)-buffered saline
for 2 minutes. Finally, cells were washed with Dulbecco’s
modified Eagle’s medium and incubated in Coon’s mod-
ified F12 medium supplemented with 5% calf serum and
the 6H. For the colony formation assay, two dishes of PC
Cl 3 were transfected with each plasmid. After 2 days,
G418 (neomycin) was added to one dish, while the other
dish was kept in medium containing 5% calf serum in the
absence of 6H. After 15 days, cells colonies were fixed in
11% glutaraldehyde in phosphate-buffered saline, rinsed
in distilled water, stained with 0.1% crystal violet in 20%
methanol for 15 minutes and counted. The percentage of
hormone-independent colonies with respect to the total
number of G418-resistant colonies was calculated as the
average of three independent determinations = SD. ARO
cells®® derived from an anaplastic carcinoma negative for
RET/PTC rearrangements, were cultured in RPMI supple-
mented with 10% fetal calf serum, 2 mmol/L L-glutamine,
and 100 U/ml penicillin-streptomycin (Life Technologies,
Inc.).

All of the constructs used in this study encode the
short (RET-9) RET spliced form and were cloned in
pCDNA3(Myc-His) (Invitrogen, Groningen, The Nether-
lands). The wild-type RET, RET/PTC1, RET(M918T), and
RET(C634R) constructs have been described previous-
ly.?® RET/PTC1-JM was engineered by PCR inserting the
intracellular juxtamembrane domain of RET (residues 658
to 712) between H4 (residues 1 to 101) and RET kinase
(residues 713 to 1072). RET(C634S) and RET(K603Q)
were generated by site-directed mutagenesis using the
QuickChange mutagenesis kit (Stratagene, La Jolla, CA).
All mutations were confirmed by DNA sequencing.

Protein Studies

Anti-pY1062, anti-pY1015, and anti-pY905 are affinity-
purified polyclonal antibodies raised against RET pep-
tides containing phosphorylated Y1062, Y1015, or Y905
residues.?” Anti-MAPK (no. 9101) and anti-phospho-
MAPK (no. 9102) were obtained from New England Bio-
labs (Beverly, MA), monoclonal anti-tubulin antibodies
were from Sigma Chemical Co. Secondary antibodies
coupled to horseradish peroxidase were obtained from
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Amersham Pharmacia Biotech (Little Chalfont, UK). Im-
munoprecipitation and immunoblotting were performed
according to standard procedures. Briefly, cells were
lysed in a buffer containing 50 mmol/L N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.5),
1% (v/v) Triton X-100, 50 mmol/L NaCl, 5 mmol/L EGTA,
50 mmol/L NaF, 20 mmol/L sodium pyrophosphate, 1
mmol/L sodium vanadate, 2 mmol/L phenylmethyl sulfo-
nyl fluoride, 1 pg/ml aprotinin. Lysates were clarified by
centrifugation at 10,000 X g for 15 minutes. Lysates con-
taining comparable amounts of proteins, estimated by a
modified Bradford assay (Bio-Rad, Munchen, Germany),
were immunoprecipitated with the required antibody or
subjected to direct Western blot. Immune complexes
were detected with the enhanced chemiluminescence
kit (Amersham Pharmacia Biotech). For the RET in vitro
kinase assay, cells were solubilized in lysis buffer as
described above. Then, 1 mg of proteins were immuno-
precipitated with anti-RET(TK); immunocomplexes were
recovered with protein A-Sepharose beads, washed five
times with kinase buffer, and incubated (20 minutes at
room temperature) in kinase buffer containing 200 umol/L
poly(L-glutamic acid-L-tyrosine) (poly-GT) (Sigma), 2.5
uCi [y-32P] ATP, and unlabeled ATP to a final concentra-
tion of 20 wmol/L. Samples were spotted on Whatman
3MM paper (Springfield Mill, UK) and *2P incorporation
was measured with a B-counter scintillator (Beckman
Instrument, Inc, Palo Alto, CA).

Soft Agar Growth Assay

Soft agar colony assay was performed as previously
reported.® Briefly, cells (10,000 cells/dish) were seeded
on 60-mm dishes in 0.3% agar in complete medium on a
base layer of 0.5% agar. Complete medium was added
every 3 days to the top layer. Colonies larger that 64 cells
were counted 15 days later and results were expressed
as efficiency ratio (number of colonies formed/number of
plated cells X 100). As a positive control, ARO cells were
used.

Differentiation Studies

Total RNA from the indicated cell cultures was prepared
using the RNeasy kit (Qiagen) as described above. The
quality of RNA from each sample was verified by electro-
phoresis through 1% agarose gel and visualization with
ethidium bromide. Transcript levels of the indicated
genes were assayed by RT-PCR. Total RNA (2.5 ug) was
denatured and cDNA was synthesized using the Gene-
Amp RNA PCR core kit system (Applied Biosystems)
following the manufacturer’'s instructions. Subsequent
PCR amplification was performed using 2.5 ul of the RT
product in a reaction volume of 25 ul. To exclude DNA
contamination, each PCR reaction was also performed
without previous reverse transcription. The levels of the
housekeeping B-actin transcript were used as a control
for equal RNA loading. Primers were designed with the
program Primer 3 (www.genome.wi.mit.edu/cgi-bin/primer/
primer3_.www.cgi) and were as follows: thyroglobulin (TG)

forward: 5’-GAGTGATGCTCCCAGCTTCT-3'; thyroglob-
ulin (TG) reverse: 5’-AGTTCCTGGTGGCTGAAATG-3';
PAX-8 forward: 5'-AGCAGCAGTAGTGGTCCTCG-3'; PAX-
8 reverse: 5'-CCGTCATCCAGGGTACTGTT-3'; B-actin for-
ward: 5'-GTCAGGCAGCTCATAGCTCT-3'; p-actin reverse:
5'-TCGTGCGTGACATTAAAGAG-3'. Each RT-PCR prod-
uct was loaded on 2% agarose gel, stained with ethidium
bromide (0.5 ug/ml), and the corresponding image saved
by the Typhoon 8600 laser-scanning system (Amersham
Pharmacia Biotech).

Results

Identification of a Family, with Both MTC and
PTC, Carrying a Germ-Line Point Mutation
in RET

The index patient, a 32-year-old Caucasian woman (pa-
tient 2 in Figure 1A, arrow), presented with hypertension,
palpitations, and pallor. Work up revealed bilateral pheo-
chromocytomas and elevated plasma calcitonin levels
with MTC. This prompted family screening for MEN2 syn-
drome, which was diagnosed in the patient’s monozy-
gotic twin sister (patient 3 in Figure 1A) and in her asymp-
tomatic father (patient 1 in Figure 1A). The three patients
carried a heterozygous missense point mutation in exon
11 (TGC to TCC) converting cysteine 634 to serine. The
mother and older sister of the index case, and the daugh-
ter of patient 3 were all negative for this mutation. The
mother had no evidence for thyroid carcinoma.

Both twin sisters and the father underwent bilateral
adrenalectomy for pheochromocytoma and total thyroid-
ectomy. Pathological examination confirmed the clinical
diagnosis of bilateral pheochromocytoma in all three pa-
tients. In addition, the father had multifocal MTC involving
both thyroid lobes with no MTC lymph-node metastases
(pT2, pNO, MO, stage II, AUCC 2002) and an occult PTC,
follicular variant, smaller than 10 mm of diameter (micro-
carcinoma) with bilateral PTC lymph node metastases
(pT1, pN1a, MO, stage Ill, AJCC 2002). The index patient
had multifocal MTC (Figure 1B) involving both thyroid
lobes with lymph-node metastases (pT2, pN1a, MO,
stage Ill, AJCC 2002), multifocal PTC (Figure 1B), clas-
sical type, with lymph node metastases (pT3, pNia, MO,
stage I, AJCC 2002), and severe chronic lymphocytic
thyroiditis. The index patient’s twin sister had MTC in the
left thyroid lobe accompanied by metastatic MTC in three
of four mediastinal lymph nodes (pT1, pN1b, MO, stage
IVA, AJCC 2002), diffuse C cell hyperplasia, and PTC,
follicular variant, in the right lobe (pT1, pNO, MO, stage |,
AJCC 2002) with a background of widespread chronic
lymphocytic thyroiditis. As of November 2003, clinical
follow up has shown no evidence for recurrent papillary
thyroid cancer in these three patients. 1'®" whole-body
scanning was negative in the father in 2000, and negative
in the sisters in 2001. Calcitonin levels have remained just
above normal in all three patients with no clinically evi-
dent recurrent MTC. Both the sisters have been diag-
nosed with metastatic pheochromocytomas (to the liver in
patient 2 and to the liver, skeleton, and soft tissues in
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Figure 1. A: Pedigree of the family displaying both MTC and PTC and carrying the RET C634S mutation. Gray boxes, MTC; black boxes, PTC; arrow, index
case. Patients carrying mutant or wild-type RET are indicated. B: Medullary (first line images) and papillary (second line images) thyroid carcinomas in the index
patient (patient 2) stained with conventional H&E and immunostained with RET (RET), calcitonin (CALC), and thyroglobulin (TG) antibodies. The MTC in the
first line images shows positive (brown) immunoreactivity for RET and calcitonin but no reactivity for thyroglobulin. The arrows point to nonneoplastic thyroid
follicular epithelium that is positive for thyroglobulin but negative for RET and calcitonin, as expected. The PTC in the second line images shows positive (brown)
immunoreactivity for RET and thyroglobulin but no reactivity for calcitonin. Omission of the primary antibody and competition with a molar excess of recombinant
RET protein were used as negative controls (not shown).

patient 3). Despite this, they have had few hyperadren-
ergic symptoms and normal blood pressures.
Anti-thyroglobulin and anti-calcitonin immunostaining
was performed on tissue sections to confirm the histolog-
ical diagnosis. In all of the three patients, MTC foci
stained for calcitonin whereas PTC areas were positive
for thyroglobulin with no detectable overlap (Figure 1B).
More importantly, both PTC and MTC areas showed
strong immunostaining with anti-RET antibodies directed
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against the tyrosine-kinase domain (Figure 1B). Compe-
tition with a molar excess of recombinant RET protein was
used as a negative control (not shown).

To confirm RET expression and to investigate the pres-
ence of RET/PTC rearrangements, RNA was separately
extracted from MTC and PTC foci. The RET tyrosine
kinase and extracellular domains were separately ampli-
fied with two specific primer pairs (TK1-TK2 and TM1-
TK2, respectively). In the case of full-length RET expres-
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Figure 2. A: A schematic of the primers selected for the RT-PCR. B: Detection of RET, RET/PTC1, and RET/PTC3 mRNA expression by RT-PCR. Lane 1, MTC tissue
of patient 2; lane 2, PTC tissue of patient 2; lane 3, PTC tissue of patient 3: both transmembrane and tyrosine kinase domains are amplifiable, indicating the
presence of full-length RET mRNA. Lanes PTC1 and PTC3, positive controls represented by cell lines expressing either one of the rearranged oncogenes: only the
tyrosine kinase domain is amplifiable, indicating the presence of RET rearrangements.
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sion, the two primer pairs give amplified products of (Figure 2A). As a control, we used RNAs extracted from
comparable intensity, whereas in the case of rearranged cell lines expressing RET/PTC1 and 3 (Figure 2B). As in
RET/PTC expression the kinase domain should result in a the case of MTC samples (lane 1 and data not shown),
stronger signal with respect to the extracellular domain PTC tissues from the three patients expressed similar



levels of both extracellular and intracellular RET domains
(Figure 2B, lanes 2 to 3). Furthermore, DNA sequencing
of the RT-PCR products confirmed the expression of
messenger RNAs containing the C634S mutation (not
shown). To further exclude the presence of RET/PTC
rearrangements in the PTC tissues, tumor RNA was am-
plified with upstream primers specific for the most com-
mon RET/PTC rearrangements (Table 1). Neither the
highly prevalent RET/PTC1 and RET/PTC3 (Figure 2B)
nor the rare RET/PTC2-8 (not shown) transcripts were
detected in the PTC tissues, whereas the controls scored
strongly positive. All together, these findings demonstrate
the expression of a RET allele carrying the C634S muta-
tion in the PTC tissues of the patients.

Biological Activity of RET Point Mutants in
Thyroid Follicular Cells

To verify whether RET point mutants exert transforming
ability for thyroid follicular cells, we generated eukaryotic
expression vectors for RET(C634R), RET(M918T),
RET(C634S), RET(K603Q), and RET/PTC1 (Figure 3A).
When adoptively expressed in thyroid follicular cells,
RET/PTC oncogenes cause hormone-independent prolif-
eration, morphological transformation, and loss of differ-
entiation markers expression.?®2® The transforming abil-
ity of RET point mutants either in cysteine 634 or
methionine 918 is well documented in fibroblasts,® ' but
never studied in thyroid follicular cells. Biological activity
of the K603Q mutant has never been reported. The con-
structs were transfected in PC CI 3 thyroid follicular epi-
thelial cells that normally require a mixture of six hor-
mones (6H), including TSH and insulin, for proliferation.
The formation of colonies growing in the absence of 6H
was measured in comparison to RET/PTC1 and to wild-
type RET. All of the various point mutants were able to
induce a certain degree of autonomous proliferation,
forming 6H-independent colonies. However, such mito-
genic effects were markedly reduced (more than fivefold)
with respect to those mediated by RET/PTC1 (Figure 3B).
No 6H-independent colonies were observed with trans-
fection of wild-type RET. For each construct, at least three
clones and one mass population were isolated by marker
(G418) selection. Thus, clones with comparable expres-
sion levels (K603Q-Cl.1, C634R-Cl.1, C634S-Cl.2, and
M918T) were selected (Figure 3C). Results obtained for
one representative clone are shown thereafter but they
were confirmed in the other cell clones as well as in the
mass population. The various constructs had remarkably
different effects. PC-RET/PTC1 cells showed a trans-
formed morphology with many spindle-shaped and re-
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fractile cells that were scattered on the surface of the
culture dish, whereas cells transfected with the various
point mutants showed only minor changes with respect to
parental cells, retaining an epithelial morphology with
solid nests of polygonal and regularly shaped cells (Fig-
ure 3D). Growth curves, performed either in the presence
or in the absence of 6H, confirmed these results (not
shown). To confirm these findings, we tested the capacity
of the various cell clones to grow in semisolid medium, a
hallmark of neoplastic transformation. As a positive con-
trol, we used the highly malignant ARO cells. The aver-
age results of three independent experiments are re-
ported in Figure 3E. PC-PTC1 cells displayed a low but
detectable ability to grow in semisolid medium. Consis-
tently with their modestly transformed phenotype, cell
clones expressing the various RET point mutants exerted
a strong reduction in the ability of forming colonies in soft
agar. Loss of differentiation is another hallmark of neo-
plastic transformation. We have previously shown that the
expression of RET/PTC1 abolishes differentiated gene
expression in PC Cl 3 cells.®® To further evaluate the
effects exerted by the various RET mutants, the expres-
sion of two representative thyroid differentiation markers,
thyroglobulin (TG) and PAX8, a tissue-specific transcrip-
tion factor, was studied by semiquantitative RT-PCR. As
previously reported,?® PC-PTC1 cells displayed a com-
plete loss of thyroglobulin and PAX8 expression (Figure
3F). Of note, PC CI 3 cells expressing RET point mutants
displayed a similar behavior (Figure 3F). This supports
the concept that point mutations in RET can exert trans-
forming effects in thyroid follicular cells and indicate that
loss of differentiation is achieved also by RET mutants
with low intrinsic kinase activity.

Kinase Activity and Signaling Properties of RET
Point Mutants

Oncogenic activation of RET results in the constitutive
activation of the kinase which, in turn, causes autophos-
phorylation, recruitment of intracellular substrates, and
activation of diverse signaling pathways.* On phosphor-
ylation, tyrosine 1015 behaves as a docking site for
PLCy. Tyrosine 1062 is a multiple-effector docking site,
recruiting Grb2-Sos complexes leading to Ras/MAPK ac-
tivation. Tyrosine 905, in the catalytic core, stabilizes the
active conformation of the kinase. Initially, in vivo tyrosine
phosphorylation levels of the different mutant proteins
were assessed by phospho-RET antibodies specific for
phosphorylated forms of Y905 and Y1062. Phosphoryla-
tion levels of the chimeric RET/PTC1 protein scored sig-
nificantly (approximately threefold) higher than those of the

Figure 3. A: Schematic representation of RET constructs used in this study. SP, signal peptide; EC, extracellular domain; CYS, cysteine-rich region; TM,
transmembrane region; JM, juxtamembrane domain; TK, tyrosine-kinase domain. Autophosphorylated RET tyrosines 905, 1015, and 1062 are shown. B: The
hormone-independent proliferation of the various PC Cl 3 transfectants and empty-vector transfected cells (—) is reported as percentage of G418-resistant cells
forming colonies after 15 days of incubation in the absence of 6H. Average results of three independent experiments = SD. C: Expression of the various RET
proteins in transfected or empty vector-transfected (—) PC Cl 3 cell clones. Fifty ug of protein lysates were analyzed by Western blot with anti-RET(TK) antibodies.
Full-length RET proteins formed a doublet of 170 kd and 150 kd of relative molecular mass. Antibodies directed against tubulin were used for normalization. D:
Parental and transfected PC CI 3 cells were photographed by using a phase-contrast light microscope. E: The anchorage-independent growth of the various PC
Cl 3 transfectants and parental cells was evaluated in comparison to the ARO cell line, used as a positive control. F: The expression of thyroid differentiated genes
in parental and transfected PC Cl 3 cells was evaluated by semiquantitative RT-PCR. Reverse-transcribed ¢cDNAs were PCR amplified with primers for TG and
PAX-8. B-Actin levels are shown to confirm equal cDNA content. Original magnification, X150 (D).
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Figure 4. A: Equal amounts (100 ug) of protein extracts of transfected PC Cl 3 cells were immunoblotted with phosphorylation-specific anti-RET antibodies. The
blots were reprobed with anti-RET antibody. The results are representative of at least three independent assays (M918T cells are not shown). B: In vitro poly-GT
phosphorylation assay: protein extracts were immunoprecipitated with anti-RET and subjected to a kinase assay with poly-GT as a synthetic substrate and [y-**P]
ATP. The phosphorylated poly-GT was spotted on 3MM Whatman paper and counted by scintillation. The results of four independent experiments were averaged
and presented as poly-GT phosphorylation levels. Standard deviations are shown. C: Cell lysates (100 ug) were immunoblotted with anti-phospho-ERK (p44 and
p42). Anti-ERK antibody was used for normalization. These findings are representative of at least three independent experiments (M918T cells are not shown).

RET point mutants in representative cell clones (Figure 4A).
No detectable levels of phosphorylation were observed in
wild-type RET (Figure 4A). To assess whether the different
phosphorylation levels were because of variations in the
intrinsic catalytic activity of the RET proteins, we performed
an in vitro immunocomplex kinase assay. The four point
mutants had similar activities and were more active with
respect to wild-type RET. However, the level of kinase ac-
tivity of the point mutants was significantly lower (>2.5-fold)
than that of chimeric RET/PTC1 (Figure 4B). Stimulation of
MAPK is a hallmark of RET activation.! Thus, as a read-out
of RET signaling, we measured MAPK phosphorylation lev-
els by blotting with phospho-specific antibodies. Expres-
sion of the different RET oncogenes in PC ClI 3 cells was
accompanied by constitutive phosphorylation of MAPK;

however, MAPK activation levels were approximately four-
fold higher in RET/PTC than in RET point mutants express-
ing cell clones (Figure 4C).

Inhibitory Effects of the Juxtamembrane Domain
on Mitogenic Signaling of RET Oncoproteins

To get further insights in the reduced transforming ability
of RET point mutants with respect to RET/PTC, we studied
the role of the juxtamembrane (JM) domain of RET. In-
deed, as shown in Figure 5A, the exon encoding the RET
JM domain is lost on RET/PTC rearrangements. It has
been shown that the JM domain exerts negative feedback
control in several tyrosine kinase receptors.?° ' We engi-
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immunoblotted with anti-phospho-ERK and anti-ERK.

neered a chimeric molecule (RET/PTC1-JM) by adding
back the JM domain to the H4-RET chimeric oncogene
(RET/PTC1) and compared its mitogenic ability to those
exerted by rearranged and nonrearranged RET versions
(Figure 5A). To this end, we tested hormone-independent
proliferation of transfected PC CI 3 cells. At comparable
expression levels (Figure 5B), RET/PTC1-JM had levels of
mitogenic activity that were intermediate between those
exerted by RET/PTC1 and RET(C634R) (Figure 5C), proving
that indeed JM exerts inhibitory activity. In vivo tyrosine
phosphorylation levels, intrinsic kinase activity and capacity
to stimulate ERK phosphorylation were evaluated. Surpris-
ingly, despite its reduced mitogenic effects, the stoichiom-
etry of autophosphorylation, catalytic function, and ERK
activation exerted by RET/PTC-JM were indistinguishable
from those of RET/PTC1 (Figure 5; D to F). Thus, although
JM is inhibitory for the RET mitogenic activity, this negative
effect is not mediated by down-regulation of either the RET
kinase or signaling to ERKs.

Discussion

Oncogenic activation of RET in thyroid tumors can be the
end-result of gene rearrangements or point mutations.
Thus far, the generally accepted paradigm is that RET
gene rearrangements are found in PTCs, while point mu-

tations are specific for MTCs.* Nonetheless, there are
rare patients carrying germ-line RET point mutations of
the type associated with FMTC and MEN2 syndromes
with both MTC and PTC in their thyroid gland (this
study).’®""® This suggests that point mutations in RET
can predispose to PTC, as well. Should this be true,
however, the question remains of why RET point muta-
tions are so rarely associated with PTC.

The occurrence of PTC in patients carrying MTC and
germ-line point mutations in RET may be explained by
indirect (for instance, release of paracrine growth factors
from transformed C-cells acting on follicular cells) or
direct transforming effects of RET point mutants for fol-
licular cells. To discriminate between the two possibili-
ties, we made use of an in vitro model system to test
biological and biochemical effects of RET point mutants
on thyroid follicular cells. The various RET point mutants
had constitutive activation of the kinase. Consistently,
thyroid cells expressing RET point mutants displayed
loss of the differentiated phenotype and hormone-inde-
pendent growth in comparison to cells transfected with
wild-type RET. However, mitogenic activity and levels of
kinase activity were significantly lower in RET point mu-
tants than in RET/PTC. Furthermore, RET point mutants
were virtually unable to induce anchorage-independent
proliferation of PC CI 3 cells.
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The reasons for such different activity are at least
twofold: reduced catalytic activity and presence of the
JM domain. RET point mutants, although more active
than wild-type RET, had a ligand-independent catalytic
activity that was significantly lower than that of RET/PTC.
Several possible mechanisms can account for this differ-
ence: 1) a different efficiency of dimerization; 2) the re-
moval of negative constraints imposed by the extracellu-
lar or transmembrane domains in RET/PTC; 3) impaired
coupling of cytosolic RET/PTC with plasma-membrane-
located tyrosine phosphatases, such as LAR, that have
been shown to down-regulate RET kinase.®*? Moreover,
the presence of the JM domain negatively affected RET
mitogenic activity, independently from the enzymatic ac-
tivity of the receptor. It has been shown that the JM
domain can mediate coupling of receptor tyrosine ki-
nases to negative signal transducers such as RasGap in
the case of EphB23° and Cbl in the case of Met.>* Ac-
cordingly, we postulate that coupling with negative intra-
cellular signaling pathways might explain the negative
effects exerted by JM on RET mitogenic ability.

Whatever the mechanism, our findings indicate that a
positive selection may exist to activate RET in thyroid
follicular cells by gene rearrangements rather than point
mutations. Nonetheless, some specific RET point mutants
are able to drive autonomous proliferation and reduced
differentiation of thyroid follicular cells and, therefore, can
be implicated in the occurrence of familial PTC cases.
The modest activity of these RET point mutants on thyroid
follicular cells may account for the rare occurrence of
PTC in families carrying germ-line point mutations in RET.
The biological activity of RET point mutants in thyroid
follicular cells raises also the possibility that somatic point
mutations in RET may be responsible for sporadic PTC as
well. To our knowledge, one single case of somatic point
mutation in RET associated to PTC (a mixed tumor in that
case) has been reported so far.' A detailed screening
for RET point mutations in PTC samples positive for RET
expression will be necessary to address this point.

In conclusion, we hypothesize that RET point mutants
behave as conditional oncogenes, able to predispose to
PTC only under specific circumstances such as, for in-
stance, high level expression of the mutated allele (of
note is the recent identification of two promoter polymor-
phisms influencing RET expression®®) in follicular cells or
concomitant cooperating genetic lesions. Whatever the
case, these findings imply that the recently discovered
small molecule kinase inhibitors of RET?”%® may exert
efficacy toward MTC-associated PTC cases.
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